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Abstract

Recently there has been interest in determining what happens to the human brain during a
traumatic brain injury (TBI). The blast wave created by explosive devices, such as landmines,
is one of the most common causes of TBI. The purpose of this study is to investigate the link
between an explosion and a cells reaction to a blast wave on a time scale of a few hours. Three
different types of cells were tested by pressure waves exposure, fibroblasts (3T3), epithelial
cervical cancer (HeLa), and canine epithelial kidney cells (MDCK). Fluorescent images of
the cells before and after pressure wave exposure were used to determine how much damage
cells have suffered. 3T3 cells showed the most cellular modification while HeLLa and MDCK
were more resilient. A simple scaling model is proposed to relate the cellular modification
to the shock strength.
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Chapter 1

Introduction

1.1 Overview

The goal of this thesis is to investigate the link between an explosion and its effect on
cells on a time scale of a few hours after exposure. Specifically of interest are explosions
that produce traumatic brain injury (TBI). In military conflicts, explosive devices such as
landmines are capable of producing a TBI. When detonated, an explosive device produces a
shock wave, shrapnel, and blast wind. Shrapnel traveling at high-speed can lead to puncture
and laceration injury. Blast wind is the hot gas produced by reacting explosive material
being advected behind the lead shock wave. Scorched objects and burn injuries are common
results of blast wind exposure. The shock wave however may not have an immediately
visible effect. A traumatic brain injury produced by a shock wave may go unnoticed until
complications occur or chronic symptoms develop.

Blast-induced TBI (bTBI) is a complex phenomena that encompasses several branches of
science. This includes the biology and chemistry of the human brain in addition to physics
involved in high-speed blast loading. Presently there is no complete understanding of the
mechanism leading to injury in blast-induced TBI. Indeed given the complexity of bTBI, no
well established model currently exists. In constructing a model, one classical approach is to
build upwards from the most simple phenomena. In studying bTBI, this means analyzing a
single cell and shock wave interaction. The first step is to determine which phenomena at
a cellular level contribute to TBI produced by a shock wave. We seek to determine what
happens to a cell when a shock wave interacts with it.
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Figure 1.1: List of secondary injuries associated with TBI adapted from Gupta [1].
1.2 Background

1.2.1 Traumatic Brain Injury

Traumatic brain injury (TBI) is defined as a non-degenerative, non-congenital insult to
the brain from an external mechanical force [5]. It can lead to permanent or temporary
impairment of mental and physical functions. The causes of TBI can be separated into two
classes. The first is penetrative injury as a result of foreign objects making a hole in the
skull and damaging brain tissue. The second is non-penetrative injury created from the
head undergoing exposure to a blast, strong impact, or sudden acceleration. TBI produced
via non-penetrative means may occur during a car crash where a drivers’ head strikes the
steering wheel. In the case of a sudden acceleration, such as shaken baby syndrome, TBI
is produced from the acceleration an infant’s brain suffers when shaken [(]. In military
conflicts, explosives create a blast wave that leads to TBI.

When a traumatic brain injury occurs, the brain and human body respond on multiple time-
scales. The very quick responding systems begin a biophysical sequence of events leading to
a number of secondary phenomena. Figure 1.1 adapted from Gupta lists some of the injuries
associated with TBI and when they occur [1].

Within milliseconds to seconds after injury, several mechanical and hydrodynamic phenom-
ena occur. Two of the first things to happen are neuron deformation and damage to brain
interfaces such as the blood brain barrier. Diffuse axonal injury (DAI) is a common injury
resulting from TBI. It happens within seconds of the primary injury due to rapid mechanical
loading of brain tissue and often makes a person lose consciousness. Hydrodynamic fluid



Figure 1.2: A VS-50 landmine next to a wrist watch. Despite being very small it can generate
a shock wave strong enough to produce a TBI. Picture taken by Clark [2].

exchange between brain structures leads to ionic edema and reduced nutrient supply to af-
fected regions within minutes of injury. It is not until several minutes to hours after injury
that apoptosis, cellular death, begins. At around the same time, the human immune system
begins responding to the injury. Inflammation perceived as a headache may not appear until
days after the injury [1].

Over 1 million Americans annually suffer a mild TBI without fainting and have no need to
be hospitalized [7]. Most people recover from injury with no chronic symptoms however;
persistent headaches, fatigue, and memory recall deficits are all common. In very rare cases,
a mild TBI can be fatal several hours after primary injury [8]. Presently there is controversy
surrounding diagnosis and treatment of TBI. Significant research into understanding how
TBI happens in impact has yielded a very limited understanding of the injury mechanism
[1, 9].

There is even less research and understanding of blast related TBI. The on-going conflicts in
the Middle East have helped generate interest in blast-induced TBI. Two-thirds of war-zone
evacuations are due to blasts, and it is suspected 20% of personnel have some form of TBI
[10, 11]. The prevalence of blast-injury is partly due to the widespread use of improvised
explosive devices (IEDs) and landmines such as the one seen in Figure 1.2. These devices
are easily concealed and capable of delivering a blast-wave to surrounding people [12].

There are a number of pathways a blast wave can create mechanical loading in the brain. The
wave can enter the brain directly through foramina, which are holes in the skull. Motion of
the brain as a result of the blast wave generates localized compression and shear. Deformation
of the skull results in transmitted stress to the brain. Lastly, compression of other body parts
produces a stress wave that enters the brain via blood vessels.



As a blast wave impacts the head, the skull deforms, which transmits compression waves
through cerebrospinal fluid to the brain. These waves travel at the sonic velocity of the
skull at ~1500 m/s [1]. The human brain is characterized by a 10 centimeter length scale.
This defines the time-scale of wave propagation and compressive loading on the order 107!
microseconds. For cells that are a few micrometers in size the time scale of shock passage
is on the order of nanoseconds. Transverse shear waves are also generated by compression
waves which travel much slower [1]. The shear load from these waves may contribute to
damage in the form of crack propagation in the skull [13]. These same phenomena occur if
the incident wave enters the skull via foramina.

Subsequent to the high-speed loading from blast waves is the damage produced by the
resulting brain motion. Both translational and angular acceleration of the brain is created
by blast waves. These lead to diffuse axonal injury, bruising, and bleeding inside the brain
(hematoma) [141]. Linear motion of the brain displaces cerebrospinal fluid as the brain
advances toward the skull. It is possible for the brain to impact the skull and cause brain
injury. Similarly, angular motion can also lead to brain-skull impact which has been shown
to be more severe than linear impact [14, 15].

The brain is fed by several large blood vessels connecting to the fluid-filled spinal column.
Sudden deformation of different parts in the body generates stress waves that can enter the
brain through blood vessels [1, 16]. The propagation speed of these waves is ~10 m/s. For
a region 10! meters from the brain, such as the human thorax, damage resulting from these
stress waves entering the brain will occur on a time scale of 10! seconds.

1.2.2 TBI Research

Blast-induced traumatic brain injury (bTBI) is a complex multi-disciplinary phenomena. It
happens on multiple time-scales; from the nanosecond time scale of a shock wave passing
through a cell to the biological response after several hours. A complete understanding of
bTBI depends on work in biophysics, medicine, chemistry, and physics. There has been
research both experimentally and numerically analyzing TBI.

Experimentally studying TBI has produced a number of works utilizing animals and human
head analogues [17, 18, 19, 20, 21]. In order to reproduce blast waves, gas shock tubes are
a popular choice as the blast wave profile can be easily controlled [17, 22]. While a human
head analogue is useful for gathering data such as pressure distribution, it cannot replicate
biological response. The only way to study the brain in its natural environment, in vivo, is
through the use of animal experimentation.

Whole-body blast injury (WBBI) is a common technique where an entire living animal is
exposed to a blast. Cernak et. al. performed WBBI experiments on lab rats with shock
waves having a mean peak overpressure of 338 kPa in air [17]. The blast wave was produced
by a 1 m inner diameter by 39 m long shock tube. WBBI experiments were performed by
placing an immobilized lab rat inside the shock tube. At 3 hours, 24 hours and, 5 days after
exposure, rats were subjected to a cognitive test to measure brain function before being
dissected to determine injury severity. Neurons in the hippocampus 24 hours after blast

4



showed an increased quantity of vacuoles, water-filled organelles within cells, and increased
spacing between nerves. Before blast exposure, rats were able to complete 85% of cognitive
tests. At all times after testing, lab rats were only able to complete 50% of tests indicating
brain damage from the blast persisted until 5 days after exposure.

