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hen soldiers or law enforcement officers are shot in the chest or abdomen there
may be internal injuries even though a soft armor vest prevents penetration of the pro-
jectile. This nonpenetrating injury could remain undetected until the person succumbs,
for instance, to hemorrhaging in the lungs or laceration of the liver. In addition, tools are
needed to design more effective soft armor vests that are lightweight, are flexible enough
to fit the body contour, and can defeat high-velocity rifle rounds. To study internal organ
injuries and design better vests under nonpenetrating ballistic impact, both a computa-
tional (finite element) model (FEM) and a physical human surrogate torso model (HSTM)
have been developed. These models consist of the heart, lungs, liver, and stomach sur-
rounded by the skeleton. The HSTM was outfitted with a soft armor vest, and ballis-
tic tests were conducted using 9-mm ammunition at various velocities. While the peak
accelerations and peak pressures from the FEM did not match those from testing, the
trends and patterns were similar. These results represent a significant step in developing an
understanding of the deformations and energy transfer characteristics of ballistic impacts
through personal body armor.

INTRODUCTION

To better understand the injury mechanisms of non-
penetrating high-speed (ballistic) impact and assist in
the design of personal protective armor for soldiers or
law enforcement officers, a program was undertaken to
develop both a computational (finite element) and an
experimental model of the human torso. The follow-
ing literature survey of these models is included here to
orient the layperson in the subject.

Computational Models
One of the first finite element models (FEMs) of the

thorax used linear elastic material properties (neglect-
ing soft tissue properties) and only imposed static loads
on the sternum.! In subsequent studies, this same model
was used for a dynamic modal synthesis technique.?
Each visceral subsystem was represented by either a
mass-spring-damper discrete model or a three-dimen-
sional (3-D) solid element model, depending on the
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required detail in the viscera. Only the skeletal stiffness
was simulated (the visceral stiffness was discounted), and
the mass was lumped at discrete nodal points around the
chest wall.

Later, a two-level “thorax/subsystem” modal synthesis
method was used to expand the baseline model.* This
model is similar to the previous one but has the capabil-
ity of incorporating the visceral subsystem. In another
study, two half-symmetry models were formulated to
save computing time.” The first model consisted of a
skeletal cage containing elements representing a por-
tion of the vertebral column, the sacrum, the coccyx,
ribs 1 through 10, and the sternum. The second model
was that of the full thoracic body, including muscle
and gross internal organs. Linear elastic behavior was
assumed for all materials.

More recently a 3-D model of the thorax was created
for frontal impact simulation.® This, as well as an earlier
model,” contained a much better physical description of
the human thorax than previous models. Although the
ribs, sternum, spine, muscles, and some cartilaginous lig-
aments were modeled, the separate internal organs were
not. Linear elastic material properties were assumed for
all elements except for the interior elements, where a
viscoelastic model was used.

Another more recent model includes the complete
musculoskeletal structure (ribs, sternum, vertebrae, discs,
cartilage, and muscle) as well as internal organs (heart,
lungs, thoracic aorta, esophagus, trachea, diaphragm,
and mediastinum).® Viscoelastic properties were used
for the organs and elastic properties for bone.

The latest model found in the literature included not
only the ribs, sternum, and vertebral column but muscle
as well” and employed elastic properties for bone and
viscoelastic properties for the muscle. However, even
the latest models use incorrect elements, particularly for
the ribs, and generally lack an adequate number of ele-
ments to describe the strains and stresses imposed under
ballistic impact.

Experimental Models

In addition to postmortem human subjects and
animal subjects (pig, sheep, etc.), there are a number
of other test devices for studying ballistic impact. The
Naval Research Laboratory has developed a torso con-
sisting of silicone named “Gelman.” This model can
be used with a soft armor vest to run ballistic tests or
in blast tests to identify the pressures and shock waves
generated through the gel. Hybrid III anthropometric
test devices (ATDs; “crash test dummies”), originally
designed to duplicate the kinematic motion of a human
in automotive crash testing, have also been used in bal-
listic testing. ATDs consist of steel and aluminum parts
for the bones (rib cage, vertebral column, femur, tibia,
etc.), covered by a thick layer of a tough polymer to
represent muscle, fat, and skin. This makes for a very

rugged surrogate. The ATDs have accelerometers and
load transducers located throughout.

