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Abstract: In most cases, bulletproof vests do not give the desired total protection to the users;
therefore, it would be more accurate to refer to them as "Bullet-resistant." Most vests comprise steel
or ceramic plates covered in para-aramids or artificial high-performance fibres like Kevlar, Spectra,
and Dyneema. Despite its high tensile strength, Kevlar also has disadvantages like poor compression
strength, which makes it urgent to find alternatives to the materials used in bulletproof vests. With
the recent advances in technology and innovation, many materials are used other than para-aramid
fibres, like Kevlar, Spectra, and Dyneema. These include Graphene, which weighs less than paper yet
is the most robust material ever. Natural fibres which are reinforced in the Kevlar polymer composite,
carbon nanotube-polymer composites, Kenaf fibre, Cordura, ballistic nylon, TWIP (twinning induced
plastic) steel, shear thickening fluid (STF) filled paper panels, etc. With so many alternatives to
advanced materials used in ballistic applications, many researchers are researching the materials.
However, it is still in research and development and not commercially available for military and
other purposes.
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1. Introduction

The bulletproof vest helps protect our bodies from bullets and weapons, shrapnel, and other
particles and fragments from bombs, grenades, etc. Bulletproof vests are bullet-resistant, which
means they will stop specific types and sizes of bullets moving at typical speeds from penetrating the
vest. The wearer may still sustain injuries even if the vest is powerful enough to stop the bullet from
penetrating (Silveira et al., 2021). Body armour was reportedly first constructed in 1538 and made of
steel plates. Kevlar was discovered in the year 1971, and because of its excellent strength-to-weight
ratio, it is highly recommended for high-end applications, particularly for protection from deliberate
attacks (Roy Choudhury, Majumdar, and Datta 2011; Salman and Leman 2018; Singh and Kushwaha
2013).

Bulletproof vests have five types: type I, II, IIA, III, IIIA, and IV. The most prevalent types are
Type Il and IIIA. Type IIA vests are thin, flexible, and covert, offering the lowest level of protection
that the NIJ currently certifies. As the lowest category submitted, Type IIA replaced Type 1. 40 S&W
180-grain FM] and 9mm 124-grain FMJ-RN at 1,225 ft/s and 1,155 ft/s, respectively, are used in the
NIJ's Type IIA body armour testing. Type I has the drawback of offering little defence against Behind
Armour Blunt Trauma (BABT) (Kumar 2016).

Type II is the most common ballistic protection level used by the general public and law
enforcement. Type II body armour is durable enough to block most common handgun threats,
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including 9mm and 0.40 S&W, according to the National Institute of Justice's tests utilising high-
velocity 9mm and 0.357 Magnum ammunition. A Type II vest will not absorb as much kinetic energy
as a Type IIIA vest since it is lighter, which increases blunt-force trauma. The drawback of Type IIIA
is that it exhibits less BABT protection than Type IIIA. The heaviest soft body armour currently on
the market, Type IIIA offers defence against pistol-calibre carbines, shotgun slugs, and high-velocity,
high-energy handgun rounds. But Type IIIA vests' higher density makes them heavier and less
mobile. (Kumar 2016)

Compared to the lighter option, the thicker vests in this category tend to limit mobility
considerably. Most commercially available pistol rounds are among the fewer dangers that Type IIIA
body armour can defend against. Its concealability and range of mobility are restricted. Kevlar has
low compression strength and cannot be used in all vests. The COVID-19 pandemic is thought to
have had less of an effect on the market. Over the past few years, there has been a noticeable increase
in the demand for bulletproof vests. Due to the temporary shutdown of production facilities in 2020,
the companies' output for making bulletproof vests remained lower than in previous years. But since
2021, the market has recovered, which may be attributed to the demand from the military and police
enforcement. During the forecast period, the need for bulletproof vests is anticipated to grow at a
CAGR of over 2.0 % (2022-2031). The market's main growth driver is expected to be increased
military spending by developed and developing nations (Kumar 2016).

