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Abstract Blast waves generated by improvised explosive
devices can cause mild, moderate to severe traumatic brain
injury in soldiers and civilians. To understand the interactions
of blast waves on the head and brain and to identify the mech-
anisms of injury, compression-driven air shock tubes are
extensively used in laboratory settings to simulate the field
conditions. The overall goal of this effort is to understand
the mechanics of blast wave—head interactions as the blast
wave traverses the head/brain continuum. Toward this goal,
surrogate head model is subjected to well-controlled blast
wave profile in the shock tube environment, and the results
are analyzed using combined experimental and numerical
approaches. The validated numerical models are then used
to investigate the spatiotemporal distribution of stresses and
pressure in the human skull and brain. By detailing the results
from a series of careful experiments and numerical simula-
tions, this paper demonstrates that: (1) Geometry of the head
governs the flow dynamics around the head which in turn
determines the net mechanical load on the head. (2) Bio-
mechanical loading of the brain is governed by direct wave
transmission, structural deformations, and wave reflections
from tissue—material interfaces. (3) Deformation and stress
analysis of the skull and brain show that skull flexure and
tissue cavitation are possible mechanisms of blast-induced
traumatic brain injury.
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1 Introduction

Improvised explosive devices (IEDs) are weapons frequently
utilized by insurgents in Iraq and Afghanistan; the explo-
sive forces generated from these IEDs can cause traumatic
brain injury (TBI), recognized as the “signature wound” in
these conflicts. The 15 point Glasgow Coma Scale (GCS)
(Teasdale and Jennett 1974) defines the severity of a TBI
as mild (13-15), moderate (9-12), severe (3—8), and vege-
tative state (<3). A recent RAND report estimates that 20 %
of the deployed force (total deployed 1.6 million) in these
conflicts potentially suffers from TBI; 40-60% of these
injuries are categorized as mild and occur due to explo-
sion-induced blast waves (Tanielian and Jaycox 2008). It is
speculated that blast-induced traumatic brain injury (bTBI)
is a stress wave dominated phenomenon as opposed to a
rotational acceleration/deceleration-induced injury, typically
associated with the impact injuries commonly encountered
in sports and automobile accidents (Courtney and Courtney
2009; Grujicic et al. 2011; Moore et al. 2009; Moss et al.
2009; Nyein et al. 2010; Taylor and Ford 2009). Our current
understanding of the specific loading pathways and mecha-
nisms of blast-induced neurotrauma (BINT) remains incom-
plete (Ling et al. 2009). This is particularly detrimental to
medical personnel and patients, since often times bTBI (espe-
cially mild and moderate) goes undetected with no diagnosis
available through neuroradiology or neurophysiology; psy-
chological examination may or may not be able to reveal this
ailment (Desmoulin and Dionne 2009; Elder and Cristian
2009). Repeated exposure to the blast can have cumulative
effects with irreversible damage to a soldier’s mental capacity
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(Wang et al. 2011). Detailed knowledge of the mechanics of
blast wave—head interactions is important to the basic under-
standing of bTBI. The overall goal of this effort is to under-
stand blast wave— head interactions through an integrated
experimental-computational approach. Through this appro-
ach, we hope to identify the mechanics of biomechanical
loading of the head and the brain as the blast wave traverses
the head/brain continuum.

While establishing mechanisms of bTBI, it is important
to accurately reproduce field conditions. While blast explo-
sions can result in primary (pure blast), secondary (inter-
action with shrapnel or fragments), tertiary (impact with
environmental structures), or/and quaternary (toxic gases)
effects (DePalma et al. 2005; Moore et al. 2008), in this
work, we focus on the effect of primary blast. Furthermore,
we consider blast parameters which are likely in the range
of mild blast traumatic brain injury (mbTBI). For example,
when IEDs detonate, at sufficient distances, they propagate
as blast waves with a shock front; it is these waves that inter-
act with the head/body causing mbTBI. We will refer to these
blast waves with a shock front traveling at supersonic speed,
followed by an exponential decay in pressure simply as blast
waves, without the loss of generality. Where the incidence of
mbTBI becomes possible, blast waves are in a planar form
and can be characterized as Friedlander waves. Shock tubes,
when designed correctly and tested properly, can accurately
simulate these free-field explosions.

In this work, we use a specially designed compression-
driven air shock tube to replicate free-field blast conditions
and expose a surrogate head to a well-defined Friedland-
er wave. The interactions between the blast wave and the
surrogate head are modeled using nonlinear finite element
model based on Coupled Eulerian Lagrangian formulation;
the numerical results are compared with the experimen-
tal data for model validation. The various aspects of the
mechanics of the blast wave—head interactions are analyzed
and characterized. In order to understand blast wave—human
head interactions and analyze how the blast loading affects
the contents of the brain, experimental boundary conditions
are applied to an anatomically accurate human head-brain
numerical model. Together, experiments and numerical mod-
els provide valuable insight into the mechanics of blast wave
propagation and the effect of anatomical features on the sub-
sequent biomechanical loading of the head/brain complex.

In Sect. 2, we describe the experimental details of the
shock tube, instrumentation/data acquisition methods, and
the constructional details of the surrogate head. In this sec-
tion, we also describe the finite element solution method;
details of how the anatomically accurate head/brain model is
built from MRI; and numerical validation method. In Sect. 3,
we present experimental pressure measurements along the
shock tube and at five locations on the surface of the surro-
gate dummy head and validation of the numerical models.
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We also establish the relationship between surface pressure
and the pressure [—(o11 + 022 + 033)/3] in the brain/skull.
The results are interpreted in terms of pressure wave trans-
mission and skull deformation. In Sect. 4, we discuss the
interactions of the hydrodynamic blast flow field on a human
head in terms of direct and indirect loadings and link the spa-
tial-temporal variations of the pressure field in the brain to
the arrival time analysis of the different wave fronts. The key
aspects of the experimental and computational analyses are
summarized in the final section.

2 Methods
2.1 Experiments

Experiments are carried out in the 711 x 711 mm (28" x 28")
cross-section shock tube designed and tested at the Univer-
sity of Nebraska—Lincoln’s blast wave generation facility
(Chandraetal.2011). The four main components of the shock
tube are: (1) driver, (2) transition, (3) straight/extension sec-
tions (includes test section), and (4) catch tank (Fig. la).
The driver section contains pressurized gas (e.g., Nitrogen
or Helium) which is separated from the transition by sev-
eral 0.025- mm-thick Mylar membranes, while the remaining
sections contain air at atmospheric pressure and at room tem-
perature. The transition section is used to change the cross-
section of the tube from a cylinder (driver section) to a square
(extension sections); the square section is a design element
to observe events in the test section with high speed video
imaging (600,000 frames per second). Upon membrane rup-
ture, a blast wave is generated which expands through the
transition and develops into planar shock-blast waveform
in the extension section(s). The test section is strategically
located to expose specimens to the blast wave profile of inter-
est (Friedlander in this case). Finally, the blast wave exits
the shock tube and enters the catch tank which absorbs and
releases blast wave energy and reduces the noise intensity.
In addition, the catch tank is designed to reduce rarefaction
waves from re-entering the shock tube. The shock tube is
designed and built such that a fully developed planar shock-
blast wave is obtained in the test section located approxi-
mately 2,502 mm from the driver end; the total length of the
shock tube is 12,319 mm. The cross-sectional dimensions of
this shock tube is designed such that a head-neck surrogate
(e.g., Anthropomorphic Test Dummies (ATD’s) or cadaver
head) experiences a planar blast wave without significant
side-wall reflections (Kleinschmit 2011). The planarity of
the blast wave is verified by pressure measurements across
the test section of the shock tube (Kleinschmit 2011).

