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ABSTRACT

Personal safety of the military, law enforcement, and security officials
is an important aspect that is dependent on the use of ballistic impact
protective body armour vests when there is the risk of high velocity
threats. The given study approaches a thorough review of the fibres
employed in the process of ballistic armour fabrication, their mechanical
characteristics, energy absorption ability, and effects under conditions
of impact.

The study considered the key factors while choosing the fibres for
body armour like tensile strength, flexibility, weight, resistance to the
environment and cost effectiveness. It also discusses new methods
of increasing energy absorption, e.g. by means of topology change
of the fibres, addition of nanoparticles, shear-thickening fluids and
fancy fibre networks like 3D weaving or hybrid composite materials.
These are the measures which are supposed to enhance the ratio of
protection, comfort, and mobility in armour design. The benefits and
shortcomings of various commercialised fibres such as aramid (Kevlar,
Twaron), ultra-high molecular weight polyethylene (UHMWPE), and
polybenzoxazole (PBO) etc for the applications of ballistic protection
are also highlighted in the present study.

The general outline of a typical ballistic vest testing procedure is
presented in order to demonstrate the way in which the quality
of materials and design is tested. The study is concluded with the
information about the latest achievements in ballistic protection and
directions of the future, such as smart materials, sustainable options in
protection, and the integration of wearable technologies. This review
will be helpful to the researchers, designers, and manufacturers who
are concerned with developing the usefulness and functionality of the
ballistic protective body armour.

KeYWOI"dS: Ballistic protection, body armor, impact energy
absorption, high-performance fibers, aramid, UHMWPE, fiber selection
criteria, shear-thickening fluids, nanocomposites, textile composites,
ballistic testing, protective materials
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Introduction
Ballistic Impact Protection

Ballisticimpact protection is the capability of a material or
a system to resist and absorb the energy of high-velocity
projectile bullets, shrapnel, or explosion device fragments.
The primary role of the ballistic protective body armour
is to avert breach of entry of such projectiles into the
body, hence protecting the essential body organs and
minimising injuries or even death. In contrast to the
traditional armour that was even based on the rigidity
of the materials, the modern ballistic protection is based
on the ideas of lightweight, flexible protection material
that does not reduce the ease of movement but provides
the necessary security. The development of protective
technologies also has a significant effect on individual
protection both during military conflict and in peaceful life,
and, therefore, ballistic armour becomes the key point in
modern protective equipment.?

Gradually, there has been research and development in
the field of materials science that brought out fibres and
composites that can absorb impact energy more effectively.
These materials are effective in converting the kinetic
energy of the projectile to that of deformation and heat
dissipation in the armour layers (thus neutralising the
threat). The capacity to absorb energy under structural
integrity is essential since it has a significant role in the
survival prospect and recovery of the wearer. This has led
to the multidisciplinary nature of the science of ballistic
impact protection which deals with physics, chemistry,
engineering and textile technolog.?

As the threats are constantly developing, with a rise in
ammunition and projectiles, the ballistic armour systems
must be capable of addressing these issues. This changing
scenario poses a constant dilemma to design armour
with the rising demand for protection and comfort of the
wearer and mobility. Therefore, it is most crucial to learn
about fibres and improve the energy absorption processes
towards new breakthroughs in ballistic protection.?

Importance of Body Armor in Personal Safety

Body armour has become part and parcel of the military,
law enforcers and security agents who work in critical
conditions. The fundamental objective of this gear is
to lessen the number of casualties and shelter the user
from ballistic danger faced in war zones, constitutional
scenes, and riots. Besides the protection part, armour
also increases the confidence of the personnel, as they
are more effective in performing their tasks without the
fear of being injured due to gunshots or explosions. Such
psychological gain commonly leads to improvement in
operational effectiveness and survivability.*
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Body armour can have more than just individual defensive
value; wearing body armour can help a team achieve
its missions because it ensures the physical and mental
health of its essential members. Better armour in most war
areas has also had a direct impact on reducing fatality and
severe injury levels, which thus have had direct impacts
on the final outcomes of the military and law enforcement
organisations. Besides, another role of body armour is that
emergency responders who may be at risk during firearms
at active shooting incidents or terrorist attacks may use
body armour. The challenge of creating and implementing
efficient protective vests is, therefore, at the top of the
world agenda of safety agencies.®

Although the body armour should focus on protection, it
also has to solve the issues of comfort, weight, and mobility.
Objects denser or thicker, such as armour, may decrease
stamina and decrease awareness of the surroundings,
which could affect an individual’s response to danger.
The latest concepts of armour design, however, seek to
maximise these factors in order that there is no penalty
on operation. So, it is crucial to know the type of materials
and design principles that underlie proper body armour in
order to move forward on protective technology.®

Historical Development of Ballistic Protective Vests

The historiography of ballistic protective vests reaches
centuries back in the past with perspective to hard and
unyielding drives covered in metal plates and dense
leathers. These initial designs were protective rather
than manoeuvrable, thus not practical in various battle
situations. The development of firearms technologies led
to the necessity of protection equipment which should
be lighter and more efficient. The simple armour in the
early days was unreliable in preventing bullets, and the
percentage of injuries and death cases was huge among
military soldiers and police officers.”