Kato et. al. studied brain injury by using a silver azide reaction to drive a shock wave directly
into a rat’s brain instead of using the WBBI technique [18]. There were two shock conditions
tested. The low pressure condition had an average overpressure of 1 MPa while the high
pressure condition had an average of 12.5 MPa where both pressures were measured in saline
solution. At 4 hours, 24 hours and, 72 hours after exposure the test rats were dissected. In
response to the low pressure shock wave, no significant brain hemorrhaging was found in any
of the rats. In addition, neuron nuclei were elongated and shaped into a spindle 24 hours
after exposure. In contrast, the high pressure shock wave produced hemorrhaging at 4 hours,
and worsening contusional brain injury at 24 and 72 hours after exposure.

Kato’s results suggest the brain has a threshold of injury lower than 1 MPa. While Cernak
never measured pressure inside the skull, cerebrospinal fluid is nearly incompressible. From
shock wave and material interface theory, it is expected the peak intercranial pressure was
higher than the 338 kPa measured in air. In vivo experiments with animals are able to define
damage thresholds and study behavioral effects of blast waves however, there is no existing
method of scaling these results to humans.

Analyzing TBI from a computational approach requires applying models from several fields
of science. The human head, brain, and all of its pathways must be constructed. A complete
cardiovascular system model is needed in order to capture the effects of stress waves entering
the brain via blood vessels. Capturing blast wave dynamics requires the use of computa-
tional fluid dynamics (CFD) models. A number of models exist that address these fields
individually, however there is no comprehensive model [3, 22, 23, 24, 25 20].

Recently there has been work in bringing together blast-wave CFD and human head models
to study TBI. Wang et. al. performed a study that brought together FEM of the human brain
from MRI data with CFD simulation of the blast-wave [3]. A 220 kPa peak overpressure
in air shock wave was sent towards the head model in a closed volume. The human model
contained a number of pressure measurement points to monitor pressure evolution within

the skull.

During the blast it can be seen in Figure 1.3 that once the shock wave interacts with the
brain at ~0.5 ms the brain surface pressure rises up to around 500 kPa. After which the
pressure fluctuates rapidly with peaks ranging between 500 kPa and 1 MPa. In order to
calculate the brain damage produced, collected pressure data was used to simulate loading
on brain blood vessels. It was predicted that the shock loading and subsequent brain motion
was sufficient to damage blood vessels of all sizes in the brain.

The results of numerical studies must be validated against experimental work in order to
further improve modeling. The blood vessel damage predicted is known to be the mechanism
for hemorrhaging seen in experiments [27]. While it is currently possible to capture the fast-
evolving physics, the slow biological response, governed by neuron behavior, is not presently
within reach. At the microscopic scales there are several models of neuron behavior however,
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Figure 1.3: Pressure vs time history of three points on the brain surface. From Wang
et. al. [3].

as there is no complete understanding of cellular mechanics, a full biomechanical cell model
does not exist [1, 28].

Laboratory grown, in wvitro, cells remove much of the variability inherent to animal cells
in vivo. Data collection from these cells is also much easier as there is direct access for
optical and physical measurement. In vitro neurons have been used to study brain injury.
Instead of using a blast wave however, the wave is replaced by one of several stand-ins such
as stretching or shearing in experimental work, and in numerical studies a sinusoidal wave
has been used [22, 29, 30].

Tamagawa et. al. utilized a two-cell model to study cell deformation in response to a shock
wave [22]. The cells were treated as elastic spheres filled with liquid. The shock wave was
broken down into a sine wave with amplitude set at 100 Pa and frequency less than 100
MHz. Red blood cells were modeled using their cell membrane thickness and cell radius.
Poisson’s ratio and the bulk modulus of the internal liquid were held constant at 0.499 and 1
GPa respectively. The effect of the cell membrane’s elastic modulus and cell spacing on cell
deformation was evaluated. The deformation of the tested cells was found by calculating the
frequency response. It was found that increasing the elastic modulus of the cell membrane
from 3 MPa to 300 MPa decreased cell deformation and increased the cell’s natural frequency.
Increasing cell size at constant membrane thickness was shown to increase deformation. As
cells were moved together, decreasing cell spacing, one cell would interact with the other
causing both to move. This simulates interactions occurring in tissues where cells are densely
packed. The results of Tamagawa’s study mathematically demonstrate the effect of cell type,
which defines size, elastic modulus, and spacing on cellular response to shock waves.

Mechanical shearing of neurons has been used by LaPlaca et. al. to study brain injury [29].
Cells harvested from lab rats were grown into a three-dimensional culture before being loaded
into a parallel-plate shearing system. Two strains were tested, 0.25 and 0.50, at multiple
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Figure 1.4: Pressure and impulse vs confinement volume plot produced by aluminum
bismuth-oxide thermite reaction. Adapted from Apperson et. al. [1].

strain rates. Two different kinds of brain cells, astrocytes and neurons, were used. Astrocytes
have several roles in the brain such as transmitting signals and helping to keep neurons sup-
plied with nutrients. Cell viability was measured 24 hours after loading. Neurons subjected
to 0.50 strain at 20 s~! and 30 s~! strain rates showed 40% viability indicating significant
cell death. It was found that astrocytes also showed 40% viability in response to 0.25 and
0.50 strain at 20 s~! strain rate. At the low strain rate, 1 s~!, no decrease in viability from
control data was found. LaPlaca’s results suggest that cell death depends more on strain
rate than applied strain.

Recently Apperson et. al. utilized shock waves produced from reacting thermite powder in
a closed volume to attempt transfection of various cells and tissues [1]. Nano-scale powders
of aluminum and bismuth oxide were reacted generating a shock wave traveling through the
transfection chamber. By varying the cell housing container volume, the maximum pressure
and total impulse were controlled as shown in Figure 1.4.

The shock pressure was relatively constant at ~1 MPa. Both the maximum pressure and
impulse decreased as confinement volume increased. Results showed chicken primary cells,
cardiomyocytes, had 99% transfection and survival rates. Three kinds of cancer cells, HeLa,
HL-60, and HT-29, in addition to spinal cord and artery tissues were also successfully trans-
fected. No structural changes in the transfected cells were noted.



1.3 This Study

The transfected cells were shown by Apperson to survive a 1 MPa shock wave while it was
shown that the same pressure pulse causes structural changes in neurons. The affected
neurons led to a decrease in cognitive performance of lab rats. The mechanism that relates
cellular modification to macroscopic change is not clear as there is no complete understanding
of cellular biomechanics. It is of interest to characterize the response of in witro cells to
pressure waves in the context of injury. The goal of this work is to investigate the link
between an explosion and the cellular response to a blast wave on a time scale of a few
hours.

This study characterizes the response of in vitro cells to pressure waves. Aluminum mixed
with copper(Il)-oxide is prepared as the reactive thermite mixture. Experiments are per-
formed in a one-litre underwater blast chamber designed and built by Maines that replicates
the pressure signatures found by Apperson [31]. An exploding wire technique to produce
underwater pressure waves is discussed and wave characteristics detailed. Three different
kinds of in witro cells are exposed to pressure waves from thermite reactions: epidermal
fibroblasts (3T3), cervical cancer epithelial (HeLa), and dog kidney epithelial (MDCK). Cel-
lular modification is monitored by observing the condition of actin filament at various time
intervals after pressure wave insult. A method of anticipating cellular modification based on
the shock strength is discussed and compared with experimental results.

This thesis is organized as follows. Chapter 2 presents the experimental setup and procedure.
Results of pressure wave analysis and actin filament modification is in Chapter 3. A method
of predicting cellular modification based on shock strength is presented in Chapter 4. Lastly,
Chapter 5 summarizes the results and draws conclusions from this investigation.

1.4 Cellular Biology Background

In later chapters, results show that actin filament was modified in cells. This section intro-
duces background knowledge on the function and purpose of actin microfilament in cellular
biology to inform non-specialist readers.

Cells in their natural environment are subjected to a wide variety of mechanical stresses
such as compression on bone cells and fluid shear on the endothelial cells that make up
blood vessel walls. These cells, like all cells, respond to applied loads, communicate with
neighboring cells, and move as needed. Actin filament plays an important part in both
cellular mechanics and sensing. Actin filament is a polymer made of G-actin that contain
the globular actin protein and adenosine diphosphate (ADP). Actin microfilament is a single
helix created by repeated addition of G-actin monomers.

Microfilaments have polarity. At the +End, filament grows 5 to 10 times faster than at
the -End [32]. In laboratory conditions, filament growth rate is controlled by the local
concentration of G-actin [32]. Below a minimum concentration, the -End of a filament may
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Figure 1.5: The actin filament treadmilling process.

disassemble and its G-actin monomers translate to the +End. This is a process known as
treadmilling sketched in Figure 1.5.

Actin treadmilling begins in Figure 1.5a where a pair of monomers highlighted in blue bind
to the +End of an existing filament. More G-actin is then added at the +End while at the
-End G-actin monomers break off as shown in Figure 1.5b. This process advances G-actin
towards the -End in Figure 1.5c. Treadmilling keeps the filament length constant while
allowing it to advance towards the +End while individual G-actin monomers move closer to
the -End [32].

