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Abstract

Traumatic brain injury (TBI) to U.S. soldiers has become one of the most taxing
consequences of IED attacks in OEF/OIF. This project has focused on investigations of
traumatic injury to the brain caused by the primary effects of blast waves. The project
combines clinical, experimental and modeling studies aimed at: (i) elucidating the
cell and tissue-level mechanisms of injury produced by the effect of the blast wave, (ii)
deriving associated blast injury criteria (metrics and thresholds), (iii) helping to identify
and treat returnees suffering from TBI, and (iv) developing blast protection strategies
for TBI mitigation.

This report summarizes all the main findings and results of the project, including
resulting products and deliverables.
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1 Background

This project endeavored to conduct basic research studies of blast-induced Traumatic
Brain Injury which has become the most significant and at the same time controverislal
type of injury sustained by the U.S. warfighter in the OEF/OIF conflicts due to IED attacks.

The project focused on two main aspects of the problem: 1) the physical dimension,
which includes the description of the blast event, the propagation of the blast wave and its
interaction with the human head with and without protective gear (ACH) and the mechan-
ical response of human tissues and cells to the physical insult, 2) the biological response
of the neuron cells resulting from the physical threat.

In the first area, the efforts concentrated on developing advanced simulation tools to
describe the coupled interactions between the blast and the head with and without pro-
tection. The physical characterization of the blast event, in turn, informs studies of the
biological response of the tissue and cell. In addition, high-fidelity simulations conducted
with the tools developed are used to analyze the effect of protective head gear in mitigat-
ing the intensity of the stress waves reaching the brain tissue, and to explore mitigation
strategies beyond those afforded by the existing ACH. In the second area, studies were
conducted of the synaptic, ATP and proteomic response of mammal neuron cells in cul-
ture subjected to mechanical events.

2 Key results, findings and deliverables of the project

In the following we provide a list of the main results, findings and deliverables of the
project:

Deliverables

1. The signature deliverable of this project is the Full Head Model, a biofidelic compu-
tational finite element mesh of a human head developed as a project collaboration
between Dr. Moore from the Defense and Veterans Brain Injury Center and Prof.
Radovitzky at the MIT Institute for Soldier Nanotechnology.



Figure 1 shows a rendering of the original MIT/DVBIC Full Head Model, [2]. The
model is based on a careful segmentation of high-resolution MRI images of a hu-
man head. Eleven (11) different anatomical structures were differentiated including:
fat, skin, muscle, skull, sinus structures, CSF, gray and white matter, venous struc-
tures, glia and ventricles. The raw data set was then converted to a solid model,
which is subsequently used as input to the mesh generation tool for creating the
tetrahedral volume mesh. The resulting meshes usually suffer from severely poor
element quality and are unusable for computational simulations.

The figure also shows the addition of a model of the Advanced Combat Helmet
(ACH) and padding system. The solid model was merged with the FHM model
and the meshing procedure outlined above was followed to obtain a computational
mesh. Snapshots with external and internal details of the solid model and resulting
mesh are shown in Figure 1. The model has been transitioned to a number of DoD
organizations including the Army Research Laboratory, PEO Soldier and the Office
of Naval Research. In addition, the model has been publicly released to academic
organizations (with careful accounting and consideration of requesting parties and
purposes of model use).

2. Another very important deliverable of this project is a general constitutive modeling
framework for describing the rate-dependent viscoelastic stress-strain response of
different brain tissues [4, 5] and neuron cells [1], Figure 2. The model has been
shown to describe the tissue response with a single set of eight model parameters,
against in vitro porcine and bovine test data under a wide range of strain rates
107! — 103 - 57! obtained as part of this project [3], Figure 3, as well as in in vivo
conditions [5], Figure 4.

Findings Three fundamental findings have resulted from this project:

1. that the conditions the brain is subjected to for a blast event compatible with the
threshold for lung injury are well in excess of the threshold values of the accepted
brain injury criteria for impact conditions. This was the first theoretical proof that the
primary effects of a blast constitute a plausible cause for mild TBI.

2. that the existing Advanced Combat Helmet (ACH) is a safe device under blast loads,
i.e. that it does not exacerbate the blast overpressure on the human head as it had
been previously suggested. Given the importance of this finding at the Government
level and in the public opinion, | was invited to brief the Professional Staff at the
Senate Armed Services Committee.

3. that the most effective strategy to mitigate blast injuries to the brain is to cover the
exposed areas of the face to the blast wave, e.g. with a face shield. These findings
were also published in the PNAS paper and elicited significant media attention in
leading national and international TV, radio, printed and online press.
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2011 Project Summary
Professor James Deshler
Department of Biology

Boston University, Boston, MA 02215

I. Research Summary

In this work we sought to determine the cellular mechanisms by which MILD
shock waves may damage neuronal cells in the brain. We employed a biolistic gene gun
model for shockwave delivery to isolated hippocampal or cortical neurons growing in
culture. Using this model we showed that a ~1 psi shockwave transiently permeabilizes
the plasma membrane of these cells and reduces the average levels of intracellular ATP.
Both membrane permeability and intracellular ATP levels recover by 2 and 24 hours,
respectively. However, a longer term affect on these cells is a reduction in synaptic
proteins at the post-synaptic site of synapses. In this last year, we showed that pre-
synaptic proteins are also diminished at synapses, and we have performed a correlation
analysis of triple-labeled blast-exposed cells which indicates that cells with the largest
permeabilization have the greatest decrease in synaptic proteins. These data strongly
support a causal relationship between membrane permeability and the reduction in
synaptic proteins at synapses. While ~1 psi quite mild, a number of recent studies,
particularly in rodents, have detected behavioral and cognitive deficits in animals
subjected to blastwaves with intracranial pressures in the ~1 psi range. Therefore, we
believe that our data provide a potential cellular mechanism by which MILD blastwaves
cause neuronal damage that does not involve cell death or axonal injury. This model is
now ready for testing in animal models.

