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Abstract: This research demonstrates the high potential of natural material composites for use 

as energy-absorbing layers in ballistic armor systems. The study developed ballistic panels from 

veneer wood modified with bacterial cellulose through a hot densification process. The results 

showed that densified veneer and bacterial cellulose composites can be effectively used as hybrid 

composite panels in conjunction with aramid fabric as an intermediate layer within Multilayer Armor 

Systems. Ballistic tests demonstrated that these composite panels are impervious to 7.62 mm NATO 

caliber bullets. Additionally, this hybrid composite excels in energy absorption by capturing ceramic 

fragments and projectiles, resulting in minimal trauma energy transfer. Overall, the constructed 

armor structure meets the level III testing criteria according to NIJ 0101.06 standards. 
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1.  Introduction 

Multilayered armor systems (MAS) have emerged as a 

major innovation in bulletproof protection, particularly in 

the form of plates inserted into bulletproof vests. Multiple 

layers, each with a specific function, are designed in the 

structure of MAS to counter high-velocity ammunition 

threats1–3). Ceramic tiles, brittle yet extremely hard, 

typically form the front layer of MAS. This layer absorbs 

the impact energy of a projectile, shattering the ceramic 

into small fragments that can absorb over 50% of the 

projectile's impact energy4–6). The materials used for the 

ceramic are usually alumina, silicon carbide, or boron 

carbide. Once the projectile penetrates the ceramic layer, 

it reaches the intermediate composite layer, which absorbs 

part of the projectile's kinetic energy and traps the 

shattered ceramic fragments 4,7,8). This composite material 

consists of strong fibers such as Kevlar, UHMWPE 

(Ultra-High-Molecular-Weight Polyethylene), or other 

polymer materials. The final layer in MAS is a ductile 

metal plate, which serves as the last line of defense to 

absorb any residual kinetic energy that may remain after 

passing through the first two layers, ensuring that the 

deformation or penetration of the projectile does not reach 

the wearer’s body9,10). Common materials used for this 

layer are stainless steel or aluminum, which can deform 

without breaking, thus effectively absorbing energy. 

According to the NIJ 0101.06 standards, this protective 

layer must prevent the projectile from penetrating and 

ensure that the depth of deformation on the clay witness 

(Roma Plastilina No. 1), referred to as the backface 

signature (BFS), does not exceed 44 mm. This criterion is 

critical to minimizing trauma to the wearer11).  

Researchers are investigating the development of 

polymer composites reinforced with lignocellulosic-based 

materials like natural fibers as an environmentally friendly, 

low-density, and cost-effective alternative to synthetic 

fibers. Research on ballistic protection using natural fiber-

reinforced polymer composites has been underway since 
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2007 and continues to evolve12). Although the mechanical 

strength of natural fibers is inherently lower compared to 

synthetic fibers, their capacity to absorb ballistic energy 

can be significantly enhanced within a polymer matrix, 

especially when surface modifications, such as chemical 

treatments or coupling agents, are applied to improve 

interfacial bonding and optimize energy dissipation under 

impact6,9,13–16). Natural fibers and wood both exhibit the 

potential of lignocellulosic-based materials, as 

densification can enhance their mechanical strength. Hot 

compression and a delignification process can easily 

densify wood. Previous studies indicate that densified 

wood can achieve mechanical strength greater than that of 

certain metal alloys. This increase in strength is primarily 

attributed to the formation of hydrogen bonds between 

cellulose fibers17). Additionally, the release of water 

molecules in wood during the drying and densification 

process also influences the mechanical properties of wood 

fibers18). Research on hot compression treatment of wood 

reveals significant enhancements in dimensional stability, 

mechanical strength, surface hardness, and overall 

durability19,20).  

