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Abstract. Behind armour blunt trauma (BABT) occurs from backface deformations of the body armour. Different
armour designs induce different backface deformation profiles. Different profiles may induce different injuries to
the thoracoabdominal complex at the same impact level. It is ideal to expose armour-covered surrogates (human
cadavers) and record backface deformation profiles using high-speed radiography; however, such studies are limited.
This research is about the development of injury criteria from different backface deformation profiles. The design
of the first indenter was based on BFDs from an earlier human cadaver study that included a hardbody armour, with
data obtained from flash x-rays. The second indenter was designed with a different expected backface deformation
profile. While the first indenter was spherical, the second indenter was conical and covered approximately one-third
of the indenter-surrogate thorax surface contact area covered by the first indenter. Live swine tests were conducted
with both indenters. Transducers were inserted into the lungs and heart. After administering anesthesia, impacts were
delivered to the left lung at 30 to 90 m/s, swine were monitored for six hours, vitals were obtained, animals were
euthanized, and autopsies were conducted. One former military surgeon and another civilian trauma surgeon scored
injuries into mild, moderate, and severe categories. The spherical indenter induced uniform loading to the thorax.
The conical indenter induced focal loading to the thorax. Survival analysis was used to develop viscous criterion
injury risk curves for both indenter designs and for all grades of injuries. Mean and 95% confidence interval bounds
are given in the body of the paper. Their quality indices are presented. The main conclusion of the study is that
generalized injury criteria can be developed for improved body armour design, and they can be used to enhance
medical readiness of our Warfighters.

1. INTRODUCTION
1.1 Literature goat data and multiparameter injury risk curves

The current BABT criterion of 44 mm deformation depth in Roma Plastilina No. 1 clay for body armour
evaluations is based on the following considerations [1-5]. Experiments were conducted in the 1970s at
the United States government and other research facilities Edgewood Arsenal Laboratory, Law
Enforcement Assistance Agency, Land Warfare Laboratory, Lovelace Foundation, and Calspan
Corporation. Seventy-four goat tests were conducted in three groups. Thirty animals in the first group
were impacted at varying velocities at the thorax region using noncompliant projectiles of different mass,
diameter, and weight. Surviving animals were euthanized after a 24-hour survival period. Using
projectile physical properties, impact velocity and animal mass and thickness at the impact site,
multiparameter models were explored to differentiate between lethal and non-lethal outcomes. Sixteen
animals in the second group were tested under similar impacting conditions to validate the optimum
model from the first group. Twenty-eight tests were added to this group to further validate the model.

Gelatin and different types of clay and foam were used as simulants to determine the optimum surrogate
for standardization tests. Initial tests were done with a 20% gelatin block placed behind a soft body armor
and high-tenacity nylon. The test was captured using a high-speed film from which the transient peak
deflections were estimated. Clay experiments did not use the film camera because of opacity. Deflections
from the simulant tests were compared with additional goat experiments that used the same soft body
armour and projectiles. Mean peak deflections and areas of penetration were presented for different
projectiles and velocities for simulant experiments. The deflections in the Roma Plastilina No.1 clay (85
mm) and 20% gelatin were (91 mm) were greater than the goat deflection (82 mm). Because of
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complexities in recording deflections and elastic properties of the gelatin, and the closeness of the Roma
Plastilina No. 1 clay deflection to the goat, clay was suggested as a simulant for BABT evaluations. Goat
deflection-based injury risk curves obtained from film analysis were assumed to represent clay risk
curves. Figure 1 shows the mean deflection-based injury risk curve along with 95% confidence interval
bounds [6]. A deflection value of 44 mm is associated with ten percent lethality risk.

1.2 Rationale for regional injury criteria

The deflection of 44 mm was suggested as a preliminary criterion by the original authors of the study. It
still serves as the lethality-based legacy BABT injury criterion to assess the performance of personal
protective equipment, i.e., body armour. The original authors emphasized that additional experiments
should be conducted to improve the criterion; however, only recently, advances are being made to
improve the criterion [2, 6]. The material composition, anatomy and geometry of the structures covered
by the body armour (rib cage, lungs, liver, heart, spine, etc.) are different. Their physiological functions
also vary. Taken together, these factors play a role in the biomechanical responses, and injury
mechanisms of the musculoskeletal structures and thoraco-abdominal organs to BABT. It should be
noted that standardized tests in the automotive field use different limits and metrics for thoracoabdominal
injury criteria specifications [7-9]. The heterogeneity of the human system should be considered in any
injury criteria aimed at injury prevention and mitigation. In other words, it is important to develop injury
risk curves on a regional basis. This is an overall objective of the research project.
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Figure 1: Deflection-based injury risk curves. Shaded areas show 95% confidence interval
bounds. See text for details.