According to figures released by the Stockholm International Peace Research Institute (SIPRI) in
2021, total worldwide military spending increased to USD 1981 billion in 2020, a rise of 2.6 % in real
terms from 2019 and in the country wise military spending distribution, USA holds 892 Billion USD
of the total 1981 Billion USD as shown in Figure 1. During the forecast period, the rise in terrorism
and aggressive activities between various nations in Asia-Pacific, Europe, the Middle East, and Africa
forces these nations to acquire protection solutions for their dismounted infantry, which could
accelerate the market's growth. By incorporating cutting-edge technologies like 3D printing and
composite materials, companies and governments are investing in developing advanced light vests
with increased mobility, which is anticipated to create new market opportunities for producers of
bulletproof vests during the forecast period (Crouch 2019; Kushwaha, Avadhani, and Singh 2015a;
Risby et al. 2008).

Military Spendings In USD Billion
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Figure 1. Military Spending in USD Billion per country as per 2023.

The primary reason for advancements in ballistic applications and replacements in the current
materials used in bulletproof vests is the affordability, sustainability and more advanced mechanical
properties replacements. Such reserves can be eco-friendlier and more sustainable than Kevlar or

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.2204.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2025 d0i:10.20944/preprints202505.2204.v1

3 of 22

have more mechanical properties. But to have both advancements, we can still have hybrid
composites of natural fibres and graphene, which collectively become a super-advanced material for
ballistic applications.

Such recent developments not only replace Kevlar but also opens a wide hole in research and
more advancements in ballistic applications. Such improvements help make more lightweight
armours that portray more than III+ protection and allow the ballistic industry to create more
affordable and sustainable applications.

In the recent development of bulletproof vests, there are three general approaches in which
changes were made.

1.1. Polymer Composites

Researchers try to make a composite with Kevlar or a polymer like Rame-Kevlar composite,
Carbon Nanotube-Polymer composite, Natural fibre reinforced polymer composite, glass fibre
composite armour, etc. Composites made of carbon nanotubes (CNTs) and polymers have advanced
incredibly quickly in recent years. Nanotubes' electrical, thermal, and mechanical properties are
astounding (Lonkar et al. 2012). Solubility, dispersion, and stress transmission must all be maximised
for nanotubes to have the best mechanical properties.

Poor load transmission between nanotubes in bundles and between nanotubes and the
surrounding polymer chains may cause interfacial slippage if the interface between the nanotube and
polymer is not adequately constructed (S. Kushwaha, V. Avadhani, and P. Singh, 2013). It is common
practice to subject CNTs to chemical functionalisation and ultrasonication to improve the nanotubes'
dispersion in solvents (P. Singh and S. Kushwaha 2017). In the polymer composite business, natural
fibres are typically used as reinforcement for bio-composite products, as shown in Figure 2.

Figure 2. (a) Mallow plant; (b) mallow fibre and pure fabric used to be incorporated in epoxy composites
(Nascimento et al. 2017).

Natural fibres are gaining popularity for various reasons, including their comparative
advantages over synthetic fibre-reinforced plastics in increased sustainability, eco-friendliness, and
renewable supplies. Additionally, the structural plastics industry has frequently used fibre-
reinforced polymers for various applications. One or more reinforcing phases embedded in a single
continuous matrix, one reinforcing phase embedded in two or more matrices, or two or more
reinforcing phases included in multiple matrices can all be parts of a hybrid combination.

The benefits of hybrid composites due to the excellence of one kind of ingredient may outweigh
the drawbacks of other constituents. A hybrid ballistic system is a multi-layered one that typically
consists of two or more high-performance fibres. The qualities of mixed materials often depend on
the aspect ratio of the fibre, the individual fibre’s characteristics, its orientation, length, and the
matrix's and the fibres' adhesion (Kushwaha et al. 2014; Lonkar et al. 2012).
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1.2. Natural Fibres

The range of natural fibres used as a composite in ballistic applications include flax, kenaf,
aramid, curious, jute, basalt, coir, hemp, Bamboo fibre, Rubber particles, and textile materials (woven
fabrics) (Albert et al. 2023). Natural fibres have several drawbacks that make them incompatible with
polymers, including high water absorption rates, dead cells, wax, and oil when employed in their
raw form. Their surface needs to be changed to get around this.

