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Abstract

Penetrating trauma by energised fragments is the most common injury from an explosive event. Fragment penetrations to the
truncal region can result in lethal haemorrhage. Personal armour is used to mitigate ballistic threats; it comprises hard armour
to protect from high-velocity bullets and soft armour to protect against energised fragments and other ballistic threats (such
as from a hand gun) with low impact velocities. Current testing standards for soft armour do not focus on realistic bound-
ary conditions, and a backing material is not always recommended. This study provides a comprehensive set of evidence to
support the inclusion of a backing used in testing of soft body armour. Experiments were performed with a gas-gun system
using fragment-simulating projectiles (FSPs) of different shapes and sizes to impact on a woven aramid and a knitted high-
performance polyethylene ballistic fabric, with and without the ballistic gelatine soft tissue simulant as the backing mate-
rial. The results showed statistically significant differences in the impact velocities at 50% risk (V) of fabric perforation
across all test configurations when the gelatine backing was used. Furthermore, the backing material enabled the collection
of injury-related metrics such as V5, of tissue-simulant penetrations as well as depth of penetration against impact velocity.
The normalised energy absorbed by the fabric could also be calculated when the backing material was present. This study
confirms that a backing material is essential, particularly when assessing the performance of single layer fabrics against FSPs
of low mass. It also demonstrates the additional benefits provided by the backing for predicting injury outcomes.
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Introduction

Personal armour has become increasingly important in
mitigating injuries sustained from ballistic threats both in
combat and civilian law enforcement. Modern personal
armour is generally categorised as comprising hard armour
and soft armour [1]. Hard armour is generally comprised of
rigid ceramic plates or, less commonly, laminated compos-
ite panels. Soft armour typically consists of multiple lay-
ers of high-performance ballistic fibres sewn into a fabric
or bonded together [2]. Hard armour provides high levels
of ballistic protection such as from high energy projectiles,
but is heavy and inflexible [3]; thus, it is mainly used for
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providing essential medical coverage to anatomical struc-
tures within the thorax [1]. Soft armour on the other hand is
flexible and is aimed at protecting from energised fragments
and ballistic threats with low impacting energies.
Fragment penetrating injury is the most common wound-
ing mechanism in conflict [4—8]. This includes both primary
fragments from the explosive device itself (such as shrap-
nel, nuts, bolts, and ball bearings) and secondary fragments
from the vicinity (such as glass shards and building debris).
The soft armour component can cover a greater body sur-
face area, but there are still gaps in soft armour coverage
where no protection is worn; this is particularly found in the
extremities and junctional regions. In fact, it was reported
that the head and the extremities are the two most commonly
wounded regions for the UK and US soldiers in Iraq and
Afghanistan [9-11]. Soft body armour with recently devel-
oped ballistic fabrics can help increase protection for cover-
age gaps while minimising the added burden to the wearers
[1, 12—14]. Fabrics comprised of woven aramids (synthetic
aromatic polyamides) are commonly used ballistic protective
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Table 1 International ballistic armour testing standards with different levels of threats and requirements for backing materials [16-24]

Standards Ballistic threats

Backing material

NIJ Standard 0101.06 Bullets Roma Plastilina® No.1 clay
(USA) Max BFS = 44 mm
AEP 2920 Bullets and FSPs (chisel nose cylinder, right Roma Plastilina® No. 1
(NATO Agreement) circular cylinder) Mandatory for V. assessment, not required for Vs, assessment
MIL-STD-662F Bullets and FSPs (specified by contractor) 2024-T3, 2024-T4 or 5052 aluminium alloy witness plate
(Military standard)
HOSDB Body Bullets Flat or torso-shaped Roma Plastilina® No. 1
Armour Standard 2017 Max BFES = 25, 30 or 40 mm
(UK) [Composite foam backing materials are used for knife/ spike test]
Technische Richtlinie 2008 Bullets Weible® Plastilina
(Germany) Max BFS =42 mm
VPAM BSW 2006 Bullets Weible® Plastilina
(Germany) Max BFS = Investigated plasticity value + 22.0 mm
Max indented volume = (0.134 x plasticity - 1.13) x 70 Joule