1.3 Objectives of the study

Specifically, the present study is focused on the lung region. The objectives were to develop physiologic
Weibull distribution injury risk curves using the viscous criterion and survival analysis for statistical
modeling for different severities of injuries from two indenter profiles using a swine model.

2. METHODS

2.1 Animal testing and instrumentation

Local institutional approval was obtained from the institutional animal care and use committee, and the
same protocol was submitted to obtain approval from the United States Department of Defense, Army
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Care and Use Review Office. Live swine were obtained from a local vendor and kept in the veterinary
unit for at least 48 hours before preparation that included instrumentation and impact loading to the lung
region. Trachea tubes and an intravenous line were inserted before anesthetizing the swine. Telazol and
Xylazine were administered. Pressure transducers were placed in the lungs (Millar Houston, TX, USA).
Another transducer was inserted into the right atrium by making an incision in the neck to isolate the
jugular vein. The vessel was clamped, and a small incision was made to insert the transducer.
Radiographs were taken to ensure placement of the transducers before the impact test. Isoflurane
ventilation was used for continuous anesthesia delivery, and the protocol included maintaining the animal
for six hours after impact loading. Temperature, pulse rate, heart rate, respiratory rate, blood pressure,
peripheral capillary oxygen saturation, and electrocardiogram signals were recorded. The trauma
surgeons of the study identified injuries to the skeletal and soft tissues including the lung organ. Figure
2 shows the schematic of the swine with pressure transducers and launching system with the indenter
outside the launch tube.
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Figure 2: Schematic of the test setup for BABT impact. Launch tube and transducers are shown.
Also shown are the two indenters, labelled spherical and conical.

2.2 Impact loading

The impact loading was accomplished using custom impactors (also termed as indenter) with a mass of
~230 g. Two indenters were used. The impact surface of the first indenter was based on previously
documented hard body armour backface deformations from human cadaver tests [10]. The first indenter
had a spherical shape. The second indenter was conical, and its impact surface area was approximately
one-third of the first indenter. The angle of the cone was 57 degrees. The mass of the first and second
indenters were ~230g and ~260g. Both indenters were printed with durable resin. A gas-driven launching
system capable of producing a range of backface deformation velocities propelled the indenter to impact
the lung region around the fourth and fifth intercostal spaces. A high-speed video camera was used to
capture the impact loading in a plane parallel to the longitudinal axis of travel of the indenter, and video
images were obtained at a rate of 10,000 f/s. Three parallel circumferential lines were drawn on the
outside surface of the indenter to be visible for video imaging. The lines were tracked digitally to
determine off-axis motion of the indenter before and after BABT impact loading. A triaxial accelerometer
(Endevco, Depew, NY, USA) was mounted to the indenter. A digital data acquisition system (DTS Inc.,
Seal Beach, CA, USA) was used to gather data at >100 kHz and filtering was done at 2 kHz.

2.3 Development of injury risk curves

Injuries were graded as mild, moderate, or severe by the trauma surgeon authors. Peak magnitudes of the
viscous criterion obtained using acceleration signals from the indenter were used to develop injury risk
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curves using parametric survival analysis and Weibull distribution. Non-injury and injury data were
assigned as right and uncensored variables. The confidence interval size was calculated as the width of
the injury risk curve between plus and minus 95% confidence intervals. Normalised confidence interval
size was calculated using the following equation at 10%, 25%, 50%, 75% and 90% levels of injury
probabilities. The quality index was based on the following criteria:
Normalised confidence interval size = —ULI’;;LL” (1)
1

Where p represents the probability of injury, VC, is the mean or estimated value of the viscous criterion,
and UL, and LL, represent the upper and lower limits of the 95% confidence intervals of the viscous
criterion. A normalized confidence interval size value less than 0.5 was considered good, a value between
0.5 and 1 was considered fair, a value from 1 to 1.5 was considered marginal, and a value greater than
1.5 was considered unacceptable. This was according to established norm in biomechanical studies [11].
Viscous criterion injury risk curves are presented for both indenters and mild, moderate and severe
injuries. The rationale for selecting this metric is provided in the discussion section.