This was revolutionised when synthetic fibre was invented
in the mid-20th century. With the advent of aramid fibres,
with Kevlar being in the 1970s, the method of ballistic
armour changed, allowing a flexible yet strong material that
had very high tensile strength and was capable of much
higher levels of energy absorption than prior to this. Kevlar
vests soon became the norm for soft body armour, as they
could prevent bullets from handguns, though they were
comparatively uncomfortable to wear on a long-term basis.®

Since then, there have been constant advancements in
the technology of fibre, such as the creation of ultra-high-
molecular-weight polyethylene (UHMWPE) and other
high-performance fibres. These materials have increased
strength-to-weight ratios and increased resistance to
adverse environmental conditions. Coupled with advances
in materials, improvements in the manner in which textiles
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are combined, in layering, and in composites have also
advanced armour performance. Whereas the development
of today’s ballistic vests is the result of decades of research
and development in finding the right path toward the
desired balance of protection, weight, and comfort?

Fundamentals of Ballistic Impact and Body
Armor

Mechanics of Ballistic Impact

When a projectile travels, hitting a body armour, it triggers
a rapid succession of different physical processes between
the projectile and armour material. The incident force
created by the first point of contact is enormous, with a
concentration over a small region creating localised stress
and strain on the armour. The capacity of the armour to
consume and dissipate this energy is what defines whether
the projectile will be halted or it will get to the other side.
The impact energy is dissipated by the extension and
deformation of the armour fibres, which reuses the impact
energy thermally and mechanically.®

1 = Hoer sl lood
F = e rssing prjectle
F=smb

Longitudinal wave Transverse wave b

fa)

Figure |.Ballistic impact mechanisms''

The armour structure is also critical to the control of impact
energy. A multi-layered orientation of fibres in different
directions will facilitate the dispersion of energy over a
larger surface and thus decrease the chances of possible
perforation and induction of blunt force trauma. Fibre
can break, slip or delaminate during impact, and all of
these actions help absorb energy. The general resistance
to ballistics relies not solely on the qualities of the strands
but also upon the connection between the fibres and the
materials that comprise the framework and the textile
structure.

Besides, energy transfer and absorption have some
dependency on the speed and mass of the projectile and
the angle of impact. The faster rounds used in high-velocity
rifles present an even bigger problem because they have
more kinetic energy. Knowledge of the physics of such
interactions can enable engineers to make primer armour

materials and structures specific to the level of threat
protection and maximise protective effects.?

Ballistic Threats and Standards

The types of ballistic threats are enormous, and they are
all different in the projectile type, velocity, shape, and
energy. Typical ammunition includes both handgun and
rifle bullets as well as explosives or shrapnel shards. Both
types demand a varying degree of protection, and the body
armour needs to be capable of withstanding it. To unify the
level of protection, various agencies, such as the National
Institute of Justice (N1J), have come up with classifications
that state the minimum performance factors of armour in
different types of threat.**

The standards developed by NIJ classify the body armours
in levels, e.g., |, II, llIA, 11, and IV, depending on the kind
of ammunition that the armour can withstand the impact
energy of. Toillustrate, Level Il and IlIA armour are normally
rated to prevent the majority of rounds from handguns,
whereas Levels Ill and IV prevent rifle rounds. Such
categories are critical towards guiding the development,
acquisition and application of different armour in the
operation environment.**

Other important testing parameters that classify an
armour against other significant factors include backface
deformation (the indentation left by a hit on the back of
the armour), endurance, environmental standard, and
multiple-hit capability besides threat level classification.
These standards mean that armour is not only designed
to prevent the attack but also to strike the wearer with
blunt force and to be steadfast with time and in various
environmental conditions.®

Role of Energy Absorption in Impact Protection

The most important means through which ballistic body
armour prevents penetration and minimises the injury is
energy absorption. On striking armour, projectile kinetic
energy has to be decelerated and dispersed effectively
to make sure that the projectile does not get through.
Tensile stretching, cracking or reorganisation of fibres in
the armour catches the energy, and energy is dissipated
also by friction between layers and fibres.®

The strength of the healthiness of the fibres utilised and the
structure of the armour dictate the capacity of absorbing
the energy. Strength and modulus, also known as high
tensile strength, enable fibres to resist deformation and
toughness, which means that fibres absorb more energy
before fracturing. How fibres are woven, layered and
bonded influences the energy flow in the armour and how
well they are dispersed throughout the surface.?”