Il. Recent Results

The concept that shock waves specifically damage synapses before other signs of
neuronal damage become apparent in the brain is novel in this field. Interestingly, this
phenomenon of “synaptic degeneration first” may be more widespread than investigators
have appreciated in the past. For example, it was thought for decades that plaques in the
brains of patients with Alzheimer’s disease were the primary cause of the cognitive
deficits characteristic of this condition. However, the most recent literature in this field
involving animal models suggests that the plaques are not the primary etiological cause
of AD, but that the cognitive deficiencies characteristic of Alzheimer’s patients are
actually the result of poorly functioning synapses that have hitherto gone undetected.

During the first and second year of this project, our primary approach involved
exposing mammalian neurons to pressure waves and then testing whether or not synaptic
degeneration occurs. Cultured rat neurons were exposed to pressure waves of increasing
relative intensities using a calibrated biolistic gene gun available in my laboratory.
Synaptic degeneration was assessed using quantitative immuno-labeling and fluorescence
microscopy of cultured neurons. Using this assay we have shown a statistically
significant reduction in the number of synapses per unit length of dendrite on both
cortical and hippocampal neurons. These data have been presented at several meetings
and seminars. In addition, the data have been submitted, but not yet accepted for
publication.




The initial results from the first year of this project combined with our original
hypothesis led to a number of further questions that were addressed the second year. We
showed that at ~1 psi, no increased cell death was detected in our assay system, but that
intracellular ATP levels are reduced up to 50% from 1-24 hours following shockwave
exposure. Several mechanisms could account for decreased intracellular ATP observed in
cells exposed to mild shock waves. One idea is that membrane channel proteins are
partially denatured leading to a selective depolarization of some types of ions across the
plasma membrane. This in turn could require a large consumption of ATP to repolarize
ions across the membrane. Another mechanism could be the destruction of mitochondria
leading to a decrease in ATP production. A third mechanism we considered is that the
plasma membrane itself becomes physically damaged and permeabilized from mild shock
wave exposure. In this case the damage would be reversible (as is ATP reduction), since
it is well known that neurons can recover from such physical damage. To test this last
idea, neurons exposed to mild ~1 psi shockwaves and media containing fluorescent
dextran and our results clearly showed that these mild shockwaves permeabilize cell
membranes. My doctoral student, Matt Ferenc spent a number of months repeating this
experiment with different sized dyes and also quantifying the results. The take-home
message from all these studies is that the cells do become permeable to relatively small,
but not large molecules within 10 minutes of shockwave exposure, and that this
permeability is extremely transient such that the membranes are repaired approximately
one hour after exposure. Thus, our current and refined model suggests that mild
shockwaves transiently permeabilize cells leading to a massive depolarization of the
plasma membrane. Since most ion pumps require ATP, intracellular levels of ATP are
then depleted not only by diffusion of ATP itself to the cells exterior through the
permeabilized plasma membrane, but also through over utilization by enzymes that
require ATP to repair cellular damage and restore an electrochemical gradient. My
graduate student Matt Ferenc went on to perform a correlation analysis which shows that
cells that take up the most dye in the permeabilization assay have the greatest reduction
in synaptic labeling. This work comprises the bulk of Matt Ferenc’s thesis, and he
recently defended his thesis successfully this summer.

Vanessa Obourne is an MS student in the lab who also finished her thesis at the
beginning of summer characterized a number of antibodies to synaptic proteins to
determine if any of them become degraded during the time that synapses are
degenerating. The reason for doing this is to establish a reliable molecular biomarker
for detecting shockwave-induced synaptic degeneration in whole animal blast
experiments. This has been a laborious screen and she has tested over 35 commercially
available antibodies. She has shown that some synaptic proteins appear to become
redistributed throughout the cell following shockwave exposure, where as a few show a
decrease several days after shock wave exposure. These data provided that basis of
Vanessa’s Master’s thesis.

Together, Vanessa and Matt performed similar experiments with dissected rat
retinas to determine if the proteins that decreased in cultured neurons exposed to
shockwaves displayed a similar response in a complete and normal tissue preparation.
Initial results suggest that this is the case giving more credence to the idea that
shockwave induced permeabilization leads to reduced levels of synaptic proteins in
complex tissues, such as the brain.




I11. Significance

Whether or not the approximately 300,000 soldiers returning from Afghanistan
and Iraqwith mild TBI actually have physiological damage in their brains that resulted
from being in the vicinity of a blast caused by an improvised explosive device is still
unresolved. If our hypothesis is correct, the experiments proposed here will provide a
conceptual basis with which to understand the cognitive and emotional deficits
experienced by at least some individuals exposed to IEDs. Moreover, the technological
assays that we develop can then be used to develop drugs and protective materials to help
treat and/or prevent cellular and synaptic damage due to blast waves.

1V. Journal Articles

A paper entitled, “A cellular model for mild traumatic brain injury” by Matthew T.
Ferenc, Raul Radovitzky, Heng-Ye Man, and James O. Deshler (In Preparation).

Vanessa Obourne, Matthew T. Ferenc, H. Man, and J. Deshler. Identification of synaptic
proteins that decrease in response to mild shockwave exposure. (In Preparation).

Matthew Ference and J. Deshler. A method for generating reproducible mild shockwaves

using a biolistic gene gun. (To be submitted to the Journal of Visualized Experiments via
the request of one of the Journal’s editors)

V. Graduate Students Involved Directly in ARO Project

Matthew Ferenc graduated the Ph.D. program this year.

Vanessa Obourne graduated with an MS degree this year.
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Purdue Contributions to MIT Final Technical Report
Brain Response under Blast and Impact

