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INFO ABSTRACT

CDAPT, _|SSN 2791‘939X The ballistic deformation of an ultra-high-molecular-weight
Peer reviewed article (UHMW) polyethylene (PE) composite has been subjected
2023, Vol. 4, No. 2, pp. 141-150 numerically to a multi-layered soft ballistic fabric package
DOI 10.25367/cdatp.2022.4.p141-150 modelled upon the body contours of the Global Human Body
Received: 23 Februar 2023 Models Consortium (GHBMC) human body models M50-P and
Accepted: 24 March 2023 F05-P. The results of the clothing-body-interaction have been
Available online: 07 May 2023 investigated and compared to the behavior of anthropomorphic

surrogate models made from ballistic clay. For building the fabric
model in donned shape, a single ply of woven fabric material has
been converted upon the anthropomorphic body contour by
subjecting it to a quasi-deep drawing process. After the fabric
deformation, the shaped layer was duplicated 20 times and shifted
outwards to build the fabric model, representing a multi-layered
soft ballistic fabric package. The results of the ballistic impact
simulation show that the response of the human body models
(HBMs) is much more compliant than the behavior of the surrogate
models. The deformation of the female HBM in terms of
penetration depth and diameter of the affected impact region is
slightly more severe than the deformation of the male counterpart
with respect to identical impact conditions.
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1 Introduction

Finite element (FE) human body models (HBM) are intensively being applied to crash and impact
simulations in automotive applications [1-4]. Though these models have already been validated against
a multitude of load cases, their use in defense applications to study kinetic threats against the human
body is rather limited. One of the reasons is the challenge to model flexible clothes as well as protective
components in worn shape, i.e. directly on the human body. Though many constitutive models dedicated
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to fabric materials are available for various applications [5-9], only few attempts have been made to use
them in clothing models on HBM directly. Moreover, involving HBM in crash and impact simulations
typically requires multi-staged modeling processes, i.e. not only the actual load case, but also body
posture and the integration of gravitational effects might require additional modelling efforts.

Ishimaru et al. developed an FE model to dress knitted fabrics to an HBM, sewed the pieces together,
and calculated the resulting clothing pressure and thereby introduced a method to design virtually tight-
fitting clothing [10]. Long et al. analyzed draping effects of single layer clothes on the human body due to
gravitational effects [11]. Aggromito et al. investigated how the distribution of personal equipment on the
body of military helicopter pilots affects the injury potential during a crash [12]. For this study, the primary
survival gear carrier sitting on top of the flight suit and the body armor of the upper torso were modeled.
The discretization of the carrier was based on the given mesh of the torso. Brolin and Wass used an
HBM to investigate dangerous accidents in equestrian sports [13]. The protective capacity of a safety
vest with respect to falls, kicks and horse trample had been assessed. Again, the mesh of the vest model
had been based on the external torso geometry. Li et al. applied the modeling approach of Brolin and
Wass to a study where protective vests could reduce the injury risk of aged people when falling down
accidentally [14]. Again, the bulk mesh had been constructed by offsetting the nodes of the skin.
Grassi et al. introduced the concept of a belted safety jacket for powered-two wheelers, and by design of
experiment, they verified the effectiveness of such a jacket in collisions with other vehicles and the
potential to reduce the injury risk of the rider [15].

Klein et al. presented a modeling method to drag simple pieces of cloth from a 2D shape into the 3D
shape defined by the body surface of the wearing person [16]. The method resembles a deep drawing
process with a dynamically evolving stamp geometry, whereas the original body surface is continuously
being restored after having been scaled down to a minimum in the first place (Fig. 1). While the method
provides an easy means to drape flexible objects to arbitrary contours, it is limited to simple pieces of
cloth, since sewing patterns cannot be considered. More complex clothes, e.g. long sleeve shirts, finger
gloves, especially when being combined with HBM postures describing active movements with wrinkled
extremities or body parts still cannot be captured with this approach.

