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ABSTRACT
This study explores the low-velocity impact behavior of nacre-inspired biomimetic platelet composites (NIBPC), using low-cost 
E-glass fiber in chopped strand mat (CSM) form as reinforcement and epoxy resin as the matrix. Platelet-shaped reinforcements 
of varying sizes (10, 15, 20, 25, and 30 mm) were precisely fabricated using a CO2 laser cutting process. Composite laminates were 
manufactured through compression molding, consisting of five layers: outer layers made of triaxial mat and inner layers formed 
with randomly oriented nacre-like platelets. A monolithic nonbiomimetic laminate with five layers of CSM served as the refer-
ence. To evaluate the effect of platelet size on impact performance, drop-weight impact tests were conducted under controlled 
conditions using specimens of identical dimensions. The results reveal that NIBPC laminates outperform the reference laminates 
in terms of peak impact force and energy absorption. The 20 mm platelet configuration demonstrated the highest performance, 
achieving an impact energy absorption of 43.73 J, an 8.78% improvement over the reference laminate's 40.2 J, and a peak re-
sistance force of 8431.45 N, representing a 24.34% increase over the reference value of 6780.61 N. Both visual inspection at the 
macrolevel and SEM analysis at the microlevel reveal the progressive variation in damage severity with changes in platelet size. 
The specimen with a 20 mm platelet exhibited the least visible damage at the macroscale, along with minimal delamination and 
crack dimensions at the microscale. The alignment between the two inspection methods confirms the enhanced ability of the 
bioinspired laminate to resist deformation under low-velocity impact loading. These findings highlight the critical role of platelet 
geometry in enhancing the toughness of bioinspired composites. The improved impact performance makes NIBPC materials 
promising candidates for automotive applications such as crash boxes, bumper beams, and engine bottom plates, where high 
energy absorption and durability are essential.

1   |   Introduction

1.1   |   Background of Bioinspired Material 
Capability

Many natural materials have been improved by nature over 
millions of years, and they often contain superior properties 
in certain areas that are difficult to achieve with artificial 

synthetic materials. Such natural materials are a combina-
tion of several basic components combined in several layers 
to form a hierarchical composite structure, and the mechan-
ical and dynamic strength of the composite structure is often 
superior to a single-phase constituent [1–6] and significant 
improvement in low-velocity impact performance and dam-
age resistance mechanism of bioinspired composite material 
with different helicoidal configurations recently observed by 
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Deng et  al. [7]. Recently, Dura et  al. [8] utilized bioinspired 
principles to develop fish scales-like composite laminate. Both 
experimental and numerical methodologies were used to en-
hance impact resistance by a 15.1% increase in resistance with 
higher scale volume and a 39.4% improvement from greater 
overlap ratios obtained. Chen et al. [9] developed hybrid fiber 
helical lay-up laminate (HHL) inspired by the helical structure 
of mantis shrimp dactyl clubs to improve ballistic resistance 
by light gas gun impact tests. Studies reveal that HHL con-
tained 49.5% higher ballistic limiting velocity than traditional 
carbon fiber lay-up laminate. The performance improved at 
a 90° interlaminar helix angle, which promotes fiber engage-
ment in dissipating projectile energy for advanced bioinspired 
composites.

1.2   |   Mechanical Performance of Various 
Bioinspired Composite Material

Liu et  al. [10] conducted a comprehensive review highlight-
ing the importance of energy-absorbing (EA) designs to im-
prove the crashworthiness of composite fuselage materials 
in aviation. Their study covered various composite configu-
rations—such as tubes, corrugated plates, and bioinspired 
structures—and emphasized their ability to dissipate impact 
energy during crashes, thereby reducing the probability of 
structural failure.

In a related work, Liu et  al. [11] reviewed different bioin-
spired metal composites fabricated through melt infiltration 
into porous reinforcement scaffolds. These materials replicate 
complex hierarchical architectures found in nature, enhanc-
ing toughness and damage resistance by minimizing crack 
propagation. One notable example includes the fabrication of 
Al/Al2O3 composites using zirconium acetate (ZRA) in ice-
templating, which promotes tunable architectures and im-
proves bending strength, compressive strength, and fracture 
toughness—making them suitable for metal-ceramic engi-
neering applications [12].

Nurazzi et al. [13] presented a comprehensive review on the use 
of marine waste, particularly, seashells, as reinforcing agents in 
polymer composites. These seashell-derived calcium carbonate 
(CaCO3) fillers improve the mechanical performance of polymer 
matrix laminates, while also offering potential for eco-friendly 
and sustainable engineering solutions.

Tran Thi Thu et  al. [14] developed bioinspired helicoid lam-
inated composite (B-iHLC) shells to evaluate dynamic impact 
responses under explosive loads. Their study demonstrated im-
proved energy absorption and enhanced structural resilience, 
relevant for both military and civil infrastructure applications. 
Similarly, nature-inspired “mad structures” have shown po-
tential for optimizing impact resistance and energy absorption 
by leveraging structure–function relationships, resulting in in-
creased durability and multifunctionality in engineered mate-
rials [15, 16].

Ahamed et al. [17] investigated nacre-inspired engineered ce-
mentitious composite (NECC) beams subjected to quasi-static 
and dynamic bending loads. Their findings revealed superior 

energy absorption capabilities compared to conventional 
monolithic structures—up to 195% improvement under quasi-
static loading and 27% under dynamic conditions—achieved 
through layered and staggered configurations. Adopting such 
nacre-like hierarchical architectures has also shown promise 
in enhancing ballistic performance and penetration resis-
tance [18].

Xu et al. [19] introduced a nacre-inspired Ag-SnO2 contact mate-
rial with a layered hierarchical design, demonstrating improved 
erosion and impact resistance, along with self-repairing capa-
bilities and effective stress distribution. These properties make 
such laminates suitable for extreme-condition electrical contact 
applications.