One of the principal challenges in the design of armours is
to take the maximum amount of energy absorption without
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adding a lot of weight and bulk. Improved absorption
increases protection, but this improvement may be
accompanied by the trade-off of weight adding to the
range of attention and discomfort of the wearer. This
trade-off between the ability to absorb energy and any
weight is optimised by innovative materials and design
approaches that enable greater energy absorptivity to be
realised in any unit weight of armour.®

Fibers Used in Ballistic Protective Vests
Overview of High-Performance Fibers

The fibre fillers of the ballistic protective vest are the strength
of their protection. Such fibres should have the special
properties of high tensile strength, low weight, flexibility,
and a high ability to resist environmental degradation.
Over the years numerous varieties of high-performance
fibres have been introduced that are specifically optimised
for ballistic performance but which also have their own
advantages and limitations.*®
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Figure 2.High Performance Fibre

The most popular market fibres are the aramid fibres,
ultra-high-molecular-weight polyethylene (UHMWPE) and
speciality fibres, such as polybenzoxazole (PBO), because
of their exceptional ballistic performance. These fabrics
are designed so as to absorb and dissipate impact energy
under loads, and yet they are lightweight, so that flexible
wearable armour can be provided. The material of fibre
used also influences ballistic performance but also other
criteria such as durability, cost and fibre manufacture [20].

Other than having good mechanical properties, fibres used
in protective equipment must also be environmentally
stable, resisting moisture, ultraviolet light and common
chemicals. Since armour used in the field is subjected to
various environmental contingencies, fibres must have
some durability to resist and some resistance against
environmental elements as well as against climate changes.
This also restricts the choice of the appropriate ballistic
fibres.?

Aramid Fibers (Kevlar, Twaron)

The introduction of such aramid fibres as Kevlar and Twaron
changed the bar of ballisticarmour. These fibres are made
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of long-chain aromatic polyamides, which give a good
tensile strength and modulus, giving them the capability to
stop handgun and even rifle bullets in multi-layer designs.
The first successful commercially available aramid fibre was
Kevlar and was soon used to produce military and police
compound body armour.?

Kevlar fibres are highly chemical resistant and have great
thermal stability that makes them resistant in strenuous
environments. The most important methods of impact
energy absorption are the stretching of the fibres and the
work hardening, not letting the penetration and allowing
the energy available in the kinetic field to be dispersed in
a vast way to the armour panel. There is another, more or
less similar aramid fibre, called Twaron, which has similar
performance and is sometimes interchangeably used with
Kevlar in preference of manufacturer and cost.?

Along with high performance, there are some limitations
to aramids. Their inclination to absorb moisture may
lower mechanical characteristics, and fibres degrade when
exposed to UV light for long periods, having no protection.
Moreover, aramid fibres can be rather costly, and this
factor affects the price of body armour.*

Ultra-High-Molecular-Weight Polyethylene
(UHMWPE)

The UHMWPE fibres are another emerging type of ballistic
fibre with extremely high molecular weight polymer chains
in the correct alignment and exhibit extraordinarily high
strength and stiffness. The fibres have one of the best
strength-to-weight ratios of any ballistic fibre and suit
lightweight and flexible body armour. UHMWPE fibres
do not react with any chemical and have high moisture
resistance and UV degradation, making them more
preferred in tough environments.?

The UHMWPE-based ballistic vests can be of high quality
in regard to offering good protection from handgun and
rifle threats, and they are a highly lightweight replacement
for aramid-based armouring. The fibres gain an ability to
absorb energy based on their capacity to undergo plastic
deformation as well as their capacity to disperse forces
efficiently over large areas. Such ability enables a thinner
and lighter version, thus enhancing the comfort and
mobility of the wearer.

