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Abstract

Brain injuries in warfighters due to low-level blasts, even while wearing a helmet, are common. Understanding how the form
of a shock wave changes when impacting a head donning a helmet may present solutions to reducing shock loading on the
head, thereby reducing the prevalence of blast-induced traumatic brain injury. A manikin with PCB piezoelectric transducers
throughout the head was exposed to low-pressure free-field blasts using an RDX-based explosive charge designed to output a
side-on overpressure of 4 pounds per square inch (psi) [27.5 kilopascals (kPa)] with and without a helmet. Orientations of 0,
45,90, 135, and 180 degrees were evaluated to observe changes in overpressure versus time (p(¢)) waveforms. The waveforms
were compared to schlieren imagery in which a shock wave impacted 3D-printed silhouettes of a warfighter donning a helmet,
showing shock wave flow under the helmet at 0-, 90-, and 180-degree orientations. It was found that trapped shock waves
under the helmet create regions of high overpressure and increase the duration of exposure, resulting in higher impulses
imparted onto the head. While wearing a helmet, the 90-degree orientation resulted in the greatest reduction in overall peak
overpressure, with an 8% decrease compared to the O-degree orientation. In contrast, the 180-degree orientation led to an
increase by 30%. For impulse, the 90-degree orientation showed the greatest reduction, with a decrease of 21%. The 0-degree
orientation had the highest overall impulse among all orientations when wearing a helmet.

Keywords Blast-induced traumatic brain injury (bTBI) - Schlieren imagery - Underwash effect

1 Introduction

Ensuring warfighters stay within a safe blast exposure limit,
both during training and on the battlefield, has proven chal-
lenging [1]. The definition of safe exposure limits is pivotal
to understanding this issue. Researchers have attempted to
establish definitive blast exposure limits, aiming to achieve
consensus in this regard. A pivotal step toward this objec-
tive has been taken through a definitional study [2]. In
this study, blast events ranging from 74.5kilopascals (kPa)
(10.8 pounds per square inch (psi)) to 116.7kPa (16.8 psi)
were categorized as low-to-moderate-level blasts. In the
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same study, blast events > 100kPa (14.5psi) were identi-
fied as moderate-to-high intensity blasts for chronic expo-
sures. Thus, until definitions have been adopted widely by
researchers, it is imperative to define “low-level” exposure in
blast studies. For clarity in this discussion, exposures below
74.5 kPa will be classified as “low-level,” but not as “safe.”
Historically, the established threshold for safe blast exposure
was 4 psi (27.5 kPa), as reflected in army doctrine manuals
citing 3.4 psi (23.4 kPa) as an exposure with a 1% chance
of eardrum rupture [3]. However, recent research involving
mice subjected to repeated low-level blasts resulted in blast-
induced traumatic brain injuries (bTBI) [4], accompanied by
symptoms of depression and anxiety, in the mice exposed
to shock tube tests replicating such blasts [5]. In the field,
breachers also encounter mild forms of bTBI, colloquially
referred to as “breacher’s brain” [6]. In response to this issue,
researchers are actively working to understand the nature of
this problem and how helmets can help protect the wearer.
Advances in helmet design have allowed users to be pro-
tected against ballistic threats such as shell fragments or
bullets [7]; however, helmet protection has yet to make as
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much progress in protection against shock waves that can
result in bTBI [8, 9]. Although there are different possi-
ble mechanisms causing bTBI, the main four mechanisms
proposed thus far are direct transmission, skull deforma-
tion, head acceleration, and thoracic compression [ 10]. Direct
transmission is when the stresses caused by the shock waves
are transmitted through the material of the head into the brain
and foramina [11]. Skull deformation occurs when high-rate
loading on the skull structure induces localized flexure. Head
acceleration causes brain damage by either decoupling of the
brain and skull motion or indirect inertial forces. Thoracic
compression is thought to be caused by the compression of
the chestleading to a high vascular surge to the brain. Of those
proposed mechanisms, proper helmet design can potentially
limit the damage done by skull deformation and direct trans-
mission by limiting shock wave loading onto the wearer’s
head.

