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CHAPTER 1 

 

THE FIELD OF BALLISTIC PROTECTION 

 

 

1.1. Overview of personal ballistic protection 

The main objective of research in the field of individual ballistic protection equipment 

is the development of an efficient protective clothing system that is easy to wear, lightweight, 

and affordable, while providing effective resistance to ballistic impacts. The performance of 

these textile-based protective systems is influenced by a number of essential factors, such as 

yarn type and composition, fabric density and structure, angle of impact, projectile shape, and 

impact velocity. All these parameters affect the material’s ability to absorb and dissipate the 

energy generated during a ballistic impact [31]. 

The development of body protection systems seeks to achieve a balance between 

ballistic protection, low weight, flexibility, and comfort through the optimization of materials, 

panel design, and finishing processes [4], [6], [7], [26], [56], [67], [86], [89]. Two-dimensional 

(2D) fabrics and unidirectional laminates are frequently used due to their low weight and good 

impact resistance [2], [40], while hybrid solutions, interlayer bonding, and surface 

modifications can enhance impact energy absorption [25], [61], [65]. In parallel, three-

dimensional (3D) fabrics are emerging as a promising direction due to their improved ballistic 

performance [5], [17], [30]. 

Among the high-performance fibers widely used in individual ballistic protection 

systems are: 

• aramid fibers, represented by the commercial brands Twaron® (registered trademark 

of Teijin Aramid) [99], [100] and Kevlar® (registered trademark of DuPont) [108]; 

• ultra-high-molecular-weight polyethylene (UHMWPE) fibers, represented by the 

brands Dyneema® (registered trademark of DSM Protective Materials, currently part of Avient 

Corporation) [103] and Spectra® (registered trademark of Honeywell) [104]. 

These fibers have been extensively used due to their favorable protective properties and 

the requirements of operational personnel, including high strength and toughness, low weight, 

and good chemical resistance [4]. 

 

1.2. Categories of individual ballistic protection systems 

 

1.2.1. Introduction 

The increasing demands of end users for individual protection systems have led to 

significant improvements in both materials and design. A wide range of ballistic vest options is 

now available on the market, offering different levels of protection against various threats. 

Regardless of their design (Fig. 1.1b and c), all protection systems typically consist of 

three components (Fig. 1.1a): the outer carrier, flexible ballistic panels, and hard ballistic plates. 
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• The outer carrier of a ballistic vest is generally made from high-strength synthetic 

materials such as Cordura® [115], nylon, or polyester, specifically selected for 

durability, abrasion resistance, and moisture protection; 

• Ballistic panels are composed of multiple superimposed layers of materials specially 

engineered to withstand projectile impacts and other ballistic threats; 

The protective cover of the ballistic panels serves to shield the ballistic materials from 

environmental factors such as moisture, dust, and abrasion (friction in wet conditions). 

 
 

 

a) b) c) 

Fig. 1.1. (a) Composition of the individual protection system, (b) concealable vest, (c) tactical vest 

[2], [122] 

 

1.2.2. Hard body armor system 

The hard armor protection system, developed in response to the limitations of flexible 

textile-based protection against military ammunition, has become the standard in military and 

security applications where bullet velocities exceed 500 m/s. It integrates soft textile-based 

armor with rigid materials such as metal plates (steel or titanium alloys), ceramic plates made 

of alumina, silicon carbide, or boron carbide, ultra-high-molecular-weight polyethylene plates, 

or laminated composites. This type of protection system is worn in high-risk situations. 

Individual plates may weigh between 1 kg and 4 kg [31]. 

Ballistic plates stop projectiles by dissipating kinetic energy, primarily through the 

controlled fracture of the hard ceramic layer, a mechanism distinct from the plastic deformation 

typical of metallic or flexible armor. Ceramic alone is insufficient; therefore, modern plates 

combine monolithic ceramics (or ceramic composites) with high-performance textile backings, 

achieving high hardness, compressive strength, and low weight. This combination promotes 

projectile fragmentation and distributes the impact load over a larger surface area, reducing 

backface deformation (BFD) [31], [32], [96]. 

According to Medvedovski [54], ceramics absorb energy through micro- and macro-

cracking, whereas metallic or textile armors dissipate energy through plastic deformation and 

fiber stretching [82]; the differences between these mechanisms are fundamental to the design 

of hybrid systems [31], [53]. 

While conventional systems employed ceramic plates supported by aramid fiber or 

UHMWPE panels, recent trends promote fully polymeric or composite plates with 

thermoplastic matrices reinforced with UHMWPE or aramid fibers. These solutions provide 
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lower weight, improved multi-hit performance, and greater durability under mechanical and 

environmental loading [72]. 

 

1.2.3. Soft body armor system 

The soft armor protection system is a type of flexible and lightweight protection made 

from adaptable fibrous materials [66]. It is distinguished by its low weight, enhanced wearer 

mobility, and improved resistance to bullets [46], [74]. It can be used independently or in 

combination with a hard armor protection system, depending on the level of threat. Due to the 

flexibility and comfort it provides, it is ideal for ballistic equipment intended for the military, 

law enforcement, and security personnel [96], particularly in low-risk situations [54], [96]. 

Soft armor systems are typically constructed from 20–50 layers of lightweight ballistic 

textiles, providing effective protection against low- and medium-intensity threats, especially 

handgun ammunition, while maintaining a high level of comfort. Unidirectional or 

multidirectional textile structures are commonly used, including 2D and, more recently, 3D 

configurations. Fabric type and multilayer architecture directly influence impact performance 

and penetration behavior [2]. 

Soft armor systems limit transverse deformation and distribute impact energy over an 

extended area, thereby increasing protection efficiency. Upon impact, the projectile’s kinetic 

energy is transformed into the kinetic energy of the fabric, yarn deformation energy, and energy 

dissipated through sliding friction, along with other absorption mechanisms [48]. Ballistic 

performance depends on the material’s ability to rapidly absorb, transfer, and dissipate energy 

to prevent early localized failure, and is influenced by fiber properties, fabric structure, number 

of layers, friction, and projectile shape and trajectory [97]. 

Once the stopping capacity is exceeded, particularly in the front layers, localized failure 

mechanisms predominate, similar to shear and tensile rupture observed in metallic armors. 

These include fiber breakage around the impact point and the pull-out of a material plug that 

advances together with the projectile [34]. 

 

1.3. High-performance materials for personal protective systems 

 

1.3.1. High-performance fibers for ballistic protection 

Para-aramid fibers and their properties 

Among high-strength, high-modulus fibers, para-aramids are distinguished by their 

exceptional thermal stability, exhibiting no melting at elevated temperatures, while showing 

sensitivity to UV radiation and low moisture absorption. Aramid fibers, first introduced by 

DuPont in the 1960s, are aromatic polyamides obtained from aromatic acids and amines, whose 

chemical structure promotes strong intermolecular bonding. These fibers are characterized by 

high tensile and compressive strength, abrasion resistance, resistance to chemical degradation, 

and thermal stability. In addition, they exhibit excellent dimensional stability and a very low 

coefficient of thermal expansion, and they regain their ballistic performance after drying [3], 

[31]. 
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Another major advantage is their behavior under extreme temperatures: aramid fibers 

retain their mechanical properties even after prolonged exposure to thermal variations. No 

strength losses are observed at temperatures as low as −196 °C, and the material does not melt 

but begins to carbonize only at approximately 427 °C [2]. 

Kevlar® [108] and Twaron® [99], [100] are two of the most widely used para-aramid 

materials in the manufacture of individual ballistic protection systems. Both are distinguished 

by a strength up to five times greater than that of steel, while maintaining the flexibility and 

durability required to successfully withstand high-energy ballistic impacts [90], [92]. 

Kevlar® is the trade name of a para-aramid fiber developed in 1965 by chemist 

Stephanie Kwolek at DuPont. Initially used as a steel substitute in racing tires, the fiber quickly 

became an essential material in modern body armor [1], [39], [87]. Owing to its very high 

tensile strength, high modulus, and excellent toughness, Kevlar® fabrics can absorb significant 

amounts of impact energy and are widely used in bulletproof vests, ballistic helmets, and other 

protective systems [31], [50], [58], [59], [60]. 

  

Ultra-high-molecular-weight polyethylene fibers for ballistic protection 

UHMWPE, known as ultra-high-molecular-weight polyethylene, is another type of 

high-strength, high-modulus fiber used in ballistic panels. This type of fiber is employed in a 

variety of body armor products. UHMWPE was first introduced in the mid-1980s by Allied-

Signal—now Honeywell Advanced Fibers and Composites (Colonial Heights, VA, USA)—and 

DSM High Performance Fibers (Heerlen, Netherlands) [23]. UHMWPE fibers have properties 

comparable to those of para-aramids but belong to the polyolefin family, being composed of 

extremely long polyethylene chains. 

By laminating unidirectional layers sealed between polyethylene films, both flexible 

panels and rigid plates for ballistic protection systems can be produced. UHMWPE fibers 

combine high modulus with good flexibility, enabling them to efficiently absorb energy under 

high-velocity dynamic loading. Their main limitations are a relatively low melting temperature 

and their non-hygroscopic nature [4], [88]. 

UHMWPE fibers have a relatively low melting point, approximately 144–152 °C, and 

their mechanical properties (toughness and modulus) tend to decrease at elevated temperatures 

and increase at subzero temperatures. According to manufacturer data, the strength-to-weight 

ratio can be up to 40% higher than that of para-aramid fibers, providing a significant advantage 

in the development of lightweight yet energy-efficient ballistic armor. 

Among commercially available UHMWPE fibers with very high elastic modulus, 

Dyneema® (DSM) [103] and Spectra® (Honeywell) [104] are widely used in ballistic 

applications. Spectra™ fibers are reported to have a strength approximately ten times greater 

than steel and about 40% higher than that of aramid fibers at the same specific weight [4], [33]. 

 

1.3.2. Ballistic textile fabrics 

In ballistic protection, 2D fabrics, unidirectional (UD) laminates, multiaxial structures, 

and 3D fabrics are frequently used [81]. Biaxial, triaxial, and even quadraxial fabrics, as well 

as UD laminates, are widely employed in bulletproof vests and composite applications [64]; 



 
Christian Popescu 

Experimental and numerical study on the ballistic behavior of hybrid panels for individual protection 

 

11 

however, woven fabrics may exhibit reduced impact performance due to yarn crimp, low 

delamination resistance, and poor in-plane shear behavior. 

Two-dimensional (2D) fabrics are the simplest and most commonly used textile 

structures in ballistic applications, produced by interlacing warp and weft yarns according to a 

predetermined pattern. Multiple layers can be stacked or stitched in different orientations to 

enhance resistance to ballistic penetration and stabbing threats [13], [14]. Coating with 

elastomers or impregnation with shear-thickening fluids or silica nanoparticles can further 

improve impact performance [45]. A key parameter is the fabric cover factor; values between 

0.6 and 0.95 are considered optimal for ballistic protection, while values outside this range may 

lead to reduced performance [23]. 

Three-dimensional (3D) fabrics have become a major focus in ballistic protection due 

to their superior impact behavior, as demonstrated through modern analysis and manufacturing 

methods [29]. The literature describes structures such as 3D angle-interlock (through-thickness 

binder yarns following an angled path), 3D orthogonal composites, 3D braids, fully or partially 

interlaced fabrics, and multiaxial warp-knitted composites, all showing superior performance 

compared to 2D structures. The distinctive feature of these materials is the presence of through-

thickness (Z-direction) binder yarns that connect warp and weft layers, increasing areal density 

and delamination resistance. These transverse fibers significantly contribute to damage 

tolerance and energy absorption capacity under ballistic impact conditions [12], [29], [31]. 

 

1.4. Architecture of individual ballistic protection systems 

 

1.4.1. Hybridization of ballistic materials in multilayer panels 

Hybrid panels for ballistic protection use high-strength, low-density fibers (aramids, 

UHMWPE) to achieve an optimal balance between mass and impact performance. The 

performance of these structures depends strongly on the combination of materials and the 

stacking sequence of the layers. Numerical studies have shown that, for the same total thickness, 

the order and proportion of high-stiffness laminates and more ductile layers significantly 

influence the projectile stopping capability [36]. 

Textile architecture also plays a decisive role. Analytical and numerical models indicate 

that woven layers placed at the front provide better shear resistance, while unidirectional (UD) 

layers positioned at the rear efficiently carry tensile loads, leading to superior energy dissipation 

and better correlation with experimental results [81]. 

Research on the hybridization of nonwoven and woven UHMWPE fabrics has 

demonstrated that hybrid structures can outperform each individual architecture used 

separately, achieving higher ballistic limits and improved fragment retention [52]. Numerical 

simulations have confirmed the deformation mechanisms observed experimentally. 

Finite element analyses have shown that front layers are dominated by shear failure, 

whereas rear layers fail primarily in tension; therefore, materials with high shear resistance are 

optimal for the front, while those with high tensile strength are better suited for the back. Hybrid 

configurations with UHMWPE woven fabrics on the impact face and aramid UD layers 
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arranged at the rear have demonstrated superior ballistic performance, with an optimal fabric-

to-UD ratio of approximately 1:3, enabling a reduction in the total system mass [21]. 

 

1.4.2. Layer arrangement and stacking sequence in hybrid ballistic panels 

The most important parameters for improving the ballistic performance of protective 

panels are [38], [55], [70]: the nature and architecture of the layers, the stacking sequence, and 

the layer orientations. 

In the design of hybrid ballistic panels, the arrangement of protective materials within 

the front and rear layers is essential. In a study conducted by Park et al., the lamination sequence 

was identified as a critical parameter in optimizing the ballistic performance of multilayer 

hybrid panels made of impregnated fabrics [65]. 

 

1.4.3. Hybrid body armor systems 

Hybridization based on transverse deformation 

Cunniff demonstrated that changing the stacking order in a hybrid panel can produce 

significantly different responses, although certain combinations may exhibit limited sensitivity 

to layer sequence in textile ballistic panels [27]. To illustrate the effect of constraining 

transverse deformation in fabrics, several heterogeneous systems—also classifiable as hybrid 

woven textile materials—were tested. 

The first system, consisting of a 1000 denier Kevlar® 29 fabric layer backed by a 375 

denier Spectra® fabric layer, exhibited a ballistic limit of 269 m/s. Reversing the order of the 

fabrics resulted in a ballistic limit of only 114 m/s. In another test conducted under the same 

impact parameters, a 1000 denier Kevlar® 29 layer backed by a 1040 denier Kevlar® 49 layer 

provided ballistic performance similar to that of the same configuration in reverse order. 

In both the Kevlar® 29/Spectra® and Kevlar® 29/Kevlar® 49 experiments, the 

mismatch in material properties should have produced a mismatch in transverse deformation 

signatures: the material with the higher modulus would be expected to exhibit lower transverse 

deformation. Therefore, the simple two-layer experiments reported by Cunniff [27] are 

inconclusive, but they opened a research direction for hybrid panels, emphasizing that 

experimental testing is necessary to determine ballistic performance, even when the mechanical 

properties of each layer are known and ranked. 

In hybrid Spectra®/Kevlar® systems, differences in transverse deformation lead to 

stress concentration in the impact zone, reducing ballistic performance [73]. The influence of 

layer sequence has been experimentally confirmed through testing of reversed configurations 

[84]. 

Hybridization based on shear and tensile failure mechanisms 

Chen et al. showed that UHMWPE unidirectional (UD) fabrics are more prone to shear 

failure when impacted by sharp-edged projectiles, as the filaments are constrained by the matrix 

and cannot easily move to redistribute stresses. In contrast, conventional woven fabrics can 

dissipate loads through yarn decrimping, yarn pull-out, and the formation of “windows,” 

making them more suitable for front layers. Tests demonstrated that hybrid panels outperform 

monomaterial UD systems, with an optimal fabric-to-UD mass ratio of approximately 1:3 [22]. 
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This ratio was also confirmed in studies involving aramid fabrics, where a configuration of 

~70% UD and ~30% Twaron fabric provided the best trauma protection. However, after water 

immersion, 100% UD panels exhibited superior performance compared to hybrid and woven 

panels, suggesting greater stability of UD structures in harsh environments [42]. 

UHMWPE fibers are susceptible to thermal damage caused by projectile sliding within 

the target. This leads to premature failure and limited propagation of transverse waves. 

Replacing the first few front layers with flame-resistant aramid materials improves energy 

absorption by 27.09% [10], [94]. It has also been demonstrated that fabrics and felts reduce 

backface deformation during the impact process [93], [95]. 

 

1.5. State of the art in flexible panel testing 

Table 1.1 presents several recent, representative studies on flexible panels for ballistic 

protection. The diversity of projectiles used can be observed, as well as the tendency to combine 

aramid fiber fabrics and UHMWPE, some of the most high-performing materials even in single-

material panels. However, the results are difficult to compare due to variations in panel 

dimensions, ammunition types, and the parameters selected to evaluate impact behavior. 

Nevertheless, backface deformation (BFD) is frequently used as a key parameter for assessing 

the quality of protective panels. 