The primary goal of surface modification is to improve the qualities of natural fibres to give
composite systems superior strength. These processes mainly focus on the amorphous area of the
cellulose, which increases compatibility between the fibre and polymer matrix. Multiple hydroxyl
groups in the undeveloped portion of cellulose give the fibre a polar character, which results in weak
bonding with the polymer matrix (Matveev et al. 1997; Medvedovski 2010; Vidya et al. 2020).

To boost the adherence of the fibre to the matrix and improve its mechanical properties, surface
modification was used to reduce the polar nature of the thread by reducing or deleting the hydroxyl
groups (Aharonian et al. 2021; Akella 2020; Ashok, Srinivasa, and Basavaraju 2019). Depending on
how they are used, plants that produce natural fibres are divided into primary and secondary
categories. Figure 3 shows Primary plants cultivated expressly for their fibres, such as cotton, jute,
kapok, hemp, kenaf, and sisal. In contrast, secondary plants, such as bananas, coconut coir, pineapple,
and oil palm, are created as by-products. Natural fibres are generated nearly 30 million tonnes
annually and used in various manufacturing processes, including garments, packaging, paper
production, vehicles, construction materials, and sporting goods (Ali and Lamprecht 2013; Anggoro
and Kristiana 2015a; Kushwaha, Avadhani, and Singh 2015b; Nurazzi et al. 2021; Pourhashem et al.
2020).

Figure 3. Different types of natural fibres as obtained naturally (Odesanya et al. 2021).

The benefits of low density, high stiffness, low cost, low-risk manufacturing, and renewable
resources have led to the selection of natural fibres. However, it also has certain drawbacks, including
inconsistent consistency that varies depending on unforeseen circumstances like the atmosphere and
moisture absorption, reduced durability, and a lower processing temperature. Natural fibres'
hydrophilic characteristics cause them to absorb moisture, negatively impacting their mechanical
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properties like flexural strength, flexural modulus, and fracture toughness. Effective hybridisation of
natural fibres with synthetic or natural fibre can address most drawbacks. The inability of natural
fibres to completely replace glass fibres is due, in large part, to the disparity in strength.

1.3. Kevlar Replacement

A recent advancement includes the complete replacement of Kevlar and the discovery of new
materials for vests like TWIP (twinning-induced steel), Cordura, ballistic nylon, graphene, etc.
Available bulletproof vest panels are made of hard armour material, ultra-high molecular weight
polyethene, or para-aramids (Kevlar). Some of the green composite approaches explored in studies
for bulletproof vests are X-ray waste and fibre reinforcement (Azmi et al., 2019). The ballistic
characteristics of the fabric can be improved by adding shear-thickening fluid.

In creating composites, fibres from one substance —the binder—are joined to another sense —the
reinforcement. Fibre-reinforced polymers come in two varieties: glass-reinforced polymer (GRP) and
carbon fibre-reinforced polymer (CFRP) (FRPs) (Azmi et al. 2019). Since epoxy resin was utilised to
construct the materials, they did not attach very effectively. The specimen nevertheless exhibited
specific impact resistance characteristics; the outcomes may be enhanced by strengthening the
interfacial bond between the two materials. Graphene nanoparticles are strewn throughout the
shrapnel and Kevlar fibre layers. Modern bulletproof vests have been proven to perform better when
boron carbide is added to the design (Vignesh et al. 2021). Kevlar fibres are linked together between
layers of reinforced, compliant polymer or resin-like Kraton.

When a bullet strikes the panel, the iron plate sandwiched between layers of panel fractures and
crushes it into pieces, absorbing the bullet's kinetic energy. The primary ingredient for Kevlar, P-
phenyleneterepthalamides (PPTA), has a crystalline rod-like structure that self-assembles as the
concentration increases. Kevlar has excellent tensile strength but cannot deflect Type III or higher
bullets, as shown in Figure 4 (Parimala and Vijayan 1993).
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Figure 4. Summary of various stands applied on different armours (Nurazzi et al. 2021).

