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Abstract 
 

In this study, novel lamination techniques are introduced for the coating of fabrics in 

order to enhance their ballistic/needle penetration resistance properties. Pressure sensitive 

adhesive (PSA) was used to create flexible ballistic composite panels with ultra-high molecular 

weight polyethylene (UHMWPE) fabric. An increase in processing pressure from 0.1 to 8 MPa 

significantly improved the ballistic performance against 9 mm FMJ ammunition of UHMWPE 

composite. The number of layers required to stop the bullet were reduced from 45 to 22 layers 

after lamination without a significant increase in stiffness. The backface signature (BFS) was 

reduced from 19.2 mm for the 45 layer neat samples to 11.7 mm for the 25 layer laminated 

samples pressed at 8 MPa.  

The second lamination technique used patterned thermoplastic hot film to create flexible 

UHMWPE composite laminates. Hexagonal patterns were cut through a heat transfer vinyl 

carrier sheet using a vinyl cutter and was used as a mask between the UHMWPE fabric and hot 

film during heat treatment in order to have the fabric coated only on those regions. The patterns 

had a nominal diameter of 27.9 mm with a 1 mm gap between each region. A significant 

improvement in the ballistic performance of UHMWPE fabric is observed after coating each 

individual layer with patterned hot film and 25 layers of laminated fabric were sufficient to stop 

a .357 magnum FMJ ammunition compared to unlaminated neat fabric which required 45 layers 

to stop the bullet. Patterning of the hot film did not negatively affect the ballistic performance of 

the composite laminates whilst increasing their flexibility in relation to using plain hot film with 

no patterning involved. It resulted in a 21% increase in bending angle of the 25 layer samples 
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and 9.5% reduction in bending length of the single plies which both relate to greater flexibility 

because a higher  bending angle and lower bending length correlates to more flexibility. 

The same technique of patterning of hot film is used in the lamination of woven cotton 

fabric to enhance needle penetration resistance properties whilst maintaining the flexibility. 

Patterns used in this study were either hexagonal or a combination of hexagons and triangles and 

the nominal diameter ranged from 2.6-13.5 mm.   The lamination significantly improved the 25G 

hypodermic needle penetration resistance of the fabric. By increasing the number of laminated 

fabric plies from 1 to 2,  the needle resistance force increased by up to 150%. However, in 

comparison to just one layer, the flexibility decreased by about 12% to 26% for two and three 

layers, respectively. It was observed that reducing the sizes of the patterns improved the 

flexibility of the samples by up to 30% without compromising the needle penetration resistance.   

 

Keywords: Backface signature; Ballistic; Penetration; Ultra-high molecular weight polyethylene 

(UHMWPE), body armor. 
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Chapter 1: Introduction 
 

Flexible ballistic and/or puncture resistant materials have become more popular in a 

range of applications such as ballistic body armor, industrial safety wear and needle resistant 

gloves. In recent years, novel manufacturing technologies and materials have enabled the 

development of such materials for Personal Protective Equipment (PPE). Since the development 

of high-strength fibers (HSFs) in the 1960s, a new era of flexible and soft body armor has been 

developed that offer protection against small ammunitions and stab attacks. The main parameters 

that affect the penetration resistance of textiles are mechanical properties of fibers, fabric weave 

architecture, yarn linear density, fabric areal density, number of filaments per yarn and number 

of fabric plies. Other parameters which could affect the performance of a multilayer textile 

structure are type of geometry, velocity and mass of penetrators, boundary condition of the 

fabric, fabric-projectile and yarn-yarn frictional forces. High strength fibers used for PPE are 

characterized by high strength, low density, and high energy absorption capability. Currently, 

common HSFs in the form of woven fabrics or unidirectional sheets which are used for PPE 

applications are ultra-high molecular weight polyethylene (UHMWPE) such as Dyneema® and 

Spectra® (these two are the main commercially available UHMWPE fibers with the lowest 

density of currently used HSFs for body armor), aramids (Technora®,Twaron®, Kevlar®).  

Fibres and fabrics of UHMWPE are widely used in manufacturing of military helmets, body 

armors and PPE such as cut-resistant gloves. UHMWPE makes a potential substitute for 

Kevlar® (DuPont) for body protection due to its high resistance against physical degradation and 

good chemical resistance although there are considerably less research studies carried out for 

UHMWPE polymers as compared to Kevlar in the context of PPE. Ballistic performance of a 

material is based on its ability to locally absorb energy and its capability to spread out energy 
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efficiently. To meet typical ballistic body protection levels, 20-50 stacked layers of HSFs are 

generally required. However, textile only body armors tend to be stiff and bulky and provide low 

energy dissipation which could result in severe injury to the wearer.  

Fabric coating can alter energy absorption characteristics of textiles and change the 

frictional forces (mainly yarn-yarn and projectile-yarn friction). This approach is utilized by 

several commercial stab resistant fabrics such as Kevlar MTPTM (Dupont), Twaron® SRMTM 

(Teijin-Twaron) and ArgusTM (Barrday Inc.). The coatings increase the toughness of the woven 

fabrics so that more energy will be needed to separate the yarns and fibers. Another benefit of 

coated HSFs is that they can be used to construct body armors that offer both ballistic and stab 

protection. One technique used to improve the mechanical properties of fibers is the nylon 

coating of UHMWPE which increases the fiber to fiber frictional force resulting in penetration 

resistance of fabrics [1]. A relatively new approach of improving the penetration resistance of 

HSFs is the impregnation of non-Newtonian Shear Thickening Fluids (STFs). It has been shown 

that fabric structure is what determines the effectiveness of STF-impregnation in improving 

penetration resistance of UHMWPE fabric. For instance, STF-impregnation of 1350-denier 

UHMWPE provides a higher penetration resistance force than a 400-denier UHMWPE fabric 

against a spherical head impactor at 4.5 m/s [2]. However, one major limitation of STF-treatment 

is the high likelihood of fluid-like STF materials to leak because exposure to water and moisture 

can result in them being washed away easily.  

The objective of this thesis focuses on developing novel cold (using pressure sensitive 

adhesive) and hot (using thermoplastic patterned hot melt film) lamination techniques of fabrics 

for wearable protective equipment. An investigation on the effect of processing pressure on  the 

ballistic performance of UHMWPE laminated with PSA is carried out and compared to that of 
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neat as-received fabric layers. Patterning of hot film is also introduced and its use in the 

lamination of ballistic panels as well as effect on the stiffness of the tested panels is investigated. 

This technique is also adopted for the lamination of cotton fabric in order to enhance its needle 

penetration resistance abilities without losing much flexibility.  Ballistic composite panels are the 

main focus of this study followed by needle resistant textiles. 

1.1 Scope and organization of this thesis  

This study is presented as a sandwich thesis consisting of three publications which are 

preceded by an overview of literature concerning this study. The general overview presented in 

this study as well as a brief review of literature to this study are contained in each publication. 

Henceforth, there are some repetitions although they have been minimized. In this study, the 

study of the use of PSA to create flexible ballistic composite laminates is presented in Chapter 3 

and has been submitted to the journal of Composite Structures . The study of the use of patterned 

hot film to create flexible ballistic composite laminates is presented in Chapter 4 and will be 

submitted to the journal of Composites part A. In Chapter 5, an investigation of the use of 

patterned hot film to create needle resistant textiles is carried out and will be submitted to the 

journal of Fibres. Lastly, the conclusions from this thesis are presented in Chapter 6 with the 

recommendations for future work.  

In Chapter 3, the paper titled ‘Use of pressure sensitive adhesives to create flexible 

ballistic composite laminates from UHMWPE fabric’ introduces a novel technique to develop 

ballistic composite panels using UHMWPE plain weave fabric with pressure sensitive adhesive 

(PSA). An investigation on the effect of bonding individual fabric layers using PSA was carried 

out to explore a new cold lamination technique in contrast to common compression processes 

which require high temperatures and long curing times. Composite laminates were fabricated by 
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cold pressing the panels at 0.1, 4 and 8 MPa and the effect of the applied pressure levels and the 

adhesive bond strength on ballistic performance was investigated. The failure mechanism of the 

composite panels was investigated using a comprehensive analysis of X-Ray Computed 

Tomography (CT). Increase in processing pressure resulted in a significant improvement in the 

ballistic performance of the composite laminates with a slight increase in stiffness due to the 

fibers being more interconnected and hence better at transferring impact energy to nearby 

regions. No previous research work has ever considered the use of PSA for cold lamination to 

bond fabric layers for ballistic applications.  

Chapter 4 presents a manuscript that will be submitted to Composites part A on 

developing a novel ballistic composite panel using UHMWPE plain-weave fabric laminated with 

patterned thermoplastic hot film aiming to provide high ballistic performance without significant 

loss of flexibility. Unlike the existing ballistic thermoplastic FRCs, this new technique utilizes 

the hardness of the thermoplastic matrix and the flexibility of the fabric. This was made possible 

by bonding each individual fabric layer with hot film using a heat press at 100 °C and a patterned 

heat resistant film was used as a mask to allow only specific regions of the fabric to be 

laminated. Various configurations are prepared and tested against NIJ standard level II 0.357 

mag ammunition. The failure mechanism of the composite panels was investigated using a 

comprehensive analysis of X-Ray Computed Tomography (CT). The findings show that using 

patterned thermoplastic hot film lamination significantly improves the ballistic performance of 

UHMWPE fabric without compromising much of its flexibility. 

In Chapter 5, the technique of patterning hot film is adopted to fabricate needle resistant 

textiles which can be used for applications such as needle resistant gloves. In order to investigate 

the parameters that affect stiffness and needle resistance using this technique, various samples 
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with different patterning geometries were made and tested. Patterning of the hot film allows the 

coated fabric to remain flexible whilst inhibiting high needle resistance capabilities.  

The conclusions from this study are presented in Chapter 6 with a summary of the main 

findings. The advantages of the introduced lamination techniques are highlighted together with 

their possible applications. Recommendations for future work are also addressed in this section 

1.2 Contribution  

The existing fabrication methods of ballistic FRCs either require extensive processing 

time and/or high temperatures such as vacuum assisted compression molding. The resulting 

panels become very stiff, and this is not desirable in the context of wearable body armor as it 

restricts mobility due to lack of flexibility. The main contribution of this thesis is to develop 

novel fabrication methods of flexible ballistic composite laminates from UHMWPE fabric such 

as the use of PSA to improve its ballistic performance without compromising much flexibility. 

Application pressure is also used to influence the ballistic performance. Another method which is 

introduced is the patterning of thermoplastic hot film to produce ballistic composite laminates 

with the hardness of the treated hot film whilst retaining most of the flexibility from the 

UHMWPE fabric. The thesis also develops the protocols for the patterning of the hot film. The 

results show that the techniques introduced significantly improve the ballistic performance of the 

fabric. Lastly, the technique of patterning of hot film is adopted to produce needle resistant 

textiles which are flexible and can be of use in several applications such as development of 

needle resistant glove for security and waste handling personnel. The fabrication methods 

introduced in this thesis are robust and easy to implement for industrial applications. 
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Chapter 2: Literature Review 
 

The previous literature on the performance and mechanisms of ballistic composite 

laminates is reviewed in this chapter. A broad overview is provided in this review while each of 

the manuscripts presented provide more focused reviews related to this study. A background into 

ballistic and puncture resistant textiles is presented first, followed by mechanisms influencing 

ballistic and puncture resistant performance and lastly, fabric coating techniques used to enhance 

penetration resistant performance of textiles. 

2.1 Background 

Textiles and compliant laminates have been used for bodily protection since ancient 

times. Personnel protection aimed to provide protection from the corresponding advances in 

armaments from the use of leather in Grecian times to chain mail in the Middle Ages. However, 

these forms of protection were deemed obsolete due to the advancement of firearms until the 

development of high strength fibers in the 1960s. A new era of body armor was ushered by these 

materials and offered protection against small ammunitions. The interceptor, containing an outer 

tactical vest able to stop high-powered handguns is the presently fielded state of the art body 

armor by the US army [3]. Hard ceramic plates can also be inserted in it to stop rifle projectiles. 

However, these plates increase the weight and stiffness of the armor which negatively affect the 

mobility of the wearer. 

Puncture and stab resistance have become important features in PPE due to the increase 

in non-firearm related assaults in countries where firearms are prohibited such as Canada. There 

is a present threat in incidences of accidental injuries due to broken glass, sharp debris, or razor 
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wire in certain professionals such as waste management workers [4]. Areal density of fabrics, 

number of filaments per yarn, number of fabric plies, weave architecture, yarn linear density and 

mechanical properties of fibers are the main parameters that affect the penetration resistance of 

textiles [2]. Aramid, UHMWPE, S-glass, polypyridobisimidazole (PIPD), and polyphenylene 

benzobisoxazole (PBO) are typical textile-based resistant materials comprising of HSFs. They 

generally possess low density, high tensile and compressive strength, and high energy absorption 

[5]. Fibres and fabrics of UHMWPE are widely used for military body armors and personal 

protective equipment (PPE) such as cut-resistant gloves [6]. Two main commercially produced 

UHMWPE fibers with the lowest densities among HSFs used for armor applications are 

Dyneema® (Royal DSM) and Spectra® (Honeywell International Inc.,Morristown, NJ,USA). 

Due to its excellent chemical resistance and high resistance against physical degradation, 

UHMWPE is a promising alternative of Kevlar® (DuPont) for body protection[7]. However, 

there are fewer research works of UHMPWE as compared to Kevlar®(DuPont) for body armor 

application despite its many advantages. 

 

2.2 Ballistic and Puncture penetration mechanisms 

2.2.1 Ballistic impact mechanisms 

 

High strength fibers allowed the development of current bullet resistant fabrics and 

compliant laminates. The yarns experience a sharp increase in stress (magnitude related to 

impact velocity) upon impact. Longitudinal and transverse waves propagate from the point of 

impact when a projectile strikes the fiber as shown in Figure.1. Hence the longitudinal tensile 

wave propagates along the fiber axis at the material sound speed.  
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Fig.2.1. Projectile impact into body armor[8] 

The material behind the wave front  moves towards the impact point along the direction of 

motion of the projectile as the tensile wave propagates away from the impact point. The 

transverse wave is the transverse movement of the fiber and is propagated at a velocity lower 

than that of the material [8]. 

It has been observed that a transverse deflection in the principal yarns (yarns in direct 

contact with the projectile) is produced when a projectile impacts the fabric. Longitudinal strain 

waves are then generated down the axis of the yarns and propagates at the sound speed of the 

material [9]. Principal yarns pull the orthogonal yarns, which are yarns that intersect the principal 

yarns, out of the original fabric plane[9]. Just like principal yarns, orthogonal yarns experience a 

deformation and develop a strain wave.  

Fig.2.2. Projectile impacting single ply of fabric (a) side view, (b) top view and (c) bottom view 

displaying principal yarns under high stress[8] 
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 Until a breaking strain is reached by the strain at the impact point, the transverse deflection will 

proceed. Numerical studies revealed that the contribution of the orthogonal yarns to energy 

absorption is small whilst most of the kinetic energy of the projectile is transmitted as strain and 

kinetic energy to the principal yarns. This behaviour can be observed in Fig.2.2c displaying 

highly stressed principal yarns while the orthogonal yarns are not [8]. 

Friction, multi ply interactions, fabric structure, impact velocity, far field boundary 

condition and material properties influence the ballistic performance of fabrics. Fibres possessing 

high-tensile strengths and large failure strains can absorb considerable amounts of energy. 

Additionally, a correlation between the levels of impact energy absorbed to the number of 

broken yarns was observed of which researchers state is a clear sign that the primary mechanism 

of energy absorption of the ballistic textiles is fiber straining [10]. It has been shown that the 

strain wave is rapidly dispersed away from the impact point, distributing the energy over a wider 

area for materials with a high modulus and low density (high wave velocity). This restricts large 

strains from being formed at the impact point [11].  

It has been shown that poor ballistic performance was observed from fabrics with 

unbalanced weaves as well as loosely woven fabrics [9]. Loosely woven fabrics have higher 

chances of having a projectile wedge through the yarn mesh by pushing yarns aside instead of 

breaking them. Basket and plain weaves are the weaves typically used for ballistic applications. 

Another parameter that influences ballistic performance of fabrics is projectile geometry. Blunt 

bullets were decelerated quicker than pointed bullets due to their ability to wedge through the 

fabric [12]. A study was carried out to investigate the effect of projectile geometry on ballistic 

performance of a single ply of Twaron CT 716 plain weave fabric using projectiles with ogival, 

flat, conical, and hemispherical head. The fabric was perforated with the least amount of yarn 
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pull-out by the conical and ogival projectiles. This indicated that the projectiles were able to slip 

through the weave due to their geometry [13].  

