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Abstract. The use of lightweight natural fiber functional composites in the manufacturing 

of ballistic protective materials has garnered significant attention in recent years. This is 

due to their superior mechanical properties, cost-effectiveness, and environmental 

sustainability. Ballistic panels are constructed using multiple layers of diverse composites, 

which collectively exhibit excellent mechanical properties. These properties enable them to 

withstand strong impacts enhancing their capability for different applications in defense, 

military, and aerospace components. The primary focus of this review is to examine the 

different influential factors that govern the development of novel polymeric materials for 

current ballistic applications. It also explores various research approaches, such as 
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experimental, analytical, numerical modeling, and empirical techniques. The review 

highlights both internal factors, such as material composition, and external factors, such 

as projectile parameters (e.g., nose angles, projectile shape, and projectile size). These 

factors are crucial for optimizing the robust ballistic performance of natural fiber-based 

polymer composites. In addition, various valuable insights to develop more effective and 

sustainable ballistic protective materials for applications in bulletproof helmets, defense, 

aerospace, and military sectors have also been elaborated. Consequently, the article 

presents a comprehensive review of the impact of utilizing various natural fibers as 

alternative materials to Kevlar for armor structures, offering a state-of-the-art perspective 

and challenges faced in full-scale implementation. 

Key words: Ballistic protection, Natural Fiber Composites, Multilayer armor, Ballistic 

mechanism, Failure criterion 

1. INTRODUCTION 

Ballistic materials are specially designed materials that can withstand the high-velocity 

impact of projectiles, including bullets, shrapnel, and other ballistic threats [1]. These 

materials are used extensively in body armor, vehicle armor, and other protective equipment 

to prevent serious injury or death in potentially dangerous situations [2]. The development of 

ballistic materials has played a critical and significant role in the advancement of protective 

technology, particularly in law enforcement, military, and security applications. They offer 

enhanced protection against various threats, making them crucial for personnel and assets. 

Commercial fibers like kevlar, aramid, UHMWPE, and twaron are commonly used in 

Defense and military armor systems over the past two decades. However, synthetic fiber 

composites, derived from petroleum-based materials, cause environmental harm, increase 

manufacturing costs, and require high energy processing, despite their high specific and 

impact strength [3].The replacement of Kevlar fabric with eco-friendly and sustainable 

lightweight materials to improve kinetic energy absorption and dissipation has been found to 

improve the ballistic performance of composite panels [4]. 

In this context, ballistic materials made from natural fibers have garnered significant 

interest. Natural fiber-based ballistic materials, such as flax, hemp, jute, bamboo, kenaf, 

sugarcane bagasse, and coconut sheath, have emerged as potential alternatives to synthetic 

Kevlar-based multilayer armor systems in various applications. Numerous studies on these 

natural fibers have revealed their exceptional ballistic properties, demonstrating their 

suitability for replacing synthetic fibers in body armor and protective equipment and its 

devices [5–7]. In addition, the densities and costs of different natural fibers used in multi-

layered armor systems can vary, depending on the specific type of fiber and its processing 

method. However, in general natural fibers generally have lower densities and costs 

compared to Kevlar. For instance, Bamboo fibers have a density of 0.55 g/cc, half of 

Kevlar's density. Similarly, Amazonian guaruman fibers have a density of 0.6 g/cc, and 

Curaua fibers have a density of around 0.5 g/cc [8], while sisal fiber has a density of 1.45 

g/cc, serving as a substitute for Kevlar in multi-layered armor systems [9]. The application 

of natural fibers as precursor materials for ballistic applications has several advantages over 

synthetic materials owing to their being renewable and sustainable, making them a more 

environmentally friendly and viable option. In this regard, Braga et al [10]. experimented 

with the replacement of Kevlar composites using 30 % natural fiber composites in ballistic 

applications of MASs, revealing superior performance and a 275% cost reduction 



 Recent Developments in Natural Fiber Hybrid Composites for Ballistic Applications: a Comprehensive... 345 

compared to Kevlar fibers, particularly in intermediate layer efficiency under 7.62 mm 

impact ammunition. Likewise, Garcia Filho et al. [11] conducted experiments to explore 

the replacement of Kevlar fiber in MAS. They found that using piassava/epoxy composites 

resulted in a much lesser depth of indentation on the clay body at the back compared to the 

reference armor with Kevlar composites. Furthermore, it concluded that 70-80% of the cost 

is lower than Dyneema and Kevlar. In addition, Luz et al. [12] investigated the coir fiber 

as an intermediate layer to replace the Kevlar fabric-based MAS. Results indicated that an 

intermediate layer of coir fiber with a 30% volume fraction significantly increased the 

ballistic performance, which is like that of Kevlar fiber.  Similarly, Monteiro et al [13] 

assessed the ballistic performance of ramie fiber as a potential replacement for Kevlar 

fiber-based MAS. The results stated that the usage of ramie fibers decreased the overall 

production cost by 95% compared with Kevlar-based MAS. Likewise, Monteiro et al [14] 

found that curaua fiber as reinforcement reduced the fabrication cost by around 31.2% by 

replacing the Kevlar fiber in MAS. Recently, eco-friendly, renewable, biodegradable, low 

cost and abundant resources were explored as reinforcement material using a 7.62 mm 

bullet by Silva et al [15]. Results revealed that 30 wt. % of arapaima fish scale-based MAS 

produced similar dynamic behavior and failure mode as Kevlar fiber. The final impact 

energy was absorbed by the clay witness. De Oliveira et al. [16] discovered that curaua 

fiber offered a comparable failure mode to Kevlar fiber using a 7.62mm bullet.  

Therefore, understanding the importance of lightweight natural fiber-based ballistic 

impact is crucial for a wide range of applications, including the design of protective 

materials, the development of new weapons and ammunition, and the investigation of 

various forensic and accident scenarios [17]. Thus, most care must be given to material 

selection to reduce overall manufacturing cost and allow for greater mobility and reduced 

fatigue for wearers as well as increase the protective strength for the development of anti-

ballistic devices under different conditions. In general, high-performance applications such 

as aerospace and defense industries, for instance, composite structures are often subjected 

to extreme loading conditions through foreign objects such as impacts from hailstones, bird 

strikes, runaway debris, bullets, and explosive fragments [18]. Fig. 1 shows ballistic 

applications such as defense, military, and aerospace. 

 

Fig. 1 Ballistic applications defense, military, and aerospace [19]  
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These types of impacts can cause varying degrees of damage, ranging from indentation 

to partial penetration or complete perforation of the composite structure. Such damage can 

compromise the structural integrity of the composite, leading to catastrophic failure and 

endangering human lives [20]. Therefore, it is essential to thoroughly evaluate and understand 

the loading conditions particularly those that require protection against high-velocity projectiles. 

These includes evaluating different influential parameters factors like architecture, stacking 

sequence, hybridization, ply orientation, shear thickening fluid, and projectile parameters like 

angle of impact, projectile nose, mass, and velocity. These factors significantly influence the 

impact of damage mechanisms, energy absorption structure, plate thickness, area density, and 

fracture toughness. [21, 22]. Fig. 2 shows the classification of natural fibers. 

Some examples of natural fibers that are commonly used in ballistic-resistant materials 

include hemp, flax and jute fibers [23]. Hemp is a natural fiber that is known for its high 

strength and durability, and is often used in the production of textiles, paper, and other 

products. In ballistic-resistant materials, hemp fibers can be used in combination with other 

materials to create a composite that is both lightweight and highly resistant to impact [24].  

Flax, a strong and durable natural fiber, is commonly utilized in various industries 

including clothing, textiles, automotive, and aerospace. In ballistic-resistant materials, flax 

fibers can be combined with other materials to create a robust and flexible composite. Jute, 

another natural fiber known for its strength, durability, and moisture resistance, finds 

applications in products such as rope and twine [25]. In ballistic-resistant materials, jute 

fibers can be used in combination with other materials to create a composite that is both 

lightweight and highly resistant to impact [26]. 

 

Fig. 2 Classification of natural fibers 

By proper understanding of these factors, engineers and designers can optimize the design 

of the robust MAS-based composite structure, incorporating protective features such as 

sacrificial layers, increased thickness, and different stacking sequences, to enhance its ballistic 

resistance and protect against penetration by external projectiles. This enhances ballistic 

resistance and protects against external threats [27]. Analyzing impact behaviour of influential 

parameters using theoretical, analytical, and numerical methods helps select the right material. 
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Therefore, the utilization of different natural fibers as intermediate layers in ballistic materials 

presents an exciting opportunity to revolutionize the field of protective technology that is not 

only highly effective but also sustainable and environmentally responsible. The current 

review focuses on highlighting various natural fiber composites-based MAS and understanding 

the impact by material designation and damage mechanism on ballistic performance. Several 

different influential parameters have been discussed to explore the ballistic characteristics 

and dynamic characteristics of the composites concerning different projectile parameters, 

target circumstances, and target material qualities. 