A sandwich composite comprised of twinning-induced plastic (TWIP) steel, polypropylene-
polyethene polymer and water is employed as a bulletproof material (Nyanor, Hamada, and
Hassan 2018). The inner layer of the more modern, lighter ballistic applications has been improved
with various composites, while the outside coating is ceramic. The part of the bulletproof vest that
most significantly increases the shield's capacity to defend is its outer shell. When put through a
puncture test, Cordura performed better than Ballistic Nylon, which received the best marks for
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abrasion resistance (Fayed, Abo El Amaim, and Elgohary 2021). Figures 5-7 showcases the recent
advancements in ballistic applications from 1996 to the present.
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Figure 5. Ballistic advancements timeline from 1996 to 2008 (Azmi et al. 2019; Lee, Wetzel, and Wagner 2003;
Mylvaganam and Zhang 2007; Risby et al. 2008; Wambua et al. 2007).
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Figure 6. Ballistic advancements timeline from 2008 to 2014 (Azmi et al. 2019; Davis 2012; Kumaravel and
Venkatachalam 2014; Radif, Ali, and Abdan 2011).
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Figure 7. Ballistic advancements timeline after 2015 (Anggoro and Kristiana 2015b; Azmi et al. 2019; Fernando
etal. 2015; Luz et al. 2015; Obradovic¢ et al. 2015; Oleiwi and Hamad 2018; Pereira et al. 2015; R, G, and Alexander
2015; Walley 2014).

2. Results and Discussion

2.1. Kevlar

Kevlar's impact resistance, great strength, and low weight make it a good defence against bullets
fired from handguns. Different layers of Kevlar with various weights are currently being explored to
create a secure bulletproof vest. Testing is done using several ballistic gel combinations (experimental
substances intended to imitate the effects of gunshots on animal muscular tissue). Ballistic impacts
are generated by 9 mm Parabellum ammunition (Stopforth and Adali 2019).

The woven Kevlar fabric used in the vests is constructed of synthetic fibres produced through
polymerisation. Kevlar has a strength-to-weight ratio that is five times greater than steel.
Experimental ballistic testing on Kevlar-Phenolic composite samples revealed that the results did not
match those in the most recent publications. Therefore, it also means that a proportion of controlled
experiments and research is still required on Kevlar and materials like Kevlar (Nascimento et al. 2018;
Nguyen et al. 2020; Stopforth and Adali 2019). Most Kevlar tests are usually done with a Glock 17
handgun (9 mm). The ballistic gel has a 996 kg/m3 density, almost the same as the density of human
flesh (1004 kg/m3). In experiments, many grades of Kevlar are utilised (160 GSM, 200 GSM, and 400
GSM), also shown in Figure 8. After testing, it was revealed that using fewer layers of Kevlar makes
the projectile travel farther through the ballistic gel rather than halting it (Nascimento et al., 2018;
Nguyen et al., 2020). Effectiveness only emerges once there are more layers.

Projectile distances travelled (mm) into the ballistic gel with no kevlar
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Figure 8. Distance projectiles travel into the ballistic gel with no Kevlar to penetrate (Nguyen et al. 2020;
Stopforth and Adali 2020).
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Figure 9. Distance travelled by the projectiles after penetrating different layers of 160 GSM Kevlar.

In their experiment, a 9 mm Glock 17 was more effective against 200 GSM Kevlar. Two distinct
Kevlar varieties with differing weights do not have a linear connection with one another. At least 21
layers of 200 GSM Kevlar are needed to stop the projectile, as projected in Figure 8. And different

layers are required in other cases, as the projectile profile is a significant factor in the bullet's
penetration.

2.2. Graphene Nanosheets Reinforced Kevlar-29

Graphene is a material that has high thermal conductivity, high electrical conductivity, high
mechanical stiffness, a high specific area, high intrinsic mobility, and a high Young's modulus. The
most popular material for bulletproof vests for ballistic protection has been Kevlar-29. Although
Kevlar is strong, it cannot withstand compressional force. The weight of the jackets increases due to
the inclusion of these plates (Vignesh et al. 2021). Graphene is a 2D allotrope of carbon that weighs
less than paper but is still the most robust material ever. The shrapnel and layers of Kevlar fibre are
both interspersed with graphene nanoparticles. It has been demonstrated that adding boron carbide
to a contemporary design of bulletproof vests increases the amount of protection (Raji et al. 2019).