The realistic explosive dummy (RED) head used as the
surrogate is based on the Facial and Ocular CountermeasUre
Safety (FOCUS) head which is modified from the Hybrid
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Fig. 1 Experimental setup a schematic of the 711 x 711 mm shock tube system b realistic explosive dummy (RED) head with hybrid IIT neck
placed inside the test section of the shock tube ¢ sensor locations along the midsagittal plane of the RED head

IIT dummy head, the latter developed for frontal impacts in
automotive accidents. The external geometry of the FOCUS
headform (and hence RED head) is designed to replicate a
50th percentile male soldier across the three branches of the
military Army, Navy, and Air Force (Kennedy 2007). The
RED head consists of a polyurethane skull with an opening
for the brain and cerebrospinal fluid and is attached to the
neck through the base plate. The RED head is used in con-
junction with the Hybrid III neck in these experiments, and
intracranial contents are not included.

The RED head assembly is placed in the test section of
the shock tube as shown in Fig. 1b and is subjected to frontal
blast loading. The shape, overpressure, and duration of the
incident blast wave at a given location are known a priori.
This is achieved through sample trials in the shock tube, con-
ducted without the surrogate head and the neck. Surface pres-
sures are measured at different locations on the surface of the
head along the mid-sagittal plane using Kulite pressure sen-
sors (model LE-080-250A). The sensor locations are shown
in Fig. lc. The sensing elements can measure the absolute
pressure from O to 250 psi (0-1.72 MPa) with a nominal cal-
ibration of 0.400mV/psi (58.02mV/MPa) using 10V exci-
tation. Incident (side-on) blast wave pressures are measured
at locations A, B, C (Fig. 1a) along the length of the shock
tube using PCB pressure gauges (model 134A24).

All pressure sensors utilized in experiments are calibrated
under shock loading conditions using a separate 101 mm (4”)
diameter shock tube and using a flat-topped wave. Accurate
calibrations are achieved by generating precisely controlled
shock wave velocities and invoking the Rankine—Hugoniot
jump conditions to relate shock wave velocity to shock wave
overpressures.

2.2 Computational modeling

Finite Element (FE) modeling technique is used to simulate
the propagation of a planar blast wave through the shock tube,
the interaction dynamics of the blast wave with the head, and
the response of the head/brain to such a loading. In order to
effectively use the experimental results to understand blast
wave interactions with the head and its contents, the follow-
ing analysis strategy is used:

(a) A finite element based numerical model is developed
for the RED (dummy) head and the shock tube, in con-
junction with the Coupled Eulerian Lagrangian (CEL)
formulation; here, the experimental data is used to
validate the computational model in terms of surface
pressure—time (p—t) history on the head and hence
mechanical load experienced by the head. The
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agreement between experiments and simulations vali-
dates the CEL formulation, solution methodology, the
ability to capture the complex blast-structure flow field
variables (pressure, velocities, and flow separation), as
well as the resulting surface pressures on the structure
and the fluid-structure interaction (FSI) effects.

Once the experimental pressure field is validated, the
model is then used to numerically predict the defor-
mation and stress fields in the brain of an anatomi-
cally accurate human head model developed from the
MRI data set. The anatomically accurate human head
form is additionally validated (in terms of geometry
and material properties) by comparing the numerical
model against a well-known blunt-impact experiment
on human cadavers (Nahum et al. 1977); this assures
the bio-fidelity of the human head model and the spa-
tial-temporal accuracy of kinetic/kinematic variables
in the brain tissue.

(b)

2.2.1 FE discretization

The head and neck are modeled with Lagrangian elements,
and the air inside the shock tube in which the blast wave prop-
agates is modeled with Eulerian elements (Fig. 2). The three-

Stacking

—

MRI Images

Skin

3D Head Model Head, Neck Assembly
Modeled with Lagrangian elements

Fig. 2 Finite element (FE) discretization
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dimensional human head model is generated from segmen-
tation of high resolution MRI data obtained from the Visible
Human Project (National Institutes of Health 2009). The MRI
data consist of 192 T1-weighted slices of 2567 pixels taken
at 1 mm intervals in a male head. The image data are seg-
mented into four different tissue types of the head: (1) skin,
(2) skull, (3) subarachnoidal space (SAS), and (4) brain. It is
not possible to separately segment cerebrospinal fluid (CSF)
and structures such as membranes and bridging veins due to
the resolution of the MRI data, as such they are considered
a part of the SAS. The segmentation uses 3D image analysis
algorithm implemented in Avizo®. The interface between all
these tissue types are modeled as tied contact. The segmented
3D head model is imported into the meshing software Hyper-
Mesh® and is meshed as a triangulated surface mesh. The
volume mesh is generated from this surface mesh to generate
10-noded tetrahedrons. Tetrahedron meshing algorithms are
robust than hexahedral meshing algorithms and can model
complex head volumes like brain and SAS faster and eas-
ier (Bourdin et al. 2007; Baker 2005; Schneiders 2000).
Modified quadratic tetrahedral element (C3D10M) available
in Abaqus® is very robust and is as good as hexahedral
elements (Abaqus user’s manual) as far as accuracy of results
is concerned (Wieding et al. 2012; Cifuentes and Kalbag

Segmen

tation Meshing

—

Segmented tissues

1D shock wave

Shock tube

{Modeled with Eulerian elements) Lagrangian bodies immersed

in the Eulerian Domain
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Table 1 Finite element (FE)

! o Component/tissue type No. of nodes No. of elements Type of element
discretization

Skin 106,915 54,094 10 Noded tetrahedron

Skull 72,426 36,213 10 Noded tetrahedron
Subarachnoidal space (SAS) 88,783 52,198 10 Noded tetrahedron

Brain 153,750 101,781 10 Noded tetrahedron

Neck 12,691 11,340 8 Noded brick

Eulerian 1,923,390 1,870,960 8 Noded brick (Eulerian formulation)
RED head 74,856 41,057 10 Noded tetrahedron

1992; Ramos and Simdes 2006). The use of specialized 3D
image processing (Avizo®) and meshing software (Hyper-
Mesh®) allowed for the development of a geometrically
accurate FE model. The Eulerian domain (air inside the shock
tube) is meshed with eight-noded brick elements, with appro-
priate mesh refinement near the regions of solid bodies to
capture fluid-structure interaction (FSI) effects. Parametric
studies on mesh size have been performed and it is found that
mesh size of 3 mm is appropriate to capture flow field around
the head (i.e., pressures, velocities) and fluid—structure inter-
action (FSI) effects. The mesh convergence is achieved at
this element size; thus, element size of 3 mm is used near the
regions of solid bodies and along the direction of blast wave
propagation. Table 1 shows the number of nodes, number of
elements, and element types for each component of the FE
model. FE discretization is schematically shown in Fig. 2.
The RED head is modeled directly from the design (CAD)
drawings.