Impact velocities affect the ballistic performance of fabrics and compliant laminates. 

However, sharper projectiles and higher velocities penetrate fabrics through shear failure across 

the yarns rather than straining them to failure. A study was carried out on a single yarn of 

Kevlar® and UHMWPE under high velocity impact to study the failure mechanisms. It was 

found that the yarns fail through shear failure and together with small amounts of fiber melt 

damage on UHMWPE [14]. In general, shearing failure of the filaments at the strikeface, 

delamination, and fiber stretching at the backface are the three main stages of perforation of 

FRCs. Another important parameter that significantly influences the ballistic performance of 

fabrics is friction. During an impact event, yarn-to-yarn friction and projectile-to-yarn friction 

are also responsible for amount of energy absorbed. It has been found out that by restricting the 

movement of yarns out of the path of the projectile using resin increases the amount of impact 

energy absorbed by the fabric[10]. Coating of fabrics is a common way of increasing these 

frictional forces in order to enhance the ballistic performance of fabrics and will be discussed in 

more detail in Section 2.3. 

 

2.2.2 Puncture, stab, and needle resistance mechanisms 

 

Law enforcement and military personnel have an increased threat of knife and stab 

attacks including accidental injuries due to sharp objects which are a threat to health care 

workers. The penetration mechanism of sharp objects such as hypodermic needles is dependant 

on the fabric weave architecture, yarn linear density, areal density of fabrics and number of 
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filaments per yarn. For fabrics with loosely held yarns, the dominant penetration mechanism by 

hypodermic needles is the ‘’windowing effect’’ which is when the penetrator pushes the yarns to 

the sides as it penetrates through the fabric. However, for tightly woven fabrics, the dominant 

failure mechanism is fiber breakage and one way of enhancing penetration resistance of textiles 

is through fabric coating by restricting the yarns from being moved to the sides of the penetrator 

[2].   

2.3 Fabric coating 

Frictional forces and energy absorption characteristics of textiles can be altered through 

fabric coating. Mechanical properties of fibers can be improved through an increase in fiber-to-

fiber frictional forces by Nylon coating of UHMWPE and results in higher energy absorption and 

penetration resistance[1].UHMWPE fabrics coated with Nylon 6,6 and Nylon 6,12 showed 62% 

increase in spike puncture resistance due to the mechanical interlocking mechanism of the 

nylon[2]. In another study, high density polyethylene (HDPE) fabric provided up to 90% 

increase in normalized penetration resistance to 21G hypodermic needles when impregnated with 

a mixture of heavily loaded silica and SiC nanoparticles.  

Several research works have investigated the use of non-Newtonian (viscosity increases 

sharply at a critical shear strain) shear thickening fluids (STFs) with HSFs for ballistic 

protection. Impregnation of HSFs with STF results in a significant improvement in penetration 

resistance due to reduced yarn mobility, reduction of yarn-pull-out, increase in yarn-to-yarn 

friction and higher energy absorption[15]. This is because of the shear thickening 

phenomenon[16]. Under impact with the critical shear rate, STF is able to change from initial 

liquid state to a near solid state promoting energy distribution and dissipation [17]. When the 

load disappears, the transformation is reversible. Many researchers have investigated the ballistic 
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resistance of STF impregnated fabrics. STF impregnated fabrics have been proven to have 

improved ballistic resistance properties for impact velocities below 300m/s. Ballistic tests where 

carried out at an impact velocity of 224m/s on ballistic fabrics impregnated with STF and it was 

observed that the 4-ply STF impregnated fabric absorbed the same amount of energy with that of 

the 14-ply neat panel whilst being thinner and less stiff[18]. Similar results were also obtained by 

Majumdar et al.[19], Kang et al.[20] and Lee et al.[21].  

However, the effect of STF impregnation with fabric panels regarding energy absorption 

becomes inconsistent when the impact velocity is set to be higher than 300 m/s. There are certain 

studies that demonstrated improvement in ballistic performance as a result of STF impregnation 

such as the one by Wang et al[22] who saw an improvement in ballistic performance of multi-ply 

fabric panels at impact velocities of 445m/s. In another study, involving the 2 plies of Twaron® 

fabrics impregnated with STF and tested for ballistic performance showed that energy absorbed 

was 20% higher than that of the neat fabrics at the impact velocity of 360m/s. In contrast to the 

mentioned studies, certain studies reported negative effects of STF impregnation for ballistic 

performance. Kevlar impregnated with STF at impact velocities near 300m/s showed that its 

ballistic protection was equivalent to that of the neat samples at the same areal density [23]. 

Similarly, another study showed that neat Kevlar panels had a penetration limit velocity of 

340m/s which was higher than that of STF impregnated Kevlar with the same areal density. 

Another disadvantage of STF-treatment is the likelihood of leakage of fluid-like STF materials 

because they could be easily washed away when exposed to water[2]. 

The most common high strength unidirectional (UD) laminated composites are 

thermoplastic/thermoset impregnated fiber reinforced composites (FRCs). FRCs are 

manufactured by various methods including vacuum bagging and oven processing, compression 
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molding, autoclave processing and hand layup technique. Long curing processes and the need for 

a low temperature storage are some disadvantages that limit the use of thermoset as matrix 

materials. A better choice is the use of thermoplastic based composites due to their significantly 

shorter processing times, recyclability, chemical resistant melt processability and long shelf life. 

Another factor that make thermoplastics a more attractive matrix is the relatively low brittleness 

transition temperatures which allow improvements in ballistic resistance, higher mechanical 

toughness and faster fabrication cycles. Major energy absorbing mechanisms of thermoplastic 

based FRCs are delamination, fiber breakage, fiber straining and matrix cracking. Polypropylene 

(PP) matrix reinforced with Kevlar® fabrics was used to make ballistic armor panels using the 

compression molding technique and resulted in a 16-29% reduction in density relative to the use 

of comparable thermoset matrix. Recent studies show that thermoplastic laminated fabrics 

significantly improve the stab and puncture resistance of fabrics when dynamic and quasi static 

stab testing of thermoplastic impregnated woven aramid woven fabrics were carried out[24]. The 

improvement was due to the increased yarn-spike frictional forces resulting in an increase in cut 

resistance and reduced windowing effect due to the restricted movement of the yarns. The 

dominant failure mechanism in thermoplastic FRCs is shear plugging near the impact zone and 

hole friction. For armor grade composites, low resin content is more desirable due to weak fiber-

matrix adhesion allowing additional mechanisms of energy dissipation associated with 

delamination and debonding to take place. However, common thermoplastic FRCs used for 

ballistic application are very stiff and that provides discomfort and limits mobility of the wearer. 

A number of studies have investigated the ballistic performance of thermoplastic matrix 

FRCs and their failure mechanisms depend on type of resin, fiber and fiber-resin interface[8]. 

The processing conditions (e.g., temperature, cooling rate) of thermoplastic-matrix FCR could 
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affect ballistic performance of composite panels [25]. Processing conditions of thermoplastic-

matrix FRC could result in improved wetting characteristics of resin and fiber and increase 

adhesion strength between fabric layers. As a result, stiffness (flexural strength) of composite 

panels increases which results in restricted fiber straining (deformation) and mobility. The 

ballistic impact resistance of composite laminates is consequently reduced when fiber straining is 

restricted which makes the impact failure more localized accompanied by shear cutting of fibers 

at the impact area [26]. For example, a UHMWPE composite plate (DSM Dyneema® HB50) 

with lower matrix shear strength (as a measure of inter-laminar shear strength) shows the highest 

ballistic limit compared to UHMWPE composite plate (DSM Dyneema® HB26) with a harder 

matrix [25]. In general, a weaker fiber/matrix interface of FCRs results in lower stiffness and 

strength which consequently results in greater debonding and fiber-pull-out mechanisms and 

higher fracture toughness of composite laminate [27]. 
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ABSTRACT  
 

Fiber reinforced composites (FRC) have been widely used for ballistic resistance where hot resin 

melt is infused into the fabric layers and cured to form the composite. Here, we explore the use 

of pressure-sensitive adhesive (PSA) and its cold lamination as a simple, rapid and inexpensive 

method to integrate plain-weave UHMWPE and demonstrate that these composites have 

attractive ballistic performance. Simple compression lamination of 22 layers of fabric with 

interlay of PSA, for 1 min at 4 or 8 MPa, was able to confer the ability to stop 9 mm bullets shot 

at ~357 m/s. Increasing the processing pressure results in an increase of inter-ply bonding 

strength significantly while only affecting the bending stiffness slightly. It also results in increase 

in energy absorption of laminate which leads to smaller backface signature and volume  and 

better ballistic performance. They are also more flexible, thinner and lightweight compared with 

hot melt FRC. 

 
Keywords: Ultra-high molecular weight polyethylene (UHMWPE); Ballistic impact; Body 

armor; Pressure-sensitive adhesive; 
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3.1. Introduction 

Since the development of synthetic high-strength fibers (HSFs) in the mid-20th century, 

fiber-reinforced composites have become an integral element of personal protective equipment 

(PPE) and spawned a new category of flexible and lightweight "soft body armor" protection [1-

4]. HSFs have been significantly improved over the past few decades. Currently, aramids (such 

as Kevlar®, Twaron®, and Technora®) and ultra-high molecular weight polyethylene (UHMWPE 

such as Dyneema® and Spectra®) are the most popular HSFs in the form of unidirectional (UD) 

sheets or woven fabrics used for PPE and military applications [3-6]. HSFs are generally 

lightweight and possess higher tenacity, elastic modulus, and energy absorption compared with 

normal fibers [7,8]. The amount of impact energy absorption of HSFs is mainly related to their 

high tensile strength, elastic modulus, and elongation to failure [3]. In general, the protection 

resistance of multi-layer high-strength fabrics is lower when compared to "hard body armors" 

which are capable of providing high resistance against multi-threats [1]. Generally, 30-50 

stacked layers of high-strength fabric are required to meet typical ballistic body protection levels. 

Hence, textile-only body armors tend to be bulky and stiff [8-10]. Additionally, textile-only soft 

body armors provide low energy dissipation which could cause a blunt trauma injury from 

ballistic impact [11].  

Fabric coatings can alter frictional force between fibers and change the energy absorption 

characteristics of textiles [12]. Frictional dissipation of energy is due to a combination of yarn-

to-yarn and projectile-yarn interactions [13]. Nylon coating of UHMWPE has been used to 

improve mechanical properties of fibers and increase fiber-to-fiber frictional force which results 

in higher energy absorption and penetration resistance of fabrics [14,15]. More commonly, 

laminated composites of high-strength UD or woven fabrics impregnated with either 
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thermoplastic or thermoset resin have been developed. The processing methods of manufacturing 

fiber-reinforced composites (FRC) include compression molding, autoclave processing, vacuum 

bagging and oven processing, and hand layup technique [16] all of which have some limitations. 

For instance, the thermoset-matrix FRCs require a long curing process [17]. The curing process 

of thermoset resins normally takes 75-90 min under 4-8 MPa at 140-160 ˚C [16]. Alternatively, 

thermoplastic-matrix FRCs offer shorter processing time and higher ballistic impact resistance at 

a lighter weight compared to thermoset-matrix composites as thermoplastics have lower stiffness 

and higher toughness and deformation [17-19]. There are a number of studies of the ballistic 

performance of thermoplastic-matrix FRC [17-22]. Both of these approaches significantly 

increase the stiffness as compared with the neat fabrics themselves. 

The ballistic failure mechanism of FRC is dependent on different factors such as fiber, 

resin, fiber-resin interface and the construction of the textile reinforcements [23]. Three main 

stages of perforation of FRCs are shearing failure of the filaments at the strikeface, delamination, 

and fiber straining on the backface of the composite panel [17]. For instance, the failure 

mechanism of thin UD UHMWPE composite laminates are shear plugging and hole friction 

(between the projectile and test specimen). In the case of thick UD UHMWPE laminates, the 

dominant failure mechanism are composite delamination, fiber tension and bulge [21].  

The use of non-Newtonian shear thickening fluids (STFs) with HSFs for ballistic 

protection have been studied to improve ballistic performance while maintaining flexibility [24-

30]. The improved penetration resistance of STF-impregnated HSFs is mainly due to the 

increased yarn-to-yarn and yarn-to-impactor frictional force and reduced yarn mobility [6,24], 

reduction of yarn pull-out and also higher energy absorption due to the shear thickening 

phenomenon [10,24,30]. The improvement in penetration resistance of STF-treated textiles is 
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dependent on the impregnation of STF material (i.e., efficient STF intercalation) with textiles 

rather than a sandwich construction with the STF stacked between fabric layers [28]. STF-

treatment is more effective on a loosely woven fabric (infirm structure) compared to a tightly 

woven fabric (firm structure). Interestingly, the increased yarn friction of firm-structure textiles 

after STF-impregnation become detrimental with respect to impact energy absorption due to 

increased stress concentration [30]. Additionally, at high impact velocity of 450-510 m/s, STF 

impregnation does not have a positive impact to increase energy absorption of Twaron® aramid 

woven fabric. Interestingly, the ballistic performance of one-layer and multiple-layer STF-

impregnated ballistic panel is worse than neat samples with respect to their specific energy 

absorption [27]. Coating HSFs with added nano- or micron-sized particles in elastomeric 

mixtures has recently been shown to enhance penetration resistance against various projectiles 

[31-36]. Higher ballistic resistance of particle-added elastomers is attributed to the changing of 

crack-propagation path which delays penetration of a projectile into the material [33]. Increasing 

concentration of hard particles in elastomeric mixtures increases stiffness of the material and 

restrict its lateral motion under ballistic impact. Additionally, particle density is an important 

parameter to ballistic performance of particle-laden elastomers [34].  

In this work, the use of pressure-sensitive adhesive (PSA) in cold lamination as a flexible 

binding material for composites prepared from UHMWPE plain-weave fabric is investigated and 

their ballistic performance, evaluated. Unlike thermoset or thermoplastic resins that require high 

processing temperatures, the PSA is applied at room temperature and remain flexible even after 

impregnation into and between the fibers of the fabric. It also inhabits non-Newtonian properties. 

The degree of inter-ply adhesion can be controlled by the magnitude of the pressing pressure 

used during cold lamination. The process for fabrication of these composite panels is rapid and 
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low cost. The panels thus produced demonstrate significant ballistic protection at much lower 

areal densities and thicknesses compared with that of unlaminated stack of as-received 

UHMWPE fabric layers. A 22-layer UHMWPE-PSA panel was able to stop 9 mm bullets at 357 

m/s with very small back face signature. Analysis using CT-scan of the penetrated panels show 

that PSA provide strong binding that spread impact forces over larger area and dissipate the 

energy more efficiently. The energy dissipation was also related to the processing pressure 

applied during the fabrication of the panels. The material and technology investigated here is 

very attractive for high performance ballistic protection for body armor and other PPE 

applications. 

3.2. Materials and Methods 

3.2.1 Preparation of ballistic target samples  

 

The UHMWPE plain-weave fabric (Spectra® 900) with an areal density of 0.233 kg/m2, 

1200 denier, 1333 dtex, and thread-count of 21 × 21 yarns per inch was supplied by Barrday Inc., 

Charlotte, NC, USA. Pressure sensitive adhesive (PSA - 9472LE with adhesive thickness of 

0.132 mm) was purchased from 3M Canada, Milton, ON, Canada. UHMWPE fabric was cut to 

130 mm × 130 mm pieces for the manufacturing of ballistic panels. PSAs form a bond with the 

adherend when pressure is applied and are widely used in many industries [37]. PSA was cut to 

the same dimension and laid between the fabric layers (Fig. 3.1(a)) and hand-stacked together. 

The fabric plies were stacked with the warp and weft directions of fibers aligned in the same 

directions for all layers to ensure that the effects of processing pressure on ballistic performance 

can be investigated without any influences from changes in yarn directions . The UHMWPE 

laminates were formed by cold pressing using a CarverTM model #4938 hydraulic bench top 

press (Carver, Inc., Wabash, IN, USA) at 0.1, 4, and 8 MPa to produce panels with 22 and 25 
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layers. Additionally, samples of 40 and 45-layer neat fabric panels were hand-stacked together 

but bonded only along the sides and pressed at 0.1 MPa to study the effect of the adhesive bond 

between layers on the performance of the ballistic panels (Fig. 3.1(b)). The unlaminated impact 

zone of the neat fabric panels had a diameter of 100 mm to eliminate the influence of PSA on 

their ballistic performance and thus used as comparison to those that were fully laminated. 