Wayne Chen and Steve Son
Purdue University, West Lafayette, IN 47907

Abstract

The Purdue tasks of this research project support the MIT/VA blast injury prediction
numerical models with accurate experimental data for both initial input and model validation
through (i) improving experimental techniques that can accurately determine the dynamic
behavior of brain tissues and that can determine pressure distribution and propagation in a
simulated brain under blast loading, (ii) determining the dynamic compressive behavior of brain
tissues over a wide range of strain rates and stress states, and (iii) recording dynamic pressure
propagation and distribution inside a simulated brain with distributed pressure sensors. The
Purdue team developed and improved the experimental methods, determined the dynamic
compressive behavior of both gray and white matters from brain tissues of bovine, swine, and lamb.
We have developed physical models and a systematic approach for testing traumatic brain injury
(TBI) mechanisms and occurrences. A simplified series of models consisting of spherical PMMA
shells housing synthetic gelatins as brain simulants have been utilized. A series of experiments was
conducted to compare the sensitivity of the system response to mechanical properties of the
simulants under high strain-rate explosive blasts. Small explosive charges were directed at the
models to produce a realistic blast wave in a scaled laboratory setting. Blast profiles were measured
and analyzed to compare system response severity. High-speed shadowgraph imaging captured
blast wave interaction with the head model while particle tracking captured internal response for
displacement and strain correlation. Experiments using both Kolsky bar and DMA have also been
conducted on a variety of gels in the effort to find a gel that represents the mechanical response of
brain tissues best. Furthermore, a series of open-field and tube-guided blast experiments on
simulated brains were conducted with results transferred to MIT. The results suggest amplification
of shock waves inside the head near material interfaces due to impedance mismatches. In addition,
significant relative displacement was observed between the interacting materials suggesting large
strain values of nearly 5%. Further quantitative results were obtained through shadowgraph
imaging of the blasts confirming a separation of time scales between blast interaction and bulk
movement.

Background

Improved shielding has improved mitigation of shrapnel injuries, however minimizing
blast injuries is of increased interest to the Armed Forces. MIT/VA has a current effort in
modeling blast loading to the head/neck/shoulder for traumatic brain injury (TBI) predictions
[45]. However, realistic predictions from numerical simulations depend critically on the
accuracy of the input data on the mechanical response of materials under such blast loading
conditions, which is currently scarce. Furthermore, the validation for model predictions also
needs experiments conducted under simulated blast conditions. The objective of this work is to
provide the data needed to input and validate these models so they can be used in TBI



predictions and then designing improved strategies to mitigate, or at least minimize brain
injuries.
There are five major tasks that are carried out at Purdue:

e Design, construct, and improve reliable dynamic characterization tools that can determine
the dynamic compressive behavior of brain tissues at high strain rates.

e Conduct dynamic compressive experiments to obtain the dynamic responses of brain
tissues and stimulants as a function of strain rate for the purpose of dynamic material
model development.

e Transfer results to MIT for material model development as input to simulation codes.

e Design and construct small-scale explosions that simulate large field blast scenarios.

e Conduct explosive driven blast experiments on instrumented head models with stimulant
brains for the purpose of numerical model validation.

Incident Bar  Specimen  Transmission Bar

Striker L: 3658 mm, D: 19 mm L: 3658 mm, Wall thickness: 1.5 mm
0rsToA | o= rosTea [N e " 70 TeAl
Strain Quartz Crysta Semi conductor
Gage Strain gage
Wheat stone Charge Wheat stone
Bridge Amplifier Bridge
Pre-amplifier Pre-amplifier
Oscilloscope

Figure 1: A schematic of modified Kolsky bar for brain tissue characterization

Modified Kolsky Bar for Dynamic Characterization of Brain Tissues

Kolsky bar is a widely used experimental tool for the characterization of dynamic
properties of various materials. When brain tissue is under investigation, the low stiffness, low
strength and low wave speeds of the tissues poses significant challenges in experiment design for
accurate results under valid testing conditions. We modified a Kolsky bar with pulse shaping for
uniform loading and constant strain rate, sensitive transmission bar for high-quality load signal,
and thin/hollow specimens for inertia effects minimization. The schematic of the modified
device is shown in Fig. 1. Three circular piezoelectric transducers were embedded at the end of
the incident bar and one was at the beginning of the transmission bar to monitor the time-
resolved dynamic equilibrium process. The specimen axial stress was calculated using the semi-
conductor strain gage reading from the transmission bar where the stress waves become close to
one dimensional.

Dynamic experiments have been performed in vitro on brain tissues from bovine, swine,
and lamb sources. The brain tissues were collected from a slaughter house in the Animal Science



Department at Purdue University, a few minutes after sacrifice. The tissues were preserved in
artificial cerebrospinal fluid at the body temperatures of the animals. All the experiments
reported in this paper were completed within eight hours postmortem.

Annulus sample of outer diameter 10 mm, inner diameter 4.7 mm and thickness 1.7 mm
were excised from sections of gray matter and white matter. Cylindrical samples were removed
with the very sharp edges of a trephine blade, and then the cylinders were sliced to 1.7-mm thick
disks by a scalpel with the help of a 1.7-mm thick gage. Finally a 4.7-mm diameter hole was cut
through the specimen by a sharp punch, as shown in Fig. 2. The initial sample diameter and
thickness were measured with a digital slide caliper. The thin and hollow disc specimen
geometry was necessary to minimize both axial and radial inertia effects. Each specimen was
prepared just before the mechanical loading.

Bovine brain Core sample Scalpel, trephine
(Gray matter) blade and punch

(A) Gray matter
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Bl W / 4.7 mm
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-y e P |
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(B) White matter: Sampling directions (C) Specimen dimensions

Figure 2: Harvest location for bovine brain samples, indicated by dashed elliptical area for gray
matter (A) and farmed circular area for white matter (B) with dimensions (C). Sample
preparation from porcine and lamb brain tissues follows a similar procedure.



Dynamic response of bovine brain tissues

In each experiment, the uniform loading and constant strain rate conditions are checked.
For each strain rate, fifteen experiments were repeated under the identical testing conditions. The
resultant compressive stress-strain curves are shown in Fig. 3 for the gray and white matter from
bovine brain tissues. Each of the curves is the average of 15 curves obtained under identical
experimental conditions. The stress-strain curves are concave monotonically upward for all
strain-rates until unloading. The tissue response stiffened with increasing rates even within the
quasi-static range, which is consistent with the results reported at lower strain rates up to 0.64 s™

in the literature [46].
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Figure 3: Compressive stress-strain curve of bovine brain tissues at quasi-static (A) and dynamic
(B) strain rates. Each curve is the average of 15 identical experiments.
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Dynamic response of porcine brain tissues

Similar experiments are conducted on specimens obtained from porcine brain tissues. The
resultant stress-strain curves are shown in Fig. 4 for gray matter and Fig. 5 for white matter.
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Figure 4. Compressive stress-strain curve of gray matter of porcine brain tissues at quasi-static
(A) and dynamic (B) strain rates.
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Figure 5: Compressive stress-strain curve of white matter of porcine brain tissues at quasi-static
(A) and dynamic (B) strain rates.

