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Abstract

Kinetic energy non-lethal weapons (KE-NLW) are nawdely used by law enforcement, by
military forces, by the police in situations whehe use of lethal arms is not required or
suitable. Unfortunately, their effects are stillt weell known. Therefore, there is a need to
better understand the injury mechanism induceduici projectiles for a better prediction of
the risk of injury. This may be beneficial for theanufacturer, the deciders or the end-users.
Numerical simulations are being increasingly usedliat purpose. This paper describes first
steps in the development of finite element modeltfmracic impacts. All the simulations
were performed with Ls-Dyna code. For validatiomgmse, the results were compared to the
results of tests made on Post-Mortem Human Sub{@#HS) published in literature. The
sensitivity of contact option and the use of twts <& parameters for the lung material model
were examined.
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I ntroduction

These last decades have seen the development eWwaype of weapons, the nonlethal
weapons. ‘Non-lethal weapons are weapons whichlegpécitly designed and developed to
incapacitate or repel personnel, with a low proligbof fatality or permanent injury, or to
disable equipment, with minimal undesired damagengact on the environment’ [1,2].
They are now widely used by law enforcement orh®y military forces in situations where
the use of conventional weapons is not requiredutable for example in peace-keeping
missions or for crowd control. Unlike conventiomaapons that may result in severe or fatal
injuries, non-lethal weapons are designed for temapoincapacitation with reversible
consequences or minor damage. There are genehally enge weapons and are generally
used to gain compliance of a human subject or apyad people. Dependant of the level of
threats, the spectrum range of non-lethal weapowesrs from verbalization techniques to the
use of a ‘reasonable force’, force which is neagsda achieve a legal goal. To the
‘reasonable force’ is opposed the ‘excessive fovdaich is a force disproportionate to what
is necessary to achieve a legal goal [3].

Although there is a variety of technologies (eliectchemical, acoustic, ... [4]) used for the
development of non-lethal weapons, this studynmtéid to kinetic energy non-lethal weapons
(KENLW). Such weapons use the kinetic energy of@egatile to inflict physical injury, a
result of the interaction of the projectile and thenman body. The resulted injury is dependent
of the nature of the projectile, the location aradune of the impacted zone and the impact
conditions. The projectiles may be rigid, deforneabl can break at the impact. The most
known KENLW projectiles are: baton rounds, beanbdmsstabilised rubber projectiles,
multi-ball rounds, rubber ball rounds, and spongengdes. In Figure 1, different types of
most known KENLW weapons and KENLW projectiles presented. For example, the Flash
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ball launcher and the COUGAR launcher use a pynhoiiecsystem to impart energy to the
projectile. The flash ball projectile similar toetsquash ball is a deformable projectile as well
as the bliniz projectile (COUGAR). The FN 303 weapsses a compressed air system and a
thin stabilized projectile which breaks generaliynapact.

KENLW projectiles are low-mass (8g - 140 g) and thgh-velocity (15 m/s — 250 m/s)
projectiles as opposed to the automotive crash fedtl where mass are higher and velocities

lower (Fig. 2).
Flash Ball ﬁ @QEN Voo
V= 85a125mls
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Figure 1. Example of KENLW weapons and differerdjectile types

To avoid the risk of penetration wounding at imp&&ENLW projectiles are designed in such
a way that the primary and desired effect is btcanima.
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Figure 2: Differences in mass and velocity for aubtive collisions and ‘non-lethal’ ballistic
impacts on a logarithmic scale [2]

These differences between the KENLW ballistic intpaand the crash tests impacts are
reflected in the biomechanical responses of the amurnody [5] although some injury
mechanisms are similar. In this paper thoracic otgpavill be considered. The reasons are
threefold:

Besides the human head which is not considerediaget in KENLW field because
of the low tolerance level of the eyes, the thogagkompasses vital organs of the body and
represents a wide surface of the body where therbidability is great;

It has been reported [5] that thoracic injuriesrespnted 50% of casualties among the
fatal casualties related to some type of chestrigau

There are experimental data on Post Mortem Humaie&is (PMHS) available in the
open literature for thoracic impacts [5]. Thoseadakre used for validation purpose of the
thorax finite element model (FEM) that has beenettgped. Force-time and deflection-time
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histories were compared to the experimental date Wil emphasize on problems
encountered with the lung material model and theta definition.

Thorax FEM Mode
Thorax geometric model

There is an increasing interest in using numersi@lulations as an important tool for the

assessment and a better understanding of impantse\ieut reliable simulations depend on

the accurate description of the geometry of thdlera and on the use of appropriate material
models. The description of human thorax geomedrytme found in most of books related to
human anatomy. The human thorax is a complex streidiecause of the highly non-linear

material properties and the shapes of differemathorgans (Fig. 3). It consists mainly of an

external protective structure and an internal stimec The external protective structure

consists of bony sub-structure (sternum, verteboddimn, 12 pairs of ribs) and soft-tissue

sub-structure (intercostals muscles and flesh,)sKihe internal structure consists of soft

tissues organs (heart, lungs, the trachea ...). dhdbmation or the interaction of soft tissues
and bones in the structure of the body as welhassaérious geometries of the thorax organs
shows the difficulty in modeling the biomechanicasponse of the thorax to impact events.
Therefore some assumptions about the geometry landnaterial models are made for the
development of the model (Fig. 4).
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Figure 4. The human thorax model
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Thorax material model

The thorax main organs are modeled. All organs nadgeare considered as homogenous
which there are not in reality. Material model paeters are given in Table 1-2.