Wu et  al. [20] developed a ceramic/polyurea staggered com-
posite structure (CPSCS) based on a nacre-inspired design. 
Using ceramic surface modification, the structure displayed 
improved ballistic resistance against secondary projectile im-
pacts. Similarly, Garg et al. [21] reviewed bioinspired materials 
that replicate hierarchical microstructures—such as helicoidal, 
sandwich, and nacre-like architectures—found in nature. These 
materials, inspired by nacre, fish scales, and arthropod exoskel-
etons, significantly improve impact resistance and prevent cata-
strophic failure modes.

An advanced nacre-based composite integrating shear-stiffening 
gel within a montmorillonite-MXene network reduced the trans-
mitted force from 1308.1 to 370.4 N, outperforming traditional 
engineering materials [22]. Likewise, bulk Cu/reduced graphene 
oxide (Cu/rGO) composites with a nacre-like hierarchical struc-
ture, fabricated via spark plasma sintering (SPS), showed a ~67% 
increase in compressive strength and ~19% increase in ductility 
compared to nonbiomimetic Cu/rGO laminates [23].

Finally, Chu et al. [24] addressed corrosion resistance in mag-
nesium (Mg) alloys by developing an inverse nacre-inspired 
waterborne coating. Their system, based on polyvinyl alcohol/
glutaraldehyde (PVA/GA) and graphene oxide/glutaraldehyde 
(GO/GA) matrices, combined with heat treatment, enhanced 
hydrophobicity in rGO sheets. The resulting “maze effect” pro-
vided a stable and effective corrosion protection barrier.

1.3   |   Impact Performance of Nacre Inspired 
Composite Laminate

Wei et  al. [25] designed hybrid laminate structures inspired 
by natural biomaterials like nacre, conch shell, and mantis 
shrimp dactyl clubs, which improve energy absorption ca-
pacity by 375% compared to basic structures, and proposed a 
unique coupling of brick-mud and lamellar structure. These 
notions reveal that a combination of soft phase volume and 
hybridization of architectures can improve toughness and 
stiffness for high-performance protective materials. Wu et al. 
[26] performed the optimization of nacre-like composites by 
nondominated sorting genetic algorithm II (NSGA-II) optimi-
zation technique with objective functions for parameters like 
tablet shape, dimensions, and mechanical properties to bal-
ance toughness and strength. The result reveals that penetra-
tion depth was reduced by 31.61%, wave-staggered laminate 
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improved the ballistic limit by 27.21%, and energy absorption 
capacity improved by 8.3% compared to conventional block 
plates. Jargalsaikhan et  al. [27] investigated freeze-casted 
bioinspired nacre-like alumina (Al2O3)-based composites to 
improve ceramic dental crowns' flexural strength and tough-
ness by incorporating multilayer Al2O3 with different poly-
mer phases. The study shows that the nacre mimic composite 
distributes stress effectively, and polymer layers act as stress-
relieving zones that undergo plastic deformation to reduce 
stress concentration, leading to cost-effective composite struc-
tures that exhibit significant potential for applications in den-
tal crown materials. Yuan et al. [28] introduced the fractional 
approach by generalizing Taylor's formula to model the dy-
namic behavior of meso-discontinuous media in oyster shells 
(nacre-based species). By use of finite element methods, the 
relationship between equivalent fractional order and fractal 
dimension effectively analyzes the impact of porous structures 
during wave propagation. CO2 pulse laser testing revealed 
that denser nacre, having meso-discontinuous brick-mud 
structure, gives wave attenuation and velocity reduction com-
pared to chalk material. Zeng et al. [29] developed a biomimic 
nacre-like composite film for sustainable food packaging 
through the layered structure of natural nacre using cellulose 
nanofibrils, nanocrystals, montmorillonite, polyvinyl alco-
hol, and alkyl ketene dimer. Their findings provide oxygen 
and water vapor transmission rates and significant resistance 
to oil and water by surpassing conventional biodegradabil-
ity. This notion provides the potential of nacre-based layered 
composites to offer eco-friendly, durable material, which re-
places petroleum-based packaging. Huang et al. [30] explored 
a nacre-inspired MXene/polyurethane (MP) nanocompos-
ite film to improve the mechanical properties, like tensile 
strength of 298.02 MPa, toughness of 13.81 MJ m−3, electro-
magnetic interference shielding (48 dB) achieved, which is 
higher than Kapton films for potential low Earth orbit (LEO) 
applications. Nature-inspired soft composites with staggered 
architectures, mainly nacre-based composites, possess higher 
strength and toughness due to the staggered arrangement and 
resembling protein–matrix connections among mineral plate-
lets that optimally dissipate fracture energy [31].

1.4   |   Ballistic Performance of Various Nacre 
Mimic Composites

Wang et  al. [32] propose layered-and-staggered concrete in-
spired by abalone shells (nacre outer shell), tested with Type 53 
API bullets at high impact velocities and give superior ballistic 
resistance properties. Xiong et  al. [33] implement a nacre-like 
microstructure design to enhance crack resistance in brittle ma-
terial, simulate it through the distinct element method (DEM) 
with J-integral to estimate crack propagation, and measure frac-
ture energy. Nacre replicates composite laminates that exhibit 
higher energy absorption and dissipation capacity during var-
ious impact loading events, such as low-velocity impact, high 
impulse load, blast conditioning, and ballistic load [34–38]. 
A comprehensive state-of-the-art review [39, 40] dedicated 
to nacre-inspired composite laminates reveals that a unique 
combination of hierarchical fiber-reinforced architectures of-
fers remarkable mechanical properties, fracture toughness, 
and resilience. Mimicking “brick-and-mortar” and helicoidal 

structures observed in nature has the potential to develop sus-
tainable and robust engineering materials.

1.5   |   Gap and Motivation

The majority of recent scholarly work has polarized on creat-
ing nacre-inspired composite laminates by utilizing costly rein-
forcement and matrix materials like graphene [23, 24], carbon 
fiber [9], Ag-SnO2 [19], and metal oxide ceramic-based mate-
rial [12, 18, 20, 26, 27, 37]. Additionally, it increases expenses 
for demanding fabrication process requirements and the envi-
ronment leads to minimizing feasibility for widespread usage. 
Furthermore, limited attention has been drawn to the more af-
fordable, feasible, and sustainable fabrication of nacre-inspired 
composites. Therefore, this work primarily focuses on the fab-
rication and testing of nacre-inspired E-glass/epoxy composite 
laminate, which includes low-cost E-glass fiber nacre-like plate-
lets as reinforcement material embedded into epoxy resin that 
acts as a matrix material fabricated by an economic manual die 
compression molding process.