As a shock wave interacts with a head while a helmet
is worn, the wave has been shown to get trapped under the
helmet, causing reflections between the head and the helmet
due to the acoustic impedance mismatch of the air in which
the wave is traveling, and of that of the skull and the hel-
met [12]. In addition to this mismatch, it is understood that
the initial overpressure is amplified by the reflection off a
surface, which has a higher impedance than the air [13, 14].
Therefore, it is expected that when a shock wave is confined
underneath the helmet, the overpressures would be sustained
over a larger area of the head in contrast to a helmet not being
worn. Additionally, shock waves trapped underneath the hel-
met collide, increasing the overpressure magnitude, known
as the underwash effect [15, 16]. Both effects result in larger
overpressures under the helmet, and many researchers have
found that the presence of a helmet will lead to higher over-
pressures experienced on the head [10, 15, 17-20]. Several
different methods have been proposed to reduce the under-
wash effect. One method that has been suggested involves
using foam pads that fit tightly [20] or incorporating complex
geometric passages to diffuse shock waves under the helmet
[21]. Another approach is to modify the suspension pads
using a shear-thickening fluid or polyurea [22] to dampen
the shock wave. These promising solutions are still under
study, and the underwash effect is still being observed in
more recent free-field [16] and shock tube [17] tests.

Current research into the helmet protection related to bTBI
has been a combination of computational modeling, shock
tube, and free-field blast studies. Most recent studies have
been either shock tube or computational modeling. A sum-
mary of the computational studies on the subject gathered
by Skotak et al. [23] is updated in Table 1 to include the
surrogate human head shock tube and free-field blast studies
with and without a helmet. Of the three methods, free-field
blast testing creates an open-field explosive blast wave simi-
lar to simple Friedlander waves, which mimic clinical cases
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where blast exposure occurs in an open area with no obsta-
cles to impede the blast wave expansion. However, due to the
complexity of setting up free-field blasts, few free-field blast
studies examine shock wave head interactions, as shown in
Table 1. Previous free-field studies mimic a blast exposure
produced by an improvised explosive device (IED) instead
of exposure levels that could be experienced in training or
breaching. Although IEDs can be in a range of sizes, with
vehicle-based IEDs being quite large, a recent computational
study used the example which resulted in an overpressure
of 6000mm of mercury (mmHg) (116 psi/800 kPa) as an
example of an IED blast [24]. The blast orientations found
in the literature search included frontal (0-degree), side
(90-degree), and rear blasts (180-degree), with the majority
being 0-degree.

This paper presents a free-field experimental compari-
son of an instrumented manikin head with and without a
kevlar-based helmet exposed to low-level blasts by an RDX-
based explosive. These free-field blasts provide baseline
overpressure and impulse values for the military overpres-
sure exposure of 27.5 kPa (4 psi). Additionally, 3D-printed
silhouettes of the cross sections of a warfighter wearing a
helmet were filmed at high speed using a schlieren imaging
technique to visualize the shock wave flow under the helmet.
Comparing results from these two methods gives possible
explanations for the resulting overpressures under the hel-
met due to shock wave interactions. Free-field blast studies
are sparse, and this is one of the first free-field blast studies
examining low-level blasts for a range of orientations using
an anatomical model, which allowed the role the torso and
shoulder reflections play in increasing overpressure under
helmets to be fully examined.

2 Methodology

Both schlieren imaging and free-field blasts were used to
investigate shock wave flow and loading on a manikin head.
Free-field blasts allowed for different parts of the head to
be evaluated for overpressure, impulse, duration, and rise
time. These measurements were compared to the fluid motion
seen underneath a 2D cross section of a helmet in schlieren
imaging to understand how shock wave flow relates to the
results obtained in the free-field blasts.

2.1 Free-field experimental method

The helmet was tested using a modified manikin constructed
from the torso and head of a manikin model MM-BCSS [41],
representing a 5-ft 8-in (173-cm) fleshtone male, with the
following modifications. Holes were drilled into the head,
and metal threads were epoxied on the inside, allowing PCB
Piezotronics Model 102B 18 and 102B 15 high-frequency ICP
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Fig. 1 a The sensor locations on the front of the head, b side of the
head sensor locations, ¢ back of the head sensor locations. Sensors 14
and 15 are in line with one another, with sensor 15 on the left side of
the head

sensors to be mounted flush with the exterior of the head
[42]. The sensor wires were let out the back for connec-
tion to a Synergy Hi Techniques data acquisition system
(DAS) [43]. The manikin was then filled with Clear Bal-
listics’ ballistic gel [44] to eliminate the void inside the
manikin and dampen vibrations, which could cause noise
in the data. The torso was mounted onto a metal stand that
could be bolted to the ground and rotated in orientations
of 0, 45, 90, 135, and 180 degrees from the blast source.
The locations for the sensors are shown in Fig. 1. Sensors
1 and 2 are in the eye sockets and will be referred to as
the right and left eye. Sensors 3 to 5 move back along the
frontal midline of the head, with 3 being the forehead. Sen-
sor 6 is the highest point of the skull or vertex of the head.
Sensors 7 to 10 are along the midline of the parietal with
8 and 10 on the left and right, respectively. Sensors 11 to
13 move left to right on the occipital, or lower back sec-
tion, of the head. Sensors 14 and 15 are on the temporal,
or side, part of the head, on the right and left, respec-
tively.