Another anthropometric dummy consisted of wood,
water, and plasticl®!! and was designed specifically for
blast, blunt impact, and missile testing. The lungs were
constructed of two pieces of cylindrical plastic foam
with a total volume approximately equal to that of an
adult and were positioned within a water-filled torso.
The head was made of wood with airways and pressure
transducers corresponding to tympanic membranes.
A pressure transducer was also placed in the center of
each lung for recording intrathoracic pressures and peak
overpressures.

The Australian government has supported the devel-
opment of a physical human torso model with some
internal organs and an aluminum rib cage. However, the
authors could find no published information on it.

All of these models suffer from inadequate anthro-
pometry and lack proper soft and hard tissue properties.

ANALYSIS

Recall that the purpose of this investigation was
to develop an improved computational model and an
experimental model of the human torso to predict injury
from nonpenetrating ballistic impact. An FEM of a 5th-
percentile male torso was created that included the skel-
eton (ribs, sternum, cartilage, and vertebral column)
along with the heart, liver, lungs, stomach, muscle, and
skin. Linear elastic properties were used for bone and
viscoelastic properties were used for all internal organs
and viscera. A physical human surrogate torso model
(HSTM) was developed with the same anthropometry
as the FEM and included all the same components. The
bones were fabricated to have the tensile properties of
human cancellous bone, and the organs were designed
to have the correct density and hardness of porcine (pig)
organs, which are very similar to human organs. Piezo-
electric pressure sensors were placed in the organs, and
flexural sensors were attached to the ribs. An accelerom-
eter was mounted to the posterior surface sternum. The
HSTM was tested under ballistic impact conditions, and
a comparison was made with FEM results.

Methods
Finite Element Model

The surfaces of the upper thorax (rib cage, spine,
heart, lungs, liver, and stomach as well as the skin and
muscles) were obtained from Digimation (St. Rose, LA)
and imported into the finite element code IDEAS. The
ribs and vertebral column were divided into ribs, carti-
lage, sternum, and vertebral column. Figure 1 shows the
components of the torso model in an expanded view.
In Fig. la, the skin and muscles are represented with
the global coordinate system display. The coordinate
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Figure 1. Exploded model view: (a) skin/muscles, (b) skeletal structure, and (c) internal

organs.

system is defined as the anterior-posterior (A-P) direc-
tion, medial-lateral (M-L) direction, and superior-
inferior (S-1) direction represented by the triad x, y, and
%, respectively. Figure 1b shows the ribs, cartilage, ster-
num, and vertebral column, and Fig. 1c shows the heart,
lungs, liver, and stomach. Linear solid tetrahedral ele-
ments were used for the organs, mediastinum, and dia-
phragm as well for the skeletal structure (ribs and ster-
num) and vertebrae.

Figure 2 shows a cutaway of the torso with the skel-
eton, heart, lungs, liver, stomach, mediastinum, muscle,
and skin. Elastic properties for the ribs, sternum, and
vertebral column were taken from the literature.312
Since muscle and skin cannot carry compressive loads,
they were modeled using membrane shell elements. The
static model was then exported to the explicit finite ele-
ment code LS-DYNA (Liverware Software, Livermore,
CA). In the dynamic model, the internal organs do not
share nodes; rather, they transfer loads through the defi-
nition of contact interfaces between the various compo-
nents. This provides for slip at the boundaries between
all organs and between the organs and the skeletal
structure. Therefore, in LS-DYNA the slip condition
was enforced by assigning a low dynamic coefficient of
friction (0.0003) between the organs.

A viscoelastic material model from LS-DYNA was
used to model soft tissue components (heart, lungs,
liver, stomach, mediastinum, as well as muscle and
skin). This model does not describe the different types
of tissue behavior in detail, but provides a first approxi-
mation of the gross behavior. The viscoelastic properties
for the internal organs were taken from Refs. 6 and 12.
These properties were obtained by using the response
of cadavers in automotive impact tests in an effort to
iterate the constitutive models and eventually obtain
the appropriate organ properties. In these models, the

properties were subsequently used
for internal organs.