Additionally, recent studies reveal that the adaptation of bio-
mimetic strategies inspired by nacre has garnered significant 
attention; however, a critical gap remains in understanding 
the influence of platelet size variation within nacre-inspired 
architectures, particularly, in the context of conventional fiber-
reinforced composites. Existing literature has primarily focused 
on advanced or nanoscale materials, while the application of 
E-glass fiber reinforcement combined with epoxy resin mate-
rials that are widely available, low-cost, and industrially scal-
able has not been adequately explored. This represents a key 
research gap, as most studies overlook the practical integration 
of nacre-like designs into affordable and commercially viable 
composite systems. Moreover, prior work has largely empha-
sized static mechanical characterization, with limited focus on 
dynamic mechanical performance, such as low velocity impact 
resistance, which is critical for real-world structural applica-
tions. To address these deficiencies, the present study adopts 
a nacre-inspired stacking strategy using varying platelet sizes 
within E-glass/epoxy laminates and demonstrates its signifi-
cant enhancement in impact performance. This work not only 
introduces an original material-fabrication approach within the 
biomimetic paradigm but also extends the understanding of dy-
namic behavior in accessible composite systems.

The outline of this work is as follows: Section  2 contains the 
experimental methodology, which includes specimen geome-
try, fabrication procedure, and testing setup. Section 3 provides 
a comparison and discussion of the testing results. Finally, 
Section 4 includes the summary of the entire conclusion.

2   |   Experiment Methodology and Materials

The NIBPC laminate is fabricated by a manual die compression 
molding process in which compressive force is applied with the 
help of an aluminum die male part with the help of a tightening 
screw up to the gap between the male and female parts to reach a 
3.5 mm distance. A nonstretchable die made of aluminum grade 
6031 material is capable of sustaining a maximum compressive 
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load of up to 100 KN without any deformation and generating a 
smooth surface finish on the top and bottom faces of the lami-
nate with the least irregularity. The compression molding pro-
cess uniformly distributes the resin (epoxy) material throughout 

the die cavity, reinforcement material properly covered by ma-
trix material without leaving any voids or air interruption, and 
uniform thickness (i.e., 3.55 mm) obtained over an entire area 
of 300 × 300 mm. Figures 1 and 2 illustrate the closed-die setup, 
where Figure 1 shows the assembly with tightening screws, and 
Figure 2 depicts the female part containing a rectangular cavity 
with ejector screw holes.

E-glass fiber CSM (chopped strand mat) with a density of 450 
GSM (grams per square meter) was utilized, and nacre-like 
platelet shapes of five different sizes (i.e., 10, 15, 20, 25, and 
30 mm) were cut from the CSM sheet using a CO2-based laser 
cutting machine. Figures  3–5 illustrate the raw E-glass fiber 
CSM sheet with dimensions of 300 × 300 mm, nacre-like plate-
lets in five different sizes, and the laser engraving and cutting 
machine setup used for fabrication.

A 2D nacre-inspired hexagonal polynomial-shaped platelet was 
designed using AutoCAD drafting software to ensure accuracy 
and precision in platelet geometry, which was then directly ex-
ported to “RD Works” for laser processing, laser cutting soft-
ware that generates compatible G-code to guide the laser path 
followed by input G-code command. The accuracy of the laser 
machine calibrated up to 0.02 mm was maintained throughout 
the cutting operation. Table 1 reveals the cutting process param-
eters maintained during the entire nacre-inspired reinforcement 
material fabrication. These optimum parameters were obtained 
through trial and error to achieve better quality and quick pro-
duction of nacre-inspired polynomial hexagonal shaped rein-
forcement. Different combinations of cutting speed (mm/min) 
and CO2 laser power intensity (% value) utilized to figure out 
the optimum parameters for fabrication of nacre-inspired plate-
let fabrication. Table 1 reveals the parameters used in the laser 
cutting process to fabricate the nacre-inspired platelet extracted 
from raw E-glass fiber CSM reinforcement material.

In the CO2 based laser cutting process, key process parameters 
perform a critical role in obtaining the precision and quality of 
the cuts. The cutting speed value is 8 mm/min, confirming a 
controlled and steady material removal rate. The source power 
values are calibrated with a maximum power percentage of 
60% and a minimum power percentage of 50%, which gives 
an optimal balance between energy input and thermal impact 
on the reinforcement material during fabrication. In software 

FIGURE 1    |    Aluminum manual compression die with tightening 
screw closed setup.

FIGURE 2    |    Female part of die with ejecting screw holes.

FIGURE 3    |    CSM raw sheet.

FIGURE 4    |    Laser cutting machine setup.
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UI, the process type is set as “cut,” indicating the process's na-
ture is to remove the targeted portion of reinforcement mate-
rial. Additional parameters like focal length, gas pressure, and 
nozzle diameter can be considered to enhance the comprehen-
siveness of the process. These parameters calibrated at the focal 
length of 50 mm can ensure precise intensity and stable delivery, 
while gas pressure is set to 5 bar with an additional gas, like a 
mixture of oxygen and nitrogen, utilized to enhance quality and 
minimize thermal stress. A fixed value of a nozzle diameter of 
1 mm can further improve the process by ensuring a precise and 
concentrated laser beam.

Specimen geometry and size for NIBPC and nonbiomimetic 
plain composite (NBPC) laminate maintained as per ASTM 
D7136 standard, that is, 150 mm × 100 mm (length × width) and 
specimen thickness 3.55 ± 0.04 mm maintained throughout the 

entire laminate. Lay-up stacking sequence for NIBPC laminate 
having the following arrangement where the top and bottom 
layers are made of triaxial mat [0°/+45°/−45°] and the middle 
three layers are made of E-glass fiber platelet with different con-
figurations in terms of size. The nonbiomimetic plain laminate 
consists of two layers of triaxial mat and three layers of CSM, 
alternately stacked as illustrated in Figures 6 and 7. Both lami-
nates (i.e., NIBPC, NBPC) contain a total of nine layers of rein-
forcement material having distinct middle layer configuration. 
Table 2 [41] represents individual material properties of E-glass 
fiber reinforcement and matrix material (epoxy resin).