 

Table 1.1. Scientific research on flexible ballistic panels 

Author / 

year 
Specimen / Material 

Dimensions 

(mm) 
Ammunition 

Projectile 

Velocity  

(m/s)  

Key Findings 

Chang  

2021  

[20] 

- Kevlar + STF 

- Kevlar + polyurea 

- Kevlar + polyurea + 

STF 

130 × 130 
9 mm FMJ 

.44 Magnum 

according to 

NIJ 0101.06 

BFD within 

NIJ allowable 

limits 

Shih 

2022  

[83] 

- Kevlar + STF 

- Kevlar + Epoxy resin 

- Kevlar + polyurea 

130 × 130  
9 mm FMJ 

.44 Magnum 

412 ± 6 

442 ± 18 

BFD values: 

34–66 mm 

Ribeiro 

2022  

[76] 

analyzes flexible ballistic 

panels composed of 

Kevlar/Twaron and 

UHMWPE 

not reported 

9 mm FMJ 

.357 Magnum 

.44 Magnum 

350–450 

up to 700 

high 

effectiveness 

of the 

combinations 

Mudzi  

2022  

[57] 

Spectra 900 UHMWPE 

fabric with multilayer 

film lamination 
130 × 130 .357 Magnum 435.9 ± 9 

BFD values: 

13.5–19 mm 

Zhu 

2023  

[98] 

UHMWPE + aramid 

fabric (PPTA) 
not reported 9 mm FMJ not reported 

BFD values: 

21–38 mm 

Kukle 

2024  

[44] 

14 different hybrid 

ballistic packages 

(Kevlar®, UHMWPE, 

graphene coatings, 

aerogel layers) 

225 × 225 9 mm FMJ 
425 – 440  

 
BFD values: 

17–39 mm 
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Table 1.1. Scientific research on flexible ballistic panels, continuation 

Author / 

year 
Specimen / Material 

Dimensions 

(mm) 
Ammunition 

Projectile 

Velocity  

(m/s)  
Key Findings 

Leiva 

Palomera 

2025  

[47] 

Kevlar® 29 + 

polyurethane 
300 × 250 

9 mm FMJ 

.22  
not reported 

the 9 mm 

bullet 

perforated all 

specimens 

Kondor 

2025  

[43] 

-Kevlar CT709 

-Kevlar CT709  

+ Epoxy resin 

-Kevlar CT709 + 

polyurea 

300 × 300 
9 mm 

Parabellum 
not reported 

numerical 

simulation–

based 

validation 

Alexe 

2025  

[8] 

Reviews and compares 

different hybrid ballistic 

packages from the 

literature 

not reported 

9 mm FMJ 

.44 Magnum 

5.56 × 45 mm 

not reported - 

 

1.6. Conclusions and future work 

The thesis aimed to investigate hybrid ballistic panels, starting from a monomaterial 

architecture tested against 9×19 mm FMJ and .357 SIG FMJ calibers, which was subsequently 

optimized through hybridization to improve energy dissipation and overall resistance. The 

structures were manufactured from advanced semi-finished materials supplied by Teijin Aramid 

(Twaron® T730 [99], [100]), DuPont (Kevlar® XDS002 [112], Kevlar® EXO™ CoreMatrix™ 

[109]), and Avient Corporation (Dyneema® SB21 [113]). 

The objectives included a current review of flexible hybrid panels, the design and 

fabrication of new configurations (including recent materials not previously reported in the 

open-source literature), experimental testing, the development of a mesoscale FEM model for 

optimization, and the analysis of panel failure mechanisms using high-speed imaging, high-

resolution photography, and scanning electron microscopy (SEM). 
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CHAPTER 2  

 

STRUCTURE OF THE THESIS 

 

Figure 2.1 provides a schematic representation of the thesis structure. 

 
Fig. 2.1. Diagram of the thesis structure 
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CHAPTER 3 

 

FINITE ELEMENT SIMULATION OF PROJECTILE–TARGET 

IMPACT 

 

3.1. Finite element meshes for impact modeling 

There are two fundamental approaches for formulating the physical equations that 

describe phenomena: the Eulerian method and the Lagrangian method. The Eulerian method, 

considered a “spatial” approach, is typically associated with the finite difference method 

(FDM). The Lagrangian method, known as a “material” approach, is generally represented by 

the finite element method (FEM) [37], [78], [79], [85]. 

 

3.2. Constitutive modeling and failure criteria 

 

3.2.1. Constitutive models for materials 

In the analysis of projectile impact on protective panels, the use of temperature-

independent material properties is justified by thermographic observations and models reported 

in the literature. Studies indicate that materials such as aramid- or glass-fiber-reinforced 

composites maintain their mechanical properties over a wide temperature range. For the impact 

of a 9 mm bullet at velocities of 250–400 m/s, the process is treated as isothermal, since thermal 

effects are minor compared to the dominant failure mechanisms: fracture, deformation, 

delamination, and friction [9], [37], [51]. 

The bilinear hardening model is frequently used in analyses involving large 

deformations. This model defines the stress–strain curve based on the yield strength and the 

tangent modulus of the material under consideration. The slope of the first segment corresponds 

to the modulus of elasticity, E, while the slope of the second segment represents the tangent 

modulus [63], [75], [101]. Strain-rate-dependent models may also be adopted [41], [80], but 

fewer experimental data are available due to the complexity of testing procedures and 

measurement devices. 

 

3.2.2. Maximum equivalent plastic strain (EPS) failure criterion 

In finite element impact modeling using ANSYS Explicit Dynamics, material failure 

criteria are essential for describing material behavior under extreme loading conditions. The 

correct selection of a failure criterion significantly influences the accuracy of results, 

particularly in simulations involving plastic deformation, cracking, fracture, or other forms of 

material damage. 

The criterion assumes that fracture initiation occurs when the accumulated equivalent 

plastic strain reaches a critical value specific to the material. In simulations performed with 

ANSYS Explicit Dynamics, reaching the critical equivalent plastic strain value leads to the loss 

of kinematic continuity through the separation of nodes shared by adjacent elements, without 

deleting elements from the model. This approach preserves mass and internal energy while 

providing a numerically stable description of crack propagation under impact conditions. The 
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EPS criterion defines the condition for fracture initiation without explicitly modeling the 

micromechanical mechanisms of ductile fracture. Nevertheless, due to its numerical robustness 

and reduced parameter requirements, it is widely used in impact simulations [11], [18], [91], 

[101]. 

In this thesis, material failure is modeled in impact simulations performed with ANSYS 

Explicit Dynamics (2023) using the maximum equivalent plastic strain (EPS) failure criterion. 

This approach is phenomenological and is frequently employed in explicit dynamic analyses 

due to its numerical robustness and the limited number of calibration parameters required. 

 

3.3. Modeling projectile impact on multilayer ballistic panels 

 

3.3.1. Model overview 

This subsection analyzes the impact of a projectile on two distinct configurations of 

ballistic panels, differentiated by their layered construction. The first model investigated 

consists of 15 layers of Twaron® T730, while the second model comprises 1 layer of Kevlar® 

EXO followed by 15 layers of Twaron® T730, with the objective of evaluating the influence of 

introducing an additional layer with different mechanical properties on the ballistic behavior of 

the assembly. It should be emphasized that the material models were based on data from the 

literature, while for EXO only a model with enhanced parameters was proposed, derived from 

observations of the experimental results. 

The models developed by the author are presented below: a projectile–layered ballistic 

panel impact model made from a single material type, and a projectile–layered ballistic panel 

impact model composed of two material types. The details of the two models are summarized 

in Table 3.1 and Table 3.2. 

 

Table 3.1. Parameters of the 15-layer Twaron T730 ballistic panel impact model 

 Constitutive models for materials 

Bullet jacket (brass) 

Bilinear isotropic hardening model Core (lead or lead alloy) 

Layers of Twaron T730 fabric 

 Model geometry 

Panel (15 Twaron T730 layers) 
15 layers, layer thickness: 0.4 mm 

120 mm × 120 mm 

.357 SIG bullet jacket thickness: 0.6 mm 

 Constraints and boundary conditions 

Panel Fully constrained along two opposite edges 

 Contact conditions 

Bullet (jacket + core) 

Friction 

Coefficient of friction: 0.5; dynamic coefficient of friction: 

0.5 

15-layer Twaron panel 

Friction 

Coefficient of friction: 0.2; dynamic coefficient of friction: 

0.5 
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Table 3.2. Details of the projectile–panel impact model with one Kevlar EXO layer and 15 

Twaron T730 layers 

 Constitutive models for materials 

Bullet jacket (brass) 

Bilinear isotropic hardening model 
Core (lead or lead alloy) 

Layers of Twaron T730 fabric 

Kevlar EXO layer 

 Model geometry 

Panel (1 Kevlar EXO + 15 

Twaron T730 layers) 

1 EXO layer, thickness: 0.6 mm 

15 Twaron layers, layer thickness: 0.4 mm 

 120 mm x 120 mm 

.357 SIG bullet jacket thickness: 0.6 mm 

 Constraints and boundary conditions 

Panel Fully constrained along two opposite edges 

 Contact conditions 

Bullet (jacket + core) 
Friction 

Coefficient of friction: 0.5; dynamic coefficient of friction: 0.5 

Panel (1 Kevlar EXO + 15 

Twaron T730 layers) 

Friction 

Coefficient of friction: 0.2; dynamic coefficient of friction: 0.5 

 

3.3.2. Projectile impact model for a single-material layered ballistic panel 

The developed model consists of multiple bodies: the projectile, which includes two 

components (jacket and core) connected via a frictional contact, and the 15-layer panel, for 

which the interaction condition is also defined as frictional contact. By introducing friction, the 

simulation becomes more realistic. When friction is taken into account, the projectile undergoes 

less deformation [62]. 

The panel has an area of 120 mm × 120 mm and consists of 15 layers, with rigid 

clamping on two opposite sides, and a total thickness equal to the sum of the constituent layer 

thicknesses. A single impact is simulated at the center of the panel. 

 

 

Fig. 3.1. 15-layer Twaron T730 model 

 

The .357 SIG bullet was modeled by the author, and the geometric parameter values are 

highlighted in Figure 3.2, with the jacket thickness being 0.6 mm. 
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a) .357 SIG bullet model b) section view of the .357 SIG bullet model 

 
 

c) geometric dimensions of the jacket  d) geometric dimensions of the core 

Fig. 3.2. .357 SIG bullet modeled by the author 

 

Figure 3.3 shows the elements used for each body and the discretization mesh associated 

with the numerical model. The projectile is represented by two distinct bodies, discretized with 

an automatically generated mesh composed predominantly of tetrahedral elements. The front 

part, with its conical geometry, features mesh refinement in the contact zone in order to better 

capture local impact phenomena. The 15-layer structure is discretized using regular hexahedral 

elements, uniformly arranged, ensuring numerical stability and an accurate representation of 

stress and strain fields during impact. The element size is selected to provide a coherent 

transition between the projectile and target discretizations, enabling a correct simulation of the 

interaction between the two bodies. 

The numerical model is discretized into a total of 219,674 finite elements and 441,036 

nodes, providing an adequate level of resolution to capture the transient phenomena associated 

with ballistic impact. 
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Fig. 3.3. discretization mesh for the bullet and 

the Twaron T730 layers 

Fig. 3.4. discretization mesh for the bullet and 

the hybrid panel with one Kevlar® EXO layer 

and 15 Twaron T730 layers 

 

3.3.3. Numerical model of projectile impact on a Kevlar EXO/ Twaron layered 

panel 

The developed model consists of multiple bodies: the projectile, which includes two 

components (jacket and core) connected via a frictional contact, and the panel composed of one 

Kevlar EXO layer and 15 Twaron T730 layers, with frictional interaction conditions. 

The model dimensions are as follows: the panel has an area of 120 mm × 120 mm and 

is rigidly clamped on two opposite sides. A single impact is simulated at the center of the panel. 

The discretization mesh is the same as in the previous case (Fig. 3.4). This numerical 

model includes a total of 234,049 finite elements and 470,313 nodes, indicating a denser 

discretization compared to the model consisting exclusively of Twaron T730 layers, due to the 

introduction of the additional layer with different mechanical properties. This approach ensures 

an accurate representation of interlayer interactions and an adequate capture of the stress and 

strain gradients generated during impact. 

 

3.3.4. Constitutive material models in the developed model 

In these simulations, the following constitutive material models were used: 

• bullet jacket (brass): bilinear hardening model, homogeneous and isotropic; 

• core (lead or lead alloy): bilinear hardening model, homogeneous and isotropic. 

The panel layers have the mechanical properties listed in Tables 3.4; however, the 

constitutive model for each layer was assumed to be homogeneous and isotropic with bilinear 

hardening. This simplification is acceptable provided that the model exhibits realistic behavior 

and, for certain cases (e.g., number of panel layers), is validated through experimental testing. 

The failure criterion for each layer and for the projectile jacket was the equivalent plastic 

strain at failure (EPS). 
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Table 3.3. Mechanical properties of the bullet jacket and core 

Mechanical properties of the jacket  Mechanical properties of the core 

Property Value Property Valoare 

Density [kg mm-3] 8,30e-006 Density [kg mm-3] 1,134e-005 

Young’s Modulus [MPa] 1,2e+05 Young’s Modulus [MPa] 11000 

Poisson’s Ratio 0,34 Poisson’s Ratio 0,44 

Bulk Modulus [Pa] 1,25e+11 Bulk Modulus [Pa] 3,055e+10 

Shear Modulus [Pa] 4,4477e+10  Shear Modulus [Pa] 3,819e+09 

Temperature [˚C] 22  Temperature [˚C] 22 

Bilinear isotropic hardening model Bilinear isotropic hardening model 

Initial yield stress [MPa] 70 Initial yield stress [MPa] 15 

Tangent modulus [MPa] 2000 Tangent modulus [MPa] 40 

Temperature [˚C] 22 Temperature [˚C] 22 

  
Equivalent plastic strain at 

failure 
2 

 

Table 3.4. Mechanical properties of the Twaron T730 and EXO layers 

Mechanical properties of the Twaron T730 

layers 

 Mechanical properties of the EXO layers 

Property Value Property Value 

Density [kg mm-3] 1,444e-006 Density [kg mm-3] 1,444e-006 

Young’s Modulus [MPa] 90000 Young’s Modulus [MPa] 90000 

Poisson’s Ratio 0,35 Poisson’s Ratio 0,35 

Bulk Modulus [Pa] 1e+11 Bulk Modulus [Pa] 1e+11 

Shear Modulus [Pa] 3,3333e+10  Shear Modulus [Pa] 3,3333e+10 

Temperature [˚C] 22  Temperature [˚C] 22 

Bilinear isotropic hardening model Bilinear isotropic hardening model 

Initial yield stress [MPa] 400 Initial yield stress [MPa] 800 

Tangent modulus [MPa] 18000 Tangent modulus [MPa] 18000 

Temperature [˚C] 22 Temperature [˚C] 22 

Equivalent plastic strain at 

failure 
0,095 

Equivalent plastic strain at 

failure 
0,15 

 

The model used is isothermal, and this simplification is supported by two main 

arguments: on the one hand, Explicit Dynamics does not support adiabatic models, and on the 

other hand, studies reported in the literature indicate that within the impact velocity range of 

250 m/s to 450 m/s, thermal effects can be considered negligible in the analysis of projectile 

and target failure. 

 

3.3.5. Impact case on the panel consisting of 15 Twaron T730 layers at an impact 

velocity of 450 m/s 

Friction between the bullet and the layers influences how loads are distributed and 

transferred, hindering the projectile’s rapid motion and contributing to increased stresses in 
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the material, as well as to the conversion of part of the projectile’s kinetic energy into 

frictional energy. 

In this simulation, at 7.5 × 10⁻⁶ s, the first layer is observed to fail, according to the 

graph in Figure 3.5c, at an equivalent stress of approximately 2464.1 MPa. Layers 2 and 3 

also exhibit high equivalent stresses. 

 

 

a)  

 
 

b)  c)  

Fig. 3.5. Distribution of equivalent stresses during the impact of a .357 SIG projectile on the 15-

layer Twaron T730 panel at time t = 7.5 × 10⁻⁶ s: (a) view of the central section through the system 

(along the projectile axis); (b) detail of the direct contact zone (same color scale as in (a)); 

equivalent stress graph for each layer in the central section. 

 

At t = 3.75 × 10⁻⁵ s (Fig. 3.6), the phase in which the shock wave has already 

penetrated several layers becomes evident. Failure of layers 2 and 3 is observed, and the 

maximum stress is no longer confined to the front layer. The pronounced central peak 

indicates the contact zone and the intense transmission of compressive loads through the 

thickness, with layer 4 reaching the highest values—an indication of damage concentration in 

the region where energy begins to be dissipated through fiber stretching and surface waviness. 

The significant difference between layers 1–5 and the rear layers shows that the 

absorption process remains localized in the front half of the package. The elevated lateral 

zones (at 30–40 mm and 80–90 mm) reflect the onset of flexural wave propagation in the 

plane of the panel, although they do not yet dominate the global structural response. 
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a)  

 
 

b)  c)  

Fig. 3.6. Distribution of equivalent stresses during the impact of a .357 SIG projectile on the 15-

layer Twaron T730 panel at time t = 3.75 × 10⁻⁵ s: (a) view of the central section through the system 

(along the projectile axis); (b) detail of the direct contact zone (same color scale as in (a)); 

equivalent stress graph for each layer in the central section. 

 

At t = 1.5 × 10⁻⁴ s (Fig. 3.7), the stress distributions indicate a clear post-impact 

regime (values below the yield limit of the material model), dominated by the global vibration 

of the panel. The central zone (45 – 80 mm) exhibits low and oscillatory stress levels for most 

layers, indicating that the local impact energy has already been dissipated and that the region 

is in a phase of dynamic relaxation. 

The pronounced maxima in the lateral regions (15 – 30 mm and 95 – 110 mm) are 

associated with the bending modes of the layers and wave reflections at the panel boundaries, 

rather than with local penetration. The differences between layers are moderate, showing that 

the structure is now acting as an integrated system, with loads distributed through the 

thickness and without persistent critical stress concentrations in the impact zone. 
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a)  

 
 

b)  c)  

Fig. 3.7. Distribution of equivalent stresses during the impact of a .357 SIG projectile on the 15-

layer Twaron T730 panel at time t = 1.5 × 10⁻⁴ s: (a) view of the central section through the system 

(along the projectile axis); (b) detail of the direct contact zone (same color scale as in (a)); 

equivalent stress graph for each layer in the central section. 

