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Abstract: Antiballistics are used as personal protective
equipment required by military and police personnel.
They have been mentioned frequently in recent decades
due to the increasing cases of war. Several studies have
reviewed the development of antiballistic technology.
However, there needs to be more discussion on and sys-
tematic reviews of the current milestones of antiballistic
materials, testing, and procedures. In addition, compared
to other fields, antiballistic studies are rarely carried out
by public researchers because research on weapons is
still a sensitive topic. Researchers who want to discuss
antiballistics must cooperate with the country's defense
and security agencies. This article aims to present a sum-
mary on and the development of scientific research on the
theoretical concept of impact, the experimental approach
for ballistic tests on advancedmaterials, the idealization of
ballistic tests in computational mechanic simulations, and
milestones of technical apparatus for ballistic performance
measurement, over a period of more than 500 years. Thus,
this analysis makes an excellent contribution to the field
of antiballistics. This article review is based on hundreds
of international journals and websites that are still active
and can be accounted for legally. The results show that
research related to antiballistics will continue to grow
yearly.

Keywords: theoretical basis of impact, ballistic test, bullet-
proofmaterial, numerical simulation, sensors andmeasurement

1 Introduction

War, in the popular sense, is a conflict between political
groups involving hostilities of considerable duration and
magnitude [1]. In this respect, a distinction must be made
between wars of aggression (involving an armed attack)
and wars of defense (in which the defending nation
resorts to arms only after being attacked). Sociologists
treat war as an institution recognized by custom or law.
Military writers usually limit the term to hostilities in
which the competing groups have sufficiently equal power
to render the outcome temporarily uncertain. Such inci-
dents, if the resistance is strong enough or protracted, can
reach a level that makes them entitled to the name “war.”
War is one of the most severe anthropogenic disasters that
cause significant loss of life and material losses [2].

At the end of the seventeenth-century English Civil War,
many survivors of the Alexander Popham Parliamentary
Army marched back to Littlecote (Wiltshire, England), laid
down their weapons and their armor, and returned to their
peacetime jobs [3]. Considered the last surviving Civil War
arsenal in England, the Littlecote House collection appears
to have been largely assembled by Alexander Popham in the
mid-seventeenth century and acquired by The Royal Arm-
ories in 1985 [4]. Among the collection are 36 buff coats that
make up the largest single extant group in the world [5]. Buff
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coats have been described as oil-tanned leather garments of
oil-tanned leather, usually with thigh-high skirts that extend
to the knees, used instead of, or in conjunction with, plate
armor. In the seventeenth century, the buffalo coat was
one of the most widely worn forms of body protection
among the cavalry of many European countries [6]. Ana-
lysis of Littlecote's collection of buff coats shows that they
are individually tailored for the man who wears them [7].
Despite its relatively widespread use among the cavalry, it
was used as protective clothing during the English and
British Civil War, but its effectiveness as a protective suit
is unknown. Buff coats were usually worn over civilian
clothing (linen shirts and woolen vests) during the English
Civil War because uniform use was not common [8].

British Civil War musketeers usually carried match
rifles, 12-bore being the most [9]. Projectiles fired using a
musket are usually lead balls and are accelerated by
burning black powder in the gun barrel and behind the
projectile. Black powder is a pyrotechnic mixture con-
taining fuel (charcoal and sulfur) and an oxidizing agent
(potassium nitrate) [10]. The rapid combustion of the black
powder produces large amounts of gas, which creates high
pressure in the confined space of the barrel, accelerating
the projectile along and out of the barrel. What the Chinese
often referred to as "fire medicine" arrived in Europe, fully
refined, as gunpowder [11]. The energy from gunpowder is
released very quickly and can be replicated without much
effort by the user. Therefore, even early firearms such as
the arquebus were much more powerful than human-
powered weapons [12,13]. Firearms became increasingly
important and effective during the sixteenth to nineteenth
centuries, with progressive improvements in ignition
mechanisms followed by revolutionary changes in the
handling of ammunition and propellants.

In fact, according to the Stockholm International
Peace Research Institute (SIPRI), the volume of interna-
tional transfers of major arms in 2010–2014 was 16%
higher than in 2005–2009 [14], and arms sales from the
world’s 100 largest private arms manufacturers and mili-
tary services totaled USD 420 billion in 2017–2018 [15].
After the battle, the weapon is brought back to the base
and stored as a standby weapon. Over time, these weapons
suffer damage, but some are fixed. If repairs are no longer
possible due to several factors, the weapons are melted
down and processed into something useful. However,
many weapons are impossible to melt because there is a
risk of explosion or other complications; therefore, the
weapon is discarded. There are several issues surrounding
the potential ongoing risk of weapons being used, safe
storage of weapons, and their eventual disposal when
they are no longer effective or safe. Disposal of unused

weapons and bombs at sea, including ordinary bombs,
unexploded ordnances, land mines, and chemical weapons,
has become a common practice in many countries and often
poses a danger [16–19].

Technology is now advancing rapidly because of the
demand of the times. Regarding technological develop-
ment in dealing with conditions involving sharp weapons,
firearms, and even intercontinental cruise missiles, anti-
ballistics are needed, such as aramid cloth that can with-
stand knife cuts, bulletproof material that can withstand
projectiles, and iron domes that can detonate missiles
above the sky before they reach their target. However,
the limitation of this article is that it only discusses anti-
ballistic projectiles, not anticruise missiles. This article is
expected to be used as a reference when developing forth-
coming antiballistic technology.

An antiballistic is a must that is designed to prevent
or reduce injuries caused by ballistic projectiles in the
chest and abdominal cavities. An antiballistic is a medium
or tool that protects the user's body from threats that may
cause injury, or dangerous conditions that are usually
used by military personnel. Based on the aforementioned
explanation, it can be concluded that the vest is a medium
or a tool used to protect the user’s body from threats that
may cause injury or other dangerous conditions.

One thing that needs to be emphasized is that the
vest does not protect the body from the risk of being
shot, but using a vest can reduce the risk. Current bullet-
proof vest designs have been adapted and tested in the
face of the threat of bullet fire. The most commonly used
vests are law enforcement officers’ vests, which are made
to withstand 9mm handguns. Since being first intro-
duced in the mid-1970s, it has been shown that these
weapons have become the most common threat faced,
as evidenced by the several law enforcement officers
who have been with one [20]. Therefore, it is hoped
that the development of antiballistic technology will
reduce the number of deaths caused by projectiles,
because the time it takes to penetrate the heart is only
0.0007 s and can take the life of the victim.

This work aims to present a schematic overview of
antiballistic technology thoroughly focused on body
armor: starting from the theoretical concept of impact,
moving through the experimental approach for ballistic
tests on advanced materials, the idealization of ballistic
tests in computational mechanic simulation, and ending
with the milestones of technical apparatus for ballistic
performance measurement. This is all discussed and sum-
marized to provide insight into antiballistic technology
mapped as an observation and measurement instrument.
Several presentations can also be the basis for the future
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development. Furthermore, it can be the basis for pre-
dicting the application of this technology in the future
decade based on the circumstances and developments
of the previous decade presented in this work.

2 Theoretical concept of impact
phenomenon

The impact test is used to study the toughness of a mate-
rial. The toughness of a material is a factor in its ability to
absorb energy during plastic deformation. Brittle mate-
rials have low toughness due to the small amount of
plastic deformation they can withstand. The impact value
of a material can also change with temperature. At lower
temperatures, the impact energy of a material is often
reduced. The size of the specimen can also affect the
Izod impact test value as it can allow for different amounts
of imperfections in the material, which can act as a stress
booster and lower the impact energy. The most common
impact testing consists of the Charpy specimen and Izod
configurations. The Charpy impact test was performed on
instrumented machines capable of measuring less than 1
foot-pound to 300 foot-pounds at temperatures ranging
from −320°F to over 2,000°F. Types of impact test speci-
mens include notch configurations such as V-Notch, U-
Notch, and Key-Hole Notch, as well as un-notched and
International Organization for Standardization (ISO),
Deutsche Industrie Normen (DIN) V-Notch, with impact
testing capabilities of sub-size specimens up to size. Izod
impact testing can be performed up to 240 foot-pounds on
standard and X3-type single-notch specimens. The impact
test is crucial to determine the amount of energy the mate-
rial absorbs during fracture. This absorbed energymeasures
a given material's toughness and is a tool for studying
temperature-dependent brittle–ductile transitions. Impact
testing can determine a materials' behavior at higher defor-
mation velocities. The classical pendulum impact tester
determines the impact energy absorbed by a standard spe-
cimen at breaking by measuring the height of the pendulum
hammer rise after impact. In general, there are two types of
impact tests: pendulum and dropweights. Izod, Charpy, and
tensile impact are the most common pendulum-type tests.

Impact testing machines evaluate an object's capa-
city to withstand high loading levels. They are typically
used to determine the service life of a part or material.
Impact resistance can be one of the most challenging
qualities to measure. There are two types of standard
impact tests: Charpy and Izod. Using notches in impact
testing is acceptable because impact energy measures the

work needed to break the test specimen. When the
striker impacts the specimen, it absorbs energy until it
produces. The test specimen continues to absorb energy
and work to harden in the plastic zone in the notch.
When the specimen can no longer absorb energy, a frac-
ture occurs.

ISS Soyuz Vehicle Orbital Module Ballistic Limit
Equations NASA JSC-KX/Eric Christiansen revised ballistic
limit equations (BLEs) for Soyuz Orbital Module (OM)
shielding based on hypervelocity impact data obtained
by the NASA Johnson Space Center Hypervelocity Impact
Technology group at White Sands test facility (WSTF) and
the University of Dayton Research Institute (UDRI). The
Soyuz OM shielding consists of an outer multilayer insula-
tion (MLI) thermal blanket attached to a 0.5mm thick alu-
minum AMg-6 bumper plate, followed by 15mm spacing
to a 1.9mm thick aluminumAMg-6 pressure shell. TheMLI
thermal blanket for Soyuz OM also contains a 0.2 mm thick
aluminum layer and two layers of fiberglass cloth.

Hypervelocity impact tests were performed on the US
materials that closely match the Russian materials in type,
thickness, and mass. The WSTF tests were performed with
a two-stage light gas gun at a speed of up to 7.0 km/s. The
UDRI tests were performed on a three-stage light gas gun
with speeds of up to 10.1 km/s. Tests were performed with
steel (440C stainless steel) spherical projectiles. All of the
tests were with steel projectiles, as the previous work [21]
concentrated on aluminum projectiles. The steel projec-
tiles were included in the testing because the new orbital
debris model (ORDEM 3.0) contains a significant fraction
of high-density (steel) impactors. The BLEs are used in the
Bumper code to assess the probability of no penetration
from micrometeoroid and orbital debris impacts.

BLEs for the Soyuz OM were updated based on the
test data. These equations relate the particle size, DC
(cm), on the failure threshold of the shield as a function
of impact and target parameters. Failure is defined as a
through-hole or through-crack in the shield’s rear wall or
pressure shell. The BLE is provided for three velocity
ranges, as follows [22]:
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Low Velocity: When V ≤ 2.5/(cos θ),
( )( )= +

− / − − /d K t f m θ ρ V0.37 cos .c L w l b
4 3

p
0.5 2 3 (3)

Defense systems of military facilities are subject to
dynamic loading resulting from ballistic effects and explo-
sions. The dynamic mechanical properties of concrete can
vary significantly from those seen under quasi-static con-
ditions. Depending on the loading conditions, concrete
is subjected to varying degrees of strain. Various test
methods such as the split Hopkinson pressure bar, high-
speed impact test, shock tube, and several other methods
are used better to understand the behavior of UHPCs under
high-stress conditions.

Specific assumptions related to friction and inertial
effects assumptions should also be considered [23,24].
The pulse shaper extends the incident pulse’s rise time
and applies a constant strain rate. The pulse generator
forms incident pulses to maintain dynamic stress equili-
brium in brittle materials. Various types of pulse formers
such as copper, aluminum, brass, and rubber [25–28] are
used. The dependence of the strain rate needs to be con-
sidered when dealing with the effects of dynamic loading
on concrete due to the increase in mechanical properties
with the increasing strain rate [29–33].

Due to the complex nature of the material and the
different characteristics under compression and stress,
the penetration and perforation mechanism in concrete
is relatively more complicated than that of metal. Various
empirical and theoretical models have been proposed to
estimate the penetration of projectiles on concrete tar-
gets. Li et al. [34] and Kennedy [35] provide an analysis
of developments in concrete construction aimed at redu-
cing impact in missiles, as well as various analytical
models to assess the penetration depth and thickness of

punctures and perforations. The empirical equations are
used mostly to refer to the typical impact of nondeform-
able projectiles. This is based on the assumption of
negligible deformation and projectile failure. Projectile
deformation and damage can be relevant either when
the impact velocity is high or when the projectile hardness
is weak [34]. Moreover, Chen and Li [36] defined 10 < V <
1,000m/s as a rigid projectile regime. One that is widely
used is the modified National Development and Reform
Commission (NDRC) formula [37–39], which is determined
from the G-function as shown in Table 1.