National Institute of Justice
(NIJ) Type II body armor was then
added to the model. The mate-
rial properties for the armor were
determined through internal test-
ing with Kevlar fabric. The elastic
modulus of Kevlar fabric in either
the warp or fill directions falls into
a low-strain, low-stiffness region in
which there is progressive uncrimp-
ing of the fabric.1? Young’s modulus
in the first region is denoted as El.
This is followed by a higher stiff-
ness region in which the yarns are
fully tensioned and the Young’s
modulus increases with E2 > EI.
For plain-weave, 850-denier KM2,
El and E2 were 7.4 and 74.0 GPa,
respectively.[* This presupposes that the fabric, when
loaded, will be strained enough to reach the second
region; however, that may not be the case. When the
fabric is fitted around a person’s chest, the boundar-
ies are not constrained and the total layers of fabric
can easily move and greatly reduce the strains that
would exist if the boundary were fixed. Therefore,
the stiffness of the material would appear lower than
that at the high-strain rate. As a result, the lower elas-
tic modulus of 7.4 GPa was used for the vests in this
analysis.

Vertebral column

Heart

Skin and
muscle

Cartilage
Stomach
Mediastinum

Figure 2. Cutaway view of the model showing all the major com-
ponents to be assembled.
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The 9-mm (8-g) projectile was
modeled with 60 hexahedral and
pentahedral solid elements. The
kinematic plastic material model
(Material Model 3) was used to
model the plastic deformation of
the bullet to ensure proper energy
transfer to the armor, and subse-
quently, to the torso.

Physical Human Surrogate Torso
Model

All components previously cre-
ated in LS-DYNA were translated
into individual 3-D component
files and exported to the Stratasys
FDM (Stratasys, Inc., Eden Prai-
rie, MN) rapid prototype station at
APL. Figure 3 shows the finished
surrogate organs. The specific steps
used in fabrication varied by com-
ponent type.

Once the organs and skeleton
were completed, piezoelectric pres-
sure sensors (PCB Piezotronics Elec-
tronics Division, Depew, NY) were embedded in the
organs and an accelerometer (Endevco Corp., San Juan
Capistrano, CA) was attached to the back of the ster-
num. One piezoelectric sensor was placed in the heart
and stomach and two were placed in the lungs and liver
as shown in Fig. 4. Figure 5a shows the skeleton with
sensors in the organs and Fig. 5b shows the complete
HSTM with skin and muscle.

Testing

The HSTM was taken to the H. P. White ballistics
laboratory (Street, MD) for testing. The model was
outfitted with an NIJ Level II Kevlar vest, which was
positioned over the torso for ballistic tests run with 9-
mm (8-g) ammunition at different velocities. The vest
was moved after each test to prevent two bullets from
hitting the same point. A TDAS Pro data acquisition
system (Diversified Technical Systems, Seal Beach,
CA) with a data collection rate of 75 kHz was used to
record data from the accelerometer and piezoelectric
pressure sensors. An IMC Phantom 4 digital video
camera (Vision Research, Inc., Wayne, NJ) was used
to capture the events at a data rate of 3700 frames
per second. Figure 6 shows the target locations on
the HSTM: middle of the sternum anterior to tho-
racic vertebra T6; over the right and left lung, 6 cm
from the center of the sternum; and over the liver
subxiophoid at thoracic vertebra T12 (A, B, and C,

respectively).

MODELING NONPENETRATING BALLISTIC IMPACT

Figure 3. Human organ surrogate components: (a) heart, (b) lungs, (c) sternum and car-
tilage, and (d) liver.

Figure 4. Location of piezoelectric pressure sensors. A: Middle of
the heart over the sternum. B: Inside the lung. C: In the right and
left halves of the liver. D: Approximately in the middle of the stom-
ach. (Pressure sensor 138M103/003AW: range = 68,950 kPa,
sensitivity = 0.013 pC/kPa, rise time <0.5 ms. Charge amplifier
422E12: frequency response = 100 kHz, conversion = 10 mV/1
pC. Signal conditioner 482A22: frequency response = 0.1 to 1
MHz. Accelerometer 7270A-60K: measurement range = 60,000 g,
frequency response = 100 kHz.)
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Figure 5. Skeletal structure with all internal organs (a) and final
assembled HSTM with skin and muscle (b).