The fibres of Kevlar are bound together between layers of reinforced, compliant polymer, or
resin-like Kraton. The iron plate put between layers of panel fractures and crushes the bullet into
fragments when it strikes the panel, which absorbs the bullet's kinetic energy. P-
phenyleneterepthalamides (PPTA), the raw material for Kevlar, have a crystalline rod-like structure
that self-assembles as the concentration is raised. Despite having high tensile strength, Kevlar cannot
deflect Type III or higher-level projectiles. The average weight of a bulletproof vest is about 8-10 kg
(10-25 layers) (Dresch et al. 2021; Ellis. L R 1996).

2.2.1. Degradation of Kevlar Under UV Radiation and in Acidic/Alkaline Environment

In the experiments conducted, it was found that the flexibility of graphene is greater than that
of Kevlar-29, reducing the number of breaks during the weaving and knitting processes. Ten
graphene sheets (2.7 mm thick) were included between the Kevlar layers, which decreased the jacket's
overall distortion and improved its stability. Thus, it is stated at the end that adding reinforcement
with graphene between Kevlar layers enhances the jacket's strength (Vignesh et al. 2021).
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One of the only disadvantages of graphene was that they have larger impact holes than even
steel, resulting in cracks faster than Kevlar. If the impact holes can be reduced with the help of a
composite, then graphene would be the most robust material to be used in bulletproof vests. The

comparison of several properties of Kevlar and Graphene and the analysis of Kevlar-Graphene
ballistic armour are also presented in Figure 10.

Comparision of properties of Kevlar and Graphene
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Figure 10. Comparison of ballistic properties of Kevlar and Graphene (Vignesh et al. 2021).
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Figure 11. Comparison of ballistic analysis properties of Kevlar and Graphene-Kevlar armour.

2.3. Natural Fibre Reinforced Polymer Composites

The disposed Kevlar materials (used) impact ecosystem disruption (environmental pollution).
Enhancing the kinetic energy absorption and dissipation of natural fibres has significantly improved
the structure's performance, replacing the recent Kevlar and aramid (Kushwaha et al. 2014;
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Nascimento et al. 2018). Natural fibres are cheap and easy to manufacture, with vast availability.
Natural fibres are categorised into animal-based fibres (Cocoon silk, chicken feathers, wool and
spider silk) and plant fibres. Natural fibres have a low cost, are lightweight, pose few health risks, are
biodegradable, have a high specific strength, and exhibit excellent thermal and acoustic insulation
properties. Currently, there are two varieties of body armour: hard body armour (made of ceramics,
reinforced plastics, metal plates, etc.) and soft body armour (High-performance ballistics fibres
layers) (Nascimento et al. 2017; S. Kushwaha et al. 2013). The Ballistic protection mechanism
showcased by natural fibre-reinforced polymer composite is shown in Figure 12.

a) t=0
Fiber J ‘ ‘ J
| — _
i ——— —
i Longitudinal
Wave Front
b) t=t Projectile T
— _ i ————
" N y |
§ \

Transverse
wave front

Fiber

Figure 12. Diagrammatic representation of Ballistic Protection Mechanism at a) t=0 and b) t=t.

Among the natural fibres, basalt fibres exhibit excellent performance in more incredible ballistic
limit velocity for NIJ Level II ballistic applications. Adding nano cellulose, thickening fluid, and
rubber components to armour structure systems can improve natural fibre performance.

2.4. Carbon Nanotube Polymer Composites

Excellent electrical, thermal, and mechanical properties can be found in carbon nanotubes
(CNTs) (Bhat et al. 2021; Byrne and Gun’ko 2010). Theoretically, CNTs have astounding mechanical
qualities, with strengths 10-100 times greater than the most robust steel and a carrying capacity for
an electric current 1000 times greater than copper wire. It can be used for flexible displays, e-paper,
and bulletproof vests. Adding carbon-based fillers to polymers decreases their weight and is a heat
conductor (Steinke 2022).

