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Introduction

The use of improvised explosive devices in the conflicts in Iraq and Afghanistan has
resulted in a wide range of injuries, few of which have attracted more public attention than
traumatic brain injury (TBI) and hemorrhagic shock (HS). TBI has been referred to by
physicians and neuroscientists studying the phenomenon as the signature injury of Operation
Iragi Freedom and Operation Enduring Freedom. Blast has been implicated in upwards of 70%
of all traumas, with rapid accelerative and decelerative force from tertiary blast injury often
resulting in TBI. Similarly, approximately 90% of all preventable mortalities involve HS (Mayer,
A., 2019). The goal of this study is to carefully model the effects of medical transport on such
patients after a realistic rotational acceleration head injury and subsequent HS. The information
gathered from this study may have tremendous potential to aid not only military healthcare
providers, but the civilian medical community as well. Head trauma and severe blood loss are
exceedingly common (e.g., sports injuries, motor vehicle accidents, falls) worldwide.

To examine this issue, a collaboration between the U.S. Army Aeromedical Research
Laboratory (USAARL), Mind Research Network, and Lovelace Biomedical Research Institute
(LBRI) was formed. A ride-quality course was designed based on data collected from military
ground evacuation vehicles in the field, and built in collaboration with Aberdeen Test Center on
the LBRI South campus. The vibrational data from transporting injured animal models or healthy
human subjects on the track on the LBRI campus can be analyzed to characterize the
transportation of the subject. A collaboration was formed separately with the New Mexico Army
National Guard and United States Army Reserve was formed to obtain High Mobility
Multipurpose Wheeled Vehicles for use as the ground ambulance for transport. USAARL was
responsible for the transportation of the animals, which included securing the animal on the litter
and instrumentation of the animal.

The overall objective of this paper is to characterize the vibrational data collected from
the injured swine that were transported during the study. For this particular study, completed at
LBRI, a polytrauma TBI and HS injured animal model was used to determine whether a novel
drug therapy, EE-3-SO4, prolongs survival time in an austere environment relative to sham. The
TBI was initiated via a pneumatic device, HYGE™, (Cullen et al., 2016). For the TBI exposure,
all animals were placed in ventral recumbency (sternal) in sphynx position. The animals' heads
were secured with metal straps to the linkage assembly of the HYGE device through a custom-
made bite bar that converts linear to angular (rotational) motion. The targeted angular peak
velocity was 250 radians/second (s) in the coronal plane. Following the TBI exposure, animals
were placed in lateral recumbency and subjected to arterial hemorrhage via controlled removal of
approximately 40% of estimated total blood volume (Mayer et al., 2019; Mayer et al., 2020).
After the polytrauma was completed the animals were either given an estrogen derivative drug
EE-3-SO4o0r a placebo. To replicate an austere environment, the animals either underwent a
rough ground transport on the track or remained stationary three hours after the blood loss
procedure.

This technical report provides results from analyses of the transport data collected under
the Defense Health Program Prolonged Field Care Research Award #W81XWH-16-DMRDP-



CCCRP-PFCRA, “Increasing Survival Rate Following Hemorrhagic Shock and Traumatic Brain
Injury in Austere Environments.”

Test Methods

There were five cohorts of porcine animals tested during this project. The first in April
2019, the second in July 2019, the third in September 2019, the fourth in December 2019, and
the fifth in February 2020. Each animal was given a TBI via an accelerative device and HS was
created by removing approximately 40% of the estimated blood volume. After the blood loss
procedure, the animals were monitored (without interventions) for three hours to simulate a
prolonged field care (PFC) scenario until the transport phase of the experiment. The animals
tested in the cohorts were either transport or non-transport. The transport animals were loaded
onto a M997 U.S. Army ground ambulance into the lower left litter berth, secured, and taken on
two sets of track passes, defined in Table 1. The total travel time for the transport animals was 40
minutes (min). This included 5 min for the transport to the track, 30 min for the track passes (15
min each), and 5 min for the transport from the track. The non-transport animals were loaded
into the ground ambulance in the lower left litter berth, but the vehicle remained stationary. They
were unloaded 40 min later; which simulated the total time that the transport animals would be in
the vehicle.