CEN prEN IS0 14876-2 Bullets Roma Plastilina® No.1
(European Committee for Max BFS =44 mm

Standardisation)
GOST R 50744-95 Bullets Clay
(Russia) Max BFS = 17 mm
GA141-2010 Bullets Clay
(China) Max BFS =25 mm
IS 17051:2018 Bullets Polymeric/mineral clay block
(India) Max BFS = 25 or 44 mm

materials, with one or two layers having been shown to pro-
vide meaningful protection against low-energy fragments
[13]. One component of the pelvic protection system used by
the United Kingdom Armed Forces is made from two layers
of knitted elastic silk material; this has been demonstrated
to reduce superficial injuries to the pelvis, upper thigh, and
perineal area [10, 14, 15].

Ballistic protective materials are subjected to stand-
ardised testing to evaluate their performance. A ballistic
testing standard specifies requirements for a sample mate-
rial, testing procedures, and protection levels provided by
the tested armour. Various testing standards are published
(Table 1) [16-24]. Of these, the NATO standard AEP 2920
[18] appears to be the most commonly used for testing per-
sonal armour; it specifies a range of fragment-simulating
projectiles (FSPs) for use when evaluating the ballistic
protection against fragment threats. Published standards
use the Vg, the velocity of the projectile at which the
probability of armour perforation is less than 50% [18],
to provide a practical quantification of the ballistic resist-
ance of personal protection [25]. The value of V5, can be
determined accurately from a probabilistic risk curve, but
this can require a large number of tests. Alternatively, as
recommended by many of the standards, the Vs, can be
estimated as the arithmetic mean of the FSP-impact veloc-
ity for an equal number of shots with and without armour
perforation. For example, AEP 2920 calculates the V
by averaging the three, five, or seven highest projectile
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velocities resulting in no armour perforation and the three,
five, or seven lowest projectile velocities resulting in mate-
rial perforation, with the spread of these impact velocities
respectively less than 40, 50, or 60 m/s, where the smaller
spread is preferrable [18]. The arithmetic mean method is
a practical approach and was shown to have good agree-
ment with the probability risk curve for a small number of
impact tests [26]. AEP 2920 also recommends the use of
probit analysis method which provides a ‘standard devia-
tion’ accompanying the Vs, value.

Another important aspect of ballistic assessment is the
experimental boundary conditions of the tested armour.
Two methods of support of soft armour are suggested in
the standards: one whereby the armour is secured onto a
backing material and one whereby the armour is clamped
without a backing material. In the first case, the com-
monly specified backing material is plastilina clay, whose
deformation after impact provides the back-face signature
(BFS), generally measured as the depth of the indenta-
tion on the clay. This method has been used widely in
many applications of both hard and soft body armours to
ascertain the risk of blunt impact, but not without limita-
tions: it was developed based on only two specific impact
scenarios without further validations and direct correlation
to injury [27]. In addition, the suggested plastilina clay is
not comparable in material behaviour to most tissues of
the human body [28]. In the second case, the armour mate-
rial is clamped at its four sides, often under a specified
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clamping force and tension but with no backing material.
The specified levels of clamping force and tension pro-
vide a rather arbitrary boundary condition; while clamping
can retain securely the samples and ensure repeatability
of the test results, the mounting condition deviates from
the realistic usage conditions. None of the suggested sup-
port methods, however, are able to ascertain the risk of
penetrating injuries such as open soft tissue injuries and
bone fractures. Such information is especially important
when testing soft armour, particularly light-weight panels
with few layers of fabric for improving coverage gaps, and
can better inform the design, selection, and optimisation
of armour systems.