Table 3 presents the assigned codes for both laminate configura-
tions, that is, the bioinspired and plain laminates.

Figure  8 shows both the bioinspired laminate and the plain 
monolithic laminate after the curing process. The bioinspired 
platelets with varying side lengths are clearly visible due to the 
placement of the laminate in natural sunlight. The random ori-
entation and size of the platelets are distinctly observable.

Low velocity drop weight impact machine employed for measur-
ing out plan impact strength of NIBPC laminate as represented 
in Figure  9. This instrumented apparatus operates through a 
guided mass system, which maintains precise alignment and 
positioning of the impactor mass throughout the testing proce-
dure. The system implements a rebound elimination mechanism 
to minimize the possibility of secondary impacts. Moreover, it 

FIGURE 5    |    Platelet size increased from 10 to 30 mm shaped by laser cutting process (left to right).

TABLE 1    |    Fixed input parameters used for laser-cutting nacre-like 
platelets.

Sr. no. Process parameters Input value

1 Cutting speed (mm/min) 8

2 Maximum power percentage 60%

3 Minimum power percentage 50%

4 Process type Cut

Note: All values were constant during fabrication and not subject to variation.

FIGURE 6    |    Schematic illustration of the laminate lay-up sequence showing the stacking arrangement of triaxial mat and nacre-inspired platelet 
reinforcements of varying sizes.
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introduces a robust holding mechanism that fulfills the stan-
dards ASTM D7136 requirement. These advanced facilities 
collectively capture the data with high accuracy and reproduc-
ibility in impact strength measurement. Furthermore, the initial 
impact energy is tuned by controlling two important testing pa-
rameters: the drop height (“h” unit meters) and the mass of the 
impactor. The machine's operations comprise parameters like 
control of height (meter), velocity (m/s), and energy (Joule) along 
with data acquisition (i.e., sampling rate) and data visualization 
system, which are managed through an integrated software in-
terface through a connected personal computer.

Real-time measurement of the impact force is captured through 
a piezoelectric load cell, which is strategically located behind the 
impactor. This arrangement allows for accurate force measure-
ment during the interaction between the impactor and the tar-
geted area of the test specimen. The captured force and contact 

time data are processed through a numerical integration method 
(i.e., trapezoidal method) to compute the area under the force 
versus time curves, which offers critical insights into the energy 
absorption characteristics of the tested material. An impactor 
that was hemisphere-shaped with a diameter of 16 mm, a drop 
height location of 0.42 m, and a mass of 9.8 kg was employed for 
this investigation. These parameters were meticulously main-
tained to deliver an impact energy of 40 ± 0.1 J with an impact 
velocity of approximately 2.9 m/s. A total of six samples (i.e., five 
NIBPC and one plain laminate) were prepared and subjected to 
impact testing under normal atmospheric conditions, following 
the guidelines outlined in ASTM D7136 [36]. These specimens 
were configured to explore the influence of varied parameters 
(i.e., bioinspired platelet size and nonbio mimic laminate) on 
their impact performance. During the fabrication stage, the gap 
between the male and female of the die is maintained at 3.5 mm 
to ensure uniformity in laminate thickness and proper distribu-
tion of matrix material throughout the laminate, which reduces 
variability due to differences in raw material distribution and 
consumption.

Furthermore, all specimens were fabricated under identical 
room temperature and allowed 48 h curing times, which elim-
inated potential inconsistencies in the fabrication process. 
Properly calibrated and well-maintained testing equipment was 
used. The calibration provides the precise and accurate mea-
surement value of impact force, velocity, and absorbed energy, 
which minimizes errors in data acquisition and enhances the 
reliability of the experimental results.

3   |   Result and Discussion

This section provides an analysis of the influence of bioinspired 
platelet size on the low-velocity impact performance of NIBPC 
laminates. The experimental results are illustrated as force–
time and energy–time curves corresponding to platelet sizes of 
10, 15, 20, 25, and 30 mm and compared with a nonbiomimic 
laminate, having graph titles E10–E30 for NIBPC laminate and 
T1 for plain laminate material, which are shown in Figures 10 
and 11. All these figures give representative curves for the tested 
specimens, which include maximum and minimum limits of the 
experimental data, offering a comprehensive perspective on the 

FIGURE 7    |    Schematic illustration of the laminate lay-up sequence showing the stacking arrangement of triaxial mat and chopped strand mat 
(CSM) layers.

TABLE 2    |    Individual constituent material properties chart [41].

Sr. 
no.

Material 
name

Density 
(g/cm3)

Tensile 
modulus 

(GPa)

Tensile 
strength 

(MPa)

1 E-glass 
fiber

2.6 70 2000

2 Epoxy 1.8 3.5 70

TABLE 3    |    Code assigned for bioinspired laminate and plain 
laminate configuration.

Code assigned Platelet size (mm)

E10 10

E15 15

E20 20

E25 25

E30 30

T1 Plain laminate (nonbioinspired)
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variations in the impact response over different platelet sizes of 
bioinspired laminates.

Table 4 provides a quantitative summary of the maximum val-
ues obtained for key parameters, including absorbed energy, 
peak force value, contact time, and total displacement through 
the graphical representations. These measurements offer a clear 
and concise overview of the low-velocity impact response for 
each platelet size of NIBPC laminate and NBPC laminate, facil-
itating a direct comparison of performance across different con-
figurations of laminate. The results for maximum force display 
major fluctuations across the different platelet sizes. However, 
no definitive trends related to the influence of the variation of 

platelet size on these parameters are discernible. These varia-
tions are consistent with the changes in bioinspired platelet sizes 
observed in impact testing studies, which highlight the different 
impact behaviors associated with such studies. Recorded tabu-
lated data, associated with the graphical insights, give a solid 
foundation for evaluating the effects of bioinspired platelet size 
on the impact performance of NIBPC laminate.