Dynamic response of lamb brain tissues

Similar experiments are conducted on specimens obtained from lamb brain tissues. Due
to specimen size limitations, experiments were conducted only on gray matter. The resultant
stress-strain curves are shown in Fig. 6.
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Figure 6: Compressive stress-strain curve of gray matter of lamb brain tissues at quasi-static (A)
and dynamic (B) strain rates.



Comparison of dynamic response of brain tissues from different animals

Figure 7 shows the compressive stress-strain response of gray matter of bovine, hog and
lamb brain tissues at the strain rate of 1000/s. The results indicate that there are no significant
inter-species variations among the steer, hog and lamb brains at this strain rate. The results from
a wider strain rate range from 0.01 to 3000/s show similar trend [48]. The differences between
the stress-strain curves from brains of different species are within the error bands from the results
on one specific brain [47].

To compare the possible gender differences, we conducted compression experiments on
brains from male and female cross-bred pigs at the strain rate of 1000/s. Figure 8 shows the
resultant stress-strain curves, which indicate that the brain tissue has no gender difference in
terms of mechanical properties when compressed at the high strain rate. To determine the
differences between different types of pigs, dynamic compression experiments were performed
on the brain tissues harvested from 6-month old pure bred and cross bred Yorkshire gilts. Figure
10 shows the compressive stress-strain curves obtained at the strain rate of 3000/s, where no
apparent differences can be observed.
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Fig. 7: Compressive stress-strain response of gray matter of bovine, hog and lamb brain tissues at
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Dynamic response of gels and brain tissues from Kolsky bar and DMA experiments

Similar Kolaky bar (SHPB) experiments are conducted on specimens from gel materials
that are intended to be used as brain tissue stimulants. Figure 10 shows the comparison of the
compressive stress-strain behavior of selected gels and the bovine brain tissue under both quasi-
static and dynamic loading conditions.
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Figure 10: Compressive stress-strain curve of selected gels and bovine white matter at quasi-
static (A) and dynamic (B) strain rates.



The results in Fig. 10 hits that the compressive mechanical response of the bovine white
matter is close to the response of the Agarose gel at the concentration of about 1%. We further
compared the high-rate mechanical responses of Agarose 1% gel and brain tissue at small strains
using a dynamic material analyzer (DMA). The results, as shown in Fig. 11, indicate that the 1%
Agarose gel is still stiffer than the brain tissue. The experiments are being continued in an effort
to find a brain tissue stimulant that represent the dynamic response of brain tissues.
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Figure 11: Comparison of the response of 1% Agarose gel and bovine gray matter from DMA.

Laboratory-scale blast loading experiments

Although secondary, tertiary, and quaternary injuries all occur in the field, primary blast
injury is the specific injury of interest within this study. It was therefore assumed that primary
injuries were the limiting factor in order to characterize system response at and below primary



blast injury fatality levels. The data presented in Table 1 is a summary of approximate blast
damage levels presented by Kinney and Graham. in table XV of [29].

Table 1. Blast damage — overpressure correlation [29].

Type of Damage Overpressure (psig)
Personnel knocked down ~1-15
Eardrum rupture ~5-15
Lung damage ~29-75
Lethality ~100 - 220

Additionally, Cooper [30] and Bowen [31] present air blast fatality curves for a 70 kg man
standing in the path of a blast and facing any direction relative to the blast [30,31]. Comparing
the approximate blast damage levels in Table 1 for fatality with the probability of fatality from
the air blats fatality curves supports an estimate of 1% probability of fatality at 100 psig and 90%
probability of fatality at 220 psig. Therefore, it was determined that levels below 100 psig would
be sufficient for laboratory testing to characterize system response to a loading condition in the
field producing injury but not necessarily fatal injury.

After specifying the overpressure range of interest, necessary standoff distances were
determined. As the focus of this study was small-scale laboratory testing methods for TBI
occurrences, small three gram charges of pentaerythritol tetranitrate (PETN) plastic sheet
explosive were chosen for the experiments providing an explosive yield of 13.24 kJ and TNT
(trinitrotoluene) equivalent mass of 2.872 grams. The PETN plastic sheet explosive consisted of
63% PETN powder, 29% plasticizer, and 8% nitrocellulose with a density of 1.48 g-cm™ and
detonation velocity of 6.8 km-s™. Initiation of the PETN was produced by a length of 50 grain
detonation cord (PETN powder) that was connected to a Teledyne RISI RP-502 explosive
bridgewire detonator charged by a Teledyne RISI FS-62B firing set. Following the scaling
prediction procedure described in [29] and the characteristics of the PETN datasheet, blast
profile predictions were determined and standoff distances were defined. The predicted profile
characteristics as determined from the scaling correlation prediction methods of Kinney and
Graham [29] are shown in Table 2.

Table 2. Scaling predictions for laboratory blast parameters.

Standoff ~ Overpressure Positive Pulse Impulse (I/A)

Distance [psig] Duration [ms] [psig-ms]
(5 z'ggge; ) 66 0.12 2.18
(;zsi(;‘zgﬁ) 26 0.18 1.72
(éig‘g;‘ers) 13 0.23 1.37
él?fgers) 12 0.24 1.3

The interaction of the blast wave was introduced by means of a uniquely designed explosive-
driven shock tube (see Figure 12) in order to direct the blast energy toward the target. The shock
tube design consisted of a 12 inch detonator chamber capped at one end and a 36 inch high
explosive (HE) chamber also capped at one end. The capped ends were bolted together once the



chambers were loaded for firing. The detonator chamber prevents fragmentation from the
aluminum detonator cap into the room and target as the focus of these studies was on the blast
itself and not fragmentation of any kind. The long HE chamber provided extra distance for
shock wave/product separation, as well as minimizing reflections and turbulence at the exit.
Shock waves fundamentally occur only in supersonic conditions whereas the detonation products
travel approximately at local sonic speeds. Therefore, the additional length of the HE chamber
provided greater separation between shocks and fireball for imaging purposes, as well as greater
time to smooth the blast wave compared to the blasts of open air charges closer to the targets.