Sensors directly facing the blast were expected to receive
a head-on overpressure from a normal wave reflection, while
sensors on top and side of the head would receive side-on
overpressure. With the presence of a helmet, sensors covered
by the helmet would receive an overpressure resulting from
one or more, typically oblique, wave reflections. During test-
ing with the helmet, chin straps were securely tightened onto
the manikin’s chin to provide realistic coverage of the head
and contact of foam pads with the head.

During a suspended air blast, an incident wave is cre-
ated, which reflects off the ground creating a ground reflected
wave. In the event these two waves interact individually with
the manikin, the two waves will complicate the waveform
profile compared to a single blast wave with Friedlander char-
acteristics of a fast rise time and single exponential decay.
The incident shock reflection from the ground is initially of
regular type, with subsequent transition to Mach reflection
and formation of a Mach stem. The point where the Mach
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Fig.2 Diagram of a free air burst expansion. The incident wave is the
solid gray line, reflected wave is the blue dotted wave, and the Mach
stem is the solid black line
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stem, incident, and reflected waves intersect is known as the
triple point. This interaction is shown in Fig. 2.

To ensure this uniform Mach stem wave under the
triple point interacts with the manikin, the figures from
UFC-340-02 [45], which relied on data from Swisdak [46],
were used to determine the height of the charge to produce
triple points which would be above the manikin, resulting
in a single blast wave interaction. Data from these sources
also allowed the distance and charge size to be chosen for
a predicted 27.5 kPa (4 psi) side-on overpressure wave at
the top midline of the head (sensor 5). The 27.5 kPa (4 psi)
overpressure was chosen as it is the safety standard threshold
for the U.S. Army. This overpressure equates to 41 g of the
RDX-based explosive at a distance of 2.5m and a height of
0.3m, as shown in Fig. 3. With this placement of the charge,
it ensured that the manikin was under the triple point, in the
Mach stem location.

Another consideration during explosive testing is the
inherent variance due to factors such as atmospheric condi-
tions, material aging, and charge density, all of which affect
explosive performance. In order to assess the consistency of
the RDX-based explosive used in this study, three trials with
a 135-g charge size at a 2.5-m distance in the 0-degree ori-
entation were conducted to simulate 82.7 kPa (12 psi). Tests
were performed without a helmet, and peak pressures were
collected to analyze variance, shown in Fig.1 in the Sup-
plementary Information. Results indicate higher scatter in
sensors closest to the blast. Sensors closer to the blast in this
orientation measure a reflected component as their angle in
relation to the blast is between 0 and 90 degrees. Piezoelectric
pressure sensors in the side-on orientation, 90-degree, will
receive side-on pressure for a long duration, making mea-
surement readings possible even with lower sample rate data
acquisition systems. On the other hand, sensors facing the
blast will receive a total reflected pressure, which lasts only
for a very short duration, leading to higher scatter in the data.
As the orientation of the head will change between tests, sen-
sors with more or less of the scatter will also change between
tests, so that analyzing scatter for a specific sensor would not
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Fig.3 a The overhead setup of the free-field blast. b A 41-g explosive
charge suspended at a height of 0.3 m and a distance of 2.5 m away from
the manikin with the helmet not worn. This combination of charge size,
distance, and height creates a uniform Mach stem to impact the manikin

be applicable. Therefore, the analysis will be between the
angles for helmet and no helmet data. The objective of this
study was to evaluate the effects of warfighter’s orientation
when exposed to blast loads rather than loading consistency.
With this in mind, the reader should note while reading the
analysis that one repeat of each trial was performed during
this study.

The coaxial cables from the manikin were connected
to the DAS, which was placed in a protective shelter
nearby, as shown in Fig. 3a. To document the blast,
a monochrome Phantom V2012 high-speed camera [47]
recording at 100,000 frames per second (fps) was used. For
these tests, the manikin stand was rotated to allow the manikin
to experience a blast from 0-, 45-, 90-, 135-, and 180-degree
orientations, where Fig. 3b shows the 0-degree, head-on ori-
entation. A single test at each orientation was conducted for
a total of 150 waveforms analyzed. While it is known that air
blast test results can vary due to changes in the explosive size,
geometry, and density, efforts were taken to minimize vari-
ance in these factors by using 3D-printed charge molds for
uniform geometry, mass, and density for each test. Distance
was controlled by fixing the manikin stand to the concrete
blast pad with charge distance measured with a tape measure
with I-mm divisions.