2. BALLISTIC MATERIAL STRUCTURE AND MECHANISM 

Multilayer Armor Systems (MAS) are advanced protective structures utilized for defense in 

bullets, explosive arms, and shrapnel, which are highly prone to impact threats at higher 

velocities [28]. These systems comprise various materials in laminates while each material 

serves its specific purpose of absorbing and dissipating the energy from incoming high-velocity 

threats. The ballistic impact and damage mechanism of the structure is governed by three 

important factors such as projectile parameters such as nose geometry and angle, target 

circumstances, and quality of material in the targets [29]. The primary layer of a MAS is a hard 

armor plate meant to deform incoming projectiles, while the secondary layer, often made of 

high-strength synthetic fibers like Kevlar, absorbs the remaining kinetic energy. Additional 

layers, like soft padding for reducing blunt force trauma and a final layer to stop fragments, may 

enhance protection. 

MAS can be customized to offer protection against a wide range of threats, ranging from 

small arms fire to improvised explosive devices (IEDs). The selection of specific materials 

and layering in a MAS is tailored to provide robust protection against various threats. The 

ballistic impact mechanism and energy-absorbing mechanism are illustrated in Figs. 3 and 4, 

respectively. When yarn is impacted, tension-induced waves travel along its length, while 

transverse waves affect warp and weft, creating conical projections until yarn fails. Fig. 5 

illustrates a conical projectile with various nose angles. 

3. TESTING AND STANDARDS OF BALLISTIC MATERIALS 

Ballistic materials, including body armor and vehicle armor, are specifically engineered 

to protect from high-velocity incoming threats such as shrapnel and bullets. To ensure the 

effectiveness of these materials, they undergo rigorous testing and must meet specific 

standards. One widely recognized testing standard for ballistic materials is the National 

Institute of Justice (NIJ) Standard-0101.06, which sets forth the minimum performance 

requirements for ballistic-resistant body armor. This standard outlines criteria such as 

projectile velocity, mass, shape, and number of shots, as well as panel size for testing. It 

also specifies maximum allowable back face deformation, measuring armor plate 

deformation and energy transfer to the wearer [30, 31]. Furthermore, it serves as a vital 

guideline to ensure that such armor meets the necessary standards for effective protection. 
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Fig. 3 Ballistic impact mechanism and result: (a) multiple layers by cylindrical projectile 

[30] (b) schematic of impact response of layer of armor fabric in primary yarn [31], 

(b) Impacted Kevlar panel [31], and (c) wave propagation and transmission in 

woven fabrics yarns [31] 

 

Fig. 4 Mechanism of ballistic protection. Yarn configuration before impact (i), (ii), (iii), 

(iv) [32] and (b) Mechanism of energy absorption of single layer [32] 
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Fig. 5 a) Conical projectile with various nose angles [33], (b) Variation of energy absorption 

with nose angle variation [33] 

Ballistic materials, including body and vehicle armor, are crucial for shielding against 

bullets and shrapnel threats, requiring rigorous testing and compliance with standards like 

the NIJ Standard-0101.06. These standards detail projectile specifications, panel dimensions, 

and maximum backface deformation, establishing minimum performance requirements for 

ballistic-resistant body armor [34-36]. The following testing specifications for ballistic 

materials are provided by the standard. 

Ballistic-resistant body armor undergoes rigorous testing, including Backface Signature 

(BFS), Ballistic Limit (BL), and V50 tests, ensuring its effectiveness against threats. Armor 

is designed to withstand environmental conditions, with maximum allowable BFS set for 

each level to minimize blunt force trauma. V50 values measure armor effectiveness, while 

quality control tests ensure consistency and adherence to standards. Environmental conditioning 

before and after testing maintains performance, and visual inspections prevent damage. 

Ballistic limit velocities are measurements used to determine the ability of a material 

to resist penetration by a projectile. There are different varieties of ballistic limit velocities, 

including V0, V50, and V100. V0 is the maximum velocity that a projectile can be fired at 

a material without causing any penetration [37]. It is the highest velocity that a material 

can withstand without failing. V0 is typically used as a baseline for ballistic testing, and 

materials that can withstand higher velocities without penetration are considered to have 

superior ballistic resistance. V50 is the velocity at which there is a 50% probability of 

complete penetration. In other words, if a material is struck by a projectile traveling at V50, 

there is a 50% chance that the projectile will penetrate the material completely. V50 is 

commonly used in ballistic testing to determine the effectiveness of Armor and other 

protective materials [38]. V100 is the velocity at which there is a 100% probability of 

penetration. This means that if a projectile strikes a material at V100, it will always 

penetrate the material completely. V100 is often used to test the vulnerability of structures, 
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such as buildings or vehicles, to high-velocity projectiles. Therefore, the higher the ballistic 

limit velocity of a material, the better its ability to resist penetration by projectiles. 

However, other factors like the shape, size, and angle of impact also play a significant role 

in determining penetration. Ballistic limit velocities should be used in conjunction with 

other testing methods to fully evaluate a material's resistance. 

By adhering to these testing requirements, manufacturers can ensure their ballistic-

resistant body Armor provides the necessary level of protection against high-velocity 

threats. The Standardization Agreement (STANAG) 4569, a NATO standard, sets the 

minimum level of protection required for military vehicles, including threat types, projectile 

velocity, mass, Armor plate size and orientation, maximum allowable deformation and 

penetration, and protection requirements [39]. Ballistic materials may also be tested using 

other methods, such as simulating specific threats or testing under extreme conditions. By 

adhering to established testing protocols and meeting minimum performance requirements, 

manufacturers can ensure their products are effective and reliable in real-world situations. 

Table 1 and 2 describe the standard armors and testing conditions for ballistics and the 

nomenclature of ballistic panel arrangement, respectively. Fig. 6 illustrates the configuration of 

test range of a ballistic setup. 

Table 1 Standard armors in ballistic testing [40]  

Armor 

type 

Bullet 

description 

Bullet 

mass (g) 

No. of 

rounds of 

test 

Diameter of 

the bullet – 

Nominal (mm) 

Testing 

Velocity of 

Armor (m/s) 

Maximum 

back face 

signature 

(mm) 

II A FMJ RN 8.0 1 9.0 373 44 

II 40,S&W FMJ 11.7 2 11.7 352 44 

IIIA FMJ RN 08.0 1 08.0 398 44 

 JSP 10.2 2 10.2 436 44 

 TMJ 08.1 1 08.1 448 44 

 JHP 15.6 2 15.6 436 44 

III FMJ 09.6 1 09.6 847 44 

IV FMJ 10.8 1 10.8 878 44 

 Table 2 Ballisitc panel arrangements nomenclature 

Notations Layers Material Thickness (mm) 

A Front Layer Ceramics 10 

B Intermediate layer Aramid or Jute, coir, bamboo, 

mallow, guaruman, curaua 

10 

C Backing layer Aluminum layer 5 

D Rear layer Clay witness 50 
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Fig. 6 Ballistic test setup and test range configuration [19] 

4. FACTOR INFLUENCING BALLISTIC PHENOMENON 

4.1. Hybridization 

Hybridization is a technique that involves combining two or more different types of 

materials to create a composite material with properties that are superior to those of its 

individual components [41, 42]. When it comes to ballistic resistance, hybridization of 

natural fibers can provide several benefits, including improved strength, reduced weight, 

and improved environmental sustainability. There are two types of hybridization: intraply 

and interply. As a laminate level process, inter-ply hybridization involves using different 

materials and stacking sequences. In contrast, intra-ply hybridization involves using 

different fiber bundles in parallel within a single laminate. A few inter-ply studies have 

demonstrated with the aid of hybridization technique. Sinan Üstün et al [43] explored the 

ballistic performance of multilayer composite laminate using 172 g/m2 aramid with twill 

woven fibers and 282 g/m2 E-glass with plain woven fibers and V50 test method via 1.1 g 

fragment simulating projectile. Results portrayed that the hybridization of E-glass fibers 

with the aramid fibers improved the energy absorption capability of the hybrid composite 

panel. Vasudevan et al [44] investigated the mechanical and viscoelastic properties of interply 

Kevlar-E-glass/epoxy with two different stacking orientations such as 30K/0G/30K) and 

45K/0G/45K. They concluded that stacking orientation of 30K/0G/30K displayed highest 

tensile, flexural and modulus, while 45K/0G/45K possessed higher elongation owing to its 

long fiber placed diagonally.       

The effect hybridization on mechanical and impact properties of basalt/UHMWPE 

hybrid composites using low velocity impact and high velocity impact with different 

loading environment was investigated. It was observed that hybridization displayed higher 

ballistic properties compared to plain composites [45]. Similarly, hybridizing Kevlar fibers 

with glass/polyester composite had different effects under different projectile geometry 

such as blunt-ended, hemispherical and conical and found that damage mechanism and 

penetration resistance has highly sensitive to projectile shape. It was concluded that 

hybridization increased the penetration resistance [46]. Different stacking sequences of 

aramid/glass hybrid composite has been analyzed. It was found that aramid fiber had higher 

impact energy than glass fiber, which is attributed to the fact that fibrillation and pullout 

play a significant role in the dissipation of impact energy [47]. The effect of carbon to 
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Kevlar ratio on shear and flexural behavior and strain of 3D braided carbon/Kevlar hybrid 

composites was evaluated. In 3-D braided hybrid composites, absorbed energy and flexural 

strength were found to be decreased with increasing proportion of carbon fiber. Furthermore, 

hybrid composites made from ductile 3D braided Kevlar fabric and stiff carbon fabric exhibit 

comparable flexural strength and impact damage tolerance to all Kevlar composites [48].  