2.2.2 Material models

The skin, skull, and SAS are modeled as linear, elastic, iso-
tropic materials with properties adopted from the literature.
Elastic properties in general are sufficient to capture the wave
propagation characteristics for these tissue types and this
approach is consistent with other published works (Chafi
et al. 2010; Chen and Ostoja-Starzewski 2010; Grujicic et al.
2011; Moore et al. 2009; Moss et al. 2009; Nyein et al. 2010).
The brain is modeled with an elastic volumetric response and
viscoelastic shear response. The volumetric properties of the
brain are taken from a recent work by Prevostetal. (2011) and
the high frequency shear properties are taken from Nicolle
et al. (2005). Owing to the complex anatomical structure and
inherent variability associated with biological tissues, sig-
nificant uncertainty is reported in material properties of the
brain tissue; a comprehensive review of the brain material
properties is available in Chavko et al. (2010). We believe
that the material parameters for the brain used in this work
are the best available combination in terms of proper testing
protocols, the right range of strain rate, and data-reduction
techniques for parameter estimation and applicable to high

on-set rate blast loading conditions. Furthermore, values
obtained by these two studies agree well with the in vivo
Magnetic Resonance Elastography (MRE) measurements
(Chavko et al. 2010). Air is modeled as an ideal gas equation
of state (EOS). The Mach number of the shock front from
our experiments is approximately 1.4, and hence, the ideal
gas EOS assumption is acceptable, as the ratio of specific
heats do not change drastically at this Mach number. The
material properties along with longitudinal wave speeds are
summarized in Table 2.

2.2.3 Solution scheme

The finite element model is solved using the nonlinear tran-
sient dynamic procedure with the Euler-Lagrangian coupling
method (Abaqus®). In this procedure, the governing par-
tial differential equations for the conservation of momen-
tum, mass, and energy along with the material constitutive
equations and the equations defining the initial and bound-
ary conditions are solved simultaneously. Eulerian frame-
work allows for the modeling of highly dynamic events (e.g.,
shock) which would otherwise induce heavy mesh distor-
tion. An enhanced immersed boundary method is used to
provide the coupling between the Eulerian and the Lagrang-
ian domains. Here, the Lagrangian region resides fully or
partially within the Eulerian region and provides no-flow
boundary conditions to the fluid in the direction normal to the
local surface. Further, the Eulerian region provides the pres-
sure boundary conditions to the Lagrangian region. Thus, a
combination of fixed Eulerian mesh and solid—fluid interface
modeling through the enhanced immersed boundary method
allows for the concurrent simulations of the formation and
propagation of a primary blast wave in a fluid medium and
accounts for the effects of both fluid—structure interaction
and structural deformations once the blast wave encounters
a solid.

A typical 3D simulation requires about 7 h of CPU time on
48 dedicated Opteron parallel processors (processor speed
2.2GHz, 2GB memory per processor), for an integration
time of 2.5 ms. The simulation time is selected such that the
peaks due to stress wave action have been established. A time
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Table 2 Material properties Tissue type

Density (kg/m?®)

Young’s modulus (MPa) Poisson’s ratio Longitudinal wave

speed, C, (m/s)

(a) Elastic material properties

Skin 1,200 16.7 0.42 188.48

Skull 1,710 5,370 0.19 1856.79

SAS 1,000 10 0.49 413.69

Neck 2,500 354 0.3 436.60
Bulk modulus (MPa)

Brain 1,040 10 0.4999 98.07
Mode (i) Gi (kPa) Bi(s™)
(b) Viscoelastic material properties of the brain

00 0.27 0

1 50 100000

2 6.215 4350

3 2.496 200

4 1.228 53

5 1.618 0.0051

Density (kg/m3) Gas constant [J/(kg-K)]

Temperature (°C)

(c) Ideal gas material parameters for air

Atmospheric air  1.1607

287.05 27

step of the order of 5 x 10~ s is used to resolve and capture
wave disturbances of the order of 1 MHz, which increases
the overall computational effort for the total simulation time
of interest.

2.2.4 Loading and boundary conditions

We conducted experiments on the surrogate RED head by
subjecting it to blast in the frontal direction. In order to
numerically reproduce the experiment, there are two possi-
ble techniques to impose the boundary conditions: technique
(a) Modeling of the entire shock tube, in which driver, tran-
sition and extension sections are included in the model so
that events of burst, expansion, and development of a pla-
nar of the blast wave are reproduced; technique (b) Partial
model with experimentally measured (p —1) history is used as
the pressure boundary condition, where the numerical model
comprises the downstream flow field containing the test spec-
imen. Technique (a) is computationally very expensive. For
example, a full scale simulation of 711 x 711 mm cross-
section, 9,880mm long shock tube (excluding catch tank)
with cylindrical to square transition requires about 5mil-
lion eight-noded brick Eulerian elements and takes about 147
CPU hours on a dedicated 48 processors. These simulations
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reach the limits of computing power in terms of memory and
simulation time. On the other hand, technique (b) requires
about 1.87 million elements with 7 CPU hours. The pressure,
velocity, and temperature profiles obtained using technique
(b) matches well with the profiles that are obtained using
full scale model [technique (a)] at the boundary and down-
stream locations (see supplementary material). Hence, tech-
nique (b) is capable of capturing the pressure, momentum,
and energy of the shock wave and is used here to save time
without scarifying accuracy. Additional details and compar-
ison of the field variables using both these techniques are
provided in the supplementary material. Approach similar
to technique (b) has been widely used in shock dynamics
studies using shock tubes (Honma et al. 2003; Jiang et al.
2003; Kashimura et al. 2000). The velocity perpendicular to
each face of Eulerian domain (shock tube) is kept zero in
order to avoid escaping/leaking of air through these faces.
This will maintain a planar shock front traveling in the lon-
gitudinal direction with no lateral flow. The bottom of the
neck is constrained in all six degrees of freedom to avoid
rigid body motion. The tied constraint is used between the
head and the neck. The interactions between Eulerian (con-
taining air and a propagating blast wave) and Lagrangian
regions are treated as fluid—solid interactions using “gen-
eral contact” feature (card) in Abaqus®. In general contact,
contact constraints are enforced through the penalty method
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with finite sliding contact formulation. Various contact prop-
erty models are available in general contact. In the present
work, frictionless tangential sliding with hard contact is used
as contact property model. Hard contact defines pressure—
overclosure relationship between contacting surfaces. Hard
contact behavior implies that: (1) the surfaces transmit no

Force(kN)
D e W o h S~ 2O

0 1 2 3 4 5 6 1 & 9 10
Time(ms)
Input load

(a)
©) o2
0.15

0.1

0.05

Pressure (MPa)

-0.05

-0.1

contact pressure unless the nodes of the slave surface contact
the master surface, (2) no penetration is allowed at each con-
straint location (for penalty constraint enforcement method
used in this work, this condition is only approximated), and
(3) there is no limit to the magnitude of contact pressure that
can be transmitted when the surfaces are in contact.