In cells, the activity of proteins play a large role in microfilament behavior. Capping proteins
can attach to the filament ends to inhibit further growth [32]. Gelosin and severin are
proteins that act to cut existing filament and promote depolymerization [32]. Thymosin
acts to prevent G-actin monomers from joining the helix and in contrast profilin promotes
filament formation [32]. As the polymer grows it encounters other actin strands and cross-
links to form a complex actin network connecting numerous points within a cell. Arp2/3
allows a filament to branch into daughter filaments that can push on the cell membrane to
drive cell migration [32]. The interaction of actin filament and the myosin protein family
enables processes such as muscular contraction and endocytosis [32].

The cell cytoskeleton is a dynamic structure containing microfilament, intermediate filament
and microtubules. As a cell responds to loading, moves, or divides via mitosis the cy-
toskeleton reforms and transmits loads as needed. Focal adhesions enable cells to sense their
surroundings. Loads entering through focal adhesions are transmitted to the actin filament
and distributed through the cell [28]. Deformation of the cell leads to a rearrangement of the
actin network through disassembly and reassembly. It has been shown that actin filament
will dynamically arrange itself in the direction of a shear load [28].

When actin is allowed to polymerize in laboratory solution the fluid viscosity increases as
the filaments become entwined [32]. Similarly, the actin network’s structure produces a
number of viscoelastic behaviors in cells such as load-dependent stiffening and relaxation
[28]. When exposed to cyclic loading cells adapt to the environment and become increasingly
insensitive to the applied stress [33]. It was shown this behavior was caused by actin filament
network remodeling. Actin conditions also affect the elastic modulus of the cell as complete
depolymerization causes a decrease in elastic modulus [25].



Chapter 2

Experimental Methods

In this chapter, details of the experimental setup and procedure are discussed. First, the
underwater blast chamber and measurement techniques are described. Thermite powder
preparation and isolation is presented next. This is followed by the exploding wire setup.
Next, the steps to produce cell culture dishes are detailed. Lastly, the full procedure of one
experiment is reviewed.

2.1 Setup

2.1.1 Underwater Blast Chamber

A 1.06-L-combustion vessel designed and built by Maines was used for experiments [31].
Made from aluminum (6061-T6) it can withstand 50 MPa internal pressure and has internal
dimensions measuring 101.6 x 101.6 x 95.25 mm. Using two optical grade acrylic windows,
visualization of the explosion chamber can be performed. Six multi-purpose plugs line the
chamber sides. One is used for holding the ignitor plug while the other five allow for pressure
measurement and fluid-handling as shown in Figure 2.1a. Two kinds of pressure transducers
were used. A wall-mounted sensor (PCB 113B24) with a 1 us rise time and an adjustable
freefield sensor (Neptune Sonar T11) with a 4 us rise time.

The ignition for experiments was performed with a spark plug mounted in a large threaded
plug which fits into the chamber’s top port as shown in Figure 2.1b. Thermite ignition was
created by resistive heating of a tungsten wire embedded in thermite powder. A DC bench
power supply (BK Precision 1550) capable of producing up to 36V and 3A provided energy
for ignition.

A trigger unit (BNC 575 Pulse Generator) was used to synchronize ignition with data acqui-
sition as shown in Figure 2.2. First, the National Instruments DAQ unit (PCI-6133) is given
a signal from the trigger unit to begin recording data. Next, a signal is sent to an electronic
switch initiating thermite ignition by the power supply. Pressure data acquired from the

10



Wall sensors

Figure 2.1: Parts of the underwater explosion chamber built by Maines. Figure 2.1a shows
the optical access as well as pressure sensor placement while Figure 2.1b shows the location
of fluid-handling ports.
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Figure 2.2: Sketch of the data acquisition process and equipment.
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Figure 2.3: Scanning electron microscope images of unmilled and milled aluminum
copper(Il)-oxide thermite. Figure 2.3a shows unmilled thermite where the dark grey re-
gions correspond to aluminum and the light gray is copper(II)-oxide. Figure 2.3b shows the
particle structure after 16 minutes of milling. Pictures taken by Maines.

wall sensors passes through a signal conditioner (PCB Model 482C05) before reaching the
DAQ connected to a computer. Data from the freefield sensor passes through an amplifier
(Kistler Model 5004) before reaching the same DAQ unit. A LabView program was used to
record acquired data and control signal sampling rate.

2.1.2 Thermite Preparation

Two thermite mixtures were used in this study. Both are blends of aluminum (Al, Atlantic
Equipment Engineers AL-101, 99.9% pure, -325 mesh) and copper(II)-oxide (CuO, Atlantic
Equipment Engineers CU-602, 99.9% pure, 1-5 pm) at stoichiometric proportions of 2:3
by mole aluminum to copper(Il)-oxide. The powders were sifted to ensure particle sizes
of less than 32 ym. One mixture is formed by using an arrested reactive milling (ARM)
technique established by Maines for underwater explosions [31]. The milled powder had
ARM performed for 16 minutes. The other mixture tested is unmilled hand-mixed thermite
powder.

The scanning electron microscope images in Figures 2.3a and 2.3b show how ARM produces
clearly defined sub-micron scale layers of aluminum and copper(II)-oxide. The ARM tech-
nique increases reaction speed without creating products indicative of a partial reaction in
the milling process. It has been shown milled aluminum copper(II)-oxide thermite has a
much higher flame speed and drives higher underwater shock and maximum pressures, sum-
marized in Table 2.1 [31]. Milling this thermite mixture increases the maximum pressure
from 880 kPa to 965 kPa while the shock pressure sees a much larger increase from 270 kPa
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Table 2.1: Comparison of pressure wave characteristics for milled and unmilled thermite
found by Maines.

Property Unmilled | Milled
Shock Pressure (kPa) 270 450
Max Pressure (kPa) 880 965

Light bulb
9 3

Figure 2.4: Picture of a light bulb inside the bulb holder and ignitor, Figure 2.4a, and a
closeup of the light bulbs used in Figure 2.4b.

to 450 kPa.

To prepare experiments, thermite samples were created by filling light bulbs with powder.
They are 6 mm diameter incandescent (Chicago Miniature Lighting CM 327) bulbs rated to
run at 28 V as shown in Figure 2.4b. Using a diamond cutter on a rotary tool, a small hole
was made in the bulb. Thermite powder was loaded into the bulb through this hole. The
mass of powder inside the bulb, on average 140 mg, was measured using a digital scale. When
full, the light bulb was sealed with epoxy then left to cure overnight. During experiments,
the bulbs are placed in a custom-built bulb holder on top of the ignitor as shown in Figure
2.4a.

The bulb filament generates heat when powered, starting the thermite reaction. The light
bulb is broken by the reaction allowing thermite powder to spread inside the blast chamber.
In preliminary tests with cells, it was found that the thermite powder was harmful to cells. In
order to contain the powder and allow pressure pulse transmission, two methods of controlling
the powder have been created. The first is to place a latex barrier (Bertech Black Dissipative)
0.016 in (0.41 mm) thick over the bulb holder, secured via hose clamp as shown in Figure
2.5a. The latex barriers are thin and flexible providing wave transmission while ensuring
powder containment.
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Figure 2.5: Both of the thermite containment techniques. Figure 2.5a contains a picture of
the latex barrier used in experiments. The barrier has been cut away to show the light bulb
position position. Figure 2.5b has a picture of the silicone plug used in experiments.

The second method is using a custom silicone plug as shown in Figure 2.5b. The container’s
bottom has a 6 mm diameter hole sealed with a layer of silicone 14 mm thick to allow for
pressure wave transmission.

2.1.3 Exploding Wire Setup

In the exploding wire technique, a thin conductive wire is rapidly heated via application of a
large current. The wire breaks down into a conductive vapor that turns into plasma as current
passes through it. The plasma expands which drives a shock wave into the surroundings.

The wire used in these experiments is 0.25 mm in diameter and made of tin-coated copper.
It is cut to roughly 8 mm segments before soldering to the copper exploding wire ignitor
leads shown in Figure 2.6.

The electrical discharge is supplied by a previously-built high-voltage ignitor (HVI) [31].
The system works by charging two parallel-plate capacitors to a desired voltage, generally
between 16 KV and 24 KV, and discharging them through the exploding wire. The capacitors
provide 2 uF of total capacitance. Complete discharge occurs within 100 ps and delivers 50
J of energy [31].

14



-

Copper Leads #? '

—

Figure 2.6: Picture of the custom-built exploding wire ignitor. The copper leads are 6.4 mm
in diameter.

2.1.4 Cells Tested

As a preliminary investigation, three different kinds of in wvitro cells were exposed to pres-
sure waves: epidermal fibroblasts (3T3), cervical cancer epithelial (HeLa), and dog kidney
epithelial (MDCK). These cell lines were selected over cells found within the skull as they
are economical and have well documented behavior [35, 36, 37].