Additionally, there is ongoing research being conducted by many researchers using 3D 

orthogonal woven composites with hybridization in intra-ply laminates. A drop weight test 

was performed by Alikurusan [49] with different projectile shapes using a 12 mm diameter. 

Results indicated that a hemispherical, ogival, or conical shape indenter exhibited large 

homogenous deformations, whereas the flat shape indenter possessed brittle damage, like 

stamping, with less deformation around the contact area. It was also described that the 

three-dimensional propagation of stress waves resulted in better resistance of stab attacks 

for the triaxial fabric interlaced at 60°. In addition to stacking aligned layers of fabric over 

each other, orthotropic woven fabric layers can also be stacked angularly to create soft 

armor panels for better dissipation energy [50]. The residual velocity of ballistic performance 

of Kevlar/glass hybrid composite was evaluated using finite element analysis (unit cell 

modelling) and experimental approach. The ballistic penetration was calculated using a user-

defined subroutine VUAMT and ABAQUS/Explicit, a commercially available FEA code. 

FEA results and experimental results were in reasonable agreement and portrayed the better 

capability of unit-cell model for the prediction of ballistic properties [51].  

The energy absorption of aramid/glass (3D) woven hybrid composites was investigated 

using modified split Hopkinson pressure bar. They examined the strain rate sensitivity of 

energy absorption by obtaining load–displacement curves of the composites in transverse 

impact. It was observed that energy absorption of composite increased with increases the 

impact velocity and exhibited same failure mode in warp and weft directions [52]. The 

transverse impact behavior of aramid/glass was explored using FEA (unit cell modelling) 

and Experimental approach (modified split Hopkinson pressure bar).  To determine the 

composite's deformation and damage when impacted by a hemisphere-ended steel rod, they 

developed a unit-cell model based on the composite microstructure [68]. Studies were also 

carried out by introducing nano Al2O3 on Kevlar/snake grass hybrid composite by different 

weight fractions. Results revealed that the addition of 2 wt. % alumina nanoparticles 

enhanced the tensile, flexural impact and interlaminar shear strength by 6.42, 53.11, 11.08 

and 6.11% respectively, while 8 wt. % nanofiller demonstrated a 68.80% increase in energy 

absorption [53]. Experimental studies were conducted to explore the energy absorption of 

hybrid and non-hybrid composites of aramid/veneer with same thickness using 9mm luger 

ammunition as per NIJ0108.01. results from their study indicated that aramid/densified 

veneer ration of 2:1 by volume increased the energy absorption by 78.64% (354.70J) than 

non-hybrid panel [54].       

Kenaf fibers were used in the development of multilayer kenaf/aramid hybrid 

composite to analyze the energy absorption and failure behavior using ballistic limit (V50). 

It was found that incorporation of kenaf fiber resulted in enhanced in thickness and areal 

density, thereby increasing the energy absorption from 14.46% to 41.30% via different 

failure modes including fiber shear, fiber fracture and delamination. As a result of this 

phenomenon, specific energy absorption was lower for hybrid composites [55]. The 

mechanical and ballistic properties of polyaramid/vinyl ester composite were evaluated using 

split Hopkinson pressure and ballistic limit (V50) with different fiber content (different layers 

4,5,6). Results indicated that polyaramid hybrid composite consist of 6 layers enhanced 
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energy absorption by 35% compared to other configurations. This is because of increased 

the layer, enhanced the strength and strain rate [56]. The kenaf/aramid polyvinyl butyral 

laminated hybrid composite was subjected to low-velocity impact response using V50 

ballistic limit. Results indicated that the same hybrid volume fraction and thickness of 

woven kenaf with aramid 29 layers alternated with aramid 29 layers had a lower ballistic 

limit velocity than woven kenaf together with aramid 29 layers separately. It was concluded 

that proper configuration kenaf fiber reduced fabrication cost and increased the ballistic 

performance [57].  

The ballistic behavior of Kevlar/kenaf hybrid composite was investigated using 1.1 g 

fragment simulating projectile and V50 ballistic limit. Results indicated that a Kevlar/kenaf 

ratio of 14:2 displayed better ballistic performance. Furthermore, thickness and areal 

density were increased with increased ballistic properties [58]. In the energy absorption 

evaluation experiments conducted using glass/Kevlar hybrid composites with the aid of 

two span support ratios in a quasi-static penetration examination, carbon/Kevlar/carbon 

laminate arrangement performed better in terms of perforation and ballistic resistance 

under both span ratios of 2 and 5 [59]. It can be observed from earlier studies that, to create 

a hybrid material that is suitable for ballistic-resistant applications, natural fibers can be 

combined with other materials such as aramid fibers, ceramic materials, or metals. The 

specific combination of materials will depend on the desired level of protection and the 

specific requirements of the application. By combining different materials in this way, it is 

possible to create a composite material that is both strong and lightweight, while also being 

environmentally sustainable. 

4.2. Stacking Sequence   

Ballistic material design involves using fibers arranged in a particular weave 

architecture to create structures that resist high-velocity projectile penetration. Several 

studies have been conducted to evaluate the effectiveness of fiber architecture on the failure 

mechanisms and energy absorption capabilities of the fabrics [60]. Stacking sequences of 

ballistic composite panels are influenced by weave patterns, ply orientations, optimal 

reinforcement, type of material of constructed laminates influence their structural response 

and failure mechanisms [61]. Recent developments in new materials and innovative 

weaves have allowed for the creation of textile structural laminates that are lighter in weight 

but offer similar mechanical strength as traditional laminates [62]. Several publications 

have explored the ballistic impact behaviour of composite laminates reinforced with 

various fabric architectures [63]. In unidirectional plies all the fibers within a single layer 

are aligned in the same direction. This allows for maximum strength and stiffness in a 

particular direction, which can help to stop projectiles from penetrating the material [64]. 

Unidirectional plies are often used in areas where high levels of protection are required, 

such as in the front panel of a bulletproof vest. In woven plies fibers are woven together in 

a pattern that distributes load across multiple directions [65]. This can provide greater 

flexibility and impact resistance, making it ideal for applications such as vehicle Armor or 

blast-resistant structures. Fibers are randomly arranged within each layer in randomized 

plies. This can provide a more isotropic material, meaning it has similar properties in all 

directions, which can be beneficial for some applications [66]. 

Various experimenters evaluated natural fiber woven fabrics reinforced polymer 

composites for ballistic applications using numerical, experimental, and analytical techniques. 
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The energy absorption capability of interplay stacks with carbon, Kevlar, and S-glass fibers 

hybridized with E-glass fibers was determined using low-velocity impact tests. The outer 

layer Kevlar fibers enhanced energy absorption by 8%, while the S-glass and carbon as 

outer layers decreased it by 14% [67]. The effects of different ply orientation, layering 

sequence, and ply combination of aramid-based ballistic composite were investigated. 

Results demonstrated that an angled fabric panel consistently absorbed more energy than 

an aligned panel, and the energy absorption of angled fabric panels was 15%-20% higher 

based on the number of plies [68]. Researchers investigated the ballistic response of UHMWPE-

based 3-ply panels impacted by projectiles in both aligned and angular orientations and 

demonstrated that when compared to aligned fabric panels, angled fabric panels consistently 

absorbed more energy [69]. They found that angled fabric panels absorbed more energy than 

aligned panels. Experimental validation of woven aramid multilayer composites using 

ABAQUS or LS-DYNA revealed that 3D angle interlocks are more resistant than plain 

woven fabrics with 2D angle interlocks. Warp and weft directional fibers absorb most 

energy during ballistic impacts in 3D woven hybrid interlocking composites [70, 71]. 

Similarly, a low-velocity impact test was conducted to compare woven S-glass fabric 

with twill woven carbon fabric by Sayer et al [72]. According to them, material bending 

stiffness significantly influences rear-side impact behaviour. Besides, altering the stacking 

sequence of fiber laminates altered load paths, creating a hybrid material with better stress 

distribution and structural behaviour. An analytical model was developed considering in-

plane, isotropic, and elastic properties of multilayer fibrous material against 5.56 mm FSM 

hollow projectile and ballistic limit [73]. Several experimental tests were conducted to 

observe the effect of different fabric and layer-wise response via projectile geometry, 

impact velocity and boundary condition [74, 75]. Kevlar fibers were arranged using different 

fabric architecture and their ballistic performance was explored. Results indicated that plain 

weave fabric had higher energy absorption capability than basket and twill woven fabric 

composites during low-velocity impact tests [76]. The effectiveness of number of laminates 

of the material and weight of each layer for begetting an enhanced ballistic performance to 

stop the against 9 mm parabellium projectile with different grades such as 160GSM, 

200GSM and 400GSM for 2D Kevlar and ballistic gel plain weave composite was investigated. 

Results indicated that 200GSM Kevlar grade was increased the effectiveness of ballistic 

performance among other grades [77]. 