High-speed shadowgraph imaging was performed for visualization of the experimental blast
waves according to methods developed by G. Settles at The Pennsylvania State University[32].
The shadowgraph imaging provided a qualitative representation of the shock wave interaction
with the various models being studied. Furthermore, the shadowgraph images could be analysed
guantitatively using tracking features of the imaging software to provide data regarding the
shock wave position with time. A Vision Research Phantom v7.3 digital high-speed camera was
used to record the blast phenomena, typically at a frame rate of 36,036 fps and a resolution of
256 x 256. Using a 45° turning mirror affixed to a UV filter on a Sigma 24-70mmbD /2.8 EX
DG Aspherical lens, a high intensity light beam was directed across the model onto a reflective
screen via a Oriel 1000 W xenon arc lamp [32]. The shadow of the model and shock wave
interaction were then recorded as density changes were experienced causing changes in the
refractive index [33]. Figure 13 diagrams the experimental setup.

Detonator Chamber

PETN Charge

EBW Detonator

Detonation Cord

Figure 12. Explosive driven shock tube.



Instrumented target

gy

Phantom high . e~
speed camera ! | S

,:= Double convex L
focusing lens Shadowgraph

.o screen
Explosive driven
shock tube
1000W arc lamp

DAQ and signal

conditioners PE:N
15 Det i:ord
- Detonator —» Firing
= pom— device
Computer

Figure 13. Experimental setup.

Utilizing the shadowgraph imaging, it was possible to test and record the performance of the
PETN sheet explosive with the explosive driven shock tube. A series of experiments were
performed without targets in place and imaged to record shock parameters as a function of time.
Using the point tracking feature of the Phantom 649 control software, the shock distance was
measured with time. The distance-time data was then curve fit and differentiated to develop a
predicted wave speed function. Using the curve fit wave speed function, expected shock
pressures were calculated according to pressure ratio equations from the normal shock relations
of compressible flow dynamics. The performance of the explosive-driven shock tube as derived
from the shadowgraph imaging is summarized in the speed-distance profile (see Figure 14) and
the pressure-distance profile (see Figure 15). Contained in the pressure plot are the predicted
overpressure values derived from the scaling correlations of Kinney and Graham [29] for the
four standard loading conditions to be used in this experimentation. All but the nearest standoff
distance compare well with the measurements. This deviation may have been expected due to
the scaling correlations idealized assumptions breaking down close to the charge. In addition to
the imaging-derived performance, the actual pressure profiles were measured to characterize the
four standard loading conditions. Figure 16 shows the results of these measurements for the
standard loading conditions applied to the model systems. The blasts were measured using PCB
model 137A24 free field blast pressure pencil probes. The gauge measurements then were
conditioned and amplified using PCB model 482A22 signal conditioners and the data was
recorded using Tektronix DPO4034 oscilloscopes. The results of these standard loading profiles
showed blasts with overpressure values in fair agreement with the imaging-derived pressure
values and with the scaling correlation predictions, although the gauge-measured value exceeded
the predictions at the closest standoff distance. Furthermore, the actual duration and impulse of
each of these measured laboratory blasts exceeded the predicted values by an average of four and
one half times and four times, respectively. Therefore, these results suggest that by using the
explosive-driven shock tube, the energy of the blast is directed towards the target and enhanced



to simulate a larger IED blast than would be possible with the same charge in open air.
Specifically, the measured blast parameters (overpressure and width) correspond closely to
charges of 200 grams to 300 grams at standoff distances of 30 inches to 70 inches (0.76 m to
1.78 m) which closely resemble hand grenade size IED sources. Additionally, further shock tube
work could be performed with a longer tube geometry that would better replicate even larger
explosive charge blasts. Charge sizes could also be increased as well.

Finally, in order to validate the blast measurements being made, 12 experiments were
performed without targets in place again to compare the repeatability of the small-scale blasts.
The blasts were measured at a standoff distance of 12 inches (0.3048 m) using both PCB model
137A24 free field blast pressure pencil probes and PCB model 113B22 pressure sensors for
comparison. The results of the 12 experiments resulted in standard deviations of 10% for
impulse, less than 5% for arrival time and duration, and 15% for peak overpressure suggesting
acceptable overall repeatability in the method.
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Surrogate model series

The approach taken was to simplify the anatomy of the human head into surrogate laboratory
models. As the nature of shock waves is complex to begin with, the interaction of shock waves
with obstacles becomes even more complicated. Therefore, it was necessary to initially produce
lower fidelity physical models and then later gradually introduce the complexities of geometry
and material variations involved with shock wave/obstacle interaction. This effectively provides
a basic starting point for experimental validation and comparison of computational simulations
and clinical observations.

The progression of experimental fidelity included six model systems to accommodate the
varied combinations of geometry and material selection (see Table 3).

Table 3. Experimental model progression.

Model Shell Geometry Tissue Geometry
A PMMA solid Perma-Gel™ hemispheres
B PMMA cutout  Perma-Gel™ hemispheres
C PMMA solid Perma-Gel™ sphere
D PMMA cutout Perma-Gel™ sphere
E PMMA solid PDMS sphere
F PMMA cutout PDMS sphere

Models A — F utilized two clear, injection-molded PMMA hemispheres of dimensions: 5 inch
outer diameter and 0.125 inch wall thickness. The hemispheres were bonded together with
plastic weld to form the full sphere model, encompassing a volume of ~56.12 in®. Each sphere
was then fitted with hardware to be supported in a non-rigid, pendulum method from the test
stand. The PMMA shell was varied between a solid shell and a shell with rough facial features
(eyes, nose, and mouth) manufactured in the anterior surface. The selected features included two
0.75 inch circular cutouts representing eye sockets, one 0.5 inch circular cutout representing the
nasal passage, and one 0.75 inch circular cutout representing the mouth (see Figure 17). The
purpose of the facial features was to compare the difference in the internal system response from
the solid shell models. This comparison was made in response to the suggestion from the
literature that suggested ocular/nasal/aural pathways as mechanisms of blast wave entry into the
cranial cavity [10].