3T3 cells are laboratory grown epidermal fibroblasts originally created from mice in 1962
[38]. The green channel in Figure 2.7 designates actin filament and the red channel highlights
nuclei of 3T3 cells. Fibroblasts are cells that manufacture parts of the extracellular matrix
(ECM), such as collagen, which comprise most of the volume in cartilage and other connective
tissues [32]. Fibroblasts also participate in healing wounds [32].

HeLa cells are cervical cancer epithelial cells first taken from Henrietta Lacks in 1951 [39].
Figure 2.8 shows a picture containing the microfilament and nuclei of HeLa. As a human
cell line, HeLLa has been used extensively in human epidemiology, such as polio vaccine
development, and it was the first cloned human cell [39, 10]. Epithelial cells constitute the
epithelium, which is a layer of tissue that coats the surfaces of organs [32]. In this tissue,
epithelial cells are attached to the ECM and each other. The adhesion between neighboring
cells and the surrounding matrix allows epithelial cells to transmit and support mechanical
loads [32].

Madin-Darby canine kidney (MDCK) is an epithelial cell line taken from a female cocker
spaniel in 1958 [11]. A photo showing the actin filament in green and red nuclei of MDCK
is shown in Figure 2.9. In this image, it is clearly visible how epithelial cells group together
unlike the 3T3 cells in Figure 2.7 that do not portray any grouping. The MDCK cell line
has been widely used for studying epithelial cells in general, as they portray properties of
more specialized cells and they can be easily grown into a monolayer [32, 12]. MDCK has
been used for research on influenza and other viruses [13].
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Figure 2.7: An image of healthy 3T3 cells with actin filament in green and cell nuclei in red.
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Figure 2.8: An image of healthy HeLa cells with actin filament highlighted in green and the
cell nuclei in red.

17



Figure 2.9: An image of healthy MDCK cells with actin filament in the green channel and
the cell nuclei in red.

2.1.5 Cell Setup

Cells were grown in high glucose Dulbecco Modified Eagles Medium (DMEM) modified with
10% Fetal Bovine Serum (FBS) and 1% penicillin/streptomycin antibiotics (Hyclone). The
cells were cultured at 37 °C at 5% COs in 10 cm plastic plates (Fisher Scientific). The media
was replaced every second day and the cells were passaged at 70% confluence. Passaging
is the process of moving cells from one growth medium to another. Cells were passaged
one day prior to experiments, and 25,000 were plated onto customized glass bottom 35 mm
TPP cell culture dishes. A 20 mm hole was cut out of the bottom of plastic TPP 35 mm
dishes with a Jamieson Laser Cutter model (LG-500) and #1.5 glass coverslips (Warner)
were glued in place with polydimethylsiloxane (PDMS), which was allowed to cure at room
temperature overnight. Modified TPP were sterilized with exposure to UV-light via UV-
cross linker (Spectroline Select Series). All experiments were carried out in HEPES-buffered
physiological saline solution (HBSS) mixed as shown in Table 2.2.

2.2 Procedure

2.2.1 Cell Experiment Procedure

Experiments testing cells were performed inside the underwater blast chamber. The cells
tested are sensitive to temperature conditions and will die at room temperature. To ensure
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Table 2.2: Recipe per litre of HBSS

Ingredient H Stock Concentration ‘ Final Quantity per L

Glucose pure 2003.33 g
HEPES at 7.4 pH 1M 20 mL
NaCl 4 M 30 mL
MgSOa4 1M 0.8 mL

KCl 2 M 2.65 mL
CaCl2 1M 1.8 mL

H20 pure 944.75 mL

nearly constant temperature conditions of 37 °C both the chamber and HBSS are heated
prior to use. The chamber is kept in an oven overnight before testing at 37 °C while the
HBSS is warmed in a water bath hours before testing.

The prepared petri dishes are loaded into the blast chamber. They are adhered to the bottom
surface with vacuum grease. Up to four dishes were tested simultaneously by placing them
in the four corners of the blast chamber as shown in Figure 2.10. After the device is bolted
closed, HBSS is slowly added to the chamber using a funnel. The containment method,
either latex barrier or silicone plug, is then filled with distilled water and attached to the
ignitor. When the chamber is full of HBSS the ignitor is inserted.

The power supply is then connected and the thermite is ignited. The used HBSS is drained
from the chamber and petri dishes removed. Multiple petri dishes, up to four, were used for
each thermite sample. For each experiment one dish is used to study the immediate effect
of the pressure loading. Cells in the remaining dishes are allowed to recover for a set period
of time.

In order to stop cell recovery, dishes are fixed with 3.5% paraformaldehyde and permeabilized
with Triton X-100 at 37 °C. Staining for microfilament was performed using Phalloidin Alexa
Fluor 546 (Invitrogen). DNA was marked with DAPI (Invitrogen) stain, also on ice. Finally,
imaging was performed using a Nikon A1R high speed laser scanning confocal system on a
TiE inverted optical microscope platform (Nikon Canada).

2.2.2 Pressure Measurement

For experiments measuring pressure loading on cells, the wall mounted sensor was placed
on the bottom surface of the blast chamber. In these tests no petri dishes were inside the
chamber, however the latex barrier or silicone plug was still used. In exploding wire tests no
containment technique was used. The freefield pressure sensor was employed for these tests
to measure shock pressure.

The procedure to obtain pressure data from thermite reactions is as follows. With the wall
sensor at the chamber’s bottom surface, the device is filled with water. The loaded thermite
sample is then placed in the ignitor. Next either a latex barrier or silicone plug is fitted onto
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Figure 2.10: Picture of inside the blast chamber showing the position of a petri dish for cell
experiments.
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Figure 2.11: Pressure vs time plot typical of thermite experiments with key pressure signature
features highlighted.

the ignitor. The ignitor is screwed into the blast chamber. Finally the thermite is ignited
and pressure data recorded.

The procedure to obtain pressure data from exploding wire experiments is very similar to the
thermite experiments. First, the freefield sensor is placed inside the chamber a set distance
from the bottom wall. In all tests the sensor was 47.5 mm from the bottom wall. Next,
the chamber is filled with distilled water. After soldering the exploding wire to the leads,
the ignitor plug is inserted into the chamber. The HVI is then connected to the ignitor and
charged to a desired voltage. The HVI is finally discharged and pressure data obtained. The
acquired data is analyzed the same way as thermite experiment data. A typical pressure
profile for thermite experiments is shown in Figure 2.11 where the first quick rise in pressure
was recorded as the shock pressure and the maximum pressure was set at time equals zero.

2.2.3 Post-Processing

In order to eliminate ringing, collected data from thermite experiments was post-processed
using an equiripple low-pass filter built into MATLAB with filtering parameters detailed in
Table 2.3. Signals above the resonant frequency of the pressure sensor were blocked. The
wall-mounted sensor had a known resonant frequency of 500 kHz. The effect filtering has on
data from the wall-mounted sensor is presented in Figure 2.12. The code used to filter this
data is in Appendix B.
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Figure 2.12: Comparison of pressure vs time plots for raw and filtered data.
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Table 2.3: Table of low-pass filter parameters

Filter Parameter H Wall-Sensor ‘ Freefield Sensor
Pass-Band Ripple (dB) 1 1
Stop-Band Attenuation (dB) 60 60
Pass-Band Start (kHz) 1-10~* 1-107*
Pass-Band End (kHz) 500 200
Sampling Rate (kHz) 1000 250

The blue curve shows the raw data with significant ringing at -500 ps and again near 0 yus.
The red curve is the filtered data which greatly reduces noise in the pressure signal. After 0
ps high frequency ringing is dampened by the filter without much deviation from behavior
in the raw data.

The resonant frequency of the freefield sensor was not specified by the manufacturer. In
order to determine the natural frequency, a sample of ringing when the sensor was open to
ambient conditions was taken. The fast-Fourier transform (FFT) was performed in MATLAB
to determine frequency content of the sample. The natural frequency of the sensor was found
to be 200 kHz. The data produced by this sensor was passed through a low-pass filter written
in MATLAB with parameters defined in Table 2.3. The code used in the FFT analysis is in
Appendix B.

In order to detect the presence of a shock wave in the filtered pressure signal, it is of interest
to measure the response characteristics of the filter used. It can be shown underwater shock
waves of 1.7 MPa strength have a rise time on the order of nanoseconds [11]. A unit step
function was used in order to approximate an underwater shock wave. The function was
passed through both of the filters defined in Table 2.3. The filtered unit step is presented in
Figure 2.13.