N is the nose shape factor of 0.72, 0.84, 1.0, and 1.14
for flat noses, hemispherical, blunt, and very sharp,
respectively. Very sharp nose in succession. N can also
be defined by the Li–Chen formula for ogive and conical
noses [40]. Other formulas used for other penetration
depths used for calculation of penetration depth are Army
Corps of Engineers (ACE) [38], Ballistic Research Laboratory
Ballistics (BRL) [34,35], UKAEA [41], Al Musallam et al. [42],
Hwang et al. [43], and Kravanja and Sovjak [44]. Details of
the various penetration depth estimation models are shown
in Table 2.

Kravanja and Sovjak examine the application of var-
ious predictive model prediction models regarding the
experimental results of Kravanja and Sovjak [45]. It was
observed that the modified model of Hwang et al. is most
accurate for rigid projectiles. At the same time, Rubin and
Yarin [46] present a generalized formula for deformable
projectiles. Moreover, predictions based on Abbas et al.
[47] are most accurate for mass ejection. In this study, the
predictive model was evaluated based on the work car-
ried out by various researchers [45–48] on the response
of the ultrahigh-performance fiber-reinforced concrete
(UHPFRC). The results of these efforts help in

Table 1: Coefficients and variables for Soyuz OM BLEs

Old coefficient New coefficients for flight vehicle Test article coefficients

Parameter Original Update for aluminum
projectile

Update for steel
projectile

Update for aluminum
projectile

Update for steel
projectile

mb (g/cm2) 0.34 0.343 0.343 0.315 0.315
tw (cm) 0.19 0.19 0.19 0.20 0.20
Pp (g/cm3) 2,800 2,800 7,900 2.796 2,796–7,667
h (km/s) 6,200 6,200 5 6,200 7.5
Exph 0.33 0.400 0.400 0.400 0.400
Eh 1/3 1/3 3 3 1/3
fi 1,000 1,000 1,000 1,000 1,000
KH 1.18 1.07 1.07 1.07 1.07
Khi 0.642 0.582 0.547 0.582 0.547
Kli 0.977 0.841 0.841 0.841 0.841
Kl 1.8 1.55 1.55 1.55 1.55
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understanding their application to a wide range of impact
energies.

In the case of deformable projectiles, Rubin and
Yarin [46] developed a model for a long eroded long
rod projectile that erodes into a metal target and can be
applied when the plastic flow is observed at the target
and projectile. However, for deformable projectiles, pre-
diction models need to be developed with ultrahigh-perfor-
mance concrete in mind when a projectile failure occurs.
The models made for the impact of rigid projectiles were
also used in the case of impact of deformable projectiles,
since no damage to the projectiles was observed by the
authors in their experiments, thus following the assumption
of negligible deformation of the projectiles.

In this study, Hwang et al. [43] said that the modifi-
cation could not be evaluated for the deformable case due
to the unavailability of all parameters required for the
calculation of penetration depth from published publica-
tions taken into account. Similarly, the Rubin and Yarin
[46] model also could not be evaluated for both rigid and
deformable projectiles due to a lack of information about
the required parameters used for calculations from the
published literature considered for analysis. Furthermore,

while using experimental data for the prediction of pene-
tration depth, the impact velocity of the impact velocity on
the target was considered to be 22m/s less than the muzzle
velocity as measured by the chronograph (for a distance of
20 m) to obtain a more reliable prediction [45,49].

One of the criteria chosen to check the accuracy of the
model is the difference in depth of penetration between the
experimental and predicted values. The allowable differ-
ence in penetration depth is limited to ±15 mm, which is
equivalent to 10% of the thickness of slabs and shear walls
(150mm) commonly used in construction.

During the test, the sample is positioned correctly on
a horizontal platform, where one edge is fixed, and the
other is free to hang on the platform. Using a sliding
scale, the sample can slide on a horizontal sliding plat-
form by gently pushing at a regular speed. In our case,
the investigation to calculate the flexural stiffness was
carried out in two ways. Several tests were carried out
until the sample hung under its weight and the sample
edge at the front touched the inclined sliding platform
(41.5°). In another test, if the hanging sample did not
touch the inclined platform, the hanging sample (l) and
the sample bending curvature (θ) were measured for

Table 2: Various models for estimation penetration depth

Formula Penetration depth Remarks

Modified
NRDC [39–41]

G G G2 for 2 and 1 for 2KNM
d

V
d

x
d

x
d

x
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lightweight projectiles
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con
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Developed using impact velocities up
to 200m/s and large diameter
projectiles

BRL [36,37] dx
d f

M
d

V427 0.2
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Developed using concrete of lower
strength (20.68 MPa)

UKAEA [43] G is the same as the modified NDRC formula
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Developed using impact velocities from
25 to 300m/s and concrete of
sufficient thickness to suffer no
scabbing

Haldar Hamieh [39] Impact factor,

I I I

I I

I I

−0.0308 0.2251 for 0.3 4.0 ,

0.6740 0.0567 for 4.0 21.0 and

1.1875 0.0299 for 21.0 455

V NM
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I, a nondimensional impact factor, was
used to improve the prediction

Almusallam
et al. [44]

G αp p
KNM

d
V

d
1

exp 1, 000

1.8

1 2( ) ( )
=

+

and β are the empirical constants to be

determined from the experimental data. These parameters were taken as
obtained as 0.12 and 0.10, respectively.

The effects of hybrid fibers were
incorporated as model parameters

Hwang et al. [43]
modified Hwang
et al. [45]

Hwang et al. proposed penetration depth estimation based on the
principle of energy consideration. Kravanja and Sovjak have modified
Hwang model in terms of crater cone area in spalling and scabbing-
resistant energy

Based on spalling tunneling and
scabbing modes of failure
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further calculations. For both cases, the flexural stiffness
of the sample was then calculated taking into account the
overhanging length (l), the flexural length, the weight of
the sample area, and the flexural curvature. Flexural stiff-
ness is calculated based on Eq. (4), and the schematic of
flexural rigidity test of 3D warp interlock fabrics in the
stiffness testing apparatus is shown in Figure 1.

= ×

 ×    

 

G ρ l1
8

,θtan
cos

3

1
2

(4)

whereG is the flexural stiffness of the fabric, ρ is the weight
of the fabric sample per unit area (mass per unit area ×
acceleration due to gravity), l3 is the length of the overhang,
and θ is the flexural curvature. In general, the average
bending length of the sample can be calculated using Eq. (5).

=C 1
2

, (5)

where C is the sample binding length and is the sample
with the protruding length after the best test. When the
leading edge of the sample touches the inclined sliding
platform (41.5°) of the apparatus, the flexural bonding of
the fabric rigidly can be calculated using Eq. (6).

= ×   = ° =

 

 

G ρl θ1
8

, for 41.5 , 1 1.θ θtan
cos

3

tan
cosθ θ

2 2

(6)

The basic stipulation is G = 1 × Pl
8

3
, because l/2 is the

flexural length and is the mass per unit area multiplied by
the acceleration due to gravity. The flexural stiffness of
the fabric can be simplified using Eq. (7).

= ×   ×G W g c .3 (7)

It is known that G is the flexural stiffness of the
sample (N m), W is the weight of the sample unit area

(g/m2), c is the average flexural length of the sample
(mm), and g is the acceleration due to gravity (m/s2).
The motion of the center of mass of the projectile relative
to the inertial coordinate system obeys Newton's law as
follows. For clarification, see Figure 2.

∑· =  m v
t

fd
d

, (8)

where m is the mass of the projectile (m = m1 + m2); Rx is
the total aerodynamic drag of the projectile (Rx = Rx1 +
Rx2; similarly, Rx = Rx1 + Rx2).

For the projectile nose and projectile body, Eq. (9)
can be derived as follows:

∑· = = + +m V
t

F F R Rd
d

,x y1 1 12 1 1

∑· = = + +m V
t

F F R Rd
d

,x y2 1 12 1 1 (9)

where F12 is the force acting from the body projectile on
the nose projectile and F21 is the acting force of the nose
projectile on the body projectile. They have identical
absolute values but in opposite directions. Large-scale
deformation of the behavior of metallic materials under
high pressure, high strain rate, and temperature is sig-
nificant for establishing flow and strain curves. High
strain rate and temperature are significant for deter-
mining flow curves and failure mechanisms under impact
loads. The basic relationship of the JC model is completed
by combining the aforementioned parameters [50]. Stress
as a function of strain, strain rate, and temperature are
material constants such as A, B, C, n, and m as provided
in Eq. (10). To make it easier to understand, see Figure 3.

⎜ ⎟( ) [ ( ) ]⎡

⎣
⎢

⎛

⎝

⎞

⎠

⎤

⎦
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[ ]

= + +

× −

σ ε ε T A B ε C ε
ε

T

, ̇ , 1 ln ̇
̇

1
,

n

m

pl pl ⁎ pl
pl

0
⁎

(10)

where σ is the equivalent stress; A is the yield stress of the
material; B is the strain hardening constant; C is the
strain rate strengthening coefficient; n is the strain

Figure 1: The schematic of flexural rigidity test of 3D warp inter-
locking fabrics in the stiffness testing apparatus [51].

Fa = m/dt x dv

Fr = d/mv x dt

Projec�le Target

Figure 2: Schematic illustration of projectile force.
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hardening coefficient; m is the thermal softening coeffi-
cient =

−

−

⁎ T T
T T

0

melt 0
with T0 being homologous with the

temperature; the melting temperature, 0 as the reference
temperature, the temperature at which the experiment
was carried out. The reference strain rate 0 is taken as
1/s. When a material is plastically deformed, it tends to
fracture once it reaches its highest strength. Fractures
cause material damage and become dominant when the
material is subjected to dynamic loading. The damage for
individual elements is calculated, and the cumulative
damage as shown in [52] is expressed in Eq. (11):

∑=

∈

D εΔ ,f (11)

where (σm) is the additional plastic strain and strain to
fracture for a given temperature, pressure, and equivalent
stress. The general expression for the fracture strain is
shown in Eq. (12). Figure 4 shows the strain rate and tem-
perature effect on the strain to fracture. The fracture strains
are expressed as the ratio of the Hopkinson bar fracture
strains divided by the quasistatic tensile fracture strains.
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(12)

where m is the average stress and σeq is the equivalent
stress. D1–D3 is related to stress, D4 is related to the strain
rate effect, and D5 is related to the temperature effect.

A blunt projectile of mass M and diameter d is fired
into a circular ductile target of thickness H and diameter
D. σy and ρ are the target material’s yield stress and
density parameters, respectively. The analysis is based
on the fact that the formation of a circular plug occurs
in the middle. The ejection of the plug is caused by the
total compressive force on the projectile, which is con-
verted into a plastic shear force on the target surface. The
dimensionless constants with respect to thickness and
mass, at the interface of the projectile and the target,
are shown in Figure 5 and described as follows: projectile
and target are described as shown in Eqs. (13) and (14):

=X H
d

, (13)

=η ρπd H
M

⁎
4

,
2

(14)

where ρ is the density of the target material, H is the
thickness of a circular plate, d is the diameter of
the projectile, M is the mass of the projectile, and H* is
the thickness of the plug.

Ballistic velocity, VBL, and residual velocity, Vr, are
calculated from Eqs. (15)–(17):

Figure 3: Stress–strain data for Hopkinson bar tests at various temperatures [50].
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where Vi is the impact velocity of the projectile and is a
dimensionless parameter in relation to the thickness and
diameter of the plate. For the velocity fields in Figure 6a–c,
maximum shear sliding is reached at the end of the first
phase of motion.
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The assumptions in this model and those considered in
our study such as a steel projectile and a cylindrical nose
projectile hitting a ductile metal target with the formation of
a cylindrical cavity form the coherence in considering this

calculation model. Thus, various thicknesses are under
consideration and various impact speeds are selected. The
residual velocity obtained from the analytical model is
compared with that obtained from the calculation.

3 Experimental approach for
ballistic test on advanced
materials

The need to provide better and stronger protection against
various ballistic impacts and threats has necessitated
the continuous exploration and utilization of high-perfor-
mance fibers, especially those from renewable sources, for

Figure 4: The effect of strain rate and temperature on the strain to fracture [50].

Figure 5: Perforation of a thick plate [40].
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ballistic applications. The development of ballistic protec-
tion materials with better performance and lower weight
has received much attention in recent decades due to the
increasing number of threats and insurgency cases. Due to
the need to improve the ballistic performance of body
armor and protective clothing, especially for military
personnel, with great consideration for environmentally
friendly requirements, a review of relevant studies in this
field is necessary. However, before that, see Figures 7 and 8,
to learn a little history of body armor.