Previous research has shown that Acetobacter xylinum 

can get into the pores of wood veneer and produce 

cellulose that interacts with fibers, causing hydrogen 

bonds to form within the densified veneer21–23). This 

modification of veneer fbers involves the assembly of 

bacterial cellulose (BC) into the wood fibers within a 

culture medium, starting with partial delignification and 

concluding with hot compression. As a result, the 

mechanical strength of densified veneer significantly 

increases, while the modification of natural fibers with BC 

can strengthen the surface bonds between natural fibers 

and the polymer matrix24,25). However, information 

regarding the ballistic capabilities of modified wood-

based materials remains limited. Previous studies have 

tested the ballistic resistance of single panels, which are 

laminated composite of densified veneer-BC bonded with 

resin and aramid fabric26). Further research is necessary to 

assess the potential for optimizing MAS structures. 

This paper will discuss experimental testing regarding 

the ballistic performance of composite panel, consisting 

of laminated densified veneer and aramid fabric as the 

intermediate layer in MAS structure. We conducted the 

testing on hybrid and non-hybrid panel samples, utilizing 

Al2O3 ceramic tiles as the front layer and aluminum alloy 

plates as the back layer. The testing procedure followed 

NIJ 0101.06 standards for ballistic resistance level III. 

After testing, we measured the depth of BFS on clay 

behind the target to evaluate the ballistic performance of 

MAS samples. Although NIJ standards do not specifically 

address the method for measuring the energy absorbed by 

the clay witness behind the target, NIJ provides 

standardization for clay validation based on the weight of 

steel balls that can be used as the basis for energy 

calculation. In this study, the amount of energy absorbed 

by the protector and the energy transmitted to the back of 

the target were calculated using an empirical approach 

developed by Kim Y et al., incorporating parameters into 

the clay witness27). 

 

2.  Materials and Methods 

2.1  Materials  

Veneer sheets produced from the rotary cutting of 15-

year-old Platinum Teak (Tectona grandis) logs served as 

the raw material for the sample. The teak logs were 

obtained from the research plantation at the Biomass and 

Bioproduct Research Center – BRIN, Cibinong, West Java. 

We also used acetic acid bacteria, a common bacterial 

starter in BC production. The starter bacteria were 

Acetobacter xylinum grown in a liquid medium. These 

starter bacteria were purchased from Biotechno Store 

Collection in liquid form inside sealed bottles. This study 

also used woven aramid fibers, weighing 240 g/m², in 

conjunction with veneer layers to fabricate composite 

panels. The study employed a two-component epoxy resin, 

mixed in a 1:1 ratio of resin and hardener, as an adhesive 

for bonding the laminated structures. Additionally, Al2O3 

ceramic tiles were employed as the front layer, while 

5052-H34 aluminum alloy plates were utilized as the back 

layer to create a layered protective system. 

 

2.2  Densified Veneers  

The experimental procedure began with the 

delignification of 160×160 mm veneer sheets with a 

thickness of 2.3 mm in a 1 M NaOH solution, heated to 

90°C for 90 minutes. After the delignification process, the 

veneer was cleaned from the NaOH solution by washing 

with water, followed by the in-situ assembly of BC into 

the veneer cavities within a culture medium. The culture 

medium was prepared from a mixture of boiled old 

coconut water, with the addition of 0.1% ammonium 

sulfate, 1% acetic acid, and 5% refined sugar for every 

liter of coconut water. The bacterial inoculation was 

carried out by adding 10 mL of Acetobacter xylinum 

starter once the solution had cooled to 35°C. Bacterial 

fermentation occurred over a period of 5 days. After the 

fermentation period was completed, the veneer samples 

were harvested, cleaned, and drained until their moisture 

content reached 30-35%. Subsequently, the samples were 

densified using a hot press machine at 135°C with 

gradually increasing pressure up to 10 MPa for 1 hour, 

followed by oven-drying for 2 hours at 70°C. Adjustment 

of sample size was necessary by cutting the veneer sheets 

into 150×150 mm dimensions. 