Analytical modeling was conducted on 2D plain weave fabric with multiple layers 

composite subjected to ballistic impact. The study demonstrated direct compression 

beneath the projectile, revealing various failure modes including stretching, shear plugging, 

and tensile failure of primary yarn layers. Additionally, secondary yarn layers experienced 

conical deformation on the back face. Friction between the projectile and fabric, along with 

in-plane yarn friction, contributed to energy absorption during the impact [78]. Low-

velocity impact behavior and mechanical behaviour of 2D and 3D Kevlar/polypropylene 

composite were tested. It was discovered that the study found that 3D weaves exhibited 

superior energy absorption due to their interlocking arrangement, emphasizing the influence 

of z-direction yarns. Various damage mechanisms, including fiber cracking, breakage, shear 

plugging, and delamination, contributed to this enhanced performance [79, 80]. The ballistic 

behavior of Kevlar/polyester composites with orthogonal woven arrangement was evaluated 

using Finite element analysis at microstructure level. Results indicated that tensile and shear 

failure mode is the main failure mode at the bottom surface, while compression and shear at 

top surface during the impact caused by conical and cylindrical projectiles [81]. Detailed 
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investigations of ballistic response of glass/polyester composite with various reinforcement 

types, ranging from 80m/s to 160m/s. Results showed that cross-ply unidirectional and 

plain weave composites with thicknesses of 3mm and 6mm provided the best ballistic 

resistance. However, 3mm composites failed due to tension and shear failure, while 6mm 

composites failed due to severe delamination [82]. Fig. 7 presents different weave 

arrangements used to manufacture composites and subject them to ballistic applications. 

 

Fig. 7 Weave arrangements (a) Plain; (b) Basket; (c) Triaxial and 3D structures (d) Braid; 

(e) Orthogonal woven – 3D; (f) Triaxial woven 3D [32]  

Different failure modes of spectra polyethylene using both angle ply unidirectional and 

woven fabric was investigated. They reported that angle ply and woven fabric reinforced 

possessed subsequent delamination, combined modes of shear and tensile failure of fibers. 

Furthermore, it was noticed that angle unidirectional composite superior ballistic limit [83]. 

The perforation behavior of specta, Kevlar and twaron with four kind of different 

architecture such as 2D, 3D woven fabric, 3D braided and needle-punched nonwoven 

fabric subjected impact velocity from 200 to 1100 m/s was investigated. they demonstrated 

that 3D braided composite exhibited high perforation, and penetration resistance for 

increasing the structural integrity [84]. Fig. 8 shows hybrid fiber and its corresponding 

energy absorption ability. Different failure mechanism of various glass/polyester composite 

with different fiber arrangements, including woven and stitched arrangements, was 

investigated and subjected to impact velocity of up to 571 m/s and found that all kind of 

fabric pattern exhibited similar failure modes [85]. The ballistic behavior of basket 2×2 

aramid fabric composite was evaluated by oblique impact. They found that basket weave 

composites cause less ricochet than plain weave composites [86]. Fig. 9 presents energy 

absorption by 5 layered panels of Kevlar 802 F fabrics [87]. Therefore, meticulous design 

of the various stacking sequence including different weave architecture, ply orientation in 

ballistic material design becomes essential since the structure of the fabric can significantly 

affect desired level of protection its performance while maintaining other important 

properties such as flexibility, weight, and durability [88].  
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Fig. 8 Hybrid fiber configurations a) interply b) Intraply and corresponding energy absorption 

ability 

 

Fig. 9 Variation of energy absorption of Kevlar 802F fabric panels with various arrangements 

[87] 

4.3. Surface Treatment  

Natural fibers like flax, hemp, jute, and sisal are being increasingly used in the field of 

ballistic applications. However, these natural fibers have several limitations such as poor 

mechanical properties, low resistance to moisture, and poor adhesion with matrix materials. 
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To overcome these limitations, various surface treatments can be applied to natural fibers 

to improve their mechanical properties and adhesion with matrix materials, which are 

essential for achieving the desired ballistic performance [88]. Surface modification is a 

process that involves changing the surface of a material to improve its characteristics, such 

as adhesion and biocompatibility. There are various ways to modify the surface of cellulose 

fibers, including chemical treatment, enzymatic treatment, corona or plasma treatment, and 

addition of coupling agents. These techniques primarily target the amorphous region of 

cellulose, which contains hydroxyl groups that make the fiber polar and difficult to bond 

with the polymer matrix [89]. Fig. 10 shows commonly used lightweight natural fiber in 

ballistic applications. 

Some of the commonly used surface treatments for natural fibers in ballistic applications 

are Alkali treatment, silane treatment, acetylation treatment, plasm treatment, grafting, and 

gamma irradiation treatment. In the Alkali treatment removes impurities and hemicelluloses 

from fiber surfaces, increasing surface area and energy. Silane treatment uses a silane coupling 

agent to improve interfacial adhesion between fiber and matrix, enhancing composite material 

mechanical properties [90]. Acetylation treatment reduces fiber hydrophilicity, improves 

moisture resistance, and increases surface energy, enhancing fiber adhesion. This process 

reduces the hydrophilicity of the fiber and improves its resistance to moisture. It also increases 

the surface energy of the fiber, which enhances the adhesion between the fiber and the matrix 

material [91]. 

 

Fig. 10 Commonly used natural fiber in ballistic applications (a) Sugar palm fiber, 

(b) Pineapple fiber, (c) Hemp fiber, (d) Corn fiber, (e) Jute fiber, (f) Flax fiber, (g) Coir 

fiber, (h) Kenaf fiber, (i) Empty fruit bunch fiber [91] 

Plasma treatment involves the use of plasma to modify the surface of natural fibers. 

The plasma treatment can be used to introduce functional groups on the fiber surface, which 

improves the wettability of the fiber and enhances the adhesion between the fiber and the 
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matrix material. Grafting treatment involves the grafting of monomers onto the fiber 

surface. The monomers are selected based on their ability to react with the matrix material 

and improve the adhesion between the fiber and the matrix material [92]. Recently, Gamma 

radiation is a method of modifying materials that involves exposing them to high-energy 

gamma rays, typically emitted by a Cobalt-60 source. This process can cause crosslinking, 

chain scissions, decomposition, and unsaturation within the polymeric chains of the 

material, which can result in hardening, toughening, and strengthening of the material [93]. 

Gamma-ray irradiation is commonly used in industrial processes to improve the properties 

of polymeric materials. This can include improving the durability and resistance to wear 

and tear of fibers, as well as enhancing their overall strength and toughness.  

Gamma-ray irradiation has been widely used in research on lignocellulosic substrates, 

with a preferred dose range of 1 to 50 kGy. However, it's important to note that irradiation 

at higher doses can lead to chain scissions and degradation of biopolymers, which can result 

in a significant loss of the original properties of the natural fibers. Therefore, researchers 

typically try to limit the irradiation dose to not more than 30 kGy when working with 

lignocellulosic substrates. This ensures that the desired modifications can be achieved 

without causing excessive material degradation [94]. Moreover, careful selection of the 

appropriate irradiation dose is critical to achieving the desired properties and avoiding any 

negative effects on the material. The effect of gamma radiation on the trauma penetration 

depth and ballistic properties of kenaf hybrid/X-ray composite materials has been 

investigated to improve the interfacial bonding adhesion between the fibers in the laminate 

[95]. The study found that the configuration sample using the combination of surface-

treated X-ray and NaOH solution produced the optimum formulation with hybrid composite 

properties for bulletproof vest applications. This formulation exhibited significant 

improvements in tensile, impact, and flexural strength compared to untreated samples.  

Few researchers found that gamma-irradiated 25 kGy UHMWPE composites showed 

better ballistic resistance compared to 250 kGy composites. The ballistic performance of 

Kevlar fiber-reinforced composites was also enhanced by the addition of SiC nanoparticles 

[96]. The impact characteristics of alumina/UHMWPE composite irradiated with gamma 

radiations using different doses were investigated. They found that 50 kGy irradiated with 

80 wt.% alumina displayed better ballistic resistance compared to other irradiated 

composites. Gamma irradiation enhances the interface properties of ceramic and polymer 

interfaces [97]. Two different chemical pretreatments, such as silane and potassium 

permanganate-di cumyl peroxide solution on different failure modes of sisal/epoxy composite 

were investigated. Results indicated that better energy transfer was obtained by performing 

silane treatment [98]. Few experimental results pointed out that the energy absorption of 

bamboo fiber is governed by coarse fiber bundles, fiber pullout, high volume fraction, and crack 

deflection [99]. Different failure modes with different contents (1 wt. % and 3 wt. %) of alkali-

treated micro cork particles with E-glass were explored. Results demonstrated that 3wt% of 

micro cork particles had significant enhancement in energy mechanisms such as crack initiation 

and propagation improved by 130% and 35% respectively [100, 101]. Table 3 presents the 

chemical composition of different natural fibers. 
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Table 3 Chemical composition of natural fibers [102]  

Natural fiber Cellulose (%) Hemi-cellulose (%) Lignin (%) Pectin (%) Waxes (%) 

Flax 70.5 16.5 2.5 0.9 - 

Hemp 81 20 4 0.9 0.8 

Henequen 60 28 8 - 0.5 

Coir 46 0.3 45 4 - 

Bamboo 34.5 20.5 26 - - 

Areca 53.2 35-64.8 13-24.8   

Abaca 62.5 21 12 0.8 3.0 

Alfa 45.4 38.5 14.9  2.0 

Bagasse 37 21 22 10 - 

Banana 62.4 12.5 7.5 4  

Cotton 89 4 0.75 6 0.6 

Coir 34.5 20.5 26 - - 

Curaua 73.6 5 7.5 4 - 

Jute 67 16 9 0.2 0.4 

Kenaf 53.5 21 17 2 - 

Kapok 13.16 - - - - 

Isora 74 - 23 - - 

Sisal 60 11.5 8 1.2 - 

Pineapple 80.5 17.5 8.3 4 - 

Ramie 72 14 0.8 1.95 - 

Pissava 28.6 25.8 45 - - 

4.5. Aerial Density 

Aerial density, also known as areal density or mass per unit area, is an important 

parameter in the design of ballistic fabrics for use in body armor and other impact-resistant 

applications [103]. In general, increasing the aerial density of a ballistic fabric will improve 

its ballistic performance. The higher the aerial density, the more surface area in the path of 

an incoming projectile, providing greater resistance for increasing the ballistic performance. 