Table 1. Test Conditions Experienced

First Track Pass Set Second Track Pass Set
Lap1 Inside Bumpy Inside Bumpy
Lap 2 Inside Smooth Inside Smooth
Lap 3 Outside Bumpy Outside Bumpy
Lap 4 Outside Smooth Outside Smooth
Lap5 | Outside Half Straddle with Half Round Inside Half Straddle with Half Round

Figure 1 describes the layout of the track as well as the sequence and direction of travel.
The vehicle entered the track as shown in the lower left corner of the figure, and stopped at the
beginning of the gravel straight away, and the first set of passes began. For each lap in the set of
passes, there was a condition that changed. The vehicle started on the gravel section at 20 miles
per hour (mph) (bottom of Figure 1), turned the corner, and then reached the track sections
described in Table 1. The vehicle drove at 5 mph on each of the track sections, and completed
the Half Round at 10 mph. The bumpy tracks refer to non-periodic bumps on the road meant to
simulate an approximately 2 inch root mean square (RMS) average ride roughness. Straddle
indicates the tires on one side of the vehicle are on one track section and the other tires are on
another track section at the same time (either straddling both bumpy sections or one bumpy
section and the smooth shoulder beside the bumpy track sections). The Half Round is a steel pipe
embedded in the concrete, with a six inch rise, that created a significant mechanical shock when

driven over.
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Figure 1. Test track with order and direction of travel.

The first four conditions are the same for both sets of track passes. For each of the first
four conditions the Half Round was avoided by going around the obstacle on the inside. An
example of the Inside Bumpy section can be seen in Figure 2, and the Inside Smooth section can
be seen in Figure 3. The fifth condition for the track passes was a straddle. In the first set of
passes the Outside Half Straddle was completed, so the left half of the vehicle was on the
Outside Bumpy section and the right side of the vehicle was on the Outside Smooth section (as
seen in Figure 4). For the second set of passes, the Inside Half Straddle was completed; the right
side of the vehicle was on the Inside Smooth section and the left side of the vehicle was on the
Inside Bumpy section. At the end of each straddle the Half Round was completed.
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Figure 3. Vehicle passing on Inside Smooth section.

Figure 4. Vehicle passing on Outside Half Straddle section.
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There were 26 transport animals and 28 non-transport animals in total from the five
cohorts. Five 6 Degrees of Freedom (6DOF) sensors where used during testing. Three were
placed on the animal, one was placed underneath the backboard, and one was placed on the litter
berth. Figure 5 shows the sensor placement on the animal. The sensors on the backboard and
litter berth were placed approximately underneath the animal’s center of gravity. The sensor
information was recorded using CoCo-90 data acquisition (DAQ) devices, manufactured by
Crystal Instruments.

Figure 5. Animal sensor locations.

The sensors placed on the vehicle, backboard, and animal subject measured vibration
acceleration in three main axes (x-axis, vehicle front-to-back; y-axis, vehicle side-to-side; and z-
axis, ground-to-sky). Figure 6 shows the sensor placement on the back of the backboard and on
the vehicle litter berth.
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Figure 6. Board and vehicle sensor locations.

The DAQ devices collected data in separate channels for each axis of each sensor. Each
DAQ device had 16 channels available. The first 15 channels of the DAQ device were used to
collect data, and the 16" channel on each device was used to record a common square wave so
the data could be synchronized between the two DAQ devices. The sensor connections are
shown in Table 2. The same sensors were used in all five cohorts, but there were several
different DAQ devices used during the testing. The pelvis sensor was split between the two DAQ
devices, the accelerometer channels were connected to CoCo-90 #1, and the gyroscope channels
were connected to CoCo-90 #2. This was done so that all five 6DOF sensors could be used.

This space is intentionally blank.



Table 2. Instrumentation Notes

CoCo0-90 | Sensor Location | Sensor Type | Channel | Axis

Animal’s Brow
Ridge
(SIN: 163)

6DOF
(Combined

Accelerometers
and Gyroscopes)

Sensitivity Range
1 AX 209.390 millivolt per 16 unit of
unit of gravity (mV/g) | gravity (g)
2 AY 207.723 mV/g 69
3 AZ 208.539 mV/g 169
0.9863 millivolt per
4 GX degree per s tle?()so(ggg/rse)e
(mV/deg/s) P g
5 GY 1.0225 mV/deg/s +1000 deg/s
6 GZ 1.0513 mV/deg/s +1000 deg/s

CoCo0-90 Output)