 

2.3  Target Panels 

The composite used as the intermediate layer in the 

MAS target panel was divided into two types, hybrid and 

non-hybrid panels. For the non-hybrid panels serving as 

control samples, full lamination of aramid with 

polychloroprene adhesive was performed to preserve the 

flexibility of the aramid weave structure, as shown in Fig. 
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1(a). Additional non-hybrid panels were fabricated using 

full lamination of aramid with epoxy adhesive, as shown 

in Fig. 1(b). Non-hybrid samples with full lamination of 

densified veneer-BC using epoxy adhesive were also 

prepared, as shown in Fig. 1(c). Meanwhile, hybrid panels 

were laminated using a combination of woven aramid 

fibers and densified veneer-BC in varying ratios, as 

illustrated in Fig. 1(d) and Fig. 1(e). The panel 

manufacturing process involved bonding between the 

constituent layers using epoxy adhesive through a hand 

lay-up technique. 

 

 
Fig. 1: Layer arrangement on the target panel (a) AP (b) AE  

(c) DV-BC (d) VAV1 (e) VAV2 

 

2.4  Ballistic Testing 

Subsequently, MAS target samples were prepared with 

the material arrangement and target position scheme 

illustrated in Fig. 2. Each target sample consists of a front 

layer made of ceramic tiles with dimensions of 50×50 mm 

and a thickness of 10 mm, an intermediate layer made of 

composite panels with dimensions of 150×150 mm and a 

thickness of 10 mm, and a back layer made of aluminum 

alloy plates with dimensions of 150×150 mm and a 

thickness of 5 mm. All these material layers were bonded 

together using a strong and flexible adhesive, 

polyurethane from Sikaflex. Each target sample was 

weighed and its areal density measured. The configuration 

and specifications of the MAS target samples are detailed 

in Table 2. 

 

 
Fig. 2: Arrangement of MAS and target position during 

ballistic testing. 

 

To ensure the accuracy of ballistic testing, the clay 

witness material must first be validated in accordance with 

the NIJ 0101.06 standards. This validation ensures that the 

clay possesses consistent mechanical properties and can 

accurately capture the depth of deformation caused by 

energy transfer during testing. The drop test validation is 

conducted using a steel ball with a diameter of 63.5 mm ± 

0.05 mm and a weight of 1043 g ± 5 g, dropped freely 

from a height of 2 meters onto conditioned clay. This 

procedure is repeated five times, with the standard 

requiring the average indentation depth to be 19 mm ± 2 

mm, and individual measurements not exceeding 22 mm 

or falling below 16 mm. As shown in Table 1, the 

validation results confirm that the clay witness meets 

these criteria, with an average indentation depth of 18.92 

mm, thereby verifying its suitability for capturing 

backface signature (BFS) values during subsequent 

ballistic testing. 

Ballistic testing was conducted on MAS targets, each 

with 6 samples, to evaluate the performance of MAS 

structures in withstanding bullet energy. Ballistic tests 

were carried out at threat level III using standard NATO 

7.62 mm bullets fired from a STEYR SSG 08 rifle at a 

distance of 15 m from the target, following NIJ 0101.06 

standard procedures. The kinetic energy of the bullets was 

calculated by measuring the initial projectile velocity 

before hitting the target using a Chronograph. The energy 

transmitted to the back of the target was evaluated by 

measuring the depth of the backface signature (BFS) 

indentation after impact. 

 

Table 1. Validation results of roma plastilina No. 1 clay. 

Test number Indentation depth (mm) 

1 18.70 

2 18.80 

3 19.50 

4 18.30 

5 19.30 

Average 18.92 

 

The depth of the clay indentation can be converted into 

a predicted steel ball impact velocity using an empirical 

equation27). The impact velocity is calculated according to 

Eq. 1, where vi is the impact velocity (m/s), Si is the clay 

indentation depth (mm), d is the indenter diameter (mm), 

and m is the identer mass (kg). This equation implies that 

kinetic energy is directly proportional to the indentation 

depth in the clay witness. With the idealization of the BFS 

indentation depth and the validation of the clay based on 

the weight of the steel ball according to NIJ standards, the 

energy transmitted to the clay witness can be calculated 

using Eq. 2, where Ek is the kinetic energy (J), and 𝑚 is 

the mass of the steel ball (kg). Additionally, as part of the 

evaluation, damage mode analysis was also conducted 

after ballistic testing using visual imaging of the impact 

energy effects. 
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𝑣𝑖 = √
𝑆𝑖

27.7 (𝑑−0.628) (𝑚0.61)

1.22
  (1) 

𝐸𝑘 =
1

2
 𝑚𝑣𝑖

2   (2) 

 

Table 2. Specifications and configuration of the materials comprising the MAS. 