 
Fig. 3.1. Schematic diagram of fabrication method of (a) laminated UHMWPE fabric using 

pressure-sensitive adhesive (PSA) and cold-pressed at 0.1, 4, or 8 MPa and (b) unlaminated 

UHMWPE fabric and bonded only at the sides and cold-pressed at 0.1 MPa. 

 

 

3.2.2 Ballistic testing 

Ballistic tests were performed at NINE35 testing facility in Caledonia, ON, Canada. A 

schematic of the ballistic test setup is shown in Fig. 3.2. Tests were performed by shooting 9 mm 

caliber 124-grain Round Nose (RN) Full Metal Jacketed (FMJ) bullets at 90±5˚ angle to the 

strikeface of the test frame. The test frame was placed 5 m from the gun muzzle. The 

ammunition used in our test conforms to NIJ standard- 0101.06 (Ballistic resistance of body 

armor, U.S. Department of Justice, 2008) for Type IIA protection level. Additionally, NIJ 

standard- 0101.06 suggests a distance of 5.0±1.0 m from gun muzzle of the test barrel to the 

target panel when testing for handgun ammunition. The velocity of the bullet was recorded using 

a chronograph (Beta Master Shooting Chrony®, Shooting Chrony Inc., Mississauga, ON, 
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Canada) at approximately half distance between the end of gun muzzle and target sample. The 

velocity of bullets recorded through the entire set of experiments was 357±8 m/s, close to the 

suggested velocity in NIJ standard- 0101.06 for similar 9 mm ammunition for Level IIA 

protection (373±9 m/s). The NIJ standard- 0101.06 classifies partial-perforation of a body armor 

when the entire portion of projectile is stopped (captured) by the armor. On the contrary, full (or 

complete) perforation is when any portion passes the armor by creating a hole through it or any 

projectile fragment is detected in the backing material. The backing material behind test panels 

was a standard clay (Roma Plastilina #1® modeling clay, Sculpture House Inc., Fort Pierce, FL, 

U.S.) suggested by ASTM E3004 – 15e1 standard (Standard specification for preparation and 

verification of clay blocks used in ballistic-resistance testing of torso body armor) and NIJ 

Standard- 0101.06. The clay was housed in a metal frame with a plywood bottom according to 

ASTM E3004 – 15e1 standard. The panel was held in-place using two elastic straps similar to 

the suggested procedure in the NIJ standard- 0101.06.  

Two samples were made for each multi-layer panel and tested. NIJ standard- 0101.06 

defines backface signature (BFS) as the maximum extent of indentation that remains in the 

backing material (clay) when the bullet is stopped by the armor plate and not perforated on its 

rear face (i.e., partial perforation). BFS is an important characteristic of ballistic performance and 

is widely used to compare performance of ballistic panels and trauma resistance as it is related to 

the amount of impact energy transferred to the body from non-perforated projectiles [38,39]. The 

injury caused by BFS after ballistic impact is called behind-armor blunt trauma (BABT) and 

could result in injury or death [11,40]. The maximum allowable BFS (depth of indentation or 

bulge height) is 44 mm according to the NIJ standard- 0101.06 for acceptable protection against 

BABT to prevent injuries of internal organs [39]. Here, the BFS of a partially-deformed panel 
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(Fig. A1 in Appendix) was determined from computed tomography (CT)-scan images which are 

described in Section 2.4.  

 
 

Fig. 3.2. Schematic of ballistic test setup. 

 

 

3.2.3 Bending stiffness and adhesive bond strength testing 

 The stiffness of the multi-layer composite panels was determined similar to PED-IOP-

008 (5-Mar-2014) which is an approved flexibility test for soft body armor panels in U.S. Army 

Aberdeen Test Center [16,41]. Identical test samples to those used in the ballistic tests, but of 

size 160 mm × 160 mm, were prepared for these tests. The samples were centered and allowed to 

rest freely on a rigid platform (170 mm × 170 mm) that had a 127 mm diameter orifice (with a 

12.7 mm edge radius [41). The platform is fixed onto the bottom frame of a Shimadzu AG-X 

series tensile tester with a 5 kN load cell (Fig. A2 in Appendix). A 25.4 mm diameter spherical 

plunger is fixed to the upper grip of the tensile tester that is aligned concentrically with respect to 

the 127 mm diameter orifice plate [41]. The plunger pushes the samples downward at the rate of 

1 m/min for a total stroke length of 57 mm into the orifice plate [42], similar to the testing 
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procedure of ASTM D4032 – 08 (Standard test method for stiffness of fabric by the circular bend 

procedure) to address complex multiaxial bending motion of protective garments. The maximum 

force is recorded from three samples for each sample configuration. This force in an indication of 

the stiffness of the ballistic panels and their resistance to bending. A lower force means higher 

flexibility (lower stiffness) of the ballistic panel. 

The bonding strength (peel or stripping strength) of PSA with UHMWPE fabric under 

different pressure levels (0.1, 1, 4, 8, and 12 MPa) was evaluated according to ASTM D903 – 98 

(Standard test method for peel or stripping strength of adhesive bonds, 2017). UHMWPE fabric 

is cut into two strips (width of 25.4 mm). The strips were laminated using PSA over a length of 

152.4 mm and firmly held at the grips of a Shimadzu AG-X series tensile tester with a 500 N 

load cell (Fig. A3 in Appendix). The strips were then peeled away from each other (at a 

separation angle of 180˚) at a rate of 152.4 mm/min. The average adhesion strength is calculated 

from the force-displacement graph for 127 mm of separation. The adhesive bond strength 

(N/mm) was then calculated by dividing the average force over the width of strips (i.e., 25.4 

mm). The average adhesion strength was then calculated from five samples for each PSA 

pressure level.   

3.2.4 CT-scan analysis  

 

The tested panels were analyzed using a non-destructive testing (NDT) technique of X-

Ray Computed Tomography (CT) scans to characterize delamination failure and study the failure 

mechanisms under ballistic impact. The CT-scans were conducted on a Gamma Medica X-

SPECTTM Small Animal Scanner operating at 75 kVp and 310 µA X-ray. The FLEX X-O CT 

System software was used to acquire 2184×2240 pixel-projections (0.05 mm × 0.05 mm pixels) 
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over 512 projection angles. The projection images are reconstructed using a Feldkamp cone-

beam reconstruction algorithm (COBRA, Exxim Computing Corporation) into 512×512×512 

arrays (0.115 mm voxels). The visualization and measurement processing were done using 

Amira software and MATLAB® (MathWorks, Natick, MA, USA). The BFS of partially-

perforated panels after impact was determined from the CT-scan images by measuring the 

maximum bulging height on the backface relative to the average baseline obtained from the four 

corners. The remaining depth of unperforated panels was also determined by measuring the 

thickness of remaining material from the X-Z view of the images and was used to calculate the 

percentage of the unperforated (i.e., intact) depth of composite laminates through the direction of 

impact (transverse direction). Additionally, a 3D-view of the backface after impact was also 

rendered from the 2D image slices for all the panels in order to calculate backface volume (BFV) 

in MATLAB®. The BFV was determined over a 45 mm × 45 mm region for all the samples as all 

of them were able to fit within this region while accounting for off-center hits on the target. 

3.3. Results and Discussion 

3.3.1 Effects of processing pressure on properties of composite laminates 

 

Tests were performed to determine the effect of the applied pressure on the inter-ply bond 

strength and stiffness of the composite laminates. Various pressures between 1-12 MPa were 

applied during processing and the adhesive strength measured. A condition of 0.1 MPa pressure 

was used as a control to simulate the no/gentle applied pressure condition. The results as shown 

in Fig. 3.3 indicate that the inter-ply bond strength increased from 0.281±0.048 N/mm at the 

lowest applied pressure of 0.1 MPa (control) to 0.546±0.026, 0.668±0.051, 0.755±0.055, and 

0.908±0.032 N/mm as the processing pressure was increased to 1, 4, 8 and 12 MPa, respectively. 
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This behaviour is inherent to the PSA where application of the pressure initiates the adhesion 

process.  

 

Fig. 3.3. Effect of applied pressure on inter-ply adhesion strength of UHMWPE laminate bonded 

with pressure sensitive adhesive (PSA). 

 

The thickness, areal density and stiffness of the fabricated panels are presented in Fig. 

3.4. Each individual layer of neat UHMWPE fabric has a thickness of 0.45 mm, which would 

yield a thickness of approximately 9.9 mm and 11.2 mm for a stack of 22 and 25-layer 

unlaminated panels, respectively. The measured thickness of a 22-layer laminate is 11.1±0.4 mm 

when pressed at 0.1 MPa, and this decreased to 9.3±0.2 and 8.8±0.2 mm when pressed at 4 and 8 

MPa, respectively. Similarly, the thickness of a 25-layer laminate is measured at 12.4±0.1 when 

pressed at 0.1 MPa and decreased to 10.8±0.2 and 10.3±0.3 mm when pressed at 4 and 8 MPa, 

respectively. This indicates the PSA infuses more effectively into the depth of the fabric layers 

between fibers at higher applied pressures, resulting in higher bond strength. In comparison, a 

45-layer unlaminated target sample is about 82 to 130% and about 63 to 96% thicker than 22 and 

25-layer laminated panels, respectively. Similarly, the areal density of 45-layer unlaminated 
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target sample is approximately 30 and 12% higher than 22 and 25-layer laminated panels, 

respectively.  

 

Fig. 3.4. Thickness, areal density, and stiffness of the different UHMWPE laminated and 

unlaminated test samples.  

 

In general, peel (adhesion) strength, cohesive resistance, and tack of different PSAs depend on 

the rheological properties (i.e., viscoelastic response) of the bulk adhesives [37,43] as well as the 

surface energies of the adhesives and adherend [43] and other process conditions including 

substrate surface roughness, contact time, applied pressure and temperature on tack 

(instantaneous) adhesion properties of PSA [44,45]. At low pressure and/or short contact times, 

PSA tack force (or energy) is dependent on bonding conditions (i.e., pressure and time of 

contact) and was found to increase with applied pressure similar to the results observed here.  
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Table 3.1 Ballistic test results; backface signature (BFS), backface volume (BFV), thickness, 

areal density, and stiffness of various multi-layered laminated and unlaminated target samples. 

No. of 

stacked 

fabric 

layers 

Processing 

pressure 

(MPa)  

Partial 

perforation 

(PP) vs. Full 

perforation 

(FP) 

Average 

BFS 

(mm) 

 

Average 

BFV 

(mm3) 

 

Normalized 

BFS (mm) 

Average 

areal 

density 

(kg/m2) 

Circular 

bending 

stiffness 

(kN) 

Average 

thickness 

(mm) 

 

 

 

22 

0.1 FP - - -  

7.90±0.04 

0.702 

±0.008 

 

11.1±0.4 

4 PP 15.2±1.6 11,338 

±1492 

17.3 7.95±0.02 0.936 

±0.009 

 

9.3±0.2 

8 PP 12.6±0.2 9,640 

± 753 

14.9 8.00±0.02 0.973 

±0.018 

 

8.8±0.2 

 

 

 

25 

0.1 PP 18.9±0.1 ~14,983 21.0  

9.00±0.04 

0.915 

±0.052 

 

12.4±0.1 

4 PP 13.8±0.1 11,170 

± 1485 

20.1  

9.20±0.02 

1.197 

±0.020 

 

10.8±0.2 

8 PP 11.7±0.5 8,272 

± 208 

17.0 9.21±0.03 1.196 

±0.020 

10.3±0.3 

 

40 

Unlaminated  FP - - - 9.20* 0.724 

±0.087 

~18.0** 

 

45 

Unlaminated  PP 19.2±0.2 

 

19,835 

± 399 

19.2 10.35* 0.822 

±0.062 

~20.2** 

 

The circular bending stiffness of the various laminated panels with PSA under different 

processing pressures are compared based on the amount of force needed to push the panels 

through an orifice (Section 2.3). The maximum recorded force for the 22-layer composite 

laminates is 702±8 N at the lowest applied pressure of 0.1 MPa and this increased to 936±9 and 

973±18 N as the pressure was increased to 4 and 8 MPa. Similarly, the maximum recorded force 

for the 25-layer composite laminates is 915±52, 1197±20 and 1196±20 N at applied pressures of 

0.1, 4 and 8 MPa. The 22- and 25-layer composite laminates become stiffer (less flexible) by 

about 31-33% while the inter-ply bonding strength (between adjacent fabric layers) increases (by 

about 138%) as the applied processing pressure increased from 0.1 to 4 MPa. This observation is 

analogous to the changes in the processing conditions of thermoplastic-matrix fiber-reinforced 

composites (FRCs) as an increase in inter-ply adhesion strength results in higher stiffness 
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(flexural modulus) [46,47]. Moreover, the stiffness of the composite laminates did not change 

significantly, but inter-ply bonding strength increased by about 13% when the applied pressure 

was further increased from 4 to 8 MPa. Therefore, the lamination of PSA with fabric layers is 

preferable at 8 MPa as it results in higher interplay bond strength, reduced thickness, and without 

additional increase in stiffness (compared to the processing pressure at 4 MPa). For comparison, 

the maximum recorded bending force for 40 and 45-layer unlaminated panels is 724±87 and 

866±62 N, respectively. Interestingly, the bending stiffness of the 22-layer laminate pressed at 

0.1 MPa was found to be lower than 40 and 45-layer unlaminated panels. However, the bending 

stiffness of 22-layer laminated pressed at 4 and 8 MPa was only ~ 14-18% higher than the 45-

layer unlaminated panel.  

 

3.3.2 Failure and deformation analysis of target samples 

 

The ballistic performance of the 22 and 25 layer laminated PSA-UHMWPE composite 

panels were measured (Table 1) and compared with 40 and 45 layers of unlaminated neat 

UHMWPE panels to determine the improvement conferred due to the use of PSA and 

lamination. Since the 22 layer samples pressed at 0.1 MPa failed to stop the projectile, panels 

with fewer number of layers where not considered in this study. It can be seen that 40 layers of 

neat, unlaminated UHMWPE was completely perforated by the bullet while 45 layers was able 

to stop it. In comparison, 22 layer PSA laminates pressed at higher pressures and all of the 25 

layer PSA laminates were able to stop the bullet. It is notable that the areal densities of the 22 

layer laminates (8 MPa applied pressure) were considerably lower (~30%) and were also thinner 

(more than 50%) than the 45 layer neat UHMWPE while the flexibility was comparable, which 
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makes the 22 layer PSA laminate pressed at higher pressures that most ideal among the ballistic 

panels tested. 

 

Fig. 3.5. Cross-section CT-scan images of the impact area of target samples for the 22-layer 

laminated pressed at (a) 0.1 MPa (b) 4 MPa (c) 8 MPa; 25-layer laminated pressed at (d) 0.1 

MPa (e) 4 MPa (f) 8 MPa; unlaminated with (g) 40-layers (h) 45-layers. Impact direction is from 

top to bottom; The arrows indicate the delamination of fabric layers; The dash-lines show the 

edge of plug formation at the crater region formed on the strikeface.  
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Cross-sectional images of the bullet perforation from the ballistic tests were also obtained 

from the CT-scans. The reconstructed images for the 22 and 25-layer laminates for different 

applied pressures are shown in Fig. 3.5. The corresponding images for a 40- and 45-layer 

unlaminated panel are also shown in this figure. The average BFS of the partially-perforated 

panels measured from the CT-scan images are presented in Fig. 3.6 and listed in Table 1. The 22-

layer laminate pressed at 0.1 MPa (Fig. 3.5(a)) were completely perforated and allowed the 

bullet to pass through. Fiber fracture (initial shear cut-out followed by fiber failure under tensile 

forces [48]) and delamination of the individual layers can be observed indicating that the 

adhesive was not able to hold the layers together at impact. The samples that were laminated at 

higher processing pressure (Fig. 3.5(b-c)) and all the 25-layer laminates (Fig. 3.5(d-f)) were not 

completely perforated and was able to stop the bullet. It can be seen that the fibers were fractured 

at the front of the panels while the fibers at the back were stretched and deformed creating a 

permanent BFS. The BFS of target samples was detected from cone-shape bulges that was 

formed at the backface of the laminates (Fig. 3.5(b-f)). The bullet was flattened (mushroomed) as 

it was stopped (grabbed) by the panel. It is estimated that about 25% of the impact energy 

dissipation is through the deformation of the bullet into a “mushroom” form through a UD-based 

armor panel [49]. Once deformed, the bullet tends to stretch the fibers (rather than fiber fracture) 

at the rear of the panel and compress the target toward the backing material. The deformation 

and fiber cutting and stretching decelerates the bullet through the panel layers. As the flattened 

bullet shear-cuts through the layers, the panel starts to bend which results in greater tensile fiber 

breakage, which absorbs more energy of impact before the bullet is stopped. Extensive 

delamination of partially-perforated target samples was observed mainly occurs near the 

backface where the bullet is stopped (similar to [22,50]). Therefore, the energy dissipation in the 
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in-plane direction is spread over a larger surface area. In other words, the delamination failure 

occurred close to the penetration and propagated to the sides of the composite laminates [22]. 