This can be achieved with the aid of increasing the ply thickness or arranging the more no of 

the ply layer in a striking direction [104]. However, too high thickness and additional layers 

lead to increasing weight, which can negatively impact the wearer's comfort and mobility for 

body armor applications. Furthermore, it was observed that simply increasing aerial density 

is not the only factor that influences the ballistic performance of a fabric. The composition 

and arrangement of fibers or other materials in the fabric also plays a crucial role in the 

development of high-performance ballistic body armor. For example, a fabric that uses 

high-strength fibers, such as aramid or UHMWPE, will exhibit superior ballistic behaviour 

when compared with fabric made from lower-strength materials [105]. Furthermore, the 

specific arrangement of fibers within the fabric can affect how the fabric responds to a 

ballistic impact. For example, fabrics that use woven or knitted constructions may have 

different ballistic performance characteristics than those that use non-woven or laminated 

constructions [106]. Aerial density is an important parameter in the design of ballistic 

fabrics, and increasing aerial density can generally improve ballistic performance [107]. 

However, the benefits of increasing aerial density must be balanced against the potential 

drawbacks, such as increased weight and reduced mobility. Additionally, other factors, 

such as the composition and arrangement of fibers, also play important roles in determining 

the ballistic performance of a fabric [108]. 
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Investigations were made to assess the influence of areal density on the impact energy 

absorption of aramid fabric composites using gas guns and drop weight tests. The 

penetration and perforation limits were determined using energy profile diagrams. It was 

observed that a thin plate absorbed more energy than a thick one beneath the limit of 

penetration. In contrast, the trend reverses above the perforation limit [109]. The influence 

of continuous and discontinuous plain weave fabric reinforcement in the composites was 

evaluated using ballistics tests. It was found that when compared with the randomly oriented 

fabric composites, the continuous fabric-oriented composites exhibited 9.5% more ballistic 

resistance and 20% more energy absorption capability [110]. The influence of areal density on 

the ballistic limit and failure mechanism of UHMWPE was explored and found that the 

natural fibers enhanced the energy absorption capability [111, 112]. 

4.6. Matrix and Interface System 

An important function of a matrix in ballistic composites is to distribute stresses between 

fibers. Furthermore, the matrix provides some level of protection against adverse effects of 

the environment as well as protection against mechanical abrasion of the fiber surface [113]. 

The main role of matrix in a composite structure is a load-bearing structure. Generally, 

Thermoset and thermoplastic are two types of polymers with different properties and 

characteristics. In the context of ballistic mechanisms, matrices and interface systems can be 

used to model and optimize the behavior of these materials. Matrices can be used to represent 

the stress and strain relationships in both thermosets and thermoplastic materials. Specifically, 

a 3x3 matrix can be used to represent the state of stress at a given point in the material, while a 

6x6 matrix can be used to represent the full stress-strain relationship. Nevertheless, there is a 

significant effect to increase the interfacial adhesion between fiber and matrix that can influence 

the high performance of polymer-reinforced composite. This can be achieved with the aid 

of fullerenes which are zero-dimensional, carbon nanotubes which are one dimensional, 

graphene nanoplatelets (GNPs) which are two-dimensional, Nano graphite and nanofibers 

which are three dimensional are often employed to develop lightweight advanced bulletproof 

materials [114-117].  

Interface systems can be used to optimize the performance of both thermosets and 

thermoplastic materials. Thermoset and thermoplastic materials can both be used in ballistic 

applications, although they have different properties and are used for different purposes. 

Thermoset materials are typically used for applications that require high strength, stiffness, 

and resistance to heat and chemicals [118]. They are also often used for applications where 

dimensional stability is important. Epoxy is a thermoset resin that is widely used in 

composites for ballistic protection. It is known for its high strength, stiffness, and resistance 

to impact and penetration. Phenolic resins are commonly used in the production of ballistic 

composites for use in armor and other protective applications which possess high resistance 

towards chemicals and heat along with elevated strength and stiffness. Polyurethane resins 

are used in the production of ballistic materials such as helmets and body armor. They are 

known for their high strength, flexibility, and impact resistance. 

Thermoplastic materials, on the other hand, are typically used for applications that 

require high-impact resistance, flexibility, and ease of processing [119]. Polycarbonate is 

a tough, transparent thermoplastic that is often used in the production of ballistic lenses 

and visors for helmets and face shields. Polyethylene is a lightweight thermoplastic that is 

often used in the production of body armor and protective shields. It is known for its high-
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impact resistance and flexibility. Acrylonitrile-butadiene-styrene (ABS) is a versatile 

thermoplastic that is commonly used in the production of protective equipment such as 

helmets and shields. It is known for its toughness, impact resistance, and ease of processing 

[120]. In general, thermosets and thermoplastic materials are used in ballistic applications, 

but they are chosen for different properties and characteristics based on the specific 

requirements of the application. Han et al [121] investigated the effect of matrix on ballistic 

performance using the quasi-static test, ballistic test and numerical tests. It was observed 

that Surplus matrix (at least 20 percent) increased composite stiffness, inhibiting delamination 

and bending deformations like thermosetting matrix composites, and reducing energy 

absorption. Furthermore, the main ballistic damage mechanisms of AF/PCC changed from 

compression-shear failure to delamination and tensile failure as the matrix content decreased 

from 30% to 10%. Fig. 11 shows the physical, mechanical, and thermal properties of common 

polymer matrices. 

 

Fig. 11 Characteristics of various polymers [122] 

4.7. Target Thickness 

The thickness of a composite also has a significant effect, as thick composites have a 

better performance against external loads. The thickness of a target plate can significantly 

influence its ballistic performance, which refers to how well the plate is able to resist and 

stop incoming projectiles. Generally, thicker plates are more effective at stopping projectiles 

than thinner plates. The thickness of the target plate affects its ability to absorb the kinetic 

energy of an incoming projectile [123]. As the projectile hits the plate, it transfers its energy 

to the plate, causing it to deform and potentially break. The thicker the plate, the more 
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material there is to absorb the energy of the projectile, and the less likely it is to penetrate 

through the plate. However, there is a limit to how thick a target plate should be. If the 

plate is too thick, it may become too heavy or difficult to handle, and may not be as 

effective at stopping certain types of projectiles. There is also a tradeoff between thickness 

and other factors, such as cost, weight, and mobility. The specific thickness of the target 

plate needed for effective ballistic performance depends on a variety of factors, including 

the size and velocity of the incoming projectile, the material and composition of the plate, 

and the specific application for which the plate is being used. A unique pattern of 

deformation or damage along the direction of through-the thickness was observed during 

the impact process which portrays that the thickness of the composite material and the 

induced stress are directly proportional along the thickness direction. Hence, it could be 

concluded that the thickness of the composite plays a vital role as it has a very high 

influence over the failure mechanism, energy absorption and total damage area of the 

composites [124]. 

Few researchers investigated the relationship between thickness and impact behaviour 

of woven glass fiber composites using a series of impact tests, which subjected 1 to 5 mm 

thick laminates to impacts from a hemispherical-nosed projectile propelled by a one-stage 

gas gun [125-128]. The findings indicate that the ballistic limit velocity of laminates with 

thickness ranging from 1 to 5 mm increases in a linear fashion. Specifically, the ballistic 

limit velocity of the 5 mm thick laminate was discovered to be 2.8 times higher compared 

to that of the 1 mm thick laminate. Furthermore, as the projectiles impact velocity increases, 

the energy absorption of the laminated plate initially decreases to approximately 10% before 

stabilizing [129, 130]. Ballistic response of Kevlar/epoxy plate with thickness ranging from 

4.5 mm to 14.5 mm was evaluated using experimental and numerical. Results indicated that 

plate thickness significantly influenced the failure modes and energy absorption capacity 

[131]. It was stated by some researchers that thicker plates have a greater effect to increase 

the penetration capacity using low-velocity impact. Therefore, thin ballistic composite plates 

have a higher possibility of failure risk inferred from thicker composite plate [132]. A few 

experimenters assessed the effect of thickness on impact characteristics of carbon woven 

epoxy composite using low-velocity impact. Researchers found that laminate thickness 

significantly influenced peak contact force, threshold energy, and load for primary crack 

initiation [133].   