Suitable additives for polymer reinforcement have been covalently functionalised into
nanotubes. However, nanotube functionalisation added to polymers causes higher percolation
values. New ultra-strong polymer nanotube materials are necessary for bulletproof vests (to make
them cost-efficient), which will require vast quantities of CNTs and Boron Nitride Nanotubes
(BNNTSs) (Hu et al. 2012; S. Kushwaha, V. Avadhani, and P. Singh 2014).

2.5 KENAF/X-Ray Film Hybrid Composites

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202505.2204.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 May 2025 d0i:10.20944/preprints202505.2204.v1

12 of 22

Kenaf fibre (natural fibre) was chemically treated with sodium hydroxide solution and used in
X-ray films with a surface treatment. Tests showed that the configurations of this hybrid fibre were
robust (tensile strength = 396.9 MPa) and flexible (wearable, flexural modulus = 6.24 GPa). It can stop
a bullet at speeds of up to 230 m/s (Azmi et al. 2018).

Along with stopping bullets, the vests aim to protect humans from mortars, grenades, and
artillery shells. Current bulletproof vest panels contain either para-aramids (Kevlar)), UHMWPE
(ultra-high-molecular-weight polyethene), or hard armour material. X-ray waste and fibre
reinforcement are some green composite concepts used in research for bulletproof vests (Azmi et al.,
2018). Adding shear-thickening fluid to the fabric can enhance its ballistic properties.

In the production of composites, one substance, known as the binder, joins the fibres of another
substance, known as the reinforcement. Glass-reinforced polymer (GRP) and carbon fibre-reinforced
polymer (CFRP) are two types of fibre-reinforced polymers (FRPs). The materials did not adhere to
one another well since epoxy resin was used to create them. The specimen still showed some impact
resistance features; the results could improve by increasing the interfacial bond between the two
materials (Azmi et al. 2018).

The interfacial bonds were still lacking in the kenaf fibre hybrid, even though it improved the
interfacial to some point. Several properties of Kenaf are shown in Figure 13. They are also slightly
more rigid, making them uncomfortable for the human body. The chemical treatment of kenaf fibres
also weakened the strength of the thread, though it still absorbs significant impact energy.

1500 kg/mA3
Density 0.95% water
Absorption
0.22 to 0.24
dynes Specific Kenaf
Stress
350 to 600
MPa Ultimate
Stress
0.15-0.30 mm
Diameter

Figure 13. Kenaf Fibre Properties (Azmi et al. 2018).

2.6. Rubber Particles in Kevlar Reinforced Polymer Composites

Nano-clay addition, fibre reorientation, hardened epoxy use, etc., on KFRP (Kevlar Fibre
Reinforced Polymer) improves the impact response. Optimum results were shown with the
combination of epoxy and rubber on Kevlar, improving impact resistance, reducing blunt trauma, or
lowering the back signature. Fibres are categorised into two parts in bulletproof vests; they can be
woven or non-woven. A plain weave pattern significantly affects Kevlar fibre by increasing its impact
resistance caused due to fewer fibres getting influenced by the crimp effect. Aramids are used for
High-velocity impact resistance (Asyraf et al., 2022). When many tests are conducted, the ballistic
limit is the velocity that will cause half of the sample to be penetrated. Kenaf/Kevlar hybrid composite
showed better results than unidirectional and unwoven Kenaf/Kevlar hybrid composites. The
addition of Ramie fibre in Kevlar increases the energy absorption of the vests. The thread-to-matrix
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ratio of various Kevlar/Epoxy with rubber composites is shown in Figure 14, with the maximum
fibre-to-matrix ratio in Kevlar/epoxy composite with 6.25% rubber.

Fibre to Matrix Ratio of Various Kevlar/epoxy with Rubber Composites

-
) Kevlar/epoxy with 50% Rubber ]
L
<t
Kevlar/epoxy with 25% Rubber —
] —
Kevlar/epoxy with 12.5% Rubber
-
~
Kevlar/epoxy with 6.23% Rubber —
-
-
Keviar/epoxyy

0 100 200 300 400 500 600 700 800
B Weight of Sample ~ ®m Wight of Matrix ~ m Ratio of fibre to matrix

Figure 14. Fibre to Matrix Ratio of Various Kevlar/epoxy with Rubber Composites (Asyraf et al. 2022).