3. RESULTS
3.1 Sample size and injuries

Forty-six live swine were used in the study. The sample size included four control animals, i.e., they
were not subjected to any BABT impact loading to the lung region. No injuries were found at autopsy in
control animals. Thus, any injuries from the impact-tested live animals were attributed to the blunt
mechanical loading to the thorax. All impact-tested animals survived the six-hour period, i.e., there were
no lethal outcomes, and this was true for both indenter impacts. Rib fractures and/or injuries to the lung
in the form of contusions and lacerations were identified. There were six animals with no, 14 animals
with mild, 10 with animals moderate, and 12 animals with severe injuries.

3.2 Injury risk curves from the spherical indenter series of tests

At 10%, 25% and 50% risk levels, the magnitudes of the viscous criterion for mild injuries were 1.65
m/s, 2.52 m/s, and 3.66 m/s, respectively. The quality indices ranged from good to fair to acceptable for
all three types of injuries. Other data including 95% upper and lower confidence intervals are given in
Table 1. Figure 3 shows injury risk curves from this series of tests.
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Figure 3: Lung injury risk curves from the spherical indenter. Left to right curves represent mild
(green), moderate (blue) and severe (red) injuries.
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Table 1: Summary of viscous criterion (m/s) values a from the spherical indenter for mild,
moderate and severe injuries.

Risk | Mean value Conﬁdencbe interval upper Confidence interval Quality index
ound lower bound
Mild injury
5% 1.21 1.87 0.56 Acceptable
10% 1.65 2.37 0.92 Fair
25% 2.52 3.30 1.74 Fair
50% 3.66 4.45 2.85 Good
Moderate injury
5% 2.34 3.18 1.50 Fair
10% 2.81 3.64 1.99 Fair
25% 3.64 4.40 2.88 Good
50% 4.55 5.25 3.86 Good
Severe injur;
5% 4.00 5.04 2.95 Fair
10% 4.42 5.36 3.48 Good
25% 5.08 5.86 4.30 Good
50% 5.74 6.42 5.07 Good
33 Injury risk curves from the conical indenter series of tests

At 10%, 25% and 50% risk levels, the magnitudes of the viscous criterion for mild injuries were 2.58
m/s, 3.97 m/s, and 5.67 m/s, respectively. The quality indices ranged from good to fair to acceptable for
all three types of injuries. Other data including 95% upper and lower confidence intervals are given in
Table 2. Figure 4 shows a comparison of the mean injury risk curves from this series of tests.
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Figure 4: Lung injury risk curves from the conical indenter. Left to right curves represent mild

(green), moderate (blue) and severe (red) injuries.
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Table 2: Summary of viscous criterion (m/s) values from the conical indenter for mild, moderate,
and severe lung injuries from survival analysis.

Risk | Mean value Confidence interval upper Confidence interval Quality index
bound lower bound
Mild injury
5% 1.90 2.92 0.88 Acceptable
10% 2.58 3.73 1.44 Fair
25% 3.97 5.25 2.69 Fair
50% 5.78 7.16 4.40 Good
Moderate injury

5% 3.90 5.63 2.17 Fair
10% 4.82 6.59 3.04 Fair
25% 6.46 8.24 4.69 Fair
50% 8.36 10.18 6.54 Good

Severe injur
5% 4.71 6.75 2.66 Fair
10% 5.67 7.72 3.62 Fair
25% 7.36 9.35 5.36 Fair
50% 9.24 11.26 7.22 Good

34 Injury risk curves from both indenters

At 10%, 25% and 50% risk levels, the magnitudes of the viscous criterion for mild injuries were 1.90
m/s, 2.96 m/s, and 4.56 m/s, respectively. The quality indices ranged from good to fair to acceptable for
all three types of injuries. Other data including 95% upper and lower confidence intervals are shown in
Table 3. Figure 5 shows a comparison of the mean injury risk curves from this series of tests.

Table 3: Summary of viscous criterion (m/s) values from both indenters for mild, moderate, and
severe lung injuries from survival analysis.

. Confidence interval upper Confidence interval -
Risk | Mean value bound PP lower bound Quality index
Mild injury
5% 1.27 1.81 0.73 Fair
10% 1.90 2.54 1.25 Fair
25% 2.96 3.71 2.21 Fair
50% 4.56 5.40 3.71 Good
Moderate injury
5% 2.25 3.07 1.43 Fair
10% 3.08 3.97 2.18 Fair
25% 4.35 5.31 3.39 Good
50% 6.09 7.14 5.04 Good
Severe inju
5% 3.61 4.81 2.4 Fair
10% 4.60 5.84 3.36 Good
25% 6.02 7.29 4.75 Good
50% 7.82 9.18 6.46 Good
4. DISCUSSION
4.1 Rationale for the choice of thoracoabdominal organ