Material LS-DYNA cards (Units = m, kg, s)

* MAT_ELASTIC
COSTAL CARTILAGE RO E PR
1281 4.9E+6 0.400

RIBS RO E PR
1561 79E+9  0.379

STERNUM RO E PR

1354  3.5E+9 0387
HEART *MAT_SIMPLIFIED_RUBBER/FOAM
INTERCOSTALS RO K C LC/TBID
FLESH/MUSCLE 1050  22E+9  0.5035 1

Table 1 —Material parameters [8,9]

Two sets lung material parameters found in liteatuere used (Table 2).

Material | LS-DYNA cards (Units = m, kg, s)
LUNG_01 | * MAT_LUNG_TISSUE
RO K C DELTA ALPHA BETA
200 1E+5  0.5035 2.5E-4 0.183 -0.291
C1 C2 NT
0.004825 2.71 6
LUNG_02 | * MAT_LUNG_TISSUE
RO K C DELTA ALPHA BETA
118 1.18E+5  0.5035 7.02E-5 0.08227  -2.46
C1 C2 NT
0.006535 2.876 6

Table 2 — Lung material parameters [10,11]

All the organs are modeled with solid hexa-elemexisept for the heart, the lungs and the
trachea.
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Projectile FEM Model

PMHS experiments [5,6] were performed with a PVQjgxtile correspondingp a plastic
baton round used in real crowd control situatidtsscharacteristics are given in Fig. 5 and
Table 3. Two velocities were used: 20 m/s and 40 m/

100 mm
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Figure 5. Projectile geometry

PVC * MAT_ELASTIC

RO E PR
1380 2.3E+6 0.33
Table 3 — Projectile material parameters [5,8]

| nterface conditions

Because of the number of thorax organs interactoggther during the impact, contact
definitions between organs are pertinent for theusations. Interface contacts have been
defined between different organs. TIED_NODES_TO_SBHRE or
TIED_SURFACE_TO_SURFACE were defined between tHéemint organs of the same
structure (external or internal). AUTOMATIC SURFACEO SURFACE was defined
between the internal and the external structurdk.th® vertebral column nodes were
constrained.

AUTOMATIC_SURFACE_TO_SURFACE contact was definedwsen the projectile and
the external structure. Two cases were studied wigewary the contact parameter SOFT.
The full model contains 350408 solid elements a8b67 nodes. Most of elements are hexa-
elements.

Results et Discussion

Validation of the thorax FEM model has been madsreg PMHS data for thoracic impacts
[5]. Typical physical characteristics which are swad during impact testings for injury
assessment are force-time histories and displadefdeftection)-time histories from which
other characteristics or parameters are derivednd¥igal results are then compared to
experimental results for validation purpose. In oase, numerical results have to be within
the biomechanical corridors which correspond to thgper and lower limits of the
biomechanical responses [5]. Details of validapoocess can be found in [9,13].

Lungs are one of the vital organs of the human btrefore there is a necessity to predict
lung injury in thoracic impacts as consequentlyht® impact against the thorax, the lung may
be affected. Therefore, one has to use a modelhwdocrectly simulates the lung behaviour
under any solicitation. Because of the difficultyceuntered during our simulation on the
lung material, we tested two lung models founditerature as tests on human lungs are not
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possible in our case. Two lung models were thenpeoed especially a comparison between
two sets of parameters of a lung model (Table 2joise in order to better understand the
biomechanical response of the lung. This may gm@e indication of which lung model to

use. Results show that for the velocity of 20 rtiisye is a good agreement regarding force-

time history and deflection-time history (Fig. 7-8)
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Figure 6. Dynamic force: comparison of the two nisde

Deflection of center node as a function of time for
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Figure 7. Dynamic thorax deflection: comparisonha&f two models

But at 40 m/s, results are quite similar betweentti'o models but the calculation stops at
1.26 ms for the ‘LUNG_01’ (Fig. 8) with an error ssage ‘complex sound speed in solid
element in the lung’. Some elements were hightyodied (Fig. 9). We are still investigating
why this model fails.
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Deflection of center node as a function of time for
an impact velocity of 40 m/s
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Figure 8. Dynamic thorax deflection: comparisonh® two models
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Figure 9. Highly distorted mesh of the lungs whes ¢alculation stops

Another problem that we encountered is a contaoblpm. Many contact options are
available for the different types of contact algfums. Choose the best one is a challenge and
require more experience in contact treatment. Ttebenderstand the contact option SOFT,
AUTOMATIC_SURFACE_TO_SURFACE contact was definedwsen the projectile and
the external structure and the SOFT option was.ub&d cases were considered: SOFT=1
and SOFT=2. The option SOFT=0 was not considerédsasalmost similar to SOFT=1 [14].

The results show for the two velocities that théiap SOFT=1 is not appropriate for our
problem as the calculation was aborted becausbeotdmplex sound speed in some solid

elements in the lung. This problem of complex sospded does not occur with the option
SOFT=2.

Conclusions
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Numerical simulations are an important tool in thederstanding and the prediction of the
biomechanical response of the human thorax ag#iesimpact of KENLW. But there are
many challenges as reliable results depend notomrate material modeling, the geometric
modeling and the contact between different thonaaws. We have shown that through the
problem of the lung material the difficulty in theaterial modeling of the human body. Each
person is unique, therefore there exist a greaialidity in the properties of a human
depending of many factors (gender, age,...).

The way all organs interact is important for thérmdgon of the contact type. We have shown
that depending of the type of the problem, the ahaf which parameter or which option to
use is not simple.
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