 

Following ballistic tests performed on the panel consisting of 15 Twaron T730 layers, 

tested with .357 SIG ammunition, it was experimentally observed that the projectiles 

corresponding to shots 1 and 2 were stopped at the level of layer 4. Correlating these 

observations with the results obtained from the numerical model confirms the tendency of the 

layered structure to absorb most of the impact energy within the front layers. The simulation 

shows a concentration of damage and maximum stresses in the region of layers 1–4, supporting 

the experimental conclusion that, under certain impact conditions, a 15-layer Twaron T730 

package can stop a .357 SIG bullet within the first 3–4 layers of the configuration. 

Figure 3.8a presents the projectile resulting from the simulation, while Figure 3.8b 

shows a photograph of the .357 SIG bullet stopped at layer 4. The deformed shape of the real 

projectile is similar to that obtained in the simulation, indicating that the simulation can be 

considered realistic and that the model is suitable for studying impact behavior and for 

optimizing the panel by modifying the number of layers. 
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a) projectile arrested in layers 3–4 of the 

numerical model 
b) projectile from shot 2, arrested in layer 4 

  
c) identification of bullet 1 at layer 4 during 

experimental testing 

d) identification of bullet 2 in layer 4 

from experimental tests 

Fig. 3.8. Numerical–Experimental Comparison for the 15-Layer Twaron T730 Panel under 

.357 SIG Impact 

 

3.3.6. Impact case on the hybrid panel consisting of one Kevlar EXO layer and 15 

Twaron T730 layers at an impact velocity of 450 m/s 

At t = 7.5 × 10⁻⁶ s (Fig. 3.9), no failure of the EXO layer is observed; however, the 

equivalent stresses reach significant values, approaching the failure limit (2354.3 MPa for layer 

1, according to Fig. 3.9a). The concentrated von Mises stress field in the front layer indicates 

that the first layer (the EXO layer) absorbs most of the local loading, dissipating energy through 

deformation and the initiation of damage. The rear layers are still weakly stressed, indicating 

that the shock wave has not yet significantly penetrated the layered package, confirming the 

critical role of the first layer in attenuating the stress peak. 

The graph in Figure 3.9c presents the distribution of equivalent stress in each layer, 

along the main section (containing the projectile axis), at t = 7.5 × 10⁻⁶ s, capturing the initial 

propagation of the shock wave through the layered package. A pronounced peak is observed in 

the central impact region, where layer 1 (EXO) reaches the maximum values, significantly 

higher than those in the other layers and greater than those obtained at the same moment for the 

single-material panel. The progressive decrease in stress amplitude from layer 1 toward the 
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deeper layers indicates effective attenuation of the shock wave through the thickness, due to 

fiber deformation mechanisms. The rear layers exhibit a much more diffuse and lower-level 

response, showing that, in this early stage of impact, the energy has not yet been fully 

transmitted to the back of the panel. 

 

 

a)  

 

 

b)  c)  

Fig. 3.9. Distribution of equivalent stresses during the impact of a .357 SIG projectile on the hybrid 

panel (1 EXO layer + 15 Twaron T730 layers) at time t = 7.5 × 10⁻⁶ s: (a) view of the central section 

through the system (along the projectile axis); (b) detail of the direct contact zone (same color scale 

as in (a)); equivalent stress graph for each layer in the central section. 

 

At t = 3.75 × 10⁻⁵ s, the graph in Figure 3.10c shows a more advanced stage of shock 

wave propagation, in which the load is no longer concentrated strictly at the impact point but 

has been distributed spatially and through the thickness of the package. The peak in layer 1 

remains the highest, but the differences compared to layers 2–6 have decreased, indicating a 

progressive transfer of load to the inner layers. The shape with two lateral maxima and a local 

decrease at the center suggests the onset of a regime dominated by flexural deformation and 

membrane stretching, rather than purely local compression. The rear layers begin to actively 

participate in load bearing, confirming that the impact energy is being redistributed over a larger 

area, reducing the risk of local perforation while increasing the global loading of the panel. 

 



 
Christian Popescu 

Experimental and numerical study on the ballistic behavior of hybrid panels for individual protection 

 

27 

 

a)  

 
 

b)  c)  

Fig. 3.10. Distribution of equivalent stresses during the impact of a .357 SIG projectile on the 

hybrid panel (1 EXO layer + 15 Twaron T730 layers) at time t = 3.75 × 10⁻⁵ s: (a) view of the 

central section through the system (along the projectile axis); (b) detail of the direct contact zone 

(same color scale as in (a)); (c) equivalent stress graph for each layer in the central section. 

 

The graph at t = 1.5 × 10⁻⁴ s (Fig. 3.11) shows an advanced stage of the structural 

response, in which the behavior is dominated by the global flexural vibration of the panel. The 

stress distributions become more uniform across the layers, and the differences between them 

are significantly smaller than in the initial phases, indicating that the impact energy has already 

been redistributed throughout the entire laminated package. 

Alternating maxima and minima can be observed along the length, characteristic of the 

plate’s natural vibration modes (flexural waves reflected at the boundaries). Layer 1 no longer 

concentrates the maximum local stress, indicating that the critical phase of primary energy 

absorption has ended and that the structure is in a global dynamic response regime, with 

moderate stresses distributed over a large surface area. 
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a)  

  

b)  c)  

Fig. 3.11. Distribution of equivalent stresses during the impact of a .357 SIG projectile on the 

hybrid panel (1 EXO layer + 15 Twaron T730 layers) at time t = 1.5 × 10⁻⁴ s: (a) view of the central 

section through the system (along the projectile axis); (b) detail of the direct contact zone (same 

color scale as in (a)); (c) equivalent stress graph for each layer in the central section. 

 

Following ballistic tests performed on the panel composed of one Kevlar® EXO layer 

and 15 Twaron T730 layers, using .357 SIG ammunition, it was experimentally observed that, 

in all four tested specimens, each of the three shots was stopped by the Kevlar® EXO layer 

(Fig. 3.12). Correlating these experimental observations with the results obtained from 

numerical modeling confirms the essential role of the Kevlar® EXO layer in absorbing the 

majority of the impact energy. This layer carries most of the local load, dissipating energy 

through significant deformation and the initiation of damage mechanisms. 

The simulation results highlight a concentration of maximum stresses and damage in 

the Kevlar® EXO layer, supporting the experimental conclusion that a package consisting of 

one Kevlar® EXO layer and 15 Twaron T730 layers is capable of stopping a .357 SIG projectile 

within the very first layer. 
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a) projectile arrested in the Kevlar® EXO 

layer in the numerical model 

b) projectile from shot 2, arrested in the Kevlar® 

EXO layer 

 

 

c) experimental identification of bullet 

2 in the Kevlar® EXO layer 

d) back-face view of the EXO layer, no 

complete penetration 

Fig. 3.12. Numerical–experimental comparison for the Kevlar® EXO/Twaron T730 hybrid 

panel under .357 SIG Impact 

 

3.3.7. Equivalent von Mises stress distribution through the layers for both panels 

This subsection presents the distribution of equivalent (von Mises) stresses at the level 

of each constituent layer for the two structural configurations analyzed. The objective is to 

identify critical stress regions and to highlight how the layered architecture influences load 

transfer and energy dissipation mechanisms. 

The graphs in Figure 3.13a show that, immediately after impact (t = 7 × 10⁻⁶ s), the 

structure with Kevlar® EXO develops a significantly higher and more concentrated equivalent 

stress peak in the impact zone (~60 mm), indicating rapid load uptake and initial energy 

dissipation in the first layer. As time progresses (t = 3.75 × 10⁻⁵ s → 1.5 × 10⁻⁴ s), the stresses 

in the Kevlar® EXO configuration redistribute over a greater length while maintaining higher 

levels than the panel without EXO, suggesting that wave propagation and load transfer are more 

effectively managed by the front layer. 
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a) equivalent stress analysis for layer 1 b) equivalent stress analysis for layer 3 

Fig. 3.13. Comparison of equivalent stresses in layers 1 and 3 for both ballistic 

configurations (450 m/s) 

 

In contrast, the panel without EXO exhibits lower and less extensive stress levels, 

suggesting that the energy is transmitted further to the subsequent layers rather than being 

predominantly absorbed in the front layer. This evolution confirms the role of the Kevlar® EXO 

layer in the initial concentration of the load and in the progressive attenuation and redistribution 

of stresses, contributing to stopping the projectile within the first layer, even if localized failures 

occur. 

For layer 3 (Fig. 3.13b), immediately after impact (t = 7 × 10⁻⁶ s), a pronounced central 

stress peak is observed for both configurations; however, the panel without Kevlar® EXO 

develops slightly higher values, indicating a faster transmission of the shock wave to the inner 

layers. At intermediate times (t = 3.75 × 10⁻⁵ s and 7 × 10⁻⁵ s), the difference becomes clearer: 
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the structure without EXO maintains high and oscillatory concentrations of equivalent stress in 

the impact zone, whereas the EXO configuration exhibits a more uniform distribution and lower 

values, indicating that a significant portion of the energy has already been dissipated in the front 

layers. Toward the end of the analyzed interval (t = 9.75 × 10⁻⁵ s and 1.5 × 10⁻⁴ s), stresses 

decrease in the central region for both cases, but the panel without EXO shows larger increases 

in the lateral zones, suggesting a wider propagation of the load. Overall, the evolution confirms 

that the presence of the Kevlar® EXO layer limits the transmission of stress peaks to the deeper 

layers, reducing the stress levels in layer 3. 

 

  

  

 

Fig. 3.14. Equivalent stress analysis for the last layer in the ballistic structures at an impact 

velocity of 450 m/s 

 

For the last layer (Figure 3.14), at the initial time (t = 7 × 10⁻⁶ s) the stress level is still 

low and similar for both configurations, indicating that the shock wave has not yet significantly 

reached the rear region. At t = 3.75 × 10⁻⁵ s, a clear differentiation appears: the structure without 

Kevlar® EXO develops higher and more extended stresses, whereas the EXO configuration 

shows a pronounced minimum in the central zone, indicating attenuation of the wave as it 

traverses the package. As the structural response evolves (t = 7 × 10⁻⁵ s and 9.75 × 10⁻⁵ s), the 

distributions become more uniform, but the panel without EXO maintains slightly higher levels, 

indicating a greater transmission of residual energy. At the final time (t = 1.5 × 10⁻⁴ s), lateral 

differences are evident, with higher stresses in the structure without EXO, confirming that the 
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presence of the Kevlar® EXO front layer significantly reduces the amplitude of the loads 

reaching the last layer. 

 

3.6. Key conclusions on projectile impact simulation 

The effectiveness of such simulations is closely related to the operator’s knowledge of 

material behavior modeling, expertise in the use of the finite element method, and 

understanding of the processes occurring during impact. 

Simulations can be essential for evaluating the safety of personal armor or ballistic 

plates intended for vehicle armor, highlighting specific details of the bullet failure process and 

its interaction with the target. 

This chapter presented two impact models involving two types of layered panels and a 

.357 SIG projectile, analyzed at the macro level (the panel being modeled as layers considered 

homogeneous), highlighting the following aspects. 

• All bodies and materials involved were considered within the elasto-plastic domain, 

applying a failure criterion based on the equivalent plastic strain at failure (EPS). Unlike 

other bibliographic references, where one of the bodies (usually the projectile) is 

assumed to be rigid, this model treats all bodies as deformable, providing a more 

realistic impact response but requiring particular care in the simulation setup. 

• The set of graphs highlights that the virtual model, incorporating a Kevlar® EXO front 

layer, concentrates and absorbs most of the impact energy, significantly reducing the 

transmission of stress peaks to the inner layers and to the last layer. In its absence, loads 

propagate more intensely through the panel thickness, with higher values and more 

extensive stress distributions within the laminated structure. The temporal evolution 

confirms the role of the EXO layer in attenuating the shock wave and progressively 

dissipating energy through deformation and localized damage mechanisms.  

• Simulations performed on similar panels, also tested experimentally, enabled model 

validation through comparison of the number of damaged layers. 

• The analysis of equivalent stresses at different time steps and across various layers 

allowed the identification of the impact stages, clearly highlighting the phases 

associated with partial penetration. 

Numerical simulation provides a major advantage by enabling detailed tracking of stress 

fields in both time and space—information that is difficult or impossible to obtain exclusively 

through experimental methods. Moreover, modeling allows for virtual testing, reducing the 

number of panels that must be physically tested during prototype developmen
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CHAPTER 4  

 

DEVELOPMENT OF BALLISTIC PROTECTION STRUCTURES  

 

4.1. Semi-finished materials used in the manufacture of ballistic structures 

The typical configuration of an individual ballistic protection system includes a ballistic 

package composed of multiple layers of materials whose primary role is to stop projectiles, 

enclosed within a protective textile carrier. The number of layers varies depending on the 

material and the required protection level, and these layers may consist of woven fabrics, 

unidirectional laminates, or multiaxial structures. Systems may be monomaterial or hybrid, and 

the order and combination of layers decisively influence performance; the presence of non-

ballistic layers for trauma reduction makes comparisons based solely on the number of layers 

irrelevant. The assembly of flexible panels is achieved either by simple stacking within the 

carrier or by stitching, using various techniques such as edge stitching, point/corner stitching, 

parallel or diagonal lines, and quilting (diamond, square patterns, etc.), each influencing impact 

behavior and layer mobility. 

For the manufacture of ballistic protection panels, the following semi-finished materials 

were used: 

• Twaron® T730 (Teijin Aramid AVE) [99], [100], 

• Kevlar® EXO™ CoreMatrix™ CM E1100H (DuPont) [109], 

• Kevlar® XD S002 (DuPont) [112], 

• Dyneema® SB21 (DSM, later Avient Corporation) [113]. 

Twaron® T730 fabric 

Twaron® T730 fabric is a plain weave fabric with a linear density of 168 tex, based on 

standard tenacity (T), designed for cost-effective ballistic performance solutions that require 

good resistance to bullets and fragmentation [114]. 

 

Table 4.1. Twaron® T730 fabric specifications [99], [100] 

Linear Density 

[dtexnom] 

Warp/Weft 

Twaron Type 

Warp/Weft 

Set 

[per 10 cm] 

Areal 

Density 

[g/m2] 

Thickness 

[mm] 

Minimum 

Breaking Strength 

[N/5 cm x 1000]* 

Warp Weft Warp Weft 

1680 f1000 1040 78 78 260 0,4 9,4 10 

* standardized form for reporting tensile strength of textile materials 

 

Kevlar® EXO™ CoreMatrix™ CM E1100H fabric 

Kevlar® EXO is a new copolymeric para-aramid fiber, structurally different from 

conventional aramid fibers. By incorporating an additional monomer, superior molecular 

alignment is achieved, resulting in increased strength and up to 30% lower weight compared to 

earlier versions. 

The Kevlar® EXO™ CoreMatrix™ CM E1100H fabric is a 3D textile produced using 

the patented CoreMatrix technology [110], [111], [121] which combines multiple woven Kevlar 
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layers with a nonwoven layer through a process that infuses discontinuous fibers in the Z-

direction (vertical), adding a third dimension of protection. By eliminating traditional stitching, 

the material enables impact energy to be dispersed in all directions, not only along the X and Y 

axes.Reinforcement with Z-direction yarns not only stabilizes the layered architecture of the 

material but also actively contributes to protection mechanisms during impact. Through-

thickness yarns keep the textile layers tightly bound, reducing their tendency to separate or slide 

over one another under ballistic loading. This structural cohesion improves the transfer and 

dissipation of kinetic energy, as the load is no longer carried solely by in-plane yarns but is 

distributed three-dimensionally throughout the entire volume of the semi-finished material. 

Consequently, Z-yarns become an integral part of the energy absorption process, limiting local 

deformation, delaying crack propagation, and contributing to the overall efficiency of the 

protection system [Development Product Specification]. At present, the only publicly available 

characteristics of this fabric are those presented in Table 4.2. 

 

Table 4.2. Specifications of the Kevlar® EXO™ CoreMatrix™ CM E1100H fabric roll [110] 

Property Nominal Low High 

Areal Density [g/m2] 1146 1044 1248 

Width [cm] 160 160 165 

Thickness [mm] 2,26  1,98 2,54 

 

The three-dimensional (3D) orientation of the yarns is illustrated in Figures 4.1 and 4.2, 

where their spatial distribution can be observed along the longitudinal, transverse, and through-

thickness directions of the textile structure. 

 

  
a) 65 b) 5000 

Fig. 4.1. Crosswise-cut Kevlar® EXO™ CoreMatrix™ CM E1100H fabric images 
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a) 100 a) 200 

Fig. 4.2. Longitudinal cross-sections of the Kevlar® EXO™ CoreMatrix™ CM E1100H fabric 

 

Kevlar® XD S002 fabric 

Kevlar® XD is the result of a technology developed by DuPont™, based on advanced 

unidirectional (UD) structures. The Kevlar® XD S002 semi-finished product is a bidirectional 

ballistic material with superior performance compared to standard 4-ply UD aramid fabrics, 

making it ideal for lighter, more efficient, and cost-effective protective vests.Composed of four 

layers oriented 0°/90°/0°/90° and supplied in roll form, this product allows combination with 

other materials to obtain soft ballistic solutions with an excellent balance of reduced weight, 

advanced protection, and lower costs. Its performance depends on the correct alignment of the 

layers. To maintain quality, it is essential to avoid storage at temperatures above 60 °C and 

exposure to UV radiation [112]. 