7 AX 211.755 mV/g 69
CoCo0-90 8 AY 198.013 mV/g 64
#1 Animal’s Scapula 6DOF 9 AZ 205.533 mV/g 69
(S/N: 164) 10 GX | 0.9415 mV/deg/s +1000 deg/s
11 GY 1.0125 mV/deg/s +1000 deg/s
12 GZ 1.0753 mV/deg/s +1000 deg/s
Animal’s Pelvi 6DOF 13 AX 212.146 mV/g 6 g
nimal S reivis
_ 14 | AY 211.186 mV/g +6 g
N: 1 Accel
(S/N:166) | (Accelerometers) 5 1"AZ | 208.596 mV/g 6 g
Synchronization
Pulse N/A 16 | N/A 1000 mV/V N/A
(Square Wave
CoCo0-90 Output)
1 AX 216.430 mV/g +6 g
. 2 AY 205.880 mV/g 69
Center of Litter 6DOF 3 | AZ| 201.780 mV/g 16 g
(Sﬁf_rgl‘s) 4 | GX | 1.033mVideg/s | +1000 deg/s
' 5 GY 1.082 mV/deg/s +1000 deg/s
6 GZ 1.072 mV/deg/s +1000 deg/s
7 AX 210.130 mV/g +6 g
Center of 8 AY 215.170 mV/g +6 g
9 AZ 208.230 mV/g +6 g
Coig-go B(g%_bfg)d 6DOF 10 GX | 1.0257 mV/deg/s +1000 deg/s
' 11 GY | 0.9955 mV/deg/s +1000 deg/s
12 GZ 0.9919 mV/deg/s +1000 deg/s
o ) 13 GX 1.0225 mV/deg/s +1000 deg/s
Am{‘slf‘l\ll_slé’;)ﬂ“s G ?ESSOF ey |14 | GY | 10381 mVidegls | +1000 degls
' yroscop 15 | GZ | 09918 mVidegls | +1000 deg/s
Synchronization
Pulse N/A 16 |N/A 1000 mV/V N/A
(Square Wave

N/A = Not Applicable



In the first cohort, there were six transport animals and six non-transport animals, as
shown in Table 3. Two animals did not survive the PFC phase. These animals are not classified
as transport or non-transport because that phase was not reached.

Table 3. First Cohort Animal List (April 2019)

Date Animal ID Transport Condition Notes
4/15/2019 7535 Did Not Survive PFC N/A
4/16/2019 7528 Non-Transport N/A
4/16/2019 7516 Transport N/A
4/17/2019 7532 Transport N/A
4/18/2019 7523 Non-Transport N/A
4/18/2019 7536 Did Not Survive PFC N/A
4/19/2019 7533 Non-Transport N/A
4/22/2019 7530 Transport N/A
4/23/2019 7522 Transport N/A
4/23/2019 7521 Non-Transport N/A
4/24/2019 7519 Transport N/A
4/24/2019 7537 Non-Transport N/A
4/25/2019 7538 Transport N/A
4/25/2019 7518 Non-Transport N/A

N/A = Not Applicable; PFC = Prolonged Field Care

In the second cohort, there were six non-transport animals and three transport animals.
There were five animals that did not survive the PFC phase to get to the transport phase (Table
4). One of the animals (Animal ID 7663) survived the transport to the track but then deteriorated
and had be transported back from the track immediately.
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Table 4. Second Cohort Animal List (July 2019)

Date Animal ID Transport Condition Notes
7/8/2019 8144 Non-Transport N/A
7/9/2019 8132 Non-Transport N/A
7/9/2019 7706 Did Not Survive PFC N/A
7/10/2019 8483 Did Not Survive PFC N/A
7/10/2019 7696 Did Not Survive PFC N/A
7/11/2019 8482 Transport N/A
7/11/2019 8139 Transport N/A
7/12/2019 7695 Non-Transport N/A
7/15/2019 7698 Did Not Survive PFC N/A
7/16/2019 7656 Transport N/A
7/16/2019 7701 Did Not Survive PFC N/A
7/17/2019 8484 Non-Transport N/A

Animal only survived for the

711772019 7663 Transport transport to a)llnd from the track.
7/18/2019 8142 Non-Transport N/A

N/A = Not Applicable; PFC = Prolonged Field Care

There were five non-transport animals and six transport animals in the third cohort (Table
5). Two animals did not survive the PFC phase.