The study conducted by De Morais et al [134] assessed the effect of laminate thickness 

on the low-energy impact characteristics of carbon/glass/aramid hybrid composites. The 

thickness of the composite laminate was found to be the most important factor for 

evaluating the ballistic performance of the hybrid composites by the researchers. Furthermore, 

glass fiber composites exhibited maximum ballistic protection due to the broader area coverage 

provided by the increased thickness of the laminate. Additionally, the isotropic properties of the 

glass fibers enhanced the ballistic resistance when compared with the anisotropic nature of the 

aramid and carbon fibers. The authors concluded that thicker laminates could withstand higher 

impact energies before reaching the failure threshold, resulting in primary failure. The effect of 

laminate thickness to prevent perforation was investigated using a 7.62 mm ammunition 

standard test and the minimum thickness required was also estimated. It was observed that 

increasing thickness led to exhibit high energy absorption to stop the 7.62mm bullet [135].  A 

few researchers examined the UHMWPE composite with different thickness ranging from 13 

mm and 20 mm using fragment simulating projectiles. The thickness of the laminate 

significantly influenced the contact force at its peak, energy threshold, and damage initiation 
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load. The panels demonstrated two stages of penetration failure modes with increased 

thickness: shear plugging during initial penetration, followed by formation of a transition 

plane and bulging of the rear panel [136]. The effect of velocity of impact, diameter of the 

projectile, thickness and mass of the target during the contact and ballistic velocity was 

investigated. It was discovered that the shear plugging is a significant failure mode in energy 

mechanism [137, 138]. A major factor affecting perforation is laminate thickness, which is 

directly relationship with laminate density (composite mass per square meter). Several 

Researchers have studied the effects of these parameters on both projectile perforation 

velocity and perforation threshold energy of laminates with different fiber compositions and 

resin matrices [139, 140]. Both linear and non-linear relationships have been observed to 

attain the minimum perforation velocity or minimum perforation energy and the thickness 

in composite plates [141, 142]. Fig. 12 shows the effect of different projectile geometry on 

energy absorption. 

 

Fig. 12 (a) Back face damage of (A, E) fragment simulating, (B, F) hemispherical, (C, G) 

Conical, (D, H) flat projectiles for 6.5mm thick panels (c) Energy vs thickness 

variation for 3.2mm thick panels [143] 

5. BALLISTIC IMPACT MECHANISMS AND APPROACHES 

Ballistic impact is a highly complex and dynamic phenomenon in which the ballistic 

projectile interacts with the target. Understanding the mechanics of ballistic impact is crucial 

for a wide range of applications, including the design of protective materials, the development 

of new weapons and ammunition, and the investigation of various forensic and accident 

scenarios. The study of ballistic impact mechanisms involves a multidisciplinary approach, 

encompassing the fields of mechanics, materials science, physics, and engineering. Researchers 

have developed a variety of approaches to investigate the behavior of materials under ballistic 

impact, ranging from analytical and numerical models to experimental tests and simulations. 

This field has seen significant progress over the past few decades, with the development of 

advanced computational tools and testing methods that have enabled researchers to get a deep 

insight in complex physics and material behavior that occurs during ballistic impact. In this 

context, this topic remains an active area of research, with ongoing efforts to refine and improve 

our understanding of the underlying mechanisms and develop new approaches to enhance the 

effectiveness and safety of various materials and devices. 
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5.1. Experimental Approach 

Energy absorption mechanisms of fabric composites are best explored with the aid of 

direct experimental methods. Research has been conducted on ballistic impact mechanisms 

in numerous experimental studies [144, 145]. Experimental work will examine back-face 

signatures, residual velocities, damaged targets and caught bullets [34]. Optical microscopes, 

scanning electron microscopes, and high-speed cameras were used for examinations, further 

analysis, and interpretations [146]. The absorption and transfer of energy beyond the target 

was evaluated by the experimental approach. This transferred energy absorption of energy 

depends on various cone angles, types of projectiles [127, 147]. In addition, the energy 

performance of the target material was influenced by woven arrangement, geometry of the 

projectile, impact angle and velocity, density and other fiber properties and boundary 

conditions [148]. Generally, the energy dissipation during the ballistic impact would be due 

to the energy absorbed by the secondary yarns, the tensile failure energy dissipation of the 

primary yarns and the kinetic energy of the moving projectile cones [149]. Meanwhile, there 

are several other energy-absorbing mechanisms such as shear plugging, interface friction, 

matrix cracks and delamination [150]. 

Trauma resistance refers to the target's ability to prevent the occurrence of inner wounds.  

As a result of the depth and diameter of the trauma, it is possible to evaluate the target energy 

absorption amount and communicated to the target's back, as well as the overall ballistic 

impact of the armor solution [95]. Moreover, in addition to evaluating the performance 

effectiveness, the depth of the trauma must be less than 44 mm according to the National 

Institute of Justice standards. The projectile will cause fatal damage to the wearer's essential 

organs at higher values of trauma depth [151, 152]. In general, the high-speed camera has 

been used by researchers to record and assess the backface signature values on typical back 

clays in different ways to support the packaging at the target’s back. An experimental ballistic 

testing procedure that could determine a target armor's V50 ballistic limit [153]. The ballistic 

limit velocity is the minimum velocity of the projectile at which full penetration of the target is 

possible and the value of maximum velocity at which the penetration is impossible [154]. The 

residual velocity of the projectile is necessary to evaluate the composite's energy absorption. 

Numerous researchers have assessed the ballistic limit velocity, energy absorption and 

structural absorption and other parameters such as wave propagation including local and 

global damage caused by compression and cone formation.  These parameters influence 

the deformation, bowing stretching, projectile-target friction value, delamination and matrix 

cracks initiation. Ballistic performance of aramid woven composites with different 

thermoplastic matrix was investigated. It was noticed that composites made from polypropylene 

composite matrix exhibited better ballistic behaviour when compared with unreinforced 

composites. Different energy absorption mechanisms were associated including secondary 

yarns’ huge deformation, delamination/debonding of matrix and the reinforcement and cracks 

in the matrix [155]. According to the study made by Karahan et al [156], fabric plies 

orientation has no significant effect on ballistic behavior, but energy absorption, ballistic 

limit, and thickness are bi-linearly related. Experimental tests were performed to assess the 

influence of composite ply blocking and spacing on UHMWPE based composite ballistic 

resistance. It was also found that the specific ballistic limits of thin laminates and the 

multiple thin laminate stacks of laminated panels were higher than a thick laminate panel 

made of many thin laminates bonded together [157]. Fig. 13 shows the effect of impact 

velocity on energy absorption.  
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Fig. 13 (a) Various projectile shapes (b) Variation of energy absorption of the fabrics with 

different impact velocities [158] 

5.2. Analytical Approach 

The analytical approach is the study of the motion of projectiles using mathematical 

and physical principles. It can be leveraged to forecast the trajectory of a projectile, the 

penetration depth of a projectile into a target, and the energy transfer between the projectile 

and the target. A method that can describe the physical and mechanical phenomena during 

an impact [30]. The ballistic impact of the textile materials was assessed under transverse 

impact loading conditions by developing an analytical model for the stress-strain relationship 

of the textile yarn-based composites [159]. The conservation of energy during the impact 

were assessed through energy method by the aid of various analytical models derived out 

of it. In this method, the imparted kinetic energy is converted into various forms of energy 

during impact, including kinetic and strain energy in the deformed area of impact, strain 

energy in the object being hit, and heat generated by friction [160]. Thin woven fabric-

based composites were analyzed for various energy absorbing and damage mechanisms 

using some analytical models which took the shear plugging effect into account [161]. By 

incorporating the kinetic energy balance between the target and the projectile and the 

elastic wave theory, an analytical model was developed to assess the ballistic impact. Some 

of the outcomes of the ballistic impact on the target include the deformation in secondary 

yarn, tensile force in the primary yarn, delamination of the composites, friction, matrix 

cracking, cone formation at the target’s back face and shear plugging [162, 163].  

Few researchers concluded that composite mass acceleration, tensile strain, matrix 

cracking and delamination contribute little to energy absorption [164]. Likewise, numerous 

studies have been studied on the various types of energy dissipation mechanisms of the 

woven UHMWPE-based composites during the ballistic impact phenomenon [165, 166]. 

Some experiments were carried out to determine the ballistic impact behaviour of plain-

woven fabrics reinforced polymer composites, which takes the energy dissipation amount 

during laminate compression and plate bending into account [167]. It is intended to study 

the ballistic impact process considering various factors, including materials, mechanism 

and target system, etc., that affected the process of ballistic impact directly. Numerous 

experimental works have typically employed three strategies: geometrical laminate deformation 

models, Momentum equation models and Energy conservation law, which have a direct 

contribution to the ballistic phenomenon to assess the effectiveness of ballistic performance. In 

recent years, various researchers have made significant contributions to the development 
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of material-based analytical modeling formulations to predict such behavior and mechanisms 

across different length scales, ranging from micro to macro levels [168].  Additionally, wave 

propagation (wave theory) and energy balance based analytical simulations can predict the 

ballistic behaviour of fiber-reinforced composites and textile materials. Overall, the 

development of material-based analytical modeling formulations has provided researchers 

with a powerful tool for materials behavior prediction and structures under ballistic impact. 