Our previous study [26] examined the necessity of a
backing material when assessing the performance of vari-
ous ballistic fabrics against a 0.78-g right-circular cylin-
drical FSP. We used the 20% by weight ballistic gelatine
as the backing material against a single layer of fabric
clamped taut with no specific tension so that it was close
to conditions during usage. The experimental set-up was
then repeated without the use of the gelatine backing, and
the two sets of results were compared. Our study showed
that not using a soft tissue simulant as backing material
resulted in “inaccurate and unpredictable changes in the
behaviour of the ballistic materials” due to the lack of a
biofidelic interaction between fabric and soft tissue. Fur-
thermore, the usage of ballistic gelatine enabled measure-
ments such as the depth of penetration (DoP), V5, of any
soft tissue penetration, and V5, of at least 15 mm soft tis-
sue penetration to reflect quantitatively the extent of pen-
etrating injury to tissue behind the armour as well as the
energy absorbed by the fabric, which is a useful parameter
for comparing different fabrics.

The aim of this paper is to expand on our previous work
[26] to provide a more comprehensive set of evidence on
the effect on outcome measures of using a backing material
in ballistic testing of soft body armour. Various STANAG

2920-recommended FSPs were used of different shapes and
sizes to perform ballistic testing on a woven and a knitted
ballistic fabric, with and without the ballistic gelatine soft
tissue simulant as the backing material.

Materials and Methods

Ballistic tests were performed using a gas-gun system [29].
The device comprises a 32-mm-bore, 3-m-long stainless-
steel smooth barrel with one end connected to a firing reser-
voir and the other end connected to a target chamber (Fig. 1).
The reservoir, charged with either compressed air or helium,
together with Mylar® diaphragms were used as the firing
mechanism to accelerate the projectile to a desired veloc-
ity between 20 m/s and 600 m/s. The fragment simulating
projectile (FSP) was housed in front of a sabot unit which
allowed for various shapes and sizes of the FSP to be used
in the system. The sabot and FSP were separated at the end
of the barrel by the sabot stripper construction installed at
the entrance of the target chamber so that only the FSP could
continue its course to impact the sample mounted inside
the target chamber. High-speed photography (Phantom
VEO710L, AMETEK, USA) at a rate of 170,000 frames
per second was used to record the impact event, identify
FSPs with yaw angles greater than 10 degrees that were sub-
sequently rejected, observe the response of the sample, and
estimate the impact velocity of the FSP.

The experimental protocol described in the previous work
by Nguyen et al. [26] was implemented in this study for two
different ballistic fabrics and five different FSPs (Fig. 1).
The five FSPs (Table 2) were chosen from the recommenda-
tions by the STANAG 2920 NATO standard to cover vari-
ous shapes (sphere, right circular cylinder, and chisel-nosed
cylinder), sizes (2.64 mm to 10 mm cross-sectional diam-
eter), and masses (0.16 g to 4.15 g). 190—g/m2 Twaron®
woven aramid and 610-g/m> Dyneema® knitted HPPE
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Table 2 The fragment simulating projectiles used in the study

FSP Mass Cross-
sectional
diameter

5-mm Sphere 051g 5 mm

10-mm Sphere 4.11¢g 10 mm

4.15-g RC (right-circular) Cylinder 415¢ 8.74 mm

0.16-g RC (right-circular) Cylinder 0.16 g 2.64 mm

1.1-g CN (chisel-nosed) Cylinder 1.10 g 5.39 mm

(high-performance polyethylene) were chosen as the fabric
targets since these materials and constructions are typically
used for soft body armour, whose one or more layers had
been shown to provide some protection against fragments
[10, 13, 26, 30]. The ballistic fabric samples were mounted
as described by Nguyen et al. [26] ; they were mounted taut
to a frame with no specific tension to ensure the boundary
conditions during usage are replicated as well as possible
while still keeping the experiments well-controlled. Specifi-
cally, the 400 x 400 mm woven aramid panels were rolled
up in four sides into a 100 X 100 mm test area, and the 400
X 400 mm knitted HPPE panels were carefully clamped at
all sides to a 100 X 100 mm test area so that they were not
stretched out or folded. The ballistic impacts were spread
evenly over the tested samples and any permanent damage
to the fabric (tearing or thinning of material) was at least 30
mm away from the others.