Table 5. Third Cohort Animal List (September 2019)

Date Animal ID Transport Condition Notes
9/3/2019 8224 Non-Transport N/A
9/4/2019 7983 Transport N/A
9/4/2019 8249 Transport N/A
9/5/2019 8235 Did Not Survive PFC N/A
9/6/2019 8225 Non-Transport N/A
9/6/2019 8190 Non-Transport N/A
9/9/2019 8219 Transport N/A
9/9/2019 8203 Did Not Survive PFC N/A
9/10/2019 8242 Non-Transport N/A
9/10/2019 8240 Transport N/A
9/11/2019 8198 Non-Transport N/A
9/11/2019 8246 Transport N/A
9/12/2019 8222 Transport N/A

N/A = Not Applicable; PFC = Prolonged Field Care

There were five non-transport animals and six transport animals in the fourth cohort
(Table 6). Two animals did not survive the PFC phase of the testing. For one of the transport



animals (Animal ID 9180), the Inside Half Straddle data was not collected. During testing one of
the DAQ devices turned off due to overheating and the set of laps had to be restarted. Due to the
time restrictions on the transport, the IST was skipped.

Table 6. Fourth Cohort Animal List (December 2019)

Date Animal ID Transport Condition Notes
12/2/2019 9172 Non-Transport N/A
12/3/2019 9117 Did Not Survive PFC N/A
12/3/2019 9119 Non-Transport N/A
12/4/2019 9140 Transport N/A
12/5/2019 9046 Transport N/A
12/5/2019 9142 Non-Transport N/A
12/6/2019 9204 Non-Transport N/A
12/6/2019 9185 Non-Transport N/A
12/9/2019 8843 Transport N/A
12/9/2019 9177 Did Not Survive PFC N/A
12/10/2019 9139 Transport N/A
12/10/2019 | 9180 Transport Missing '”S'gaet:a'f Straddle
12/11/2019 9181 Transport N/A

N/A = Not Applicable; PFC = Prolonged Field Care
There were six non-transport animals and five transport animals in the third cohort (Table
7). Two animals did not survive the PFC phase until the transport phase of the testing. For the

transport animals, the y-axis of the vehicle sensor was corrupted and unusable.

Table 7. Fifth Cohort Animal List (February 2020)

Date Animal ID Transport Condition Notes
2/3/2020 9631 Non-Transport N/A
2/4/2020 9630 Non-Transport N/A
2/4/2020 9619 Did Not Survive PFC N/A
2/5/2020 9646 Transport Corrupted vehicle y-axis data
2/5/2020 9806 Non-Transport N/A
2/6/2020 9628 Transport Corrupted vehicle y-axis data
2/6/2020 9797 Did Not Survive PFC N/A
2/7/2020 9620 Transport Corrupted vehicle y-axis data
2/7/2020 9625 Non-Transport N/A
2/10/2020 9650 Transport Corrupted vehicle y-axis data
2/10/2020 9805 Non-Transport N/A
2/11/2020 9804 Transport Corrupted vehicle y-axis data
2/11/2020 9770 Non-Transport N/A

N/A = Not Applicable; PFC = Prolonged Field Care
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The data were first broken up into segments based on the individual track passes. Figure
7 shows what a pass of data looks like before it is segmented. The data segments are labeled
underneath the graph. To allow for quicker data analysis, 10,000 data points (20 seconds [s]) of
data for each track segment were sampled. Only 3,000 data points (6 s) were taken for the Half
Round track segment because the event occurs so quickly. Figure 8 shows the segmented data for
Figure 7. For Figure 8, the y-axis of the Outside Smooth and Inside Smooth graphs are smaller
than the other track segments because the amplitudes for those tracks are much smaller.

First Track Pass Set

Acceleration (v)
I3 =
- 2 2

b

&
s

&
&

s
a

Time(min)

OB = Outside Bumpy, 1B = Inside Bumpy, OS = Outside Smooth, IS = Inside Smooth,
OST = Outside Half Straddle, IST = Inside Half Straddle, HR = Half Round

Figure 7. Raw data example for first track pass set.
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Figure 8. Segmented data example for first track pass set.

data.