The relatively low melting point of the UHMWPE fibres
(when compared to aramids) is also one of the obstacles/
issues in its performance under high temperatures.
However, this has been the limitation to compounds,
as ongoing research work on composite structures and
coatings undertakes to ensure that this factor is addressed
as a way to further boost the application usage of UHMWPE
fibres in ballistics.?”
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Criteria for Selection of Fibers for Ballistic
Body Armor

Mechanical Properties (Tensile Strength, Modulus)

The ballistic armours mainly lie in the mechanical properties
of fibres. High tensile strength, or the breaking point in
terms of stress that can be put on the fibre, is essential since
the maximum stress a fibre can take without breaking is
considered an important aspect of ballistic protection. The
strain bullwhip: High tensile fibre strength can absorb a lot
of energy in stretching and spreading out the forces over a
larger area so that penetration cannot take place and blunt
impact deflection to the occupant may be minimised. In
combination with tensile strength, modulus, or the rigidity
of the fibre, has some effect on the way the armour will
respond to being hit. A fibre with a high modulus is rigid,
and this factor contributes to a quick energy dispersion.?®

A good balance between the tensile strength and modulus,
however, needs to be achieved. Although high modulus
means that the armour can disperse the impact energy, too
much rigidity means lesser flexibility and wearer comfort.
As an example, aramid fibres generally present a singular
pairing of durability and modulus and, hence, are well
suited to apply impact energy and reduce its impulse.
The knowledge of these mechanical qualities is used to
determine the most suitable fibres used by designers and
ensure they allow adequate protection and do not interfere
with practical field use.?

Besides tensile strength and modulus, toughness, i.e.,
the capacity of a fibre to dissipate energy on meeting
breaking stress, also acts as vital criteria in fibre selection.
The tough fibres have been found to perform consistently
when impacted repeatedly or by multiple hits compared
to the brittle fibres because they are able to withstand
the impact. All in all, these mechanical properties can be
used as key milestones in deciding whether a fibre can be
employed in ballistic armour or not.*°

Energy Absorption Capability

The fundamental of the ballistic protection is concerned
with energy absorption. Fibres mainly used in body armour
should not just be strong, but also they are required to
absorb and dissipate the kinetic energy of high-velocity
projectiles. This is achieved through such complicated
processes as elongation of fibres, frictional fibre contact
and controlled fibre splitting. The less the fibres can carry,
the less is conveyed to the wearer, thus massively saving
the injury possibility.!

Various fibres share different energy absorption patterns;
this is based on their molecular structure and physical
properties. The aramid fibres absorb energy mainly by the
tensile deformation and the friction tension, whereas the

UHMWPE fibres absorb energy by deforming the polymer
chains of them in aligned modes of plasticity. Furthermore,
the fibres in the textile structure can be placed and lapped,
which also affects how a force of impact can be absorbed
by the textile since a firmly lapped or woven material can
increase the energy-dissipating effect of these materials.??

Absorbing maximum energy with minimum weight is a great
problem. Armour with increased layers can absorb more
energy at the expense of comfort and mobility. Therefore,
fibres that have high intrinsic energy absorption capacity
are desirable since the armour can be made thinner and
lighter with comparable or better protective ability.*

Weight and Flexibility Considerations

The mass and the pliability of the fibres are crucial
determinants of the cumulative wearability and working
capacity of the ballistic body armour. Bulky or heavy armour
will limit movement, causing more fatigue and therefore
decreasing situational awareness, which may jeopardise the
safety of the user in hazardous situations. In this manner,
armour design is foremost in choosing the lightweight
fibres, which retain protective properties.3

Fibres like the UHMWPE ones provide exceptional weight
savings compared to the conventional forms of aramids
and enable the creation of vests which weigh significantly
less and eventually have high ballistic protection. Itis also
paramount that it is flexible since armour should match
the body of the wearer so that it may be operative. The
good elongation and flexibility of fibres allows the creation
of armour that is not only protective but also comfortable
to wear in the long term.®

To obtain a good combination of weight and flexibility,
there must be trade-offs understood. In as much as weight
reduction enhances comfort, it should not compromise the
ballistic performance. Sometimes manufacturers resort to
hybrid structures, where various fibres are used and piled
over each other, to maximise protection and ergonomics.
Finally, weight and flexibility are the most important criteria
when it comes to the selection of the fibre used in the
design of body armour, which should be lightweight and
comfortable.?®

Design and Construction of Ballistic Body
Armor Vests

Layering Techniques and Fiber Orientation

Barricade vest designs are mostly dependent on the
arrangement and layering of the fibres that will be placed on
the protective panels. The layering improves the absorption
and dispersion of the energy of a ballistic hit by dispersing
the energy in several planes. Conventionally, layers of
woven or non-woven fibre-based fabrics are placed on each
other, and stopping the projectile and energy absorption
occur because of each layer.
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The orientation of fibres within a layer is a very significant
determinant of impact resistance. Single directional fibre
alignment provides the greatest strength, and cross-
plied or multi-directional fibre orientations enhance
mass distribution and minimise weak spots. In certain
more sophisticated designs, various fibre orientations are
intertwined in order to enhance the performance against
various types of threats. This structure type allows the
armour to act dynamically towards incoming forces and
increases the protective effectiveness of the vest®’