 

Table 4.3. Specifications of the Kevlar® XD S002 fabric roll [112] 

Areal Density [g/m2] Width [cm] Length [m] 

232 160 150 

 

Dyneema® SB21 prepreg 

Dyneema® SB21 is a unidirectional (UD) semi-finished material intended for flexible 

ballistic structures. The manufacturing process of the semi-finished product (Fig. 4.9) begins 

with the production of polyethylene fiber. A gel-spinning process is used, in which polyethylene 

is dissolved in a solvent and extruded into highly aligned filaments. The resulting fibers exhibit 

high crystallinity and a high elastic modulus, providing excellent tensile strength. The 

polyethylene filaments are arranged parallel in a single layer, without weaving. A thermoplastic 

elastomer-based matrix is applied to bind and stabilize the fibers [21].  

 

Table 4.4. Dyneema® SB21 material specifications [16], [113] 

Areal Density [g/m2] Thickness [mm] 

140-150 0,15 
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4.2. New design configurations for personal ballistic protection structures 

The manufacturing process of the structures consisted of measuring and marking the 

specimens, cutting the material using a specialized cutting machine, and forming ballistic 

assemblies by stitching the layers with dimensions of 300 mm × 300 mm, corresponding to an 

area of 0.09 m². This places the assemblies produced for this study within the NIJ-C-1 template 

type (0.09 m²) for small surfaces, in accordance with NIJ 0101.06/2008 [116]. The assemblies 

were secured by stitching along all sides at 8–10 mm from the edges to maintain layer integrity 

and alignment. For this process, a Juki LU-563 sewing machine and Nomex® aramid fiber 

technical thread, type Nc-tech, with a linear density of 40 tex/70, were used. 

• Stage I of the study 

The first part of the study focused on the fabrication of ballistic structures made of 

Twaron T730, with variations in the number of layers. Following the cutting process, the layers 

were arranged into three types of assemblies according to the number of layers. These three 

configurations create a scalable range for comparison, allowing observation of how additional 

layers influence energy absorption, impact resistance, and failure modes. 

The fabricated structures are presented in Figure 4.3. 

 
Fig. 4.3. Single-fabric panels 

 

• Stage II of the study 

Five types of structures were fabricated: four hybrid configurations, with four 

specimens produced for each architecture, and one reference structure composed solely of 20 

layers of Twaron T730. 

Since the 15-layer T730 panels from the first stage of the testing campaign exhibited a 

high backface deformation (BFD), close to the allowable limit (44 mm [116]) for .357 SIG 

ammunition, the reference panel for Stage II of the study was designed with 20 layers of T730.  

 

4.3. Experimental campaign on the manufactured structures 

The single-material panels were manufactured from a single type of fabric/semi-

finished material, namely Twaron T730, with the number of layers as the variable parameter. 

Three types of layered structures were produced to be tested with two calibers, 9 mm and .357 

SIG, and one layered structure was produced to be tested with the .357 SIG caliber. 
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Table 4.5. Developed ballistic structures 

 

The hybrid panels were manufactured from combinations of semi-finished materials 

arranged in multilayer configurations. Four hybrid multilayer structures were produced for 

testing with .357 SIG ammunition. 

 
Fig. 4.4. Experimental plan for evaluating the ballistic performance of the developed panels 

Architecture Orientation Material 
Number 

of layers 

Calculated 

mass 

[g] 

Areal 

Density 

[kg/m2] 

Coding 

Architecture  

1 

impact 

face 

↓ 

back face 

Twaron T730 20 480 5,33 20T 

 

Architecture  

2 

impact 

face 

↓ 

back face 

Twaron T730 7 

440 4,88 7T5D8T 
Dyneema® 

SB21 
5 

Twaron T730 8 

 

Architecture  

3 

impact 

face 

↓ 

back face 

Twaron T730 8 

400 4,44 8T2D7T 
Dyneema® 

SB21 
2 

Twaron T730 7 

 

Architecture  

4 

impact 

face 

↓ 

back face 

Twaron T730 15 

460 5,11 15T4XD Kevlar® XD 

S002 
4 

 

Architecture  

5 

impact 

face 

↓ 

back face 

Kevlar® 

EXO™ 

CoreMatrix™ 

CM E1100H 

1 
440 4,88 1EXO15T 

Twaron T730 15 
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CHAPTER 5 

 

EXPERIMENTAL EVALUATION OF THE DESIGNED PANELS 

UNDER BALLISTIC IMPACT 

 
5.1. Standardization in the field of ballistic protection 

Through an iterative development process of individual protection systems, the obtained 

results can be applied by end users, economic organizations, and governmental institutions 

which, by the nature of their activities, require high-performance, lightweight, and cost-efficient 

ballistic protection systems [68]. 

Standards and testing methods are indispensable for validating ballistic protection, as 

the performance of such equipment cannot be assessed visually. Under real impact conditions, 

materials are subjected to dynamic loads that differ from static ones; therefore, accurate 

evaluation is achieved through ballistic or explosive testing conducted under conditions as close 

to reality as possible [15]. 

 

5.2. Ballistic impact testing methodology 

The experimental testing program was carried out in two stages. 

Stage I aimed to evaluate the behavior of the ballistic protection structures developed in 

the first part of the study under the action of 9 mm FMJ and .357 SIG FMJ projectiles, through 

live-fire testing and partial verification of compliance with the Ballistic Resistance of Body 

Armor, NIJ Standard-0101.06 [116], U.S. Department of Justice, Office of Justice Programs, 

National Institute of Justice, 2008. The partial nature of compliance arises from the fact that 

achieving a specific protection level requires testing with two calibers prescribed for that level. 

In the case of NIJ 0101.06, the ammunition used corresponds to protection Level II (9 mm FMJ) 

and Level IIIA (.357 SIG FMJ). Under NIJ 0101.07 [117], the ammunition used corresponds to 

protection level NIJ HG1, with the exception that the standard specifies .357 Magnum JSP 

ammunition, whereas .357 SIG FMJ was used in the experimental tests. 

Stage II aimed to evaluate the behavior of the ballistic protection structures developed 

through the hybridization of the base structure under the impact of .357 SIG FMJ projectiles, 

through live-fire testing. The 9 mm FMJ ammunition was excluded because the identified 

baseline ballistic structure demonstrated favorable performance under impact with 9 mm FMJ 

projectiles. 

Due to financial constraints, the evaluation of ballistic protection system performance 

is frequently based on statistical approaches, employing a limited number of experimental 

shots. In the early phases of the study, the research was further affected by the difficulty of 

procuring domain-specific materials, considered strategic resources in the context of recent 

tensions and conflicts in the Middle East and Eastern Europe. Consequently, testing was 

conducted under strictly controlled conditions and with limited resources, reflecting both 

logistical challenges and the current geopolitical context. 
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Stage I 

The tests were structured into two categories, as follows: 

• characterization of the ballistic resistance of structures made entirely of Twaron T730 

fabric with a defined number of layers—5 layers, 10 layers, and 15 layers—by testing 

under the impact of 9 mm FMJ projectiles; 

• characterization of the ballistic resistance of structures made entirely of Twaron T730 

fabric (5, 10, and 15 layers) by testing under the impact of .357 SIG FMJ projectiles. 

The tests were conducted as follows: 

• for the 300 mm × 300 mm assemblies, three shots were fired per assembly, centrally 

arranged in an equilateral triangle with a side length of 120 mm; two assemblies were 

tested for the thinner panels and eight assemblies for the configuration with the highest 

number of Twaron T730 fabric layers (15), as follows: 

• Twaron T730 structure with 5 layers – 2 assemblies – 2 calibers; 

• Twaron T730 structure with 10 layers – 2 assemblies – 2 calibers; 

• Twaron T730 structure with 15 layers – 8 assemblies – 2 calibers. 

Stage II 

For .357 SIG FMJ ammunition, the tests were structured into five categories, as follows: 

• characterization of the ballistic resistance of architecture 20T; 

• characterization of the ballistic resistance of architecture 7T5D8T; 

• characterization of the ballistic resistance of architecture 8T2D7T; 

• characterization of the ballistic resistance of architecture 15T4XD; 

• characterization of the ballistic resistance of architecture 1EXO15T., 

The tests were conducted as follows: 

• for the 300 mm × 300 mm assemblies, three shots were fired per assembly, with four 

assemblies tested for each configuration; the number of tested assemblies was as 

follows: 

• architecture 20T – 4 assemblies – 1 caliber; 

• architecture 7T5D8T – 4 assemblies; 

• architecture 8T2D7T – 4 assemblies; 

• architecture 15T4XD – 4 assemblies; 

• architecture 1EXO15T – 4 assemblies. 

The testing campaign was carried out with the support of the “ Research and Innovation 

Center for CBRN Defense and Ecology” Bucharest, within the Individual Ballistic Protection 

Equipment Laboratory. 

Test equipment used in the experimental program 

The ballistic testing activities were conducted using the following basic equipment: 

• the firing bench, consisting of a support mounted on a metal platform rigidly fixed to 

the ground, a ballistic barrel of the required caliber, and a laser aiming system, 

• the velocity measurement system, a chronograph consisting of two detection zones 

based on optical sensors, positioned 1 m apart, which measure the time required for the 

projectile to travel the distance between the sensors, thereby determining the projectile 
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velocity. A B472 Precision Light Screen chronograph manufactured by HPI GmbH, with 

a velocity range of 30–3000 m/s, was used [118]. 

• the specimen mounting fixture with clay backing material. The box intended for the 

backing material has base dimensions of 610 mm per side and a height of 140 mm. The 

rear panel shall be removable and constructed of wood or plywood with a thickness of 

19.1 mm. In accordance with NIJ specifications, the prescribed clay type is Roma 

Plastilina No. 1. The material shall be homogeneous, free of internal voids, and the 

exposed surface shall be smooth and capable of being readily leveled. 

• the depth measurement device — a depth gauge (depth caliper) with a measurement 

accuracy of ± 0.1 mm, 

• a climatic chamber for conditioning the specimens at 20 ± 5 °C, 

• a drying oven for ammunition conditioning, 

• a thermo-hygrometer with a measurement accuracy of ±1 unit. 

In addition to the basic equipment, a high-speed camera was also used, positioned 

diagonally or in front of the specimen. The high-speed camera was a Photron Fastcam SA-Z 

model. A Tamron AF-S SP 70–200 mm f/2.8 lens was used [119]. 

For high-speed imaging, the following camera settings were employed: acquisition rate 

of 20,000 frames per second; exposure time 1/48; resolution 1024 × 1024 pixels. 

Backing material/ Clay backing material 

For proper use in ballistic testing, the plasticine shall have a smooth, homogeneous, and 

readily levelable surface, free of voids or defects.  

Test range ambient conditions: 

• temperature: 21±5˚C; 

• relative humidity: within the range of 30-70%; 

• atmospheric pressure: 764 ± 15 mm Hg. 

The testing conditions observed for the evaluation of the ballistic panels were those 

specified in NIJ Standard 0101.06 [116]. In preparation for testing protective systems, the 

equipment and configuration must follow specific instructions to ensure consistent and accurate 

results (Figure 5.1). The protective panel is mounted at a distance of 5 m from the muzzle of 

the ballistic barrel, and the barrel must be aligned perpendicular to the specimen surface, both 

in the vertical and horizontal planes [116]. 

The weapon system used consisted of a 9 mm caliber ballistic barrel, with a firing 

distance of 5 m. Measurement of the backface deformation (BFD) of the assembly is performed 

in ballistic clay backing, in accordance with NIJ 0101.06/2008 [116]. 
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Fig. 5.1. Specimen placement relative to the firing device [116] 

 

5.3. Evaluation of impact performance for Stage I of the study based on 

experimental results 

The first part of the study focused on the fabrication of ballistic structures made of 

Twaron T730, with the number of layers as the variable parameter. Six structures were produced 

to be tested with two calibers, 9 mm and .357 SIG [71]. 

 

Table 5.1. Calculated mass of Twaron T730 structures 

Material 
Number of 

layers 

No. of 

structures 

Calculated mass 

[g] 

Areal density  

[kg/m2] 

Twaron T730 

5 2 120 1,33 

10 2 220 2,44 

15 2 360 4,00 

 

Ballistic impact response of a 15-layer Twaron T730 assembly to 9 mm FMJ 

ammunition 

 
Table 5.2. Ballistic test results for the 15-layer T730 panel [71] 

Shot No. Specimen 
Measured 

velocity (m/s) 
Resulting penetration BFD (mm) 

1 15-layer T730 

stitched on all 

four sides 

(Specimen 1) 

370 PP 36 

2 376 PP 35 

3 372 PP 36 

PP – partial penetration 

Figure 5.2 presents frames extracted from the high-speed camera recording, 

highlighting the behavior of the protective structure under impact from a 9 mm projectile. 

The impact sequence on the specimen reveals five distinct stages of deformation. 

Initially, the projectile generates a localized deformation in the contact area. This is followed 
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by the formation of a ballistic cone on the opposite side, as stress waves propagate radially. 

The affected zone expands, and the fabric exhibits undulations and ridges. During the stage 

of maximum deformation, energy is dissipated and the projectile is decelerated. Finally, the 

fabric stabilizes, retaining a significant residual deformation. 

 

Fig. 5.2. Impact 1 on the 15-layer T730 panel. Moments during the impact of the 9 mm FMJ 

projectile captured with a high-speed camera at 20,000 frames per second 

 

To determine whether the panel provides sufficient protection, the depth of the 

indentation in the clay backing, resulting from panel deformation during impact, must be 

measured and examined (Fig. 5.3a). The standard requirements presented in Section 7.8.8 of 

NIJ Standard 0101.06/2008 state that all measured backface deformation (BFD) depths shall be 

44 mm or less [116]. 

The structural response of the 15-layer T730 specimen can be considered adequate, as 

the deformations formed in the ballistic clay backing, illustrated in Figures 5.3b–c, exhibit 

similar dimensions and morphologies, indicating a uniform distribution of impact energy and a 

consistent structural response. 

 

   
a)  b)  c)  

Fig. 5.3. Front view of the backing material after impact of the 15-layer T730 specimen with a 9 

mm projectile: (a) measurement of deformation in ballistic clay backing, in accordance with NIJ 

0101.06/2008; (b) view of the three successive impacts; (c) detail of a deformation in the backing 

material [71] 
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Figure 5.4 presents the front and rear views of the ballistic protection panel composed 

of 15 layers of Twaron T730 after testing. The impact zones on the front face and the 

corresponding deformation imprints on the rear face can be observed, with no complete 

penetration of the panel. 

 

  
a) b) 

Fig. 5.4. Strike face (a) and back face (b) of the 15-layer Twaron T730 protection system 

after 9 mm FMJ impact 

 

Figure 5.5 highlights, through local magnifications, the impact zones corresponding 

to the three shots observed in Figure 5.4 for the panel composed of 15 layers of Twaron T730. 

Local deformation of the fabric can be observed, along with fiber breakage and elongation in 

the central impact area, as well as load redistribution to adjacent fibers, without the 

occurrence of complete penetration. This confirms the predominant energy absorption 

mechanism through fiber stretching and progressive damage. 

 

    

a) shot 1 b) shot 2 c) shot 3 

Fig. 5.5. mpact detail images for the 15-layer T730 panel tested with 9 mm FMJ ammunition 

 

After completion of the testing campaign, in the case of specimens that retained the 

projectile, they were disassembled layer by layer to determine the layer at which the projectile 

was stopped. As shown in Figure 5.6, the protection system composed of 15 layers of aramid 

fabric T730 successfully stopped the projectile from the first shot in the 4th layer, in the 5th 

layer for Shot 2, and in the 3rd layer for Shot 3. 



 
Christian Popescu 

Experimental and numerical study on the ballistic behavior of hybrid panels for individual protection 

 

44 

 

   

 
  

a) shot 1, V0 = 370 m/s b) shot 2, V0 = 376 m/s c) shot 3, V0 = 372 m/s 

Fig. 5.6. Layers in which the projectiles were stopped in the 15-layer T730 panel 

 

Determination of resistance to .357 SIG projectile impact for a 15-layer Twaron 

T730 ballistic assembly 

Ammunition: .357 SIG caliber cartridge, FMJ projectile. 

Weapon system: .357 SIG caliber test barrel. 

Firing distance: 5 m. 

Measurement of the backface deformation (BFD) of the assembly is performed in 

ballistic clay backing, in accordance with NIJ 0101.06/2008 [116]. 

It can be observed from Table 5.8 that, for the second impact, the BFD was equal to the 

maximum allowable limit specified in NIJ 0101.06, while the third impact resulted in complete 

penetration, which is not recommended and effectively precludes the use of the panel when the 

threats are of the .357 SIG type. 

 

Table 5.3. Ballistic test results for the 15-layer T730 panel 

Shot No. Specimen 
Measured 

velocity (m/s) 
Resulting penetration 

Backface 

deformation (mm) 

1 15-layer T730 

stitched on all 

four sides 

(Specimen 1) 

445 PP 40 

2 447 PP 44 

3 447   CP* - 

       *CP – complete penetration 
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Figure 5.7 presents frames extracted from the high-speed camera recording, 

highlighting the behavior of the protective structure composed of 15 layers of Twaron T730 

under impact from a .357 SIG projectile. 

The impact sequence highlights distinct stages of deformation: initial localized 

deformation, radial propagation of stress waves, and formation of the ballistic cone on the rear 

face, followed by the expansion of the affected area and the appearance of wrinkles/ridges in 

the fabric. For impacts 1 and 2, the energy is dissipated through fiber stretching and progressive 

damage, and the projectile is stopped, leaving a residual deformation. In the case of impact 3, 

the accumulation of damage reduces the energy absorption capacity, leading to local structural 

failure and complete perforation. 