For hundreds of years, metal materials have been used
for body armor and protection. Larger objects, such as vehi-
cles, are called “weight protection.”Moreover, the so-called
weight protection protects larger objects, such as vehicles.
However, only a few decades ago, at the end of the Second
World War, a lighter solution emerged, especially for mili-
tary personnel, in the form of nylon ballistic vests. However,
it does not come close to the current ballistic protection
offered by the aramid fibers, threads, and fabrics included

in personal armor. Another advantage of ultrafine polymer
filaments (not just aramid [53]) is that they offer an incred-
ibly flexible material, which supports a high level of comfort
for the wearer. Tomake it easier to understand, see Figure 9.

The ballistics applications of aramid fiber-based com-
posites primarily include soft body armor. The mechanical
properties of aramid and ballistic effects on fabrics and
their composites have been investigated in several studies
[51,54–56] involving both experimental and finite element
method (FEM) [57–60] and determined the effectiveness of
ballistic protection systems and the protection level of bul-
letproof vests. Recent reviews of ballistic protection [61,62]
show interesting comments about failure mechanisms and
highly specialized solutions in combining different mate-
rials to deal with very different threats. Studies have
involved aramid fibers with different architectures, from
straightforward or simply treated [63] to 3D fabrics [64],
and unidirectional or multiaxial nonwrinkle fabrics, each
solution being simulated under specific model conditions

Figure 6: (a) Transverse velocity profiles for the circular plate (bending hinge locates at r¼ x), (b) transverse velocity profiles for the circular
plate (bending hinge locates at r ¼ D = 2), and (c) transverse velocity profiles for the circular plate (localized shear only) [40].
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and tested for threats. The conclusion from the documen-
tation carried out by the authors is that each solution must
be experimentally investigated. The failure mechanism
offers a robust statistical reliability design before being
used in combat.

The protection of the human body from various types
of risks, such as combat projectiles and sharp objects, has
existed since the beginning of the history of humanity.
Individuals wore clothes made from various ancient and
primitivematerials, such as animal skins, stone, wood, steel,
copper, and others, to avoid various threats. Moreover, con-
ventional linen, cotton, silk, and nylon fibers were used to
make various textiles and laminates for clothing and protec-
tive materials against various threats involving ballistic
applications [65–67]. For example, individual protective
clothing processed from leather was used on Greek shields,
various layers of silk were used in ancient Japan, and armor
supported with chains in the Medieval period was also used
in various protection methods. However, today's new mili-
tary processes, technology-driven warfare strategies, ammu-
nition, and weapons are on the way to encourage the
creation of damage-resistant, low-density, flexible, and
high-energy-absorbent ballistic armor systems [68]. In the

late 1960s, a new generation of ballistic vests was estab-
lished, creating a unique synthetic fiber-based material
with antiballistic effectiveness. The rapid advancement of
high-strength and high-modulus fibers also brought a
modern era of high-quality material-based protection
systems for various ballistic risks. Even then, significant
research efforts were made continuously to improve the
ballistic impact function of the available materials and
develop advanced ballistic materials along with different
mechanical characteristics for several types of technical
uses involving body armor systems. As a result, various
high-performance fibers with a set of structural character-
istics responsible for specific ballistic impact behavior and
services in compatible yarn phases, fabrics, composite
layers, and others have been developed.

The development of materials, such as fiber and bal-
listic types, performs verywell for ballistic purposes and has
seen general investigation to meet the need for bulletproof
capacity, high quality, and lightweight. For simplicity, this
is shown in Figure 7. Manymaterials, especially composites,
are created to improve antiballistic behavior and overcome
the barriers of the previous protection. The nonuniform
properties of composites due to multiphase attributes at a
visible level provide an additional choice position where
they reveal better characteristics in addition to new proper-
ties. High specific strength, better versatility, resistance to
environmental conditions, and high impact qualities are the
fundamental objectives behind using fiber-based composite
materials for protection and utilization. The body shield is
meant to resist small arms shots, encouraging researchers
to think about fiber-reinforced composite materials [62].
The following section describes the types of materials being
investigated for ballistic applications (Figure 10).

The two most common high-performance fibers, para-
aramid and ultrahigh molecular weight polyethylene
(UHMWPE), are exploited to make protective textiles

Figure 9: Applications of ballistics technology.

1915: C

(Pran

He

19

Ar

alotte Meta

cis), Brodie 

elmet (Inggri

15 : Lobster

mor, Inggris

allique 

Steel 

s) 

. 

1918

Brewster

Shield, 

WW1
(1914-19

8 : 

 Body 

US. 

1
918) 

1920-1930

Test new ve

US. 

: 

st, 19

Ja

WW2 
(1938-194

943: Flake 

cket, UK

45) 

Figure 8: The development of the vest in the Second World War era.

10  Fattah Maulana et al.



because of their unique resistance to impact [69–71].
The registered trademarks of Twaron, Kevlar, Dyneema,
and Spectra are among the most common high-perfor-
mance fibers that have been used extensively in flexible
personal ballistic shield processing, where it is charac-
terized by highly desirable properties such as high
strength, good chemical resistance, high ductility, and
low density [72–74]. In addition, Zylon, Spectra, M5 Vec-
tran, Technora, and Nextel are well-known used fibers
with high performance. They exhibit unique behavior
and performance in contrast to traditional fibers.

Military conflicts and wars seem to have never stopped
throughout the history of the world. The level of individual
and property insurance against danger in the combat zone
and the state of insurgency has been made according to
the development of assault weapons. On various occa-
sions, various materials have been used for protection
against attacks as indicated by the type of attack weapon.
Among many, cowhide, texture, metal, and wood have
played an essential role in protecting individuals and
properties. Moreover, the material has been fabricated
into various geometries with internal structures to increase
the protective impact. For example, metal has been used
as a shield to expand the adaptability of defensive layers
[65,75]. Officers were challenged with more important
ballistic hazards after developing different firearms with
different weapons [76]. Robust, low-density materials are
sought after for another era of ballistic protection.

Along with nylon fiber innovations during the 1930s,
this stronger fiber was used in producing bulletproof
vests toward the end of the Second World War. This inno-
vation achieved increased assurance of weapons, light-
weight, and adaptability [77]. Since then, fiber-based
materials have commanded the engineering of personal
defense equipment. Along with the advancement of mate-
rial-reinforced composites, fiber-based composites also play
an increasingly significant role as body materials for mili-
tary vehicles and aircraft. This approach to designing bal-
listic materials attracts many considerations when different
advanced fiber-based materials are manufactured today,
for example, aramid (e.g., Kevlar and Twaron), UHMWPE
(Dyneema and Spectra), poly-phenylene benzisoxazole
(PBO) fibers (e.g., Zylon), and PIPD (e.g., M5).

However, Zylon is considered susceptible to hydro-
lytic and photolytic damage and consequently was not
proposed for use in ballistic protection [78]. M5 fiber
experiences degradation. However, it causes less degra-
dation than PBO from radiation exposure and increased
humidity. At the same time, it may exhibit a weakness in
ballistic build-up rates [79]. Likewise, with the situation,
the fibers for ballistic protection are mostly aramid and
UHMWPE fibers. From the armed clashes that have
developed over time, it tends to be inferred that central
deployments in defense layer security zones have been
coordinated in the assembly of new types of fighting
machines toward the modernization of certain advances

Figure 10: Ballistic equipment and its materials.
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used to assemble their principal segments and subassem-
blies. Modern armored vehicles are equipped with the
usual homogeneous protective material, generally made
of steel or aluminum alloy.

The trend these days, both broadly and universally,
is to inquire about new rebar plates, which are lighter
because they are sufficiently resistant to various hazards.
The actual productivity requirements of armored vehi-
cles, including fast shifting, extended driving range, and
enhanced ballistic protection, substantially add to the
growing effectiveness of reinforced vehicles and, therefore,
higher levels of endurance at the forefront. The current
trend is the demand to acquire armor plates made of
low-density multilayer composite materials, which ensure
piercing protection and combined ammunition impact, for
example, reduced overpressure and abundance [80].

In addition, the engineering of fibers in composites
used for ballistic protection has been influenced by the
structure of materials such as those used in the design of
soft body armor layers; therefore, many composites used
for ballistic protection have a woven texture comparable to
that used in body armor. This way, glass-based and para-
aramid composites for ballistic applications essentially
involve plain weave textures, which are generally coupled
with phenolic epoxy or polyvinyl butyral (PVB). In correla-
tion, UHMWPE fibers were used in a cross-handle layout
(0 degrees/90 degrees)with thermoplastic resins to reduce
fiber fracture during fabrication [81]. However, early stu-
dies did not account for woven UHMWPE fibers [82,83].

What is essential is that ballistic composites must
have a high fiber count with generally weak interlayer
adhesives [84–86]. They are not inherently good compo-
sites; matrix substance may be as low as 10% wt/wt [87].
Delamination is argued to be an effective system in which
energy is propagated from the point of effect in ballistic
protection composites [83,88–91]. Manufacturing para-
meters are very important but rarely investigated in the
open-access literature. The impact of heat stress time on
the ballistic shielding properties of Kevlar phenolic/PVB
composites suggests that more stress time reduces exhibit,
possibly due to the expanded interlaminar bonding [92].

Research on the impact of ballistics on advanced
materials has been carried out before. Research con-
ducted by Goda and Girardot [93] researched ceramics
and composites Kevlar-29 with a honeycomb core shape
using a blunt cylindrical projectile. The numerical results
show that the ballistic impact performance highly depends
on the properties of the cohesive material, the stacking
order, and the woven fabric material. In contrast, the
more negligible contribution of the supporting conditions
to the ballistic perforation characteristics is considered.

Rahimijonoush and Bayat [94] investigated the marine
field by analyzing the performance of titanium sandwich
panels against impact loads from hemispherical projec-
tiles. The results show that the impact energy is mainly
absorbed by the back face sheet in the symmetrical sand-
wich panels. The ballistic limit increases almost linearly
with the increasing back or front face sheet thickness in
specimens of the same weight.

Research in the field of aeronautics was carried out
by Chatterjee et al. [95] analyzed the performance of a
composite sandwich panel against a 9mm projectile load
with an average speed of 400m/s. Due to the incorpora-
tion of dilatant liquid within SCP, it can absorb 20.24% of
the energy incident on it. The amount of energy absorbed
is 43.96% greater than that absorbed by the hollow com-
posite, and the percentage increase in energy absorbed
per unit mass is 22.43%. This enables the constructed SCP
to be used in applications requiring enhanced energy
dissipation. Yu et al. [96] conducted marine research tar-
geting a Y-shaped core sandwich using a blunt-shaped
projectile. The study concluded that the impact resis-
tance of a composite sandwich structure with a Y-shaped
core is superior to that of a laminate.

Research by Khaaire et al. [97] in the naval industry
aimed to determine the performance of a honeycomb core
cylinder sandwich against ballistic loads of cone-nosed
projectiles. The study concluded that when the skin and
cell wall thickness changed from 0.7 to 2.0 mm and 0.03
to 0.09mm, the ballistic limit increased by 72.2 and
10.9 m/s, respectively. However, when the side length
changes from 3.2 to 9.2 mm, the ballistic limit is reduced
by 9.9 m/s. Wu et al. [98] investigated an armored com-
posite system using an aramid–carbon hybrid FRP lami-
nated composite structure when exposed to ballistic loads
from a 7.62 M61 AP projectile. The conclusion was that the
main failuremodes of FRP laminates are fiber compression
failure and tensile matrix failure, both of which can also be
affected by changes in the arrangement of the FRP lami-
nates. When the carbon fiber is stacked on top of the FRP
laminate, the fiber compression failure area and the matrix
tensile failure area are the lowest.

Research on shipbuilding structures was carried out
by Yang et al. [99], namely regarding the performance of
composite double-arrow auxetic structures against bal-
listic loads from hemispherical-shaped projectiles. The
study concluded that the METC auxetic structure has
a relative density of 16.66, which is 23.06% larger than
the auxetic structure with a relative density of 9.08%.
The ballistic limit speed increased by 35.56 and 54.89%,
along with the increase in the relative density from 9.08
to 16.66 and 23.06%, which was validated by the
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experiment. Vescovini et al. [100] studied the composite
structure using a hybrid interplay composite of Kevlar
woven and S2 glass when ground with 0.357 Magnum
FMJ. The study concluded that the deviation at the bal-
listic limit is always lower than 5.33% and a maximum of
3.87% at an impact speed of 430m/s, close to the ballistic
limit. Moreover, although the numerical ballistic curve
shows a generally smoother transition to the linear part,
it fits very well with the experimental one.

Mohammad et al. [101] proved that the ballistic per-
formance of monolithic shell targets decreased by 6.49%.
In contrast, layered targets showed a 3.88% decrease in
impact-resisting capacity on tilt impact. Han et al. [102]
analyzed that the deviations of the predicted 2, 4, 4.82, 8,
and 9.94mm target ballistic velocities from the corre-
sponding experimental values were, respectively, 12, 3,
0.1, 0.0, 4.2, and 4.9% for the simulations of 9.0, 17.5,
21.5, 24.2, and 26.3%, respectively. Research on the impact
of ballistics has been carried out in various fields.