MAS 

samples 
Front layer 

Intermediate 

layer 

(panels) 

Back layer 

Panel configuration 

V=veneer, A=aramid 

(Number of layers) 

Volume 

ratio 

(aramid

:veneer) 

Overall 

thickness 

(mm) 

Overall 

area 

density 

(kg/m2) 

AP Ceramic tile 
Aramid-

polychloroprene 
Aluminum plate 

A 

(30) 
- 22.96 61.23 

AE Ceramic tile Aramid-epoxy Aluminum plate 
A 

(30) 
- 25.33 65.31 

DV-BC Ceramic tile 
Densified veneer 

BC-epoxy 
Aluminum plate 

V 

(6) 
- 27.06 62.89 

VAV1 Ceramic tile 
Densified veneer 

BC-aramid-epoxy 
Aluminum plate 

V-A-V 

(2-10-2) 
1:2 25.65 63.80 

VAV2 Ceramic tile 
Densified veneer 

BC-aramid-epoxy 
Aluminum plate 

V-A-V 

(1-20-1) 
2:1 24.45 64.60 

3.  Results and Discussion 

3.1  Ballistic Performance of MAS Target 

From the ballistic testing results on all target samples, 

it was found that 7.62 mm bullets with velocities ranging 

from 829.97 to 866.85 m/s were unable to penetrate any 

type of MAS target. Penetration only occurred partially, 

limited to the intermediate layer of the MAS targets. The 

ballistic testing resulted in severe damage to the ceramic 

front layer, which shattered into small fragments. Figure 3 

shows the visual appearance of the MAS target samples 

before and after ballistic testing. 

In the MAS structure, the role of ceramics is crucial as 

it functions to absorb as much energy as possible during 

the initial impact, typically achieving around 50-55%4–6). 

Monteiro et al. (2015) similarly emphasized the essential 

function of ceramic layers in MAS, pointing out their 

ability to absorb a substantial amount of projectile energy 

through fragmentation. In line with their findings, this 

study noted that the fragmentation of ceramic layers in the 

hybrid MAS samples played a significant role in effective 

energy absorption, with the densified veneer-BC layer 

further improving the dissipation of residual kinetic 

energy by capturing ceramic fragments4,6). After impact 

with ceramics, the projectile erodes and undergoes 

deformation, making it blunter, thus reducing its kinetic 

energy and no longer focused. The intermediate panel 

layer is damaged by projectile and ceramic fragments. The 

fragmentation of ceramics into smaller pieces is crucial 

for effective energy absorption28,29). On the other hand, the 

aluminum alloy plate in the rear layer undergoes plastic 

deformation due to shock waves propagating from the 

front30). 

 

 
Fig. 3: Visual appearance of MAS target samples before and after ballistic testing (a) AP (b) AE (c) DV-BC (d) VAV1 (e) VAV2 
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The MAS target samples for the intermediate layer with 

non-hybrid material coded as AP, which serves as a 

control sample in common commercial protection, are 

shown in Fig. 3(a). Projectile fragments and ceramic 

fragments caused significant damage, tearing through the 

aramid fibers at high velocity with extensive dispersion. 

Although the projectile cannot fully penetrate the 

intermediate layer, the highly flexible aramid fibers are 

unable to fully absorb ballistic energy and tend to redirect 

it to the rear portion. This is evident from the considerable 

deformation on the aluminum plate at the back. 