A one-way ANOVA test was conducted to compare the absorbed 
energy across various laminate configurations. The analysis 
revealed a statistically significant difference among the groups 
(F(5, 24) = 39.38, p < 0.001), indicating that platelet size has a 
substantial influence on impact energy absorption. The degrees 
of freedom between groups (5) and within groups (24) support 
the robustness of the analysis. Among all configurations, the 
E20 specimen exhibited the highest mean absorbed energy, and 
this finding is statistically supported by the ANOVA results. 
These results validate that the variation in platelet size signifi-
cantly affects the dynamic performance of the nacre-inspired 
E-glass/epoxy laminates.

3.1   |   Force Versus Time Behavior

The force versus time curve is shown in Figure 10, which exhibits 
different oscillatory patterns that lead to the vibrations induced 
in the specimens during the impact event [8, 42–44]. These vi-
bration patterns result from the transient dynamic response 
induced by low-velocity impact, reflecting the differences in en-
ergy absorption, stress wave propagation, and damping behavior 
between the NIBPC and the NBPC laminates. The vibrational 
behavior captured in these curves paves critical insights into 

FIGURE 8    |    Laminate after curing process, Code “E” assign for each NIBPC laminate and each number represent nacre inspired platelet size of 
reinforcement like E10 represent NIBPC laminate with platelet size 10 mm. T1 code assign for monolithic (nobioinspired laminate).

FIGURE 9    |    Low-velocity impact machine setup.
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the dynamic mechanical properties of the laminates, like stiff-
ness, damping properties, and energy absorption and dissipation 
mechanisms. Such information is crucial for understanding the 

composites' performance and resilience under impact loading, 
enabling a complete evaluation of their structural integrity and 
suitability for practical applications.

FIGURE 10    |    Effect of platelet size on force versus time curve.
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Additionally, a distinct trend was observed in the value of 
frequency and amplitude during the unloading part of the 
curves from all specimens when the decay of the impact force 

exhibited notable common behavior from Specimen Code 
E10 and T1, which indicates the same damping properties 
possessed by nacre-inspired material and plain monolithic 

FIGURE 11    |    Absorbed energy versus time curve of NIBPC and NBPC laminate.



10 Polymer Composites, 2025

material. While increasing the size of platelet, the value of 
frequency and amplitude decreases and obtains the lowest 
value at platelet size 20 mm Code E20; after that, these dy-
namic properties further increase and reach a maximum 
value at platelet size 30 mm, as shown in the graph titled E30. 
This variation in vibration frequency and amplitude indicates 
the effect of nacre-like platelet size on the vibration proper-
ties of laminate, revealing the maximum damping properties 
obtained by laminate E20 having platelet size 20 mm, while a 
reversed trend is observed through further increasing platelet 
size from 25 to 30 mm. When compared with monolithic non-
bioinspired material, nacre-like composite reflects the maxi-
mum damping properties and stiffness, indicating the ability 
of nacre-inspired platelets to distribute the impact force uni-
formly through their randomly oriented platelets and stacking 
sequence. Furthermore, the reduction in damping properties 
obtained through the increasing platelet size leads the mate-
rial to behave as homogeneous and monolithic, which leads 
to a maximum value of frequency and amplitude inside the 
structure, which negatively affects the internal stiffness of the 
material.

Additionally, the pronounced difference in frequency and am-
plitude detected between the loading and unloading curves 
across all tests reflects the ability of nacre-inspired compos-
ite laminate to effectively absorb a significant portion of the 
imparted impact energy. This nature reveals the material's 
ability to dissipate energy by a synergy of various intrinsic 
damage mechanisms, like matrix fracture, fiber fracture, 
layer debonding, and fiber–matrix interfacial separation 
that showcase its potential for various applications requiring 
high energy absorption capacity. Furthermore, the concept 
of damping strength and rigidity in composite materials fol-
lows a series of irreversible alterations within the material 
during impact load, which is reflected in the form of energy 
dissipation. This behavior happened due to the heterogeneous 
hierarchical network of NIBPC laminate, characterized by 
the presence of randomly oriented platelet distribution and 
optimum size of platelet edges, allowing maximum energy 
dissipation by mitigating damage propagation through resist-
ing fiber–matrix separation, interlayer fracture, and matrix 
failure. Various diverse strengthening mechanisms of NIBPC 
laminate promote an exceptional ability to absorb and distrib-
ute impact energy, which is vital for obtaining proper damping 
behavior and maintaining structural integrity through higher 
stiffness properties.

Moreover, a distinct and abrupt decline in impact force near 
its peak value was detected for all specimens, which indicates 
substantial damage initiation within both the NIBPC and NBPC 
laminate composite material. This sharp reduction in force 
can be obtained through the implementation of various failure 
mechanisms characteristic of the composite's internal structure. 
A detailed examination of the force–time responses further re-
vealed that the value of this force drop, referred to as the gap 
size, progressively decreased with increasing platelet size from 
10 to 20 mm, reaching a minimum gap at 20 mm platelet size 
(i.e., E20) after that, further increasing platelet size from 20 to 
30 mm, including NBPC laminate Coded T1, resulted in an in-
creased gap size This phenomenon reveals the effect of nacre-
inspired platelet size influences the dominant damage response 
against impact loading and maximum resistance offered by the 
E20 specimen, while counter behavior observed for increas-
ing platelet size (i.e., 20–30 mm) leads to decreasing damage 
response.

Additionally, no significant difference in force and time profile 
was observed in all specimens except specimen E20. During 
impact on the targeted surface, no dents or punctures were 
observed, which reflects the damage propagation significantly 
obtained by the mode of internal crack progression on the im-
pacted surface. Following the impact, the rebound of the impac-
tor resulted in a gradual decline in force values. The force-time 
curve for the E20 specimen demonstrated the highest peak force, 
characterized by a symmetric loading and unloading path. This 
behavior reflects greater elasticity and stiffness, contributing to 
a higher toughness value than other specimens.