0% 50% 100 %

Fig. 1 Forming process of a finite element vest model from 2D planar to 3D donned shape at various stages with
the body contour of the GHBMC M50 expanding from the interior of the vest. From [16], originally published under
a CC-BY-NC license.
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Fig. 2 (a) Multi-layered fabric pack of soft-ballistic vest; (b) 40 layers of aramid woven fabric.

Nevertheless, the proposed method can be modified and applied in an alternative manner, namely by
inversely pressing a flexible, planar object from the outside down onto the HBM contour. In this study,
this procedure will be investigated for a multi-layered fabric pack of a soft-ballistic package. Fig. 2
illustrates the soft ballistic package that is going to be applied to the midsize male and small female
GHBMC models used in this study.

2 Method

A ballistic deformation will be applied to this soft-ballistic package arising from the impact of a
7.62 mm x 51 AP projectile on a hard-ballistic plate made of Silicon carbide (SiC) and an ultra-high-
molecular-weight (UHMW) polyethylene (PE) composite. The impact energy transferred into the fabric
package and into the deformation of the bodies is analyzed and compared to the behavior of Roma
Plastilina No. 1 which is used in standard test regulations [17,18]. This section describes the setup of the
simulation models, which requires the following steps:

¢ the modeling of the soft ballistic fabric package in donned shape,
¢ the torso surrogate modeling based upon the HBM geometries,
¢ the modeling of the ballistic impact conditions.

21 Modeling of clothes in worn shape

The soft ballistic package shown in Fig. 2 consists of 3 fabric packages. These packages hold 13, 14,
and 13 single plies, respectively. The plies are oriented in 0°/90° and 145° direction in an alternate
fashion, whereas each ply has a thickness of 0.28 mm. The plies are tied together along the boundary.
Material parameters are taken from Ivanov and Tabiei [6]. In contrast to forming the whole vest including
all layers in one step [16], only the innermost fabric layer has been subjected to the forming algorithm.
The virtual punch is created by an upscaled duplicate of the body surface of the GHBMC M50, which
represents a 50" percentile male person (height 175 cm, mass 79 kg). This implementation opens a gap
between the punch and the body surface of approximately 350 mm in which the undeformed fabric ply is
located. The material points of the punch are then translated back close to their original position on the
body surface. The fabric ply consisting of roughly 12,500 quadrilateral shell elements is thereby forced to
the shape of the body surface (Fig. 3).
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Fig. 3 (a) Setup for forming the innermost fabric layer on GHBMC M50;
Intermediate configurations after completion of (b) 60%, (c) 80% and (d) 95% displacement.

@ (b)

Fig. 4 (a) Setup for forming the innermost fabric layer on GHBMC F05;
Intermediate configurations after completion of (b) 60%, (c) 80% and (d) 95% displacement.

(d)

The procedure has also been applied to the body contour of the GHBMC F05, which represents a
5" percentile female person (height 150 cm, weight 48 kg). The size of the fabric layer has been reduced
by 10% in vertical and horizontal direction to account for the reduced body size. The punch was again
scaled up to encompass a distance of 350 mm from the body surface and scaled back towards the body
to almost the initial configuration (Fig. 4).

To reduce model complexity, each layer in the model has been assigned to two integration points in
thickness direction to represent two fabric plies sticking on top of each other. After the forming of the
innermost layer were completed, it has been duplicated 20 times and shifted outwards to represent the
complete soft ballistic package.

2.2 Torso surrogates modeling

In order to compare the response of the GHBMC models to current testing procedures, torso surrogate
models have been built based upon the skin contour of the human body models. The Altair HyperMesh
preprocessor has been used to import the shell elements representing the skin of the neck, torso and
pelvis of each model. The body contour has been approximated by drawing polylines and creating
surfaces based upon the existing nodal coordinates. From merging the surface geometries, the interior
body volume could be reconstructed.
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Table 1. Data of torso surrogates.