2.2 Schlieren experimental design

Schlieren imaging was used to observe a shock wave moving
throughout the cavity between the helmet and head to visu-
alize part of the underwash effect. Two cross sections of a
warfighter wearing the helmet were created from a graphic
training aid on the proper wearing of the helmet for evaluation
in the 0-, 90-, and 180-degree orientations. The 2D cross sec-
tion view in Fig. 4 shows the area beneath the helmet with
no helmet pads, enabling observation of wave movement.
These cross sections were 3D-printed, Fig. 4a, placed into
a schlieren setup, shown in Fig. 4b, and exposed to shock
waves produced by NONEL DYNO lead line [48]. The cross

Point Source
of Light

\

Imaging
System

— o
. Blade At
Crossover Point

Fig. 4 3D-printed cross sections: front views at 0 and 90 degrees (a),
the side views of the same pieces (b), placed in the schlieren test setup
(c) for analysis

sections were 85 mm long to limit the shock wave wrapping
around the cross sections, with the thickness of the helmets
between 2.5 and 3 mm, and the gap between the helmet and
head being 2 to 7mm. The wave-helmet interactions were
filmed with a monochrome Phantom V2012 high-speed cam-
era at 100,000 fps. A Z-style schlieren setup was used with
two confocal mirrors set at a distance of two focal lengths
with a point light source and test area directly between them.
A blade was used at the cross-over point to emphasize the
shock front.

3 Results and analysis

3.1 Free-field blasts

Peak overpressure and impulse experienced on the head are
important factors in assessing how a shock wave causes skull
deformation and direct transmission [49]. The shock wave-
forms shown in Fig. 5 are for the 0-degree front blast with and
without the helmet. While this analysis will primarily focus
on waveforms from three sensors, waveform data from all
15 sensors can be found in the Supplementary Information.
Without the helmet, the head experiences a traditional Fried-
lander waveform, with fast rise times of less than 0.10 ms
shown in the forehead sensor (sensor 3) and vertex sensor
(sensor 6) before a slow decay of pressure (Fig. 5a). A shock
wave reflection from the shoulders moves up toward the
head resulting in the slower rise time of 0.29 ms and non-
traditional waveform on the lower back of the head (sensor
12). Although the decay rate was slower than for the fore-
head and vertex sensors, all three decays had a similar shape.

@ Springer
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Fig. 5 a The 0-degree waveform on forehead, vertex, and lower back
of the head sensors when not wearing a helmet. b The same sensors but
with the addition of the helmet

The overpressure at the vertex sensor is 25.4 kPa, close to
the designed overpressure of 27.5 kPa in the side-on orien-
tation. Overpressure at the forehead is higher at 57.2 kPa, a
70.1% difference. It should be noted that this is expected as
the location was slightly closer to the blast source in addition
to the orientation where the overpressure was caused by an
oblique wave reflection.

When a helmet is added, the predictable nature of the
waveforms is changed. The wave experienced on the ver-
tex sensor, shown in Fig. 5b, is a notable example of this
waveform change. These waveform changes include a peak
overpressure increase of 17%, rise time increase by 106%,
and duration of the wave decrease by 33%. The waveform
duration is extended at higher pressure resulting in an impulse
increase of 54% when the helmet is added. These waveform
changes have been previously described as the pressure ris-
ing in stages, rather than a fast rise time, where a shock wave
would impart a lot of its energy all at once. This difference in
rise of pressure is likely due to the diffraction and reflection of
the shock wave moving under the helmet [16], which results
in the buildup of pressure in the affected area under the hel-
met. This, in turn, creates areas of high overpressure under the
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helmet on the back of the head due to collisions imparting an
increase in overpressure and impulse on the lower back of the
head. These areas of overpressure indicate that the underwash
effect was observed. The lower back of the head sensor’s peak
overpressure increased by 68%, rise time decreased by 52%,
duration decreased by 55%, and impulse increased by 2%
when a helmet was added. In this O-degree orientation, the
head overall experienced a 26% increase in peak overpres-
sure, 74% increase in rise time, 28% decrease in positive
phase duration on the head, and a 24% increase in impulse
when a helmet was added. These important values are pre-
sented in Table 2, along with percentage difference between
values collected. The most significant percentage differences
indicate areas where the inclusion of the helmet has led to
notable changes in shock wave values and also help iden-
tify which sensor was most influenced. Despite conducting
a single test with and without the helmet for each orientation
in this study, it is essential to examine the data in Table 2
and refer to Fig. 1 in the Supplementary Information, which
illustrates a three-repeat test example without a helmet. This
comparison helps contextualize the conclusions drawn from
the study. Notably, the 0-degree data in Fig. 1 (Supplemen-
tary Information) indicate that the highest scatter between
tests would be expected on the forehead. However, the
study’s data comparing a helmet to no helmet situation in the
0-degree orientation reveal the greatest difference at the back
of the head. This suggests that the observed difference is
likely attributable to the presence of the helmet rather than
testing scatter. In future studies, additional repeats are rec-
ommended to confirm exact percentage difference. Complete
breakdowns of impulse and peak overpressure change due to
the presence of the helmet are shown in the Supplementary
Information.