Results and Discussion

Figure 7 is a typical plot of sternum acceleration
versus time for the experimental test and FEM results
from a 9-mm bullet impacting the middle of the ster-
num anterior to T6 at a velocity of 270 m/s. The absolute
magnitude of the peak accelerations from the experi-
mental test are between 4 and 10 times over those of
the FEM. Some of the discrepancy could be due to the

Figure 6. Bullet impact locations. A: At the center of the sternum
anterior to T6. B: Over the right and left lung, 6 cm from the mid-
line. C: Over the liver subxiophoid at T12.

difference in viscoelastic properties between the syn-
thetic organs and the properties used to describe the
material models employed in the FEM. Another con-
tribution to the discrepancy may have been the mecha-
nism used to simulate articulation between the ribs and
the vertebral column.

The ribs in the human thorax articulate with one
vertebra above and below it. Therefore, to allow some
rotation at the rib/vertebrae interface, the ribs in the
HSTM were tied and adhesively bonded to the vertebral
column with Kevlar fiber bundles. Upon further con-
sideration, it was realized that with the attachment of
the ligament at the non-articulating part of the tubercle
and with associated musculature, the rib was not free
to rotate. This may cause some discrepancy between
the FEM, where there is no rotation at the rib/vertebral
column interface, and the HSTM, where there is some
flexibility at the rib/vertebrae interface.

However, similarities can be seen between the accel-
eration versus time profiles in Fig. 7. There is an initial
negative (inward) sternum acceleration at impact, and
the peak occurs at almost the same time for the FEM
and the HSTM test results (0.2—0.3 ms) in all cases.
For all bullet velocities, the initial negative spike is
followed by a positive (outward) acceleration. In the
human thorax subject to impact, the energy-absorbing
properties of the organs, as with any viscoelastic mate-
rial, should cause a dampening effect on vibrations
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MODELING NONPENETRATING BALLISTIC IMPACT

Figure 9 is a typical FEM and bal-
listic pressure versus time plot for

impact on the middle of the sternum

200 1 20,000 . :
anterior to T6 for 9-mm ammuni-
1000 10,000 5  tion impacting at 200 m/s. Notice
s that the pressure in the heart was
2 0 10 g higher and occurred sooner than in
S : 3 i

2 1000 : 10,000 8 the other organs in both th§ FEM
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Figure 7. Comparison of experimental and FEM acceleration of the sternum for a 9-mm
bullet at 270 m/s impacting on the middle of the sternum anterior to T6.

felt in the body. This effect was seen in both the bal-
listic test results (acceleration and pressure data) and
the FEM results. It is also evident from the figure that
the experimental acceleration of the sternum does not
drop off to zero but tends to oscillate and, owing to
the damping effect, is attenuated with time. This was
also seen when the HSTM was photographed from the
side during ballistic impact testing
using a 9-mm bullet at a velocity of
360 m/s impacting the middle of
the sternum anterior to T6 (Fig. 8).

Another source of error may be
the rate of data sampling between
the FEM and the HSTM. There was
less apparent clipping of the experi-
mental accelerations in the current
study compared to that seen in tests
with postmortem human subjects.!®
In this study, a 20,000-¢ Endevco
7270A accelerometer with a fre-
quency response of 50 kHz (+5%;
20 us) was sampled at 100 kH:z
(10 us). After examination of the
data, it was estimated that the fre-
quency range should be increased to
110 kHz (9.1 ws).

Two test conditions were selected
to compare average peak pressures in
the organs for a velocity of 200 m/s at
two different impact locations (ante-
rior to T6 over the right lung and
over the liver subxiophoid at T12).

12:20:59.775629

kinetic energy; however, at this time,
only qualitative comparisons should
be made between the experimental
and computational models.

It is evident that although the
data traces provide similar trends,
the peak pressures and the order in which they occur in
the organs are not alike. When comparing impact over
the right lung anterior to T6, sternum (heart) anterior
to T6, and liver subxiophoid at T12, at the same velocity
(200 m/s), the maximum peak pressures in both the FEM
and HSTM test results occurred in the organs directly
under the impact sites. When the impact site was over

12:20:59.790882 12:20:59.799298]

Figure 8. High-speed photographs showing the torso’s response to ballistic impact for a
9-mm bullet at 360 m/s. The first image (upper left) displays time zero when impact occurs.
The remaining images display sequential times during the impact. The original (white) and
deformed (black) torso reference markers are superimposed.