To investigate the effect of the soft tissue simulant back-
ing, two sets of experiments were carried out for all fabrics
and FSPs: one set had a 250 X 150 x 50 mm block of 20%
by weight ballistic gelatine [29] placed behind and in light
contact with the tested fabric; the other set was of exactly the
same conditions, but without any backing material behind
the sample (i.e. just air). 300-bloom type A ballistic gela-
tine of 20% by weight was chosen as it had been commonly
used as soft tissue simulant in ballistic tests [26, 29, 31] and
shown to have ballistic responses similar to that of human
tissue [31-35]. All gelatine blocks used in this study were
calibrated with the 0.34-g 4.4-mm ball bearing and showed
the expected response in agreement with literature [29, 31,
34]. They were stored at 10 + 1°C before and after each shot
and were never left at room temperature for more than 10
minutes during a test.

After each impact test, the tested sample was inspected for
any material perforation where the FSP tore the fabric and
completely escaped from its back face. The V5, for material
perforation, which portrayed the ballistic performance of the
fabric, was obtained using two methods: (i) the Weibull sur-
vivability analysis (NCSS statistical software, Utah, USA) as
described by Nguyen et al. [26] and (ii) the arithmetic mean
evaluation described by the AEP-2920 NATO standard [18].
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The range of uncertainty for these methods was respectively
given by the 95% confidence interval and the standard devia-
tion. To compare the values of V5, between the two bound-
ary conditions, unpaired t-tests (o« = 0.05) were performed
on data from method (ii) and the z-test (a0 = 0.05) on data
from method (i). For the z-test, it was assumed that the Vy,
value estimated by the survival analysis was equivalent to
that as if obtained as a mean, with corresponding standard
deviation, from a large number of tests following a normal
distribution.

For tests with gelatine backing, the tissue simulant was
also visually checked for any penetration, i.e. permanent
track left by the FSP in the backing material regardless of
whether the FSP remained inside. In tests where gelatine
penetration occurred, the gelatine was cut along the FSP
travel track to measure the DoP using a ruler. Values of Vg,
were obtained, also using the Weilbull regression model
[26], for any gelatine penetration regardless of DoP and for
greater-than-15-mm gelatine penetration. The value of 15
mm of penetration was chosen here because the shortest dis-
tance from the surface of the skin to an essential structure
in the human body is 14.6 + 5.1 mm; that is the distance to
the femoral artery [35, 36]. Furthermore, the DoP from tests
with gelatine backing material was compared with that from
tests with gelatine only, i.e. no protective fabric, using the
same FSPs. From this, the normalised percentage energy
absorption of the material against a specific FSP was cal-
culated as:

p2 — p2
o e ’
< vf /Pa

where v, and v, are, respectively, the impact velocity of the
FSP with and without the protective material that result in
the same DoP in gelatine, and p, is the areal density of the
ballistic fabric [26].

Results

Three-hundred-and-five ballistic tests were analysed —
166/305 tests with the set-up using ballistic gelatine and
139/305 tests with the set-up not using the backing. On
average, 15 tests were carried out per fabric per FSP, with
at least 13 tests for each category. For both boundary condi-
tions, 123/305 tests (40%) resulted in material perforation
(Fig. 2A). For tests with ballistic gelatine backing, 121/166
tests (73%) resulted in gelatine penetration in which 73/121
(60%) penetrations were 15 mm or deeper; all but one
impacts (59/60 tests, 98%) perforating the fabric also pen-
etrated the gelatine (Fig. 2B, 83% of which were 15 mm or
deeper). Approximately half of the gelatine penetration cases
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occurred even though the fabric was not perforated (41% for
Twaron® weave and 62% for Dyneema® knit) (Fig. 2C); 39%
of these penetrations were deeper than 15 mm.