The blue line in Figure 2.13 shows the unit step behavior that changes from 0 to 1 at time
equal to zero. The green curve shows how the 500 kHz low-pass filter has smoothed the unit
step transition. When time is between -1 and 9 the green curve is increasing, defining a rise
time of 10 us for the 500 kHz low-pass filter. The red curve shows the 200 kHz low-pass
filter response which has further smoothed the unit step behavior. The red curve begins to
rise at -4 microseconds and continues until 20 microseconds. For this filter the rise time was
24 ps. For pressure data obtained with the wall-sensor processed with the 500 kHz low-pass
filter, signals changing on the order of 10 us or faster may be related to shock waves. For
data from the freefield sensor and passing through the 200 kHz low-pass filter, shock waves
may be associated with signal variations on the order of 24 us or faster. Pressure variations
that occur much slower than 10 pus and 24 us respectively are not related to a shock wave.
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Figure 2.13: Plot of signal vs time for a unit step function before and after filtering.
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Chapter 3

Results

In this chapter, first the pressure waves generated by thermite reaction and exploding wire
are characterized. The affect thermite generated pressure waves have on 3T3, HeLa, and
MDCK cells is then presented.

3.1 Pressure Wave Characteristics

Cells were not exposed to pressure waves in experiments where pressure data was obtained.
Pressure data collection was performed to measure the loading cells experience. Figure 3.1
plots pressure against time for the bottom wall sensor in an experiment using the silicone
plug with unmilled powder. For all graphs presented, the maximum pressure is aligned with
time set to zero. In Figure 3.1, the pressure amplitude is below 40 kPa at all times. The
two 1 millisecond period waves have clearly visible ringing associated with acoustic wave
dynamics. The waves with a period of about 1 millisecond are likely related to resonance
of the silicone plug. It takes about 750 us for the pressure to rise to around 40 kPa. The
maximum pressure occurs near the peak of the next large crest, over 1000 us after the first
crest. The pressure evolution generated by reacting unmilled thermite inside the silicone
plug will represent the smallest loading tested in cell experiments.

Figure 3.2 and 3.3 contain pressure profiles produced using a latex barrier as the containment
method for unmilled and milled thermite reactions. First is the unmilled thermite experiment
shown in Figure 3.2 where pressure is measured using the wall-mounted sensor. Immediately
visible in this plot is the increased pressure magnitude of just under 700 kPa before decreasing
to a second peak near 250 kPa. The pressure rises at around -300 ps and by 1000 ps the
pressure has dropped below 50 kPa. It takes 300 us for the pressure to reach a clear peak
at zero microseconds. 300 ps is much larger than the 10 us filter rise time; therefore, there
is no pressure jump associated with a shock wave. Unmilled aluminum copper(II)-oxide
thermite powder is known to have a low reaction rate. This has been shown to be related
to underwater shock strength where a low reaction rate correlates to a weak pressure wave

[31].
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Figure 3.1: Pressure vs time plot produced from unmilled thermite reacting in the silicone
plug. In this test the wall-sensor was used.
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Figure 3.2: Pressure vs time plot produced from unmilled thermite reacting inside a latex
barrier. In this test the wall-sensor was used.

27



Pressure (kPa

| | | s i | | |
F50 50 0 50 150 250 350 450
Time (microseconds)

|
650 750

|
550

Figure 3.3: Pressure vs time plot produced from milled thermite reacting inside a latex
barrier. In this test the wall-sensor was used.

Figure 3.3 shows the pressure evolution created by milled thermite reacting inside the latex
barrier. The pressure field was captured using the wall-mounted pressure sensor. The pres-
sure range has increased, this time to a maximum of near 1400 kPa. Between -250 us and
-200 ps the pressure jumps from zero to just under 300 kPa. This pressure rise occurs in
about 40 ps. This time difference is on the same order of magnitude as the filter rise time,
10 ps. This means the pressure rise to near 300 kPa suggests the presence of shock wave.
Around 200 ps after the maximum pressure a second peak near 1300 kPa is visible. The
milled thermite has a much higher reaction rate than unmilled powder which allows it to
drive a stronger pressure wave underwater.

The pressure evolution produced from exploding wire experiments collected with the freefield
sensor is presented in Figure 3.4. The negative reading just after -50 us is electrical noise
produced by the HVI discharge. The first peak at over 5 MPa occurs about 15 us after the
pressures reads zero. This rise time is smaller than the 24 us filter rise time. It is likely
a shock wave creating the maximum pressure above 5 MPa. This is followed by two more
peaks just under 5 MPa. After the third peak, the pressure drops off towards 500 kPa by
450 ps.

Table 3.1 summarizes the key pressure evolution characteristics for the tested experiments. It
was found that the silicone plug significantly lowers maximum pressure to 40 kPa compared
to the latex barrier at 430 kPa. In both of these setups no clear shock wave was detected.
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Figure 3.4: Pressure vs time plot created by an exploding wire test. This was recorded using
the freefield sensor.

Table 3.1: Summary of shock and peak pressures for thermite and exploding wire experi-
ments.

Conditions | Popocr® SE (kPa) | Phaet SE (kPa)
Unmilled Thermite Silicone Plug no shock 40 £ 6
Unmilled Thermite Latex Barrier no shock 430 £+ 90
Milled Thermite Latex Barrier 300 £ 20 1500 & 100
Exploding Wire 4200 £ 100 4500 £+ 200
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Control Immediate 1 Hour Recovery

Figure 3.5: Images of tested cells before and after exposure from pressure waves generated
by reacting unmilled thermite inside the silicone plug.

Utilizing milled powder created a discernible shock wave with a 300 kPa pressure. This led
to the peak pressure being 1500 kPa. The exploding wire drove the strongest shock wave at
4200 kPa shock pressure followed by 4500 kPa maximum pressure.

3.2 Actin Modification

In each experiment, multiple petri dishes were exposed to pressure waves. Results are pre-
sented from two dishes. One dish was used to measure the immediate cellular response. Cells
in the other dish were allowed to recover for one hour before their response was evaluated.
Results are presented by looking at the immediate response first and the one hour recovery
condition second. Control images presented are from cells that experienced all of the same
conditions as tested cells except shock wave exposure. This eliminates factors such as vi-
brations produced from opening and closing the chamber. In all images, the green channel
displays actin filament while red identifies cell nuclei

3T3 and HeLa cells were tested to measure their response to pressure waves produced from
reacting unmilled thermite using the silicone plug. The left most column of Figure 3.5
shows images from a control experiments detailing the microfilament network in healthy
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cells. Variations in color intensity within the nucleus are caused by different concentrations
of nuclear material.

The first row of Figure 3.5 contains images of 3T3 cells immediately after exposure and
following 1 hour recovery. Immediately after exposure collapsed microfilament is visible
throughout the image in the second column indicated by the short green regions. After the
60 minute recovery period, the collapsed filament has reverted to its original form which is
similar to the control image. The nuclei showed no major change in morphology at all times.

The second row of Figure 3.5 shows how HeLa cells respond to these pressure waves. The first
column shows a control image of HeLia cells. The immediate response of these cells, displayed
in the second column, shows no major actin filament collapse. The nuclei, highlighted in
red, look to have retained their original shape when compared with the control image. Cells
in the other petri dish were allowed to recover for one hour before being imaged as shown
in the third column. Both the cell nuclei and microfilament do not appear to have changed
morphology compared to the control.

Continuing to use unmilled powder but using a latex barrier instead of the silicone plug was
shown to increase the maximum pressure from ~40 kPa to ~430 kPa. Figure 3.6 contains
images of the cellular response of 3T3, HeLa, and MDCK cells to these pressure waves.

The image in the first row and second column of Figure 3.6 shows the immediate response
of the 3T3 cells. The nuclei appear to have the same shape as those in the control image.
The green channel shows collapsed actin microfilament indicated by the change in structure
compared to the control. The image in the third column shows that when allowed to recover
for 1 hour, the microfilament has regained a form similar to the control. In this image the
cell nuclei are faint and hard to see clearly.

Results for the response of Hela cells are in the second row of Figure 3.6. In the second col-
umn, the cell nuclei pictured immediately after exposure do not appear deformed compared
to the control image. Similarly, the actin filament appears to have retained its original mor-
phology as there are no clear areas of collapse. After a one hour recovery period, there is no
visible collapsed filament. In addition, the shape of the nuclei appears unchanged compared
to the control.

The third row of Figure 3.6 contains images of MDCK cells. In the left most column a
control image of these cells is presented. Immediately after pressure wave exposure, the
nucleus morphology in the second column appears the same as in the control. There does
not appear to be any indication of microfilament collapse in this image. The image in right
most column shows the status of cells in a separate petri dish when allowed to recover for
one hour. The cell nuclei have comparable morphology to the control. The actin filament
appears shows no collapse, making it similar to the image taken immediately after exposure.

Milled thermite, characterized by a 300 kPa shock pressure and 1500 kPa maximum pressure,
was used next. A latex barrier was employed as the containment technique for this test.
Figure 3.7 displays images of 3T3, HeLa, and MDCK cells response to this pressure field.