Also, the layered techniques have to be based on weight,
flexibility and thickness that guarantee that the final product
will be wearable. Excessive thickness or stiffness of layers
can give excessive protection, however, at the cost of
comfort. The number of layers, tightness of the fabric
weave and the fibre mix are also frequently experimented
on by engineers in an attempt to place adequate ballistic
resistance in conjunction with limitations of mobility and
fatigue.3®

Composite Structures and Hybrid Materials

Composite structures are also used in modern ballistic
body armour in increasing numbers, as they mix different
materials to use their advantages and provide strength. Such
composites usually consist of layers of high-performance
fibres impregnated with polymer matrices or resins which
hold the fibres together and enhance certain mechanical
properties (e.g., stiffness and durability). Composite armour
is also able to intercept higher-energy projectiles with a
combination of the energy absorption on each layer.®

Also emerging increasingly are hybrid materials, which
are combinations of various fibres: aramids with carbon
fibres or UMHWPE. It is the purpose of these hybrids to
combine the unique properties of individual fibre types
-- e.g. toughness of aramids and the low weight and high
modulus of UHMWPE — producing armour that is very
light and very protective. With customisation of fibre
combinations, manufacturers can come up with custom
armour solutions to meet specific demands in the hostile
environment and the wearer’s needs, such as weight
reduction, breathability, and flexibility, among others.*

Composites/hybrid construction also allows the
incorporation of extra-purposeful layers, including moisture
barriers and thermal insulation (or anti-stab, to mention at
least). This multi-purpose strategy increases the usability
of ballistic vests, which can be implemented in various
operation environments. The newfangled design standards
dictate that versatility and adaptations, as well as user
comfort improvements and ballistic shelter, should be
brought to the fore.®
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Integration of Hard Plates and Soft Armor

Ballistic body armour A vest is usually made up of layers
of fibres and sections of hard armour to give the vest the
full protection. Soft armour protects against handguns
and low-velocity attacks, though it is inadequate against
high-velocity rifle bullets or armour-piercing bullets. To
offer greater protection from the threats of a higher level,
hard plates of either ceramics, metals or composites are
placed in pockets attached to the vest.

Adding hard plates is a design issue because this increased
mass and decreased flexibility. Armour builders do their
best to streamline this shape, size, and material into hard
plates in order to minimise the drawbacks and at the same
time provide a high level of ballistic resistance. Positioning
of plates also influences mobility and comfort of the wearer,
and a lot of ergonomics are involved.*

Hard plates used in conjunction with soft armour create a
modular system of defence whereby the user can adjust
his or her equipment based on the threat at hand. As an
example, the staff working in the areas with a lower risk may
put on soft armour to be extra mobile, and the personnel
which work in the high-risk area also put on strong plates
as a priority. This adaptability meets the high versatility of
the use of ballistic vests in different situations.*

Approaches to Enhance Energy Absorption in
Ballistic Impact

Fiber Surface Treatments and Coatings

The possibility to increase the performance of the ballistic
armour is associated with one of the innovative methods:
the surface of the fibre is modified by various treatments
and coatings. These alterations improve the interaction of
the fibres and matrix materials or among fibres to make
more effective energy absorption. An example of this is
chemical additives, which allow better fibre adhesion, thus
diminishing slippage and facilitating further distribution of
loads on impact.

Historically, in some armours, a tough coat applying
polyurethane or other polymers can provide resistance
to environmental degradation and extend the service
life of the armour. They can also assist with moisture
ingress, which in the long term can reduce fibre properties.
Depending on the type of fibres and the manufacturing
architecture of the composite, surface treatments can be
made to enhance the ballistic resistance of a given material
with minimum weight and thickness additions.

Those improvements aid better fibre-matrix bonding and
high-strain rate energy dissipation at ballistic impact.
Armour manufacturers can also improve the protective
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capabilities of current materials by optimisation of their
fibre surface properties, which becomes a parallel to the
development of fibres and new armour types.*

Use of Nanomaterials and Nanocomposites

Nanomaterials like carbon nanotubes, graphene and
nanoclays are being integrated more and more in the ballistic
fibres and composites to increase energy absorption. Such
nanoscale additives enhance the composite mechanical
resistance, hardness and engineering, bond strength and
interfacial adhesion. These have a very high surface area
and properties of their own that allow better transfer of
stress and absorption of energy during impact.

Nanocomposites can be developed to produce stronger,
lighter armouring material that also has better ballistic
capability. An example is the carbon nanotube/polymer
matrices that are embedded in polymer to improve tensile
strength and modulus, offering resistance to the projectile.
The application of graphene-based coatings/layers can
enhance impact resistance and durability as well.