 

 

Fig. 5.7. High-speed image sequence of .357 SIG impact on the 15-layer T730 specimen (20,000 

fps) — Shot 1, moment of impact 

 

Figure 5.8 presents the front and rear views of the ballistic protection panel composed 

of 15 layers of Twaron T730 after testing. The impact zones on the front face, the 

corresponding deformation imprints on the rear face, and the complete penetration of the 

panel in Shot 3 can be observed. The lower-right impact is distinguished by total perforation, 

characterized by the formation of a through-hole in the backing material, while the other two 

impacts produced only localized plastic deformations, indicating partial but effective 

absorption of the impact energy. 

 

   
a) b) c) 

Fig. 5.8. Front (a) and rear (b) views of the protection system composed of 15 layers of Twaron 

T730 after testing with a .357 SIG projectile; (c) deformations in the backing material from the three 

shots performed on the specimen, highlighting the complete penetration 
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Figure 5.9 highlights the position of the shot that completely penetrated the assembly, 

although the velocity variation is very small compared to the other shots (see Table 5.3). 

All structures composed of 5 and 10 layers of Twaron T730, tested under impact with 9 

mm and .357 SIG ammunition, were completely penetrated by each shot for both calibers. 

 

  

 

  

 

a) shot 1, V0 = 445 m/s b) shot 2, V0 = 447 m/s 

Fig. 5.9. Layers at which the projectiles were arrested in the 15-layer Twaron T730 panel 

 

Stage I conclusions 

Following the tests performed on the ballistic panels, in which three shots were fired at 

each panel, the results show that two of the panels experienced partial penetration: 

• the panel composed of 15 layers of T730 fabric tested under 9 mm FMJ impact 

withstood all three shots; 

• the panel composed of 15 layers of T730 fabric tested under .357 SIG impact withstood 

two shots, while complete penetration occurred on the third shot. 

These results indicate that the two panels demonstrated a satisfactory ballistic protection 

capability against 9 mm FMJ projectiles and were able to stop the projectiles before complete 

penetration of the panel occurred. These findings highlight the effectiveness of the panels in 

providing protection against the ballistic impact of 9 mm FMJ projectiles and suggest that they 

may be suitable for various protective applications. 

To obtain statistical confidence regarding the structure’s ability to stop both types of 

projectiles, further validation is required. In this regard, additional testing of the structure is 

necessary. Thus, in the first phase of Stage II of the study, three structures composed of 15 

layers of Twaron T730 will be tested for each caliber: 9 mm and .357 SIG. 
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5.4. Evaluation of impact performance for the second stage of the study – 

experimental results 

 

Statistical validation for the 15-layer Twaron T730 structure tested with two 

calibers 

For the statistical validation of the 15-layer Twaron T730 structure, six additional 

specimens were produced: three for testing with 9 mm ammunition and three for testing with 

.357 SIG ammunition. 

 

 
Fig. 5.10. Experimental campaign scheme for validation of Twaron T730 structures 

 

Evaluation of ballistic resistance of the 15-layer Twaron T730 structure under 9 

mm FMJ impact 

Ammunition: 9×19 mm Luger cartridge, FMJ (full metal jacket) projectile. 

Weapon system: 9 mm caliber test barrel. 

Firing distance: 5 m. 

Measurement of the backface deformation (BFD) of the assembly is performed in 

ballistic clay backing, in accordance with NIJ 0101.06/2008 [116]. 

For the 12 projectile velocity measurements presented in Table 5.4, the following were 

determined: mean velocity – 367.33 m/s; standard deviation – 5.38 m/s, representing only 

1.46% of the mean velocity; maximum value – 376 m/s; minimum value – 355 m/s. 

The obtained values indicate good repeatability of the ballistic response, with backface 

signatures in the backing material remaining below the allowable limit specified by NIJ 

Standard 0101.06 [116] and the NIJ 0101.07 edition [117], confirming the structure’s ability to 

effectively absorb impact energy. 
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Table 5.4. Experimental results 

Specimen  Shot No. 
Measured velocity 

(m/s) 

Resulting 

penetration 
BFD (mm) 

15-layer T730 

Specimen 1 

(Table 5.2) 

1 370 PP 36 

2 376 PP 35 

3 372 PP 36 

 

15-layer T730 

Specimen 2 

1 355 PP 36 

2 371 PP 38 

3 368 PP 37 

 

15-layer T730 

Specimen 3 

1 366 PP 37 

2 368 PP 41 

3 369 PP 40 

 

15-layer T730 

Specimen 4 

1 361 PP 37 

2 366 PP 42 

3 366 PP 40 

 

Evaluation of ballistic resistance of the 15-layer Twaron T730 structure under .357 

SIG impact 

For the 12 projectile velocity measurements presented in Table 5.5, the following were 

determined: mean velocity – 440 m/s; standard deviation – 4.30 m/s, representing only 0.97% 

of the mean velocity; maximum value – 447 m/s; minimum value – 435 m/s. 

 

Table 5.5. Experimental results 

Specimen  Shot No. 
Measured 

velocity (m/s) 

Resulting 

penetration 
BFD (mm) 

15-layer T730 

Specimen 1 

(Table 5.3) 

1 445 PP 40 

2 447 PP 44 

3 447 CP - 

 

15-layer T730 

Specimen 2 

1 441 PP 54 

2 435 PP 50 

3 440 PP 68 

 

15-layer T730 

Specimen 3 

1 436 CP - 

2 437 PP 55 

3 440 PP 47 

 

15-layer T730 

Specimen 4 

1 438 CP - 

2 435 PP 41 

3 439 CP - 

 

For the .357 SIG caliber, a greater dispersion of BFD values is observed compared to 

the 9 mm caliber, with some values exceeding the 44 mm threshold that represents the allowable 

limit specified by NIJ Standard 0101.06, indicating that the structure is operating near its 

maximum performance limit. 
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Statistical analysis shows that the 15-layer Twaron T730 panel provides adequate 

protection against 9 mm FMJ projectiles, with BFD values meeting the standard requirements 

(≤ 44 mm, with an absolute limit of 50 mm). However, for .357 SIG, the structure does not 

ensure adequate protection: even the specimen without complete penetration recorded BFD 

values exceeding 50 mm, indicating insufficient trauma attenuation. 

In order to obtain a ballistic structure capable of providing simultaneous protection 

against both types of threats, the author proposes the development of hybrid architectures, using 

as a starting point the structure composed of 15 layers of Twaron T730. Considering the 

demonstrated effectiveness of this configuration against 9 mm FMJ projectiles, the author 

decided that the testing of hybrid structures would focus exclusively on .357 SIG ammunition, 

in order to assess the potential for improving ballistic performance in this context within the 

scope of the present study, while the reference panel was defined as a structure composed of 20 

layers of Twaron T730. 

Five types of structures were produced, four of which were hybrid, with four specimens 

fabricated for each architecture. The developed structures are presented in Table 5.6. 

 
Table 5.6. Hybrid ballistic structures for .357 SIG testing 

 

The hybrid panels exhibit a lower mass compared to the monomaterial panel, relative 

to the number of additional layers and the total mass. Among the analyzed configurations, 

Architecture Orientation Material 
Number 

of layers 

Calculated 

mass 

[g] 

Areal 

Density 

[kg/m2] 

Coding 

Architecture 1 

(reference) 

impact 

face 

↓ 

back face 

Twaron® T730 20 480 5,33 20T 

Hybrid arhitecture 

Architecture 2 

impact 

face 

↓ 

back face 

Twaron® T730 7 

440 4,88 7T5D8T 
Dyneema® 

SB21 
5 

Twaron® T730 8 

 

Architecture 3 

impact 

face 

↓ 

back face 

Twaron® T730 8 

400 4,44 8T2D7T 
Dyneema® 

SB21 
2 

Twaron T730 7 

 

Architecture 4 

impact 

face 

↓ 

back face 

Twaron® T730 15 

460 5,11 15T4XD Kevlar® XD 

S002 
4 

 

Architecture 5 

impact 

face 

↓ 

back face 

Kevlar® 

EXO™ 

CoreMatrix™ 

CM E1100H 

1 
440 4,88 1EXO15T 

Twaron® T730 15 
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Architecture 5 demonstrates the best efficiency-to-mass ratio, while Architecture 3 stands out 

with the lowest mass. 

For each structure, four identical specimens were fabricated and ballistically tested 

using .357 SIG projectiles, with each specimen subjected to three impacts. Subsequently, the 

panels were disassembled layer by layer to determine the penetration depth and the layers 

responsible for stopping the projectiles in cases without complete penetration, while also 

enabling projectile recovery for further analysis. 

This summary highlights and analyzes the structures that demonstrated the highest 

ballistic performance, selected based on the experimental results and the efficiency criteria 

established within the study. 

 

Determination of resistance to .357 SIG projectile impact for the 7T5D8T 

architecture 

Ammunition: .357 SIG caliber cartridge, FMJ projectile. 

Weapon system: .357 SIG caliber test barrel. 

Firing distance: 5 m. 

Measurement of the backface deformation (BFD) of the assembly is performed in 

ballistic clay backing, in accordance with NIJ 0101.06/2008 [116]. 

 

Table 5.7. Experimental results for the 7T5D8T architecture 

Specimen  Shot No. 
Measured 

velocity (m/s) 

Resulting 

penetration 
BFD (mm) 

Layer at which 

the projectile 

was stopped 

7T5D8T  

Specimen 1 

1 442 PP 31 S5 

2 442 PP 35 S5 

3 443 PP 32 S3 

 

7T5D8T  

Specimen 2 

1 449 PP 26 S7/7 

2 448 PP 33 S4/7 

3 451 PP 26 S6/7 

 

7T5D8T  

Specimen 3 

1 453 PP 34 S5/7 

2 452 PP 29 S7/7 

3 452 PP 28 S7/7 

 

7T5D8T  

Specimen 4 

1 450 PP 32 S7/7 

2 449 PP 27 S7/7 

3 450 PP 31 S7/7 

 

The BFD values fall within an approximate range of 26–35 mm, with an arithmetic mean 

of ~30.3 mm, well below the 44 mm reference limit imposed by NIJ Standard 0101.06 [116], 

while the impact velocities are consistent (442–453 m/s). These results indicate efficient energy 

absorption and confirm the superior performance of the hybrid architecture, with the 

contribution of the Dyneema layers being essential in reducing rear-face deformation. 

Detailed images of each layer for a representative specimen are presented in Figures 

5.11–5.16. To identify the layer that stopped the projectile, the ballistic package is carefully 
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opened along three sides, and the layers are examined sequentially to determine the point at 

which they begin to separate easily. This point marks the penetration limit of the projectile: the 

upper layers are perforated or damaged, while the lower layers remain intact or only deformed. 

Since separation affects the integrity of the package, photographic documentation is performed 

in reverse order, from the last layer to the first, following exactly the sequence of analysis. 

Figure 5.11 shows that layer 7 of the set of 8 Twaron T730 layers positioned on the rear 

side of the 7T5D8T architecture is the last layer in which one of the three impacts was stopped, 

while only impact marks are visible on layer 8/8 (Fig. 5.11a). On the first Dyneema layer, the 

marks left by the impacts can be observed, but without rupture or damage to the layer. 

 

   

a) b) c) 

  

d) e) 

Fig. 5.11. Images of the constituent layers. Layer 8 of the set of 8 Twaron T730 layers positioned on 

the rear side of the 7T5D8T architecture (a); Layers 5–1 of the set of 5 Dyneema layers positioned 

within the 7T5D8T architecture (b–e). 

 

Figure 5.12 illustrates the examination of layers 7–6 from the set of 7 Twaron T730 

layers positioned on the impact face of the 7T5D8T hybrid architecture. The overview images 

(front and rear) highlight the positions of the three shots, while the a–c markings enable 

correlation with the enlarged photographic details in the lower part of the figure. For Shot 1, 

it can be observed that the projectile was stopped at the surface of layer 7, as confirmed by 

the corresponding photographic detail (projectile 1 – layer 7, rear), where the projectile is 

visible at the fabric level, partially embedded and surrounded by deformed fibers. This 

observation indicates efficient energy absorption in the front layers, without significant 

propagation of damage to the subsequent layers. 
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In the case of Shot 3, layer 6 is the layer that captured the projectile; however, the 

resulting damage is limited. The photographic details show clear signs of localized 

compression caused by the impact, without rupture or cutting of the Twaron yarns, suggesting 

that the residual energy of the projectile had already been considerably reduced before 

reaching this level. Overall, the images confirm the essential role of layers 6–7 in the final 

stage of projectile arrest and highlight the efficiency of progressive energy dissipation 

mechanisms within the multilayer structure. 

 

     

a) b) 

Layers 7–6 of the set of 7 Twaron T730 layers positioned on the impact face of the 7T5D8T 

architecture 

   

c) d) e) 

Fig. 5.12. Sequential examination of the constituent layers of the panel tested with a .357 SIG 

projectile, showing the layers that stopped the projectile: (a) layer 7, rear; (b) layer 6, rear; (c) detail 

of Shot 1, layer 7, rear; (d) detail of Shot 1, layer 6, rear; (e) detail of Shot 3, layer 6, rear. 

 

Figure 5.13 presents the sequential examination of layers 5–4 of the Twaron T730 

fabric package, positioned on the impact face of the analyzed architecture, highlighting the 

interaction of the three shots with the textile structure. 

In the case of Shot 2, it can be observed that layer 4 successfully stopped the projectile 

(Fig. 5.13e). The fibers in the impact area exhibit significant stretching and compaction 

beneath the projectile, indicating efficient energy dissipation through plastic deformation of 

the fabric. At the same time, several broken yarns are visible, associated with the oblique 

positioning of the projectile within the material, which generated localized shear stresses. 

This orientation also suggests the probable influence of the first shot, which altered the initial 

state of the fabric and contributed to the observed failure mechanism. 



 
Christian Popescu 

Experimental and numerical study on the ballistic behavior of hybrid panels for individual protection 

 

53 

   

a) b) c) 

Layers 5–4 of the set of 7 Twaron T730 layers positioned on the impact face of the 7T5D8T 

architecture 

   

d) e) f) 

Fig. 5.13. Examination of the constituent layers that retained the projectile for the 7T5D8T panel: 

(a) layer 5, rear; (b) layer 5, front; (c) layer 4, rear; details of the projectile retention zone on the rear 

of layer 5: (d) Shot 1; (e) Shot 2; (f) Shot 3. 

 

In images d–f of Figure 5.14, the manner in which the fibers are stretched and 

compacted over the surface of the projectile can be observed, adopting radial and transverse 

orientations, which indicates a dominant load-bearing mechanism through tensile loading. 

The positioning of the fibers on the projectile highlights a partial “wrapping” effect, which 

contributes to increased friction and efficient dissipation of residual energy. 

 

     
a) b) c) 

Layers 4–3 of the set of 7 Twaron T730 layers positioned on the impact face of the 7T5D8T 

architecture 
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d) e) f) 

Fig. 5.14. Examination of the constituent layers that retained the projectile for the 7T5D8T panel: 

(a) layer 4, front; (b) layer 3, rear; (c) layer 3, front; details of the projectile retention zone on the 

rear of layer 3: (d) Shot 1; (e) Shot 2; (f) Shot 3. 

 
 

      
a) b) c) 

Layers 2–1 of the set of 7 Twaron T730 layers positioned on the impact face of the 7T5D8T 

architecture 

 

   
d) e) f) 

Fig. 5.15. Examination of the constituent layers that retained the projectile for the 7T5D8T panel: 

(a) layer 2, rear; (b) layer 2, front; (c) layer 1, rear; details of the projectile retention zone on the rear 

of layer 2: (d) Shot 1; (e) Shot 2; (f) Shot 3. 

 

In Figure 5.15, images d–f show the projectile partially visible, while the Twaron fibers 

exhibit limited local deformation, indicating traversal of the layer with high residual energy. 

Figure 5.16 presents details of the impact zones corresponding to layer 1/7 of the 

Twaron package, positioned on the impact face of the hybrid architecture. In image (a), the 

positions of the projectiles retained within the structure are highlighted, while image (b) 

shows the same areas after projectile extraction, revealing well-defined cavities. The enlarged 

details show fibers strongly compacted and folded around the projectile (e). 

 



 
Christian Popescu 

Experimental and numerical study on the ballistic behavior of hybrid panels for individual protection 

 

55 

    
a) b) 

Layer 1 of the set of 7 Twaron T730 layers positioned on the impact face of the 7T5D8T 

architecture, with the projectiles in the package (a) and after projectile extraction (b) 
 

   

c) d) e) 

   
f) g) h) 

Fig. 5.16. Examination of the constituent layers that retained the projectile for the 7T5D8T panel: 

(a) layer 1, front; (b) layer 1, front, after projectile extraction; details of the projectile retention zone 

on the front face of layer 1: (c) Shot 1; (d) Shot 2; (e) Shot 3; (f) Shot 1 (without projectile); (g) 

Shot 2 (without projectile); (h) Shot 3 (without projectile). 

 

Figures 5.11–5.16 provide a visual representation of the layers in the package composed 

of 7 layers of Twaron T730 + 5 layers of Dyneema + 8 layers of Twaron T730 (Specimen 2), 

shown from both the front and rear perspectives of each layer. Following testing, partial 

penetration was observed, manifested by damage to the first seven layers of the semi-finished 

material. The images capture the complete condition of the package after exposure to three 

projectiles. 

In the case of the 7T5D8T structure, the analysis of the experimental results indicates 

that layer 7 of the set of 7 Twaron T730 layers positioned on the impact face of the 7T5D8T 

architecture retained 50% of the applied impacts when all 12 shots are considered. 