2.7. Polymer Laminates in Light Bullet Proof Vests

Polyethene (Spectra, Dyneema) and aramid (Kevlar, Twaron) are the most common fibres used
in ballistic applications. Using loosely packed textiles made of high-strength fibre is adequate to stop
small-calibre bullets (with a kinetic energy of less than 700]). Some researchers advise using fibres
with a high relative elongation in the polymer warp but a low modulus of high elasticity. Laminate
systems are utilised in areas with lower risk, primarily to reduce the impact of projectiles from small
arms and fragments (Zochowski et al., 2023). Wherever there are strict public safety standards,
ceramic-laminate plates are employed. Regarding high-strength fibres, their properties need to be
analysed; Figures 15-17 showcases their densities, modulus of elasticity and tensile strength of such
high-strength fibres.
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Density (g/cm3)
m T700 (carbon) m T1000G (carbon) m E (glass)
R (glass) m S2 (glass) = Hollex (glass)
m Kevlar 49 (aramid) m Kevlar 29 (aramid) = Twaron CT Microfilament (aramid)
m Spectra 900 (PE) m Spectra 1000 (PE) m Spectra 2000 (PE)
® Dyneema (PE) = Twaron (aramid)

Figure 15. High Strength Fibres Densities (Zochowski et al. 2023).

Modulus of Elasticity (GPa)
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0 Modulus of elasticity (GPa)
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Figure 16. Analysis of High Strength Fibres Modulus of Elasticity (Zochowski et al. 2023).
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Figure 17. High Strength Fibres Tensile Strength (Zochowski et al. 2023).

2.8. Cordura and Ballistic Nylon

The outer shell of the bulletproof vest is the component that contributes most to the shield's
ability to provide protection. Cordura is more durable as it was less damaged after the puncture test;
in contrast, the highest score for abrasion resistance was found in ballistic nylon. The API bullet more
heavily impacted ballistic nylon, whereas the MSC bullet impacted Cordura and ballistic nylon
equally (Zochowski et al., 2023). The comparisons of Cordura and ballistic nylon have been projected
in Figure 18.

Comparsion of Ballistic Nylon and Cordura

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Yarn Count Fabric Mass per unit  Thickness Mass per Unit Fabric Density
(Tex) Structure Area before before Area after (cm)
Treatment Treatment Treatment

(g/m3) (mm) (g/m2)

m Ballistic Nylon  m Cordura

Figure 18. Cordura and Ballistic Nylon Samples Classification.

2.9. Twip Steel, Water and Polymer Sandwich Composite
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A sandwich composite made of twinning-induced plastic (TWIP) steel, polypropylene-
polyethene polymer and water is used as a bulletproof application. The recent lighter ballistic
applications comprise an outer ceramic layer, and the inner layer is innovated with different
composites.

It did not fail, but a higher cone was formed using a 2 mm steel plate and 1 mm water. The
bullet was not stopped when water was replaced with 40 PP-60 PE polymer. By adding both polymers
and water, the results improved. The best results were shown when 20 mm thick water and 1 mm 40
PP-60 PE polymer were added together (Sliwinski, Kucharczyk, and Guminski 2018).

2.10. Textile Materials (Woven Fabrics)

As the area increases, the bullet energy is more significant and can absorb more. To strengthen
their resistance, several of the textile types used for bulletproof vests were reinforced with the aid of
polyurethane plates, ceramic, titanium, or steel, among other materials (Bilisik and Syduzzaman
2022). Tensile strength, elongation, stiffness, and other mechanical qualities must be applied to the
yarn materials used to make bulletproof vests. Because of its superior durability, stiffness, tensile
strength, and tear resistance, polyurethane is one of the most widely used synthetic polymers for
coating materials (Fayed et al., 2023). The pictorial representation of the resistance of such fabric is
portrayed in Figure 19.

a) Current Ballistic Fabrics enables yarn motions and do not b) Dense and tightly woven fabrics restricts yarn
prevent punctures motion and prevents defeat punctures

Figure 19. Puncture behaviour of ballistic versus stab-resistant woven fabrics as observed during the simulation
model (Cavallaro P.V 2011).