As stated in the introductory text, the objectives of the study were to develop injury risk curves on a
regional basis to improve or enhance medical injury criteria (EMIC) for Warfighter protection and
medical readiness and assist in improved body armour designs. The lung region was selected in the
present study because of its vitality to the human system and bilateral symmetry. Lungs cover a large
anatomical portion of the anterior torso in the human. Any injury criteria developed for the right lung is
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equally applicable to the left lung (physiological functions and injury tolerances do not differ from a
biomechanical perspective). As an organ with air as primary occupier, its mechanisms of injury and
tolerance are expected to be different from other organs that are also housed in the anterior thorax, i.e.,
heart and liver. Similar tests are necessary to develop injury risk curves for other organs, and the authors
of this consortium are pursuing such efforts.
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Figure 5: Comparison of lung injury risk curves from both indenter tests. Left to right curves
represent mild (green), moderate (blue) and severe (red) injuries. Data are

4.2 Survival analysis and Weibull distribution

Parametric survival analysis was used to develop injury probability curves in this study. This type of
analysis is becoming more popular for automotive, aviation, and military applications to define human
tolerances for different body regions [12-16]. Recommendations from the International Standard
Organization and earlier automotive dummy-based studies was one of the primers for the change from
conventional binary regression to survival regression models [11]. The improvement in the previously
recommended methodology are given elsewhere [17]. As stated in the objectives, the Weibull
distribution was used as it is commonly used in impact biomechanics to develop injury risk curves;
however, additional analysis can be done in the future to determine the optimal distribution. Standard
textbooks provide details such as equations and the underlying theory of the Weibull function. Statistical
metrics such as the Akaike information criterion, or its modifications thereof, can be used, and this is
considered as a future study [18]. The use of the quality index via the normalized confidence interval
size at discrete probabilities of injury is also commonly used in impact biomechanics [11]. The adjectival
rating was based on the accepted. From these considerations, the present set of risk curves serve as initial
injury criteria for lungs for BABT.

4.3 Justification for the viscous criterion

The legacy metric for standardized tests is based on a single peak residual deflection in the Roma
Plastilina No.1 clay. This is based on the goat thorax deflection from thorax tests. Previous studies have
shown that peak force best correlates for musculoskeletal system injuries such as compression fractures
of spinal vertebrae [19]. The viscous criterion is shown to be a better predictor for organ injuries under
impact loading [20-22]. It represents the energy dissipated by soft tissue deformation and is considered
an underlying soft tissue/organ injury mechanism. The criterion includes the response of the torso unlike
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a priori/external input metrics such as energy. Hence, the viscous criterion was used. Additional metrics
such as force, impulse, energy density, and loading rate can also be used to develop risk curves and
evaluate their correlatability to BABT injuries. They are future topics.

4.4 Rationale for the impacting system and injury risk curves from both indenter designs

The present study used an instrumented indenter to apply the BABT loads to the unprotected specimen,
not live rounds being defeated by armour protecting the specimen. This is because, using any actual body
armour will limit results to that armour design, i.e., results will not be generalizable. A recent study
reported the following: “while a strength of the current study was the use of a single body armour
(emphasis added) helmet type for all ballistic data collected with post-mortem human surrogates and
load-sensing headforms to ensure strong matched-pair conditions, these injury outcomes are relevant for
a single body armour (emphasis added) helmet and projectile type. Care must be taken to interpret these
results in context of other helmet systems [23].” The same is true for torso coverage. The use of a single
indenter design may be not adequate for similar reasons. While the spherical indenter design was based
on backface deformation profiles from hard armor-covered human cadaver tests, to develop generalized
risk curves, it was deemed necessary to include other designs [10]. The conical indenter was based an
expected profile, different from the spherical indenter. It was intened to induce more focal loading and
greater concentrated deflections, with a greater loading on local skeletal anatomy. This contrasted with
a more distributed/uniform loading from the spherical indenter that engaged a larger area of the thorax
with a wider different skeletal loading pattern. While skeletal deformations in both designs compressed
the thoracic contents, the mechanism of load transfer was different between the two designs. Other
indenter designs will likely lie within the boundaries of these two shapes; however, tests with actual body
armor are needed. Once those data are available, it would be possible to check the generalizability of the
risk curves.

Dual peaks representing the penciling effect may suggest that the body armor is less effective. Hard
armors generally do not induce dual peaks. Additional tests are needed to not account for any twin peaks
in the loading pattern to the thorax with other types of indenter designs. The delineation of pure pressure
wave transmission to the torso resulting in lung injuries without the deformations of the skeletal and
internal contents is a possibility; however, to the best knowledge of the authors, published studies
developing graded injury risk curves are not available. This remains as an active research area and the
authors are also pursuing this topic.