The intermediate layer with non-hybrid material coded 

as AE, as seen in Fig. 3(b), appears to be very robust with 

minimal damage due to ceramic fragments and projectile 

debris. However, there is slight delamination between 

some aramid layers indicating a small dissipation of 

energy due to impact. The rigidity of the second layer in 

the AE sample reduces its capacity to absorb impact 

energy. Instead, it redirects shockwave energy to the rear, 

as shown by the significant indentation on the aluminum 

layer. This rigid aramid-epoxy panel may not be able to 

absorb as much energy as it used to because the aramid 

fibers can't move as freely in response to impact energy31).  

The sample coded DV in Fig. 3(c), which is made up of 

a full-densified veneer-BC layer and an intermediate layer 

of non-hybrid material, has a bigger damage impact than 

the other samples. Ceramic fragments and projectile 

debris damage the veneer layer until it reaches the 

aluminum plate. Although the projectile could not 

penetrate the MAS structure, the veneer layer experienced 

extensive and deep perforation. The veneer layer's 

delamination suggests an attempt by the second layer to 

dissipate energy, but the energy was too substantial and 

transferred most of it to the rear layer, leading to 

significant deformation of the aluminum plate. 

The MAS target sample for the intermediate layer with 

hybrid material coded as VAV1, shown in Fig. 3(d), 

indicates that the damage is primarily caused by 

compression from projectile fragments, while damage 

from ceramic fragments is minimal. The wood traps some 

ceramic fragments, preventing further damage. The 

projectile impact does not cause delamination within the 

aramid-epoxy, indicating that energy dissipation also 

occurs in the wood, resulting in minimal deformation of 

the aluminum plate. 

The projectile impact damages and delaminates the 

aramid veneer layer at the front of the intermediate layer, 

coded as VAV2 in Fig. 3(e). However, the wood and 

aramid-epoxy layers block ceramic fragments, preventing 

further damage from following the delamination of the 

front veneer in the subsequent layers. The shockwave 

energy transmitted to the rear appears to be relatively 

small, as evidenced by the minor indentation in the 

aluminum plate. 

 

3.2  Trauma Energy 

The average initial velocity of the projectile measured 

with a chronograph was 840.17 m/s with a standard 

deviation of 7.32 m/s. This research used this initial 

velocity as a reference value to ensure consistent initial 

conditions across all target samples, meeting the 

requirements for level III ballistic testing according to NIJ 

0101.06 standards32). From this initial velocity, it can be 

calculated that the initial energy of the projectile is 

3335.30 J. The MAS structure effectively dissipates a 

portion of the energy, as indicated by the BFS 

measurements shown in Fig. 4, which are all below the 

permissible threshold of 44 mm. 

 

 
Fig. 4: Measurement of BFS on clay witnesses. 

 

We can conclude from the recorded clay witness 

measurements that the average BFS depth for all samples 

meets the NIJ standard, as shown in Table 3. Notably, the 

BFS depth reveals an intriguing observation: hybrid 

panels, serving as intermediate layers, exhibit superior 

performance compared to non-hybrid panels, yielding a 

smaller BFS depth. Specifically, panels with aramid-

polychloroprene (AP), aramid-epoxy (AE), and densified 

veneer-BC (DV-BC) layers have deeper BFS than panels 

with densified veneer-BC and aramid fabric (VAV) as 

intermediate layers. Consequently, the implementation of 

hybrid panels within the MAS structure effectively 

diminishes the energy transmitted to the backside, thereby 

reducing the trauma experienced by the wearer upon bullet 

impact. Despite variations in the aramid-to-veneer ratio 

between VAV1 and VAV2 samples, the data suggests no 

significant disparity in the percentage of trauma energy 

between them. 

The BFS results show that hybrid panels perform better 

than non-hybrid materials in dissipating impact energy, as 

indicated by the shallower BFS depths in hybrid panels. 

This reflects their ability to reduce trauma energy transfer 

to the wearer. This advantage comes from the viscoelastic 

properties of densified veneer-BC, which improve energy 

absorption and distribution within the armor system. 

Lower trauma energy transfer means a reduced risk of 

internal injuries, as less kinetic energy reaches the body 

upon impact. This is especially important in personal 

protective equipment, where minimizing backface 

deformation and trauma energy enhances safety and 

survivability. Additionally, the lightweight and highenergy 
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absorption features of hybrid panels improve comfort and 

mobility, making them suitable for prolonged use in 

demanding conditions. These findings suggest that 

integrating materials with such properties into intermediate 

layers can significantly enhance the protection offered by 

multilayer armor systems. 