The model shells were then filled with one of the two brain simulants: Perma-Gel ™ ballistic
gelatin and polydimethylsiloxane polymer (PDMS). The two brain simulants represent two



extremes. The Perma-Gel™ provided a low strain-rate dependent material with significant
deviations from biological properties but simpler to computationally model. The PDMS
provided a more rate dependent material with properties more closely representing biological
samples (very similar texture/consistency to brain matter when physically touched) but also more
complex to model.
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Figure 17. PMMA shell with facial feature cutouts.

In reference to all materials used, the complexity of the human anatomy, manufacturing
limitations, and analysis capability prohibits exactly matching surrogate material properties to
true biological material properties. Rather, the values of the materials were determined, with
acknowledgement of the differences between surrogate and biological. The materials used in the
experimental procedures provided a range of mechanical properties as a means of studying the
effects of those property variations on shock wave interaction. The variations also provided a
method to determine the ability to experimentally distinguish possible injury phenomenon using
higher or lower fidelity materials. The accepted biological values determined by the project
collaborators [34] are compared with the surrogate material properties in Table 4. Although
single property values (rather than ranges of values) have been identified for each biological
specimen, the referenced literature for these properties provides ranges of accepted values
bracketing those listed in the table. The listed values represent typical values for better clarity.

Table 4. Mechanical properties [35-40].

Brain o [g/cmg] v E [kPa] c[mis] z [kg/mz-s]
White matter [35,36] 1.06 0.5 37 6 6,360
Grey Matter [35, 36] 106 05 30 5 5,300
Perma-Gel™[37,38]  0.89 - Orderof~100 10 8,900
PDMS [38] 092 05 Orderof~45 2 1,840
Skull p [g/cma] v E [GPa] c[m/is] z [kglmz-s]
Bone [36, 39] 141 022 6.65 2170 3,059,700
PMMA [40] 119 037 3 1590 1,892,100

The models were instrumented in order to capture internal system reaction resulting from the
shock wave interaction with the interference. Initially, miniature fiber optic pressure sensors
from FISO Technologies, which were minimally invasive, were tested in the models. However,
several problems were observed early on with the sensors. Dynamic performance specifications



for the sensors were unavailable, therefore, making it impossible to determine if the sensors
could respond appropriately to the rapid time scales of interest. Furthermore, eratic behaviour
from the sensors was observed such as minimal to no response and DC shifts in the output data.
Therefore, PCB Piezotronics dynamic pressure sensors were used due to the available
specifications and stable behaviour. Models A — F were instrumented as follows. PCB model
113A22 and 113B22 dynamic pressure sensors were embedded (vertically centered) within the
tissue simulants at distinct locations for shock wave characterization. Each model utilized three
sensors at an anterior, lateral mid-plane, and posterior location. A single PCB model 352A25
accelerometer was externally affixed (vertically centered) to the outer posterior surface of the
shell. The exact positions of each gauge are represented in Figure 18. The data was conditioned
and recorded using PCB model 482A22 signal conditioners and Tektronix DPO4034
oscilloscopes respectively. Upon collection of the data, all datasets were then digitally filtered
through a 100 kHz low-pass filter to reduce noise and signal interference prior to analyzing.

External posterior
- === plane

O @B = PCB accelerometer

Figure 18. Sensor placement for models A - F.

Many injury theories involve pressurization of the tissues in the cranial cavity, access of the
blast wave into the cranial cavity, and coup-contrecoup injuries resulting from accelerations [10-
14]. The use of the applied instrumentation described previously was intended to provide some
insight into these damaging aspects of the explosive driven shock waves. However, the data
from the instrumented models should not be considered exhaustive. In addition to the injury
mechanisms mentioned, it has also been suggested that the application of the blast wave could
cause shearing of tissue, vascular regions, and axons [3,11,17,18]. The application of an external
force, such as the blast pressure, results in stress and deformation of the material. With severe
enough pressure profiles, material limits can be exceeded and therefore disrupt specific brain
features that could lead to cognitive deficits and various other symptoms. Therefore, in order to
study these effects, two additional models were utilized. These models consisted of 1 inch wide
PMMA rings of outer diameter 5 inches and wall thickness of 0.125 inches. The discs
represented slices of the overall spherical PMMA shell models in order to reduce the geometry to
a 2D configuration. The discs were then cast with the Perma-Gel™ ballistic gelatin and
sandwiched between two additional pieces of PMMA of thickness 0.125 inches. During the
casting process, a centre plane was established at 0.5 inches from either face on which a speckle
pattern was painted on a single face. The pattern was applied by means of spray can application
in order to distribute 1-3 mm non-uniform speckles across the face. The purpose of the speckle
pattern was to allow for imaging of the internal motion in response to the blast input. The frame
by frame image sequence was then input into a correlation software package, Vic-2D, published
by Correlated Solutions, Inc. Vic-2D utilized white-light speckle correlation to provide
displacement and strain fields for objects over a wide range of sizes experiencing a wide range of
strain values [42-44]. The limitations of the Vic-2D analysis required motion to be restricted to
two dimensions and therefore out of plane motion had to be minimized as much as possible for



best accuracy. As a result, the strain mapping procedures were limited to the 2D disc
configurations and were not applied to the spherical shells in their entirety.