The place where the bullet starts to deform is also where the panel is deformed to its maximum 

extent [49]. 

 

Fig. 3.6. Effect of applied pressure on BFS and BFV for (circle) 22-layer and (Square) 25-layer 

laminates.  

 

The extensive propagation of delamination was more noticeable for the partially-

perforated 22 and 25-layer panels (Fig. 3.5(b,c,e, and f)) which were compressed at 4 and 8 MPa. 

The delamination creates an interface between the perforated layers and the remaining plies at 

the backface which were strained without breakage. The delamination failure was less observed 

for panels pressed at the 0.1 MPa pressure (Fig 3.5(d)) when compared to panels pressed at 

higher pressured (Fig. 3.5(b, c, e, and f)).  The panels pressed at 0.1 MPa pressure had low inter-

ply bond strength which significantly reduced mechanical coupling of the layers. Therefore, most 

of the energy of the impact is dispersed through fiber straining at the backface (i.e., bulging) 
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rather than extensive delamination. This likely explains the higher BFS for the 25-layer laminate 

pressed at 0.1 MPa (i.e., 18.9±0.1 mm) compared to 25-layer laminates pressed at 4 and 8 MPa 

(i.e., 13.8±0.1 and 11.7±0.5 mm, respectively). The extent of delamination to the sides of the 

panel was more noticeable in the laminate pressed at 8 MPa (Fig. 3.5(f)) when compared to the 

laminate pressed at 4 MPa (Fig. 3.5(e)). This is also evident in the 22-layer laminate when 

comparing Fig. 3.5(b) and Fig. 3.5(c), which explains its higher energy dissipation and smaller 

BFS. The increase in lamination pressure results in a change in energy dissipation mode from 

primarily “fiber fracture” to one where a significant amount of fiber straining is involved that can 

result in a higher energy dissipation per unit volume. Similar results were observed when  the 

processing pressure of cross-ply laminates of DSM Dyneema® HB26 (UD UHMWPE prepreg 

plies) was increased. It resulted in reducing the thickness of the interplay resin layer which leads 

to increased interlaminar delamination (fiber/matrix debonding) and thus more ply splitting near 

the backface. A higher degree of fiber damage and ply splitting is evidence of the panel being 

exposed to a greater compressive stress under ballistic impact [51]. 

An inverse co-relation between the applied processing pressure and BFS was also 

observed which was unique to PSA laminates. While the 22-layer composite laminate pressed at 

0.1 MPa was fully perforated (minimal energy dissipation due to mainly fiber fracture rather than 

fiber straining), the 22-layer laminate compressed at 4 MPa was only partially perforated with a 

BFS of only 15.2±1.6 mm. The BFS of the 22-layer laminate reduces further to 12.6±0.2 mm 

when compressed at 8 MPa (Fig. 3.5(c)). The increase in applied pressure results in higher inter-

ply bond strength of the PSA which provides higher dissipation of impact energy as the layers 

are delaminated resulting in smaller BFS. The total thickness of unperforated layers in the 

partially-perforated samples was estimated from Fig. 3.5 (b-f and h). For the 22-layer laminated 
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panels at 4 and 8 MPa, the thickness of unperforated layers was about 2.5 and 4.5 mm, 

respectively. For the 25-layer laminated panels pressed at 0.1, 4, and 8 MPa, the thickness of 

unperforated layers was about 4, 4.7, and 5.5 mm, respectively, while it was about 4.8 mm for 

the 45-layer unlaminated panel. The percentage of the unperforated depth of 25-layer composite 

laminates increased from about 32 to 43 and 53%, when processing pressure increase from 0.1 to 

4 and 8 MPa, respectively, which demonstrates a higher energy absorption of the laminates 

manufactured at higher pressure. Similarly, the percentage of the unperforated depth of 22-layer 

composite laminates increases from 0 to about 27 and 51% when processing pressure increase 

from 0.1 to 4 and 8 MPa, respectively (Table 1). This indicates that the composite is potentially 

capable of withstanding bullets even at higher velocities. From the ballistic test results, the 

unlaminated samples with 40 layers of fabric were fully perforated and failed (Fig. 3.5(g)). 

However, the unlaminated samples with 45 layers of fabric were only partially perforated (Fig. 

3.5(h)) with BFS of 19.2±0.2 mm, which is about 26 and 52% higher than 22-layer laminates 

compressed at 4 and 8 MPa, and about 1.6, 39, and 64% higher than 25-layer laminates 

compressed at 0.1, 4, and 8 MPa. Additionally, the percentage of the unperforated depth of 45-

layer unlaminated panel is about 24% which is smaller than that of 22- and 25-layer partially-

perforated laminates.  

The strikeface of target samples from the CT-scans are shown in Fig. 3.7. The 

compression of target sample forms an upward flow (compressive pulse [48]) of the material 

which creates a plug formation at the crater (formed on strikeface due to shear plugging and 

fracture of fibers [29]). Plug formation at the crater region of target samples is also noticeable 

from cross-section CT-scan images in Fig. 3.5. For the 22-layer composite laminate compressed 

at 0.1 MPa (Fig. 3.7(a)), there was complete bullet perforation through all the layers with 
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minimal straining at the backface and no visible plug formation on the strikeface because of 

minimal upward flow of the materials due to low inter-ply bond strength. Similarly, no plug 

formation was detected in the 25-layer composite laminate compressed at 0.1 MPa (Fig. 3.7(d)), 

and in the 40- and 45-layer unlaminated target samples (Fig. 3.7(g and h)), where the dominant 

failure mechanism is the shear failure of the fibers at the strikeface.  

 

Fig. 3.7. Strikeface of target samples after impact for the 22-layer laminated pressed at (a) 0.1 

MPa (b) 4 MPa (c) 8 MPa; 25-layer laminated pressed at (d) 0.1 MPa (e) 4 MPa (f) 8 MPa; 

unlaminated with (g) 40-layers (h) 45-layers. The arrows show the delamination of fabric layers. 

The dash-lines show the edge of plug formation at the crater region formed on the strikeface. 
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On the other hand, a noticeable strikeface plug formation was observed in all the 22- and 

25-layer composite laminates compressed at 4 and 8 MPa (Fig. 3.7(b,c,e, and f)). In general, the 

dominant failure mechanisms of woven fabric composites under ballistic impact is elastic 

deformation of secondary yarns, cone formation on the rear face of target samples, tensile failure 

of primary yarns/fibers, delamination, shear plugging, matrix cracking, and friction between 

projectile and target sample during penetration [52] rather than yarn pull-out and "windowing" 

effect [53]. Here, the strikeface plug formation in composite laminate pressed at 4 and 8 MPa 

indicates higher energy dissipation throughout the panel which results in lower BFS (compared 

to laminated panels at 0.1 MPa). 

NIJ standard- 0101.06 only suggests the measurement of BFS (i.e. the extent of 

indentation depth in the backing material). However, it was noted that the volume of backface 

deformation should also be considered in damage analysis to determine energy absorption 

capacity and energy transmitted to the back side of ballistic panels [40]. In [40], the depth and 

diameter of trauma formed in the backing material were determined by measuring the dimension 

of a mold created inside the indentation cavity of the backing material (i.e. clay) after impact. 

The volume of trauma geometry was determined from these dimensions to calculate the impact 

energy transmitted to the back of the fabric layers. 

 The CT-scans obtained here provide a convenient means to calculate the Backface 

volume (BFV) using in-house image processing software. Here, the BFV of partially-perforated 

target samples were calculated from the 3D images (Fig. 3.8) of the backface target samples after 

impact and presented in Fig. 3.6 and listed in Table 1. The BFV in partially-perforated target 

samples is related to the amount of impact energy transmitted to the back of the target sample. A 

higher BFV means more energy of impact is transmitted to the back of the panel which results in 
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more trauma. In other words, if the impact energy is propagated to a larger area of the panel and 

absorbed more by the fabric layers, the trauma volume will be lower (i.e. smaller diameter of 

trauma) [40]. From the results, the BFV of 22-layer laminated panels decreases about 15% when 

the processing pressure is increased from 4 to 8 MPa. Similarly, the BFV of 25-layer laminated 

panels decreases about 25 and 45% when the processing pressure is increased from 0.1 to 4 and 8 

MPa. Moreover, the 45-layer unlaminated fabric panel has about 32 to 140% higher BFV 

compared to all 22- and 25-layer partially-perforated laminated panels. As the processing 

pressure is increased from 0.1 to 4 and 8 MPa, the fibers within the laminated layers are more 

interconnected and held together more strongly (i.e. higher inter-ply adhesion) with better strain 

resistance and therefore impact energy is transferred to a larger area of the panel. Hence, the 

bulge formed on the backface has smaller depth and diameter which results in lower BFS and 

BFV, respectively. Similarly, the 45-layer unlaminated panel has significantly higher BFS and 

BFV (and lower trauma resistance) compared to all 22- and 25-layer partially-perforated 

laminated panels.  

The BFS extent of partially-perforated samples were normalized (BFSn) with respect to 

the flexibility of 45-layer neat fabric (which is the thickest analyzed panel among all the tested 

samples) similar to [38,39]  as  

      (1) 

where f is the flexural stiffness (N) of the panel, BFS (mm) is the extent of deformation on the 

backface, BFSn (mm) is the normalized BFS, and f45-layer as-received is the bending stiffness of 45-

layer stack unlaminated panel as the reference. The BFSn of partially-perforated panels along 

with the percentage of the unperforated depth for the 22- and 25- layer panels with the 
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processing pressure are presented in Fig. 3.9. The BFSn of the 22-layer partially-perforated 

laminates reduced from 17.3 to 14.9 mm when the applied pressure was increased from 4 to 8 

MPa, confirming that the panels pressed at higher pressure have better ballistic performance with 

respect to BFS although they become slightly stiffer in an absolute sense.  

 
Fig. 3.8. 3D-view of the backface of target samples after impact for the 22-layer laminated 

pressed at (a) 0.1 MPa, (b) 4 MPa, (c) 8 MPa; 25-layer laminated pressed at (d) 0.1 MPa, (e) 4 

MPa, (f) 8 MPa; unlaminated with (g) 40-layers and (h) 45-layers. 

 

Similarly, BFSn of 25-layer partially-perforated laminates reduced from 21 to 20.1 and 17 mm 

when the applied processing pressure was increased from 0.1 to 4 and 8 MPa, respectively. On 

the other hand, the BFSn of 45-layer partially-perforated unlaminated target sample is the highest 
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(except for 25-layer laminated at 0.1 and 4 MPa) which is up to about 29 % higher than that of 

laminated samples, confirming the superior performance of laminated target samples with 

respect to their thickness and BFS. 

 

Fig. 3.9. Effect of applied pressure on normalized backface signature (BFSn) and percentage of 

the unperforated depth to the total thickness. 

 

The improvement in ballistic performance of multi-layer fabric by laminating individual 

layers using PSA in this work is analogous to the influence of STF to increase ballistic impact 

energy absorption of multi-layer fabric. A multi-layer Kevlar® impregnated with shear 

thickening fluids (STFs) absorbs more impact energy as STF act as a “bridging matrix” which 

transforms the stack of fabric layers into a coherent structure. Therefore, a larger portion of 

fabric is involved in load-bearing and energy-absorption mechanisms in addition to primary 

yarns [10]. Primary (principal) yarns are those in direct contact with the projectile and intersect 

with orthogoal yarns. Generally, primary (principal) yarns deform more (highly stressed) and 
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contribute more to disperse kinetic energy of projectile [23]. Unlike the STF the PSA is a solid 

state material and therefore more amenable to manufacturing and integration within a body 

armor. Furthermore, issues such as leakage of fluids are not of concern in PSA. Finally, due to its 

nature, further cold processing by application of pressure can restore the inter-ply adhesion and 

enhanced performance of these composites. 

The laminated panels pressed at higher pressure (and resulting slightly higher bending 

stiffness) provides better ballistic performance with respect to BFS and BFV. This property is 

unique to PSA based laminate material and has not been reported before. This observation is 

unlike that of thermoplastic-matrix FRC where flexural stiffness of composite laminates is 

inversely related to ballistic resistance. For instance, processing conditions of thermoplastic-

matrix FRC could result in improved wetting characteristics of resin and fiber and increase 

adhesion strength between fabric layers. As a result, stiffness (flexural strength) of composite 

panels increases which results in restricted fiber straining (deformation) and mobility. The 

ballistic impact resistance of composite laminates is consequently reduced when fiber straining is 

restricted which makes the impact failure more localized accompanied by shear cutting of fibers 

at the impact area [46,47]. For another example, a UHMWPE composite plate (DSM Dyneema® 

HB50) with lower matrix shear strength (as a measure of inter-laminar shear strength) shows the 

highest ballistic limit compared to UHMWPE composite plate (DSM Dyneema® HB26) with a 

harder matrix [54]. Overall, it is concluded that all the laminated composite panels at processing 

pressure of 4 and 8 MPa performed better from ballistic testing compared to 40- and 45-layer of 

unlaminated target samples. Cold lamination is a simple, rapid, low-cost and effective processing 

technique that in combination with the PSA can be used to create composite panels that provide 
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superior ballistic performance at lower areal density and still maintain the flexibility of neat 

stitched ballistic fabrics such as UHMWPE. 

3.4. Conclusions 

The ballistic performance of composite laminates prepared by cold-press compression of 

plain-weave UHMWPE fabrics using pressure-sensitive adhesive (PSA) was studied. Laminated 

composite panels consisting of 22 and 25 layers of UHMWPE were cold pressed at 0.1, 4 and 8 

MPa. In addition, 40 and 45 layers of UHMWPE neat fabric were stacked together in order to 

compare their ballistic performance with the laminated panels. Ballistic tests using 9 mm 

ammunition at ~357 m/s were performed in order to determine the bullet penetration resistance 

and impact energy absorption capability of the panels. The tested laminate samples were 

analyzed using X-Ray Computed Tomography (CT) scans to study failure mechanism under 

impact and calculate backface signature (BFS), backface volume (BFV), and percentage of 

unperforated layers. 

There was a significant improvement in bullet penetration resistance and energy 

absorption of laminated panels when the compression pressure was increased as shown by the 

decrease in BFS, BFV, and increase in percentage of the unperforated layers. All the 22- and 25-

layer laminated target samples stopped the bullet and were only partially perforated (except 22-

layer laminate pressed at 0.1 MPa). The energy of impact was found to be dispersed through 

fiber straining and delamination at the backface and compression of the panel forming a 

permanent deformation on the backface (BFS), in addition to an upward flow of the material 

forming a plug at the strikeface. Increasing the processing pressure to 4 and 8 MPa resulted in a 

decrease in BFS and BFV due to an increased energy dissipation upon impact through an 

extensive delamination mechanism which propagated to the sides of the panel. A 45-layer stack 
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of unlaminated layers was able stop the bullet (while the 40-layer unlaminated failed the test) 

and was partially-perforated but showed lower ballistic performance (higher thickness, areal 

density, normalized BFS (BFSn) with flexibility, BFV and also lower percentage of unperforated 

layers) compared to the partially-perforated 22- and 25-layer laminated samples at 8 MPa. 

Inter-ply bond strength and stiffness tests were performed to determine the effect of the 

processing pressure on these parameters. An increase in applied pressure was found to increase 

the inter-ply bond strength. The composite laminate becomes stiffer (specifically when 

processing pressure increased from 0.1 to 4 MPa) with an increase in inter-ply bonding strength 

due to the PSA spreading more effectively into the depth of fabric layers when processing 

pressure is increased. However, increasing the processing pressure from 4 to 8 MPa resulted in 

only a small increase in bending stiffness while the inter-ply bond strength was increased. The 

BFSn decreased in both 22 and 25-layer laminates when processing pressure increased from 0.1 

to 8 MPa.  
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Fig. A1. Measurement schematic of the BFS of a partially-perforated panel. 
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Fig. A2. Circular bending stiffness testing according to PED-IOP-008 (5-Mar-2014) standard. 
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Fig. A3. Adhesive bond strength test according to ASTM D903 standard. 
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Abstract 
 

Thermoplastic resin is infused into fabric layers to form fiber reinforced composites 

(FRCs) which are commonly used for ballistic resistance purposes. Here, we explore the use of 

patterned thermoplastic hot film as a simple and rapid method to laminate plain-weave 

UHMWPE and demonstrate that these composites have attractive ballistic and stiffness 

properties. Lamination of 25 layers of fabric using hot press compression lamination of each 

individual layer with hot film was able to confer the ability to stop .357 magnum ammunition 

shot at 435.9 ± 9 m/s. Patterning the hot film resulted in the composite panels to retain most of 

their flexibility without losing their ballistic performance as compared to when they are 

laminated with plain (not patterned) hot film. Using the hot film for lamination results in an 

increase in energy absorption of the laminates with a smaller backface signature and backface 

volume. These laminates are lighter and more flexible than the commonly used hot resin infused 

FRC. 