Results

The data were analyzed using MATLAB® software. Before analyzing the data, a fourth-
order Butterworth band pass filter was used on the data. The sampling rate was 500 Hertz (Hz).
The bounds for the filter stop and pass frequencies were Fstopl = 0.2 Hz, Fpassl = 2.5 Hz,
Fpass2 = 100 Hz, and Fstop2 = 240 Hz, shown in Figure 9. The RMS, Power Spectral Density
(PSD), Fast Fourier Transform (FFT), and transmissibility were calculated after filtering the
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Fstopl=0.2 Hz Fpassl=2.5 Hz Fpass2 = 100 Hz Fsiop2 = 240 Hz
Frequency (Hz)

Figure 9. Fourth-order Butterworth band pass filter.
Root Mean Square

One way to determine the amount of vibrational energy present in a signal is to calculate
the RMS of the acceleration values over a particular period of time. RMS acceleration is the
square root of the sum of each acceleration value squared, divided by the total number of values.
This allows the averages of amplitudes to be calculated. If a signed average was calculated the
negative values would cancel out the positive values. The equation for this calculation is shown
in Figure 10.

N
1
RMS = NZ x(0)?
i=

Figure 10. RMS equation.

The resultant RMS, or average of the three axes (x-, y- and z- axes), was also computed and the
equation for this calculation is shown in Figure 11.
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i1 X(D? + y(0)* + z(i)?
N

RMS =

Figure 11. Resultant RMS equation.

Figure 12 shows the average resultant RMS values for each sensor as shown by the
different bar colors. The x-axis of the graph shows the track segments, and the black bars
represent the standard deviations. For each of the track segments the resultant RMS for the
animal’s pelvis is 12 to 16% higher than the average RMS for all the other sensors. The sensor
on the vehicle’s litter berth (identified in the figure as “Vehicle™) recorded the lowest RMS on
each of the tracks, 9 to 16 % lower than the average RMS of the other sensors. The Outside
Smooth and Inside Smooth tracks had the lowest standard deviation of the tracks.

Average Resulant RMS Values

“ T “ TIH " i" ‘“ I
OB 0S | IS OST IST HR

B

w >
A~ oo

=

Acceleration (m/s?)
N
= O N O w o

o
o o

m Head m® Sternum Pelvis = Board mVehicle

OB = Outside Bumpy, IB = Inside Bumpy, OS = Outside Smooth, IS = Inside Smooth,
OST = Outside Half Straddle, IST = Inside Half Straddle, HR = Half Round

Figure 12. Average resultant RMS values for the tracks for all of the subjects.

The standard deviations for the Bumpy, Straddle and Half Round conditions are higher
compared to the Smooth conditions. Due to availability, the same exact vehicle was not used for
all cohorts. Also, due to wear on the track from each pass, the track was resurfaced three
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different times: between the first and second cohort, between the third and fourth cohort and
again between the fourth and fifth cohort. Figure 13 shows the average resultant RMS values for
the Outside Bumpy track for the different cohorts. An increase in resultant RMS can be seen
each time after the track was repaired.

Outside Bumpy Track - Cohort Resultant RMS Comparison

B 1L [ AN TR R 11
e

Head Sternum Pelvis Board Vehicle

Acceleration (m/s?)
BN W s
= o1 N o1 w o~ ool

o
o ol

mCohort1 mCohort2 mCohort3 Cohort4 mCohort5

Figure 13. Outside Bumpy track cohort RMS comparison.

Figures 14 through 18 show the RMS accelerations for each sensor (head, scapula, pelvis,
board, and vehicle). In each figure the z-axis shows the most motion. Similar to the previously
shown Figure 12, the pelvis had the higher RMS values in the z-axis.
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Figure 14. Head sensor average RMS accelerations for track segments (all cohorts).

Scapula Intersubject Variablity (RMS Accelerations)
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Figure 15. Scapula sensor average RMS accelerations for track segments (all cohorts).
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Pelvis Intersubject Variablity (RMS Accelerations)
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Figure 16. Pelvis sensor average RMS accelerations for track segments (all cohorts).

Board Intersubject Variablity (RMS Accelerations)
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Figure 17. Board sensor average RMS accelerations for track segments (all cohorts).

17



Vehicle Intersubject Variablity (RMS Accelerations)
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Figure 18. Vehicle sensor average RMS accelerations for track segments (all cohorts).