Over the past two decades, several elite fibers have
been produced for ballistic impact protection uses. These
fibers are generally light and have incredibly high-energy
absorption qualities. A significant part of composite rein-
forcement is fiber. Although carbon fiber and glass fiber are
commonly used fortresses for structural parts, from the per-
spective of ballistic applications, the widely used fibers are
high-molecular-weight polyethylene, para-aramid, poly-dii-
midazo-pyridinilene-dihydroxy-phenylene, and PBO [54,103]
and many other fibers. These fibers generally have the
mechanical properties of different ballistic-grade fibers.
These fibers should have lightweight, high strength, and
high modulus. To make it easier to understand, we have

summarized an explanation of the types of advanced anti-
ballistic materials in Table 3.

Advanced material technology innovation in recent
years and the development of more substantial raw mate-
rials havemade a big difference in body armor. Today'smost
common materials used in more sophisticated body armor
are ultrahigh-molecular-weight polyethylene (UHMWPE),
along with aramid fibers. UHMWPE has contributed to a
considerable improvement compared to Kevlar, an aramid
product. Kevlar was the only option for body armor not
so long ago. However, in recent years, we have seen more
and more soft protective panels made of UHMWPE. DSM
manufactures this material under the Dyneema brand, and
Honeywell's UHMWPE product is called Spectra. The weight
factor shows that UHMWPE is the strongest fiber currently
available. The Dyneema Force Multiplier SB115 and SB117
soft armor material is an upgrade from the old Dyneema
SB21 fiber. SB115 and SB117 are 28% stronger, so vests
made with this fiber are about 28% lighter. Moreover, these
fibers are substantially more flexible, which is another
improvement. The armored panels are now being manufac-
tured with the SB115 and SB117. The USmilitary has used the
Dyneema Force Multiplier material in their body armor.

4 Idealization of ballistic test on
curved-layered object using
computational approach

It is not only humans and civilizations that have experi-
enced evolution or change; it turns out that even though

Table 3: Mechanical properties of advanced material antiballistic-grade fibers [104]

Material Strength to weight
(kNm)/kg

Ultimate strength (MPa) Density (g/cm3) Price per 1 m2 or 1 kg
on Alibaba, USD

UHMWPE 3,619 2,300–3,500 0.97 $10.22
Kevlar 2,514 2,757 1.44 $6.96
Carbon fiber 2,457 4,137 1.75 $6.00
Carbon laminate 785 1,600 1.5 $5.00
E glass fiber 1,307 3,450 2.57 $3.00
E glass laminate 775 1,500 1.97 $3.10
Polypropylene 89 19.7–80 0.91 $1.72
S glass fiber 1,906 4,710 2.47 $4.00
Spider silk 1,069 1,000 1.3 $2.80
Balsa axial load 521 83 0.16 $0.60
Steel alloy ASTM A36 254 400 7.8 $0.45
Aluminum alloy 222 248–483 2.63–2.8 $1.20
Oak 87 65 0.75 $1.50
Epoxy 26 12–30 1.23 $4.85
Nylon 69 75 1.15 $2.49
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the software has experienced a transition from time to
time in line with industrial and technological develop-
ments, the software itself has also transformed. Reflecting
on the history of development during the first three decades
of the computerized era, the main challenge is developing
computer hardware that can reduce data processing and
storage costs. Furthermore, software engineering has devel-
oped since it was first created in the 1960s. The main focus
of its development is to develop practices and technologies
to increase the productivity of practicing software develo-
pers and the quality of applications that users can use.
During the 1980s, the rapid advancement of microelectro-
nics resulted in better computer capabilities at a lower cost.
However, the problem now is different, and the main
challenge is to reduce costs and improve the quality of
computer-based solutions (solutions implemented using
software).

Software is an interpreter of commands run by com-
puter users to be forwarded or processed by the hardware.
With this software, a computer can execute a command. At
this time, software’s ability is excellent. That is why experi-
menting and spending much money to analyze and deter-
mine results is needed. In engineering, the software is very
diverse, from essential to expert. Here are some of the
software used in engineering, especially in anti-ballistic
test analysis.

4.1 Calculation by numerical approach for
ballistic phenomenon

Finite element analysis (FEA) is very useful for engineers
who need to perform structural analysis in their work.
FEA allows us to analyze stresses and deflections in com-
plex structures. Typically, the structure will be modeled
in a 3D CAD program and then transferred to FEA for
analysis. Fortunately, many types of FEA are integrated
with CAD software today, making the transition between
software easier. Examples of popular FEA software include
ANSYS and Nastran.

In this discussion, we review the analysis software
commonly used to study the ballistic impact based on
numerical modeling. Several researchers have promoted
and developed numerical models that rely on numerical
methods, such as finite differences and FEMs. There are
several FEM-based commercial software such as ANSYS,
ABAQUS, LS-DYNA, and DYNA 3D, which are commonly
used to build shot simulation models, and, moreover, the
ballistic impact behavior of the material [105–113]. Each

FEM task should be treated individually and with caution
because an excessive number of variables may have a
negative impact on the results. In the case of bullet pene-
tration, the constitutive equation is more complex due to
additional criteria, which is given as follows:
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where K is the structure stiffness matrix; M is the inertia
matrix; C = αM + βK is the damping matrix (where α and β
are constant coefficients);U , U̇ , Ü are displacement, velo-
city, and acceleration vector, respectively; F is the load
recheck Vector; εpl is the strain rate; εfailure is the failure
strain; n is the type of material layers and their number; v
is the projectile speed before impact; t is the time; α is the
projectile angle of incidence; mbullet is the bullet mass;
Cint are interactions and contact forces; and µ – coeffi-
cient of friction.

The aforementioned considerations show the multi-
tude of factors influencing the solution of tasks in the
field of impact loads. An engineer facing a problem in
this area must compromise between the accuracy of the
solution and the number of factors considered.

With the change in the projectile velocity, the stress
and strain values in the sample change. Comparing them
with each other is an engineering challenge and depends
on many input parameters defined when solving a FEM
task. As mentioned earlier, the influence of selected input
parameters on the velocity of the projectile behind the
sample with a thickness of 4 mm was analyzed. During
the calculations, the influence of the following para-
meters was taken into account:
1. A –material constant of the Johnson–Cook (J–C)model;
2. B – hardening parameter of the J–C model;
3. n – strengthening exponent of the J–C model;
4. C – J–C strain rate parameter;
5. d1, d2, d3 – J–C failure criterion;
6. ufailure – displacement at failure;
7. µ – coefficient of friction.

To be able to simulate on a macro scale, it was
decided to perform simulations on a microscale, relating
it to the conducted experiments. The simulation was cali-
brated using the boundary conditions and the load pre-
sented in Figure 11. Several descriptions of computational
mechanics simulations are shown in Figures 11–14.

During calibration, the values of the given input
parameter were changed by +50%, and then FEM calcu-
lations were performed. Such a procedure makes it pos-
sible to determine the influence of a single parameter on
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the results obtained. An analysis was made of how the
percentage changes in individual parameters affect
the percentage change in the final results. In this way,
the input parameters for which the projectile velocity
after the sample was consistent for the simulation and
the experiment were determined. The parameter list used
in the final model is presented in Table 4.

The stage of the work was to determine the failure
criterion for steel 1.3964. Due to the fact that the J–C
viscoelastic model was used to describe the plastic char-
acteristics, this study uses a simplified Johnson–Cook
failure model in the form of Eq. (19):

[ ( )]= +   −ε d d d ηexp ,pl
1 2 3 (19)

where d1 is the strain for which ultimate strength is
assumed; d2 and d3 are material constants describing
the reduction in material stiffness; and η is the triaxiality.

To complete the task as fully nonlinear, a failure
model for the projectile itself should also be proposed.
Most studies in this area use the projectile as a rigid body
to reduce the computation time. The validity of such a
solution has been verified. Bu using the boundary condi-
tions shown in Figure 11, a series of simulations were
carried out with the use of elastic, elastic–plastic, and
elastic–plastic with the failure criterion material models.
Material data for the projectile were obtained from the
literature and are presented in Table 5.

Based on the FEM simulations, it was noticed that the
projectile material model has a significant impact on both
the shape and the morphology of the puncture (Figure 12)
as well as on the velocity of the projectile behind the
sample.

This causes a reduction in forward speed and increases
the projectile's area of interaction with the next obstacle.

Figure 11: Geometry and discretization of the projectile and the sample [111].

Figure 12: The shape of the projectile and the morphology of the penetration of the sample depends on the used projectile model for a
sample with a thickness of 4mm [112].
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This has significant consequences in the analysis of hull
destruction (Figure 13). This article also aims to raise aware-
ness of bullet resistance in steel structures. Around the
world, research is constantly being carried out on imple-
menting new solutions to increase the resilience of steel
structures.

This technique is generally an efficient method as a
function of cost and time compared to the experimental
method because it minimizes the experimental work.
However, it still requires sizeable computational capacity
and resources to simulate the process. In general, three
main numerical approaches are commonly used and are
known as pin-jointed models [55,114–116], full 3D continuum
models [117–120], and mesoscale unit-cell-based models
[121–125] for simulating texture structures. Regarding tex-
ture simulation, the pin-joint, and the 3D continuum
models consider the woven fabric construction method
using weft and warp yarns. In contrast, the unit cell model
for woven texture combines crossover [126].

Moreover, the model has shown promising effective-
ness in estimating ballistic impact response for multiple
texture boards contrasted with 3D continuum and pin-
jointed models [127]. However, such a model also has
problems analyzing the behavior of major and minor
yarns in texture because the yarns are not explicitly simu-
lated, and there are differences in the associated stress
distribution [128]. For example, a numerical model for
estimating the ballistic behavior of Kevlar 29 against var-
ious double-ended cylinder shots was developed to predict
the ballistic capacity, fracture mode, and deformation of
the target. Furthermore, it provides an opportunity to dif-
ferentiate the impact behavior of the fabric on double-nose
projectiles, single-nose cones, and flat projectiles.

The critical effect of nose geometry on the ballistic
behavior of the designed texture has been illustrated, and
a minimum ballistic capacity has been observed in the
shot of the conical geometric shape. The simulations
show that the nose shape of the projectile has a low
and high influence on the ballistic capacity velocity for
thick and thin targets, respectively [129]. The increase in
delamination of a nonwrinkled fabric-type composite
material was analyzed using various numerical simulation
methods, such as stiffness averaging, penalty method, and
modified virtual crack closure techniques. The simulation
findings provide a better relationship with the experi-
mental results based on the load–displacement curve
and the shape of the defect [130].

An alternative FEM model was also developed to
investigate the effect of various layer adjustment angles
(3-ply align-laid (0/0/0) and angle-laid (0/30/60)) on the
ballistic impact behavior of multiple layers of UHMWPE
board material. According to the three-ply modeling, the
textured board exhibits a crucial velocity with the increased

Table 4: Material constants for 1.3964 steel [111]

Material Elastic J–C plasticity J–C failure

E v A B n C d1 d2 d3

1.3964 240 GPa 0.3 302 1,250 0.3334 0.006 0.02 0.05 0.5

Table 5: Material properties for the shell and the bullet core [111]

Part of the projectile Elastic J–C plasticity J–C failure

E v A B n C d1 d2 d3

Core 210 GPa 0.3 234.4 413.8 0.25 0.0033 5.625 0.3 −7.2
Shell 120 GPa 0.33 448.2 303.4 0.15 0.0033 2.25 0.0005 −3.6

Figure 13: Side hitting projectile due to the torque from the impact at
an angle [112].
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energy absorption obtained by the angle-laid board due to
isotropic better interplay [131]. It is also usually revealed
that it is tough to truly understand and photograph bal-
listic impacts using exclusively exploratory, experimental,
numerical, or analytical strategies. Different authors use a
mix of exploratory, numerical, experimental, and explana-
tory methodologies to get a better interpretation and
conduct a practical examination of data during ballistic
impact systems [132–140]. Blunt injury resistance of various
textures (plain weave, UD laminate, and multi-hub texture)
processed from high-strength fibers using experimental
and numerical methodologies have been carried out. The
highest estimates of the subsidence depth andmeasures of
energy transferred from each texture were contrasted and
standardized based on their areal density and thickness.

The twomethodologies show that most textures provide
a comparable level of protection; however, the best blunt
injury resistance is provided by the multi-hub texture and
the least by the plain weave texture, depending on the stan-
dard quality [141]. Numerical modeling of themicrostructure
followed by exploratory examination has been completed on
the ballistic impact hazard of a 3D symmetrical woven tex-
ture perforated under a narrow barrel-shaped rigid shot. The
results show that numerical modeling can investigate the
impact of damage better than experiments during con-
trasting damage morphology and shot residual velocity after
penetration. However, for the better improvement of the 3D
orthogonal woven fiber structure, consolidated experimental
and numerical examinations are also required in both the
material and structural aspects. Supplements are needed
from both material and structural perspectives [142]. In
addition, other examinations include perforating models.
Consolidated hypotheses and semi-empirics were created,
including the impact of short-term pressing and long-term
dynamic perforating on thick-area composites on ballistic
inlets. The results show a good relationship with the FE
analysis of the comparative states [143].