These models have helped in the development of new materials and structures that can 

withstand ballistic impact and have contributed to the advancement of various fields such as 

military, automotive, and aerospace engineering. Fig. 14 shows strain gradient of the contact 

region of a projectile in a single fabric layer primary yarn present in MAS systems. 

 

Fig. 14 Schematic of analytical model of primary yarn in single fabric layer [32] 

5.3. Numerical Approach  

Extensive utilization of finite element (FE) and finite difference (FD) methods occurred 

as a part of numerical modeling techniques. Simulation of projectile fabrics and ballistic 

impact behaviour of the materials were carried out using various software including ANSYS, 

ABAQUS, LS-DYNA and DYNA-3D. These numerical approaches aim to develop a more 

robust ballistic impact model for the composites and aid in predicting the target composite 

material’s performance. At the micro-level, the behavior of materials under ballistic impact 

is governed by factors such as material microstructure, phase transformations, and deformation 

mechanisms. Researchers have used techniques such as finite element analysis and molecular 

dynamics simulations to develop material-based models that can predict the response of 

materials at this level. These models help in understanding the mechanisms that contribute to 

the deformation and failure of materials at the micro-level. At the meso-level, researchers have 

considered the behavior of individual layers of composite materials and their interactions 

under ballistic impact [169].  

Similarly, considering the behavior of the entire structure under ballistic impact, including 

the effect of boundary conditions and the interaction between different components of the 

structure at the macro-level, researchers have focused on the behavior of composite materials 

under ballistic impact. The development of material-based analytical models at this level has 

been motivated by the need to predict the response of composite materials used in armor 

applications. Modeling yarn-fabric interactions and projectile-yarn interactions renders the 

complex interactions at the fundamental architecture of the yarn, but they tend to be 
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computationally expensive. Because yarn-level interactions are neglected in homogenization 

methods, they cannot accurately describe individual yarn failures or deformations. To dodge 

this complexity, the ballistic impact behaviour of fabric-based composites was assessed using 

multi-scale modeling techniques.  

Numerous researchers have studied and compared the experimental with numerical 

results to predict the different failure modes of ballistic performance of advanced composite 

materials [170, 171]. An FEA model was introduced to investigate the impacted region using 

a 3D solid modeling element to predict the energy mechanism and failure mode precisely. 

On the other hand, the impact zones which are far away from the target were modeled using 

3D shell elements for more efficiency [172, 173]. A sub-yarn numerical model was proposed 

to observe the various deformation and energy dissipation mechanism of Kevlar fiber using 

conventional finite element formulation [174]. An FE model to evaluate the ballistic behaviour 

of the single Kevlar yarn fabric under the action of impact loading in transverse direction was 

developed by various researchers [175]. To understand the ballistic impact behaviour of the 

fabrics and the composite laminates, MAT162 which is a progressive failure model developed 

using LS-DYNA was utilized [176]. 

Finite element models were developed to predict impact characteristics and failure 

evolution of 3D braided and warp-knitted composites, 3D orthogonal and angle-interlock 

subjected to ballistic impact [177, 178]. Some experiments were carried out using fabric-

based composites with fabrics aligned in various orientations such as unidirectional, plain-

woven and multiaxial arrangements to evaluate the blunt trauma resistance by considering 

both numerical and experimental results. Results showed that the multiaxial fibers exhibited 

better bunt fracture resistance while all the fabric arrangements had shown similar failure 

modes [179]. Hybrid epoxy composites reinforced with carbon and aramid fibers were 

subjected to flexural property and ballistic impact tests and their behaviour was also analyzed 

through numerical simulations. Results revealed that the addition of carbon fibers along with 

the aramid fibers enhanced the flexural behaviour, projectile resisting force and shear 

resistance of the hybrid composite laminates [180]. 

The models developed at this level consider the behavior of developed material-based 

models to predict the response of structures under ballistic impact. The different failure 

criteria such as matrix damage, fiber matrix damage in view of harsh environments such as 

static and dynamic loading, various temperature, and pressure through FEM. In addition, the 

micromechanical modeling composites numerically can be solved by representative volume 

element (RVE) to deal with microstructural features such as shape, size, and fiber, and matrix 

interface, distribution of fibers. The response of micromechanical modeling such as elastic 

constant displacements, strains, and stress will be established at different distant fabric scales 

via the equilibrium of forces and potential energy method. Besides that, the Galerkin method, 

Rayleigh-Ritz method, and Reissner variational method are also used. In addition, multiscale 

modeling was governed by the rule of mixtures, Voigt and Reuss approximation and Mori-

Tanaja method. 

5.4. Ballistic performance of natural fiber composites 

Experiments pertaining to the indentation resistance of natural fiber composites with fiber 

reinforcements including bamboo, sisal, jute, curaua, bagasse and Amazonian guaruman were 

considered equivalent to traditionally used Kevlar fiber mat owing to their cost effectiveness 

and were suggested as potential alternatives to the Kevlar fibers in ballistic systems. The lower 
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density of some of the natural fibers used in the multi-layered armor systems, such as bamboo 

fibers, guaruman, and curaua fibers, is an advantage because it means that the armor can be 

lighter and more comfortable to wear for the user, without compromising on protection. The 

lower density also means that the armor can potentially be thinner while still providing the same 

level of protection as thicker Kevlar layers, which can also increase mobility and comfort. 

Therefore, the use of natural fiber-reinforced polymer composites in MAS has the potential to 

offer a cost-effective and lighter-weight alternative to traditional ballistic materials such as 

Kevlar, while providing similar levels of protection and minimizing body trauma to the user. In 

terms of cost, natural fibers tend to be less expensive than Kevlar. For example, the cost of 

bagasse fiber composite, which is made from sugarcane waste and has been used in multi-

layered armor systems, can be as low as $1.35/kg [3]. Mallow fibers, which have also been used 

in armor systems, can be as low as $0.28/kg [4]. Jute fibers, which have been used in non-woven 

mats for armor, can be around $1.50/kg [181]. In comparison, the cost of Kevlar is around 

$63.6/kg [1]. Thus, natural fibers used in multi-layered armor systems tend to have lower 

densities and lower costs compared to Kevlar, making them potentially more cost-effective and 

lightweight alternatives. However, the specific properties and costs of natural fibers can vary 

widely, and careful consideration should be given to the selection and processing of natural 

fibers for use in armor systems. Fig. 15 shows a comparison of cost and density with existing 

Kevlar fiber.  

Tables 4, 5, and 6 consolidate the use of natural fibers in polymer composites for 

ballistic applications along with their failure modes 

 

Fig. 15 Comparison of cost and density with existing Kevlar fiber 
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Table 4 Penetration depth and failure modes of different natural fibers 

Intermediate layer Penetration depth 

(mm) 

Failure Modes Ref 

Pineapple leaf fiber/epoxy 26 ±2 Fiber bridging, delamination, matrix cracking [14] 

Mallow fiber (aligned)/epoxy 22 ±2 Fiber pullout, fiber stretching, matrix 

cracking, Fiber bridging 

[182] 

Sisal/Epoxy 12 ±2 Fiber pullout, fiber stretching, matrix crack [10] 

Ramie fiber/epoxy 18 ±2 delamination, fiber stretching, matrix crack [13] 

Coir fiber (aligned) epoxy 32 ±2 Fiber pullout, stretching, matrix crack [12] 

Jute fabric/polyester 17 ±3 Fiber pullout, stretching, matrix crack [183] 

Jute nonwoven mat/polyester 24 ±3 Fiber pullout, stretching, matrix crack [184] 

Curaua mat/epoxy 28 ±3 Fiber bridging, stretching, matrix crack [14] 

Piassava fiber/epoxy 15.6 ±3 Fiber bridging, stretching, matrix crack [185] 

Fique fiber/polyester 16 ±2 Fiber pullout, stretching, matrix crack [186] 

Epoxy-15% Fique fabric 20 ±1 Fiber bridging, stretching, matrix crack [175] 

Table 5 Application of natural fiber-reinforced polymer composites in ballistics thermoset 

Natural fiber (intermediate layer) Matrix type 
Energy 

absorption (J) 

Ballistic 

limit 
Ref 

Non-Woven kenaf and Kevlar (30, 50, 70%) Epoxy 39-148  [187] 

Jute fabric (10, 20, 30 vol. %) polyester 200-260  [183] 

Jute fabric (10, 20, 30 vol%) Epoxy   [188] 

Coir fiber (10, 20, 30%) Epoxy   [12] 

Sisal fiber (30%) Epoxy 106  [9] 

Fique fiber Epoxy   [189] 

Curaua fiber (10, 20, 30%) Polyester   [190] 

Kenaf/Kevlar (30/70) Epoxy 148  [55] 

Kenaf/Kevlar (Vf6/Vf47) Epoxy 175  [55] 