One of the largest percentage differences in Table 2 is
the difference in rise time on the forehead sensor. Further
inspection of the waveforms on the forehead sensor can be
seen in Fig. 6¢c. Comparing the waveforms of the pressure
wave with and without the helmet, both initially have sharp
overpressure rises. However, as the wave reflects between the
head and the helmet, the waveformis changed, and reflections
create an area of high pressure for longer than the wave was
able to impact the forehead and reflect off. This results in the
peak overpressure occurring a short time after the initial rise
resulting in a longer rise time, shown by the large percentage
difference of 155%.

In addition, examination of the waveforms on the forehead
shows a noticeable secondary spike in the data at a similar
time with or without the helmet, as seen in Fig. 6¢. This is
most likely caused by the reflection of a wave off the shoul-
der and up toward the forehead sensor. When the helmet is
worn, the wave gets trapped under the helmet, allowing for
multiple reflections and preventing a gradual decay in over-
pressure, whereas when the helmet is not worn, there is an
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Table 2 0-degree orientation peak overpressure, rise time, positive
phase duration, and impulse values for forehead sensor (3), vertex (6),
and lower back of the head (12), presented for both helmet (H) and

without helmet (NH) scenarios, along with the percentage difference
between the two experimental values

0-degree orientation Forehead Vertex Lower back head

NH/H NH H Diff.% NH H Diff. % NH H Diff. %
Peak overpressure (kPa) 57.2 59.9 4 25.5 30.3 17 234 47.6 68
Rise time (ms) 0.01 0.08 155 0.04 0.13 105 0.3 0.2 52
Positive phase duration (ms) 1.3 1.3 6 1.9 1.3 33 2.1 1.2 55
Incident impulse (kPa-ms) 18.6 214 16 15.2 26.2 54 15.9 16.5 2

Pressure [psi]

Sensor 3 No Helmet
Sensor 3 Helmet

0.0050 0.0055 0.0060 0.0065 0.0070 0.0075
Time [s]

Fig.6 aThe high-speed footage frame at which the shock wave initially
reaches the forehead and b the frame at which the shock wave’s reflected
wave reaches forehead, 88 frames later. ¢ Comparison of the forehead
data with and without the helmet in the 0-degree orientation

overpressure rise and then gradual decay. Further analysis
of high-speed footage confirms the occurrence of the wave
reflection off the shoulders with initial impact at the forehead
sensor at 0 frame, and 88 frames later, the reflected wave is
seen moving past the forehead sensor seen in Fig. 6b. When
the helmet is worn, the inner part of the reflected wave is seen
moving into the helmet with the outer part of the wave mov-
ing past the helmet 85 frames later. The high-speed footage
captured in this study at a frame rate of 100,000 fps enabled
the observation of the shock wave impact, the initial spike,
and the reflected wave moving up into the forehead sensor,
where the secondary spike occurs approximately 0.85 ms
after the first spike as depicted in Fig. 6¢c. High-speed imag-
ing of each manikin orientation, shown in Fig. 7, allowed for
a closer understanding of the shock waveforms.

Blast pad overhead view

Fig.7 a Manikin orientation for all tests conducted, where the manikin
was rotated relatively to the blast source. The shock wave (yellow line)
approaches the following orientations: b 0-degree, ¢ 45-degree, d 90-
degree, e 135-degree, and f 180-degree

Figure 8 shows overpressure waveforms for the 45-degree
orientation for the forehead, vertex, and lower back of the
head sensors. When the user’s orientation changes from
0-degree to 45-degree, the waveform on the lower back of the
head (sensor 12) follows the Friedlander shape more closely
because the wave impacts the shoulder differently, causing
the shock wave to reach the back of the head faster (Fig. 8a).
When a helmet is added, the overpressure spike on the lower
back of the head is less pronounced. As the wave reaches the
top of the head, a higher impulse occurs due to the helmet
trapping the wave, but the peak overpressure is not as high
as that experienced during a front blast. When a helmet was
added in this orientation, the head overall experienced a 16%
increase in peak overpressure, 129% increase in rise time,
28% decrease in duration, and 14% increase in impulse.