 

 

Keywords: Ultra-high molecular weight polyethylene (UHMWPE); Ballistic impact; Body 

armor; Hot film; 
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4.1 Introduction 

 

With the rapid technological advancement in firearms over the last few decades, there is 

an increased demand for personal protective equipment (PPE) with greater firearm protection 

without compromising weight and flexibility. Since the development of high strength fibers 

(HSFs), fiber reinforced composites have been widely adopted for ballistic protection for 

personal and military applications [1,2]. HSFs are characterised by high energy absorption 

capability, low density, and high strength [3]. The most common HSFs used for ballistic 

protection purposes include aramid fibers (Kevlar®, Nomex®, Technora®, Twaron®) and Ultra 

High Molecular Weight Polyethylene (UHMWPE) fibers (such as Dyneema® and Spectra®) 

[4,5]. However, without any further treatment, they remain heavy, bulky, and stiff because stacks 

of multiple layers (generally 30-50) are needed to obtain the required ballistic and/or stab 

protection. This greatly affects the mobility and comfort of the wearer [6]. 

The ballistic performance of a material mainly depends on its ability to locally absorb 

energy of the projectile and its capability to spread it out quick and efficiently [3]. Studies review 

that most of the kinetic energy of the projectile is transferred to the principal yarns (yarns in 

direct contact with the projectile) as strain and kinetic energy [7]. Orthogonal yarns (yarns that 

intersect primary yarns) have a smaller influence on energy absorption as they are not highly 

stressed as much as the primary yarns at the time of impact. Other material properties that 

influence the ballistic performance are friction, far-field boundary conditions, fabric structure, 

impact velocity, projectile geometry and multiple ply interactions [8]. Ballistic damage 

mechanisms differ and depend on whether the projectile strikes at high or low velocities. At high 

velocities (350-500m/s), the damage occurs through localized loading of the fabric and yarn 
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uncrimping, leading to plastic deformation of the fiber and fracture [8–10]. However, yarn 

uncrimping and translation which are normally referred to as yarn pull-out are dominant at 

relatively lower velocities (i.e. about 244 m/s) [11]. Another major factor affecting the energy 

absorption of fabrics is weaving architecture. It has been observed that plain weave fabrics 

perform better than other weaving structures (i.e. twill, satin and basket architectures) [12]. 

The backface signature (BFS) or trauma depth in the backing material plays an important 

role to ensure the wearer is protected from injury by minimizing the projectile’s probability of 

severely damaging internal organs through the torso. According to NIJ standard-0101.04, the 

BFS in the backing material should not exceed 44mm [13]. A combination of yarn-to-yarn and 

projectile-to-yarn friction form the frictional energy absorption from the interaction of fabric 

layers during impact [8]. One popular way of reducing the BFS which is widely used is coating 

of fabrics because it can alter frictional forces and energy absorption characteristics of textiles 

[14,15]. High strength woven fabrics coated with natural rubber latex (NRL) showed significant 

improvements in ballistic impact performance of the fabric systems involving neat and coated 

fabric layers due to the decreased mobility of the yarns upon impact thus altering frictional 

interactions [15]. The ballistic performance of unidirectional UHMWPE 12-ply fabric systems 

coated with NRL was compared to all-neat fabric systems and results showed that NRL coated 

panels possessed superior energy absorption characteristics [16]. Nylon coating is another 

technique that has shown to improve mechanical properties of fibers and increase fiber-to-fiber 

frictional force which results in higher penetration resistance of fabrics [17]. 

There are many studies of enhancing the ballistic/stab performance of materials by 

increasing friction between the yarns using shear thickening fluids (STF) and silica-water 

suspension (SWS). High strain rate properties of STF-treated UHMWPE ballistic composites 
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were investigated by subjecting both STF-treated and neat compression moulded UHMWPE 

variant (Gold Shield ® ) to high strain rate loading. It was revealed that STF treatment enhanced 

the ballistic resistance of Gold Shield ® [18]. In another study, UHMWPE woven fabrics of 

varying thread densities were treated with 65% w/w STF and investigated for energy impact 

absorption. All tested levels of yarn linear densities resulted in an increase in yarn pull-out force 

which was correlated to an increase in inter-yarn friction[19]. Kevlar fabrics were impregnated 

with STF consisting of sphere silica and fumed silica as silica particles with ethylene glycol and 

polyethylene glycol (PEG 200) as the fluid medium and it was observed that the STF improved 

the stab and ballistic resistance of Kevlar® fabric [6]. In another study, the ballistic performance 

of woven Kevlar® impregnated with colloidal STF (containing 450 nm silica particles) was 

investigated and the results showed a significant improvement in ballistic penetration resistance 

without any loss in material flexibility as compared to the neat fabrics with comparable areal 

density[20]. This suggested that the STF restricts the yarns as they are pulled through the fabric 

increasing the force needed to pullout each yarn from the fabric resulting in increase in energy 

dissipation [20]. STF impregnated aramid fabrics under high velocity impact were investigated at 

high impact velocities of around 500 m/s and the findings indicated that the specific energy 

absorption of the single ply and 10-ply STF impregnated fabric panels was 44.8% and 64.1% 

lower than the corresponding neat fabric panels respectively. This was found to be due to the 

change in failure mode from being tensile dominant to shear dominant which resulted in decrease 

in energy absorption due to increased possibility of earlier damage [21]. Therefore, the effect of 

STF becomes less predictable at high impact velocities which can be a drawback. Another 

research work manufactured sandwich composite panels using 3D-mats containing 

interconnected channels sandwiched between Kevlar® layers and filled the core with 600 nm 
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silica based STFs dispersed in PEG-200 to investigate its effect in energy dissipation of the 

material. It was found that the sandwich panels were able to absorb 96.3% of the incident energy 

accounting to 67.4% increase in energy absorbed as compared to hollow sandwich composite 

panels [22]. However, despite the improvement in ballistic performance and mechanical 

properties of STF, they remain inconveniently cumbersome to incorporate and have leakage 

issues [23]. 

Thermoplastic (TP)/thermoset impregnated fiber reinforced composites (FRCs) are the 

most common high strength unidirectional (UD) laminated composites. Compression molding, 

vacuum bagging and oven processing, autoclave processing, and hand layup technique are some 

of the processing methods of manufacturing fiber reinforced composites [24]. The use of 

thermosets as matrix materials is limited due to some disadvantages such as long curing 

processing and the requirement for low temperature storage [25]. However, thermoplastic based 

composites are a better choice because of their short processing times, long shelf life, 

recyclability, and chemical resistant melt processability [26,27]. Having relatively low brittleness 

transition temperatures allowing improvements in ballistic resistance, fast fabrication cycles and 

higher mechanical toughness also makes thermoplastics a more attractive matrix [28,29]. Fiber 

breakage, matrix cracking, delamination and fiber straining are the major energy absorbing 

mechanisms of thermoplastic based FRCs [25]. Due to their lower tensile strength as compared 

to thermosets, thermoplastics are used with fibers of high elastic modulus such as Kevlar® to 

improve the matrix stiffness [26]. Kevlar® fabrics of different architectures were used as 

reinforcements with polypropylene (PP) matrix to make ballistic armor panels using compression 

molding and 16-29% reduced density was observed in Kevlar® thermoplastic based composites 

relative to that of the thermoset based ones [25]. Dynamic and quasi static stab testing of TP 
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impregnated woven aramid fabrics were carried out and the results showed that the TP laminated 

fabrics significantly improve the stab and puncture resistance of fabrics due to a combination of 

reduced windowing by prohibiting the yarns from being pushed aside and increased cut 

resistance by increasing the friction between the target and the spike [1]. It was observed that 

shear plugging near the impact zone is the dominant energy absorption mechanism in 

thermoplastic composites [30]. Heating process of thermoplastic composites affect the wetting 

characteristics and the cooling process greatly affects the molecular packing characteristics 

which influences the stiffness of the composite [31]. Another study compared the ballistic 

performance of composites processed at different temperatures and the ones processed at 260 °C 

(tension mode of failure dominant) had significantly higher ballistic impact resistance than 

composites processed at 350 °C (shear cut dominant) in which fiber straining and delamination 

are the desired failure mechanisms [32]. Low resin content is more attractive for armor-grade 

composites due to the weak fiber-matrix adhesion which allows fibers to deform pull-out as well 

as additional mechanisms of energy dissipation associated with delamination and debonding 

[33]. However, despite having good ballistic properties, TP impregnated fiber reinforced 

composites are very stiff and require long processing times and high temperatures[32]. 

The objective of this work is to develop a novel  ballistic composite panel with uniform 

hardened regions using UHWPE plain-weave fabric and patterned thermoplastic hot film (HF) 

that will provide high ballistic performance without significantly compromising on flexibility. 

The panels were developed using multiple layers of fabric bonded with a thermoplastic HF using 

a heat press at 100°C. A patterned heat resistant film was used so that only the patterned areas of 

the fabric were laminated, leaving a network of unlaminated channels to allow a greater degree 

of flexibility. The layers are offset from one another by ensuring interacting plies  provide 
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complete coverage of the HF over the layers. The composite panels were prepared with varying 

number of layers ranging from 20 to 30 and tested against NIJ standard II 0.357 magnum ammo. 

The failure mechanism of the composite panels was investigated using a comprehensive analysis 

of X-Ray Computed Tomography (CT). This fabrication technique provides useful insights in 

creating a soft ballistic body armor with great flexibility. The materials and methods are 

presented in the following section, followed by results, discussion, and conclusions. 

4.2. Materials and Methods 

4.2.1 Preparation of patterned hot film  

 

Thermoplastic hot melt film (with application temperature range of 190-219 °C) was 

supplied from Adheco Ltd, Scarborough, ON, Canada. Hot melt film (HF) melts when heated to 

its melting temperature which allows it to form a physical bond with a substrate, then solidifies 

when cooled and are used for many applications [34]. The UHMWPE plain-weave fabric 

(Spectra® 900) with thread-count of 21 × 21 yarns per inch, areal density of 0.233 kg/m2, 1200 

denier and 1333 dtex, was supplied by Barrday Inc., Charlotte, NC, USA. A heat transfer vinyl 

carrier sheet cut to 130 mm × 130 mm was attached to an adhesive backing and patterned using a 

Silhouette CAMEO 3 vinyl cutter programmed using Silhouette Studio® software to cut out 

uniform hexagonal regions from the carrier sheet as shown in Fig.4.1. The patterns had a 

nominal diameter of 27.9 mm with a 1 mm gap between each region. A hexagon pattern was 

chosen because it allows the fabric to freely bend in 6 different directions along the gaps and 

provides degrees of freedom of motion to the wearer of such body armor.  The patterned heat 

transfer carrier sheet was stacked in-between a 130 mm × 130 mm single layer of HF and a 

single ply of UHMPWE fabric of similar dimensions. Heat was then applied to the stack at 210 

°C for 120 s as shown in Fig.4.1(b). After cooling down at room temperature the patterned heat 
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transfer carrier sheet is peeled off the fabric by hand leaving solid hexagonal patched coated to 

the UHMPWE fabric as shown in Fig.4.1(c). 

Fig 4.1. Preparation of patterned hot film 

4.2.2 Preparation of ballistic target samples  

 

Fabric samples coated with the patterned HF were hand stacked together with the weft 

and warp directions of fibers aligned in the same direction and pressure sensitive adhesive (PSA) 

bonded along the sides and pressed at 0.1 MPa as shown in Fig.4.2(a). Samples were also 

prepared with fabric coated uniformly with HF without using a heat transfer carrier sheet to 

investigate the effect of patterning the HF on ballistic performance and stiffness. PSA (9472LE) 

with adhesive thickness of 0.132 mm was purchased from 3M Canada, Milton, ON, Canada. 

Another set of panels (H/P25) were prepared in which only half of the layers are bonded as in 

Fig.4.2(a) at the strike face and the other half completely bonded with PSA at the back face 

throughout the entire surface and pressed at 8 MPa as shown in Fig.4.2(b). HF was used at the 

strike face because of its hardness properties when treated to the fabric is highly favourable 

during initial impact with a projectile[35]. These panels were prepared with 25 layers of fabric 

stacked. Alternatively, a 45-layer sample was prepared using only neat fabric samples with PSA 
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only bonded at the sides similar to Fig.4.2(a) in order to compare how the fabric lamination 

affect ballistic mechanism and performance in relation to neat fabric.  

Fig 4.2. Schematic of fabrication method of ballistic panels of (a)25 layer panel of patterned hot 

film and (b) 25 layer hybrid panel consisting of 13 layers of patterned hot film and 12 layers of 

fabric bonded with PSA  

 

4.2.3 Ballistic testing 

 

Ballistic tests were carried out by shooting .357 Magnum Jacketed Soft Point (JSP) 

bullets with a specified mass of 10.2 g (158 gr) at 90˚ to the strike face of the test frame as shown 

in Fig.4.3. The tests were performed at NINE35 testing facility in Caledonia, ON, Canada. The 

ballistic sample was positioned 5 m from the gun muzzle and the ammunition used is in 

accordance with NIJ standard-0101.06 (Ballistic resistance of body armor, U.S. Department of 

Justice, 2008) for Type II protection level [36]. For handgun ammunition, the suggested distance 

between the gun muzzle of the barrel and the test frame is 5.0±1.0 m according to NIJ standard- 

0101.06. A chromatograph (Beta Master Shooting Chrony®, Shooting Chrony Inc., Mississauga, 

ON, Canada) was used to measure and record the velocities of the bullets at about halfway the 

distance between the target and the end of the gun muzzle. All recorded velocities of the bullets 

throughout the entire set of experiments were within the range of 435.9 ± 9 m/s which is the 

suggested velocity in NIJ standard- 0101.06 for similar .357 magnum ammunition for Level II 
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protection. Partial perforation is classified when the bullet is completely stopped by the armor 

and full perforation is when a hole is created through it or if any fragments enter the backing 

material. Standard clay (from Roma Plastilina #1® modeling clay, Sculpture House Inc., Fort 

Pierce, FL, U.S.) was used as the backing material behind target panels suggested by ASTM 

E3004 – 15e1 (Standard specification for preparation and verification of clay blocks used in 

ballistic-resistance testing of torso body armor)  and NIJ Standard- 0101.06 [37]. In accordance 

to ASTM E304 – 15e1 standard, a metal frame with a plywood bottom was used to house the 

clay. Elastic straps were used to hold the target sample in position according to NIJ standard- 

0101.06. Three samples were made for each multi-layer configuration and tested.  

Fig 4.3. Ballistic test set up 

4.2.4 Bending stiffness tests 

 

Two separate tests were performed to investigate the effect of the patterned hot film as 

well as composite configuration (respective lamination arrangements of hot film and/or PSA) on 

the stiffness of the samples. The first method shown in Fig.4.5(a) is a two-dimensional drop test 

used to measure flexibility of 25 layer samples of 50 mm x 160 mm of all the four configurations 
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mentioned earlier in addition to a 45 layer sample of neat UHMPWE fabric that was sealed 

tightly in a polyethylene bag using a Manual Impulse Bag Sealer. One half of the sample (80 

mm) is allowed to hang from a right-angled edge of a table with a 60 g weight hanging at the 

end. The other half of held firmly in position as shown in Fig.4.4(a) and the bending angle (BA) 

was measured with a protractor [20,38], which is a measure of the flexibility where a larger angle 

indicates a higher flexibility.  

The second method is the cantilever test shown in Fig.4.4(b) which employs the principle 

of cantilever bending of fabric under its own mass in accordance to ASTM D1388-18 [39]. 

Single layered fabric samples of 25mm x 200 mm were clamped and slid at a constant rate of 

approximately 120 mm/min in a direction parallel to its long dimension until the edge of the 

specimen touches the knife edge which is at 41.5° to the horizontal. The overhang length (O) 

from the linear scale is recorded from which the bending length (c) are calculated from Eq.1[39]. 

c= O/2                                                                        (1) 

Smaller bending length corresponds to greater flexibility. 