Coconut sheath/Kevlar (wt%5/25) Epoxy 240  [6] 

Curaua fiber (30vf) Epoxy 197  [191] 

Piassava fiber (vf) Epoxy 272 ± 19J  [185] 

Fique fiber polyester 155 ± 7  [192] 

Fique fabric polyester 112 ± 7  [186] 

Table 6 Application of natural fiber-reinforced polymer composites in ballistics thermo-

propylene 

Natural fiber Matrix type Energy absorption 

(J) 

Ballistic limit Ref 

Flax, hemp and jute (46%) Polypropylene   [193] 

Kevalar/baslat Polypropylene 112  [79] 

Kenaf Polyethylene 774   

Kenaf fabric/aramid Polyvinylbuturyl  477-621 [57] 

Chonta palm wood High density polyethylene   [194] 



370 B. DEVARAJAN, R. LAKSHMINARASIMHAN, A. MURUGAN, ET AL. 

6. FAILURE CRITERION 

The use of natural fiber composites in the intermediate layer of a MAS has been studied 

by many researchers in recent years. The advantages of using natural fiber composites 

include their low cost, lightweight, and high specific energy absorption capacity. The 

intermediate composite layer of the MAS was fabricated using various natural fibers 

including guaruman, bagasse, mallow, fique, sisal, coir, ramie, bamboo and jute fibers and 

fabrics aligned in different orientations [195]. Emphasizes the importance of selecting the 

appropriate natural fibers, concentration, and manufacturing processes to develop an effective 

and durable intermediate layer for MAS. The development of MAS using natural fiber 

composites natural fiber composites in MAS has the potential to offer sustainable, cost-

effective, and eco-friendly ballistic protection solutions. Additionally, jute, curaua, guaruman, 

and bagasse fibers exhibited improved matrix adhesion, resulting in reduced delamination and 

fiber breakage upon impact [181]. 

 It was also observed from various experimental studies that the intermediate layer of 

MAS made of natural fiber hybrid composites had undergone failure by different modes 

including failure of matrix and fiber separately and delamination occurring at the interfacial 

region of matrix and the fiber and so on. These interlaminar failures significantly reduce 

the strength and stiffness of the natural finer composite material layers [196]. This type of 

failure can lead to significant material damage, compromising MAS effectiveness against 

ballistic impact. To address this, optimizing the intermediate layer design and natural fiber 

composite properties is crucial. Key considerations include selecting suitable fibers, matrix 

materials, fiber orientation, and manufacturing processes. Furthermore, post-treatments 

like surface and chemical treatments, along with interphase modification, enhance fiber-

matrix adhesion, minimizing delamination and fiber breakage during impact. Fig. 16 presents 

the side view of impact regions and their energy absorption mechanisms.  

 

Fig. 16 2D schematic of a typical woven fabric composite laminate targets (a) Armor 

pierced by APM2 bullets – side view [196] (b) Elevation of impact zones and 

yarns [32], and (c) Mechanism of energy absorption in the layered woven fabric 

composites [32] 

With natural fiber composites in the intermediate layer of MAS offer promising and 

sustainable ballistic protection, interlaminar failure must be addressed in design and 

manufacturing. Optimizing the intermediate layer's design and material properties can 

make natural fiber composites a viable solution for ballistic protection. Intralaminar failure 
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occurs due to various modes like interfacial disbanding and fiber/matrix breaking, while 

interlaminar failure involves the failure of multiple plies. Intralaminar cracking in multi-

directional laminates reduces load-bearing capacity and affects material thermoelastic 

characteristics, with delamination being a common consequence of in-plane matrix failure 

[197]. Accurately predicting and modeling the failure behavior of composite materials 

under ballistic impact requires addressing the interaction between parameters causing 

interlaminar and intralaminar failures. However, these failure modes are typically addressed 

individually and independently, allowing researchers and engineers to focus on developing 

specific failure criteria for each mechanism [198]. Fig. 17 shows different factors involving 

energy absorption in ballistic body armor. 

 

Fig. 17 Failure Criterion for packages based on fabrics 

6.1. Intralaminar Failure Mechanisms 

There are three main intralaminar failure mechanisms considered during composite 

material analysis which includes failure of the fiber, shear failure at fiber-matrix interface 

and matrix cracking. Failure modes are typically characterized by two in-plane modes, 

known as modes 1-2, and one out-of-plane shear mode, known as mode 2-3 [199]. These 

modes are used to describe the behavior of the material under different loading conditions 

and are crucial for understanding the failure mechanisms that occur during impact events. 

In most impact investigations, the most typical intra-laminar failure mechanisms include 

matrix out-of-plane and in-plane shear failure, fiber breakage and transverse tensile failure 

[200]. These mechanisms are all related to the deformation and damage that occurs within 

the composite layers during impact loading. Figs. 18 and 19 show failure modes of intra-laminar 

and inter-laminar and its transition. 
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Fig. 18 Failure modes (a) intra-laminar failure modes (b) inter-laminar failure modes (c) 

transition from intra to inter-laminar failure modes [200] 

 

Fig. 19 Ballistic failure mechanism proposed after the impact: (a, b) partial penetration and 

(c) complete perforation [198] 
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Fiber breaking occurs when the fibers within the composite material fracture and break 

apart under tensile or compressive loading [19]. Transverse tensile failure happens when 

composite layers separate and delaminate perpendicular to fiber orientation. In-plane shear 

occurs when matrix material deforms within the composite under loading, while out-of-plane 

shear happens perpendicular to layer planes. Common failure modes in transversely loaded 

composite structures include transverse tensile failure, out-of-plane and in-plane shear, and fiber 

breakage in experimental studies [201]. Understanding these failure mechanisms is crucial for 

designing composite materials capable of withstanding impact loading. By characterizing 

these modes and creating predictive models, researchers and engineers can design lightweight 

composite structures that offer excellent resistance to impact damage [202, 203]. 

6.2. Interlaminar Failure Mechanisms 

Linear elastic fracture mechanics (LEFM) is a widely used analysis technique for 

interlaminar failure or interfacial fracture in composite materials. Delamination failures, 

such as out-of-plane shear mode, in-plane shear mode, and peel mode (specified as Mode 

I, II, and III), are commonly observed, each with unique characteristics requiring specific 

analysis techniques. However, LEFM has limitations in analyzing these three common 

modes of failure [203]. Mode I failure, or peel, arises when a tensile load is applied 

perpendicular to the laminates' plane, causing delamination of the first layer. This process 

involves crack opening and separation, accurately described by Mode -I LEFM. Mode II 

failure, or in-plane shear, occurs when a shearing force is applied parallel to the laminates' 

plane, leading to sliding between layers. This mode involves crack sliding and shear 

displacement, also described by Mode -II LEFM [204]. Mode III failure or out-of-plane 

shear occurs when a shearing force is applied perpendicular to the plane of the laminates, 

causing the middle layer to slide with respect to the upper and lower layers [205]. The 

fracture process in mode III is characterized by crack sliding and out-of-plane shear 

displacement, and LEFM is not suitable for analyzing this mode because it assumes that 

the crack propagates in the plane of the laminates. LEFM is a useful tool for analyzing 

interlaminar failure or interfacial fracture in composites, but it has limitations when it 

comes to analyzing mode III failure [206]. 

7. CONCLUSIONS 

The article demonstrates the potential of renewable resources in PMCs, the effectiveness of 

plant fibers as replacements for conventional fibers in ballistic protection and armor 

applications, and the possibility of using them as a suitable substitute for conventional fibers in 

such applications. Natural fiber materials are such kind of sustainable materials in hard body 

armor that have revolutionized the field of armor systems. Owing to their light-weight nature, 

they can be readily used as an alternative to heavy armor including metal body armor. The 

conclusions drawn from the above discussions can be summarized as follows: 

▪ The impact behaviour of the multilayer armor systems was greatly influenced by the 

intrinsic parameters of the system including condition of use, target arrangements and 

its composition and material characteristics of the ballistic materials.   

▪ To design and beget an environmentally friendly and sustainable ballistic protection 

made of natural fiber composites, numerical and experimental methods are to be 

combined in order to analyze and comprehend the ballistic impact mechanisms.    
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▪ It could also be concluded that the intermediate natural fiber hybrid polymer 

composite layer fails majorly through fiber fracture, fiber pullout, delamination, 

fiber bridging and matrix cracking failure modes upon impact with a ballistic 

projectile. These materials possess high energy absorption capacity and allow for a 

more even load distribution through the varying fiber architecture, ply thickness and 

aerial density and different influential parameters.  

▪ Utilization of natural fiber hybrid composites in multilayer armor systems minimizes 

the cost of raw materials and fabrication without compromising the ballistic performance 

much. Hybridization of the natural fibers with synthetic fibers enhances the ballistic 

performance of the materials system.  

▪ The development of advanced body armor systems has been aided by recent 

advancements in the material science field. The evolution in the field of defense and 

aerospace sector led to further exploring these kinds of applications with aid of 

using additive manufacturing technologies for the fabrication of ballistic protection 

systems. This approach can lead to better-performing and lighter armor systems soon 

along with the optimal combination of advanced composites and hybrid materials. 
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