Point 2

Point4
{About 30 mm
lateral to

Point 1 sagittal plane)

{frontal)

Point 5
(posterior fossa)

Point 3 not shown in the figure is located superior to
squamosal suture.
(b)

——frontal pressure (experiment)
~—frontal pressure (simulation)

ior fossa

ior fossa (si

0 1 2 3 4

5 6 7 8 9 10

Time (msec)

(d)

Pressure (MPa)

[ 0.16

0.14
0.12
0.10
0.08
0.06
0.05
0.03
0.01
-0.01
-0.03
-0.05
-0.07

Horizontal impact

Fig. 3 Validation of MRI based head model with Nahum’s experiment
a head model subjected to Nahum’s impact b locations at which pres-
sure comparisons are made against experimental pressures ¢ pressure—

Angled impact

time (p—t) profile comparisons at frontal and occipital locations with
experimentally measured pressures d pressure pattern in the brain at
t=5.1ms
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2.2.5 Validation of the anatomically detailed computational % E
human head model e é
; : g A I %
The anatomically detailed human head model developed Al e -
from the MRI data set is validated using the frontal cadav- g _ =
eric impact experiment of Nahum et al. (1977). Nahum’s % ?2 Q8 % é
experiment has become ade-facto standard (Chen and Ostoja- ‘é 2~ 1 & g
Starzewski 2010; Claessens et al. 1997; Horgan and Gilchrist = % ~ 2
2003; Kleiven and von Holst 2002; Ruan et al. 1994, ERE g o= © 7
Willinger et al. 1999; Zhang et al. 2001b; Zoghi-Moghadam 2|« o e 1o %
and Sadegh 2009) to validate head/brain numerical models. ‘:’ 8
In Nahum’s experiments, seated stationary cadaver subjects s g é §
were impacted at the frontal bone of the skull in the mid- % £ Eé“ 5
sagittal plane in an anterior—posterior direction by a rigid g g g é f % § § &
mass traveling at a constant velocity. They measured intra- - %
cranial pressure at five different locations: (1) the frontal % =]
bone adjacent to the impact contact area, (2,3) posterior and 'g E
superior to the coronal and sequamosal sutures, respectively, 5 o i § v %
in the parietal bone, (4) inferior to the lambdoidal suture é‘ A @
in the occipital bone and (5) in the occipital bone at the = I
posterior fossa. To simulate Nahum’s experiment, the mea- Q@, :: K I K g
sured impact force from the cadaver test is applied to the % i < § | 5 g
mid-frontal area of the numerical human head model in the 3 _ o
. . . . . . o = o | 3
anterior—posterior direction, in the form of a distributed load = § R 2|5
over an area of 1,470 mm? as shown in Fig. 3a. Pressures are A& gl 3 i
measured at points corresponding to the experimental loca- . ES
tions described above (Fig. 3b). Comparisons of pressure— s | o g %
time histories between model predictions and experimental ks § § — 3 § g g
measurements (test no 37) are shown in Fig. 3¢ and pressure E 3 g N‘é § 5 i § 3
pattern predicted by the brain is shown in Fig. 3d. The agree- LRS- oo s o ] i
ment between pressure and time (p—t) profiles at frontal g § g %
and occipital locations is good. The pressure pattern shows ‘8 3 % -
typical coup—countercoup pattern, and pressure varies con- % S8 2 = % §
tinuously along the sagittal plane. Similar pattern is reported E ? % @l % 58 2
by various researcher’s under frontal impact loading condi- s = S .E E
tions (e.g., Zhang et al. 2001b). In Nahum’s experiment, head ) ?/ ;“j AR @ g g °
was rotated forward such that Frankfort anatomical plane was E’ é’ E 3 | % g g %
inclined 45° to the horizontal. We conducted one simulation g 8 _ g@* =
with this angled impact (case 37), and intracranial pressures é‘ g %‘ o:\ ﬁ i é % §
obtained are similar to one obtained with load applied in E £ TS S % g‘ £
horizontal direction (Fig. 3a). The pressure pattern predicted ; g ‘é g
with angled impact is shown in Fig. 3d. Table 3a shows the § 2| 8 “;: 2 T‘:
comparison of peak pressures and peak head accelerations £ g § g s é ;:f; é
between experiments and numerical simulations for various & & 3 Té% § o% § g g 2 E
test cases of Nahum et al. (1977). Acceleration is based on § HlA s = o e = e i; é
resultant nodal acceleration at center of mass of the head. § % £ g E
The agreement between experiments and numerical simu- E = E £
lations is good for these test cases as well. The small dif- —3; % £ é %
ferences in peak pressures and peak head accelerations can _S % o PP “i ;f; 2
be attributed to the discrepancy in geometry and materials, éﬁ = T2 E|EE ,§
imprecise information on neck boundary conditions and pres- “ | u‘g ?é E
sure transducer locations. In addition, the head model is vali- § ; 2 2 §
dated against Trosseille et al. (1992); the results are shown in gle S3I S RITss
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Table 4 Head model validation against tests of Trosseille et al. (1992)

% Difference (absolute)

Simulation

Experiment

Test no.

Peak pressure (kPa)

Peak pressure (kPa)

Parietal

Occipital

3rd Ventricle

Parietal Frontal Lateral

Occipital

3rd Ventricle

Frontal Lateral

Parietal

Occipital

3rd Ventricle

Lateral

Frontal

ventricle

ventricle

ventricle

22.58

25.93
22.72

23.6
10.17

15.2 20.73
13

—-17
—13.5

30.9

36.22
43.23

—13.5 12.4 72
84

—11

30 25
40

>60

MS428-1

23.81

8.075

4.55

38.56

10.5

35

88

MS428-22

4 For test No. MS428-2 acceleration time history at the center of mass as reported in Zhang et al. (2001a) is used

Table 4b. Since ventricles are not explicitly modeled in this
work, the elements in the ventricle region are approximately
selected based on the knowledge of head anatomy.

3 Results
3.1 Planar blast waves of Friedlander type

Figure 4 shows the measured incident (side-on) pressures
at various locations along the length of the shock tube. The
sensors A, B, C are mounted on the shock tube (marked
on Fig. la) and located at distances of 1,911, 2,654, and
3,124 mm, respectively, from the driver section. Sensor A is
located immediately after the transition section and sensors
B and C are in the test section of the shock tube. It can be seen
that the shape of shock-blast waveform at sensor A has a flat
top with a peak overpressure of 0.27 MPa and positive phase
duration of 5.07 ms. The shape of the shock-blast waveform
at sensors B and C is of Friedlander type, with peak over-
pressures of 0.28 and 0.23 MPa and positive phase durations
of 5.24 and 5.36 ms, respectively.

3.2 Mechanics of blast wave—head interactions

The mechanics of the blast wave—head interactions can be
studied by monitoring the flow field on the surface of the
head. Figure 5a, b, respectively, shows the experimentally
measured peak pressures and shock wave velocities on the
RED (surrogate) head. Incident pressure is measured at sen-
sor C, and surface pressures are measured at sensor locations
shown in Fig. 1c. Incident peak overpressure corresponding
to sensor Cis 0.23 MPa. The peak surface pressure at location
1 (forehead) is 0.553 MPa,and thus, the pressure amplifica-
tion (the ratio of reflected pressure to incident pressure) is
2.40 due to fluid—structure interaction effects. The peak sur-
face pressure gradually decreases from locations 1 to 4 as the
shock wave traverses the head. The peak pressure at location
5 is higher than the locations 3 and 4. The shock wave veloc-
ity at incident blast site also increases over free-field velocity
due to fluid—structure interaction effects and then gradually
decreases as the shock wave traverses the head. The shock
wave velocity between location 3, 4, and 5 falls below the
free-field shock wave velocity.