Target Mass Volume Surface Nodes Elements

(kg) (L) (cm?) (k) (k)
M50 GHBMC 41.7 41.4 555.0 842 1,429
M50 Clay Surrogate 56.9 37.2 554.0 32 158
F05 GHBMC 26.8 29.3 507.4 676 1,363
FO05 Clay Surrogate 445 29.1 484 .1 28 136

(@) (b) (c) (d)

Fig. 5 Body models used in this study: (a) GHBMC M50-P; (b) M50 torso surrogate based upon M50-P;
(c) GHBMC F05-P; (d) FO5 torso surrogate based upon F05-P.

Finally, the interior volume was discretized using 4-node tetrahedron elements. The characteristic
element size was chosen to be approximately the same as in the original mesh. The solid elements were
associated with ballistic clay material properties derived by Buchely et al. [19]. Table 1 compares basic
characteristics of the male and female body models with their surrogate counterparts. Fig. 5 shows the
corresponding models.

23 Modeling of ballistic impact conditions

The interaction between the projectile and the materials used for the SAPI (small-arms projectile insert)
has been investigated experimentally in an isolated setup. SAPI typically consist of a ceramic layer and a
composite backing material. In this study, a Silicon carbide (3M SiC T) ceramic of 9 mm thickness and a
backing material of UHMW polyethylene (DSM Dyneema™) of 10 mm thickness have been tested (total
areal weight 38 kg/m?). The assembly was struck by a 7.62 mm x 51 AP projectile of mass 8.3 g
travelling at 930 m/s. In most experiments, the above setup proved to defeat the threat successfully.
Nevertheless, the bullet and the ceramic layer sustained heavy fragmentation. The deformation of the
UHMW polyethylene composite is significant and was successfully reproduced in an AUTODYN
simulation (Fig. 6). The final layer of the assembly is not penetrated and reaches a maximum local
displacement of 30.4 mm at 0.2 ms after impact. The displacement-time-history of all nodes of the outer
UHMW polyethylene layer has been extracted and converted into a kinematic constraint, so that the
effective deformation of the layer can be reproduced and exerted onto the soft ballistic fabric package
modelled previously (Fig. 3 and Fig. 4). The point of maximum displacement is located close the
proximal end of the sternum (M50: 124 cm above the ground, F05: 108 cm above the ground).
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Fig. 6 UHMW-PE backing impacted by 7.62 mm *x 51 AP ammunition:
(a) deformed UHMW-PE specimen from impact experiments; (b) AUTODYN simulation;
(c) extracted displacements of the outside polyethylene layer 0.2 ms after impact.

Table 2. Comparison of ballistic deformation characteristics against the selected threat
in terms of penetration depth, indention diameter and time of maximum penetration.

(c)
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Target Time Penetration Diameter

(ms) (mm) (mm)
M50 GHBMC (version 5.3.3) 1.81 48.2 146.6
M50 Clay Surrogate 0.38 13.8 73.2
FO05 GHBMC (version 5.3.3) 1.90 54.3 164.0
FO05 Clay Surrogate 0.38 13.7 711
3 Results

This section holds the results of the impact simulations for the select threat against the GHBMC human
body models M50 and FO5 and their corresponding torso surrogate models. The results were evaluated

in order to find answers to the questions:

e Do the HBMs behave similarly in terms of penetration depth and diameter of the body region

directly affected by the projectile impact?

o Are there differences regarding male and female anthropometries, and if true, how significant are

these differences quantitatively?