The ballistic behavior of various materials involving
ballistic materials (Kevlar) to extended explosive gadgets
and improvised explosive devices is tentatively indepen-
dently examined before making combinations of various
materials to build the ultimate goal of efficient protection.
In addition, numerical modeling using DYNAFAB and LS-
DYNA has also been carried out to establish suitable and
improved structural parameters of the objectives. Excellent
agreement was reached between the model and experi-
mental results [144]. Various 3D woven texture composite
laminates were associated with shockwave dispersion and
energy balance according to analytical models to predict
their ballistic impact behavior against rigid round shots. A
structured analysis model of shear termination and tensile

fracture during conical deformation and solution was
introduced among the many breakdown and energy-
absorbing systems.

In addition to these definitions, investigations on cer-
tain laminates were also applied to agree on the analyzed
results [145]. The exploratory information on the ballistic
behavior test of 3D interlocked twist-woven texture against
FSP was approved using numerical simulation with
dynamic and static situations. According to the investiga-
tion, the numerical results of dynamic cases showed a
reasonable estimate of the impact behavior of 3D woven
textures rather than static case values [146]. In addition,
different researchers have also carried out various material
impact analysis techniques. The micromechanical method
[109,147–149] is used where the shape of the texture is
generally exemplified by a representative volume cell to
convey the entire texture structure through repeated inter-
pretation. Various parameters, for example, distance, strain,
and stress, are determined by the cell being analyzed by
force balance or various potential energy techniques. More-
over, different methodologies consider the assumptions on
different texture practices at various scales due to the
intrinsic multiscale nature of texture, known as the consti-
tutive multiscale strategy [125]. Variational methods are
alternative numerical techniques for monitoring models
using fluctuation standards, for example, the minimum
potential energy principle, Reissner's variational guideline,
the Rayleigh–Ritz strategy, and Galerkin strategy [150,151].
Many methods have been developed in modeling and cal-
culation to increase knowledge and make it easier to calcu-
late and design an antiballistic. In the past, calculations
have been carried out for antiballistic designs, but it may
still take long to design.

4.2 Design testing using simulation and
analysis

Based on the current development of military technology,
there are many challenges that must be faced in order to
remain competitive. High-quality antiballistic products are
needed to obtain a sense of comfort and safety for users.
Thus, product developers and engineers must do their best
to achieve these quality demands. Product developers and
engineers must answer several challenges regarding the
reliability of a product, including strength, repeated
impact resistance, bullet heat resistance, weight, and not
hindering movement.

In the industrialized world of the past, to make a
quality product, several prototypes had to be made, and

Antiballistic material, testing, and procedures of curved-layered objects  17



tests were then conducted to assess the quality of the
product. However, prototyping and testing are costly
and time consuming. Several additions make a difference
in the design process today. One of them is testing to see
if the design product meets the requirements and works as
expected. The demands of the user's demands can be
obtained by conducting a reference study to identify and
determine the requirements, then brainstorming and eval-
uating whether there is a possibility of modifying the
product.

All this is achieved bymodeling the product parts using
CAD software to visualize them properly. Several CAD pro-
grams now release packages that includemodeling and FEA
capabilities. Therefore, with FEA, some models created in
the previous design process can be used to simulate and
derive a solution that may be the best product. If rede-
signing is required, it is only necessary to design parts
that need to be improved according to the data from the
analysis. The simulation results using FEA are able to
approach the actual results, so there is no need to spend
a considerable investment to produce one type of prototype.
For example, in the research conducted by Pirvu et al. [152],
a simplified simulation of the impact bullet-stratified pack
was run whilst restraining one or more parameters involved
in the pack testing. The isothermal model has 14 solid
bodies: 12 identical layers considered a group of bodies
(with the option multiple materials), overlapped and rigidly
fixed on their contour, and 2 bodies for the bullet (also
multiple materials) with bonded connections (Table 6 and
Figure 14). One layer's dimensions are (6 × 10–2) m × (6 ×
10–2)m × (0.6 × 10–4)m. As the impact direction is the same
as the model's symmetry axes, the simulation is run for a
quarter. The contact among bodies takes into account the
fact that the friction coefficient between layers is 0.4, char-
acteristic of polyethylene sliding against itself, and that the
friction coefficient between a layer and the bullet jacket
is 0.3.

The meshing (Figure 14) is presented for the pack with
12 layers. The maximum size of an element is 5 × 10−4 m.
The initial condition refers to the bullet velocity just before
impact (here 400m/s). The presented simulation on

ballistic packs for individual armor with 12 layers, even if
simplified, estimated the failure of five layers, and experi-
ments validate this. Thus, a simulation at the macro level
may be helpful in a rough estimation of the pack's thick-
ness (or the number of layers). The simplifying hypoth-
eses, the material properties, and the conditions during
simulation (isothermal and with friction) have realistic
values, and the results may shorten the range of some
parameters, which is the number of layers supposed to
resist a specific threat [152]. Another analysis project that
was carried out is shown in Figures 15 and 16.

Based on Figures 10 and 11, more than 95% of the
projectile's kinetic energy has been transmitted to the
cellular composite armor. Playing network at this time
is difficult because the network that can no longer repre-
sent faithfully takes two bodies' deformations due to the
impact. FEA details take much work, even in the fast
finite element (FFE) system. However, it can also be per-
formed as a presentation of the ballistic behavior in FFE
network representation. The modeling system generates

Table 6: Characteristics of the model [152]

Body Nodes Elements

Layer 1,250 576
Pack with 12 layers 18,816 8,748
Bullet (jacket + core) 1,432 6,289
Bullet jacket 739 2,211
Bullet core 996 4,078

Figure 15: Finite element analysis that highlights maximum tension
recorded on the basis of von Mises criterion involves maximum
deformation of the composite [153].

Figure 14: Model meshing with configuration 12 layers [152].
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a detailed representation of volumetric deformation around
the projectile in the final stage to unlock the armor. Mod-
eling highlights some of the features of plastic deformation
we presented earlier for electron microscopy analysis,
which identifies the matrix plasticity around the projectile
shown in Figure 11. FEA highlightsmaximum impact stress
areas for a projectile with a conical tip penetrating the
composite. Maximum tension recorded based on the von
Mises criterion involves maximum deformation of the
composite (Figure 13). FEA highlights the areas that suf-
fered significant destruction effects for surface impact
armor and the projectile that penetrated the armor [153].
In another article, Abtew et al. [61] showed an FEA used to
demonstrate the ballistic mechanism and design the struc-
ture of different composite textile materials. It is shown in
Figures 17 and 18.

Kiciński and Kubit [112] used the FEM to calibrate the
material constants and boundary conditions necessary to

be used in simulations of the entire hull model. How
projectile modeling affects the FEM calculation results
was assessed. After obtaining the simulation results con-
sistent with the experimental results, using the model of
a modern minehunter, the resistance of the ship’s hull to
penetration by a small-caliber projectile was tested and is
shown in Figure 19. Afterward, by using photos and pro-
motional materials [156], the geometry of the ship’s hull
was created, which is shown in Figure 20.

Based on Figures 19 and 20, it can be seen that the
simulation shows that the plating thickness significantly
impacts the destruction inside the ship. Furthermore, this
article considers the best possible case of hitting each
hull stiffener. In the most unfavorable situation (the pro-
jectile only hits the bulkhead), it is possible to penetrate
the ship through almost all ship compartments if it were
made of 4mm thick sheets. It is worth noting that, in the
case under consideration, only the 7.62 mm bullet was
tested. For larger calibers, the damage possible would
be much more extensive.

Dhode et al. [157] conducted a FEA to assess the
behavior of steel “SAM2X5-630” under the impact load
of a car side door and the impact of a bullet on the bullet-
proof jacket to which the material is assigned. The defor-
mation and stresses are calculated and compared to
understand the behavior of metal alloy. The methodology
is described for two applications: car door impact and
bullet impact on vest. To facilitate understanding, we
present flowcharts in Figures 21 and 22. The results of
applying the methodology are shown in Figure 23.

Directional deformation in Al alloy applied to the
door using Ansys is very useful and can be very helpful.
The displacement or deformation that occurs during the
impact can be found. Zochowski et al. [158] researched

Figure 16: Finite element analysis that highlights the areas that
suffered major destruction effects both for surface impact armor
and for the projectile that penetrated the armor [153].

Figure 17: The fabric impact area hit by the projectile [154,155].
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the ballistic impact resistance of bulletproof vest inserts
containing printed titanium structures designed and simu-
lated using FEM. The discretization of the simulation com-
ponents is shown in Figure 24.

Figure 24 was produced using HyperMesh software.
The size of the elements was chosen so that their number

keeps up the calculations. On the other hand, it allows for
precise reproduction of the object geometry and obtaining
accurate results. In addition, the ballistic clay mesh was
refined in the zone of the projectile impact point to limit
the number of elements in the armor model. The distance
between adjacent nodes ranges from about 0.25mm in the

Figure 19: The 4mm thick hull bullet penetration results [112].

Figure 18: Illustration of ballistic impact on (a) multilayered fabric panel by a cylindrical projectile, (b) reaction of the primary yarns in one
layer of fabric in multilayer textile-based body armor [159], (c) impacted fabrics [155], and (d) energy-absorbing mechanism for woven
fabrics [160].
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projectile impact zone to 1mm in the undeformed armor
area. The boundary conditions are set such that the numer-
ical model reproduces the features of the real phenomenon
as much as possible. Pulungan et al. [161] conducted an
analysis of a bulletproof vest made from carbon fiber com-
posite and hollow glass microsphere in absorbing energy
due to the projectile impact. The selection of material types
to be used in this study, which aimed to provide the right
material properties of the specimen of material used, is
shown in Figure 25. Figure 26 shows how the selection
process is very important in using Ansys in this study, using
the smallest meshing value with the aim of achieving better

results. Figure 27 shows that the load shown in Figure 28a
aims to give impact capability to the bullet by adding the
speed of the bullet according to the standard test using the
III-A type of weapon that is 426m/s. Then, in Figure 28b, it
provides fixed support on both sides of the vest design,
which is intended as a barrier so that during the collision,
the vest design remains in the desired position.

Based on Pulungan et al.’s study, a bulletproof vest
with a thickness of 20 mm is able to absorb the kinetic
energy of a projectile of 138.77 joules of energy. The pro-
jectile's kinetic energy will be transferred to the bullet-
proof vest and converted into kinetic energy and internal

Figure 20: Modern minehunter geometry with random cabin layout [112].

Figure 21: Methodology of car door impact.
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energy in the bulletproof vest. A bulletproof vest with a
thickness of 20 mm produces 138.77 joules of energy,
which is safe to use. Moreover, based on the NIJ 0101.06
standard, the projectile's penetration against the bullet-
proof vest should not exceed 44mm. Based on the report
of Major General Julian S. Hatcher, a US Army ordnance
expert noted that the total energy of 170.2 joules is cap-
able of causing injury and capable of incapacitating the
victim [161].

Body armor design is generally reserved for men, but
Toma et al. [162] have carried out something different by

improving the fit and performance of bulletproof vests on
women. Some designs and analyses are presented in
Figure 28.

The steps to develop the virtual functional model were
as follows: (a) 2D pattern design from the data in the model
dimension table and correlation with the actual size of the
bulletproof vest using OPTITEX's Pattern Design Software;
(b) simulation of the functional model of the bulletproof
vest on an avatar using Optitex 3D Suite Software; (c) eval-
uating the fit of the product on the body, such as the dis-
tance between the textile material and the body surface, the

Figure 22: Bullet impact on vest modeling.

Figure 23: Directional deformation in aluminum alloy [157].
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Figure 24: Results of simulation for S1 structure: (a) location of the impact point; (b) final deformation; (c) distribution of effective plastic
strain in the titanium structure; (d) shape of the hollow in the ballistic clay; and (e) plot of the projectile energy against time [158].

Figure 25: The choice of material in the vests and bullet
models [161]. Figure 26: Meshing selection of the impact test [161].
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tension developed in the textile material, and its orientation
using 3D software functions such as tension scale and tech-
nical characteristics of material [162].

To complete the analysis, we can look at the analysis
of injury to occupants of light armored vehicles by frag-
ment after-effects of rifle projectiles already conducted by Li
et al. [163]. To study the injury effect of the fragment after-
effect on the occupant, a 12.7mmmultifunctional bullet was
tested on 10mm armored steel to obtain the mass distribu-
tion of the fragment after-effect at different speeds. Then, a
finite element model of the fragment after-effect on the FEM
of the human thorax with soft body armor was established.
The impacts of bullet fragments after different effects are
obtained using numerical simulation. As a result, the stress
and pressure changes of human model after the impact can
be derived as presented in the study. The obtained effects
are the basis for further evaluating the fragment effect injury
to the occupants in light armored vehicles. To make it easy
to understand, see Figures 29 and 30.