Power Spectral Density

The PSD functions were also calculated from the dataset using MATLAB®. When plotted
across specific frequency bands, PSD describes the frequencies at which energy is present and at
what levels. This is of particular interest when higher levels of energy are present in frequency
bands that are known to have possible health effects on humans during whole-body vibration.
The PSD was analyzed for each body segment, for each track. The mean of all subjects’ PSD
was used to identify where the most power was being transmitted to the subject. Figures 19
through 25 show the average PSD graphs for the sensors for each track condition. For each track
and sensor axis the majority of the vibration occurred in the 1.5 to 3 Hz range, with peaks around
2 Hz. The pelvis (yellow line) experienced the highest amplitude of frequency for most of the
tracks in the x- and z-axis. However, for the Outside Bumpy, Inside Bumpy, and Half Round
tracks, the head showed the highest amplitude in the y-axis. Notably, the highest amplitude of
energy is always present in the z-axis, for all body segment and tracks.
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Figure 19. Average PSD estimate for each sensor for the Outside Bumpy section.
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Figure 20. Average PSD estimate for each sensor for the Outside Smooth section.
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Average PSD Estimate for Inside Bumpy Sensors
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Figure 21. Average PSD estimate for each sensor for the Inside Bumpy section.
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Figure 22. Average PSD estimate for each sensor for the Inside Smooth section.

20




Average PSD Estimate for Outside Half Straddle Sensors
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Figure 23. Average PSD estimate for each sensor for the Outside Half Straddle section.

Average PSD Estimate for Inside Half Straddle Sensors
x-axis
1.5
Head
1+ ——Scapula
Pelvis
05L Board
Vehicle
0 L L — = n §
~ 0 1 2 3 4 5 6 7 8 9 10
I Frequency (Hz)
o~ .
i -axis
w15 Y
£
= 1
o
5
S05F
2 A
— b, =
& 0] # 1 — —
g 0 1 2 3 4 5 6 7 8 9 10
o Frequency (Hz)
z-axis
5 —
25
0 L Il 1 T —
0 1 2 3 4 5 6 7 8 9 10
Frequency (Hz)

Figure 24. Average PSD estimate for each sensor for the Inside Half Straddle section.
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Average PSD Estimate for Half Round Sensors
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Figure 25. Average PSD estimate for each sensor for the Half Round.
Transmissibility

Transmissibility is the ratio of the output divided by the input. If the ratio is above 1.0
then there is amplification in the system. A transmissibility below 1.0 indicates that the output
signal was attenuated, and if the ratio is equal to 1.0 then the output signal is equal to the input.
Transmissibility has been used to characterize the human system as a single-output / single-input
function or as a multiple-output / multiple-input function (Paddan & Griffin, 1998; DeShaw &
Rahmatalla, 2014; Hinz, Menzel, Bluthner, & Seidel, 2010). For this analysis, the input
acceleration was the litter berth of the vehicle. The output acceleration was the acceleration at
each body segment of the subject (head, scapula, and pelvis). To find the transmissibility, the
FFT of each segment was used to find the cross covariance, demonstrated in Table 8, which
calculates the transmissibility in 3D space. The individual FFT graphs can be found in Appendix
A. Figures 26 through 32 show the transmissibility cross-covariance for each of the track
segments. The x-axis shows the frequencies and the y-axis shows transmissibility ratio.
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Table 8. Transmissibility Cross-Covariance Combinations

Output Signal
Fore-aft Output (X) | Lateral Output ()

Vertical Output (Z2)

Fore-aft Output + Lateral Output + Vertical Output +
Fore-aft Input (X) Fore-aft Input Fore-aft Input Fore-aft Input
(XIX) (YIX) (Z2/X)
[
%: Fore-aft Output + Lateral Output + Vertical Output +
9 | Lateral Input (Y) Lateral Input Lateral Input Lateral Input
§_ (X1Y) (Y1Y) 21Y)

Fore-aft Output + Lateral Output + Vertical Output +
Vertical Input (2) Vertical Input Vertical Input Vertical Input

(XI2) (Y/2) (212)