The first row of Figure 3.7 contains 3T3 cells. In the second column, the cell nuclei show no
major difference in shape when compared to the control image. There are several regions of
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Figure 3.6: Images of tested cells before and after exposure from pressure waves generated
by reacting unmilled thermite inside the latex barrier.
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Figure 3.7: Images of tested cells before and after exposure from pressure waves generated
by reacting milled thermite inside the latex barrier.
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collapsed actin filament present in this image. In the third column, the 3T3 cell state after
recovery is shown. The microfilament appears to have reverted from its collapsed structure.
The nuclei appear to be in the same condition as the control image.

The next row in Figure 3.7 features HeLa cells. The image in the second column displays
the response of HeLa cells immediately after being exposed. The microfilament in the green
channel does not appear to have collapsed while the cell nucleus shape has not changed.
After the HeLa cells in a different dish were allowed to recover, an image was taken shown in
the third column. The nuclei appear to be much like the control image, indicating no major
change in shape. The microfilament also shows no significant deviation from the picture
immediately after exposure and appears similar to the control image.

The response of MDCK cells to the shock wave driven by reacting milled thermite is presented
in the bottom row of Figure 3.7. There is no microfilament collapse visible immediately after
wave exposure as shown in the second column. Morphologically, there does not appear to be
any difference between cell nuclei in this image and in the control image. Cells exposed to
the shock wave from milled thermite were given one hour to recover before being imaged, as
shown in third column. The actin filament structure appears similar to the immediate and
control images, indicating no change in features. Moreover, no change in nuclei shape was
detected.
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Chapter 4

A Model For Shock Wave Induced
Cell Damage

In this chapter, the results presented and potential cellular damage mechanisms are dis-
cussed. A model for predicting cell modification based on shock strength is established and
discussed. The model compares shock thickness to cell size in order to anticipate damage.
The estimates of shock thickness in water use the method outlined by Thompson and a
modified Tait/stiffened gas equation of state. This describes the compressibility of water
in the range of pressures relevant to TBI [15]. A derivation for the shock jump relations
in water utilizing the stiffened gas equation of state is summarized with a full derivation in
Appendix A. The model predictions are then compared to experimental results.

4.1 Discussion

Three different cell lines, 3T3, HeLa, and MDCK were exposed to the shock waves produced
from reacting thermite. Immediately after the explosion, cells were imaged in order to detect
changes in actin filament structure. In a separate petri dish exposed to the same explosion,
cells were allowed to recover for one hour before having pictures taken.

It was found that the microfilament in 3T3 cells is collapsed when exposed to a pressure
wave created from both a milled and unmilled thermite reaction. The same response was
also found using both the silicone plug and latex barrier to trap thermite powder. This
result suggests that regardless of thermite containment technique, 3T3 cells’ actin filament
appears to respond the same way. 3T3 cells were found to be sensitive to disturbances in
their environment, evidenced by the collapse of actin filament in response to minimal loading
conditions, ~40 kPa peak pressure waves. When allowed to recover, the microfilament
reverted to its original form. In all 3T3 tests, the cell nuclei shape did not noticeably
change.

HeLa cells showed no collapse of actin filament in both milled and unmilled thermite tests.
As with the 3T3 cells, it appears the thermite containment technique had no effect on the
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resulting change in microfilament structure. The cell nuclei of HeLa were not found to change
shape after shock wave exposure.

The actin filament in MDCK cells was found to remain as filament in response to the loading
produced from both unmilled and milled thermite. This is similar to the durability shown by
HeLa’s microfilament. MDCK’s cell nuclei were found to retain the same shape immediately
after the explosion and following recovery.

Of the three cell lines tested, HeLa and MDCK had less sensitive actin filament than 3T3
cells. MDCK and HeLa showed no visible actin collapse. The actin filament in 3T3 cells
was found to collapse in response to all pressure loading conditions tested. The difference in
these results may be attributed to the different cell types tested. 3T3 is a fibroblast whereas
HeLa and MDCK are epithelial cells.

It is not uncommon to see a cell type dependence on damage. It has been previously
found that the brain has a shock pressure injury threshold of less than 1 MPa [18]. This is
lower than the limits found in the kidneys, at 3 MPa, and lungs, at 2 MPa [16, 17]. The
difference in these thresholds is likely related to the unique properties of each cell type. For
a sufficiently strong shock wave, damage at both microscopic and macroscopic scales will
occur. Structural changes to neurons have been found in response to 1 MPa shock waves in
saline solution and 338 kPa shock waves in air [17, 18]. It has been shown that hemorrhaging
from ruptured blood vessels is a macroscopic result of shock wave loading [3]. At microscopic
scales however, the mechanism to produce damage is unclear.

The potential mechanisms to produce cellular damage in response to a shock wave include
shock compression and dynamics within the shock wave. In compressive loading, cellular
components are forced together as the whole cell volume decreases. As the cell is compressed
it spreads over an increasing area while reducing its thickness. The change in cell thickness
would be small for a weak shock wave and no cell damage would occur. For a strong shock
wave the cell and its internal structures are compressed to the point that they fail. Evidence
of this failure includes permanent deformation of organelles such as the nucleus.

The classical description of shock waves assumes they are an infinitely thin discontinuity of
fluid properties. In reality, however, shock waves have a continuous structure, particularly
for weak shocks relevant to TBI who fall in the acoustic regime. Within a shock wave, the
typically neglected viscous shear effects are significant. The shear force is responsible for
sliding fluid particles past each other. For strong shock waves, this force is large and may
contribute to cell damage. Evidence of this is elongation of the cell and its features in the
direction of shock wave propagation which has been documented in the past [18]. Forcibly
changing the orientation of a cell will influence the structure of actin filament and may cause
depolymerization. Figure 4.1 is a sketch of how the shear force can produce cell elongation
in the shock wave propagation direction. On the left an undeformed cell is shown before
the shock wave arrives from the right. While the shock wave passes through, shown in the
middle, shear forces act to stretch the cell. After shock wave passage, the deformed cell is
left behind, drawn on the right.

In order to analyze cellular modification, a common approach is to assess the effects of
phenomena on the length scale of interest. The cells tested in this study have comparable
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Figure 4.1: Sketch of the process to elongate a cell in the shock wave propagation direction.

-

sizes, all around 25 pm in diameter. This defines the length scale of interest for cells as
microns. For shock waves in water with a strength of 1.7 MPa, the shock thickness has been
estimated at ~ 1 pum [11]. The shock thickness in weak underwater shock waves is on the
micron length scale making it the quantity of interest for further analysis.

Sketched on a pressure versus position plot in Figure 4.2 is the shock thickness defined as
A. The pressure field is given by the red curve while the vertical black lines mark the
region defined as the shock thickness. The upward sloped black line is the tangent line
passing through the midpoint of the red pressure trace. The end points of this line segment
are located where it intersects the pre-shock and post-shock pressure, sketched as horizontal
black lines. The x-projected length of this upward sloped line segment is defined as the shock
thickness. The shock thickness is the area that connects pre-shock and post-shock states of
a fluid. Within this layer the pressure, temperature, and density of a fluid all increase. As
the shock strength, characterized by Mach number, increases, the change in fluid properties
across the shock wave also increases. Unlike these properties however, the shock thickness
decreases with increasing shock wave strength. This means strong shock waves have a very
small shock thickness while weak waves have a larger shock thickness.

4.2 Shock Thickness Estimate

For weak shock waves Thompson has derived an equation estimating the shock thickness
[45].

A~ 2“—0 (4.1)
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Figure 4.2: The pressure profile inside a shock transition and the definition of the shock
thickness.

In (4.1), the shock thickness (A) depends on the fluid viscosity (uc), density (p), upstream
sonic velocity (¢;), and shock wave Mach number (M;). The viscosity in (4.1) combines bulk
and shear viscosity according to (4.2).

4 4

= = 5 Mshear u 4.2
FHC = gHsh + Hbulk (4.2)

The bulk viscosity of water has been found to be 2.47 - 1073 Pa - s [13]. The speed of sound,
k

density, and shear viscosity used are 1494 T, 997.3 —%, and 9.1073- 10~ Pa - s respectively.
s m

Shock pressure is a common way of characterizing shock strength as it is an easily mea-
sured property and allowed for quick comparison with previous work. It is of interest to
parameterize the shock thickness using shock pressure instead of Mach number.

4.2.1 Shock Jump Equation in Water

In order to eliminate the Mach number in (4.1) and replace it with shock pressure, the shock
jump equations for water need to be derived. The derivation begins with the conservation
of mass, momentum, and energy flux across the shock wave, (4.3), (4.4), and (4.5).