3.3 Comparison of experimental and numerical results

Figure 6 shows the surface pressure—time (p—t) profiles cor-
responding to sensor locations of Fig. 1c from the shock tube
experiment and numerical simulation on the RED (surrogate)
head. Experimental pressure—time (p—t) profiles are aver-
age dover three shots (N = 3). There is a good agreement
between experiment and numerical simulations, in terms of
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Fig. 5 Mechanics of blast wave head interactions for the surrogate
head a experimentally measured incident (at sensor C) and surface
pressures (corresponding to sensor locations of Fig. 1c) b calculated

peak pressures, nonlinear decay, and positive phase dura-
tions. The simulation is able to capture majority of the fea-
tures well, including the shock front rise time, small peaks
and valleys, secondary reflections (e.g. sensors 4 and 5). The
arrival times of the experiment are shifted to match arrival
times from numerical simulation for ease of comparison of
different features of the pressure—time (p—t) profile. There
is a slight difference in arrival time between the experiment
and the numerical simulation of the order of 0.05 ms (50 us),
at most. Difference in arrival time indicates difference in
shock wave speed and does not change the pressure and
impulse experienced by the head. The difference in arrival
time between experiment and simulation can be attributed to
the ideal gas equation of state modeling assumption, mem-
brane rupture pattern, friction along the inner wall of the
shock tube, and misinterpretation of the vibrations of the
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incident and surface pressure velocities based on arrival times and dis-
tance between sensors

shock tube itself as pressure readings by the pressure sen-
sors. Zhu et al. (2012) also found similar differences in arrival
times from their experiments and numerical simulations due
to the reasons stated above.

3.4 Relation between surface pressure, cranial and
intracranial stress

In the previous section, we validated the numerical model
with experimental measurements for the surrogate head
under blast loading conditions wherein the geometry of the
surrogate closely matches the anthropometry of a human.
In the following sections, the anatomically accurate human
head model described in Sect. 2.2 is used not only to under-
stand the surface interactions but also to study the mechanics
of load transfer to the brain parenchyma.
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Fig. 6 Comparison of (surface) pressure—time (p—1) history from experiment and numerical simulation on the surrogate RED head. a—e Represents

sensors 1-5, respectively

When the blast wave impacts the head, it gives rise to
various types of waves which are defined below.

(i) Surface pressure wave: surface pressure wave is a

reflected shock wave on the surface of the head. Sur-
face pressure wave indicates where the shock front is
at a given time. In this work, loading induced by the
surface pressure wave is considered as a “direct load”
as the surface pressure wave transmits energy directly
into the brain.

(i) Structural wave in the skull: when the blast wave

impacts the head, it gives rise to a stress wave traveling
through the skin, skull, SAS, and brain. Because of
its acoustic properties, stress wave in the skull travels
much faster than in the other soft tissues of the head.
Therefore, the stress wave traveling through the skull
is monitored in this work and this wave is defined as
a structural wave in the skull. The loading induced
by structural wave is considered an “indirect load,” as
load is due to structural dynamical deformation.
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As the blast is a moving load, the surface pressure loads
the skull at different points of time with different intensities
from the front to the back. Thus, there will be sequences of
direct and indirect loading of the skull and the brain. These
direct and indirect loadings cause differential pressure pulses
at various regions of the brain differently.

Table 5 shows the arrival times of the surface pressure
wave, structural wave in the skull, and pressure wave in the
brain corresponding to Sects. 1, 2, 3, 4, and 5 of human head
model as shown in Fig. 7. At Sect. 1, the surface pressure
wave arrives first which initiates the structural wave in the
skull that in turn initiates pressure wave into the brain. At
Sect. 2, the structural wave in the skull arrives slightly ear-
lier than the surface pressure wave, since stress wave in the
skull travels faster than the surface pressure wave. At Sects. 3,
4, and 5, the structural wave in the skull arrives much earlier
than the surface pressure wave. At these sections, the struc-
tural wave in the skull establishes a pressure wave in the brain;
thus, the pressure wave in the brain also arrives much earlier
than the surface pressure wave. This is obvious from the fact
that the longitudinal wave speed in the skull is 1,856.79 m/s
(Table 2), whereas the surfacepressure wave around the head
travels at approximately 600 m/s. The free-field blast wave
travels at 450 m/s (Fig. 5b).

Figure 7 shows the surface pressures, pressure in the skull,
and pressure in the brain at Sects. 1, 2, 3, and 5 of the human
head model. As the blast wave encounters the head (Sect. 1),
it directly transmits some energy to the brain and at the same
time initiates structural wave in the skull. Once this initia-
tion has occurred at Sect. 1, at all other sections, the struc-
tural wave arrives earlier than the surface pressure wave, as
depicted in Fig. 7. Thus, except for Sect. 1, the initial bio-
mechanical loading of the skull and the brain is governed by
the structural wave traveling in the skull; when the surface
pressure wave arrives at those sections, it causes repressur-
ization in the skull and the brain as shown in Fig. 7. The
initial portion of the pressure—time (p—t) profile at Sect. 5 in
the brain (zoomed in on Fig. 7 and indicated by an asterisk)
shows tension (counter-coup pattern), typical of blunt-impact
injuries. When the surface pressure (shock) wave arrives at
Sect. 5, it induces a compressive load in the brain.

It should also be noted that the pressure profiles of the skull
and the brain do not follow surface pressure wave profiles,
but instead display oscillating profiles, the potential reasons
for the oscillations are elaborated in the discussion section.

3.5 Deformation of the skull

The blast wave continues to impose load on various seg-
ments of the skull, as it traverses from the front to back. At
the same time, the stress wave travels through the skull at
a speed faster than the blast wave causing complex changes
in the shape of the skull. Shape changes of the skull are
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Table 5 Arrival times of the surface pressure wave, structural wave in
the skull and pressure wave in the brain at marked sections of Fig. 7

Section  Arrival time (ms)
Surface pressure Structural wave Pressure wave
wave in the skull in the brain

1 0.35 0.37 0.39

2 0.41 0.40 0.43

3 0.58 0.47 0.51

4 0.73 0.52 0.56

5 0.85 0.55 0.59

studied by monitoring transverse displacement of the skull
in the mid-axial plane. Figure 8 shows vector plots of the
skull (shell, from here on) transverse displacement at vari-
ous times. The motion of the shell is considered inward or
outward with respect to its position at an earlier time frame.
Initially (r = 0.51 ms), the frontal portion of the shell moves
inward and the portion adjacent to it moves outward; at this
time, the stress wave has not propagated into the back of the
shell. At slightly later time ( = 0.59ms), the stress wave
propagates into the back of the shell. At this time, the front
and back portions of the shell moves inward and the cen-
ter portion moves outward. As time progresses, the central
portion of the shell starts moving inward (t = 0.69 ms) and
eventually a majority of the shell points inward with respect
to longitudinal axis (r = 0.82ms). This is followed by the
front portion of the shell moving outward, while the center
and back portions continue to move inward (t = 0.89ms).
At further times, the center and back portions of the shell
also starts moving outward (+ = Ims and r = 1.07ms)
and eventually a majority of the shell points outward with
respect to the longitudinal axis (+ = 1.43ms). This is fol-
lowed by the entire shell moving inward (with respect to
previous positions) but at a differential rate; the front and
the center portions move faster than the back portion of the
shell (# = 1.92ms and ¢t = 2.14ms). Then, the shell tries
to equilibrate to its original shape (f = 2.36ms and t =
2.50ms). These vector plots clearly indicate that shell oscil-
lates along the longitudinal axis, and differential motion of
various portions of the shell causes the flexing (bending)
of the shell. In addition to monitoring transverse displace-
ment, radial (¢;,,) and circumferential (gg9) strains are also
analyzed at various locations of the shell (plots not shown
for brevity). A local cylindrical coordinate system is used at
each location. It is found that ggy is ~10times higher than
&rr and this confirms that the complex deformations cause
flexing of the shell. As the shell stiffness is increased, both
&rr and ggg are significantly reduced causing a reduction in
the stresses observed in the brain (results not shown for brev-

ity).
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Fig. 7 Relationship between surface pressure, cranial and intracranial stress