/ = divided by
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The Outside Bumpy transmissibility graphs are shown in Figure 26, the pelvis sensor
shown in black had the highest amplitude except lateral input, for which the head had the highest
amplitude. The highest amplitudes were seen in the X/Y, Z/Y, and Z/X directions indicating that
signal from the input (vehicle) was exacerbated at the output (through the animal subject).
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Figure 26. Transmissibility of the Outside Bumpy section.
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The Outside Smooth track transmissibility graphs are shown in Figure 27, for the vertical
input divided by vertical output (X/X), the transmissibility values are below one for the head
indicating that the input signal was mitigated. However, for lateral input and lateral output
(Y/Y), the head had the highest transmissibility with the peak value almost double the peak value
of the pelvis and scapula.
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Figure 27. Transmissibility of the Outside Smooth section.
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The Inside Bumpy transmissibility graphs are shown in Figure 28, the results are similar
to the Outside Bumpy the highest amplitudes were seen in the X/Y, Z/Y, and Z/X directions. The
peaks in transmissibility can be seen over the range of 5 to 10 Hz for all graphs.
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Figure 28. Transmissibility of the Inside Bumpy section.
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When comparing the Inside Smooth track transmissibility (Figure 27) to the Outside
Smooth track transmissibility, there is less mitigation in X/X direction, but there is also less
amplification in the Y/Y and Y/Z directions. Similar to the Outside Smooth track, Figure 24,
there is a drop in transmissibility in the X/X direction for the Head/Vehicle after 10 Hz
indicating that the output signal was mitigated.
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Figure 29. Transmissibility of the Inside Smooth section.
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The Outside Half Straddle transmissibility is seen in Figure 30, for the Outside Half
Straddle section the left side of the vehicle (where the animal was located) was on the Outside
Bumpy section and the right side of the vehicle was on the Outside Smooth section. Compared to
the Outside Bumpy transmissibility there is an increase in transmissibility amplitudes for the

lateral output (X/Y, Y/Y, and Z/Y) in the 5 to 10 Hz range indicating there was more lateral
movement.
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Figure 30. Transmissibility of the Outside Half Straddle section.
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For the Inside Half Straddle the left side of the vehicle (where the animal was located)
was on the Inside Smooth section and the right side of the vehicle was on the Inside Bumpy
section. Figure 29 shows the transmissibility ratios for the track segment. The peaks center
around 6 Hz for all of the graphs.
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Figure 31. Transmissibility of the Inside Half Straddle section.

For the Half Round, the transmissibility cross-covariance are shown in Figure 30. The
Half Round analysis showed large spikes in the transmissibility in the lower frequencies (0 to
2 Hz) along with high amplitudes in the 5 to 10 Hz range. The Z/X and Z/Y graphs show peaks
of 30 and 15 respectively indicating a high level of increase in the fore-aft and lateral input
signals when compared to the vertical output.
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Transmissibility Half Round
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Figure 32. Transmissibility of the Half Round.

Discussion

From the RMS analysis it was found that the resultant RMS calculated from the data
from the pelvis sensor was 12 to 16% higher than the other sensors for all of the tracks. A
possible reason is that the pelvis of the animal was positioned in the middle of the backboard and
litter, which was not strapped down to the vehicle litter berth in the same manner as the ends of
the litter. This allowed flexing of the litter mesh and poles, and subsequently the backboard at
this area, exacerbating the energy input to the pelvis. There were differences between cohorts in
resultant RMS, dependent on the track wear and vehicle suspension. The same vehicle was not
used for each cohort, and the track was resurfaced between some of the cohorts. These factors
contributed to the high standard deviations between the cohorts.

The PSD analysis also showed that in most cases the pelvis experienced the most power
amplitude for all tracks and all axes. Some of the exceptions to this were seen in the y-axis on the
Inside Bumpy, Outside Bumpy, and Half Round sections, where the head showed the greatest
power amplitude. This could be due to the shape and taper of the animal subject’s head, which
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the head blocks were not designed for, and so may have allowed a small amount of lateral
movement to occur on exceptionally rough terrain. The pelvis was positioned over the middle of
the litter which is where the most flexion in the litter occurs during hard bumps. The gross
movement of the litter during the bumpy track passes exacerbated the pelvis movement. For this
study, the main vehicle input vibration was centered between 1.5 to 3 Hz as seen by the PSD
analysis. The resonance frequencies of the decontamination litter and human body are within the
4 t0 6 Hz range (Rahmatalla et al., 2020; Wanner, Mayer, Kinsler, & Helgeson, 2017). It is not
clear if the vehicle input vibration frequencies are close enough to those resonance frequencies to
cause exacerbation of the input energy.