 

 



 
Christian Popescu 

Experimental and numerical study on the ballistic behavior of hybrid panels for individual protection 

 

56 

Determination of resistance to .357 SIG projectile impact for the 1EXO15T 

architecture  

Table 5.8 presents the impact characteristics for the 1EXO15T hybrid panel 

 

Tabelul 5.8. Experimental results for the 1EXO15T architecture 

Specimen  
Shot 

No. 

Measured 

velocity (m/s) 

Resulting 

penetration 

Backface 

deformation 

(mm) 

Layer at which the 

projectile was 

stopped 

1EXO15T  

Specimen 1 

1 446 PP 30 S1/1 

2 443 PP 36 S1/1 

3 448 PP 35 S1/1 

 

1EXO15T   

Specimen 2 

1 451 PP 25 S1/1 

2 450 PP 36 S1/1 

3 451 PP 30 S1/1 

 

1EXO15T   

Specimen 3 

1 450 PP 34 S1/1 

2 451 PP 30 S1/1 

3 450 PP 35 S1/1 

 

1EXO15T   

Specimen 4 

1 452 PP 31 S1/1 

2 452 PP 29 S1/1 

3 449 PP 36 S1/1 

 

The BFD values fall within an approximate range of 25–36 mm, with a mean of ~32.3 

mm, well below the 44 mm limit imposed by NIJ Standard 0101.06 [116], while the impact 

velocities vary within a narrow range (443–452 m/s). These results indicate efficient energy 

absorption and confirm the significant contribution of the Kevlar EXO layer in reducing rear-

face deformation without affecting the ballistic stability of the structure. 

The images corresponding to each layer of the 1EXO15T structure are presented in 

Figures 5.17–5.18. The absence of significant damage on the final layer indicates that the 

projectiles did not traverse a substantial number of layers; the impact energy was dissipated 

primarily in the upper regions of the architecture. This suggests that the structural integrity of 

the package remained largely preserved, and the protection provided by the upper layers was 

effective. 

The enlarged details in Figures 5.17a and 5.17b highlight the same entry area in two 

different states: in the left image (a), the projectile is retained in the fabric, viewed from the 

front, partially visible and surrounded by strongly stretched and compacted fibers; in the right 

image (b), the projectile has been extracted, leaving a well-defined cavity that illustrates the 

redistribution and anchoring of the Twaron fibers during projectile arrest. 
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a)  b) 

Fig. 5.17. Images of layer 1 (EXO fabric) from the 1EXO15T hybrid panel: (a) layer 1, rear, with 

detail of Shot 3; (b) layer 1, front, with detail of Shot 3. 

 

The images in Figure 5.18 present layer 1 of Kevlar EXO positioned on the impact 

face of the architecture, tested under .357 SIG ammunition for three distinct shots. For Shots 

1 and 2, only local fabric deformations are observed, with no visible penetration, indicating 

exceptional absorption of residual energy. In the case of Shot 3, the projectile slightly 

penetrated the layer, as evidenced by the appearance of a well-defined local bulge on the rear 

face and by the enlarged detail (a), where the projectile is partially visible. The fibers in the 

impact zone are strongly compacted and stretched around the projectile, suggesting that the 

Kevlar EXO layer functioned as a final braking layer, limiting penetration and preventing 

complete perforation despite the cumulative energy of successive impacts. 

Figure 5.18b shows a highly efficient projectile capture mechanism, characterized by 

the “wrapping” of the projectile by Kevlar fibers. The projectile is tightly gripped within the 

fabric, with visible contact between the fibers and the projectile jacket, while the fibers are 

strongly compacted and radially folded around the projectile. This anchoring mechanism 

indicates gradual energy transfer and progressive deceleration, explaining the material’s 

ability to stop the projectile within a single layer. 

 

  
a) b) 
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c) d) e) f) 

Fig. 5.18. Examination of the EXO layer that retained the projectile for the 1EXO15T730 panel: 

(a) layer 1, rear; (b) layer 1, front; details of the projectile retention zone on the front face of layer 1: 

(c) Shot 3, rear; (d) Shot 1; (e) Shot 2; (f) Shot 3, front. 

 

The Kevlar EXO layer demonstrated exceptional ballistic performance, successfully 

stopping .357 SIG projectiles within a single layer without complete penetration, even under 

repeated impact conditions. This performance highlights the material’s high capacity to absorb 

and dissipate kinetic energy through efficient mechanisms of fiber deformation and anchoring. 

 

Upper tolerance limit calculation in accordance with NIJ 0101.07 

When any BFD measurement exceeds 44.0 mm, there must be 95% confidence that 80% 

of all BFD depths will be 44.0 mm or less. This requirement may be verified using a statistical 

tolerance limit. It is expected that a stated proportion of the entire population of BFD 

measurements will fall at or below the upper statistical tolerance limit. To achieve this, the 

population of BFD measurements is assumed to be normally distributed, and the upper tolerance 

limit, BFDU, must be ≤ 44.0 mm. The upper tolerance limit is defined below [117]: 

𝐵𝐹𝐷𝑈 = 𝐵𝐹𝐷𝑎𝑣𝑒 + 𝑘1𝑠    (5.2) 

BFDave is calculated as follows: 

𝐵𝐹𝐷𝑎𝑣𝑒 =
1

𝑁
∑ 𝐵𝐹𝐷𝑖

𝑁
𝑖=1      (5.3) 

N represents the number of BFD measurements for a particular model, resulting from 

valid shots, in which the size, conditioning state, and test threat are identical. BFDᵢ are the 

individual BFD measurements. The sample standard deviation, s, is calculated as shown below: 

𝑠 = √
1

𝑁−1
∑ (𝐵𝐹𝐷𝑖 − 𝐵𝐹𝐷𝑎𝑣𝑒)2𝑁

𝑖=1      (5.4) 

The k₁ factor for the unilateral tolerance interval was computed per NIJ [117] based on 

the experimental data. 

For the analysis of BFD measurements in accordance with the requirements of this NIJ 

standard, the probability that no BFD measurement exceeds 44.0 mm must be at least 80%. 

After performing the calculations for the factor k₁, its value is: 𝑘1 = 1,568   

Table 5.9 summarizes the individual BFD values obtained experimentally for each 

designed ballistic architecture, corresponding to a total of 12 shots for each configuration. The 

data allow evaluation of result dispersion and repeatability of ballistic behavior, as well as direct 

comparison of performance among the analyzed architectures. Clear differences between 

configurations can be observed, with hybrid architectures generally exhibiting lower and more 
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uniform BFD values compared to the structure composed exclusively of Twaron, indicating a 

superior capacity for absorption and dissipation of impact energy. 

 

Table 5.9. Experimentally obtained datasets for each designed architecture 

Architecture code Individual BFD values (mm) for 12 shots 

20T 35 42 42 28 32 31 44 31 34 43 34 32 

7T5D8T 31 35 32 26 33 26 34 29 28 32 27 31 

8T2D7T 35 39 40 29 35 32 42 30 38 33 28 31 

15T4XD 44 42 34 29 37 34 38 31 32 34 30 34 

1EXO15T 30 36 35 25 36 30 34 30 35 31 29 36 

  

Table 5.10 presents the statistical summary of the ballistic results obtained for the 

analyzed architectures, including the arithmetic mean of BFD, the sample standard deviation, 

and the upper tolerance limit (BFDU). The values highlight clear differences between 

configurations, with hybrid architectures generally exhibiting lower mean BFD values and 

smaller dispersion, indicating more stable ballistic behavior. 

  

Table 5.10. Characteristics of BFD values for each architecture 

Architecture 

code 
Mean BFD (mm) 

Standard deviation,  

s (mm) 

Upper tolerance limit,  

BFDU (mm) 

20T 35,67 5,72 44,63 

7T5D8T 30,33 5,19 38,47 

8T2D7T 34,33 4,59 41,54 

15T4XD 34,92 4,60 42,13 

1EXO15T 32,25 4,52 39,35 

 

The upper tolerance limit for BFDU within NIJ 0101.07 [117] remains an essential 

criterion for evaluating the risk of deformation-induced trauma under impact; the reference 

value is 44 mm, and interpretation of the results must be performed within a statistical 

framework that differentiates between “below the limit,” “slightly above,” and “significantly 

below the limit,” taking into account dispersion and impact energy. 

 

Table 5.11. Results interpretation 

Architecture 

code 

Upper tolerance 

limit, 

BFDU (mm) 

Interpretation 

20T 44,63 Slightly above the 44 mm limit – greater variation 

7T5D8T 38,47 
Significantly below the 44 mm limit – uniform deformation 

due to impact energy and efficient absorption 

8T2D7T 41,54 Below the 44 mm limit – low dispersion, stable behavior 

15T4XD 42,13 Below the 44 mm limit – low dispersion, stable behavior 

1EXO15T 39,35 
Significantly below the 44 mm limit – uniform deformation 

due to impact energy and efficient absorption 

 

The reference structure composed of 20 layers of Twaron T730 exhibits the highest 

BFDU value, approaching the maximum allowable limit, indicating a reduced capacity to 

control rear-face deformation. 
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The hybrid architectures show significantly lower BFDU values, confirming the 

effectiveness of incorporating Dyneema and Kevlar layers. The best performance is achieved 

by the 1EXO15T architecture, which presents the lowest upper tolerance limit, followed by 

7T5D8T, demonstrating a clear reduction in the risk of exceeding the threshold imposed by 

ballistic standards. 

 

High-speed imaging of the impact behavior of protective materials 

Figure 5.19 presents successive images of the impact from Shot 1 for the architectures 

20T, 7T5D8T, 8D2D7T, 15T4XD, and 1EXO15T with a .357 SIG projectile, captured with a 

high-speed camera at 20,000 frames per second. The camera used and its specifications are 

described in Subsection 5.2. 

 

 
a) 20T Architecture 

 
b) 7T5D8T Architecture 

 
c) 1EXO15T Architecture 

Fig. 5.19. High-speed sequence of Shot 1 impact with a .357 SIG projectile (20,000 fps) 

 

The comparative analysis clearly shows that the material response is governed by how 

the kinetic energy is absorbed, distributed, and dissipated through stretching, shearing, local 

compression, and, in some cases, progressive rupture. In all sets (Figures 5.19a and c), the same 

general sequence is observed: initially, a localized disturbance appears in the contact area 

(impact), followed by the formation of a deformation “cone” (bulging) and propagation of 

stresses toward the edges; subsequently, depending on the material architecture, either 

perforation occurs, or the deformation spreads over a larger area, indicating more efficient 

energy absorption through plastic deformation and stretching. 

20T Architecture. In the first set (Fig. 5.19a), the material exhibits a predominantly 

local response to impact, with initially relatively small deformation, followed by a progressive 

increase in both depth and diameter of the deformed area. Subsequently, a radial “flaring” of 
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the material is observed, suggesting that the layers are able to redistribute stresses toward the 

edges before major rupture occurs. The deformation develops a pattern of radial folds, typical 

of flexible materials, in which energy is absorbed through fiber stretching and relative sliding 

between layers. Although the deformation is extensive, no complete arrest of the phenomenon 

is observed in the final frames, indicating advanced penetration of the layers with gradual 

energy loss. 

7T5D8T Architecture. The second panel (Fig. 5.19b) exhibits a similar response 

mechanism, but with an important difference: the deformation appears to spread more rapidly 

and uniformly across the plane, and the deformation “cone” has a more symmetrical geometry. 

In the initial frames, the impact produces a central compression zone, after which the material 

stretches radially and the folds organize more coherently. This pattern suggests a structure that 

allows more efficient transmission of the stress wave toward the edges, meaning that the 

projectile’s energy is dissipated over a larger area. From a mechanical perspective, this is 

indicative of improved energy absorption through global deformation, reducing stress 

concentration strictly at the impact point. At the same time, the increasing deformation 

amplitude indicates that the material primarily fails through fiber stretching. 

 1EXO15T Architecture. In the fifth set (Fig. 5.19c), the main difference is the very 

large deformation amplitude and the membrane-like nature of the response: the material 

behaves as a tensioned surface that absorbs energy through global stretching, with radial folds 

highly pronounced. Rapid propagation of the deformation toward the edges is observed, 

suggesting a high capacity for stress distribution and, consequently, more efficient energy 

dissipation across the entire structure. The extreme deformation indicates that the material does 

not fail in a brittle manner immediately, allowing energy absorption through plastic and elastic 

deformation. 

 

Comparative examination of projectiles extracted from the fabricated ballistic 

structures 

Figure 5.20 presents comparative images of .357 SIG FMJ projectiles extracted from 

the ballistic structures 20T, 7T5D8T, and 1EXO15T. These images highlight the morphological 

characteristics of the projectiles after impact and identify the changes resulting from interaction 

with the ballistic structure. 

It can be observed that the projectile deformation is quite similar in all three cases for 

Shot 1. The projectiles recovered from the 20T and 7T5D8T architectures after Shot 1 (Fig. 

5.20a, b), as well as from the 1EXO15T architecture after Shot 2 (Fig. 5.20c), exhibit highly 

irregular deformations. Some are laterally flattened and show pronounced expansion, with 

widely opened petals and a much more visible frontal cavity. The metal jacket displays 

numerous cracks, and in certain cases, partial separation between jacket segments and the lead 

core is observed, suggesting a “peeling” process caused by extreme stresses. In some 

projectiles, the area around the frontal cavity appears almost “torn,” consistent with very rapid 

deceleration. These features indicate that the energy was dissipated not only through expansion 

but also through structural collapse and chaotic deformation, leading to a significant loss of the 

projectile’s geometric stability. 
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The .357 SIG projectiles from Shots 2–3 (Fig. 5.20a, b), as well as Shot 1 in the 

1EXO15T architecture (Fig. 5.20c), display similar morphological characteristics. 

 

 
a) 20T Architecture (Specimen 2) 

 

 
b) 7T5D8T Architecture (Specimen 2) 

 

 
c) 1EXO15T Architecture (Specimen 3) 

Fig. 5.20. Recovered .357 SIG projectiles from the tested ballistic structures 

 

The deformation is moderate, with a symmetric mushrooming effect and preservation 

of the projectile’s overall shape. The tip appears visibly flattened, and the jacket is rolled into 

thick petals. Short radial cracks and small openings are observed at the jacket edge, but there 

are no extensive ruptures or significant material loss. The copper surface remains visible over 

large areas, suggesting moderate abrasion and good preservation of jacket integrity. 

From a materials mechanics perspective, the observed differences can be explained by 

the ratio between the resistance of the medium and the ductility of the jacket. In environments 

that induce high and uniform frontal pressure, the jacket undergoes plastic deformation and 

rolls into relatively symmetrical petals, with cracks occurring primarily due to tensile stresses 

at the edge of the expansion. 
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5.5. Micro and macro-scale analysis of aramid fiber degradation in the tested 

structures 

 

5.5.1. Preparation of aramid fiber-containing specimens for investigation using 

an electron microscope 

Preparation of specimens containing aramid fibers for scanning electron microscopy 

(SEM) involves several steps to ensure high-quality imaging. This approach can also be applied, 

with appropriate adjustments, to other polymeric fibers. In this study, the specimens were coated 

with a 6 nm gold alloy layer using a Sputter Coater, with coating device parameters as follows: 

vacuum pressure – 6 mbar, plasma current intensity – approximately 18 mA, and working 

distance – 50 mm. SEM images were obtained using an FEI Quanta 200 scanning electron 

microscope. Its characteristics include a resolution of 4 nm, magnification up to 1,000,000×, 

and software for control and analysis, including an EDX spectrometer [19], [102]. 

 

5.5.2. Failure mechanisms of aramid fibers under ballistic impact 

Filament, yarn, and fabric failure mechanisms can be studied at both microscopic and 

macroscopic scales. 

Localized yarn fracture occurs when the fibers fracture almost simultaneously, 

typically at the sharpest point of contact with the penetrator, accompanied by a characteristic 

sound and a sudden drop in load. The main mechanisms are axial stretching and through-

thickness shearing, with failure occurring when the deformation exceeds the breaking limit. 

This limit decreases as the strain rate increases [68]. 

Multi-point failure occurs when yarn fibers rupture at different locations along their 

length, beyond the impact zone, potentially between the strike point and clamping edges. This 

reflects broader deformation distribution due to force direction variability or structural non-

uniformities, resulting in more gradual degradation and potentially reduced protective 

efficiency [68]. 

Yarn pullout occurs when none of the fibers in a yarn break, but one end of the yarn is 

pulled out of the fabric network. This type of damage typically occurs only in weakened or 

unanchored yarns (usually at the edges). The force required to pull the yarn from the network 

is determined by the friction between the yarn in question and the perpendicular intersecting 

yarns. As the yarn is pulled, the number of intersecting yarns gradually decreases, resulting in 

a reduction of the measured load [68]. 

Fibrillation is a mode of failure in which fibers fragment longitudinally into finer 

filaments. The process is promoted by abrasion along the fiber, combined with the effects of 

tension, and in multilayered structures, interlayer friction contributes to transverse abrasion. 

This phenomenon can lead to fiber splitting, particularly under impact from semi-spherical, 

ogival, or conical projectiles, and its manifestation is similar to that observed in single-layer 

systems [28]. 

Bow, bulging, or misalignment of orthogonal yarns represents another damage 

mechanism observed in multilayer fabrics, particularly in the rear layers of the material 

package. Lim et al. [49] emphasized that bowing becomes more pronounced in these layers, 
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where the projectile, having been significantly decelerated by the preceding layers, attempts to 

penetrate with an edge-first approach. This “bowing” or “bulging” phenomenon occurs when 

the yarns in the fabric are not perfectly aligned, exhibiting curvature in the direction of projectile 

penetration. 