Even though there is a great deal of potential for
nanomaterials in ballistic armour, some issues do still
exist in the areas of mass production, affordability, and
consistency of dispersion in composites. The efforts
are still concentrated on eliminating these obstacles to
commercialisation of nanomaterial-enhanced armour [44].

Incorporation of Shear-Thickening Fluids (STF)

Shear thickening fluids (STFs) have risen to be a promising
technology when it comes to upgrading the ballisticarmour.
STFs are non-Newtonian fluids which exhibit high shear
forces when exposed to high shear forces, e.g., generated
during ballistic impact; this viscosity increases dramatically.
These fluids become dynamic in that when impregnated in
sheets, the mixtures become flexible in normal conditions
but rock hard on collision, giving dynamic protection.

When incorporated in ballistic vests, STFs enhance the
energy absorption statistics, as they cause an increment in
resistance to fibre movement and penetration on impact.
The effect of this is that the projectile energy is spread
more uniformly and backface deformation is minimised
at the same time, having very little weight increase or flex
reduction. Also, STFs allow the armour to better resist shots.

Experiments with STF-coated textiles have demonstrated a
potential over and above the capability of the conventional
fibres such as Kevlar or UHMWPE. Nonetheless, it still
faces difficulties in mass production of STF formulation,
durability and methods of integration.*

3D Textiles and Innovative Weaving Techniques

The current possibilities to update ballistic armour have
presented themselves with new means of innovative

texture constructions, 3D weaving, and knitting. As opposed
to 2D traditional fabrics, 3D textiles combine the fibres
in more directions, which increases through-thickness
strength and absorbs more energy. These fabrics have
better delamination resistance and enhance the distribution
of impacts and contact areas between the fibres in terms
of interconnection.

Such complex weaving methods enable a designer to very
exactly orientate the fibre, its density, and layer properties
to be able to customise protective capabilities to a specific
threat more so than with layered materials. 3D textiles
are much more flexible and lighter in weight than normal
layered fabrics, and that would be a benefit to the wearer.

Moreover, such new superstructures of fabrics allow
combining hybrid fibres and nanomaterials, forming
multifunctional armour systems. With the developments
in the eventual technology of textile production, 3D textiles
will become an important part of the ballistic protection
of the future.*®

Testing and Evaluation of Ballistic Protective
Vests

Ballistic Testing Standards and Protocols

Ballistic protective vest performance strictly follows
standard testing procedures to guarantee consistency of
performance under various conditions and protection to the
wearer in the field. These protocols are defined by various
national and international organisations, which include the
National Institute of Justice (NIJ) in the United States and
the Defence Standards in other nations. Testing is carried
out by exposing the armour to controlled ballistic hits with
the assistance of special projectiles and velocities which
represent the typical life threats. This process is essential
to ensure that the body armour is on the correct level
of protection and acts within an expected volume when
tested under stress.

The most common type of ballistic testing is penetration
resistance, in which the armour should stop a bullet passing
through, and backface deformation, which measures the
crevice or wound inflicted on the wearer’s body behind the
armour. It can inflict severe harm in the case of excessive
deformation (without penetration). The stability and
uniformity of preserving protection of armour under
different environmental conditions, like high temperatures,
moisture and post-exposure to water or chemicals, are
also tested.

Another parameter is repeatability: that armour has to
allow repeated strikes without major loss of protection.
Thus, the multi-hit testing will measure the success of the
armour in sustaining its structural integrity and its ability
to absorb energy upon impact occurrences sequentially.
Such high parameters guarantee that ballistic vests will
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not only prevent the projectiles but also offer comfortable
protection during long-term usage.*’

Energy Absorption Measurement Techniques

One of the basic parameters that characterise the ability of
ballistic armour is energy absorption, and there is a need
to allocate special methods to measure it. Ballistic tests
normally apply high-speed cameras and pressure sensors
to capture the moment when the projectile comes into
contact with the armour. The kinetic energy of the projectile
incident in advance of the point of impact is ascertained
against the residual energy left consequent upon impact
to determine the degree of absorption by the armour.

Backing materials are instrumented, usually to approximate
human tissue, in order to measure backface deformation;
examples include clay or ballistic gelatine. Also,
nondestructive techniques, like the ones mentioned in the
previous sentence, are to be used to analyse the internal
damage and delamination in the layers of the armour
following the impact. These tests allow learning about
failure processes and making new armour designs.