Results

Figures 19-21 show the averaged results of the internally recorded pressure measurements for
the various standoff distances, geometric configurations, and gelatin materials. Each model was
subjected to two repetitions of loading at each standoff distance. The comparison between
repetitions showed close agreement for each model. These sets of repetitions were then
compiled to produce average trends shown the results summary figures. Refer to Figure 22 for a
typical plot of the internal pressure profiles. Several general trends can be seen between all
models. According to the standoff distances of the models, the measured loading conditions
applied (free-field blasts) ranged from approximately 15 psig to 108 psig. The recorded
pressures at the anterior gauge location for each model showed significant pressure amplification
(pressures around 300 psig to 500 psig). The pressure amplification might be expected,
however, when considering the impedance mismatch between air, PMMA (bone), and gelatin
(brain matter). While air has an impedance of approximately Z = 420 kg/m®s, both gelatins
have an impedance roughly an order of magnitude larger than air and PMMA and bone have
impedances nearly four orders of magnitude larger than air. With the large impedance
mismatches present at the boundaries, one would anticipate a significant pressure rise across the
interface due to standard shock propagation behaviour. Furthermore, the pressure enhancement
at the anterior location might also be caused by the geometric focusing of the shock waves as a
result of the curved surface of the shell. The shape potentially causes directed reflections
resulting in wave interaction and convergence that might add to the pressure amplification. This
recorded phenomenon also coincides with results of computational work presented by Taylor et
al. [12] suggesting focused pressures at or near interfaces as well as computational results of
Prof. R. Radovitzky and team at the Massachusetts Institute of Technology [34]. A comparison
of the peak overpressures across all locations shows that the PDMS polymer generally sustained
lower peak pressures at the anterior gauge location than the Perma-Gel ™, as would be expected
due to the lower impedance of the PDMS polymer. However, at the mid-plane and posterior
gauge locations, the PDMS peak pressure values began to exceed those of the Perma-Gel™.
Additionally, the PDMS polymer generally sustained longer pulse durations than the Perma-
Gel™. The long durations coupled with larger pressures lead to larger impulses experienced in
the PDMS. The larger impulses then suggest a more severe response to the blast than that of the
Perma-Gel™, suggesting a higher probability for injury. These data provide critically needed
validation for computational models. Comparisons with computational models will be presented
in future papers.

Additionally, the effects of the material variation coupled with the geometric variation of the
facial features can be seen by significant variations in response when comparing results of the
two gelatins. As stated before, the PDMS polymer generally responded with more severe
impulses and durations but lower pressures than the Perma-Gel ™. Once again, the impedance of
the PDMS polymer is greater than air but not near as large as that of Perma-Gel™, which would
suggest less initial amplification but greater overall transmission through the model. An
additional characteristic of the material variation was the apparent stochastic behaviour of the



Perma-Gel™. While the PDMS polymer generally showed smoother, consistent trends, the
Perma-Gel™ tended to exhibit more stochastic features.

When comparing the effects of the facial feature cutouts, the PDMS polymer showed
significantly greater variation between solid shell responses and cutout shell responses than did
the Perma-Gel™ models. At anterior locations, ocular/nasal effects were minimal as the
response amplification was already severe regardless of the model or standoff. However, at the
mid-plane and posterior locations, the PDMS models generally responded with approximately
30% - 50% variation between solid shell models and facial feature models for pressure and
above 50% variation for impulse between solid and cutout shells. Specifically, impulse values
were 50% higher in the facial feature models than the solid shell models. Alternatively, the
Perma-Gel™ response variations were generally much less than those of the PDMS.
Furthermore, the effect of casting the simulant as hemispheres versus spheres was seen in
response variations from the solid shell and cutout shell models. With the hemispherical casts,
the responses generally were very similar between solid and cutout shells. Less severe blast
characteristics were typically experienced as well. The result of casting the simulant as a solid
sphere seemed to suggest better continuity in the system as well as eliminating additional
stochastic behaviour in an already complex and randomly behaving material.

The acceleration measurements obtained at the posterior surface of the shell revealed extreme
accelerations experienced by the model. Magnitudes of up to 6000 g’s were experienced
according to standoff distance. High frequency oscillatory behaviour was evidenced from the
acceleration traces revealing a peak magnitude initially experienced when the shock first
contacted the model on the anterior side. The acceleration was then quickly damped out within
the same time scale (~5 ms) as the occurrences of the internal measurements. The general trends
between each model were similar and showed less distinguishing characteristics. However, it is
important to note that in general the models experienced extreme acceleration forces
momentarily. Furthermore, the shock interaction with the gauge may affect its reading and may
not reflect a true acceleration, at least for early times. Refer to Figure 23 for a representative
acceleration trace.

In addition to the temporal data, the model datasets were contrasted by their power spectral
density (PSD) profiles. The calculated PSD profiles are a frequency decomposition of the
pressure signals in order to distinguish the power at specific frequencies. As they must, the
general trends agree with those seen in the time domain and therefore provide just another tool to
analyse the data. The anterior profiles typically showed higher power magnitude for a wider
range of frequencies, corresponding to large, sharp features in the time domain. Furthermore, the
PDMS models generally had moderately higher magnitudes than the Perma-Gel™ models over a
wide range of frequencies as well. The Perma-Gel™ models typically showed a steeper roll off
than the PDMS models. As the Perma-Gel™ models typically began to decay around 1 kHz — 2
kHz, the PDMS models tended to hold steady until around 10 kHz or greater. Even then, the
more severe standoff distances showed higher power magnitudes remaining steady across the
entire frequency band for the PDMS models. At the closer standoff distances, the distinctions
between materials became more evident while the trials at the farther standoff distances showed
less variations between models. See Figure 24 for a typical PSD profile.

Beyond the internally recorded gauge measurements, an important characteristic was
determined from the shadowgraph imaging. According to multiple shadowgraph videos of the
various models, noticeable global target movement was not recorded until after approximately 3
ms to 4 ms. Initial shock loading was experienced by the model for approximately 0.25 ms after



arrival times ranging from approximately 0.14 ms to 0.5 ms depending on standoff distance.
Over an average video duration of 9 ms, less than 5 degrees of angular rotation were experienced
by the model. This result suggests and confirms the importance of two overall time scales where
primary injury can potentially occur before secondary and tertiary effects take place.
Specifically, the large anterior pressure spikes occurred before significant bulk motion. These
are large enough to anticipate biological damage. Impacts would not be expected to result in
similar behavior. In addition to the global movement feature shown in the shadowgraph images,
one can see the effect of shock wave interaction with varying boundaries. Once again, the
impedance mismatch is a key factor in the interaction. The physical phenomenon of the
mismatch is represented in the sequential shadowgraph frames of Figure 25 representing a
typical experiment.
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Figure 19. Peak overpressure results for anterior (A), mid-plane (B), and posterior (C) gauge.
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Figure 20. Positive pulse duration results for anterior (A), mid-plane (B), and posterior (C) gauge.
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Figure 21. Impulse results for anterior (A), mid-plane (B), and posterior (C) gauge.
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Figure 22. Representative internal pressure experienced by spherical PMMA shell surrogate head models
(model F result shown at 12 inch standoff).
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Figure 24: Representative PSD profile of pressure for spherical PMMA shell surrogate head models (model F
result shown at 12 inch standoff).