 

5.5.3. Scanning electron microscopy (SEM) analysis of Twaron T730 fabric panels 

after ballistic impact 

Figure 5.21 shows the 5-layer Twaron T730 panel 

 

  
a) b) 

Fig. 5.21. Panel composed of 5 layers of Twaron T730: (a) front and rear of the panel (three shots 

with a .357 SIG projectile); (b) front and rear of the panel (three shots with a .357 SIG projectile).  

 

The results for the .357 SIG FMJ projectile are not acceptable, as complete 

penetration occurred, and the BFD values from the other two shots are sufficiently high to 

consider that this panel does not provide adequate protection. 

 

  
a) b) 

Fig. 5.22. Panel composed of 15 layers of Twaron T730: (a) front and rear of the panel (three shots 

with a .357 SIG projectile); (b) front and rear of the panel (three shots with a .357 SIG FMJ 

projectile; red circles indicate the shot with complete penetration).  

 

Figure 5.23 presents images of damaged aramid fibers, with the details shown below 

each image in the first row highlighted in the yellow circle. These details illustrate structures 

described by Richard et al. [77] for aramid fibers, but damaged under low tensile strain rates. 
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a) b)  c) 

Fig. 5.23. Characteristic microstructures of damaged aramid fibers [19]: (a) fiber from the first layer 
of a 5-layer Twaron T730 panel, impacted by a 9 mm FMJ projectile (v₀ = 371 m/s); (b) fiber from 
the first layer of a 5-layer Twaron T730 panel, impacted by a .357 SIG projectile (v₀ = 448 m/s); c) 

same layer, another fibern [19] 

Projectile velocities reported in this study were measured using a chronograph. The 

target was fixed 5 m from the muzzle of the ballistic barrel. 

The failure modes observed in SEM images for a damaged aramid fiber are presented 

as follows (Fig. 5.23): 

a) fiber from the first layer of a 5-layer Twaron T730 panel, impacted by a 9 mm FMJ 

projectile (V0 = 371 m/s):  A – fragment of the jacket partially detached from the core, exhibiting 

a visible flake-like structure; B – microfibrils with smaller lateral bonds; C – evident fibrillation. 

b) fiber from the first layer of a 5-layer Twaron T730 panel (areal density 260 g/m²), 

impacted by a .357 SIG projectile (V0 = 448 m/s): A – jacket exhibiting fibrillation; B – 

disordered path, with a band of entangled ends visible next to the label; C – fibrils with straight 

alignment. 

c) The same layer, another fiber: at a magnification of ×10,000, the broken end of the 

fiber reveals the following features: A – fibrillation; B – detachment of a short micro-block in 

the region of the entangled macromolecular chain ends; C – the fractured surface of the fiber 

end, which reveals two levels of fibrils. The fracture of this fibril may have occurred through 

shear, as the broken fibril ends are not elongated. 

High-velocity impact generates localized stresses and deformations on aramid fibers, 

leading to their rupture. The SEM images in Figure 5.24 were taken at low magnification to 

illustrate how the same fabric behaves under different ballistic conditions. The first layer of 

each panel shows multiple broken yarns, but it is difficult to associate a specific image with a 

particular panel type (the 5-layer panels experienced complete penetration for both projectiles, 

while the 15-layer panels successfully stopped the projectiles). 
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15-layer 

  
 (e) 9 mm FMJ, V0=371 m/s  (f) .357 SIG, V0=448 m/s 

15-layer 

  
 (g) 9 mm FMJ, V0=371 m/s (mag. x28) (h) .357 SIG, V0=448 m/s (mag. x27) 

Fig. 5.24. View of the hole produced by projectile impact on the studied panels made of Twaron 

T730. Testing conditions: air temperature 21 ± 3 °C, relative humidity 47%, atmospheric pressure 

760 ± 15 mm Hg [19] 

 

The flattened tip of the .357 SIG projectile compresses the yarns and causes local fiber 

breakage; a similar effect occurs with the 9 mm FMJ projectile. In thinner panels, the fibers 

remain more orderly due to higher deformability. After perforation, a whipping effect appears, 

resulting in pronounced fiber entanglement, which is more significant at higher velocities. 

Delamination can be analyzed at different scales: 

• at the microscopic scale, it consists of fibers detaching from their matrix, 

• at the mezzo or macroscopic scale, layer separation becomes visible. 

Multiple layers of aramid fabric are commonly used in ballistic vest construction; 

however, the forces generated by impact can cause layer separation, thereby reducing their 

efficiency in energy absorption. 

All SEM images in Figure 5.25 were taken from the first layer of a 5-layer Twaron T730 

panel after impact by a .357 SIG projectile, with an impact velocity of 448 m/s. 
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Fig. 5.25. Progressive magnification showing aramid fiber failure mechanisms post-ballistic impact 

[19] 

 

The red and yellow arrows indicate the next magnification of a region of interest. The 

SEM images in Figure 5.25 are detailed as follows: 

1 - lowest magnification (×50) – shows a main yarn (the yarn carrying the projectile 

impact and typically exhibiting the greatest damage), but the fiber failure mechanisms are not 

yet visible; 

2 - magnification of image 1 (×200) – two damaged fibers are identified for discussion, 

marked with a red and a yellow circle; these colors are maintained in subsequent images if the 

same fiber is depicted; 

3 - detail of the broken fiber (×1000) – shows necking at the fiber tip, with broken fibrils 

of different sizes indicating regions with distinct mechanical properties due to discontinuities 

in molecular order and size; 

4 - next magnification (×5000) – illustrates the action of fibrillation in this fiber, 

revealing non-uniform fibrillation; 

5 - detail of a local split between fibrils (×20000); 

6 - detail of the fibrillation zone (×50000); 

7 - detail of the red circle from image 2 (×5000) – shows a shear cut with necking at the 

fiber tip, reflecting the high-speed process (ballistic impact); 

8 - detail of the broken fiber tip (×10000); 

9 - (×50000) – very thin microfibrils are visible between the fibrils along the fiber axis; 

10 - fiber along ~100 µm (×1000) – shows multiple failure mechanisms: tip rupture by 

tension, fiber necking, and local splitting of fibrils; 

11 - the detail of the broken fiber (×5000) suggests a sudden tensile fracture, with a short 

fibril segment exhibiting a conical shape, indicative of polymer failure. 

Figure 5.26 illustrates the different types of fiber deformation, providing examples of 

necking and flattening described previously. Necking occurs in regions of maximum stress, 
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leading to narrowing and eventual fiber rupture. Flattening is caused by the pressure exerted by 

the projectile, altering the fiber shape and influencing the material’s impact behavior. 
 

 
Fig. 5.26. Damaged fibers from the front face of layer 1 in a 15-layer Twaron T730 panel, impacted 

by a .357 SIG projectile (V0 = 448 m/s). Fiber deformation: yellow circles – necking; red circles – 

flattening [19]. 

 

Progressive magnification (×27–×10,000) of the 15-layer Twaron T730 structure 

under 9 mm ballistic testing.  

Figure 5.27 illustrates how SEM analyses are performed through successive image 

magnifications. Based on these images, the following description can be made:  

a) at relatively low magnification (×28), which can also be achieved with a high-quality 

camera lens, the size of the hole remaining in the first layer is highlighted, showing the main 

yarns (partially or fully broken by the projectile) and secondary yarns (laterally pressed by the 

projectile passage), both in the weft and warp directions. 

b) at ×1,000 magnification, a fiber split at the tip is visible, with fibrils observable but 

not in detail, bent due to the forced passage of the projectile after fiber rupture. 

c) at ×2,000 magnification, the fiber shows areas damaged by fibrillation, flattening, 

and end-fibril tensile rupture. 

d) at ×5,000 magnification, these mechanisms are seen more clearly, with local 

elongation (necking) at the broken fiber ends. 

  
a) 28 b) 1000 
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c) 2000 d) 5000 

Fig. 5.27. Progressive magnification (×28–×10,000) of the 15-layer Twaron T730 panel, 9 mm 

projectile 

 

Progressive magnification (×27–×10,000) of the 15-layer Twaron T730 panel, .357 

SIG projectile.  

In Figure 5.28, image (f) shows a detail of the space between two microfibrils, with 

undulated surfaces, likely resulting from mechanical stress, at one of the highest magnifications 

used in this study (×10,000). In image (e), the measurement of several microfibrils is shown; 

these actually have nanometer-scale transverse dimensions. 

 

 5  

a) 27 b) 200 

  
c) 500 d) 1000 
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e) 5000 f) 10000 

Fig. 5.28. Progressive magnification (×27–×10,000) of the 15-layer Twaron T730 panel, .357 SIG 

projectile 

 

5.5.4. Scanning electron microscopy (SEM) analysis of the 1EXO15T architecture 

after ballistic impact 

Figure 5.29 presents photographs of the tested structure, composed of one layer of 

Kevlar® EXO™ CoreMatrix™ CM E1100H and 15 layers of Twaron T730, stitched on all 

sides at 8–10 mm from the edges. The panels measure 300 mm × 300 mm, and the distance 

between impact points is 120 mm. 

 

   
a) b) 

Fig. 5.29. Panel composed of one Kevlar® EXO™ layer and 15 layers of Twaron T730: after 

testing with a .357 SIG FMJ projectile (3 shots) 

 

Figure 5.30 presents a comparison between the macroscopic appearance and the 

scanning electron microscopy (SEM) morphology of impact-induced damage. 
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a) shot 1, V0 = 451 m/s b) shot 1, V0 = 451 m/s (mag. 35) 

  

c) shot 3, V0 = 451 m/s 
d) shot 3, after projectile extraction, V0 = 451 m/s 

(mag. ×35) 

Fig. 5.30. View of the hole produced by .357 SIG FMJ projectile impacts on the 1EXO20T structure 

 

The macroscopic images (a, c) highlight the size of the entry hole and the affected area 

on the material surface. The SEM images (b, d) show microstructural details, such as broken 

and pulled fibrils and localized delaminations of the structure. A predominant fiber failure 

mechanism through tension and shear is observed, with extensive fibrillation zones. The macro–

micro correlation confirms energy dissipation through progressive deformation and 

fragmentation of the fiber network. 

The SEM image set in Figure 5.31 captures, at successive magnification levels, the 

evolution of failure mechanisms of Kevlar EXO fibers in the ballistic impact zone (Shot 1), 

providing a coherent view of how this 3D-type fabric dissipates projectile energy. 

At ×1,000 magnification (Fig. 5.31c), severe deformation of the three-dimensional fiber 

network is evident, with misaligned, stretched, and pulled fibers from the original architecture. 

The 3D fabric configuration facilitates load redistribution in multiple directions, including 

through the connecting fibers, reducing localized rupture and contributing to an increased 

overall energy absorption capacity. 

Increasing the magnification to ×2000 (Fig. 5.31d) shows that fiber failure is not brittle 

but occurs through a progressive process, dominated by longitudinal fiber opening and internal 

decohesion. Separation of fiber bundles and the appearance of elongated microfibrils are 

observed, indicating gradual load transfer from the macroscopic structure of the 3D fabric to 

the microstructural level of the fibers. 
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a) 35 b) 250 

  
c) 1000 d) 2000 

Fig. 5.31. Magnification from ×35 to ×2000 of the projectile entry area (Shot 1) for the 1EXO15T 

architecture tested with .357 SIG ammunition 

 

The SEM image set in Figure 5.32 coherently illustrates the damage mechanisms of 

Kevlar fibers under impact (Shot 2), highlighting the multiscale behavior of the material. At 

low magnifications (×200), pronounced disorganization of the 3D textile architecture in the 

impact zone is observed, with fibers significantly displaced, bent, and pulled out, indicating 

stress redistribution in multiple directions and the involvement of interlaminar fibers in energy 

absorption. At intermediate magnifications (×1,000), severe plastic deformation of the fibers 

becomes evident, along with pronounced curvature and longitudinal opening, signaling 

progressive load transfer from the structural level to individual fibers. The irregular morphology 

of the failure surfaces confirms the predominantly mechanical nature of the degradation, 

dominated by tension, shear, and bending. 

 

  
a) 34 b) 200 
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c) 500 d) 1000 

Fig. 5.32. Magnification from ×34 to ×1000 of the projectile entry zone (Shot 2) for the 1EXO15T 

architecture tested with .357 SIG ammunition 

 

The SEM image set in Figure 5.33, corresponding to the projectile entry zone (Shot 3), 

clearly highlights the evolution of fiber damage mechanisms across a wide range of 

magnifications. 

At ×1000 magnification (Fig. 5.33b), different modes of individual fiber failure become 

evident, marked by regions of severe bending, longitudinal exfoliation, and progressive rupture. 

The fibers exhibit irregular edges and rough surfaces, indicating controlled, non-brittle failure. 

The highlighted features suggest initiation of internal decohesion and separation of fibrillar 

bundles under the combined action of tension and shear. 

At ×5000 magnification (Fig. 5.33c, d), fibrillation and internal delamination processes 

are clearly distinguishable, with thinned, sharp fiber terminations resulting from progressive 

elongation and separation of microfibrils. The presence of adherent particles on the fiber 

surfaces is associated with residual material from either intense local abrasion or direct 

interaction with the projectile during impact. 

 

  
a) 38 b) 1000 
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 c) 5000 d) 5000 

Fig. 5.33. Magnification from ×38 to ×5000 of the projectile entry zone (Shot 3) for the 1EXO15T 

architecture tested with .357 SIG ammunition 

 

5.5.5 Classification of failure mechanisms of aramid fibers 

Figure 5.34 provides a classification of the failure mechanisms of aramid fibers 

observed under ballistic impact and other similar applications. In reference [19], three types of 

mechanical damage to aramid fibers are analyzed, which may occur under different types of 

attacks, such as ballistic impacts, knife strikes, and spike threats. Each of these damage types 

can affect aramid fibers in a distinct manner. There are both similarities and differences among 

them, which help in understanding how protective materials respond to various types of threats. 

 
Fig. 5.34. Mechanical failure taxonomy of aramid fibers for protective applications [19] 

 

5.6. Conclusions on the experimental study of hybrid panels for individual 

protection 

The experimental program was structured in two complementary stages. In the first 

stage, the behavior of monomaterial ballistic panels, made from a single type of semi-finished 

material, was analyzed under the impact of 9 mm FMJ and .357 SIG FMJ ammunition. The 

tests were conducted in a specialized laboratory, under controlled conditions, in accordance 

with the methodology specific to ballistic protection evaluation. Each configuration was 
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subjected to 12 shots, corresponding to the minimum limit specified by the National Institute 

of Justice standard for determining ballistic performance [116][117]. 

The obtained results highlighted the performance level of the monomaterial structures 

and substantiated the need for architectural optimization through hybridization. 

The second stage was dedicated to the evaluation of hybrid structures, tested exclusively 

with .357 SIG FMJ ammunition, considered representative of a higher threat level. This 

direction was determined by the limited performance observed in the monomaterial panels 

composed of 15 layers of Twaron T730 fabric. The hybrid configurations incorporated materials 

relatively recently introduced to the ballistic protection equipment market—Kevlar® EXO™ 

CoreMatrix™ CM E1100H, Kevlar® XD S002, and Dyneema® SB21—for which the 

scientific literature still provides a limited number of applied studies. In the national context, 

the investigation of these solutions remains limited, which confers the research a high degree 

of timeliness and relevance for the field of ballistic protection in Romania. 

For the hybrid structures, BFD parameters were determined, all configurations 

recording deformation depths below the 44 mm limit imposed by NIJ [116][117]. The statistical 

analysis included the determination of mean values and upper tolerance limits (BFDU), in 

accordance with the NIJ methodology [117], ensuring the robustness of the evaluation. 

Compared to the reference panel made of 20 layers of Twaron T730, the hybrid solutions 

demonstrated superior performance. The 8T2D7T and 15T4XD configurations exhibited 

similar mean BFD values, while 7T5D8T and 1EXO15T recorded the lowest values, the latter 

further distinguished by lower statistical variability. 

Overall, hybridization led to reductions in the BFDU parameter of 5.6–13.80% and in 

BFDave of up to 14.97%, confirming the efficiency of the proposed configurations compared to 

the monomaterial reference structure. All hybrid configurations maintained the upper tolerance 

limit below the 44 mm threshold, unlike the 20T reference panel, which slightly exceeded this 

value. 

The results highlight that hybridization represents not only a technical solution for 

structural optimization, but also a direction with economic potential, achieved through the 

strategic use of high-performance materials in the critical areas of the panel while maintaining 

a controlled areal density. The 7T5D8T configuration exhibited the highest safety margin in 

terms of backface deformation, whereas 1EXO15T demonstrated a favorable compromise 

between ballistic performance, statistical stability, and mass. 

From a methodological perspective, the research fully leveraged the experimental 

infrastructure available in Romania, combining instrumented ballistic measurements (velocity 

determination using a chronograph), high-speed camera recordings, macro- and mesoscopic 

analyses of the affected areas, as well as microstructural investigations by scanning electron 

microscopy. The multi-scale approach and the integration of statistical analysis in accordance 

with the NIJ standard [117] demonstrate the capability to conduct complex experimental 

research in the field of personal ballistic protection within the existing national infrastructure. 

The post-test investigation represented an essential analytical stage in this type of 

research, rather than merely a descriptive one. The systematic photographic documentation of 

the impact zones was correlated with mesoscopic analysis and microstructural examination by 
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scanning electron microscopy (SEM), enabling the identification and interpretation of the 

dominant failure mechanisms: progressive fibrillation, localized fiber rupture, and in-plane 

stress redistribution within the fabric. 

