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OVERVIEW OF HUMAN MODELS FOR ASSESSING INJURY RISK
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Figure 7. Incident shock wave approaching the HSTM during a blast test (left); upon reaching the torso surrogate, instrumentation in
the lungs captures the internal overpressure response for three tests of varying charge weights (right).

BEHIND-ARMOR BLUNT TRAUMA

Nonpenetrating events may occur when either the
projectile itself is a “nonpenetrating” (less-lethal) muni-
tion or the armor system succeeds in defeating the bal-
listic round during impact. Body armor is an essential
component of personnel protection, mitigating the risk of
penetrating ballistic injuries. With more than 5000 U.S.
troops wounded or killed by gunshots in Operation Iragi
Freedom and Operation Enduring Freedom and thou-
sands more casualties sustained as a result of fragmenta-
tion caused by explosions,!? armor systems have played a
critical role in saving lives. During ballistic impact, soft
and hard body armor dissipates impact energy to protect
against penetrating injury. Despite the armor’s protective
attributes, however, the possibility exists for nonpen-
etrating injury resulting from blunt impact behind the
armor, termed “behind-armor blunt trauma.”?0-2

For nonpenetrating ballistic impacts to the torso,
the tissue injury mechanisms have been differentiated

©)

between high-frequency injuries due to wave propaga-
tion and lower-frequency, displacement-related tissue
damage.?? Ballistic impacts to a helmeted head can result
in transient back-face deformation and subsequent blunt
impact to the cranium. This impact can lead to skull
fracture, traumatic brain injury, or both.24-%7 As a result,
there is a critical need to understand the injury impli-
cations of behind-armor blunt trauma and to develop
techniques to determine the efficacy of armor protecting
against such injuries.

Behind-Helmet Blunt Trauma

The conditions of the threat impact and the prop-
erties of the helmet system influence the magnitude of
forces transferred to the skull as well as the shape of the
helmet back-face deformation. Subsequently, the magni-
tude of transferred force and the spatial distribution of
this force on the skull influence the risk of fracture. A
series of experiments was performed to investigate the

Figure 8. (a) Ballistic Load Sensing Headform including load cell array and pivoting base (courtesy of Biokinetics) and (b) behind-helmet

blunt trauma ballistics.
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forces transferred from the helmet to the head; these
experiments utilized the Ballistic Load Sensing Head-
form (Biokinetics) (Fig. 8). The influence of threat con-
dition, location of the impact, and configuration of the
helmet suspension pad on loads and impulses transferred
to the head was examined.?®

An experimental lightweight helmet system was eval-
uated during this test series. Two threat conditions were
investigated, including the 9-mm full-metal jacket (FM])
at 427 m/s and the 4-g right circular cylinder (RCC) at
457 m/s. The loads transferred to the skull were mea-
sured with a seven-load cell array as part of the Ballistic
Load Sensing Headform. Figure 9 shows characteristic
force response data, filtered using a digital low-pass filter
with a 4.5-kHz cutoff frequency as recommended by
the headform manufacturer, for a frontal helmet loca-
tion. The force measured from each individual load cell
as well as the total (summed) force for all load cells are
provided (Fig. 9).

Impacts on the front of the helmet and over a helmet
pad resulted in the highest measured loads for all con-
figurations. For this test condition, the mean peak force
for the 9-mm threat (10,103 N) was twice that of the
4-g RCC threats (4892 N). Impact over a pad resulted

in a 30% increase in load for 9-mm FM] impacts and a

Time (ms)
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70% increase for the 4-g RCC impacts. Although the
summed load increased with the pad, the presence of the
pad also modified the force distribution profile on the
headform. It was found that the pad reduced force con-
centration and resulted in a more spatially distributed
loading profile. These results have potentially significant
implications because both peak force and the distribu-
tion of that force are loading parameters influencing the
risk of skull fracture.

TRANSPORTATION ACCIDENTS

Transportation accidents, including vehicular and
aircraft accidents, are the leading cause of nonhostile
deaths and injuries for the U.S. military in theater.!?
The civilian automotive safety community is largely
responsible for the current state of the art regarding
injury criteria, human surrogates, and the development
of effective strategies to mitigate injury due to vehicular
accidents. However, in impact scenarios involving rotary
wing vehicles or under-vehicle body blast loads, a sig-
nificant vertical loading component is imparted to the
occupant. This vertical loading component is absent in
the majority of civilian automotive test evaluations and
requires separate consideration. Comparatively limited

26 28 3.0 32 34 36 38 4.0 42 44 4c¢
Time (ms)

26 28 30 32 34 36 38 4.0 42 44 4c¢
Time (ms)

Figure 9. Typical force versus time traces for (@) 9-mm FMJ off-pad, (b) 9-mm FMJ on-pad, (c) 4-g RCC off-pad, and (d) 4-g RCC on-pad

frontal impacts.