Effect of ballistic gelatine backing

The values of V5, for material perforation by the five FSPs,
obtained from the two evaluation methods, are shown in
Figure 3. The figure also shows the values for the same fab-
rics impacted by a 0.78-g cylindrical FSP, obtained from
the previous study by Nguyen et al. [26]. The percentage
difference between the two V5, (with and without backing) is
displayed, calculated as the difference between the two Vy
values divided by the V, value from the test with gelatine
backing. The obtained percentage differences are similar
across all FSPs for the same impacted material (approxi-
mately 50-60% for Twaron® weave and 5-15% for Dyneema®
knit). The V5, values are higher with gelatine backing for
the Twaron® woven fabric whereas they are similar or lower
with gelatine backing for the Dyneema® knitted fabric. The
two boundary conditions yield statistically different Vs, (p
< 0.05) for all FSPs impacting the Twaron® woven fabric,
and half of the FSP cases impacting the Dyneema® knitted
fabric.

Additional metrics of protection offered by fabrics
for tests with gelatine backing

Figure 4 shows additional Vs, values (+ 95% confidence inter-
val), obtained from the Weibull survival analysis, representing
the 50% risks of material perforation, any soft tissue penetra-
tion, and soft tissue penetration of 15 mm or greater for all

tested fabrics and FSPs. The overall trend indicates that the Vi
values are lowest for any gelatine penetration. The Vs, values
are similar between material perforation and at-least-15-mm
gelatine penetration, with the two exceptions where the latter is
higher for Twaron® weave impacted by smallest FSPs (5-mm
sphere and 0.16-g cylinder) and two exceptions where the lat-
ter is lower for Dyneema® knit impacted by the largest FSPs
(10-mm sphere and 4.15-g cylinder). Between the two fab-
rics, Dyneema® knit has higher Vs, values. Among tests of the
same fabric, the V5, values are generally similar for all FSPs.

Figure 5 shows the DoP in the gelatine backing against
impact velocity of the FSP for all tested fabrics and FSPs.
Linear data fits were applied on the obtained data sets,
whose slope and x-intercept depict the resistance of the
fabric against the specific FSP. For both fabrics, the resist-
ance is lowest against the 4.15-g RC cylinder, followed by
the 10-mm sphere, 1.1-g CN cylinder, 5-mm sphere, and
0.16-g RC cylinder (Fig. A, Supplementary Materials). With
or without material perforation, impacts against the Twaron®
woven fabric result in a linear correlation between the DoP
and the tested range of impact velocities of each FSP. This,
however, is not the case for the Dyneema® knitted fabric,
except for impacts with the 0.16-g RC cylindrical FSP. For
the other impacts with Dyneema® knit, the slope of the
linear data fit becomes much steeper for impact velocities
where material perforation occurs. Both fabrics are shown
to reduce the DoP into the gelatine backing when compared
to no protection present. This reduction, however, decreases
drastically for the perforated Dyneema® knit fabric.

The normalised percentage energy absorption values of all
test configurations are shown in Figure 6 for three outcome
scenarios: penetration in the gelatine with perforation of the
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material, penetration in the gelatine without perforation of
the material, and no penetration in the gelatine all except
for one of which was also with no perforation of the mate-
rial. The overall values are the average of those calculated
for these three scenarios. Generally, Twaron® woven fabric
has higher energy absorption power per unit of mass, espe-
cially for cylindrical FSPs. Apart from the 10-mm spherical
FSP against Twaron® weave, the common trend is that the
energy absorption is highest for cases with no penetration in
gelatine, which is also the same across all FSPs, followed by
those with gelatine penetration but no material perforation,
and then those with material perforation and gelatine pen-
etration. The absorption values are closer between the two
latter cases for Twaron® weave and between the two former
cases for Dyneema® knit. The normalised percentage energy

@ Springer

absorption is especially low for the configuration of 10-mm
spherical FSP against Dyneema® knit.