The correlation between microstructural observations and the experimentally 

determined ballistic parameters provided solid support for the formulated conclusions and 

strengthened the interpretation of the differences between the analyzed configurations. 

The post-test investigations also played an essential role in relation to the numerical 

model presented in Chapter 3. The experimental determination of the number of failed layers 

and the analysis of the dominant failure mechanisms provided a direct physical criterion for 

assessing the adequacy of the modeling assumptions. 

The agreement between the numerical results and the experimental observations 

regarding the extent of damage through the panel thickness confirms the validity of the adopted 

approach and supports the coherence of the integrated experimental–numerical framework. 

Thus, the multi-scale analysis conducted in this chapter strengthens the mechanical grounding 

of the model and reduces the purely theoretical character of its predictions. 
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CHAPTER 6 

 

CONCLUSIONS AND PERSONAL CONTRIBUTIONS 

 

6.1. Importance and relevance of the study 

The doctoral thesis entitled “Experimental and Numerical Study on the Ballistic 

Behavior of Hybrid Panels for Personal Protection” is part of the scientific efforts aimed at 

increasing the safety level of individuals exposed to risks generated by individual armed 

assaults. The work contributes to the development and optimization of modern personal ballistic 

protection solutions by means of a detailed investigation—through both experimental methods 

and numerical modeling—of how hybrid panels respond to projectile impact. In this context, 

the research has a strongly applied purpose, aiming to reduce human vulnerability in critical 

situations and, implicitly, to save lives by improving the performance of personal protective 

equipment. 

The objective of the study was achieved, as the author designed, tested, and evaluated 

the behavior of a group of ballistic protection panels, which may be proposed for practical 

applications. When the results are analyzed from the perspective of Technology Readiness 

Levels (TRL), this study can be considered to have progressed from TRL 1 to TRL 41, with the 

more high-performing hybrid panel variants, in terms of ballistic protection, expected to 

advance to the subsequent levels of technological maturity. 

During the doctoral program, the author benefited from the support and expertise of 

specialists experienced in the modeling, analysis, fabrication, and testing of protective panels, 

from the following institutions: 

• Research and Innovation Center for CBRN Defense and Ecology, Bucharest, 

• National University of Science and Technology “Politehnica” Bucharest, 

• “Dunărea de Jos” University of Galați, 

• National Institute for Aerospace Research “Elie Carafoli” – INCAS Bucharest, 

• Autonomous Flight Technologies. 

The expertise of the personnel and the available infrastructure contributed to extending 

the individual research capabilities and to the development of an in-depth analysis of the 

addressed topic. 

The experimental program was carried out in two stages. The first stage aimed to 

evaluate the ballistic behavior of protection structures made from a single type of textile semi-

finished material under impact from 9 mm FMJ and .357 SIG FMJ ammunition, through range 

testing, as well as to partially verify compliance with NIJ Standard 0101.07 [117]. Compliance 

was considered partial because protection levels require testing with specific caliber 

 
1 TRL 1 – Basic principles observed and reported; TRL 2 – Technology concept formulated; TRL 3 – 

Experimental proof of concept; TRL 4 – Technology validated in laboratory environment;  TRL 5 – Technology 

validated in relevant environment; TRL 6 – Technology demonstrated in relevant environment; TRL 7 – System 

prototype demonstrated in operational environment; TRL 8 – System complete and qualified; TRL 9 – Actual 

system proven in operational environment [120] 
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combinations, and the ammunition used covered only part of those requirements, while the 

number of tests per panel type was lower than the requirements specified in the U.S. standard. 

The second stage focused on evaluating hybrid structures tested exclusively with .357 

SIG FMJ ammunition, as the author considered this threat to be more severe, and given that the 

initially tested monomaterial panels made of 15 layers of Twaron T730 fabric exhibited 

unfavorable characteristics. The hybrid panels designed by the author incorporated materials 

relatively recently introduced to the specialized market—Kevlar® EXO™ CoreMatrix™ CM 

E1100H (manufactured by DuPont) [110], Kevlar® XD S002 (manufactured by DuPont) [112], 

and Dyneema® SB21 (manufactured by DSM, later Avient Corporation) [113]—for which very 

few studies have been reported in the scientific literature, or none at all. 

 

6.2. Overall conclusions 

The present research study constitutes a coherent work, integrating a synthetic analysis 

of relevant contributions reported in the specialized scientific literature, a systematic 

presentation of advanced materials used in the field of ballistic protection, and a critical 

evaluation of experimental investigations concerning the ballistic performance of materials and 

protective panels developed from specialized technical fabrics. 

From a structural perspective, the work is organized into six interdependent chapters, 

whose logical sequence facilitates the interpretation of the behavior of hybrid layered materials 

based on semi-finished products made from special fibers, grounded in data obtained through 

numerical simulations and experimental testing conducted by the author. 

Ballistic protection systems are characterized by a significant diversity of structural 

configurations, constituent materials, and their combinations. The complexity of impact 

interactions, the variety of failure mechanisms, and the behavioral changes of the involved 

materials require a systematic approach to ballistic protection design, as well as a detailed 

analysis of damage mechanisms. Analytical, empirical, and semi-empirical models aim to 

describe the behavior of protection systems under specific conditions; however, they generally 

exhibit limited applicability to narrow ranges of influencing parameters and often to a particular 

type of ballistic threat. 

The modeling of projectile–layered package impact, performed for both simple and 

hybrid configurations, highlighted the essential role of the Kevlar EXO layer positioned as the 

first layer over the Twaron T730 package. The experimental results presented in Chapter 5 

indicate that the structure composed exclusively of Twaron T730 exhibited both partial and 

complete penetrations under the impact of the modeled projectile, whereas the hybrid structure 

showed only partial penetrations, with the projectile being stopped within the first layer. It 

should be noted that the properties of the Twaron T730 layers were taken from the technical 

catalog of Teijin, while the properties of the Kevlar EXO layer were not experimentally 

validated within the present study; the results associated with this layer are based on numerical 

modeling used for hybrid structure optimization. 

The author validated the numerical model by comparing the number of affected layers 

with the experimental results obtained for similar structures. In the case of the simple layered 

structure, composed of 15 layers of Twaron T730, partial penetration events resulted 
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experimentally in four destroyed layers, whereas the numerical model predicted the failure of 

three layers. For the hybrid layered structure, consisting of one Kevlar EXO layer and 15 layers 

of Twaron T730, the projectile was stopped in the Kevlar EXO layer in both the experiments 

and the simulations. The projectile fragmentation pattern observed in the simulations is similar 

to that recorded experimentally; however, real tests revealed more pronounced projectile 

deformation and damage compared to the simulation results. 

The use of numerical simulations in impact studies provides a major advantage by 

rapidly delivering relevant data in the product development process for impact protection 

applications, whether experimental models or prototypes are considered. The application of the 

finite element method (FEM) in impact simulations represents an important stage in the design 

of protective systems, facilitating the evaluation of the influence of key parameters on the 

impact resistance of the structure, even though the accuracy of the results is not always 

complete. Correlating numerical results with experimental data enables the optimization of 

structural configurations, significantly reducing the time, costs, and human resources required 

for extensive experimental campaigns. 

Materials such as Twaron T730 were used, along with more recent materials that have 

only recently entered this field: Kevlar EXO CoreMatrix CM E1100H, Kevlar XD S002, and 

Dyneema SB21. The technological workflow for manufacturing the layered structures included 

a sequence of well-defined stages: material sampling, cutting using specialized equipment, 

configuration of the established architectures, assembly of the layered packages by stitching, 

and, in the final stage, determination of the mass of the resulting structures. 

The results of the experimental campaign, including the description of the measurement 

and monitoring equipment used, the testing procedure, and the applicable standards employed 

during the tests, are presented. The analysis of the ballistic test results, based on photographic 

documentation, high-speed video recordings, and scanning electron microscopy (SEM) 

investigations, demonstrates that the hybrid ballistic protection structures designed by the 

author achieve performance levels that support their recommendation for use in prototype 

development. The correlation of SEM images, macroscopic photographs, and high-speed video 

sequences enabled the identification and description of failure mechanisms specific to these 

ballistic structure configurations, as well as the analysis of the dynamics of the impact process. 

 

6.3. Summary of experimental data on the performance of the author-developed 

hybrid panels 

For the hybrid structures, the author determined the characteristic BFD parameters, 

presented in Table 6.1. Based on the calculated upper tolerance limits, it was found that, for all 

tested packages, the deformation depth remained below 44 mm, the limit imposed by the 

National Institute of Justice standard [116] for the evaluation of body armor, which is 

maintained in the updated version of the standard. It can be observed that the hybridization 

studied in this thesis yielded better results compared to the monomaterial panel composed of 

20 layers of T730. Two panel types, 8T2D7T and 15T4XD, recorded mean BFD values of 41.54 

mm and 42.13 mm, respectively, lower yet close to the value for the monomaterial panel. The 

other two hybrid panel types, 7T5D8T and 1EXO15T, exhibited the lowest BFD values. The 
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1EXO15T panel also showed the greatest reduction in standard deviation, reflecting more 

uniform behavior under both multiple impacts and across the four tested panels. 

The percentage differences for the analyzed characteristics show that the hybrid panels 

exhibited BFDU values that were 5.6% to 13.80% lower, while BFDav was also lower than that 

of the simple reference panel, but only by 2.10% for the 15T4XD panel and by up to 14.97% 

for the 7T5D8T panel. Despite a smaller percentage difference of 9.58% in BFDav, the 

1EXO15T panel also demonstrated improved performance compared to the reference structure. 

 

Table 6.1. Comparative analysis of the statistical parameters resulting from the testing of hybrid 

structures 

Symbol, unit 

of 

measurement 

Simple 

archi-

tecture 

Hybrid architectures 

20T 7T5D8T 

 față 

de 

20T 

8T2D7T 

 față 

de 

20T  

15T4XD 
 față 

de 20T 
1EXO15T 

 față 

de 

20T 

N 12 12   12   12   12  

BFDU [mm] 44.63 38.47 -13.80 41.54 -6.92 42.13 -5.60 39.35 -11.83 

BFDav 

[mm] 
35.67 30.33 -14.97 34.33 -3.76 34.92 -2.10 32.25 -9.587 

Sd [mm] 5.72 5,19 -9.27 4.59 -19.76 4.60 -19.58 4.52 -20.97 

mc [g]  480.00 440.00 -8.33 400.00 -16.67 460.00 -4.17 440.00 -8.33 

 arie [kg/m2] 5.33 4.88 -8.44 4.44 -16.70 5.11 -4.13 4.88 -8.44 

N – number of shots; BFDU – upper tolerance limit; BFDav – arithmetic mean of BFD values 

Sd – standard deviation of BFD values; mc – calculated mass;  arie [kg/m2] – areal density 

 realitve to 20T represents the percentage difference in the variation of parameter Xi of panel i relative to the 

reference panel 20T;  relative to 20T =
X𝑖−X20𝑇

X20𝑇
× 100 [%] 

where i denotes one of the hybrid panels 

7T5D8T – 7 layers of Twaron T730 + 5 layers of Dyneema SB21 + 8 layers of Twaron T730 

8T2D7T - 8 layers of Twaron T730 + 2 layers of Dyneema SB21 + 7 layers of Twaron T730 

15T4XD – 15 layers of Twaron T730 + 4 layers of Kevlar® XD S002 

1EXO15T – 1 layer of Kevlar EXO CoreMatrix CM E1100H + 15 layers of Twaron T730 

 

A graphical representation of the characteristics of the tested panels (Fig. 6.1) enables 

the formulation of useful conclusions for selecting one or another of these panels. 

- The monomaterial panel exhibits less favorable characteristics compared to the hybrid 

panels designed by the author. 

- The 7T5D8T and 1EXO15T panels show the lowest values of BFDU and BFDav, at the 

same mass and areal density. 

The reference panel, 20T, has BFDU = 44.63 mm, which is slightly above the NIJ limit 

(44 mm). 
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The hybrid panel 7T5D8T exhibits the best performance in terms of BFD (both mean 

value and upper tolerance limit) and provides the largest safety margin relative to the NIJ 

threshold: 

- BFDU = 38.47 mm (−13.8%) → greatest reduction 

- BFDav = 30.33 mm (−15.0%) → lowest mean value 

- Sd = 5.19 (−9.3%) 

- Mass −8.3% 

  
a) b) 

  

c) d) 

Fig. 6.1. Characteristics of the tested panels 

 

The hybrid panel 8T2D7T is the most efficient in terms of mass; however, its ballistic 

performance shows a moderate improvement, characterized by a high degree of stability: 

- BFDU = 41.54 mm (−6.9%) 

- BFDav = 34.33 mm (−3.8%) 

- Sd = 4.59 (−19.8%) 

- Mass −16.7% → greatest reduction 

The 15T4XD panel exhibits a modest improvement in BFD, good stability, but limited 

gains compared to the reference panel: 

- BFDU = 42.13 mm (−5.6%) 

- BFDav = 34.92 mm (−2.1%) 

- Sd = 4.60 (−19.6%) 

- Mass −4.2% 
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The 1EXO15T panel provides an excellent compromise between performance and 

stability, demonstrates the best statistical consistency, remains below the NIJ threshold, and has 

a reduced mass: 

- BFDU = 39.35 mm (−11.8%) 

- BFDav = 32.25 mm (−9.6%) 

- Sd = 4.52 (−21.0%) → lowest dispersion 

- Mass −8.3% 

In conclusion, the comparative analysis revealed that all hybrid configurations resulted 

in upper tolerance limit (BFDU) values below the NIJ threshold of 44 mm, unlike the reference 

20T panel, which slightly exceeded this limit. The 7T5D8T configuration recorded the lowest 

backface deformation values, both in terms of mean and upper tolerance limit, providing the 

largest safety margin relative to the NIJ criterion. The 1EXO15T configuration demonstrated 

the best compromise between performance and statistical stability, showing a significant 

reduction in BFD, the lowest dispersion of results, and a reduced areal density compared to the 

reference panel. The results confirm the importance of structural architecture optimization in 

improving ballistic performance without increasing the system mass. 

 

6.4. Author’s contributions 

The results obtained within the study, through an integrated approach that correlates 

experimental investigations with numerical simulations, led to the identification of the 

following original contributions in the field of the design and testing of materials intended for 

ballistic protection: 

• the systematic analysis of relevant documentation to support the theoretical and 

experimental framework of the study, as well as the structuring of an extensive bibliographic 

corpus concerning the characteristics and performance of ballistic materials used over time in 

the development of individual ballistic protection equipment based on aramid fibers and ultra-

high-molecular-weight polyethylene (UHMWPE); 

• the identification and substantiation of the trend toward the use of hybridization 

strategies applied to optimize the configurations of individual ballistic protection packages; 

• the development of a mesoscale numerical model of projectile–layered panel impact, 

used to compare, through simulation, the impact resistance of two distinct structural 

configurations. The model was implemented to evaluate the influence of introducing a Kevlar 

EXO layer into the baseline configuration composed of 15 layers of Twaron T730. The 

numerical results were validated through correlation with experimental data obtained in the 

laboratory, the validation criterion being the number of affected layers. Based on the simulations 

performed, structural optimization is proposed through the gradual reduction of the number of 

Twaron T730 layers while maintaining the ballistic performance of the assembly; 

• the analysis of the testing campaign results aimed at validating the advantages of 

hybridizing the initial monomaterial layered structure; 

• the determination and analysis of parameters associated with the backface 

deformation (BFD) in the backing material, as well as the investigation of the failure 

mechanisms developed within the tested ballistic packages. The obtained results are relevant 
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for comparing the impact response with that of other configurations reported in the literature 

and for optimizing the performance of protective structures.  

• the testing campaign aimed at the systematic evaluation of hybrid architectures 

within a clear statistical framework in accordance with NIJ 0101.07, focusing on tolerance 

limits rather than mean values alone. A correlation between structure, result dispersion, and 

compliance was established; the findings highlight structural optimization rather than mere 

characterization; 

• the analysis of failure mechanisms of the materials involved in impact, using 

macrophotography, high-speed video recordings, and SEM images; 

• the dissemination of research results was achieved by valorizing part of the author’s 

original contributions through scientific papers presented at international specialized 

conferences, as well as through the publication of articles in peer-reviewed journals. 

• within the research, a dedicated testing methodology for the ballistic packages 

developed by the author was conceived together with specialists from the Research and 

Innovation Center for CBRN Defense – Individual Ballistic Protection Equipment Laboratory, 

Bucharest. In addition, the experimental program was fully organized and comprehensively 

documented, including the definition of the test articles, their manufacturing approach, the 

establishment of testing conditions and location, the selection and use of measurement 

instrumentation, and the typology of the performed tests. The execution of the test campaigns 

for individual ballistic protection equipment was carried out using the high-performance 

experimental infrastructure available within the Individual Ballistic Protection Equipment 

Laboratory. 

 

6.5. Future research directions 

The directions for continuing this research are focused on the development of 

lightweight individual protection equipment capable of providing high resistance to multiple 

threats: 

• the development and characterization of new hybrid materials based on high-

performance fibers (aramid fibers, glass fibers, carbon fibers, and polyethylene) at the 

level of hybrid ballistic structures; 

• ballistic impact testing of the developed structures; 

• ranking and selection of structural variants that provide effective ballistic protection; 

• numerical modeling of impact phenomena at different scales of analysis, from the micro 

level (fiber), to the meso level (yarns), and to the macroscopic level (layers), aimed at 

the rapid optimization of structural architecture solutions, followed by the testing of 

improved solutions through simulation; 

• the design and testing of ballistic protection vest prototypes developed based on the 

1EXO15T and 7T5D8T architectures, in compliance with current standards, as these 

were identified as the best-performing configurations in the analyses conducted. 
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