@ Springer
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a
L —— Forehead
60 ——  Vertex
50 4 —— Lower back of the head

Pressure [kPa]

0.005 0.006 0.007 0.008 0.009
Time [s]
b
&9 —— Forehead
60 1 —— Vertex
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Fig.8 a The 45-degree waveforms on the forehead, vertex, and lower
back of the head sensors when not wearing a helmet. b The same sensors
but with the addition of the helmet

When the manikin is subjected to a 90-degree blast
(Fig. 9), the shock wave arrives at the forehead and back of
the head sensors nearly simultaneously. Shortly after that, the
shock wave moves up and impacts the top of the head (sensor
6). This can be seen by the time of arrival for the forehead
sensor and lower back head sensor happening before the top
sensor in Fig. 9a. The waveform decays on the back and front
of the head are also nearly identical. After a helmet is added,
these waveform decays are changed as the movement of the
shock wave is trapped under the helmet, causing overpres-
sure spikes. In this orientation, when a helmet was added, the
head experienced a 14% increase in peak overpressure, 45%
increase in rise time, 44% decrease in duration on the head,
and a 1% decrease in impulse. Another contributing factor
to the change in waveforms in this orientation is that more
of the head is protected from a direct impact from the shock
wave. Lastly, observations included the reflected wave from
the shoulder closest to the blast entering under the helmet
and resulting in a secondary spike, at approximately 5.5 ms,
in overpressure on the forehead (Fig. 9b). During that time,
the lower back of the head also experiences wave decay.

When the shock wave impacts the manikin during a
135-degree blast, waveform decay resembles normal Fried-
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Fig. 9 a The 90-degree waveforms of the forehead, vertex, and lower
back of the head sensors when not wearing a helmet. b The same sensors
but with the addition of the helmet

lander decay. However, the neck appears to change the impact
on the back of the head, causing an abnormal rise time on
the lower back of the head (Fig. 10a). On the forehead sensor
(Fig. 10a), a reflection off the shoulder results in a secondary
spike in overpressure. The angle of the shock wave approach
and the helmet appear to change the impact of the shock wave
to the top of the head, with the secondary spike seen. In this
orientation, when a helmet was added, the head overall expe-
rienced a 30% increase in peak overpressure, 6% increase in
rise time, 23% decrease in duration on the head, and 7%
increase in impulse.

During a 180-degree blast, the back of the head receives
a large overpressure increase, but the front does not receive
as large of an increase, staying below 27.5 kPa. The addition
of the helmet changes this dynamic along with the wave-
form change shown in Fig. 11b. The rise to peak pressure
on the lower back of the head (sensor 12) is abnormal but
then decays normally, possibly due to the angled neck of the
manikin. This angled neck changes the angle of incidence at
which the shock wave impacts the back of the head, affecting
the amount of force delivered to the head upon impact. In this
orientation, when a helmet was added, the head overall expe-
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Fig.10 a The 135-degree waveforms of the forehead, vertex, and lower
back of the head sensors when not wearing a helmet. b The same sensors
but with the addition of the helmet

rienced a 51% increase in peak overpressure, 28% increase
in rise time, 5% increase in duration on the head, and 10%
increase in impulse.

While wearing a helmet, the user experiences the high-
est average peak overpressure of 56.7 kPa on the head
in the 180-degree orientation and the highest impulse of
20.8 kPa-ms when in the 0-degree orientation. However, the
90-degree orientation had the lowest average impulse of 16.4
kPa-ms and the second lowest average peak overpressure of
42.6 kPa. The 45-degree orientation had the lowest over-
all peak overpressure of 40.4 kPa, but the second highest
impulse of 19.2 kPa-ms. These data are shown in Table 3
and were determined by averaging peak overpressure for
sensors on the forehead, vertex, back the head, and both
sides of the head (sensors 3, 6, 12, 14, and 15). These
sensors were selected to present overall peak overpressure
data from each side of the head. Earlier shock wave flow
comparisons focused solely on sensors 3, 6, and 12 for clar-
ity in figures. Compared to the 0-degree orientation while
wearing a helmet, the 90-degree orientation resulted in the
biggest reduction in overall peak overpressure of 8%, while
the 180-degree orientation led to an increase by 29%. For
impulse, the greatest reduction of 21% was seen in the
90-degree orientation, and the O-degree orientation had the

] a
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60 4 ——  Vertex
50 4 —— Lower back of the head

Pressure [kPa]
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Fig.11 a The 180-degree waveforms of the forehead, vertex, and lower
back of the head sensors when not wearing a helmet. b The same sensors
but with the addition of the helmet

highest overall impulse of any orientation. In both cases of
0-degree and 180-degree orientations, the torso was parallel
to the blast, which allowed the shock wave to reflect off the
shoulders, part of the upper chest, and upper back into the
helmet. For the 90-degree, only one shoulder faced the blast,
thus reducing the surfaces for the wave to reflect off.