Physical testing has been augmented by improvements in
computational modelling and finite element analysis (FEA),
which are used to simulate the ballistic penetration of a
virtual armour model. Before physical prototype generation,
these simulations allow predicting the energy absorption
placement and optimising fibre layouts, material, and layer
structures. The synthesis of the computing and experimental
methods quickens the process of innovation in regard to
ballistic protection.*®

Durability and Aging Effects on Armor
Performance

One of the most important variables with regard to
operational reliability is the survival of ballistic armour
during its life and in different types of environments. UV
radiation, moisture, temperature extremes and chemicals
may deteriorate the properties of the fibres, lessen the
interaction between the layers and make the whole
composite weaker. When this type of degradation occurs,
the energy absorption capacity is curtailed, and armour
failure at crucial times might happen.

Ageing research tests Arnold samples undergo rapid
environmental conditioning, and then the ballistic is
measured to test retention of protective performance.
Indicatively, aramid fibres can be affected by photo-
oxidation since they tend to lose tensile strength after
being exposed to sunlight for extended periods of time. On
the same note, fibre matrix boundaries may be distorted by
water entry in sufficiently large volumes, creating potential
delamination risks following the impact.
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Identification of these mechanisms of ageing can be crucial
in determining the period of replacement, maintenance
activities and storage requirements. To avert environmental
destruction, manufacturers of armour systems tend to
add protective film and UV stabiliser as well as moisture
barrier fittings to the armour system. Constant studies aim
at enhancing the durability and effectiveness of ballistic
protective vests under actual operating environments.*

Recent Advances and Future Trends in Ballistic
Protection

Smart and Adaptive Protective Materials

Staying with the smart and adaptive materials, the future
of ballistic body armour is to have such kinds of materials
that are able to react to the environmental stimuli and the
impact forces dynamically. Those materials are able to vary
their mechanical behaviour in real time, becoming stiffer
or more compliant on demand. “An example is materials
that contain a sensor that is capable of detecting an impact
event and modifying its protective attributes to provide a
higher level of defence and not a lower level of comfort.

One of the smart materials being considered as a ballistic
protection medium is the electroactive polymer as well
as shape-memory materials. These materials would have
the capability to save a lot of weight and bulk because
they would give stiffness where it is needed. Moreover,
integrated electronics make it possible to check the quality
of the armour and vital indicators of the SU, which can
adequately respond in time after ballistic incidents.

Both material science and wearable technologies
familiarisation are likely to change the field of personal
protection by implementing not just a passive armour
but also an actively supportive and alert-enhancing one.
Current research is focusing on the development of solutions
to solve the problems of power supply, durability, and
complexity of integration.*®

Lightweight and High-Performance Fiber
Development

The lighter and stronger materials in ballistic protection are
being developed because of continuous progress in the fibre
technology. New fibres of even greater strength-to-weight
ratios are being developed through research into new
polymers, new molecular structures, and manufacturing
methods. These threads allow us to produce thinner, flexible
armour that will not lose protective qualities.

The role of nanotechnology is also important in this
evolution, and it enables fibre morphology to be controlled
precisely and the interfacial properties. Fibre creations like
the hybrid fibre that has the strength of aramids and the
weight of UHMWPE or carbon would open new realms of
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possibility in design. All these advancements are to decrease
the physiological load among users, particularly when there
is prolonged wear in harsh conditions.

In parallel, manufacturing processes like electrospinning
and 3D printing will come into play to create custom fibre
architecture as a means of creating the highest ballistic
performance. The ongoing development of the ballistic fibre
is aimed at the production of materials that will correspond
to even more rigid threats, at the same time granting the
wearers high comfort and mobility.>?

Integration with Wearable Technologies

A major trend that is likely to influence the effectiveness of
protection and operational capabilities is what is being called
integrating ballistic armour with wearable technologies.
Passive armour could be enhanced with the help of body
armour with impact detectors, health monitoring sensors,
and communication technologies that would turn a passive
defence system into an active one that contributes to
situational awareness and data capture.

With such integration, the armour condition and biometrics
of the wearer, as well as environmental threats, can be
monitored in real time to make critical decisions and actions
at a faster rate. The information that has been gathered
can be sent to the command centres or the medical staff
to increase the success of missions and people who are
taken care of.

There have also been difficulties in making the armour
systems perfectly integrate the electronics without the
heavy load or loss of flexibility. The research is mainly
focused on the areas of power management, survival when
under ballistic stress and the user interface design. Still, the
integration of wearable technology is expected to redesign
the functionality of personal protective equipment in a
few years.>?

Challenges and Limitations
Balancing Protection, Weight, and Comfort

The greatest difficulty with current ballistic body armour
machinery is finding an ideal balance between level of
protection, mass and comfort for the wearer. A higher
level of ballistic protection usually comes at a denser mass
or more layers, which adds weight and thus limits the
movement of armour. On the other hand, weight reduction
will be at the expense of protection that can put the wearer
under greater danger.