The transmissibility calculations are characterized by peaks around 5 to 10 Hz, which is
likely linked to the resonance frequency of the vibration response of the litter. The
transmissibility is a useful measure of the characteristics of a system under vibration because it
defines how the vibrations are altered while traveling through a material or structure, either
attenuating, amplifying, or shifting energy to different frequencies. However, the metric gives
less accurate results when a very narrow band of input vibration is present. That being said, one
of the notable features in the transmissibility graphs is that nearly all values are above 1,
meaning that the energy input from the vehicle was being exacerbated for nearly all input-output
combinations, with some exceptions on the smooth tracks. In addition, the graphs in the z-input
column show much higher values than the corresponding graphs in the x- and y-input columns.
This means that the majority of the stress placed on the subject during transport seems to come
from the vertical energy input from the vehicle. Since the z-axis input from the vehicle was not
trivial, the ratio of the output to input being so large is especially concerning.

Conclusions

This study identified the transportation stresses the injured swine model experienced
during transport. Considering the body movement of injured patients during transport when
designing litters, immobilization systems, medical interiors, and transport vehicles is important
to improving patient outcomes. Technologies like vibration mitigation layers can be developed
and tested using similar methods as described in this report.

Some possible steps that could be taken to make the results more accurately repeatable
would include the procurement of a single vehicle to use for all testing, and resurfacing of the
test track before all cohorts to ensure it is in comparable condition during testing.

The transmissibility demonstrated that all axes, especially the z-input axis, exacerbate the
input energy from the vehicle. Vibration mitigation may play an important role in reducing
subject morbidity and mortality during transport.

Further comparisons need to be completed to determine if the injured swine model results
can be translated to human patients. A complementary study was completed on healthy human
subjects, who were transported on the same track, with a similar sensor setup. Further analyses
will be forthcoming examining the extrapolation from the injured animal model response and
healthy human response to the injured human biodynamic response.
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Appendix A. Fast Fourier Transform Graphs
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Figure Al. Average FFT estimate for all sensors for the Outside Bumpy section.
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Average FFT Estimate for Outside Smooth Sensors
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Figure A2. Average FFT estimate for all sensors for the Outside Smooth section.

Average FFT Estimate for Inside Bumpy Sensors

X-axis
0.5
——Head
—Scapula
L Pelvis
0.25 —Board
/ ‘N:E " —Vehicle
0 Il Il 1 Il Il T I-‘ —|
0] 1 2 3 4 5 6 7 8 9 10
Frequency (Hz)
y-axis

Amplitude(m/s?)
o
o
T

0

0

Frequency (Hz)
z-axis

10

05
0

0

Frequency (Hz)

Figure A3. Average FFT estimate for all sensors for the Inside Bumpy section.

34



Average FFT Estimate for Inside Smooth Sensors
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Figure A4. Average FFT estimate for all sensors for the Inside Smooth section.

Average FFT Estimate for Outside Half Straddle Sensors
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Figure A5. Average FFT estimate for all sensors for the Outside Half Straddle section.
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Average FFT Estimate for Inside Half Straddle Sensors

X-axis
0.4
——Head
== Scapula
Pelvis
0.2 —Board
—Vehicle
e, SN ey it DU I O DY
0 =
0 1 2 3 4 5 6 7 8 9 10
Frequency (Hz)
-axis
__04r y
(']
_(E
1
@
E 0.2
=
£
<
0
0
Frequency (Hz)
z-axis
0.75
0.5
0.25
S e s e .
0 ! ! ! I T i SRS
0 1 2 3 4 5 6 7 8 9 10
Frequency (Hz)

Figure A6. Average FFT estimate for all sensors for the Inside Half Straddle section.

Average FFT Estimate for Half Round Sensors
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Figure A7. Average FFT estimate for all sensors for the Half Round.
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Appendix B. Acronym List

6DOF — 6 Degrees of Freedom

DAQ — data acquisition

DTIC — Defense Technical Information Center
FFT — Fast Fourier Transform

HS — hemorrhagic shock

Hz — Hertz

LBRI — Lovelace Biomedical Research Institute
mph — miles per hour

PFC — prolonged field care

PSD — Power Spectral Density

RMS — root mean square

TBI — traumatic brain injury

USAARL — United States Army Aeromedical Research Laboratory
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