Table 3 indicates that the 0- and 180-degree orientations
could result in higher injury compared to the other ori-
entations tested based on the increased peak overpressure
and impulse. This consolidation of values when the hel-
met is worn in Table 3 would mimic a battlefield scenario
where a helmet must be worn. There are shock tube, free-
field, and computational model studies in published literature
supporting the notion that the 0-degree orientation is the
most dangerous orientation in which the underwash effect
under the helmet was observed [16, 23, 28]. Alternatively,
a computational model study suggested that the 180-degree
orientation could be the worst [35]. The results collected here
are not in agreement with another study which observed that
the highest overpressures were experienced in the 45-degree
orientation [15]. In addition, the same study observed that
the peak pressure is reduced the greatest in rear-facing trials
with the rear of the head sensor [15]. The precise influence
of orientation toward a blast is still under debate, but the
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Table 3 Overall peak
overpressures and impulses of

each orientation when wearing a
helmet

Table 4 Time duration for the
blast wave to travel through and

over the helmet recorded by
high speed imaging

Orientation (degrees) 0 45 90 135 180
Overall peak overpressure (kPa) 44.1 40.4 42.6 46.8 56.7
Overall impulse (kPa-ms) 20.8 19.2 16.4 17.8 18.3
Orientation (degrees) 0 45 90 135 180
Time to travel under the helmet (ms) 0.61 0.58 0.73 0.75 0.64
Time to travel over the helmet (ms) 0.66 0.58 0.67 0.67 0.65

Fig. 12 Images (a) through (h): slow motion footage of shock wave progression over and under the helmet for a cross section of a warfighter
wearing a helmet. Images start at the frame before interaction with the cross section (frame 0)

directionality toward the blast has been shown to make a sig-
nificant difference, and the use of the helmet alters the shock
loading on the head.

Shock wave flow was examined in each orientation using
high-speed footage. The shock wave quickly impacted the
head and exited out of the back of the helmet, creating an
observable ejection. This allowed the duration of the wave’s
movement under the helmet to be measured. For O-degree
and 180-degree orientations, the wave took slightly longer to
travel over the helmet than through it. Turning the manikin
resulted in the wave traveling faster over the helmet, as seen
from the data for the 90- and 135-degree orientations. The
time to travel through the helmet is compared to the time to
travel over the helmet in Table 4.

3.2 Schlieren imagery
Varying densities in gases caused by differences in tem-

perature or high-speed flow create disturbances that refract
light, and these disturbances can be visualized because of this
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refracted light [50]. Shock waves can induce these gas distur-
bances, enabling visualization of their propagation through
such methods as shadowgraphy or schlieren. Here schlieren
imaging helped see cross sections of shock wave flow under
the helmet, an aspect of the underwash effect. In a 0-degree,
front blast, the front of the head would receive head-on over-
pressure from the direct impact of the shock wave and cause
reflections between the forehead and the helmet, as shown
in Fig. 12a, b. However, the rest of the head would expe-
rience the overpressure caused by one or more obliquely
reflected waves. The chin area may also be subjected to
the overpressure associated with the Mach stem that is seen
forming in Fig. 12c, along with smaller reflected waves trail-
ing behind. After the wave has finished traveling over the
head, this blast wave ejects out of the helmet cavity shown in
Fig. 12h and observed in the free-field tests. Results from the
free-field blasts showed how low-pressure waveforms could
change as orientation changes with and without the helmet.
These results can be combined with schlieren imaging to
help explain why wave—helmet interactions resulted in non-
traditional waveforms.
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Fig. 13 a 90-degree schlieren interaction compared to the waveform
of 90-degree free-field blast (b), from sensors 6, 14, and 15. Sensor
numbers were placed over the image of the schlieren to show positions
of where the sensors would be on the manikin used in free-field tests.
Sensor 15 is the sensor closest to the free-field blast

During a 90-degree blast, the shock wave propagated
under the helmet from the side of the head sensor closest
to the blast (sensor 15) to the vertex of the head (sensor 6,
top of the head) and then to the sensor on other side of the
head (sensor 14). The free-field blast data for the left, vertex,
and right side of the head are shown in Fig. 13b. A visual
representation of the schlieren data can be seen in Fig. 13a.
The shock waves are shown to reflect between the side of the
head and helmet, causing the time the shock wave is trav-
elling through the helmet cavity to increase. This change in
wave progression throughout the helmet led to high overpres-
sures being maintained on the side of the head closest to the
blast. This change in waveform indicates that the geometry
of the helmet is an important design element, and surfaces
under the helmet can cause continuous reflections in a spe-
cific area. When testing a helmet with the face protection of
a mandible, Mott et al. noted the role geometry played when
a shock wave was confined under the helmet at a particular
area. In that case, a shock wave reflection off the shoulder
propagated into the helmet cavity was trapped between the
mandible and the face and created an area of high overpres-
sure [27]. A solution is to allow the shock wave to escape
quickly once inside the helmet to prevent areas of high over-
pressure, or another approach could be used to develop a
method to dissipate the shock wave energy under the helmet.