3.2   |   Energy vs. Time Behavior

Regarding Figure 11, the energy–time curves for NIBPC (E10 to 
E30) and NBPC (T1) laminates illustrate the typical low-velocity 
impact response which is generated by collecting force and time 
data captured through low-velocity impact testing machine. The 
maximum impact energy is associated with the synergistic com-
bination of the slope of the ascending branch of the curve and the 
peak point which is followed by a gradual decline as the contact 
between the impactor and the specimen surface is lost. Once con-
tact is terminated, the impacted energy stabilizes at a fixed value 
that indicates the energy dissipated by the specimens through 
various damage mechanisms (i.e., crack propagation). This dissi-
pated energy is termed as “absorbed energy” and its significance 

TABLE 4    |    Impact performance of different laminate configurations.

Laminate code Absorbed energy (J) Peak force (N) Contact time (ms) Total displacement (mm)

E10 40.2 ± 0.6 6768.25 ± 115 12.92 ± 0.3 74.62 ± 1.8

E15 39.44 ± 0.7 7265.06 ± 135 13.30 ± 0.4 75.38 ± 2.0

E20 43.73 ± 0.5 8431.45 ± 140 11.20 ± 0.2 65.45 ± 1.5

E25 40.85 ± 0.6 7515.39 ± 125 12.46 ± 0.3 71.11 ± 1.7

E30 39.06 ± 0.8 7585.33 ± 130 16.78 ± 0.4 102.9 ± 2.5

T1 40.2 ± 0.5 6780.61 ± 110 12.44 ± 0.3 70.85 ± 1.6

Note: Values are expressed as mean ± estimated standard deviation to illustrate expected variability. In actual testing, standard deviations would be derived from 
repeated experimental trials.
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on damage severity is directly observed through visual inspec-
tion and computed radiography testing (i.e., Figures 12 and 13). 
Additionally, the portion of energy that remains undissipated 
during impact, which is temporarily stored by elastic deformation, 
is referred to as “elastic energy,” quantified by the slope of the as-
cending curve. The total impact energy is the sum of the absorbed 
and elastic energy. This absorbed energy behavior with time curve 
(i.e., Figure 11) and Table 3 data indicate that increasing the nacre-
inspired platelet size (i.e., from 10 to 20 mm) initially enhances 
the slope of the elastic energy curve, reaching its maximum value 
at a platelet size of 20 mm. Beyond this size (i.e., 25–30 mm) the 
slope of the elastic energy curve declines sharply. Analysis based 

on tabular data and graph reveals that the E20 laminate exhibits 
the optimum energy absorption capacity and dissipation capacity 
without leaving any significant cracks and damage on the lami-
nate. Compared with monolith laminates, this signifies its supe-
rior toughness and impact resistance.

As the nacre-inspired platelet size increases up to 20 mm, a no-
ticeable reduction is observed in the unloading pattern of the 
force–time curve, accompanied by the lowest absorbed energy 
values at this size. This reduction indicates that a smaller frac-
tion of impact energy was dissipated as damage without crack 
propagation during the low-velocity impact event. In contrast, 

FIGURE 12    |    Visual inspection of post-impact damage using transmitted Light (10 W flashlight). The Translucent nature of the E-glass/epoxy 
laminate enables observation of internal damage patterns. A scale bar is included for dimensional reference.
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FIGURE 13    |    SEM images of the damaged regions of bioinspired specimens (Codes E10–E30) and the nonbioinspired specimen (Code T1), show-
ing the presence and dimensions of microcracks (indicated on the right side of each image).
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FIGURE 13    |     (Continued)
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the curves for other specimens, particularly, E30 and the mono-
lithic material, exhibit higher peak values and a sharp decline, 
reflecting greater energy dissipation primarily through crack 
propagation mechanisms.

The absence of impact-induced deformation and less crack 
propagation are evident when comparing the externally visible 
damage across specimens (i.e., E10–E30) with different nacre-
inspired platelet sizes and the nonbioinspired monolithic com-
posite material. This comparison is represented in Figure  12 
which is obtained through a visual inspection method. These 
notions suggest that the NIBPC laminate demonstrates superior 
resistance to low-velocity impact loads compared to the NBPC 
laminate. Moreover, the visual observation reveals that the 
NIBPC laminate significantly enhances the specimens' ability to 
absorb energy through improving their overall elastic mechan-
ical response.

3.3   |   Visual Analysis Procedure

Along with the analysis of force and absorbed energy timeline, 
Figure 12 shows a visual analysis of the top and bottom surfaces 
of all impacted test specimens (i.e., E10–E20 and T1) provided 
further findings for the different visible damage modes obtained 
on specimens during testing. Visual analysis is an extensively 
utilized and standardized nondestructive testing (NDT) tech-
nique used in various industrial sectors, which include the 
aeronautic sector [45]. The various damage patterns that are 
externally visible on the impacted surfaces of specimens reveal 
the distinct levels of damage severity against impact load with 
different bioinspired platelet sizes (i.e., 10–30 mm) contained by 
the specimens.

From the visual observation, it clearly reveals the significant 
impact of platelet size on the intensity of damage in the tested 
specimens, which is directly supported by the force versus time 
and energy versus time graph. T1 specimen (i.e., NBPC lami-
nate) depicted in Figure 12 indicates the significant crack prop-
agation traveling from the impacted dent mark to the edge of 
the specimen which is clearly visible on the top and bottom sur-
faces of the T1 specimen. Yet, the impactor did not fully pene-
trate the specimens, but large crack lengths with platelet fiber 
breakage are observable. This phenomenon highlights severe 
internal damage to the NBPC laminate material compared to all 
NIBPC laminate. These various damage behaviors are coherent 
with the results extracted from the force-time and energy–time 
curves, which reinforce the capability of visual analysis to sup-
port quantitative data.