292

JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 31, NUMBER 4 (2013)



research has been performed in understanding injury
at the local (tissue) level caused by vertical impact and
in developing surrogate systems that can measure this
response. The robust experimental tools developed pre-
viously, including Hybrid II/IIl ATDs and the global
injury criteria that accompany them, have been devel-
oped predominantly for automotive impact scenarios
focusing on front to back loading. Although recent
advances in aircraft crashworthiness have enabled occu-
pants to survive increasing impact velocities, further
improvements to injury mitigation require additional
knowledge regarding injury risk and complementary
tools developed specifically for measuring risk relevant
to the vertical loading scenario.

Investigating Thoracic Injuries due to Vertical Loading

Head, neck, lumbar spine, and pelvis injuries are quite
common in aviation accidents.?? Additionally, analysis
of injury data trends indicates that soft-tissue injuries,
including injury to the heart, aorta, and other thoraco-
abdominal organ injuries, are frequently observed in
aviation fatalities, but their contribution to mortality is
unknown.? To better understand the human response
and potential injury risk to thoracoabdominal soft tis-
sues during vertical loading, APL teamed with NASA
Langley Research Center to investigate the response
of the HSTM during helicopter crash conditions. The
HSTM, as described previously, is a custom-developed
human surrogate system complete with hard and soft tis-
sues representing the anatomy of a human torso. The
effort to evaluate the HSTM was conducted in two
phases with the following primary goals: (i) to perform
the first-ever investigations of the HSTM in full-scale
crash tests for both mild and severe crash scenarios,
involving large vertical components and (i) to re-create
the impact decelerations using a laboratory crash sled in
order to perform detailed parametric evaluations. The
data gathered during these evaluations will be used to
gain insight into tissue-level injury risk and to validate
computational human models with the ultimate goal of
improving crew protection.

Full-scale helicopter impact tests (Fig. 10) were con-
ducted to best simulate real-world crash conditions and
to establish vehicle deceleration profiles for laboratory
re-creation. The Hybrid II ATD and HSTM were evalu-
ated in two helicopter crash tests simulating both mild
and severe crash conditions. Both surrogate systems
were positioned in the rear seat locations of an MD-500
helicopter and belted using three-point restraint sys-
tems standard to this vehicle. Data for the HSTM and
Hybrid II human surrogate were compared to determine
potential response differences for common measure-
ments (e.g., pelvis and sternum acceleration), and the
data unique to the HSTM (e.g., internal organ pressure)
were further examined to reveal organ-level responses
generated as a result of the crash.

OVERVIEW OF HUMAN MODELS FOR ASSESSING INJURY RISK

Figure 10. Pre-test MD-500 helicopter with installed deployable
energy absorber developed by NASA (inset) and laboratory simu-
lation of the helicopter impact deceleration condition, post test.

The mild crash condition, controlled by a NASA-
developed deployable energy absorber that limited
impact loads, produced pelvis accelerations that were
approximately 30% of those seen in the severe crash
condition (12 g in the mild crash versus 40 g in the
severe crash). The profile of the pelvis deceleration was
very similar for both the HSTM and Hybrid II, indicat-
ing the same loading to both human surrogates. The
acceleration-based injury criteria calculated for these
tests, including the Dynamic Response Index, indicated
no risk of serious injury for the mild crash condition
but an approximately 50% risk of severe injury for the
severe crash condition. The data on HSTM pressure also
revealed significantly different responses in the two sce-
narios. The pressure in the heart increased by more than
700%, while the liver response increased by less than
200% from the mild to severe crash condition (Fig. 11).
The analysis also showed that the response trends for
the various organs were strongly influenced by the loca-
tion of shoulder-belt loading on the HSTM. In addition,
the accelerometers mounted on the spine indicated that
the chest cavity depth increased as a result of the large
vertical compression induced on the torso as a result of
the vertical impact. This deformation due to vertical
loading is not experienced by the Hybrid II mannequin
because of its rigid thoracic skeleton.

This effort evaluated the response of a new, more
biofidelic human surrogate and compared its response
with that of a commonly used legacy surrogate to pre-
dict human injury in helicopter crash conditions. Use
of the HSTM allowed the collection of global response
data, such as pelvis acceleration, as well as organ-level
response insight, such as embedded pressure sensor data,
that are not possible to obtain using legacy surrogate
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Figure 11. Deceleration response of the HSTM and corresponding Hybrid Il (ATD) for the mild crash condition (left) and peak pressure

response of the HSTM for the mild and severe crash scenarios (right).

systems. These data will ultimately be used to validate
the tissue-level response of an anatomically identical
Human Torso Finite Element Model. Once validated,
this new system may be used to assist in establishing
organ-specific injury criteria and to help refine injury
mitigation strategies for crew protection.

CONCLUSION

The extreme physical loading environments expe-
rienced by the warfighter put them at heightened risk
of serious injury. In an effort to develop effective per-
sonal protection strategies, it is critical to understand
the nature of the physical insult and the mechanisms
by which the body is injured. APL has developed novel
human models, both computational and experimental,
to determine the nature of the human body and tissue’s
response to blast, ballistic, and crash scenarios. These
models have undergone initial evaluation in live-fire and
full-scale testing to demonstrate their capabilities. After
thorough validation, these novel human surrogates will
become critical tools in the investigation and develop-
ment of PPE and vehicle safety systems to reduce the risk
of human injury.
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