3.6 Pressure field inside the brain

One of the important information in studying the effect of
blast wave on the occurrence of TBI is in understanding how
pressure varies within the brain as a function of space and
time. Though we have used pressure as the metric to evalu-
ate the damage state, other parameters like strain may serve
this purpose. However, it is much easier to measure pres-
sure in the fluidic brain compared to strain. Figure 9 shows
the pressure profile along the centerline of the brain in the
mid-sagittal plane. This section is selected as a representa-
tive section to understand the effects of loadings due to sur-
face pressures and structural dynamical deformations, and
the resulting pressure evolutions in the brain. Various loca-
tions at which the pressure history is plotted are marked.
Pressure profiles at location 1 and location 6 show typical
coup (compression)-countercoup (tension) pattern. A tensile
wave front (location 6) propagates into the brain from the
side opposite to the incident blast side. Thus, there are mul-
tiple wave fronts in the brain, a compressive wave front from
the incident blast side and a tensile wave front from the side

opposite to the incident blast side. This is further confirmed
by arrival timing analysis at locations 3 and 5. The tensile
wave arrives at location 5 when the compressive wave arrives
at location 3.

Peak pressure at location 1 is ~0.165MPa, and this peak
is due to the direct transmission of the blast wave into the
brain. The peak is followed by rapid pressure decay; the pres-
sure even goes slightly negative before becoming positive.
Pressure in the brain at this location (after the first peak) is
governed by wave reflections from various interfaces. The
pressure profiles at locations 2—6 are governed by competing
effects of the stress wave of the skull, the pressure wave in
the brain, wave reflections from the tissue interfaces, and the
surface pressure wave. The highest positive pressure (com-
pressive) of 0.303 MPa is observed at location 2. The speed
of the longitudinal wave traveling through the brain with
brain bulk modulus (K) of 10 MPa is 98.07 m/s, as opposed
to ~1,400 m/s with bulk modulus of 2.19 GPa. Thus, for the
case with K = 10MPa, the longitudinal wave travels much
slower and hence external blast wave—head interactions and
reflections from skull boundaries govern the brain intracra-
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Fig. 9 Pressure field inside the brain

nial pressures. Thus, peak pressure in the brain is observed
at location 2 instead of location 1. However, peak pressure in
the SAS (0.45 MPa) which is right behind the skull is higher
than peak pressure (0.303 MPa) at location 2.
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Taylor and Ford (2009) observed the highest pressures in
the brain at focal regions located inside the brain due to stress
wave action. Grujicic et al. (2011) concluded that multiple
reflections give rise to very complex spatial distributions and
temporal evolutions of stresses within the brain from their
numerical study. Zhu et al. (2010) found highest pressure in
the brain at coup site followed by countercoup, top and cen-
ter. They attributed this pattern to complex wave interactions
occurring near the boundaries. Zhu et al. (2012) used vali-
dated egg-shaped surrogate model to study the head response
under blast loading. Though they have reported highest pres-
sure at coup site, from their data (Figure 18 of the reference),
it is clear that the initial impulse (i.e., area under p—¢ curve)
is higher for vertex and center regions as compared to coup
location. This corroborates that multiple waves are reach-
ing vertex and center regions. All these studies indicate that
intracranial response to the blast wave is governed by the
wave interactions. Chen and Ostoja-Starzewski (2010) also
observed spherically converging wave pattern at the center of
the brain. Pressure profiles at locations 3—6 show a significant
amount of negative pressure. Maximum negative pressures
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at locations 3, 4, 5, and 6 are —0.13, —0.16, —0.12, and
—0.12 MPa, respectively.

4 Discussion

BINT research is yet to identify the exact mechanism(s) in
the etiology of the trauma, though a few mechanisms have
been suggested. These include: direct cranial transmission
(Bauman et al. 2009; Chavko et al. 2007, 2010; Grujicic et al.
2011; Moore et al. 2009; Nyein et al. 2010; Taylor and Ford
2009; Zhu et al. 2012), skull flexure (Bolander et al. 2011;
Moss et al. 2009), vasospasm (Bhattacharjee 2008; Cernak
2005b; Cernak et al. 2001; Courtney and Courtney 2009),
linear/rotational acceleration (Krave et al. 2005; Zhang et al.
2004), and cavitation (Dogan et al. 1999; Marklund et al.
2001; Nakagawa et al. 2009). Any (or all) of these mecha-
nisms rely on how the external blast energy is transmitted into
the various regions of the brain, and how different regions
respond to the mechanical insult in the acute, sub-acute and
chronic phases. This work has investigated the first part, in
relating the external blast load to internal pressures by iden-
tifying different biomechanical loading pathways.

An important requirement of this study is the ability
to produce repeatable and measurable blast loading condi-
tions that can be related to field conditions that cause actual
injury (Cernak 2005a); our blast wave generation facility
has been designed and tested to meet this need. The place-
ment of the specimen (surrogate RED head) is contingent
upon the desired blast profile (peak overpressure, duration,
and impulse) and is typically achieved in the test section
(Sundaramurthy et al. 2012). We have also verified that the
blast wave is planar at the test section through measurements
(Kleinschmit 2011), as this is an important aspect of repli-
cating field conditions.

When the blast wave passes a section of the blast tube, its
strength is characterized by a pressure gauge (e.g., PCB, Dya-
tron, Kulite, Endeveco) measurement mounted on the walls
of the tube and is usually referred to as the side-on pressure.
This side-on pressure is the incident pressure p; and mea-
sures the static component of the blast wave. Since the veloc-
ity component of the pressure wave (dynamic pressure) is not
measured by pj, this does not represent the total energy of
the blast. When the blast wave encounters a solid surface, the
incident pressure p; is amplified as the high velocity parti-
cles of the shock front are brought to rest abruptly, leading
to a reflected pressure pr on the surface of the body. The
amplification factor A = Z& (the ratio of reflected pressure
to incident pressure) depends on the incident blast intensity,
angle of incidence, mass, and geometry of the object and
boundary conditions and can vary by a factor of 2—8 for air
shocks (Anderson 2001; Ganpule et al. 2011).