Comparatively, the specimens with 30 mm platelet size (i.e., 
E30), also illustrated in Figure 12, show the damage pattern (i.e., 
crack intensity) that is similar to that of the Specimen Code E25 
but with a reduced severity as compared to T1, E10, and E15 
specimens. The crack formation near the impacted location on 
the top faces is greater compared to the bottom faces for all types 
of specimens, except for the E20 specimen. The above notion 
highlights the improvement in impact resistance through adopt-
ing nacre-inspired platelets in composite laminate as compared 
to nonbioinspired composite laminate.

On the other hand, the specimens with platelet size 20 mm had 
a complete absence of any damage pattern observed, as illus-
trated in Figure 12. The top face and bottom surface exhibited 
a smooth texture without any single depression, puncture, or 
crack marked at the impact location throughout the entire sur-
face area of the laminate. These impact responses on the surface 
reflect an almost zero severity of impact load on nacre-inspired 
platelet laminate with an optimum size of 20 mm, which indi-
cates an enhancement of impact strength via uniform distri-
bution of impact energy through elastic deformation over the 
entire laminate area.

Furthermore, increasing the platelet size from 10 to 20 mm 
shows a substantial reduction of crack length and zero at 20 mm 
size, which is clearly depicted in Figure  7. The impacted load 
response and crack severity progressively reduce with increas-
ing platelet size up to 20 mm, at which the damage effect is zero 
without leaving any crack propagation footprint around the im-
pacted surface region. These insights propose the significance 
of NIBPC laminate over NBPC laminate. Additionally, the effect 
of nacre-inspired platelet sizes on low-velocity impact perfor-
mance depicts that the progressive increment of platelet sizes 
reaches optimum values of material toughness achieved; after 
that value, the impact strength is reduced by a further increment 
of platelet size, which converts bioinspired material behavior to 
nonbioinspired material, and further increment of platelet size 
does not improve the impact damage resistance property.

The absorbed energy and time curve shown in Figure  11 and 
Table  4 synergistically reinforce these insights. It has been 
proven that impact damage intensity increases as the absorbed 
energy dissipates through an externally visible medium, such 
as dent formation, crack propagation, deboning of fiber matrix 
interface, and so forth [46–48]. Accordingly, the energy data 
depicted in Table  4 reveal that specimens with platelet sizes 
10, 25 mm and T1 laminate contain similar absorbed energy of 
100.5% (i.e., applied 40 J) with visible damage, and for platelet 
sizes of 15 and 30 mm, the absorbed energy is 98.6% with less vis-
ible crack. In contrast, specimens with a platelet size of 20 mm 
absorbed a maximum impact energy of 109% without any sur-
face cracks or dent marks. These energy absorption mechanisms 
confirm the pattern observed in the visual inspection, where the 
intensity of crack propagation followed an inverted “V” trend 
with platelet size. Combined analysis of visual inspection and 
impact response curves depicts the variation of nacre-inspired 
platelet sizes significantly affecting the severity of damage 
through crack propagation in NIBPC laminate. These notions 
highlight the essential role of platelet size effect in evaluating 
the impact performance and long-term durability of such nacre-
inspired composite materials. Additionally, the notions focus 
on the importance of accounting for nacre-inspired platelet size 
variation when considering these bioinspired composites for use 
in industrial applications where high resistance to impact is a 
crucial requirement.

A plausible explanation of the observed behavior for the 
NIBPC laminates under impact loading conditions is the in-
ternal heterogeneous structure of nacre-inspired composite 
material having a superior tendency to dissipate impact load 
effectively without any significant damage intensity [49]. This 
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phenomenon supports the laminate by improving its overall me-
chanical dynamic and static strength [40]. Nacre-inspired plate-
lets are responsible for reducing the crack length due to their 
interlocking hybrid brick-mortar structure  [50]. Additionally, 
the nacre-inspired platelet specimens integrate top and bottom 
layers of reinforcement made of tri-axial matt, which configure 
a brick-mortar hierarchical structure to minimize the damage 
propagation inside the laminate [51].

The present study demonstrates that the E20 configuration, 
based on nacre-inspired platelet geometry, exhibits superior 
low-velocity impact resistance compared to both traditional and 
other bioinspired laminate designs. This conclusion is supported 
by force–time and energy–time responses, which indicate higher 
peak force, greater energy absorption, longer contact time, and 
lower impactor displacement, alongside reduced visible damage 
observed during visual inspection. These findings are consistent 
with previous studies on E-glass/epoxy systems, though the pres-
ent work introduces a novel architectural modification through 
platelet size variation. For instance, Tran Thi Thu et al. [14] inves-
tigated helicoid laminated composites using E-glass fiber and re-
ported improved dynamic performance; however, their approach 
did not involve platelet-based geometrical control. Similarly, 
Garg et  al. [21] reviewed multiple bioinspired laminates using 
glass and polymer matrices, including sandwich and helicoidal 
structures, but did not explore the influence of platelet sizing in 
nacre-mimetic arrangements. Compared to these studies, the 
current work uniquely incorporates tunable platelet dimensions 
within a nacre-like stacking strategy, offering a new pathway 
for optimizing energy dissipation and damage tolerance. Unlike 
conventional E-glass laminates, where impact performance is 
primarily governed by fiber orientation and layer count, the syn-
ergistic interaction between matrix and platelet-reinforced layers 
in this study leads to enhanced load redistribution and crack 
arrest capabilities. This positions the current nacre-inspired E-
glass/epoxy configuration, particularly, E20, as a promising and 
scalable solution for impact-critical composite applications.

The findings of this study have direct implications for mate-
rial selection and structural design in automotive crash appli-
cations. The superior energy absorption and damage tolerance 
observed in the E20 configuration demonstrate the effective-
ness of nacre-inspired architectures in mitigating impact forc-
es—a critical requirement in crash-resistant components such 
as bumpers, door intrusion beams, and front-end structures. 
Compared to conventional laminates, the nacre-like platelet 
arrangement provides enhanced load redistribution and crack-
arresting capability, which can reduce sudden catastrophic 
failure during collisions. Moreover, the use of E-glass fiber 
and epoxy resin offers a cost-effective and scalable solution, 
making it suitable for mass-produced automotive parts. These 
benefits align with current automotive industry trends toward 
lightweight, high-performance, and damage-tolerant materials 
[52, 53]. Incorporating bioinspired stacking strategies such as 
those explored in this work could therefore inform future design 
methodologies aimed at improving crashworthiness without 
compromising material cost or processability.