Figure 29 shows the evolution of the stress field of the
thorax epidermis after the impact of after-effect fragment
cloud. When t = 40 μs, the stress field appears on the
epidermis, while a stress field appears on the soft armor
at t = 25 μs. There is a time difference between them, which
also reflects the propagation of stress from the outside to
the inside. The stress is maximum at the equivalent impact
point and gradually decreases around it. The epidermal
stress spots gradually become larger with time, reaching
the maximum at t = 160 μs, with a diameter of approxi-
mately 12.96 cm and an area of approximately 67 cm2. The
maximum stress at this time is 0.169 kPa.

Different from the stress spot formed by bullet impact,
the bullet forms a circular spot with the impact point as the
center, and for the fragment cloud, it is an irregular shape

due to the difference in the impact position and time of the
fragment, and this is shown in Figure 30.

Figure 30 shows the evolution of the stress field of
each organ after the impact of the fragment cloud. When
t = 80 μs, the stress field appears on the right lung (the
first impact point is close to the right lung), with the
impact point as the center, and propagates around in
an approximately circular shape. The stress appears
40 μs later than the skin because the stress wave propa-
gates from the outside to the inside, and there is a time
lag. At t = 110 μs, the stress wave propagates to the heart
near the right lung, and at t = 170 μs, it propagates to the
liver and left lung. Among them, when t = 200 μs, the
stress point of the heart is the largest, and its area
accounts for approximately two-thirds of its surface area.

A finite element model of the human body is suitable
for Chinese people, and finite element simulations are per-
formed based on this model. The after-effect fragment
formed by the armor-piercing projectile is taken as the pro-
jectile body. The results are compared with data in similar
studies and are partially comparable in some data. To lay
the foundation for further establishing the quantity–effect
relationship between human mechanics response and phy-
sical injury, the simulation results can provide a basis for
behind armor blunt trauma (BABT) studies [163]. This
research conducted by Li et al. can provide a reference for
evaluating the damage caused by side-effect fragments
from armor-piercing projectiles and optimizing occupant
antiballistic measures on light armored vehicles.

On the other hand, there is an approach to teaching
projectile motion using MATLAB simulation. The main
purpose of developing the code was to achieve better qua-
litative and quantitative understanding of the intricate fac-
tors (e.g., drag) influencing projectile motion, which are

Figure 27: Design of the bulletproof vest: (a) provision of the burden of a speeding bullet 426m/s and (b) fixed support [161].
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Figure 28: Simulation of the vest developed from the ballistic package 1 on the avatar. (a) and (b) checking the aspect of the vest front/back,
(c) and (d) checking the matching body product, (e)–(g) 3D visualization of the vest as a mesh of triangles [162].
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Figure 29: The evolution of the stress field of the thorax epidermis [163].

Figure 30: The evolution of the stress field of organs [163].
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usually not discussed in standard texts. Nevertheless,
another benefit of using such an approach is accustomed
to some advanced MATLAB features. From elementary phy-
sics, projectile motion occurs when an object is thrown,
making some angle with the horizontal at a certain initial
velocity, or dropped and moved under the influence of
gravity. There is no effect of gravity on the horizontal
motion of the object. The independence of the horizontal
and vertical components of the object's motion is often used
to analyze projectile motion. It also accounts for the coun-
terintuitive observation that an object thrown horizontally
from the ground takes the same time to fall when dropped
from the same height. One of the most mathematical
models for projectile motion is based on the following
set of differential equations (where symbols have their
usual meanings):
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A solver provided by MATLAB, named “ode45,” is
employed to solve the aforementioned equations. This
solver uses fourth- and fifth-order Runge–Kutta algo-
rithms. The “AbsTol” option controls the error. The solu-
tion is stable, as shown in the graphs in the following
section. Since the “ode45” method is for nonstiff equa-
tions and a better solver, it is always the first choice for
ODE’s solutions. Based on the obtained results [164], it

was indicated that our MATLAB simulation of this work
efficiently provided different options for analyzing the
projectile motion as a benefit. The most striking feature
of our mathematical computer simulation was that it pro-
vided eight types of graphical interface window, which
facilitates a deeper understanding of the concept and over-
coming learning difficulties. As an example, Figure 31a
and b shows a comparison of the trajectory of a projectile
with and without drag.

Głębocki and Jacewicz carried out research on the
study parameter of guidance of a 160mm projectile steered
with lateral thrusters [165]. The developed model was
implemented in MATLAB/Simulink (2015). The 6 degree-
of-freedom projectile equations of motion were integrated
numerically using the fixed-step Runge–Kutta algorithm
with a time step size of 0.0001 s. First, two examples of

Figure 31: (a) Comparison of the trajectory of a projectile with drag and (b) comparison of the trajectory of projectile without drag [164].

Figure 32: Simulation scenario with obstacle geometry for launch
angle Θ0 = 20° [165].
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the controlled flight simulation scenario are presented.
The launch tube elevation angles Θ0 in each case were
set to 20 and 50°, respectively. In the second considered
case, a nearly maximum projectile range was achieved.
The disturbances were introduced to the nominal launch
conditions (+0.1° in elevation and +0.2° in azimuth)
to provoke the algorithm to take the control action.
The magnitude of force generated by a single lateral
thruster was assumed to be 2,000 N. The minimum
allowed time between two firings was set to tmin = 0.5
s and target window r2tth = 2 m. For a nominal launch
angle Θ0 = 20°, threshold pitch angles were set to
Θg = 0° and Θg1 = −25°. For Θ0 = 50°, the projectile roll
rate at the vertex was too high to start the guidance
angle, so the parameters were set to Θg = −10° and
Θg1 = −50°. The impact point prediction updating fre-
quency was set to 10 Hz. The calculations for a single
updating cycle were no longer than 130 s to prevent the
guidance process from breaking. N1 = 10 thrusters were
used in the first guidance phase. For the preliminary
tests, it was assumed that the inertial navigation system
could perfectly measure or estimate the missile velocity,
angular rates, position, and attitude. This means no
noise and errors were included in the simulation. A

stationary target was considered. The target is located
10 m behind the building, which constrains the impact
angle and enforces a steeper trajectory, as shown in
Figure 32. The predicted trajectories for both scenarios
are presented in Figure 33 (the plot was obtained by
overlapping the trajectories in real time during the
numerical simulation).

Immediately after starting the guidance phase, the
trajectories in the horizontal plane turn to the target. In
addition, Figure 9a and b shows that cross-range errors
would be approximately 70 and 120 m at the end of the
flight if the projectiles were uncontrolled. A set of curves
is observed in the horizontal plane because constant
mass for a passive portion of the flight was implemented.
MATLAB was also applied to the plot from Dater and
Wong's study [166] relating the velocity obtained by the
projectile to the barrel length (Figure 34). For generating
the input function, seven points were taken corre-
sponding to a 16-inch (406.4mm) barrel, and a five degree
curve was fit using MATLAB, as shown in Figure 35, where
velocity is in meter per second and length covered in the
barrel is in millimeters.

The five degree polynomial function, as projected in
Figure 35 turned out to be as follows:

Figure 33: Predicted trajectories: cross-range vs downrange for (a) Θ0 = 20°, (b) Θ0 = 50° and altitudes. Downrange for (c) Θ0 = 20° and
(d) Θ0 = 50° [165].
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where x is the distance covered by bullet from the breech
end where the bullet resides at the time t = 0. The pro-
gramming of dynamic model simulation requires specific
time points to determine the angle of rotation of bullet by
that time and hence the relative position of the actual
center of mass of the eccentric bullet [167].

Calculation using numerical analysis is a way to
solve engineering problems by dividing the object of ana-
lysis into infinitely small parts. These small parts are then
analyzed, and the results are recombined to find a solution
for the whole area. This method is used in engineering
problems where an exact/analytical solution cannot solve
it. The essence of FEM is to divide an object to be analyzed

into a number of finite parts. These parts are called ele-
ments, each of which is connected by a node. Then, a
mathematical equation is built that represents the object.
The process of dividing the object into parts is called
meshing. FEA can be used to analyze specific problems
in the engineering world, such as structural strength, cor-
rosion, heat transfer, or combined loads that occur, for
example, a partially corroded structure cannot be calcu-
lated analytically because the thickness of the structure is
different in each area, with the descriptive process in FEA,
it can be solved easily. Therefore, speed in designing is
also needed with technology development, not forgetting
the test feasibility standards. To find out the history and
development, see Figure 36, which has been sorted by
year, and it is easy to see the development order. On the
basis of what is presented in Figure 14, we can conclude
that the actual development that has occurred is very sig-
nificant. Experimentation is indeed the earliest and a very
old method, but until now it is still the most realistic
method, and even the method used in the final stages of
testing antiballistic vests.

5 Milestones of technical
apparatus for ballistic
performance measurement

Since the beginning of human history, competition in the
development of weapons and means of defense has con-
tinued. As new weapons were developed, corresponding
armor was also developed as a defense response [168].
Today, the development of lightweight defenses against
small-caliber projectiles is becoming increasingly crucial
as horizontal and urban conflicts require high mobility.
Antimaterial ammunition projectiles can penetrate steel
armor materials used in military vehicles. This capability
comes from the hard steel core of the projectile, which
increases its penetration capability compared to nonma-
terial munitions. The interaction between small-caliber pro-
jectiles and armored steel plates falls within the domain of
ballistics science [169].

Ballistics is the science of mechanics mainly con-
cerned with the projectile's acceleration in the gun barrel,
the behavior of the projectile at the end of the barrel and
while on the trajectory, and its effect on the target. It is
mainly separated into three branches: interior, exterior,
and terminal ballistics. This research focuses more on
terminal ballistics, a branch of ballistics that studies the
interaction between projectiles and target materials [170].

Figure 35: Velocity–length plot as generated function. The graph is
drawn based on data shown in [167].

Figure 34: Experimentally plotted velocity variation with barrel
length [166].
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Terminal ballistic research is an exciting topic because
it is the meeting point between combat power and defense
technology. However, the study of terminal ballistics is
constrained by high costs and a long time taken to pro-
duce valid data. To overcome this, some researchers
use methods such as analytics to shorten the time and
save research costs. In addition, the data generated
can be used as reference data and validation of experi-
mental results. The armor material resists the projectile
in terminal ballistics by absorbing its kinetic energy.
With the results from the experiment, analytical
methods can be developed to determine the energy
required for the projectile to penetrate and predict the
ballistic limit velocity and residual velocity results of the
projectile after impact. The use of experimental data is
required as a reference to use the conditions under which
the projectile is capable of perforating the armor material.
With these data, analytical calculations are carried out
with impact velocity variables until data are obtained
where the residual velocity of the projectile is not formed.

The use of cal. 12.7 mm is based on its ability to penetrate
steel materials used as protection for combat vehicles and
defense buildings.

In addition to combat vehicle applications, research
related to ballistic terminals can also be carried out on pro-
jectile design engineering in the face of body armor mate-
rials. Current body armor materials that continue to develop
with the use of ceramic and composite materials require the
use of munitions that have a higher energy density so that
they can penetrate [171]. In the previous research, an analy-
tical study was conducted to calculate the energy absorbed
by the target material with variable impact angles and the
use of hybrid composites. Based on the law of conservation
of energy, the total energy of the projectile is equal to the
energy absorbed in the perforation and the residual kinetic
energy of the projectile. The residual velocity of the projectile
is used to find the energy absorbed in the perforation [172].
To make it easier to understand the concept of ballistic
testing based on the development of the times, please see
the basis of testing in Figures 37 and 38.

Experimental test [116-120].
1980, 2001, 2004, 2006, 

2007

Numerical modeling of 
fabric impact [115-117].

1995, 2001, 2007

Computa�onal model
[136,137].
1999, 2002

Finite element model [108-
113,121,124].

1999, 2001, 2003, 2009, 
2010, 2012

Modelling of the energy 
absorp�on [140].

2000

Micromechanical method 
[152-154].

2001, 2011, 2015

Rayleigh-Ritz strategy, and 
Galerkin strategy [156,157]

2001

Mul�scale cons�tu�ve 
modeling and numerical 

simula�on [127-129]
2005, 2006, 2009

Numerical simula�on on 
ballis�c penetra�on [133-

135,146]
2007, 2012, 2016

Numerical model by   
DYNAFAB dan LS-DYNA 

[148]
2014

Numerical simula�on and 
experimental ballis�cs, 

[142-145]
2012, 2014, 2015, 2018

FE analysis of the 
compara�ve state 

[147].2012

Experimental and  numerical 
inves�ga�on of fabric [145]

2015

Analy�cal Formula�on for
ballis�c penetra�on [141]

2015

Mul�scale cons�tu�ve 
strategy [155].