The blast-induced biomechanical force on a loaded body
(e.g., rats, dummy, human) depends on the reflected pressure
and not on the incident pressure. In this work, we pay particu-
lar attention to the measurement of reflected surface pressure
and hence the imposed biomechanical load on the body. The
net biomechanical load F is given by F = [ 4 PRAA =
/ 4 AprdA. Since the amplification factor A can vary from
2 to 8 and depends on a number of factors, the force varies
across the body even when the incident pressure p; was to be
a constant. Recent experimental studies on rats have shown
that surface pressures (and hence the flow field) on the surface
of a rat head have significant impact on intracranial pressure
(Bolanderetal. 2011; Leonardi et al. 201 1; Sundaramurthy et
al. 2012). Thus, in order to understand flow dynamics around
the head, surface pressures and wave velocities are monitored
at various locations around the head (Fig. 5). Pressure ampli-
fication at the incident blast site (location 1) is A = 2.40 due
to reasons stated above. Pressures and shock wave velocities
gradually decrease as we move away from the incident blast
site. The shock wave velocity in the top and rear region drops
below the free-field velocity. The pressure in the top region
falls below the incident pressure (A = (.72 for sensors 3 and
4). The sensor on the back side of the head record a higher
pressure than those on the top and this pressure is equivalent
to incident pressure (A = 1.01 for sensor 5).

In order to assist in the understanding of this complex flow
field, numerical simulations are carried out. From numeri-
cal results, it is found that the flow field around the head is
governed by the geometry of the head. Significant flow sep-
aration is observed on the top and sides (90°) of the head
(Fig. 10a). The velocity in the top rear region falls below
the free-field velocity due to the flow separation effects. The
blast wave traversing the head and the blast wave travers-
ing the neck reunite at the back of the head (Fig. 10b). This
reunion causes an increase in pressure on the back side of the
head. Several other studies (Chavko et al. 2010; Ganpule et al.
2011; Mott et al. 2008; Taylor and Ford 2009; Zhu et al. 2012)
have shown that geometry of the head plays an important role
in blast wave—head interactions and the biomechanical load-
ing of the brain. Our results elucidate that the flow dynamics
strongly depend on geometry (shape, curvature) and struc-
ture (flexural rigidity, thickness) of a specimen and should be
considered in understanding biomechanical loading pattern.

The impact of the blast wave with the head at the inci-
dent blast site causes a direct load and additionally induces
an indirect loading in the form of structural wave traveling
through the various head components/tissues. The structural
wave through the skull travels faster than any other head
component (Table 1) and even faster than the outside sur-
face pressure wave. The surface pressure wave in turn trav-
els faster than the free-field blast wave due to hydrodynamic
effects. The structural wave of the skull (indirect loading)
governs the initial loading of most of the cranial and intra-
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Fig. 10 Flow mechanics around the head as the shock wave traverses the head

cranial contents except the incident blast site region. When
the surface pressure wave arrives at given cross-sections, it
adds an additional direct load in the form of re-pressuriza-
tion (Fig. 7). Thus, a blast wave impact even on a small
area of the head can trigger the structural wave traveling
through the skull, which in turn can induce significant bio-
mechanical loading to the head in the form of an indirect load.
Kleinschmit (2011) subjected a cylindrical shell (mimicking
the skull) filled with a mineral oil (mimicking the brain) to
the blast loading. He measured the surface pressures, sur-
face strains on the shell, and pressures in the mineral oil at
various locations and found that the pressure history in the
mineral oil is governed by both surface pressures (indicating
external blast wave) and surface strains (indicating structural
wave and deformation of the skull); our results support his
findings. Many of the studies (Bauman et al. 2009; Chavko
et al. 2007, 2010; Grujicic et al. 2011; Moore et al. 2009;
Nyein et al. 2010; Taylor and Ford 2009; Zhu et al. 2012)
on the bTBI have focused on the direct wave transmission
aspect of BINT. Our results suggest that in addition to the
direct wave transmission effect, structure plays an important
role in the biomechanical loading of the brain. If this is the
case, then blast mitigation stratagem should not only focus on
mitigating the blast wave induced direct loading effects, but
should also take into account these structure-induced indirect
loading effects.

The pressure profiles in the skull and the brain deviate from
surface pressure profiles within a short distance and time.
Surface pressure profiles are Friedlander type, whereas pres-
sure profiles in the skull and brain show oscillations (Fig. 7).
These oscillations in the pressure profiles can be attributed to
several reasons: (1) Presence of the layered system, that is,
skin, skull, SAS, brain; wave travel times in the skin, skull,
and SAS along the thickness are 23.87, 2.32, and 10.88 us,
respectively, based on longitudinal wave speed. Thus, the
pressure response in the skull and the brain, within a short
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time, is degraded by reflections from skin—skull, skull-SAS,
and SAS-brain interfaces. (2) The 3D nature of the wave
propagation of both structural and surface pressure waves. (3)
The surface pressure wave is a moving load; it continuously
deforms the skull as it traverses the head, these deformations
change the profile.

Any given point, the brain experiences a complex set of
direct and indirect loadings emanating from different sources
(e.g., reflections from tissue interfaces, skull deformation) at
different points of time (Fig. 11). These disturbances con-
tinuously propagate into the brain as waves. Constructive
and deconstructive interferences of these waves control the
pressure—time history in the brain. This is also evident from
the pressure profiles along the centerline of the mid-sag-
ittal plane (Fig. 9). Compressive and tensile waves origi-
nate from coup (location 1) and countercoup (location 6)
sites. Locations 2—5 show a sinusoidal pattern with a change
from compression to tension or vice versa, indicating con-
structive and deconstructive interferences of various waves.
The effects of direct and indirect loading on the brain pres-
sure profiles can be delineated only near the surface of
the brain (Fig. 7 asterisk) and not deep inside the brain
(Fig. 9, locations 2-5). Location 2 (Fig. 9) sees the max-
imum compressive pressure (0.303MPa) as the compres-
sive wave front from multiple sources reach this location
at the same time. Ward et al. (1980) suggested an intra-
cranial pressure injury index to access brain injury sever-
ity and the occurrence of the cerebral contusion. According
to them, serious brain injury occurs when peak intracranial
pressure (compressive) exceeds 0.235 MPa and minor or no
brain injury, for intracranial pressure below 0.173 MPa. If
this criterion is applied to our model (Fig. 9), then location
2 exceeds the injury threshold and serious brain injury can
occur at location 2. Location 3 records maximum pressure of
0.225 MPa; hence, moderate to serious brain injury can occur
at location 3.
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Fig. 11 Wave evolution inside the brain

Skull flexure is proposed as one of the potential mecha-
nisms of brain injury (Moss et al. 2009). The transverse vec-
tor displacement plots at the mid-axial section of the skull
reveals that the skull oscillates (inward, outward and then
equilibrates) about the longitudinal axis at differential rates
causing bending or so-called flexure of the skull (Fig. 8).
This is further confirmed by circumferential and radial strain
analysis; circumferential strains are approximately 10times
larger than radial strains. Bolander et al. (2011) suggested
skull flexure as a likely candidate for the development of
intracranial pressures from their experimental measurements
on rats. A superior rat skull location is identified as the region
of the greatest skull flexure. Thus, geometry and thickness
of the skull are important parameters that govern intracranial
pressures. The detailed understanding of how this skull flex-
ure affects the intracranial pressure is currently being studied
(to quantify direct and indirect loading contributions to the
intracranial pressure) and will be reported in future commu-
nications.