3.1 Penetration depth and diameter

The impacted surfaces of the HBM and the torso surrogate models have been investigated in order to
find the point of the maximum displacement and the diameter of the affected area. As a threshold, all
nodes were selected whose total displacement exceed 20% of the maximum displacement. The results
are summarized in Tab. 2. It becomes evident that the HBMs react far more compliant than the torso
surrogate models. The maximum indention of the deformation is reached after 1.81 ms and 1.90 ms for
the M50 and the FO5 human body model, respectively, in contrast to 0.38 ms for both torso surrogate

models.

e The deformation of the M50 human body model is characterized by a penetration depth of
48.2 mm and a diameter of 146.6 mm, which is 3.5 times and 2.0 times the extent compared to

the deformation of the male torso surrogate (Fig. 7).

o The deformation of the FO5 human model is characterized by a penetration depth of 54.3 mm
and a diameter of 164.0 mm, which is 4.0 times and 2.3 times the extent compared to the

deformation of the female torso surrogate (Fig. 8).
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(b)
Fig. 8 (a) Fabric pack on the GHBMC F05 chest at 1 ms; (b) back face deformation of the HBM.

3.2 Torso deformation history

To obtain more detailed information about the deformation at the impact location, the location of the
nodes on the surface have been plotted in the body’s transversal plane at various points of time after
impact. Fig. 9 shows the deformation of the male sections for the HBM and the M50 torso surrogate
model, whereas Fig. 10 shows the deformation of the female sections for the HBM and the F05 torso
surrogate model. In both cases, the deformation of the ballistic clay is by far less severe than the
deformation of the HBM, where approximately 80% of the final deformation is completed in the first
0.6 ms after impact.

4 Conclusions

The ballistic performance of 9 mm Silicon carbide and 10 mm UHMW polyethylene have been
investigated against the impact of a 7.62 mm x 51 AP projectile. The resulting ballistic deformation of the
composite material has been subjected to a multi-layered soft ballistic fabric package. The effect of the
fabric deformation upon the GHBMC human body models M50 and FO5 as well as corresponding solid
replica made from ballistic clay have been evaluated. The following conclusions can be drawn:

¢ Significant deviations between the torso surrogates and HBM were detected for both models, the
midsize male and the small female. The HBM were far more compliant in terms of penetration
depth and diameter of the affected tissue in the region of impact. Kneubthl implies that ballistic
materials like clay or gelatin generally react stiffer than human tissue and that these materials are
primarily used to produce good repeatability and easy-to-measure plastic deformation, but not
intend to reproduce the exact deformation characteristics of human tissue [20]. Alternative HBMs
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Ventral coordinate / mm

need to be taken into consideration, e.g. the HUByx model (Hermaphrodite Universal
Biomechanical YX model) could be used to compare the results to the male GHBMC model [4].
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Fig. 9 Deformation contour plots over time: (a) Male 50 percentile torso surrogate; (b) GHBMC M50-P.

The HBM representing the small female shows more severe deformations than the male HBM
(relative increase of 12% in penetration depth and diameter of impacted area). This finding
seems to confirm an earlier study of Bir and Viano [21]. The differences between the male and
female torso surrogate models are negligible which indicates that the responses deduced by the
male and female HBM cannot be related to the body geometry, but to different constitutive
properties. Since ballistic clay cannot account for this aspect, it should be considered in future
developments.

This study successfully combines a ballistic load on both, a soft ballistic package and a HBM in a
single FE simulation. Thus, a method is established to further assess potential injuries due to the
deformation of internal organs, i.e. heart, lungs, spleen and the ribs. The results need to be
compared to similar studies and evaluated against available ballistic injury criteria [21,22].

Further studies on the influence of different fabric materials and textile architectures are needed.
The influence of seam lines, different ply orientations and interlaminar friction can be investigated
and compared to this reference model. For the female person, specific cutting patterns should be
considered in order to improve the fit of the vest on the body.

Experimental data is needed with regard to innovative anthropomorphic test devices. The latest
CTS PRIMUS dummy offers calibration measures to account for ballistic impact conditions [23].
High-speed visual recordings or dynamic X-ray testing of the dummy interior would be helpful to
measure displacements of dummy components, like rib structures, organ surrogates as long as
the requirement for anti-penetrating ballistic conditions is met.
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Fig. 10 Deformation contour plots over time: (a) Female 5 percentile torso surrogate; (b) GHBMC F05-P.
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