2016

Interlock twist 3D terhadap 
FSP, simulasi numerik[150] 

2016

Figure 36: Milestones modeling experimental, numerical, computational, and mix method.
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Figure 37: Base of conventional testing.

Figure 38: Base of modern testing.
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Figure 37 only shows a general description, but actu-
ally, there are many variations that have been performed
in research to obtain valid data. If we want to compare
the process, it will undoubtedly be very different from year
to year. On the basis of Figure 38, we can conclude that
there are differences in results. The period 1800–2022 has
ballistic velocity data, projectile temperature data, ballistic
energy data, and impact ballistics. In 1500–1,800 we can
only take the impact ballistic results, and the difference is
from 1800–2022. Therefore, several test designs are shown
in Figures 39–45. Mubashir et al. conducted research in
2018 using a target in the form of a 38.1mm thick AA5083-
H116 aluminum plate, where a 12.7mm AP tracer bullet
was fired toward the target plate from a distance of 300
m and measured using a chronograph [169].

The overall experimental setup is shown in Figure 39,
where a 12.7 mm AP tracer bullet was fired toward the
target plates from a distance of 300 m. The two config-
urations of the target plates included: (i) base armor plate
and (ii) perforated armor plate in combination with a
base armor plate. The target plates were fixed in a rigid
fixture. In the multiple armor plate configuration, the
base and the perforated armor plates were separated by
110 mm long sleeves, as shown in Figure 39. The velocity
of the projectiles was measured by a SuperChrono acoustic
chronograph manufactured by Steinert Sensing Systems,
Norway. The chronograph was placed in the path of the
projectile at 2 m from the firing point. The 12.7 mm AP tracer
projectiles were fired on the single- and multiple-level
armors. These bullets had an AP core made of hardened
steel. However, part of the tracer bullet core is used for filling
a small amount of pyrotechnic charge. The pyrotechnic
charge burns brightly upon impact with the target [169].

Luza et al. conducted ballistic test research at theBrazilian
army's firing range facility, CAEX, on the Marambaia penin-
sula in Rio de Janeiro in 2015. All tests, 10 for each type of MAS
target, were carried out according to the NIJ 0101.06 standard
using 7.62mm × 51mm NATO military ammunition (7.62mm
for short)with a 9.7 g projectile propelled froma gunbarrel. To
make it easier to get a sketch in our mind, it is shown in
Figure 40.

Figure 40 shows, schematically, the exploded view of
the ballistic test setup. A dashed straight line indicates
the projectile trajectory. A steel frame was used to posi-
tion the target, which was held by spring clips. The gun,
located 15 m from the target, was sighted in its center
with a laser beam. The exact velocities of the projectile
at two moments, i.e., leaving the gun and immediately
before impacting the MAS target, were measured using
an optical barrier (Figure 40) and a model SL-52 OPWeibel
fixed-head Doppler radar system. Tests in which the target
was perforated allowed the residual velocity of the out-
coming projectile to be measured. After the ballistic test,
fractured samples of each MAS component were analyzed
by scanning electron microscopy and operating with sec-
ondary electrons at 20 kV [173].

Mora et al. conducted ballistic test research using
cartridges that propel projectiles onto composite speci-
mens. Two chronograph units were placed in front of and
behind the target holding unit to record the impact and
residual velocities of the projectiles, respectively. The
experimental setup is shown in Figure 41.

Based on Figure 41, the 150 × 150mm2 composite
plates were clamped to the target holder. Following
the Level III NIJ standard, the tests were conducted
using 7.62 × 51mm2 projectiles at an impact velocity of

Figure 39: Schematic representation of the experimental setups with base armor plate and perforated armor plate. The illustration is drawn
based on data presented in [169].
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847 ± 9.1m/s and an angle of 90° to the specimen with one
shot at the center. The projectiles were measured to have a
diameter of 7.79mm and a mass of 9.65 g [174].

In 2006, Cameron et al. conducted an antiballistic
specimen test study involving BABT using a 7.62 mm
test bullet (7.62 ball round – 9.72 g) and a hard body
armor selected for high deformation with a low prob-
ability of penetration for bullet velocities of approxi-
mately 670–800m/s. The main test components were
based on a head support fixture designed and manufac-
tured by the Center for Applied Biomechanics (University
of Virginia, USA), as shown in Figure 42.

Based on Figure 42, the fixture was designed for use
with cadaveric subjects. A sabot was used with a smooth
bore barrel (sabot mass = 1 g). No bullet instability was
seen in the approximately 35 cm flight to impact. The
incoming round velocity was measured using an induc-
tive technique and video analysis [175]. Pîrvu et al. car-
ried out the testing of the realized protection packages to
evaluate their resistance to the 9mm FMJ bullet was dis-
cussed in 2021, taking into account the resistance to
penetration through the depth of the trace left in the
support material (ballistic clay), namely, the backface

Figure 40: Schematic exploded view of the ballistic experimental
setup [173].

Figure 41: Illustration of the experimental setup used for the high-velocity impact tests [174].

Figure 42: Schematic illustration of the test fixture. The illustration is drawn based on data presented in [175].
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signature. The following steps are performed when per-
sonal testing armor and parts of the experimental setup
are shown in Figure 43.

Based on Figure 43, test equipment is positioned in
the clamping support at a distance imposed for each
piece of equipment from the mouth of the barrel; the
types of weapons and ammunition required for levels II
and IIA are verified. The bullet speedmeasurement system

is positioned, starting with the distance of 2 m from the
mouth of the barrel, so that the frames of the system are in
planes perpendicular to the firing direction; the distance
between the frames of the system is 0.5 m, and the dis-
tances are measured with an accuracy of 1 mm; firing is
executed on the test package [176].

In 2020, Kai-Kuang et al. experimented with a ballistic-
resistant ceramic composite target plate mainly consisting
of silicon SiC ceramic and a Dyneema (unidirectional struc-
ture) fiber backplate. +e ceramic plate was hexagonal with
side lengths of 60mm each, fabricated by sintering SiC
ceramic powder under atmospheric pressure at a tempera-
ture of 2,050°C. A 200mm × 200mm piece of Dyneema
fabric was cut and hot pressed into the plate at a tempera-
ture of 115°C. +e ceramic and fiber plates were then bound
together using epoxy resin and compressed under a 10 kg
weight for 24 h to ensure they were firmly joined. Figure 44
shows a schematic diagram of the ballistic experiments.

Based on Figure 44, the study conducted a ballistic test
in accordance with the NIJ IV standard, using 0.30″ AP
ammunitions, with the amount of gunpowder adjusted to
achieve an initial velocity of 868 ± 15m/s. Photoelectric
screens were used to measure the velocity of the bullet,

Figure 45: Schematic diagram of testing apparatus in STRIDE, Batu Arang [178].

Figure 43: Firing arrangement equipment [176].

Figure 44: Schematic diagram of ballistic test [177].
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whereby two screens were placed 1 m apart to separately
measure the initial and residual velocities of the bullet by
transmitting the photoelectric signals to the oscilloscope. +e
smallest measured scale was 10−6 s [177]. In 2016, Hani
et al. conducted samples tested at the Science and Tech-
nology Research Institute of Defense (STRIDE), Batu Arang,
Selangor, for high-velocity impact tests. The assessment
involved determining the ballistic limit, damage mode,
and blunt trauma deformation. The test was conducted in
accordance with NIJ Standard 0101.04 [178] level IIA with
FMJ RN 8.0 g of 9mm caliber. Figure 45 shows a schematic
diagram of the ballistic experiments.

Based on the schematic diagram of the testing equip-
ment in Figure 45, many tools are used to perform this test,
ranging from chronographs, telescope cameras, radar, and
others. The samples to be tested were cut into dimensions of
310 × 205mm and thicknesses in the range of 7–9mm for
one composite panel (each containing four layers of woven
coir laminate/Kevlar). They were then stacked into three
sets of panels (12 layers of woven laminated coir/Kevlar).
The ballistic impact was performed using the muzzle of a
high-velocity impact rifle [178].

Based on the NIJ Standard, pistol-type weapons (hand-
guns) and armor panels are placed at a distance of 5.0 ±
1.0m from the gun's muzzle, whereas for rifles, the armor
panel is placed at a distance of 15.0 ± 1.0m from the weap-
on's muzzle. It is possible to make adjustments or distance
tolerances that are not more than 4 m for each test to avoid
deviations. For tests using rifle-type weapons, if the test
distance is less than 14 m, the deviation can be accepted
with a 50-meter angular distance from the target. The sup-
port material must be strong and able to remain in a
standing position to avoid shifting due to shock during the
firing process. Due to shock during the firing process, the
speed-measuring device was placed at a distance of 2.5 ±
0.025m from the front of the supporting material. For the
firing angle itself, the placement is placed in the center, with
a distance of 2.5 + 0.025m/−0.190m from the front of the
backing material. Some of the studies presented show that
there are tests that do not follow NIJ standards. We predict
that limitations in equipment, testing sites, or weather may
prevent the research from following NIJ standards.

5.1 Projectile momentum and energy

The generally recognized determinants of the wounding
intensity of a projectile are the velocity and mass of the
shot, along these lines, its momentum. The latter legiti-
mately corresponds to a measure of the energy transferred
into the tissue by the shot during its penetration through

the tissue [179]. Some investigations believe it to be the
most significant parameter for causing tissue damage
[180]; however, different strategies can affect the potential
for injury. On the other hand, momentum is a significant
parameter that can be used to assess the wounding ability
of a shot but is revealed to estimate the wounding poten-
tial only slightly [181]. The energy delivered in a shot
depends on the size of the explosive material touched to
fire the projectile and the distance from the gun gag to the
tissue. A shot powered near the tissue will deliver extra
energy to the tissue compared to a shot that invests much
energy in traveling before cooperating with the tissue; for
example, the shot has lost power during its trajectory [182].
A shot can dissipate a certain amount of its dynamic energy
if it goes straight through the tissue and exits from the
opposite end of the body. In addition, a slug that stops
inside the body will transmit all its energy to the organs/
tissue of the body. A shot intended to effect a collision
would be a state of fire that would transfer its energy to
the tissues and would undoubtedly settle inside the body’s
tissue. In contrast, a shot intended to remain perfect during
its penetration through the body then leaves the body
holding most of its energy and continues its trajectory [183].

Shots are classified according to their low or high velo-
city [183]. However, the meaning of the two classes changes
between publications. Bellamy and Zajtchuk [184] charac-
terized high velocity as speeds exceeding 600m/s, while
Rozen and Dudkiewicz [180] describe high-velocity levels
as more prominent than the speed of sound in the air
medium (e1100 ft/s or 335m/s). The velocity range of shots
fired frommilitary rifles is 700–950m/s, while pistols range
from 250 to 370m/s [185]. Utilizing the bullet's velocity,
rifles are usually considered low-velocity weapons [186].

Nonetheless, the latter weapons cause significant
damage to joints, bones, and soft tissue, involving blood
vessels and structures due to the dispersal of shot pellets
[187]. These results may indicate that both low- and high-
velocity weapons severely damage body organs/tissues.
The use of projectile strike velocity as the sole indication
of the extent and intensity of injury may be misleading
[188]. For example, a high-caliber shot with a large mass,
despite traveling at a lower velocity, still produces mas-
sive tissue damage by producing a permanent cavity, i.e.,
the bullet damages the tissue.

5.2 Milestone of bullet velocity testing

One of the efforts to test the ballistics and quality of fire-
arms is to calculate muzzle velocity. To calculate the
velocity of a weapon projectile, a special tool called a
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chronometer is required. In the past, we needed a tool
with large dimensions, which, of course, took up space
and was impractical, but now we can use a very practical
tool that can be carried anywhere easily. To better under-
stand the historical development of ballistic measuring
tools, see Figure 46.

Benjamin Robins (1707–1751) invented the ballistic
pendulum, which measured the momentum of a projec-
tile fired using a gun. Dividing the momentum by the
mass of the projectile gives the velocity. Robbins pub-
lished his results as New Principles of Gunnery in 1742
[189,190]. A ballistic pendulum can only take one mea-
surement per shot because the device catches the projec-
tile [191]. The accuracy of the gun also limits how far
away measurements can be made [192]. Alessandro Vit-
torio Papacino d'Antoni published results in 1765 using a
wheel chronometer. This used a horizontal spinning
wheel with vertical paper mounted on the rim. A bullet
is fired across the diameter of the wheel so that it pierces
the paper on both sides, and the difference in angles,
along with the wheel's rotation speed, is used to calculate
the velocity of the bullet [193]. An early chronograph that
measured speed directly was made in 1804 by Grobert, a
colonel in the French Army. It used a rapidly rotating shaft
with two disks mounted on it about 13 feet apart. A bullet
was fired parallel to the shaft, and the angular displace-
ment of the holes in the two disks, along with the shaft's
rotational speed, produced the bullet’s velocity [194].