38



LP1Ul = P2U2 (43)

Pl—l—plu%:Pg—i—pgug (44)

P11, P 1,
e1+—+-uj=e+—+-u 4.5
Pl 2t Ty T2 (4.5)

To close the system e(p, P) is required. Typically to describe the compressibility of water in
the pressure range of up to 1000 atmospheres, the equation of state used is a modified Tait
equation known as the stiffened gas equation [19]

_ P+P;
ply—1)

The terms in (4.6) are: pressure (P), density (p), internal energy (e) and two fluid constants,
the stiffening pressure (Ps), and (7). In water P; = 295.9 MPa and v = 7.12 [50].

(4.6)

Using the stiffened gas equation, the velocities, u; and wus, can be eliminated to give (4.7)
which is the locus of all post-shock states known as the Hugoniot.

P
P, vi(y+1) = vy —1)+ QE’V(M — )

P v(y+1) —u(y 1) 4D

Where v is specific volume. By combining (4.3) and (4.4) the Rayleigh line (4.8) was found

P2 U% ()
— =1 1——= 4.8
P1 +P11)1( U1 ( )

Equating the equation for the Raleigh line, (4.8), and Hugoniot, (4.7), defines the shock
jump equation for pressure change (4.9).

P2+Ps_2’YM12_(’Y_1)

= 4.9
P1 + Ps ¥+ 1 ( )
Finally solving for the Mach number yields equation 4.10.
1 P+ P,
M} = — . 1 —1 4.10
=5 (g ) Gr+6-D (4.10)

Utilizing the stiffened gas equation has produced shock jump relations nearly identical to
the ones found with the ideal gas law.
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4.3 Scaling Law

With the shock jump equation, (4.10), and the shock thickness relation in (4.1), the shock
thickness has been written as a function of the initial state fluid properties and shock pressure.
With the shock thickness defined as a function of shock pressure, the scaling law anticipating
cellular damage can be constructed.

The scaling law is the ratio of characteristic shock thickness to characteristic cell dimension,
the cell size.

% . (4.11)

where d is the cell diameter and A is the shock thickness. There are three limiting cases of
immediate interest.

The first case is when x >> 1. This occurs when the shock thickness is much larger than
the cell size, characteristic of a very weak shock passing through a cell. As the shock passes
through the cell, the cell would experience uniform quasi-equilibrium loading with negligible
spatial pressure gradients. The cell is compressed equally and weak shear forces try to deform
the cell.

The second case is when k << 1. A very strong shock wave characterized by its very small
shock thickness applies uneven transient loading on the cell. This leads to high compressive
and shear loads only affecting one part of the cell while the rest is unloaded in the pre-shock
state. This creates a region of large deformation next to an undeformed area which may lead
to failure of cellular structures.

The third case is when k ~ 1 the shock thickness is comparable to the cell size. In this case
the cell would experience a larger strain gradient than in the case of weak shock waves, but
smaller than strong shock waves. As a result cellular modification may occur depending on
the cell type. Cells in a culture dish cannot support each other three-dimensionally as in vivo
cells are able to. This difference in environment may participate in resulting modification.

Upon reflection, the waves tested do not significantly change strength making the shock
thickness nearly the same. This analysis also applies to the loading created by a reflected
wave. Wave reflections in experiments which can increase damage dealt to cells through
repeated loading are not accounted for in the model. Figure 4.3 shows the variation of the
shock thickness as a function of shock pressure. In the graph, shock thickness decreases
non-linearly with increasing shock pressure. A shock wave of about 200 kPa of pressure is
predicted to have a shock thickness of 25 pum. As the shock pressure decreases below 200
kPa the shock thickness increases quickly. As the shock pressure increases above 200 kPa
the shock thickness decreases to about 3 ym at 2 MPa.

Higher shock pressures, up to 10 MPa and x = 0.02, have been obtained in exploding wire
experiments. The shock thickness estimate by Thompson is made for use with weak shock
waves [15]. The pressure range shown in Figure 4.3 covers up to 2 MPa and exploding wire
experiments reach 10 MPa. In order to verify whether this pressure range satisfies the weak
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Figure 4.3: Shock thickness vs shock pressure plot for water calculated from the shock
thickness estimate and using a cell size of 25 pm.
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Figure 4.4: Mach number vs shock pressure plot for water.

shock wave requirement, the Mach number versus shock pressure is plotted in Figure 4.4.
From the graph in Figure 4.4, a shock pressure of 10 MPa corresponds to a Mach number of
1.0095. Since this is very close to unity, the shock waves tested are indeed weak, validating
use of the thickness estimate. It is of interest to determine the time it takes for the shock
transition to take place. This was found by dividing the estimated shock thickness by the
speed of sound. The relationship is plotted in Figure 4.5. From the graph in Figure 4.5, a
shock thickness of 15 pum corresponds to a rise time of 10 ns. The largest rise time in the
graph is about 35 ns which matches with a shock thickness near 50 ym. The two pressure
sensors used to acquire data have rise times of 1 us, for the wall sensor, and 4 us, for the
freefield sensor. The nanosecond time-scale of shock wave transition is much faster than the
microsecond scale of sensor rise time. Therefore, it is not possible to resolve the shock wave
profile with the sensors used in this study.

The scaling model developed indicates that when the cell size and shock thickness are of
comparable magnitudes, cell modification may occur. The shock wave driven by reacting
milled thermite was ~ 300 kPa in strength with an estimated shock thickness of 20 pm.
Using 3T3 cells that are about 25 um in size, led to actin filament collapse. This result
appears to coincide with the scaling model. HelLa and MDCK cells showed no change in
actin filament structure suggesting the cell type cannot be neglected. The difference in these
results may be related to the two cells types tested, fibroblasts and epithelial cells. HeLa and
MDCK cells are epithelial cells which tend to group together and can support each other.
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Figure 4.5: Shock rise time vs shock thickness for water.

This behavior can be most easily witnessed in MDCK cells. The epithelial cells tested did
not display filament modification. In contrast, fibroblasts do not group together and the
tested 3T3 cells showed microfilament change. The unmilled thermite reaction did not drive
a clearly defined shock wave; however, actin collapse was still found in 3T3 cells but not
in HeLa and MDCK. These findings imply modification to microfilament is caused by a
mechanical phenomenon.

A 1 MPa shock wave has been previously found to produce neuronal modification in rats
without hemorrhage [15]. The presented shock thickness estimate indicates this shock wave
has a thickness of about 5 pm. Neuronal cell bodies are known to range from a few microns
to tens of microns in diameter. As the cell size is generally larger than the shock thickness,
the scaling model indicates cell modification may occur, supporting previous experimental
findings of structural changes in neurons [18].

The 2 MPa shock pressure damage threshold found for lungs is known to be the lower limit
for hemorrhaging [16]. A 2 MPa shock wave has a thickness of about 3 microns, which
is smaller than lung cells and their ~8 pm nuclei [51, 52]. The presented model suggests
cell modification and damage may occur under these conditions. This is in agreement with
previous findings where hemorrhaging was found [16]. It is possible lung cells will show
modification similar to neurons without hemorrhage in response to a lower shock pressure.

Actin filament modification is known to be related to the activation of specific proteins
within cells [32]. Future work should be focused on measuring the activity of these proteins
after shock wave exposure to examine a potential biochemical pathway to filament collapse.
Further work should be dedicated to closer examination of the cells tested in this preliminary
study as well as other cell types. It is possible there exists a link between the level of micro-
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filament collapse and imposed shock strength. This potential link can used to further drive
the model presented to better explain the relationship between estimated cell dimensions,
shock thickness, and cell modification. This study lays the ground work for future research
from both a biological and mechanical perspective.
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Chapter 5

Conclusion

The influence of pressure waves produced by reacting micron-scale aluminum copper(II)-
oxide thermites on three different types of cells was investigated. Preliminary evaluations of
the underwater pressure wave characteristics produced by exploding wire experiments were
also completed. A model based on shock strength to predict cell modification was established
and compared to experiments.

Mechanically alloyed and raw powder thermite mixtures were used to create underwater
pressure waves. Both a latex barrier and silicone plug were used to trap thermite powder
to protect cells. Regardless of containment method, raw powders generated weak pressure
fields, ~40 kPa max pressure, and no detectable shock wave. Milled powders drove a 300
kPa shock wave and a much larger maximum pressure at 1.5 MPa. Exploding wire tests
created the greatest shock pressures at 4.2 MPa with peak pressures at 4.5 MPa. Results
indicated that regardless of pressure wave loading applied from reacting thermite, only 3T3
cells showed any changes in actin filament. Immediately after exposure, microfilament was
found collapsed. When allowed to recover for one hour the damaged filament reverted. In
contrast, both HeLLa and MDCK cells showed no change in microfilament structure.