 

Table 3. Average BFS and trauma energy for MAS targets. 

Intermediate 

Layer of MAS 

Average 

BFS  

(mm) 

Average 

Trauma 

Energy (J) 

Trauma 

Energy  

(%) 

AP 24.50 ± 2.45 29.47 ± 4.70 0.88 ± 0.14 

AE 23.30 ± 2.49 27.16 ± 4.64 0.81 ± 0.14 

DV-BC 25.28 ± 2.10 30.99 ± 4.16 0.93 ± 0.12 

VAV1 21.90 ± 3.04 24.62 ± 5.78 0.74 ± 0.17 

VAV2 22.00 ± 3.31 24.85 ± 5.76 0.74 ± 0.17 

AP 24.50 ± 2.45 29.47 ± 4.70 0.88 ± 0.14 

 

However, several limitations of this study must be 

acknowledged. The absence of dynamic imaging during 

ballistic testing limited our ability to observe real-time 

impact behavior and energy dissipation, which could 

provide crucial insights into material performance under 

high-velocity impacts. Additionally, the study used a 

limited number of sample configurations, which may not 

fully represent the variety of possible hybrid material 

combinations. Expanding the range of configurations and 

adjusting the veneer-to-aramid ratios could offer more 

comprehensive insights. Lastly, the manual fabrication 

process introduced variability in material properties, 

potentially affecting the consistency of the results. 

Standardizing production methods or adopting automated 

fabrication techniques could help reduce this variability in 

future studies. 

Despite these limitations, the study's findings suggest 

that the improved performance of the hybrid panels can be 

attributed to the mechanical properties of the materials. 

The aramid fibers provide high tensile strength, allowing 

the panels to resist penetration and maintain structural 

integrity under high-impact forces. Meanwhile, the 

densified veneer-BC layer enhances energy dissipation due 

to its viscoelastic properties, which absorb and redistribute 

impact energy effectively. This combination minimizes 

backface deformation and reduces trauma energy transfer 

to the wearer, thereby improving safety and survivability. 

Furthermore, the ability of densified veneer-BC to capture 

and contain ceramic fragments contributes to the overall 

energy absorption and reduces secondary damage caused 

by projectile debris. 

Because of their densified veneer-BC layers, hybrid 

panels excel at absorbing impact energy. The wood's 

ability to absorb and disperse energy relies on its 

viscoelastic properties, which include its viscous nature 

and the presence of voids. Naveen et al. (2019) also 

showed that hybrid laminates that include natural fibers 

and Kevlar displayed enhanced damping characteristics as 

a result of their viscoelastic properties. These results are in 

agreement with the findings of this study, which revealed 

that the densified veneer-BC layers greatly improved the 

energy absorption and trauma mitigation abilities of the 

hybrid panels. Additionally, the storage modulus and 

damping capacity identified in this research align with the 

high viscoelastic performance noted by Naveen et al. 

(2019), further supporting the potential of hybrid materials 

for ballistic applications33). These characteristics help 

delay the impact response, thereby enhancing energy 

dissipation. The material's shock toughness closely links to 

this damping effect. These conclusions align with research 

conducted by Naveen et al (2019), which found that hybrid 

laminate composites, made from a blend of Kevlar and 

25% Cocos nucifera fibers with epoxy, outperformed 

100% Kevlar-epoxy composites33). The study also 

indicated that the thermal stability of hybrid laminates is 

comparable to that of Kevlar-epoxy composites. 

Additionally, hybrid laminates exhibit higher storage 

modulus and loss modulus, along with superior damping 

properties compared to Kevlar-epoxy composites. In 

addition, this study discovered that the viscoelastic 

properties of densified veneer-BC have a high storage 

modulus and stiffness, which makes them better at 

absorbing energy22). 