Discussion

The reported results reconfirm the protection benefits pro-
vided by a thin layer of the 190-gsm Twaron® woven and
610-gsm Dyneema® knitted fabrics. Similar to the conclu-
sions shown by Nguyen e al., the Dyneema® knit had better
overall performance in terms of Vs, values and DoP likely
due to its high areal density, but lower energy absorption per
unit mass compared to the Twaron® weave. The high elastic-
ity of the knitted fabric allowed it to stretch and be resist-
ant to perforation; this, however, led to the FSPs penetrating
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the soft tissue simulant even without perforating the fabric,
similar to pencilling behind armour blunt traumas [3, 36].
This behaviour was more apparent in heavier FSPs; hence
the V5, values of gelatine penetration were lower compared
to those of material perforation for heavier FSPs. It was espe-
cially noticeable for the 10-mm sphere and the 4.15-g RC
cylinder whose Vs, for greater-than-15-mm gelatine penetra-
tion was much lower than material perforation. Interacting
with the woven fabric, the rounder spherical FSPs had more
tendency to slip between the displaced yarns, resulting in
low V5, values; the chisel-nosed cylinder had smaller edged
contact surface so it wedged and sheared through the yarns,
giving lower Vs, values compared to the similar sized 0.78-g
RC cylinder with larger and flatter contact surface [26]. The
higher friction between the cylindrical FSPs and the primary
yarns of the woven fabric also resulted in no perforation to
the fabric but still penetration in gelatine. These pencilling

injuries can only be quantified with the presence of a backing
material. Once the FSP penetrated the backing material, the
damage, in terms of DoP, was shown to be mainly related
to the momentum of the FSP. The protection efficiency (the
energy absorption per unit of mass) of the fabrics was gener-
ally dependent on the range of impact velocity of FSP. Each
fabric gave the highest normalised energy absorption for the
lower impact velocity range where no penetration and per-
foration occurred; this was followed by the velocity range
resulting in gelatine penetration, but not material perfora-
tion; in the range where material perforation occurred, the
protection dropped to lowest, especially for the knitted fabric.

Fragment simulating projectiles of different geometries
and sizes, recommended by STANAG-2920, were chosen to
provide a comprehensive set of evidence for the role of the
tissue-simulant backing material in the ballistic assessment
of thin protective fabrics. In particular, the right-circular
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cylindrical and spherical shapes were identified as the most
common geometries for small metal fragments recovered
from secondary blast penetrating injuries [37-39]. The
10-mm sphere and the 4.15-g cylinder are the two largest
and heaviest FSPs listed [18]. The 0.16-g cylinder was the
smallest and lighter FSP listed. The 5-mm ball bearing was
also found as one of the main injury threats in victims of the
Boston marathon bombing [40, 41]. The 1.1-g chisel-nosed
cylinder was designed to represent natural fragments and
has been used widely for ballistic testing of body armour
[42]. Other types of penetrating threat that can be mitigated
by thin ballistic fabrics [14], which should be employed
for further investigation, is soil ejecta and handgun bullets
[16, 24, 43].

The ballistic fabrics chosen for this investigation are of
different architecture—woven and knitted—and different
areal density—190 gsm and 610 gsm—to represent differ-
ent test specimens. These types of material are commonly
used in soft body armours, although often consist of as
many as 10 to 50 layers [13]. The single-layer construction
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used here has been shown to provide meaningful protec-
tive benefits [10, 13, 26, 30], but its specific testing meth-
odology has not been thoroughly advised by current test-
ing standards.