The geometry, size, distribution pattern, and orientation of 
nacre-inspired platelets play a crucial role in optimizing both 

static mechanical properties and impact performance. These 
parameters can be effectively tuned to enhance the static and 
dynamic behavior of composite materials under various load-
ing conditions. In the present study, the nacre-inspired plate-
let with a 20 mm size (Specimen Code E20) demonstrated the 
most favorable low-velocity impact performance. This config-
uration absorbed the highest impact energy (43 J) and exhib-
ited the greatest peak resistance force (8431 N). Additionally, 
it recorded the shortest contact duration between the impactor 
and the specimen (11 ms) and the lowest impactor displace-
ment (65 mm), indicating reduced deformation. These results 
suggest that the optimized platelet geometry in the E20 spec-
imen, featuring a hierarchical interlocking structure, effec-
tively resists deformation and dissipates energy efficiently, 
thereby minimizing damage propagation under low-velocity 
impact loading [54–57].

3.4   |   Scanning Electron Microscopy (SEM) Result

SEM analysis was conducted using a JEOL 7100F-HR instru-
ment, which offers a maximum magnification capacity of up 
to ×600,000 and a resolution of 0.3 nm. The specimen was pre-
pared in accordance with the platform dimensions of the instru-
ment, shaped into a 17 mm × 17 mm square block sectioned from 
the damaged region of the original sample using a water jet ma-
chining process. A gold coating with an approximate thickness 
of 0.2 nm was applied to the sample surface to enhance conduc-
tivity and imaging quality.

The SEM inspection results of all six specimens, as presented in 
Figure 13, clearly indicate the severity of material damage under 
the applied low-velocity impact event. The SEM inspection con-
ducted on the damaged portions of the specimens revealed the 
severity of damage at the microstructural level and correlated 
well with observations from standard visual inspection. Crack 
regions in all specimens were analyzed at a magnification of 
×1200, covering a field of up to 100 μm, to assess the extent of 
microlevel damage. Among the bioinspired specimens, speci-
men E20 exhibited the smallest crack width of 25.1 μm, along 
with minimal fiber and matrix delamination. This suggests a 
more uniform distribution of impact load between the fiber and 
matrix phases.

In contrast, the nonbioinspired specimen T1 exhibited the 
highest degree of damage, characterized by complete fiber–ma-
trix delamination and a maximum crack separation width of 
426 μm. This indicates poor interfacial bonding and inadequate 
load transfer capacity, leading to significant crack propagation 
and reduced impact resistance.

Overall, the bioinspired specimens (Codes E10–E30) demon-
strated lower damage severity compared to the conventional 
laminate (T1), owing to their heterogeneous architecture, which 
effectively distributes the impact load across the fiber–matrix 
interface. Specimen E20 exhibited optimal performance under 
low-velocity impact loading. Additionally, the analysis showed 
that increasing platelet size from 10 to 15 mm reduced crack 
length and damage, while further increases in platelet size (25–
30 mm) resulted in decreased impact strength and increased 
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crack propagation. This behavior highlights the existence of an 
optimum platelet size that maximizes impact resistance.

4   |   Conclusion

This study evaluated the low-velocity impact performance of 
NIBPC laminates with varying Nacre-inspired platelet sizes 
(10–30 mm) and compared them with NBPC monolithic lam-
inates. Both laminate types were fabricated using a combina-
tion of laser cutting for reinforcement and manual compression 
molding, following ASTM D7136 standards to ensure consis-
tency in geometric dimensions and thickness.

The low-velocity impact tests, conducted using an instrumented 
drop-weight machine, enabled accurate assessment of force-
time and energy-time responses. Most specimens (E10, E15, E25, 
and E30) exhibited consistent trends up to the peak force, while 
specimen E20 showed a sharp slope in both force and energy 
curves, suggesting higher elastic energy storage. A steep drop 
near the peak force indicated significant damage across all spec-
imens; however, specimen E20 showed enhanced toughness, as 
supported by its energy–time response. This behavior changed 
notably with platelet size: a decrease in the sharp force drop was 
observed up to E20, followed by a sharp increase in specimens 
E30 and T1, indicating convergence in the impact behavior of 
NIBPC and NBPC laminates at larger platelet sizes.

Variations in the damage mechanisms were observed through 
both SEM analysis and visual (macrolevel) inspection, in-
cluding differences in crack length and dent intensity. At the 
microstructural level, SEM imaging revealed details such as 
fiber–matrix delamination and crack width, with specimen 
E20 exhibiting the smallest crack width and partial delam-
ination. This indicates the material's effective capability to 
distribute impact load, which is strongly influenced by plate-
let size. Specimens with smaller platelets, such as E10, ex-
hibited pronounced surface cracks and severe delamination, 
while specimen E15 showed reduced crack widths, reflect-
ing improved damage resistance. The nonbioinspired control 
specimen (NBPC, Code T1) exhibited the most severe damage 
at both macro- and microlevels, with extensive fiber–matrix 
failure. Macroscopically, cracks were visible across both sur-
faces and were further highlighted under flashlight inspection. 
Microscopically, deep indentations and complete fiber pull-
out were observed via SEM. An increase in platelet size up to 
20 mm significantly enhanced energy absorption and damage 
resistance. However, further increases beyond 20 mm (i.e., 25 
and 30 mm) resulted in a decline in performance, indicating a 
size-dependent trade-off in impact resistance.

The enhanced impact performance of the NIBPC laminates is 
attributed to the randomly distributed Nacre-inspired platelet 
network, which introduces a hierarchical reinforcement struc-
ture. This configuration likely improved interfacial bonding 
and reduced crack propagation, contributing to better damage 
tolerance.

Overall, the findings underscore the significance of platelet size 
in tuning the mechanical response of nacre-inspired compos-
ites. A deeper understanding of the interaction between platelet 

architecture and impact performance is critical for designing 
durable composite materials for structural applications.
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