A comparison of the data from the 180-degree free-field
blast while the helmet was worn, to the schlieren experiment
of the same angle is shown in Fig. 14b. The frame in Fig. 14a
shows an area in which the shock wave is momentarily con-
fined while repeatedly reflecting between the helmet and the
head. This area is formed due to the downward geometry of
the back of the head and the back of the helmet, preventing
the wave from progressing away from the head. This area
slows down the movement of the shock wave traveling under
the helmet which increases overpressure by 10% compared
to how the blast wave travels over the head during a O-degree
front blast. Wave propagation time on the back of the head
is 11% longer due the presence of the helmet. The stem that
forms as the shock waves interact and move under the helmet

—— Forehead
—— Vertex
— Lower back of the head

0.005 0.006 0.007 0.008 0.009
Time [s]

Fig. 14 a 180-degree schlieren interaction compared to the waveform
of 180-degree free-field blast (b), from the forehead, vertex, and lower
back of the head sensors. Sensor numbers were placed over the image
of the schlieren to show positions of where the sensors would be on the
manikin used in free-field tests

creates an area of high overpressure at the forehead sensor;
however, that area of high overpressure has a short dura-
tion with the presence of the helmet, resulting in an increase
in duration of only 5%. Allowing the helmet designers to
understand which geometric features of a helmet shape aid
in the propagation of a blast wave as the wave progresses
is paramount for future helmet designs. From this analysis,
curving the back of the helmet to allow the wave to reflect
away from the head or allow the shock wave to quickly prop-
agate outward would improve blast wave exposure times and
levels. That being said, other methods could be developed to
reduce the shock wave energy while it is under the helmet.

In this experiment, helmet pads were used in the free-field
testing but were not represented in the 2D schlieren testing.
The simplification of removing the pads in 2D schlieren test-
ing allowed the shock wave motion through the helmet cavity
to be easily visualized. Adding the helmet pads would have
prevented observation of this motion in a 2D setting, but in
contrast, in a 3D setting, the helmet pads do not entirely sur-
round the head, with gaps between them. These gaps still
allow shock wave motion, just not along a simple 2D path,
as shown in schlieren tests. Further, pad—helmet—head shock
reflections resulted in increasing the pressure of the air in
that area. These increased pressures were seen in the free-
field experiments conducted.

4 Conclusions

In this study, free-field and schlieren imagery tests from mul-
tiple orientations were conducted and compared for scenarios
where a helmet was and was not worn. The underwash effect,
in which high overpressure regions are created due to colli-
sions under a helmet, was observed. From these combinations
of tests, the lessons learned are: (1) With the addition of the
helmet, the shock wave waveform is changed due to multiple
reflections between the head and the helmet; recording sim-
ply the peak overpressure does not give the full story of how
the waves affect the head. (2) When a helmet is worn, ori-
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entation allows different parts of the head to be exposed and
reflections off the shoulders to enter underneath, increasing
the shock loading on the head. (3) Orientation stance affects
the overall overpressure and impulse imparted on the head.
It is recommended that future investigations include a torso
in the test design due to the impact it has on the waveform
profiles.

0-degree and 180-degree were the orientations in which
the highest overall overpressures and impulses were expe-
rienced due to the addition of a helmet. Compared to the
0-degree, while wearing a helmet, the 180-degree increased
peak overpressure by 29%. This is in part due to the reflec-
tions off the shoulders and into the helmet, causing additional
collisions under the helmet. Wearing a helmet in the 90-
degree and 45-degree orientations had the lowest overall
overpressure, but the 90-degree one had an overall slight
decrease in impulse. Compared to the 0-degree orientation
while wearing a helmet, the 90-degree orientation resulted in
the biggest reduction in overall peak overpressure of 8% com-
pared to not wearing a helmet, and for impulse, the greatest
reduction of 21%. The 90-degree and 45-degree orientations
were not perpendicular to the blast, reducing reflections off
the shoulders entering underneath the helmet. Both direc-
tions shielded a substantial amount of the head from a direct
impact from the initial shock wave.

Those designing helmets may consider ways to shape the
propagation of shock waves by understanding waves’ propa-
gation and reflections under and around the helmet to prevent
increases in peak overpressure and impulse that would result
in more skull flexure. Research into impedance mismatch
of the materials and shock loading reduction used in helmet
design is warranted and could reduce the effects discussed in
this manuscript.

Supplementary Information  The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00193-024-01167-
4.
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