Fig 4.4. Schematic of bending stiffness test (a)2-dimensional drop test and (b) cantilever test[39] 

60g 

Fabric sample is held here 

Fabric sample is bend 

θ 

(a) 
(b) 
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4.2.5 3D CT scan analysis 

 

After the ballistic tests, the panels were analyzed using a non-destructive testing (NDT) 

technique of X-Ray Computed Topography (CT-scans) to study delamination failure 

mechanisms in greater depth. A Gamma Medica X-SPECTTM Small Animal Scanner was used to 

conduct the CT-scans at 75 kVp and 310 µA X-ray. In order to acquire projections from the 

scanned samples, FLEX X-O CT System software was capable of producing 512 projection 

angles of 2184×2240 pixel-projections (0.05 mm × 0.05 mm pixels). Reconstruction of the 

projection images into 512×512×512 arrays (0.115 mm voxels) was done using Feldkamp cone-

beam reconstruction algorithm (COBRA, Exxim Computing Corporation) and Amira software 

and MATLAB® (MathWorks, Natick, MA, USA) were used for visualization and quantitative 

processing.  

The maximum bulge height on the backface of the partially-perforated panel produced 

from the ballistic impact was measured from the CT-scan images in order to acquire the BFS. To 

determine the amount of unperforated layers of the composite laminates, the thickness of 

remaining material from the X-Z view of the images was measured as well as manually counting 

the number of sheared layers. A new metric called Area at Half-Height was calculated by 

measuring the cross -sectional area at half the height of the bulge. This metric acts to indicate the 

extent in which the fibers are able to transfer the kinetic energy to nearby regions. Thus, a high 

Area at Half Height indicates that the energy was transmitted over a wider area. The backface 

volume (BFV) was measured by calculating the volume of the bulge over a 45 mm ×45 mm 

region for all the samples. This was made possible by rendering 3D-views of the backface after 

impact from the 2D slices in MATLAB®.  
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4.3. Results and Discussion 

Despite having different configurations, the 25 layered samples of the same area have 

comparable areal densities within the same range of values which shows how the different 

adhesives have little  (2.9 to 13.3% difference) influence on the weight of the panels as shown in 

Fig.4.5. As expected, the N45 has the highest areal density of 10.57 kg/m2 since the fabric layers 

are the main contributors to its weight. Neat samples tested had 45 layers because the minimum 

number of neat fabric layers required to stop a 9mm ammo at ~350m/s was 45. The N45 is 96% 

thicker than the thinnest sample (PSA25) and is the thickest among the tested configurations. 

Patterning of HF does not show to have any effect on the thickness of the panels as shown in 

Fig.4.5, where HF25 and Plain25 have similar thicknesses of around 14.5 mm which is 41% 

thicker than PSA25. However, panels that involved cold compression (H/P25 and PSA25) have 

the smallest thicknesses of 10.7 mm and 10.3 mm respectively. Unlike areal density, thickness 

shows to be significantly influenced by the type of adhesives used for lamination of the panels.  

Patterning of HF results in a 21% increase in bending angle of the 25 layer samples and 

9.5% reduction in bending length of the single plies. This is very beneficial for ballistic 

applications since patterning of the hot film did not have a significant effect on ballistic 

performance. Processing conditions of common thermoplastic- matrix fiber reinforced 

composites influence their flexural modulus, and they usually require high processing 

temperatures resulting in the composites being extremely rigid [40,41]. The unlaminated 45 layer 

neat sample has about 53% and 26% higher bending angle and 35% and 28% lower bending 

length than the Plain25 and HF25 respectively. This shows how lamination generally reduces the 

stiffness of ballistic panels which is why patterning of HF allows for some of the lost flexibility 
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to be recovered without compromising ballistic performance.  A summary of the ballistic and 

stiffness performance results of the tested configuration is shown in Table.1 

Stiffness of the tested samples is shown to be strongly influenced by the type of 

lamination and configuration used. PSA25 has the lowest bending angle of 5.4° which is 90% 

lower than that of the 45-layer neat unlaminated sample (N45). Interestingly H/P25 having half 

of its layers laminated with patterned HF and the other half laminated with PSA has a bending 

angle of 13.2° indicating that patterned hot film has attractive stiffness characteristics on ballistic 

panels. This is further supported by HF25 that has a bending angle of approximately 41° which is 

a steep increase in flexibility from that of HF25 despite having similar AHH. An attractive 

performance combination will be having a lower BFS and BFV but higher bending angle and 

AHH meaning that the impact energy is absorbed and distributed within the fibers more 

effectively resulting in less injury to the wearer. Overall, it is evident that patterning of hot film 

allows ballistic panels to remain relatively flexible without compromising ballistic performance. 

Images of the cross-section of the partially perforated panels were obtained from the CT-

scans and reconstructed. The reconstructed 2D images of the 5 different configurations (a-e) 

tested are shown in Fig.4.10. There is partial penetration by the bullet of all the samples 

presented and the failure mechanisms involved can be analyzed. It is evident that there is 

occurrence of fiber fracture followed by fiber failure (under tensile forces) for all the samples 

[42]. Delamination of individual layers is shown in Fig.4.10(a-d) in which the fibers are 

stretched absorbing the residual kinetic energy from the bullet until it is stopped near the 

backface [43,44]. However, the extent of delamination is more noticeable in Fig.4.10(a-c) due to 

high restriction of the motion of the fibers by the HF. There is no visible delamination in 

Fig.4.10(e) for the unlaminated panel due to lower bond strength as compared to the laminated 
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panels. Hence the dominant failure mechanism in which the impact energy is absorbed is through 

fiber straining rather than delamination which explains the high BFS. Delamination takes place 

at the penetration point and extends to the sides of the panel and the wider it propagates the more 

energy dissipated to the in-plane fibers. There is noticeably lower extent of delamination on 

PSA25 as compared to the rest of the laminated panels which results in a greater BFS due to 

fiber straining being more dominant than delamination. Additionally, the bullet is seen to flatten 

into a mushroom-like shape which increases its surface area of contact with the nearby fibers 

resulting in more energy distribution across the fibers and is more noticeable with HF25 and 

Plain25. This stretching of the fibers at the back deforms the panel and creates a BFS. 

Deformation of the bullet into the mushroom-like shape constitutes to approximately 25% of the 

impact energy dissipation in unidirectional based armor panels [45]. A similar study carried out 

ballistic tests on composite material composed of aramid fabric and polypropylene films as the 

matrix and the failure mechanisms were delamination, fabric/matrix debonding and matrix 

cracking [46]. Interestingly, it is observed that patterning of hot film has no noticeable effect in 

the ballistic perforation mechanism of the panels by comparing HF25 and Plain25 which appear 

to have comparable extents of delamination as well as number of sheared layers. This is a 

significant advantage for body armor applications because it allows the flexibility to improve 

without limiting the ballistic performance.  

Patterning of HF was observed to have insignificant effect on the BFS of the ballistic 

samples where both HF25 and Plain25 panels have BFS within the range of values of 12.67-

14.72 mm as shown in Fig.4.6. BFS is an important parameter of quantitatively analyzing 

ballistic performance and is used to weigh the trauma resistance since it is directly related to the 

amount of impact energy transferred to the torso of the wearer [47,48]. According to NIJ 
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standard- 0101.06, the maximum allowable depth of indentation (BFS) for acceptable protection 

against behind-armor blunt trauma (BABT) to prevent internal organs from being injured is 44 

mm [47]. However, BFS remains an insufficient parameter to fully characterise the protective 

properties of ballistic panels against blunt trauma. To quantify the amount of energy absorbed by 

the ballistic panel, BFV provides useful information alongside BFS regarding ballistic 

performance. When the impact energy absorbed more by the fabric layers and transmitted to a 

larger area of the ballistic panel, a lower trauma volume is produced [49]. When more energy of 

impact is transmitted to the back of the panel, a higher BFV is produced resulting in less trauma 

resistance. This parameter is related to how well the fibers can distribute the energy of the bullet 

globally within the panel. The BFV can be calculated using in-house image processing software 

from the CT-scans.  

Fig 4.5. Thickness, areal density, and stiffness of the different UHMWPE laminated and 

unlaminated test samples 
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Additionally, the 3D images of the backface target samples after impact shown in Fig.4.9 were 

used to calculate the BFV of partially perforated target samples. 

From the results in Fig.4.6, even though patterning on the HF had no significant effect on 

the BFS of the panels but results in about 20.8% increase in BFV which differentiates how much 

energy is absorbed between HF25 and Plain25. This shows that in the patterned HF laminated 

samples, energy is distributed over a larger area by the fibers since the BFS remains similar for 

both the HF25 and Plain25. The unlaminated regions on the patterned HF allow the fibers to 

absorb energy through fiber stretching more effectively since they are less restricted resulting in 

a higher BFV as compared to the Plain25 where all the fibers are relatively more restricted to 

stretching.  Interestingly, the BFV of the patterned HF laminated sample is like the one of the 45-

layered unlaminated sample even though the latter has about 5% higher BFS.  

Fig 4.6. Effect of patterning hot film on BFS and BFV 
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Fig 4.7. Effect of patterning hot film on stiffness of ballistic panels 

A similar study calculated the BFV of partially perforated samples by using mold clay to obtain 

the exact mold of trauma geometry and forming millimetric divisions on the mold to obtain the 

depth value for each value of the diameter[49]. 

The effects of composite configuration on BFS, BFV, Stiffness and Area at half Height 

(AHH) was analyzed and presented in Fig.4.8. Samples which were partially or fully laminated 

with PSA (H/P25 and PSA25 respectively) has the highest measured BFS ranging from 17.7 mm 

to 19.8 mm indicating that lamination with PSA resulting with fiber straining being the dominant 

failure mechanism of the ballistic panels. However, as discussed earlier HF25 and Plain25 have 

comparable BFS within the same range of values that are approximately 25% less than that of 

PSA25 and H/P25. Despite having 45 layers, unlaminated samples have a BFS of 14.7 mm 

which is comparable to that of the HF25 indicating high effectiveness of using HF lamination 

which only required 25 layers to stop the same bullet. Additionally, H/P25 and PSA25 have the 
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highest BFV of 19017.29 mm3 and 18870.57 mm3 respectively which indicates that they 

transferred more energy to the backing material than the rest of the configurations. It is 

noticeable that PSA has a more significant effect on the amount of impact energy transferred to 

the backing material since H/P25 has approximately 29% higher BFV than HF25. This can be 

explained by how less restrictive PSA is to the motion of the fibers is as compared to hot film. A 

new parameter is introduced in this study called Area at half height (AHH) which is the cross-

sectional area at half the height of the backface after impact and can be used to understand 

energy distribution mechanisms more effectively. A higher AHH indicates that energy has been 

transferred across a wider area of the panel meaning that the fibers were able to transfer the 

impact energy to nearby regions more effectively. Interestingly, HF25 and PSA25 have similar 

AHH despite the later having a 28% higher BFV.  

Fig 4.8. Effect of composite configuration on BFS, BFV and stiffness 

This shows that for HF25 energy was distributed within the fibers more effectively with less 

energy being transferred to the backing material as compared to PSA25. As a result, there is less 



73 
 

blunt trauma experience by some wearing a body armor of such configuration. It is observed that 

patterning of the hot film results in a decrease in AHH by comparing HF25 and Plain 25 

indicating how patterning can improve distribution of impact energy across nearby regions of the 

fibers. 

Fig 4.9. 3D images of the backface of target samples after impact(a) HF25 (b) H/P25 (c) Plain25 

(d)PSA25 (e)N45 

Table 4.1. Summary of the tested configurations and ballistic results 

  Sample Average 
thickness 
(mm) 

lamination type BFS (mm) BFV (mm3) Bending angle (°) 

(a) HF25 14.5±? 25 layers laminated with 
patterned hot film 

14±0.668 14696.3±1412.5 41.1±0.47 

(b) H/P25 10.7 13 layers laminated with 
patterned hot film + 12 layers 
laminated with PSA 

18.2±1.352 19017.3±486.2 13.2±0.56 

(c) Plain25 14.5 25 layers laminated with plain 
hot film 

13.5±0.811 12170.3±621.6 33.9±0.95 

(d) PSA25 10.3 25 layers laminated with PSA 18±0.407 18870.6±162.4 5.4±1.02 

(e) N45 20.2 45 layers of unlaminated fabric ~14.7 ~14481.9 52.8±1.11 

 

(a

) 

(b

) 

(c

) 

(d

) 

(e

) 
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Upon impact with a projectile, the target sample is compressed forming a compressive pulse of 

the fibers creating a plug formation at the strikeface due to shear plugging and fracture of fibers 

[50]. There is no visible plug formation for the composite laminates with HF (Fig.4.10 (a-c) due 

to low inter-ply bond strength since the plies are stacked on top of each other resulting in 

minimal up-ward flow of the material. Therefore, their dominant failure mechanism at the 

strikeface is mainly shearing failure and friction between projectile and target sample due to the 

increased hardness of the HF lamination which results in restrictions to the motion of the fibers 

to spread out the upward flow of the material upon impact. Similarly, no plug formation is 

noticed in the 45-layer unlaminated panel where the dominant failure mechanism is shearing 

failure with a noticeable upward flow of the material spread out more widely due to no fiber 

motion restrictions. In contrast, PSA25 has a noticeable and significant strikeface plug formation 

due to its high inter-ply bond strength. In general, delamination, shear plugging, tensile failure 

and friction are the main dominant failure mechanisms of woven fabric composite materials 

under ballistic impact[51,52]. 

Since the main idea of ballistic composite materials is to efficiently absorb the impact 

energy and transmit less of it to the wearer, BFS and BFV are normalized by dividing them with 

the bullet energy absorbed per areal density as shown below: 

Normalized BFS (mm) =                                         (2) 

Normalized BFV (mm3) =                                     (3) 

Energy absorbed (J)= 0.5  0.0102  (bullet velocity)2                                      (4) 
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Kinetic energy of the projectile is mainly dispersed by primary yarns which are the yarns in 

direct contact with the projectile and intersect with orthogonal yarns[8]. The normalized 

performance parameters are displayed in Fig.4.11 and a new parameter that can summarize the 

extent of energy dissipation is the ratio height: Full Width at Half Height (FWHH) which is the 

ratio between the BFS and the extrapolated diameter of the area at half height.  

Fig 4.10. 2D cross sectional view of the partially perforated target samples  (a) HF25 (b) H/P25 

(c) Plain25 (d)PSA25 (e)N45 

 

This means a lower ratio means there is less blunt trauma with the impact energy 

dissipated over a larger area on the backface which is more favourable. From Fig.4.11 it is 

noticeable that after normalizing the parameters, HF25 is the most favourable having the lowest 

(a) (b) 

(c) (d) 

(e) 
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Height : FWHH ratio, low normalized BFS and BFV, and high energy absorbed per areal 

density.  

 

Fig 4.11. Relationship between normalized BFS, BFV,SAR with energy absorbed 

However, HF25 and Plain25 seem to have similar ballistic performances, but the former has 

more superior flexural properties making it the best candidate among the tested samples. 

4.4. Conclusions 

The ballistic performance of 25 layered composite laminates fabricated from plain weave 

UHMPWE were characterized. The samples were prepared by either hot-pressing the plain 

weave UHMPWE with thermoplastic hot film, cold-press compression with pressure sensitive 

adhesive (PSA) or both. The hot film (HF) used for the laminates was either patterned into 



77 
 

distinct uniform hardened hexagonal regions (nominal diameter of 27.9 mm with a 1 mm gap 

between each region) or applied without any patterning. Samples consisting of  25 layer panels 

laminated with PSA and cold-pressed at 8MPa and a 45 layer unlaminated UHMWPE neat fabric 

stacked together were also tested to contrast their ballistic performance with that of the hot film 

laminated 25 layered samples. Ballistic tests were performed using 0.357 magnum ammunition 

at ~435 m/s. The failure mechanisms of the laminate samples under the ballistic impact were 

analyzed using X-Ray Computed Tomography (CT) scans to calculate metrics such as backface 

signature (BFS), backface volume (BFV), area at half height (AHH) and ratio of height to full 

width at half height (Height:FWHH). 