 

3.3  Areal Density to Trauma Energy 

Despite using the same ceramic and aluminum 

materials, the areal density of the target samples heavily 

depends on the composite weight and volume within each 

intermediate layer of the MAS structure. Furthermore, the 

volume of the composite panel is significantly influenced 

by its material configuration and composition, particularly 

when densified veneer-BC layers are incorporated, which 

tends to increase the panel thickness. Additionally, the 

choice of epoxy matrix and polyurethane adhesive during 

the manual production process impacts the final outcome 

of the samples. While higher areal density generally 

implies greater strength, the ability to dampen impact 

energy is a distinct consideration. Figure 5 illustrates the 

relationship between total areal density and impact trauma 

energy across all types of intermediate layer samples 

within the MAS structure.  

From the analysis of the relationship between areal 

density and trauma energy, it is evident that MAS target 

samples with lower areal density tend to experience higher 

trauma energy transfer. Even though strong synthetic 

aramid fibers are used, the AP intermediate layer sample 

with polyurethane adhesive is usually quite flexible and 

lacks the stiffness needed to effectively release kinetic 

energy. On the other hand, the AE intermediate layer 

sample has an aramid fiber composite with an epoxy 

matrix that usually has a high areal density. This is 

attributed to the epoxy penetrating into the fibers, making 

the panel stiffer, thus capable of dissipating trauma energy 

more effectively, resulting in smaller energy transfers. 
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Fig. 5: The relationship between areal density and trauma 

energy. 

 

On the other hand, more trauma energy is transferred in 

the DV-BC intermediate layer sample, which has low 

areal density and weak veneer strength. In contrast, the 

hybrid sample composed of aramid fibers and densified 

veneer-BC exhibits reduced transmission of trauma 

energy, despite its lesser weight and lower areal density 

compared to aramid-epoxy. This is due to the contribution 

of modified densified veneer wood, which has excellent 

damping properties and the ability to capture fragments. 

 

3.4  Failure of MAS 

Figure 6 shows the failure mode display for all types of 

MAS samples after ballistic testing. The test results show 

that the MAS structure effectively prevents projectile 

penetration. Damage is confined to the middle layer and 

the rear aluminum plate after the ceramic layer shatters. 

This research observes the perforation diameter, 

penetration depth, and sample deformation depth for each 

sample and damage section. 

In order to assess the effectiveness of each intermediate 

layer panel in the MAS construction, it is crucial to 

examine the density, perforation diameter, penetration 

depth, and deformation depth of each sample. Figure 7 

demonstrates that adding densified veneer-BC layers to 

the outside behind the ceramic tends to reduce the 

diameter of the perforation damage. Dispersed ceramic 

fragments caused broader damage, which this layer 

effectively mitigates. 

In terms of penetration depth, aramid-epoxy samples 

consistently exhibit superior toughness compared to other 

samples. However, when assessing deformation depth 

from the intermediate layer to the aluminum plate due to 

impact energy transfer and shock wave impact, densified 

veneer-BC and aramid hybrid panels showcase the most 

effective performance. Notably, hybrid panel samples also 

demonstrate lighter density compared to their aramid-

epoxy counterparts.  

 

 
Fig. 6: Frontal view and cross-section of MAS target 

samples after ballistic testing (a) AP (b) AE (c) DV-BC  

(d) VAV1 (e) VAV2 

 

Monteiro et al. (2015) pointed out that delamination in 

aramid layers is a frequent failure mode when subjected 

to high-velocity impacts. This study found comparable 

behavior in aramid-epoxy samples, where delamination 

led to decreased energy dissipation and greater 

deformation in the rear layers. In contrast, the hybrid 

panels examined in this study exhibited enhanced 

performance, as the addition of densified veneer-BC 

layers minimized delamination and effectively contained 

ceramic fragments. These results underscore the enhanced 

structural integrity and energy absorption capabilities of 

hybrid panels in comparison to conventional aramid-

based designs4). 

 

 
Fig. 7: Comparison of density, deformation diameter, 

penetration depth, and deformation depth for each intermediate 

layer in the MAS samples. 