Figure 25. Shadowgraph images of surrogate head model D at 8 inch standoff.

The results of the strain mapping experiments showed successful initial trials. The
experiments were performed at the farthest and closest standoff distance to provide a minimum
and maximum bound for behaviour. At the 17 inch standoff distance, global target movement
was nearly completely eliminated allowing for simple correlation. At the 8 inch standoff
distance, the input loading conditions were nearly an order of magnitude larger and therefore
some global movement was observed. As a result, the image sequence used for correlation was
slightly reduced from the 17 inch standoff distance.

The motion of the Perma-Gel™ that was observed showed significant oscillatory translation
in both the vertical and horizontal directions. The maximum displacement measured through the
correlation was 5 mm in the horizontal direction and 2 mm in the vertical direction for the 17
inch standoff distance. At the 8 inch standoff distance, maximum values were nearly identical
but along opposite directions, most likely as a result of the global movement effect. The
maximum shear strain values observed were approximately 3% at the 17 inch standoff and
approximately 4.5% at the 8 inch standoff. As would be expected, the largest displacement and
shear was often in the middle of the model, farthest from the restrictive boundary of the PMMA
ring. However, the location of the maximum values was observed to move around significantly
within the model. It can be suggested that the curved surface of the ring (representative of the
curved surfaces of the skull) causes transmission angles of the shock wave to vary. As a result,
internal shock wave interaction occurs, causing shear and displacement gradients. Furthermore,
with gradients occurring, oscillatory rotational movement of the gel (relative to ring and
excluding global movement) should be expected due to the varying degrees of displacement
between material layers. This rotational movement was in fact observed in the correlation



sequences resulting in the movement of the maximum value locations. Refer to Figure 26 for a
representative strain correlation of the analyzed section. The directional arrows specify principal
directions.
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Figure 26. Strain field in Perma-Gel™ at specific time of maximum strain.

An additional feature observed from the strain map imaging was the occurrence of a void
creation and collapse event. As stated previously, one possible injury mechanism theory is the
occurrence of effects similar to cavitation within the brain[15,16]. Since inertial cavitation is
actually the formation of vapor bubbles due to the pressure crossing the vapor pressure limit, it is
suggested that technical cavitation is not the true occurrence. Rather, as observed by this strain
map imaging, it is suggested that the shock wave transmitting into the tissue (surrogate or
biological) causes 3D motion that creates voids by separating tissue interfaces. Immediately
following the void creation is the abrupt collapse resulting in locally propagating pressure waves.
The consequence of this pressure propagation might be localized pressure of significant
magnitude causing additional damage to tissue. In comparison, the strain correlation at the
location of the observed void creation and collapse during the event showed highly localized
extreme shear values. Therefore, these correlation results assist in validating this theoretical
occurrence.

Pressure response of gels from open-field blast experiments

Modeling is simplified somewhat if open field blasts are considered. Open field blast
experiments were performed using different surrogate gel materials. Figure 27 shows the
comparison of the pressure responses of different gels at a stand-off distance of 30.48 cm. The
results in Fig. 27 show a high variability in pressure response near the anterior plane of the
simulated head. Furthermore we did repeatability testing to quantify uncertianties for specific
gels. Figure 28 shows the pressure response of Perma-Gel™ at a stand-off distance of 30.48 cm.
The results of Fig. 28 show repeatability with peak pressures and arrival times both vary in a
range of about 10%.
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Figure 27: Comparison pressure response of gels under open-field blast conditions
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Figure 28: Comparison of pressure responses for Perma-Gel.

Blast Loading Study Conclusions

The goals of this work were to establish systematic methods for laboratory-scale testing of
TBI occurrences from IED blasts. In order to accomplish these goals, a uniquely-designed
explosive-driven shock tube was utilized to direct and enhance the small-scale blasts. With the
shock tube, the laboratory simulated blasts showed profile characteristics similar to those of
much larger charges, more closely simulating IED occurrences. The blasts were then directed at
surrogate head models by which material variation and geometric features were studied. Internal
measurements by instrumentation and imaging provided useful data representing the system
response to the blasts. Using these methods, critical factors for experimental modeling and TBI
occurrences could be studied. Additionally, since the TBI research area is relatively young, there



is no comparable data currently available showing these effects. Therefore, the data obtained
could assist in confirming or developing injury mechanism theories and provide validation for
computational and clinical studies.

The surrogate materials used in the experiments provided upper and lower bounds for
possible loading behaviour. Although it is impossible to exactly match the human anatomy
according to mechanical properties, these types of systems can be developed to provide insight.
The accepted mechanical properties of the biological materials of interest were compared to the
surrogate materials used. Although there are differences, the biological materials can be placed
within the bounds and be expected to exhibit behaviour patterns similar to those seen
experimentally. Furthermore, computational models validated to these data could, with higher
confidence, be applied to actual head simulations.

The experimental results suggested the importance of material selection coupled with
geometry. Behaviour differences were observed with model variation. Pressure amplifications
were experienced at the anterior locations near PMMA/gelatin boundaries. The presence of
ocular/nasal passages did in fact support the theory of a more direct application of the blast into
the cranial cavity, therefore possibly intensifying injury. Global movement of the target was not
experienced until a later time, well after initial shock loading and internal response.
Furthermore, strain fields calculated internally showed up to 4.5% strain, even with the
moderately stiff Perma-GelTM and the highly restricted motion. Additionally, internal tissue
displacement results revealed significant tissue movement relative to the shell. Finally, void
creation and collapse was observed suggesting the possibility of extreme localized shearing
supporting additional possible mechanisms of injury by exceeding material strengths.
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Figure 4: In vivo vs in vitro tissue response
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Figure 5: Pressure contours in the head (left column), helmet (center column), and face
shield simulations (right column). Starting at the top, the rows correspond to time snap-
shots at 0.06, 0.23, 0.4 milliseconds. Data at later times excluded from proposal for lack
of space. The scale is from -400 to 800 kPa.
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