A significant increase in bullet penetration resistance and energy absorption was 

observed on the laminated panels as compared to the neat UHMPWE samples as shown by the 

decrease in BFS, BFV, Height:FWHH and increase in AHH. Specifically, the 25 layer panel 

laminated with HF had the least BFS, BFV and Height:FWHH. Use of the patterned hot film did 

not have any significant effect on the ballistic performance of the panels as compared to using 

plain HF. However, the panels laminated with 25 layers of HF had the highest energy absorbed 

per areal density making them the most superior among the tested configurations. This is also 

shown by having the lowest Height:FWHH ratio meaning that the impact energy was transferred 

to nearby regions of the fibers more effectively. The main impact energy absorption mechanisms 

observed were fiber fracture at the strikeface and fiber straining and delamination at the backface 

of the panels. Panels laminated with PSA had an upward flow of the material forming a plug at 

the strikeface. Stiffness tests were performed in order to analyse the effect of patterning of HF on 

the flexibility of a single ply as well as the entre 25 layer panel. Patterning of HF was found to 

increase the bending angle of the composite panel by 20.9 % and significantly reduced the 
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bending length of the laminated ply by 8 mm making it more flexible. The flexibility tests were 

also performed to analyze the effect of the different tested composite configurations on the 

stiffness of the panels. Among the laminated samples, the 25 layer panel with patterned HF had 

the highest bending angle with the one laminated with PSA having the lowest bending angle. 

Patterning of HF has shown to give attractive ballistic and stiffness properties which are 

favorable in body amor applications. 
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Abstract 
 

Injuries caused by needle stick puncture are common and a concern in many industries, such as 

health services and waste collection. Personal protection against needle stick punctures currently 

use high-cost materials like high-density polyethylene (HDPE) woven fabric and Kevlar which 

compromises flexibility. In this paper, a low-cost, easy to produce needle puncture resistant  

material is developed. Here, cotton fabric is overlaid by patterned Ethylene-Vinyl Acetate (EVA) 

hot film and multiple layers are used that increase the needle penetration resistance by up to 478 

percent compared with single layer of laminated fabric, while the flexibility decreased by 12-

49%. Patterns of different shapes (hexagons and hexagons with triangles) and sizes with nominal 

diameters ranging from 2.6 to 13.5 mm were used and tested. The results showed that reducing 

the pattern size improves flexibility by up to 30%. Patterning the hot film did not significantly 

reduce the needle penetration resistant as compared to using plain hot film whilst the flexibility 

was not severely affected.  Increasing the number of laminated fabric layers from 1 to 3 resulted 

in an increase in needle penetration resistance force from 2N up to 8N. Since the fabrication 

method is simple and rapid, it may be attractive for the manufacturing of personal protective 

equipment such as needle resistant gloves for healthcare workers, waste management workers 

and other relevant occupations 
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5.1. Introduction 

In many professions, such as law enforcement, sanitation and medical, the personnel 

handle a variety of sharp objects such as hypodermic needles and face a significant risk of 

workplace injuries. The most common injuries are wounds due to penetration of sharp objects 

into the skin. In addition to puncture wounds, these sharp objects could be severely contaminated 

by harmful substances that may transmit serious diseases. Due to these reasons, there is increased 

demand of protective clothing for protection against punctures from hypodermic needles and 

other sharp objects. For these protective materials to be incorporated into clothing such as 

gloves, they need to be lightweight and flexible [1]. 

Two classes are used to categorize stab weapons which are edged or pointed [2]. Edged 

weapons such as knives consist of a continuous cutting edge and pointed weapons such as spikes 

have a sharp tip on a slender rod. Penetration from stab attacks is more difficult to prevent than 

slash attacks [3]. Hypodermic needles with a pointed tip and sloped edge belong to both edged 

and pointed categories. The main mechanism in which hypodermic needles puncture through 

untreated woven fabrics is the ”windowing” effect in which the yarns spread apart to allow the 

foreign object to penetrate with low fiber fracture [4]. This mechanism is more repressed in 

tightly woven fabrics with a high yarn count. Penetration resistance of textiles is affected by 

several parameters including fabric weave architecture, number of filaments per yarn, number of 

plies, yarn linear density, areal density of fabric and mechanical properties of fibers [5]. 

One commonly accepted approach to avoid puncture resistance is to stack layers of fabric 

together but this results in increased areal density and stiffness [1]. Therefore, there is a need to 

improve performance of protective clothing whilst keeping them light and flexible. Commonly 
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used materials for protective clothing are High Strength Fibres (HSF) such as Kevlar® and ultra 

high molecular weight polyethylene (UHMWPE). There are several commercially available 

products with a high yarn count to resist hypodermic needles such as TurtleSkinTM fabric from 

Warwick Mills Inc. with a black polymer coating[6].  

Coating of fabrics is one technique that has proven to significantly improve the 

penetration resistance of textiles. There are different types of fabric coating techniques such as 

nylon coating [7], natural rubber latex coating, and Shear Thickening Fluid (STF) impregnation 

[8] to name a few.  Several commercially stab resistant fabrics use the approach of incorporating 

polymer coating into woven fabrics such as ArgusTM (Barrday Inc.) and Kevlar MTPTM (DuPont) 

[9]. The polymer matrix restricts “windowing” by prohibiting the fibers and yarns from being 

pushed aside by the spike resulting in more energy being required to separate the fibers and 

yarns. Coating Nylon 6,6 and 6,12 of UHMWPE improved the spike resistance by 77% and 86% 

respectively over a neat fabric target of equivalent areal densities [10]. A higher creep resistance 

of 14-37% and breaking force of 17-36% was observed from Nylon coated UHMPWE as 

compared with the neat fibers at various temperatures[7]. However, the coating process is time 

consuming as it requires several hours to cure. In another study, rubber latex (NRL)-coated 

unidirectional (UD) UHMWPE fabrics were produced which gave a higher puncture resistance 

of up to 62% as compared to uncoated fabric [11]. Non-Newtonian STFs have been used to make 

flexible high stab resistance ‘’fluid armor’’[12] and was shown to provide about 40-100% higher 

puncture and stab resistant performance in terms of energy absorption in comparison to textile 

only samples of comparable areal densities[13], [14].However, STF have a number of limitations 

such as propensity to leak because of their liquid state[15] their hygroscopic properties 

degradation when exposed to moisture[16]. Nanoparticle-loaded elastomer impregnated into 
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UHMWPE plain-weave fabric was shown to increase the needle penetration resistance of single 

layer uncoated fabric by approximately 225% [17]. Coating Twaron© fabric with silicon carbide 

polymer matrix composite was shown to provide a better stab resistance in comparison to the 

untreated fabric[18]. A material known as SuperFabric® is made from flexible fabric consisting 

of printed arrays of hard ceramic-polymer platelets on its surface in order to resist needle stick 

penetration[19]–[21]. However, the plates have spaces in between which act as weak points 

resulting in the need for a multi-layer construction. 

Ethylene-Vinyl Acetate (EVA) copolymer-based thermoplastics are an attractive matrix 

for fabric coating due to their flexibility and thermal stability. Due to these properties, they are 

the most widely used base polymers for HMA in industry [22]. Molecular branching, molecular 

weight and distribution and wt.% vinyl acetate are three main structural attributes of EVA 

copolymers that determine the properties of any copolymer grade. EVA copolymers are used in 

hot melt adhesives (HMA) because of their strength, flexibility, adhesion to substrates and low 

melting temperatures [23][24].  

The objective here is to demonstrate that coating woven cotton fabric with EVA based 

thermoplastic hot film significantly improves its 25G needle penetration resistance as compared 

to the uncoated fabric. We also introduce a method of using layers of patterned hot film for 

increased needle penetration resistance whilst not significantly affecting the stiffness of the 

material. This is an important consideration for use in needle resistant protective gloves. Various 

samples were made with different patterning geometries to determine parameters that affect 

stiffness and needle resistance using this technique. The materials and methods are presented in 

the next section, followed by a presentation and discussion of the results. Finally, the conclusions 

from this study are presented.  
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5.2. Materials and methods 

5.2.1 Materials 

 

The needle resistant fabric was fabricated using layers of patterned Ethylene-Vinyl 

Acetate (EVA) sandwiched between layers of cotton fabric.  A Silhouette CAMEO 3 (Silhouette 

America, Inc, USA) xurography cutter which can operate on substrate materials up to 12 inches 

wide was used to cut patterns on Heat Transfer Vinyl (HTV) sheets The HTV sheets were 

purchased from XPCARE and consisted of polyurethane which is heat resistant up to 150°C as a 

transfer mold. Ethylene-vinyl acetate (EVA) is a thermoplastic copolymer with ethylene and 

vinyl acetate (VA) and is widely used as a hot melt adhesive [25]. The EVA sheets in this study 

were purchased from Adheco Ltd, Scarborough, ON, Canada, with 0.254 mm thickness and 

softening point at 96.7 to 100°C. Swing Away Clamshell Heat Press Machine was purchased 

from VIVOHOME, City of industry, CA, USA, which can operate within the temperature range -

17.8 to 215.6°C to create even surfaces under pressure. A high-density twill cotton fabric with an 

areal density of 386 g/m2 and thickness of 0.7 mm was used in this study. 

 

5.2.2 Sample fabrication 

 

An imprint lithography technique was adopted in this study for sample fabrication, and a 

schematic of the fabrication process is shown in Figure 5.1. Firstly, the patterns corresponding to 

various coverage areas and sizes were designed using the Silhouette Studio® software . To have 

multiple orientations of the gaps between the patterns to improve the flexibility of the fabric, a 

triangular and hexagonal pattern and their combinations were tested.  Details of the patterns are 

provided in Table 5.1. Once the patterns were created by xurography on the HTV sheets, the 

patterns were aligned between cotton fabric and EVA film. Two sets of patterns, offset from 



89 
 

each other by 1 mm in the x-direction (creating an overlap for greater overall coverage), were 

used to obtain a staggered pattern structure over multiple layers. The samples were heat pressed 

at a temperature of 98°C for four different time durations of 90, 120, 150 and 180 seconds to 

deposit the patterned EVA film on the fabric. After the heat treatment, the samples were cooled 

down under a fume hood at ambient temperature for around 2 minutes under a high air 

circulation and the HTV patterned sheet was removed from the fabric. Samples where the 

patterned EVA hot films were used to cover either one side or both sides of the fabric with 

different design and size were fabricated.  

 

Figure 5.1: Schematic of sample fabrication process 

 

 

 

 

 

 

 

 

 

x 
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Table 5.1: Illustration of sizes and patterns 

 

 

5.2.3 Needle-stick penetration test 

 

The prepared fabric samples were tested for needle stick penetration using the test setup 

shown in Figure 5.2. The test setup was designed and fabricated based on ASTM F2878-10 

standard and is similar to the apparatuses used in [5] and patent [26]. The setup consists of four 

parts: (i) Fabric sample holder, (ii) Needle and stick holder, (iv) Load cell and stepper motor as 

well as the power supply. The fabric sample holder consists of two holding plates with 

concentric 20 mm circular openings. The fabric is sandwiched between these two plates with O-

rings placed around the circular opening and clamped together using two clamps to hold the 

fabric sample firmly between the two holding plates with no slippage. The concentric circle open 

window is aligned to the tip of the needle-stick with the sample holder. The needle stick holder is 

mounted on a screw-thread which traverses in a direction normal to the fabric sample. The 

screw-thread is driven by a stepper motor connected to a 30V power supply and controlled and 

monitored via computer by QuickControl. A 5 kg load cell was mounted at the end of the needle-
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stick holder to measure the force applied on the needle tip.  The calibration and accuracy of the 

test setup was performed according to ASTM F2878-10. Additional information about the 

experimental setup can be found in [5]. A 25G 25.4 mm long hypodermic needle (BD305125) 

was used for all tests and five independent tests were performed for each fabric sample. The 

needle was traversed at a speed of 380 mm/min and the distance moved was set to 5 cm for each 

test. The highest penetration force was recorded and defined as the Penetration Resistance Force 

(PRF) and used to evaluate the needle resistance provided by the fabric samples.  

 

Figure 5.2: Needle-stick penetration test apparatus. 

 

5.2.4 Flexibility and stiffness test  

 

Tests were performed on 5cm × 10cm fabric samples to characterize the flexibility of the 

fabric. The first tests were done using the setup shown in Figure 5.3a and similar to the 

principles of  ASTM D1388. Here, the sample is sealed completely in a soft polyethylene bag 

and firmly held at the 90-degree edge of the horizontal workbench.  The overhang length of the 
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fabric was set to 3.8cm and a 20 g weight was attached to the middle end of the sample. The 

ensuing bending angle (BA) due to the weight was measured by capturing images from one side 

at a consistent distance and angle. The bending angle is used to characterize the flexibility as in 

[27][28].  Tests were repeated at least five times on three samples for each combination of fabric.  

Stiffness tests were also carried out on 127mm × 127mm fabric samples using a SHIMADZU 

tensile tester according to ASTM D4032-08 shown schematically in Figure 5.3b. This follows 

the multiaxial bending motion of protective garments evaluation following the modification by 

an approved flexibility test PED-IOP-008 for soft fabrics [29][30]. The fabric samples were 

aligned and placed freely on top of a 3D printed platform which was a 127 mm × 127 mm block 

with a hollow circular opening of 44 mm diameter with a 45-degree clearance angle and 4.8 mm 

width edge facing up in the center. A 25.4 mm diameter spherical head plunger was fixed to the 

upper grip of the tester and aligned concentrically to the platform fixed on the bottom of the 

tester with a 500 N load cell. The plunger was traversed downward at 1 m/min with a total stroke 

length of 27 mm into the orifice plate. The Stiffness Force (SF) was measured and recorded 

directly by the SHIMADZU tensile tester. The maximum value is used to characterize the fabric 

stiffness in this study and indicates the stiffness of the fabric samples and the resistance to 

bending in all directions.  
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Figure 5.3: Schematic of test set up using (a) overhang method and (b) tensile tester  

5.2.5 SEM analysis 

 

Scanning electron microscope (SEM) analysis was performed by TESCAN VEGA SEM to 

observe and study the morphology of the EVA hot film before and after thermal treatment as 

well as analysis of the puncture mechanism of the fabric. The samples were coated with a thin 

layer of gold before loading into the SEM to make the surface conductive and prevent charging 

due to the material property.  

5.3. Results and discussion 

A total of 30 different combinations of fabric laminate samples were tested for needle 

penetration force and flexibility to determine the effectiveness of EVA hot film and the patterned 

design. The different combinations of stacked fabrics are summarized in Table 5.2 in which the 

pattern sizes are provided in Table 5.1.  
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Table 5.2: Layout of stack combinations 

 

 

The prepared samples, including untreated and heat-treated EVA hot film and the EVA 

hot film on cotton fabric without a pattern and with two sizes of hexagon pattern (S and XS) 

were observed under a SEM with two magnifications to investigate the morphology of the EVA 

hot film and failure mechanism after needle penetration. The images are presented in Figure 5.4. 

The surface of the cotton fabric (Figure 5.4a) and as-received EVA hot film sheet (Figure 5.4b) 

shows a rough finish with uneven structures. After heat treatment under pressure, the surface of 

the EVA hot film sheet (Figure 5.4c) is relatively smooth compared to the untreated surface; 

however, small holes are visible on the surface that are likely caused by the trapped air within the 

untreated film. The nonuniformity is significantly improved when the EVA is heat pressed on the 

cotton fabric and the holes observed in the heat-treated EVA are visibly reduced (Figure 5.4d); 

nevertheless, some uneven breaks are still present on the surface. Due to the adhesive property of 

the EVA hot film, it melts once it is heated and likely allows some of the trapped air to pass 

through the pores of the fabric resulting in the smoother surface. Once cooled, the fabric layer 

can be considered as a support for the hot film layer. The SEM images from the two different 

hexagon pattern sizes (Small and XSmall) are shown in Figure 5.4 e, f. There is greater 
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nonuniformity in the sample with the smaller hexagon patterns and is likely because the narrower 

gaps trap some air under pressure.  

Corresponding SEM images after subjecting the samples to a 5N penetration force by the 

needle stick are shown in Figure 5.5.  For the neat cotton fabric, the fibers are split apart rather 

than broken as seen in Figure 5.5a. There is a break or puncture due to the needle stick 

penetrating through the untreated EVA film as seen in Figure 5.5b. The puncture hole on the hot 

film treated cotton fabric and needle stick diameter are comparable due to the localized 

penetration as a result of the treated hot film holding the nearby fibers intact (Figures 5.5 d-f). 