A comparison of risk curves and metrics shows that moderate injuries lie within the confines of the mild
and severe injuries for both indenters and combined data from both indenters. This suggests that the
bounding of the risk curves can be assumed for different backface deformations; however, the moderate
injury risk curve shifts more to the right with the conical indenter. The moderate injury risk curve is
approximately in the middle of the mild and severe curves with the spherical indenter. The rightward
shift demonstrates the role of shape on the injury severity. The second indenter being conical induces a
more focal loading to the anterior thorax, resulting in greater compressions of the thorax, while the larger
area/volume of coverage of the spherical indenter applies a more distributed loading to the thoracic
contents. In other words, stress concentration effects are likely more pronounced with the conical
indenter. This implies that a body armour with greater local backface deformations around the lung
region may impart more severe injuries than a design with more uniform backface deformations. Despite
this difference, as the confidence intervals overlap, it may be reasonable as a first step to combine these
data for a potential recommendation. Figure 6 shows the data at discreet levels. The developed injury
risk curves are associated with mild, moderate and severe lung injuries. Greater levels of external insult
to produce lethality are needed to develop lethality-based risk curves. The authors are currently pursuing
those experiments.
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Figure 6: Mean values of the injury metric at discrete risk levels for all injuries. Data include
from each indenter and combined data from both indenters.

4.5 Injury classifications

Many classifications are available to score injuries to bones and organs and soft tissues. The Abbreviated
Injury Scale, AIS, is widely used for automotive applications [24, 25]. It is undergoing revisions since
1980 [24, 25]. The AAST is used for clinical treatment and classifies injuries separately based on chest
wall and organ injuries. Other approaches have included the use of a four grade scale: return to duty
within 72 hours, after 72 hours, after 72 hours with potential for duty-limiting conditions, and potentially
fatal [26]. This classification scheme was used for inferring injuries sustained from autopsy findings from
human cadaver tests. In contrast, the present study used three classifications for injuries based on treating
trauma surgeons and physiological swine experiments with monitoring of vitals. Because the injuries
were scored based on clinical treatment, and, as reiterated, tests were from live swine instead of cadavers,
the chosen classification scheme is more applicable.

4.6 Limitations

As stated earlier, the human thoracoabdominal region houses complex structures: (a) materially they
range from bony ribcage to soft tissues with widely varying mechanical properties and injury tolerances;
(b) functionally also they are different: lungs being an air-related organ compared to heart, a muscle, etc.;
(c) anatomically placements, i.e. rib cover, is also different: lungs fully covered by the rib cage while
liver is partially exposed. Thus, injury tolerances are expected to differ. The present series of tests were
focused on BABT lung impacts. It is important to conduct similar tests to the heart and liver obtain
regional injury risk curves. Posterior anatomical coverage is important as threats to Warfighter’s include
all areas covered by the armour. The presence of neural structures in the spinal column poses challenges
as monitoring physiological functions after injuries to bony elements (e.g., lamina[e]) are complex. One
human cadaver (protected with experimental armour) test reported AIS=5 level injuries with spinal
impact from a successfully defeated ballistic threat [10, 24]. Injuries included a laceration between
thoracic vertebrae T9 and T12 and disintegration of their spinous processes into the spinal canal. The
same cadaver test under the same initial conditions with sternal impact produced AIS=4 injuries. Similar
studies with live swine are not available and would be necessary to define posterior impact BABT injury
risk curves. This is a future study.

4. SUMMARY AND CONCLUSIONS

The present study developed physiology-based lung injury risk curves applicable to BABT loading. They
were developed using an accepted animal model (live swine) with six-hour monitoring of all animals.
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Dynamic loading was applied using an impacting system and indenter. The first/spherical indenter design
was based on backface deformations obtained from hard body armour testing with human cadavers. The
second/conical indenter design was based on expected profile that was distinct from the first/spherical
indenter. The conical indenter induced more focal thoracic loading with potential increased stress
concentrations near the impacted region than the spherical indenter. The two indenters represented a
range of deformations profiles from current and future armour designs. Injury risk curves were developed
using survival analysis and the viscous criterion metric, known to depict the injury mechanism for organs,
and account for the temporal factor. The curves were developed for three severities, based on clinical
assessments. The developed set of injury risk curves serve as a preliminary set for defining lung injury
tolerance to BABT.
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