Tissue cavitation is also proposed as another potential
mechanism (Dogan et al. 1999; Marklund et al. 2001;
Nakagawa et al. 2009). Lubock and Goldsmith (1980) used a
spherical shell to resemble the head filled with water to access
cavitation theories. They stated that water will form the cavi-
ties when exposed to negative pressure below 100kPa. Loca-
tions 3-6 (Fig. 9) exceed this negative pressure threshold;
thus, cavitation or microvoid nucleation can occur at these
locations, which belong to occipital and midbrain regions.
These negative pressures are due to the interaction of differ-
ent indirect structural waves converging on a point.

Effect of bulk modulus on brain pressure: In order to trans-
late external mechanical load to tissue level kinetic/kinematic
parameters, we need anatomically accurate geometric model,
precise description of loading/boundary conditions, and valid

material constitutive equations applicable to loading ranges
of interest. While significant progress has been made in the
former two, the latter remains a challenge. Brain as a whole
is very complex with different regions, for example, cerebral
cortex, hippocampus, corpus callosum, thalamus, cerebel-
lum, and brain stem to name a few, with their own multi-
scale anatomical structures with inherent anisotropy. Being
a living matter, the instantaneous behavior can be quite dif-
ferent from the observed behavior in the acute and chronic
stages due to the biochemical sequelae that are set in motion
following the immediate response due to mechanical stimuli.
It is no wonder that Chavko et al. (2010) in their excellent
review remark “taken together, the main observation after
fifty years of brain tissue investigation is one of huge dis-
parities in the results, especially linked to protocols”. For
example, a value of 0.83-2,190 MPa has been used for the
bulk modulus of brain. These wide variations in part can
be attributed to differences in tissue harvesting procedures,
post-mortem testing time, neuroanatomical orientation of the
sample, test methods and loading ranges, specimen fixing
techniques, data acquisition and interpretation techniques,
and last but not the least the animal sources of the tissue
itself. Though it is not the purpose of this paper to examine
the origin of these variations, here we evaluate the effect of
the value of bulk modulus in the present study.

The bulk modulus in the order of MPa to GPa has
been used in different research works. In the lower ranges,
Claessens et al. (0.83—83.3MPa) (Claessens et al. 1997),
El Sayed et al. (2.19MPa) (EI Sayed et al. 2008), Nahum
et al. (4.5MPa) (Nahum et al. 1977), Belingardi et al.
(5.625 MPa) (Belingardi et al. 2005), Zoghi-Moghadam and
Sadegh (50 MPa) (Zoghi-Moghadam and Sadegh 2009) have
used values in MPas. Values of the order of GPa have
been used by Zhang et al. (2.19 GPa) (Zhang et al. 2001a),
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Willinger et al. [2.19 GPa, but the bulk modulus of subarach-
noid space used was low (0.21 MPa)] (Willinger et al. 1999),
Takhounts et al. (0.56 GPa) (Takhounts et al. 2008, 2003),
Kleiven and von Holst (2.1 GPa) (Kleiven and von Holst
2002). Many of these values were obtained as fitting param-
eters in computational simulations to match available exper-
imental results of Nahum et al. (1977), though some papers
quote previous experimental data (McElhaney et al. 1973;
Stalnaker 1969). Ruan et al. (1994) recommended value of
bulk modulus between 21.9 and 219 MPa based on paramet-
ric studies on three-dimensional finite element head model.
Nahum et al. (1977), Ruan et al. (1994), Khalil and Viano
(1982), and Nusholtz et al. (1987) have suggested that com-
pressibility of brain tissue is critical in accurately predicting
intracranial response. The present work uses a bulk mod-
ulus of 10MPa, based on a recent experimental work by
Prevost et al. (2011) conducted on porcine gray/white tis-
sue in unconfined compression under loading/unloading fol-
lowed by stress relaxation under three different strain rates.
The volumetric compliance of the tissue is assessed using
video extensometry techniques. The data are combined with
experiments of Pervin and Chen (2009) to obtain parameters
that are valid over a wide strain rate range (0.01-3,000 s~
the authors suggest that this model is suitable for use under
impact, blast, and shock loading conditions.

Strain rate for the brain tissue in our simulations is 500s~!
(as opposed to 40s~! obtained by simulating case 37 of
Nahum et al. (1977) impact experiments). This maximum
strain rate is observed in frontal region. However, for the
sake of understanding the role of the value of bulk modulus
in the present study, an additional simulation is conducted
with a value of 2.19 GPa and the results are shown in Fig. 12.
From the Fig. 12, it can be seen that the higher bulk modu-
lus value leads to increase in peak values of brain pressure
as well as shift in the location of maximum peak, due to
change in stress magnitudes and wave speeds. The compres-
sive wave front traverses the brain tissue much faster (as can
be seen from arrival times) due to change in wave speed and
hence effectively erodes the tensile wave front. However,
even when bulk modulus value of GPa is used in the simu-
lations, the broader conclusions drawn in the paper remain
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unaffected. From the foregoing discussions, it is clear that
the value of bulk modulus affects the pressure pattern. Since
there is uncertainty in the experimental measuring methods
in the evaluation of bulk modulus, these results should be
interpreted carefully with this variability in mind.

5 Summary and conclusions

Blast-induced traumatic brain injury is the most prevalent
military injury in Iraq and Afghanistan, yet little is known
about how blast waves induce brain injury. A comprehen-
sive knowledge of the loading mechanics of brain tissue is
important in understanding the pathophysiology of BINT as
well as in designing effective mitigation strategies for blast
waves. In this work, blast wave—head interactions are studied
on dummy and real head models for a frontal blast scenario,
using a combined experimental and numerical approach. The
critical factors in biomechanical loading of the head-brain
complex are identified by understanding the loading path-
ways of the blast wave from the external surface of the head
to the brain. Though this work is primarily focused on planar
Friedlander waves (which is important to establish/under-
stand mechanisms), the basic understanding and the results
are valid for other complex scenarios of explosion induced
blast waves encountered in the field.
Some of the key findings of this work are:

e When a shock-blast wave encounters the head-neck, the
flow field around the head is not uniform. Surface pres-
sures and velocities on the surface of the head at incident
blast site are amplified due to fluid—structure interactions
and hydrodynamic effects.

e Geometry of the head governs the flow dynamics around
the head, flow separation and flow reunion; these in turn
determine surface pressures and velocities. Surface pres-
sures and shock wave velocities gradually decrease as
the blast wave traverses the head. On the back side of the
head, a slight increase in surface pressure is observed due
to flow reunion.

e Deformation and stress fields in the brain are governed
by the surface pressure (external shock) wave and the
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structural wave of the skull in terms of direct and indi-
rect loadings, respectively. Structural response plays an
important role in the biomechanical loading of the brain.

e Skull deforms in a complex manner at different rates as it
oscillates around the brain. These complex deformations
are governed by the direct and indirect loadings of the
blast that vary with time and can cause flexure (bending)
of the skull.

e Pressures in the brain are governed by constructive and
deconstructive interferences of various waves reaching
a given location in the brain at a given time. It is only
possible to delineate effects of direct and indirect load-
ings near the surface of the brain and not deep inside the
brain.

e Occipital and midbrain regions of the brain show a signif-
icant amount of negative pressure. Thus, the possibility
of cavitation as a potential brain injury mechanism needs
to be evaluated.
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