The backing material chosen here was 20% by weight bal-
listic gelatine as it is a popular choice of soft tissue simulant
[14, 25, 28], whose responses are representative of human
tissue in general [14, 30-33]. It is, however, only appropriate
for body areas with large amounts of muscle, particularly the
neck and leg, but not for areas with air-containing organs
such as the thorax and abdomen [31]. For the thoracic and
abdominal regions, using a different backing structure would
be more appropriate [44, 45]. In addition, for impacts by
light FSPs at low velocities, the skin is more resistance to
perforation than gelatine [31, 46] and so the results for the
0.16-g cylindrical FSP are likely overestimated. Including a
layer of skin simulant to the relevant backing material should
be considered in future works with light FSPs. Overall, even
though there is no evidence that the backing material has to
be biofidelic, in order to obtain a meaningful risk assessment
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that can translate to real-world performance, one should con-
sider using a backing material whose ballistic response is
similar to that of the body region that the tested armour
intends to protect.

The difference in Vs, values for material perforation is
similar between various FSPs for the same protective fabric,
but different between different fabrics. This agrees with the
previous study by Nguyen et al. [26], which used a 0.78-g
cylindrical FSP; it produced a similar percentage difference
for the same Twaron® weave and Dyneema® knit (63% and
16% respectively, Fig. 3) and varying percentage differences
between the five ballistic fabrics tested. Furthermore, the
trends in the discrepancy are not consistent between the
fabrics: with the backing material present, the Vs, values
increased for Twaron® weave by 48% to 66% and gener-
ally decreased for Dyneema® knit by 3% to 10% compared
to when the backing material is not present. This was also

observed for other fabrics in the previous study [26]. These
observations suggest that the ballistic assessment of a soft
body armour should not be simplified to exclude a backing
since the missing interaction between the armour and the
backing likely gives rise to an inaccurate ballistic threshold
of the armour that cannot be predicted or scaled.

An additional benefit of using a backing material in
the assessment of soft armour is the ability to estimate the
amount of soft tissue damage caused by FSP penetration.
We proposed here the Vs, for any gelatine penetration as a
metric associated with the risk of wounding and ingress of a
foreign object into human tissue which in turn is associated
with risk of infection. Our results showed that there could
be cases of gelatine penetration without perforation of the
armour; use of the well-established Vs, for armour perfora-
tion does not capture this penetration and therefore could
overestimate the protective ability of the fabric.

@ Springer
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We also proposed here the Vs, for deep penetration into
the gelatine as a metric associated with the risk of injury to
organs; the distance to the femoral artery (approximately
15 mm) [47, 48] was used here. Depending on the intended
location of the armour, one could consider using a different
value to represent deep penetration; 17 mm is the distance to
the liver, 19 mm to the heart, 15 mm to the common carotid
artery in the neck, and 41 and 85 mm respectively to the
lateral and posterior surface of the tibia [47, 49, 50].

Furthermore, the use of a backing material and there-
fore the ability to measure a DoP allows one to predict the
amount of kinetic energy carried by the projectile when
striking an essential structure inside the human body; this,
combined with injury-risk curves of the essential structure
of interest allows the calculation of the ability of a fabric to
protect specifically that essential structure [50]. Finally, the
presence of a backing material enables the calculation of
the energy absorbed by the fabric, which is useful for com-
parisons between fabrics, as well as the examination of the

effects of different types of clothing on the wound pattern 3.

Conclusions

This study focused on the ballistic assessment of thin protec-
tive fabrics. It showed that the inclusion of a backing soft tissue
simulant makes a statistically significant difference to the per-
formance of both woven and knitted fabrics impacted by vari-
ous FSPs of different shape, size, and mass. Use of a backing
material was also shown to allow for the utility of additional
metrics that relate to injury risk. Consequently, it is recom-
mended that a backing material is included when assessing
the performance of soft ballistic protection, at least for armour
with few layers of fabrics and against small metal fragments.
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