In 1865, the Reverend Francis Bashforth, MA, who had
recently been appointed professor of appliedmathematics to
the advanced class of artillery officers at Woolwich, began a
series of experiments to determine the resistance of air to the
motion of spherical and longitudinal projectiles, which he

continued from time to time until 1880. As the instruments
then used to measure velocity were incapable of providing
the time taken by a shot to pass through a series of succes-
sive equal spaces, he began his work by inventing and con-
structing a chronograph to accomplish this object, which
was tried at the end of 1865 at Woolwich Marshes, with
ten screens and with perfect success. Bashforth screens
were made with multiple threads and switches connected
in series. A projectile passing through the screen would
break one or more threads, the broken threads causing the
switch tomomentarily (about 20ms) break the current as the
switch arm moved from its weighted position to its
unweighted position, and the momentary interruption
would be recorded on the graph paper [195].

The first electronic ballistic chronograph was invented
by Kiryako (“Jerry”) Arvanetakis in the 1950s. As a con-
sulting engineer under contract by NACA (later NASA), he
was asked to find a way to accurately measure the velocity
of various projectiles fired at high speed into various engi-
neering materials in anticipation of crewed space flight.
His first design was an open rectangular frame of square
aluminum tubes with fine copper wire screens at both
ends. Disconnecting the first wire starts charging the capa-
citor, and disconnecting the second wire stops it.
Measuring the accumulated voltage and knowing the
elapsed time charging rate can be accurately calculated.

5.3 Modern chronograph

Modern chronographs consist of two sensing areas
framed by rods topped by a diffused screen or artificial
lighting above (or below) the optical sensors that detect the

Figure 46: Chronograph tool development history.
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bullet’s trajectory. The time it takes for the bullet to travel
the distance between the sensors is measured electroni-
cally, from which the velocity is calculated and displayed.

Advanced ballistic chronographs include types that
use Doppler radar to measure the bullet in free flight at
various distances; others are devices mounted on the end
of the barrel, which use magnetic field sensors to mea-
sure the bullet’s velocity as it exits the muzzle [196]. The
modern chronograph is mainly used for object accelera-
tion and speed measurement. Individual users can use it
to measure the design speed of all shooting games, alu-
minum alloy, stainless steel material, support rod, speed
measurement, energy size, and speed energy, see
through the record and see the average. This product is
used to learn and experience the ability of SCM to process
data at high speed and can measure the flying speed of
various projectiles, such as table tennis, badminton, bow
and arrow, physics acceleration experiments, projectile
free fall experiments, NERF toy speed measurement,
children's soft toys, and other functions. The core
components are an industrial-grade package, stable per-
formance, andminor errors. The tool is used for the speed
of 1–999.9 m per projectile, with the accurate speed. It
has the advantages of a large effective induction area,
convenient use, and high sensitivity. With strong adapt-
ability to ambient light, indoor, and outdoor, it can be
used during the day and night. It can store 20 sets of data,
with a measurement range of 1–999.9 m/s (FPS range
30–999.9) and the test error of ≤0.5%.

5.4 Sample strength test before conducting
ballistic tests

As weapons technology develops, it must also be
equipped with defense technology that serves as a coun-
terweight. Technology development must meet the test
standards set by the NIJ. Other tests are performed first
to shorten the test and to reduce losses due to failed firing
tests. Some tests can be carried out, such as a tensile test,
hardness test, impact test, and puncture test.

5.4.1 Tensile testing equipment with electricity

This tensile tester with an electricity series tests tension,
compression, shearing force, adhesion, peeling force,
tear strength, and others of specimens, half products,
and finished products in the fields of rubber, plastic,
metal, nylon, fabric, paper, aviation, packing, architec-
ture, petrochemical, electric appliance, automobile, and

others, which is the primary facility for input quality con-
trol, quality control, physical examination, mechanics
research, and material development [197].

5.4.2 Hardness tester

The hardness tester is a device that accurately determines
the hardness of a material by assessing the impact on its
surface through the use of a standardized rounded or
pointed indenter made of diamond, carbide, or hard steel;
known for its high precision, stable performance, simple
operation, and easy to carry. It can be measured in different
directions. Leeb's hardness is converted into Brinell,
Rockwell, Vickers, shore hardness, and others. Moreover,
it can be automatically converted into printed records [198].

5.4.3 Impact tester

An impact tester is a testing tool used to take measure-
ments on a material in accepting the pressure force,
which is then measured by the amount of energy needed
to break the item with one or more swings. This testing
tool was designed to measure a material's durability.
Furthermore, it then also aims to ensure that the material
or tool does not fail in subsequent use. The material
absorbs the energy generated slowly in a standard test,
such as tensile and compressive tests. In everyday life,
materials absorb energy very quickly from falling objects,
blows, collisions, drops, and others. Impact testers are
designed to simulate these conditions [199]. The results
of this testing can be used as a reference to develop
failure criteria due to impact loadings [200–204].

5.4.4 Puncture test

This test is carried out by placing the sample at the
bottom of the tool, where the circular area is secured
with parameters to keep it hollow (this is performed
under existing standards). A pointed probe is used,
moving down until the probe pierces the test material.
The result of this test is calculated in terms of the max-
imum force required to puncture the material.

Those are all of the milestones of technical apparatus
for ballistic performance measurement, and we can try to
use some equipment to measure the ballistic technology,
but it is better when starting to test the material with a
nonprojectile test because it saves money, because if a
firing test must be conducted, the material cannot be
replaced, and it is not cheap. Therefore, it is highly

Antiballistic material, testing, and procedures of curved-layered objects  37



recommended to conduct nonprojectile tests before con-
ducting firing tests [205].

6 Concluding remarks

Projectiles fired using a musket are usually lead balls and
are accelerated by burning black powder in the gun
barrel and behind the projectile. After the battle, the
weapon is returned to the base and stored as a standby
weapon. Many weapons are impossible to melt because
there is a risk of explosion or other complications.
Therefore, the weapon is discarded in the sea. For other
war equipment such as a buff coat, which enjoyed rela-
tively widespread use among cavalry, buff coats were
used as protective clothing during the English and
British Civil War. However, its effectiveness as a protec-
tive suit is unknown. Buff coats were usually worn over
civilian clothing (linen shirts and woolen vests) during the
English Civil War because constant use was not expected.
Technological development is needed in dealing with con-
ditions involving sharp weapons, firearms, and even inter-
continental cruise missiles. This is why antiballistics are
needed, such as aramid cloth that can withstand knife
cuts, bulletproof material that can withstand projectiles,
and iron domes that can detonate missiles. Above the sky
before reaching the target. One thing that needs to be
emphasized is that the vest does not protect the body
from being shot, but using a vest can reduce the risk.

The size of the specimen can also affect the Izod impact
test value as it can allow for different amounts of imperfec-
tions in the material, which can act as a stress booster and
lower the impact energy. Types of impact test specimens
include notch configurations such as V-Notch, U-Notch,
and Key-Hole Notch, as well as un-notched and ISO
(DIN) V-Notch, with impact testing capabilities of sub-
size specimens up to size. The impact test is more impor-
tant to determine the amount of energy the material
absorbs during fracture. The classical pendulum impact
tester determines the impact energy absorbed by a stan-
dard specimen at breaking by measuring the height of the
pendulum hammer rise after impact. There are two types of
impact tests: pendulum and drop weights. Impact energy
measures the work needed to break the test specimen. The
models made for the impact of rigid projectiles were also
used in the case of the impact of deformable projectiles
since no damage to the projectiles was observed by the
authors in their experiments, thus following the assump-
tion of negligible deformation of the projectiles.

Significant research efforts were made continuously
to improve the ballistic impact function of the available

materials and develop advanced ballistic materials along
with different mechanical characteristics for several types of
technical uses involving body armor systems. The develop-
ment of materials, such as fiber and ballistic types, performs
very well for ballistic purposes and has seen general inves-
tigation to meet the need for bulletproof capacity, high
quality, and lightweight. Robust, low-density materials are
sought after for another era of ballistic protection. Along
with the advancement of material-reinforced composites,
fiber-based composites also play an increasingly significant
role as body materials for military vehicles and aircraft.
Likewise, with the situation, the fibers for ballistic protection
in this era are mostly aramid and UHMWPE fibers.

A nonexperimental analysis such as an FEA is very
useful for engineers performing structural analysis. Many
types of FEA are integrated with CAD software today,
making the transition between software easier. On the
other hand, MATLAB is essential for performing complex
numerical analyses that require programming solutions.
Meanwhile, Python is a free, open-source language
perfect for scientific programming. While suitable for
scientific programming, Python is designed for general
purposes. Several researchers have promoted and developed
numerical models that rely on numerical methods, such as
finite difference and FEMs. Furthermore, nonexperimental
analysis can easily differentiate the impact behaviors of
the fabric on double-nose projectiles, single-nose cones,
and flat projectiles. It is also usually revealed that it is tough
to truly understand and photograph ballistic impacts using
exclusively exploratory, experimental, numerical, or analy-
tical strategies. That is why different authors use a mix of
exploratory, numerical, experimental, and explanatory
methodologies to obtain better interpretation and practical
examination of data during ballistic impact systems.

With the results from the experiment, analytical
methods can be developed to determine the energy
required for the projectile to penetrate and to predict
the ballistic limit velocity and residual velocity results
of the projectile after impact. With these data, analytical
calculations are carried out with impact velocity vari-
ables until data are obtained where the residual velocity
of the projectile is not formed. Based on the law of con-
servation of energy, the total energy of the projectile is
equal to the energy absorbed in the perforation and the
residual kinetic energy of the projectile. The residual
velocity of the projectile is used to find the energy
absorbed in the perforation. The generally recognized
determinants of the wounding intensity of a projectile
are the velocity and mass of the shot, along these lines,
its momentum, but the energy delivered in a shot
depends on the size of the explosive material touched
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to fire the projectile and the distance from the gun gag to
the tissue. To calculate the velocity of a weapon projec-
tile, a special tool called a chronometer is required, and
then the momentum is divided by the mass of the projec-
tile, which gives the velocity. If we already know the
strength of the projectile, we can design a self-defense
tool. Tool validation is carried out by conducting feasi-
bility testing using other mechanical tools such as impact
tests, tensile tests, and other tools. In terms of testing the
capabilities of antiballistic technology, it would be ben-
eficial to conduct a software analysis test and then test
the material with several nonprojectile tests because it
would save money. If directly conducting firing tests on
antiballistic technology does not deliver the expected
result, the material cannot be repaired, and it will be
costly in terms of development and inefficient.
Therefore, it is highly recommended to conduct nonpro-
jectile tests before conducting firing tests. Therefore, this
article covers the theoretical concept of impact, an
experimental approach for ballistic tests on advanced
materials, the idealization of ballistic tests in computa-
tional mechanic simulation, and milestones of technical
apparatus for ballistic performance measurement. These
are summarized to serve as a knowledge base and refer-
ence for future research development.

Nomenclatures

A Flow area
Ac Projectile contact area
d Diameter projectile
D Caliber density the projectile (lb/in) D = W/d3

e Perforation thickness
E1 Modulus of the first layer
Er Relaxed Modulus of the viscoelastic material
Eu Unrelaxed Modulus of the viscoelastic material
fA Frequency tuned by the first layer
fcrit Critical frequency of the viscoelastic layer

′fc Ultimate compressive strength of concrete
G

( )
=G KNM

d
V

d1,000

1.8
and

( ) ( )
= ≤ = + >G G2 for 2 or 1 for 2x

d
x
d

x
d

x
d

0.5p p p p

Ia a nondimensional Impak factor
K The concrete penetrability factor.
I+ Positive Impulse
I− Negative Impulse
I0 Incident impulse onto the armor
It Transmitted impulse from the armor to the pro-

tected structure
L1 Thickness of the first layer

M Mass of the projectile
ma Mass of the armor
Ms Mach Number
ms Mass of the protected structure
N The projectile shape factor
P Wave Pressure
Pi Impact pressure per unit contact surface area at

time during penetration
P0 Ambient pressure at ‘t’ = 0
P(t) Wave pressure at time instant ‘t’
PtB Transmitted Pressure in Layer ‘B’
Pi,A Incident Pressure at the interface of Layers ‘A’

and ‘B’
R0 Explosion length
Rs Distance covered by shock wave after time ‘t’
rho1 Density of the first layer
s Scabbing thickness
t Target thickness
τ Relaxation time
V Striking velocity of projectile
vi Instantaneous projectile velocity at time during

penetration
W Projectile weight
x Total penetration depth
xi In the instantaneous penetration depth at timet

during penetration
xp Penetration depth
ZA Acoustic impedance of material in Layer ‘A’
ZB Acoustic impedance of material in Layer ‘B’
σi Incident compressive stress wave
σt Transmitted compressive stress wave
Δ(μ) Rate of change in momentum
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