This dilemma is severe since bulky armour has the capacity of
reducing a user’s stamina, mobility, and spatial awareness,
indirectly challenging safety and mission accomplishment.
Creating armour that is durable enough to offer serious
protection yet not so heavy as to be cumbersome and not
so stiff as to be immobilising requires ongoing advances

in fibre technology, in textile technology, and in the vest
design. Manufacturers make efforts to apply advanced
composites as well as hybrid materials to reduce these
compromises.

With the introduction of user feedback and concentrated
ergonomic research into the design of the armour, safety
in use and comfort have become critical factors in armour
design as well as ballistic protection. The need to have an
improved balance has been met through the development of
customisable armour and enhancement of modular systems,
making the user customise the armouring depending on
their threats and operation requirements.>?

Cost-Effectiveness and Mass Production Issues

Ballistic armour that can achieve the high protection levels
is usually made with costly materials and on complicated
machines. The prerequisite to fibre-based composite
materials favours high-performance fibres such as aramids
and UHMWPE along with nanomaterials and smart coatings,
which add to the cost of production. This poses a great
obstacle towards adoption, particularly among agencies
and countries whose budgets are meagre.

There are other difficulties in mass production; to produce
such batches of similar quality and performance, tough
control over the whole process and quality control is needed.
The production methods used in advanced composites or
3D textiles can only be done by special machines and skills,
which still increases the expenses. The issue of balancing
innovation and affordability is also of importance to the
ballistic protection industry.

Cost reduction activities entail the production of alternative
sources of fibre and scalable areas of manufacturing and
recycling and reuse. Cost-effectiveness is likely to be
increased through collaborative research and the concept
of economies of scale that will enable the production of
advanced ballistic armour to be availed to more people in
various parts of the globe.>*

Limitations of Current Materials and
Technologies

Even though there has been a monumental improvement,
there is an underlying limit to the existing ballistic materials
and technologies. As an illustration, most of the high-
performance fibres are less effective when exposed to
either moisture, UV light, or high temperature in terms of
long-term reliability. Moreover, soft armour is susceptible
torifle bullets in the absence of heavy hard plates, limiting
the overall mobility.

Existing technologies are also failing to offer multi-threat
protection in one lightweight system. Bulletproof armour has
the potential not to resist stab or slash, blast overpressure,
or chemical attack. Combining the protection functions
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frequently causes weight and complexity to be increased.
Moreover, armour might be negatively affected by wear
and tear, which requires regular checks and replacements.

Researchers are still trying to overcome these deficits in
the form of new materials, more intelligent designs, and
multifunctional armour systems. Nevertheless, the changing
landscape of ballistic threats and the complexities in which
they operate demand that the process of innovation be
ongoing in order to address the future needs of protection.>®

Conclusion

Ballistic protective body armour continues to play a key role
in individual protection in the military, law enforcement and
security. Just as threats get more complex and deadly, so
must the materials and technologies developed to counter
such threats be. The study has given an excursive insight
into the fibres mostly adopted in the ballistic armours,
the basis or method of choosing such fibres and the large
assortment of new strategies to increase energy absorption
under ballistic strike. The making of body armour is not a
one-discipline endeavour but basically a meeting point of
materials science, textile engineering, mechanical design
and practical ergonomics.

The most vital part of any ballistic vest is the central fibre
used in the vest. The history of ballistic fibres: Starting with
such classical aramid fibres to modern versions like the
ultra-high-molecular-weight polyethylene (UHMWPE) or
the next-generation nanocomposites, the development of
ballistic fibres has brought a radical change in the protection-
weight-flexibility trade-off. Such innovations like hybrid
fibre systems, shear thickening fluids or even 3D textile
arches have undoubtedly opened new ground in personal
protection, as the armour can now be lightweight but quite
efficient. Moreover, the modular and mission-orientated
protection strategies could be achieved by modern design
considerations such as layer configuration, orientation of
fibres, and incorporation of hard plates.

Testing and evaluation also continue to play an important
role as far as the reliability and effectiveness of body armour
are concerned in real-life scenarios. The standardised
protocol enables manufacturers and end users to have
knowledge on how the armour reacts to certain threats
and its energy dissipation properties and how the armour
performs over time. Nonetheless, such developments
notwithstanding in fibre and armour technologies, some
difficulties have remained. The aspects of the most effective
balance between mobility and protection, the long-term
performance in the harsh environment, and the high cost
of the advanced materials remain areas of concern.
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