The ballistic nylon (BN) sample came in second place, with the Cordura material having the
most significant ratings for tensile strength, tear strength, elongation, and puncture resistance. Due
to the fabric density of the polyester duck (PD) sample being higher than PET, polyester (PET sample)
displayed the lowest record.

2.11. Printed Titanium Structures

Ballistic inserts were created by sandwiching four different printed titanium structure designs
between layers of Twaron CT 750 aramid fibre (Talebi 2006). Bulletproof vests on the market have
ballistic inserts made of multilayer ceramic, ceramic-composite, polyethene segments, and titanium.
All four variants stopped the ballistic projectile (9x19 mm FM] Parabellum Projectile. But more
experimentation is required as the experiments were done on the simulation (Zochowski et al. 2021).

2.12. Kevlar/Polyurea Composites and Shear Thickening Fluids (STF)
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The polyurea/Kevlar composite was created by diluting, mixing, and brushing
diphenylmethane isocyanate and amine-terminated polyether resin onto Kevlar cloth. This
composite shows better results than Kevlar fabrics. Compared to traditional Kevlar, the composite
with shear-thickened fluids (STF) was 17 % lighter and thinner. By using multiple layers, it improves
the resistance, but it also increases its weight, so it makes an ideal bulletproof vest (Chang et al. 2021).
Fibres are the primary structure of multi-layer armour’s front end, and STF is used at the back to
increase efficiency (Luz et al. 2015). Additionally, the Class IIIA criteria for bulletproof vests are met
by this composite.

2.13. Natural Fibres

Various natural fibres, such as flax, basalt, kenaf, curious, aramid, jute, coir, and hemp, are used
in ballistic applications. With its numerous layers, the multi-layered ballistic armour system (MBAS)
shields the wearer against ballistic impact. Natural fibres outperform synthetic fibres in terms of
specific strength modulus, availability, biodegradability, lightweight design, decreased health risks,
and carbon footprint (Luz et al. 2017). They also contribute to the national GDP of countries with
agricultural-based economies, like India. Composites made of curious, jute and coir fibres exhibit the
same fracture process as composites based on aramid. Natural fibres are very cost-effective, as
observed in the setup model in Figure 20.

5 mm
(&)
l:%) %,
s,
&
Coir mantle
composite or
aramid fibre %

& -

v 10 mm

10 mm
Figure 20. Typical MBAS setup model for testing (Luz et al. 2017).

3. Conclusions

With so many recent advanced materials examined and researched, one of the most important
conclusions drawn is that all the materials are still in the research and development phase. Most of
the experimentation was on computational simulations and needed to be more practical. Due to this,
many sources of error that occur in applicable conditions were cancelled. With more funding from
various countries on bulletproof vest materials, practical experiments can occur, leading to the
successful commercialisation of an ideal bulletproof vest that the military can use at an affordable
rate. The following conclusions are pointed out below:

1) The inclusion of graphene in between Kevlar improves the strength of the vest.

2) By adding nano cellulose, thickening fluids, and rubber, the performance of natural rubber can be
increased.

3) Chemically treating kenaf fibre to create composite results in the weakening of threads, but it still
absorbs significant impact energy.
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4) By adding rubber to Kevlar, you increase the composite's impact resistance and ductile behaviour.
5) Laminate systems can only be used where there is less risk; hence, they are only used in lightweight
bulletproof vests.

6) Cordura was more durable, whereas ballistic nylon had the highest value in abrasion resistance.
7) STF composites were 17 % lighter and thinner than Kevlar.

8) Natural fibres were the most cost-effective among all the materials.

4. Future Perspectives

Some of the future perspectives are
1) New ultra-strong polymer nanotube materials are necessary for bulletproof vests to make them
cost-efficient. It will require large quantities of CNTs (carbon nanotubes).
2) The kenaf X-ray film hybrid composites still showed some impact resistance, but we can improve
the results by increasing the interfacial bond between the two.

Materials.

3) A practical experiment with bulletproof vest inserts containing titanium structures is necessary, as
most of the experiments conducted by researchers and scientists are simulations.
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