A model comparing the shock strength, characterized by shock thickness, and cell size was
established. The shock jump equations for water were derived in order to estimate the shock
thickness. The scaling model predicts an underwater shock wave of 1 MPa will have a shock
thickness of 5 um. This defines the length scale for loading on a cell. For cells much larger
than the shock thickness, they would experience uneven loading leading to severe mechanical
deformation. When the length scales of the cell size and shock thickness were comparable,
microfilament collapse was found in 3T3 cells. This shows that the shock thickness length
scale is important and the mechanism behind actin modification is mechanical.

The goal of this study was to investigate the link between a pressure wave and the cells
reaction on a time scale of a few hours. It was established that the cell type plays an
important role in cellular response. The actin filament network of 3T3 cells was particularly
sensitive to pressure waves, while HeLa and MDCK were insensitive. Preliminary results from
using exploding wire to generate shock waves show pressures up to 10 MPa. This technique
will enable research of cellular response to stronger shock waves. Future work should also
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be directed towards connecting actin filament modification to other effects within cells and
to the long-lasting macroscopic symptoms of traumatic brain injury.
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Appendix A

Derivation of Shock Jump Equations
for the Stiffened Gas Equation of
State

We want to determine the shock jump equations for underwater shock waves. In order to
do this we will focus on flow through a one dimensional steady shock wave. We will choose
a control volume far away from the shock front so that viscous effects and heat transfer can
be neglected. The conservation of mass, momentum and, energy for steady one-dimensional
flow have the form

piul = Pouy (A.1)
P1 + pﬂi? = P2 + PQU% (AQ)

P 1, P 1,
kP S 24z A3
€1+p1+2u1 €2+p2+2U2 (A.3)

Using the conservation of mass, (A.1), we can eliminate uy from the conservation of momen-
tum and energy, (A.2) and (A.3)

P2
P P 2
62—61:_1_—24‘&(1—&)(14-&) (A.5)
pr p2 2 P2 P2

Combining (A.4) and (A.5) gives

1 1 1
—en==(P+P)| ——— A.6
€2 — €1 2( L+ Py) (pl pg) (A.6)
Replacing density with specific volume yields
1
€y — €1 = §(P1 + PQ)(Ul — UQ) (A?)
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This rewritten form of the governing equations relates internal energy, pressure and, density
of any general fluid. Now the siffened gas equation of state will be introduced which is often
used in analyzing explosions underwater. This equation has the form

ep(y —1) =P +F; (A.8)

One can see this is simplify a modified form of the ideal gas law a new parameter called
the stiffening pressure P;. In addition 7 is also a fitting constant instead of the isentropic
exponent. This equation is useful because it produces flow relations very similar to those
produced using the ideal gas law. Rearranging the stiffened gas equation yields

P+~ P,
e= vi (A.9)
v—1

Now we will use the stiffened gas equation along with the equations of fluid motion to define
the Rayleigh line and Hugoniot. First, removing the internal energy from (A.6) yields

P2+P)/Ps_ Pl+r)/Ps_1

V2 7_1 U1 ,7_1 —§(P1+P2)(’Ul—112) (AlO)
Cleaning up the denominators
2U2<P2 + ’YPS) - 2U1(P1 + ’}/PS) = Pl(’Ul — ’UQ)(’}/ — 1) —+ P2(U1 — ’UQ)(”)/ — 1) (All)

Grouping together the terms multiplied by P, and P,

2P2U2 — PQUl(’}/ — ].) =+ PgUQ(’)/ — 1) = P1<Ul — UQ)(’}/ — ].) + 2P1U1 — ZPSUQ’)/ + 2PSU1’Y

(A.12)
Simplifying
Py(va(y +1) —vi(y = 1)) = Pi(vi(y + 1) = va(y — 1)) + 2Py(v1 — v2) (A.13)
Diving both sides by P; and rearranging gives the Hugoniot
Py
P, vi(y+1) =y —1) + 231’7(@1 — U2)
I A.14
Py vp(y +1) —vi(y = 1) ( )

P
Taking (A.4) and rewriting it in terms of FQ gives
1

2
%—1 %O—@> (A.15)

U1
P, u? Uy
— =1 1——= A.16
P i Py ( (%1 ( )



This is the equation of the Raleigh line

(A.17)

Equating the Raleigh line and Hugoniot will allow us to determine for the shock jump
equation for density changes.

) P, v
: (41 = 20 -1+ (1-2)
uy U2\ U1 Py U1
1+ (1 — —) = 7 (A.18)
Pror o =+ 1) = (y-1)
U1
Solving this using Mathematica for %2 gives
U1
P 2
27<1+—> F(y—1)-
2 _ P1 Pl’Ul (A 19>
! Py
Introducing the Mach number
it
2y(1+= | +(y—1
vy 7( P1> ( )Pﬂ’l
— = W (A.20)
" o+ D H
" P1U1
The speed of sound in the siffened gas equation of state is given by
¢ = yv(P + P,) (A.21)
Replacing the speed of sound gives
P, M? P+ P,
oy (145 4 (y - Ml + B)
2= i Fivy (A.22)
(%1 ( +1)M127U1(P1+P3> '
! Py
Cleaning up
Py P
27y (1 + —) + (v — 1) M}y <1 + —)
2= h B (A.23)
= 2 .
v (v + 1) M2y (1 + F)
1
vg 2+ (y—1)M? (A.24)



We have recovered a density change using the stiffened gas relation that is identical to the
density change across a shock using the ideal gas equation. We will now determine the
pressure jump using this and the Raleigh line.

P, u? Vg
— =1 1—— A.25
Py * Py ( U1 ( )
Inserting the Mach number and density jump gives
P 2 P 24 (v - 1)M12)
—=14+yM;{1+—=)(1— A.26
Py ! 1( Pl)( (v +1)M¢ (A.26)

This is the pressure jump across a shockwave however, it is hard to compare this to the ideal
gas form. Multiplying through by P; and adding P to both sides gives

2+ (y—1)M?
Py+ P, =P + P, +yM}(P,+ P,) [ 1- A.27
Arranging all the pressure terms on the left and simplifying the right gives
P, + P, 2—1—(7—1)]\/[12)
=1+yM7(1- A28
Py + P, ! 1( (v + 1)M3 (4.28)
Po+P, 2yM}—(y-—1
P1 -+ Ps ’)/ —+ 1

The right side here is the same as the ideal gas pressure jump equation. However the left side
now contains the stiffening pressure. Expressing the pressure jump without the stiffening
pressure yields

27M12—(7—1))

P, = (P, + P, — P, A.30
=+ p) (L (.30
P P\ (2yM — (v - 1)) P,

2 (1422 s A.31
P ( +P1)( v+1 Py ( )

It is of interest to determine the upstream Mach number as a function of the pressure jump.
This can be easily found by solving (A.29) for Mach number to give

M=o (R ) 40+ G- 1) (A32)

With the shock jump equations defined it is now possible to use the shock thickness estimate
found by Thompson [15].

§ He
3 piciA
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po is the combined bulk and shear viscosity defined as

4 4 N
3,U/C - 3,ushear Hbulk
Solving for A gives
8 Ko
A~ —
3 (Ml — 1)p161
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Appendix B

MATLAB Code

B.1 Low-Pass Filter

b
b
h
b

This program performs low-pass filtering using an equiripple filter
Input: pressure - the pressure data to be filtered

Input: samplingRate - the sampling rate in Hz used to collect data
Output: filtered - the filtered data

function [filtered] = SignalFilter(pressure,samplingRate)

passStart = 0.1/2; % Define the frequency in Hz of the start of the pass band

passEnd = 500000/2; 7% Define the frequency in Hz of the end of the pass band

% The frequencies are divided by two because the filter uses one-half of the
given sampling rate to normalize all frequencies.

ripple = 1; 7 Define in dB the pass-band ripple
atten = 60; % Define in dB the stop-band attenuation

PassOne = fdesign.lowpass(passStart,passEnd,ripple,atten,samplingRate);
% Provide filter parameters

HD = design(PassOne); 7 Create the filter
filtered = filter(HD,pressure); 7 Filter the data

end
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B.2 Calculation of Frequency Content

% This program uses the fast Fourier transform (FFT) to determine frequency

content of a given signal

% Input: data - the sample to be analyzed

% Input: samplingRate - the sampling rate in Hz used to acquire the sample
% Output: a graph of power spectral density vs frequency

function findFrequencyContent(data,samplingRate)

end

dims = size(data,1); % Get the number of data points in the sample
dataFFT = fft(data); J Perform FFT on the data

powDen = dataFFT.*conj(dataFFT)/dims; % Calculate the spectral power density
xAxis = samplingRate/dims*(1:dims); 7% Form the x-axis of the graph
fig = figure; % Make a figure to hold the graph

hold on;

plot(xAxis/1000,powDen); 7% Draw the graph

xlabel (’Frequency (kHz)’); 7% Label the x-axis

ylabel(’Power’); 7 Label the y-axis

title(’Spectral Power Density’); % Add a title to the graph

hold off;
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