 

3.5  SEM Observations 

The SEM results revealed damaged areas on both types 

of aramid and laminated densified veneer-BC, which 

serve as intermediate layers in the MAS. The primary 
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mechanism of energy absorption and dissipation in these 

intermediate layer panels relates to the fibers ability to 

capture fragmented ceramic and shattered bullets34–36). 

In Figure 8(a), it is evident that ceramic fragments can 

tear through some of the aramid fibers. However, the 

aramid-epoxy composite successfully captures a small 

portion of the ceramic fragment. In Figure 8(b), the veneer 

wood fibers capture a significant accumulation of ceramic 

fragments. The fiber's strength isn't the only factor that 

affects its ability to catch these fragments; mechanical 

interlocking mechanisms, van der Waals forces, and static 

charges on the synthetic and natural fiber surfaces also 

play a role6,37). 

According to prior research by Monteiro et al., a target 

consisting only of a ceramic layer in the front and an 

aluminum alloy plate in the back, without any 

intermediate layer, is unable to absorb enough energy to 

withstand fragment explosions4). The same source reveals 

that the intermediate layer dissipates more than 36% of 

kinetic energy in the process of capturing ceramic 

fragments. Furthermore, the aluminum alloy plate absorbs 

even less energy, at just 7.3%. Therefore, the intermediate 

layer is a vital requirement to support the function of the 

ceramic layer. 

 

 
Fig. 8: Microfiber observation with SEM in the perforation 

damage area (a) aramid fiber (b) wood veneer fiber 

 

4.  Conclusions 

Ballistic testing confirms that all MAS samples 

withstand 7.62 mm NATO bullets without penetration, 

fulfilling Level III standards as per NIJ 0101.06. 

Additionally, all MAS samples met the requirement of 

BFS values below 44 mm, thus fulfilling the Level III 

testing criteria according to NIJ 0101.06 standards. The 

intermediate layer in MAS samples, made from a hybrid 

composite of aramid and densified veneer-BC, exhibited 

better performance in reducing trauma energy compared 

to samples made from full aramid-epoxy. The hybrid 

composite has a lighter weight and a smaller area density. 

The densified veneer-BC composite lamination reduced 

the diameter of perforation damage, decreased the depth 

of deformation by dissipating energy, and captured 

ceramic fragments, thereby transferring less trauma 

energy to clay witnesses. 

These findings underscore the potential applications of 

hybrid panels in real-world ballistic protection systems. 

Their lightweight design and effective energy absorption 

capabilities make them particularly suitable for personal 

protective equipment, such as bulletproof vests, where 

mobility and comfort are essential. Furthermore, their 

exceptional ability to reduce trauma energy and limit 

deformation highlights their relevance for advanced 

vehicle armor and protective barriers for critical 

infrastructure. 

The observed differences in energy absorption between 

hybrid and non-hybrid panels present significant 

opportunities for further material optimization. For 

instance, increasing the veneer-to-aramid ratio could 

enhance energy dissipation while maintaining the 

lightweight characteristics of hybrid panels, making them 

more adaptable for various ballistic protection 

applications. Exploring alternative natural materials for 

the veneer layer could also improve cost efficiency and 

sustainability. Future research should prioritize evaluating 

the long-term durability of these panels under extreme 

operational conditions, such as high humidity or 

temperature fluctuations, to ensure their reliability and 

broader applicability. 

Based on the observed data, we recommend hybrid 

configurations that combine densified veneer-BC with 

aramid fibers as an optimal solution for balancing energy 

absorption and weight reduction. These configurations 

have demonstrated lower BFS values and reduced areal 

density, making them ideal for lightweight ballistic 

protection systems. Adjusting the veneer-to-aramid ratio 

can further enhance energy dissipation while maintaining 

the structural integrity of the panels. Additionally, 

incorporating alternative natural materials for the veneer 

layer may provide cost-effective and sustainable solutions, 

expanding the practicality of these hybrid panels for 

diverse applications in personal protective equipment, 

vehicle armor, and protective infrastructure. 
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