This is in contrast to the untreated EVA film in Figure 5.5b showing the film breaking away 

from the penetration point. The narrow holes, having a diameter which is comparable to that of 

the needle, provides additional resistance to the movement of the needle through needle to fabric 

frictional forces [9]. The heat treatment performed on the EVA hot film sheet is a physical 

process and its copolymers, due to their properties, contributed to the strength and toughness of 

the coated fibers during the adhesive bonding [31]. Thus, the morphology of the surface plays an 

important role in determining the properties of the material.   
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Figure 5.4: SEM images of EVA hot film under different conditions. (a) cotton fabric (b) 

untreated EVA film (c) treated EVA film (d) treated EVA film on cotton fabric (e) treated EVA 

film with small size of pattern (f) treated EVA film with XS size of pattern  

 

 
Figure 5.5: SEM images of samples under 5N needle stick penetration force. (a) cotton fabric, 

(b) untreated EVA film, (c) treated EVA film, (d) ) treated EVA film on cotton fabric (e) treated 

EVA film with small size of pattern, (f) treated EVA film with xs size of pattern 
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3.2 Effect of EVA coverage on penetration and flexibility performance 

The needle resistance and flexibility test results (bending angle and bending force) for the 

different samples are plotted in Figure 5.6. The area coverage of the hot film for the hexagon 

pattern and the combined triangle and hexagon pattern are 73% and 63%, respectively. The 

needle resistance of the two-layer EVA hot film was nearly twice that of the single layer EVA 

hot-film. Having two layers, however, decreased the flexibility where the BA was decreased by 

29%. With the patterned EVA hot film, the needle resistance increased without compromising 

the flexibility. Coating the fabric on both sides with patterned hot film ensures that most of the 

gaps within the patterns is covered by the pattern coated on the opposite side and the ratio of the 

surface area of cotton covered by at least one layer of hot film to that of the entire cotton fabric is 

the effective coverage. The effective coverage of the hexagon pattern on cotton samples coated 

on both sides for the four different sizes is 98.7% , and 98.4% for the  hexagon and triangle 

combinations,. The needle resistance increased from 2.0 ± 0.1 N for the 1 layer cotton coated 

with plain hot film  to 6.0 ± 1.0 N for the 3 layer hexagon/triangle patterned fabric and is 

consistent with the increase in coverage from 100% to 189%.  The needle resistance for a two-

layer hot film (200% coverage) is 4.3 ± 0.7 N. This is lower than the value for the 

hexagon/triangle three-layer pattern with 189 % coverage. When a three-layer fabric stack with 

hexagon (L) pattern of 219% effective coverage was used, the needle resistance force increased 

to 6.8 ± 1.3 N. The flexibility is characterized using both the Bending Angle (BA) and the 

Bending Force (BF).  The BA value drops from 69.8 ± 5.3 degree for the plain hot film to 56.4 ± 

2.0 degree and then experiences fluctuations with different coverage areas and  50.0 ± 1.9 degree 

is associated with the largest coverage. The BF increases from 39.5 ± 7.2 N to 96.6 ± 0.4 N and 

drops to 85.7 ± 6.9 N for the 3 layer cotton with hexagon (L) patterns as the coverage increases.    
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Figure 5.6: Needle resistance, bending angle and bending force for the different fabric samples. 

 

Although a 2-layer plain hot film sample has a larger coverage area compared with hexagon and 

triangle patterned samples with same number of layers, the patterned samples provide a similar 

needle penetration resistance but with a greater flexibility evidenced by a lower value of bending 

force and larger bending angle. In comparison to the 2-layer of plain hot film, the 3-layer 

hexagon and triangle patterned sample has a better performance on both penetration protection 

and flexibility with similar coverage area of hot film on fabric. The reason for this is likely due 

to the higher areal density of the 3-layer patterned sample compared to the 2-layer hot film on a 

single sheet of cotton fabric. The three-layer patterned sample has 3 cotton layers with one layer 

of hot film for each fabric layer leading to an increase of thickness by 33% compared to a 2 

cotton layer sample with the same composition. The higher flexibility evaluated from both the 

BA and BF value of the 126%, 189%, 219% coverage samples in Figure 5.6 can be attributed to 

the gaps between the hot film patterns on the cotton fabric compared with 200% coverage 
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sample without a pattern. The SEM images in Figure 5.4 show the exposed gaps of the patterned 

samples which directly contribute to an increase in the freedom of bending in different directions 

compared with the fully covered cotton fabric by EVA hot film.  

The effect of EVA hot film is clearer when the needle penetration force, BA and BF are 

normalized to the areal density as shown in Figure 5.7, where the specific penetration resistance 

(SPR), specific bending angle (SBA) and specific bending force (SBF) are plotted. It can be seen 

that the SPR of the different coverage area samples are not very significantly different, and 

within the range 3-5.8 x 10-3 N/(g/m2). Thus, the change in the needle penetration resistance of 

the samples can be attributed to the difference in the areal density or mass. The trend of SBA of 

2-layer of hexagon and triangle patterned hot film samples, however, shows the superior 

performance of the patterned design compared to the 1-layer of un-patterned hot film with 

respect to the flexibility. The SBF values are in the same range for all patterned samples and 

lower than the two un-patterned samples which are also within a similar range. This is an 

indication that patterning of the hot film has a more significant influence on the flexibility of the 

samples than the mass of the samples. 

The bending force of the 200% coverage without pattern sample increased compared with 

189% coverage sample. One of the probable reason is the bending force recorded is influenced 

by friction coefficient and flexibility [17] and the bending angle is a result of the flexibility. 

Therefore, the friction between the surface of samples during the deformation by the stiffness 

plunger is slightly higher for the plain hot film than the patterned samples.  
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Figure 5.7:  Normalized needle resistance and flexibility parameters (bending angle and bending 

force) by areal density for samples with different coverage area on cotton fabric 

 

In order to quantify the change in needle resistance relative to the flexibility, two factors, 

namely the Flexibility Factor (FF) and Stiffness Factor (SF) are defined. These are defined as the 

ratio of the bending angle and bending force to the needle penetration resistance force, 

respectively.  These two ratios for samples with different coverage area are plotted in Figure 5.9. 

A higher FF and lower SF means a higher flexibility relative to the needle resistant force. From 

Figure 5.8, the patterned samples do not improve the FF value and are within similar levels 

except for the 189% and 219% coverage samples which have slightly better performance. 

Patterned samples with various percentage of coverage all have lower SF values compared with 

the un-patterned sample, which shows advantages of the patterned design. 
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Figure 5.8:  Normalized flexibility parameters (bending angle and bending force) by needle 

penetration force for samples with different coverage area on cotton fabric 

 

 

 

5.3.3 Effect of patterned size of EVA on penetration and flexibility performance  

 

Four different sizes of the hexagon patterned samples with 3 layers were tested, and the 

results are shown in Figure 5.9. The needle-stick penetration resistances of the four samples are 

5.9 ± 0.6 N, 6.8 ± 1.3 N, 5.5 ± 1.0 N and 7.2 ± 1.61 N. As shown before, a three-layer patterned 

fabric provides sufficient coverage to ensure the gaps between the patterns in any layer are 

overlapped by another layer with the patterned hot film. The coverage by the three layers is not 

uniform, which can result in some variation of the needle resistance force over different locations 

on the fabric sample. The non-uniformity is also caused to some extent by the uneven 

distribution of EVA hot film as seen in the SEM images. The needle resistances for all four 
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samples are in a range of 5.9 ± 0.6 N to 7.2  ± 1.6 N, and shows the change in the size does 

significantly affect the needle penetration resistance force. This is expected since the effective 

coverage area (219%) and thickness of samples are similar for all four pattern sizes.  

 

 

Figure 5.9: Needle penetration force and flexibility parameters of different size of hexagon 

pattern  

 

The flexibility performance of the samples, however, depends on the size  of the pattern 

as seen in Figure 5.9.  The BA value changes from 56.8 ± 1.6 degree for the largest pattern to 

66.9 ± 1.7 for the XS size patterned sample. The BF decreases from 93.1 ± 7.6 N to 60.8 ± 3.7 N 

as the pattern size is reduced. From the results above, the smaller size pattern leads to better 

flexibility performance, while providing similar needle resistance protection. The flexibility of 

bending angle improves around 30% by shrinking the pattern size six times compared with the 

largest pattern size. The larger number of gaps in the smaller pattern size over the same area 

increases the freedom of bending. The largest pattern size still shows better flexibility and higher 

needle resistance compared with the plain hot film sample. The results of FF and SF for the four 
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samples are presented in Figure 5.10.  The FF values are in a similar range and it is difficult to 

evaluate the quality of the design by this parameter since the needle resistance and bending angle 

changes similarly. Since the FF values appear to be within the same range of values for all the 

pattern sizes, the metric cannot be used independently to evaluate flexibility The SF value is 

more informative than the FF in this case where the first three sizes have similar values while 

that for the smallest size of hexagon is lowest. This reflects the better flexibility and stiffness of 

the smallest size while having a similar needle resistance. 

 

Figure 5.10: Normalized flexibility parameters (bending angle and bending force) by needle 

penetration force for samples with different size of hexagon pattern on cotton fabric 

 

5.3.4 Effect of multiple layers of stacked fabrics on penetration and flexibility performance 

 

The effect of using multiple layers on the needle resistance and flexibility was tested on 

different patterns/sizes with 1, 2 and 3 layers. The various combinations of double-sided coated 

designs with different sizes of patterns are provided in Table 5.2. The results of the penetration 

and flexibility tests for these samples are plotted in Figure 5.11.  In all cases, the needle 

resistance force increases with an increase in the number of layers. The needle resistance force 
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increases by about 55-73% when the number of layers are doubled and a further increase of 

about 113-158% when a third layer is attached.  This is 305 to 478 percent higher than a single 

plain layer of hot film on cotton fabric sample. The 3-layer of double sided xs patterned sample 

had the highest needle stick resistance force of 11.6 ± 1.6 N.  The flexibility, however, decreases 

with an increase in the number of layers. Here, the bending angle decreased by about 12% to 

26% when the number of layers was increased to two and three, respectively. The smallest size 

has the best performance in all the situation and improved around 29% of needle resistance for 3-

layer samples and 30% flexibility compared with the biggest size. Interestingly, it shows almost 

linear relationship of BA of hexagon and triangle design which is different from others. It might 

be because the degrees of freedom are slightly different between the two designs. By stacking 3 

layer of patterned EVA hot film on double sides of cotton fabric, the needle resistance can 

achieve more than 10 N which is an increment of over 5 times compared with 3-layer of neat 

cotton fabric.  
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 Figure 5.11: Needle penetration force and flexibility parameters of different size of hexagon 

pattern with different layer of stack. 

 

 

The results of BA and BF are also normalized by force and shown in Figure 5.12. The 

normalized values show that although the needle resistance increases manyfold, it compromises 

the flexibility leading to higher magnitudes of the two ratios(FF and SF).  From the final product 

perspective, the flexibility performance of one layer samples is the most attractive while samples 

with more stacked layer provide higher level of needle-stick protection with slightly lower 

flexibility.  
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Figure 5.12: Normalized flexibility parameters (bending angle and bending force) by needle 

penetration force for samples with different size of hexagon pattern with different layer of stack 

 

 

5.4. Conclusions 

A novel needle stick penetration resistant fabric is developed using multiple layers of 

patterned EVA hot film coated on cotton fabric. The patterns consisted of hexagonal and 

triangular shapes of different sizes.  The EVA film was patterned using HTV sheets and heat 

press bonded on the fabric followed by cooling in an air flow. Having similar needle resistance 

force, the patterned EVA hot film covered cotton fabric had at least a 28% of improvement in the 

flexibility performance compared with un-patterned combination of hot film and cotton. The 

needle resistance force of 3 layer cotton fabric covered each side (per cotton layer) with 

patterned EVA hot film increased by 478% from that of a single plain layer of hot film on cotton 

fabric. Increasing the number of fabric layers was found to increase the needle penetration 
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resistance but resulted in a decrease in the flexibility. However, in comparison to just one layer, 

the flexibility decreased by about 12% to 26% for two and three layers, respectively. Reducing 

the sizes of the patterns was observed to improve the flexibility of the samples by up to 30% 

without compromising the needle penetration resistance force. Therefore, patterned hot film 

lamination is an attractive fabric treatment technique that can be used in the development of 

flexible needle resistant PPE.   
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Chapter 6: Conclusions 
 

Two novel techniques are introduced to produce ballistic composite laminates: (i) hot 

press compression of plain weave UHMWPE using patterned hot film and (ii) cold-press 

compression of plain weave UHMWPE using pressure sensitive adhesive. Laminated composite 

panels consisting of 22 and 25 layers of UHMWPE were cold pressed at 0.1, 4 and 8 MPa in 

addition to 40 and 45 layers of UHMWPE neat fabric which were stacked together in order to 

compare their ballistic performance with the laminated panels when tested by shooting 9 mm 

ammunition at ~347 m/s. For the hot press compression technique, the samples were prepared by 

hot-pressing the plain weave UHMPWE with thermoplastic hot film which was either patterned 

into distinct uniform hardened hexagonal regions (nominal diameter of 27.9 mm with a 1 mm 

gap between each region) or applied without any patterning and tested with a 0.357 magnum 

ammunition at ~435 m/s. The tested laminate samples were analyzed using X-Ray Computed 

Tomography (CT) scans to investigate their failure mechanism under the ballistic impact and 

metrics such as backface signature (BFS) and backface volume (BFV) were calculated.  

For the cold lamination technique, an increase in compression pressure resulted in a 

significant improvement in bullet penetration resistance and energy absorption of the panels 

laminated with PSA as shown by the decrease in BFS, BFV. It also resulted in an increase in the 

percentage of unperforated layers. The energy of impact was found to be transferred through 

fiber straining and delamination at the backface, formation of a permanent deformation on the 

backface (BFS) and an upward flow of the material forming a plug at the strikeface. An increase 

in energy dissipation upon impact through an extensive delamination mechanism which 

propagated to the sides of the panel was observed as a result of increasing the processing 

pressure from 0.1 to 4 and 8 MPa. The 45 layer stack of unlaminated layers showed lower 
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ballistic performance compared to the partially-perforated 22- and 25-layer laminated samples at 

8 MPa. An increase in applied pressure was found to increase the inter-ply bond strength which 

also resulted in increased stiffness due to the PSA spreading more effectively into the depth of 

fabric layers when processing pressure is increased. However, only a small increase in bending 

stiffness was observed when processing pressure was increased from 4 to 8 MPa. 

The use of patterned hot film resulted in an increase in ballistic performance against the 

0.357 mag FMJ ammunition as shown by the decrease in BFS, BFV, height to full width at half 

height ratio (Height:FWHH) and increase in area at half height (AHH). Specifically, the 25 layer 

panel laminated with HF had the least BFS, BFV and Height:FWHH. Ballistic test results 

showed that patterning did not affect the ballistic performance whilst increasing the flexibility of 

the laminated panels as compared to using plain (not patterned) hot film. Patterning of HF was 

found to increase the bending angle of the composite panel by 20.9 % and significantly reduced 

the bending length of the laminated ply by 8 mm making it more flexible. The percentage of the 

unperforated depth of 25-layer panels laminated with PSA increased from about 32 to 43 and 

53%, when processing pressure increase from 0.1 to 4 and 8 MPa, respectively, which 

demonstrates a higher energy absorption of the laminates manufactured at higher pressure. 

However, the panels laminated with 25 layers of HF had the highest energy absorbed per areal 

density making them the most superior among the tested configurations. The main impact energy 

absorption mechanisms observed were fiber fracture at the strikeface and fiber straining and 

delamination at the backface of the panels. These two lamination techniques are robust and 

relatively easy to implement in the manufacturing of ballistic soft body armor.  

In addition to the above, the technique of using patterned hot film was extended to 

develop needle resistant fabric using woven cotton. Here, a number of different patterns using 
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hexagon and triangle shapes with nominal diameters ranging from 2.6 to 13.5 mm and different 

gaps between the patterns ranging from 0.3 to 1.8 mm. The samples were tested for both the 

flexibility and needle penetration resistance. The flexibility tests were performed using two 

methods: (i) overhanging method similar to ASTM D1388 standard and (ii) tensile tester using a 

plunger similar to  ASTM D4032-08 standard, while the needle penetration tests were performed 

according to ASTM F2878-10 standard. The needle resistance of the 3 layer hexagon/triangle 

patterned fabric increased from 2.0 ± 0.1 N for the plain hot film layer to 6.0 ± 1.0 N and is 

consistent with the increase in coverage from 100% to 189%. The results showed that coating the 

cotton with the patterned hot film significantly improved the needle penetration resistance of the 

fabric whilst remaining flexible. The lamination techniques introduced have proven to be highly 

efficient and practically adaptable from the conventional lamination techniques currently widely 

used. 

 

6.1 Recommendations for future work 

Although the methods introduced produced attractive results, there still exist some 

improvements that can be investigated further. The following recommendations are made for 

future studies. 

1. Investigate the infusion of nanoparticles to further improve the ballistic penetration 

resistance. 

2. Investigate the effects of additional compounds to further increase the hardness of the hot 

film. 

3. Investigate alternative thermoplastic hot films that require shorter heating times whilst 

producing good ballistic results. 
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4. Investigate how the lamination techniques perform with other high strength fabrics such 

as Kevlar.  