JOHNS HOPKINS APL TECHNICAL DIGEST, VOLUME 26, NUMBER 1 (2005)

89



J. C. ROBERTS ET AL.

(@)
0.10

have been done without benefit of

Heart
0.08

Left lobe of liver

0.06

0.04

0.02

-0.02

Pressure (MPa)
o

-0.04

-0.06

-0.08

-0.10

physical models of the human torso
to adequately describe the pres-
sures and deformations of a torso
under ballistic impact, models that
measure the pressures in soft tissue
(organs), and models of a human
torso that can be used to design soft
armor.

Both computational and experi-
mental models of the human torso
were constructed to model ballistic
impact. The upper torso of a 5th-
percentile male was modeled to
include the ribs, sternum, cartilage,
vertebral column, heart, lungs, liver,
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organs and linear elastic proper-
ties for the skeleton. Organs in the
experimental HSTM were designed
to have the durometer hardness
and density of human or pig organs.
Simulated bones in the skeleton
were formulated to have the same

Pressure (MPa)

elastic modulus and Poisson’s ratio
as those of animal bone.

The FEM was exercised using the
equivalent mass and shape of a 9-
mm bullet shot at velocities of 150,
200, 270, and 360 m/s. Comparison
in the acceleration data between

the FEM and experimental HSTM

0 0.1 0.2 0.3 0.4 0.5
Time (ms)

Figure 9. Pressures in the organs for a 9-mm bullet at 200 m/s impacting the Kevlar-
protected HSTM in the mid sternum (“A” in Fig. 6): (a) experimental and (b) FEM.

soft tissue (Fig. 10), the typical experimental and FEM
pressures in the liver directly beneath the impact point
were 2 to 10 times higher, respectively, than the pres-
sures seen in the heart directly under the sternum (Fig.
9). Again, as with the accelerations, these differences
were thought to be due to the fixity of ribs to the verte-
bral column and the differences in viscoelastic properties
between the physical model (HSTM) and those used in
the FEM. In addition, because of the electrical charg-
ing effect of silicone, the piezoelectric sensors are being
replaced by higher-frequency piezoresistive sensors, and
data acquisition systems with higher sampling rates will
also be used to more accurately measure the pressures.

CONCLUSIONS

This work represents several advances, as investiga-
tions in the past (to the best of the authors’ knowledge)

0.6 0.7 results indicated that the accelera-

tion versus time profiles were simi-
lar and increased with increasing
kinetic energy, but the magnitudes
did not match. The pressures within
the organs in both the FEM and HSTM results indi-
cated qualitative agreement, but the peak pressures did
not. The pressure versus time profiles for the FEM and
HSTM results were very similar; magnitude differences
could be due to the difference in viscoelastic proper-
ties, poor constraints of ribs to vertebral column in the
HSTM, a charging effect that was seen in the piezoelec-
tric sensors, and the frequency range of both the sensors
and the data acquisition systems.

Results to date are very encouraging in that the
enhanced FEM and experimental models developed at
APL are a significant improvement in modeling actual
behavior. Hence, this work is worth refining to attain
the ultimate goals of understanding injury thresholds
and designing better soft armor for a person under non-
penetrating ballistic impact.

In the future, the condition of the rib/vertebral
column interface in the HSTM will be modified to fit
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analysis, and materials characterization. Russell P. Cain is a member of the Principal Profes-
sional Staff in TSD. With more than 20 of years experience in electrical systems, Mr. Cain
provides expertise on sensors, data acquisition, sensor integration, and system control. Bliss
G. Carkhuff is a member of the Senior Professional Staff in TSD and provides expertise in
sensor signal conditioning and data collection and analysis. Andrew C. Merkle is a Biomedi-
cal Engineer in APL’s National Security Technology Department and
specializes in biomechanics and human injury prevention. Mr. Merkle
was involved in the development of the surrogate torso, conducted
ballistic and blast trials on the physical model, and worked to validate
the computational model. Further information on APL research in
ballistics and blast effects on the human body can be obtained from
Dr. Jack Roberts. His e-mail address is jack.roberts@jhuapl.edu.
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