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Most failures develop as a result of a lack of resistivity information at the internal
structure level during typical loading situations such as shock load and impact
load. Impact loads have a significant impact on a component’s structural
performance. A careful, organized examination of impact load settings and
their side effects can reveal how well something can withstand peak loads.
First, this study investigated the impact analyses on nine varied lightweight
composite materials through a conventional experimental setup and
computational tools. So, the best three lightweight materials are shortlisted for
further investigation under complicated explicit analysis. Second, the study
investigated the behavior of composite materials subjected to rapid loading
circumstances in several real-time applications. The applications chosen
include bullet crash analysis, unmanned aerial vehicle (UAV) propellers, and car
bumpers. The three different principal composites, carbon fiber-reinforced
polymer (CFRP), glass fiber-reinforced polymer (GFRP), and Kevlar fiber-
reinforced polymer (KFRP), are selected and applied in crash analysis using
ANSYS Workbench’s explicit technique-based finite element analysis (FEA). The
comparison assessments are conducted using stumpy structural characteristics
such as impact stress and equivalent strain. Two distinct grid convergence tests
were performed to check whether the computational processes and
discretization were correct. The standard methodologies were used on all
three selected real-time applications, resulting in error percentages that were
within acceptable bounds, ensuring the generation of dependable structural
outputs. The ideal composite material is a Kevlar fiber-based composite with
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minimal defect affectability for all types of crash applications. Furthermore,
multidisciplinary optimizations are performed, and the KFRP is verified to give
good crash load resistance with reduced dense contribution.

KEYWORDS

bullet, bumper, composites, crash investigation, explicit dynamics, impact strength, UAV’s
propeller

1 Introduction

Composites are being implemented everywhere because of their
high stiffness-to-weight ratio. Nowadays, the researcher’s important
assignment is to increase the use of composites in complicated
problems by reducing their low resistivity factor on various testing
applications. In particular, impact load resistivity plays a vital role in
the selection of the best composite material. In spite of advanced
methodology invention, confusions still exist on the suitable
material for impact load in the material industry. Hence, this
work deals with comparative studies on various composite
materials such as carbon fiber-reinforced polymer (CFRP)-, glass
fiber-reinforced polymer (GFRP)-, and Kevlar fiber-reinforced
polymer (KFRP)-based composites under impact loading
conditions. The Charpy method is used in this work for the
estimation of properties of shortlisted composites with the help
of experimental test facilities. The computational structural analyses
are conducted using ANSYS Workbench 16.2. The dimensions used
for both analyses are 80 mm length, 10 mm thickness, and 10 mm
breadth.

Engineering techniques are available for handling complex real-
time challenges. The precision with which these issues are solved is
determined by the advanced techniques used in these approaches to
solve complex problems. Moving reference frames, dynamic meshes,
and other advanced approaches are examples of advanced
techniques. Explicit analysis may handle issues such as rotor
aerodynamics, acoustic analysis, and fluid–structure interaction.
In this study, explicit analysis is applied for material optimization
in a collision/crash situation. Crash impacts are often anomalous,
which implies that the consequences on both impacted items are
non-linear fluctuations in their internal structure. Naturally, three
crash possibilities exist: collision between two objects (cars),
collision between a vehicle (object) and a roadside barrier, and
collision owing to sideslip force of other vehicles. Because of its high
requirements and frequent occurrence, the collision between the
component and barrier case was chosen for investigation in
this work.

Because of their unique properties, composite materials are
preferred for usage in critical applications such as ultra-thermal
circumstances, abrupt mechanical loading conditions, greater
frictional conditions, and hydrodynamic loading conditions. The
matrix’s adhesive component can serve as a platform for the
addition of numerous relevant mixes. Property enhancement is
achieved in composites using suitable combinations such as
carbon nanotubes, deflons, and silicon carbide in order to
efficiently handle complex situations. Aside from this matrix
flexibility, the composite’s load transformation character is
significantly good, which greatly helps withstand the rapid
impact load. The type and orientation of the fiber and the

adhesive quality of the matrix have the greatest impact on the
loading conditions. Because of the participation of various
components, the load is gradually altered throughout the
composite structure. Furthermore, low weight is a growing aspect
in composites, which greatly boosts the composite’s implementation
in the previously stated key applications. Naturally, impact loads are
difficult to cope with; thus, composite components must be capable
of dealing with structural variables such as typical loading
conditions and delamination. Because of this, sophisticated,
structurally relevant fibers such as carbon, glass, and Kevlar are
used in this comparison. Furthermore, two matrices, epoxy resin
and polyester resin, were structurally analyzed, with epoxy resin
being better in tackling ultra-structural difficulties with a risk of
delamination failure. As a result, epoxy resin is used as a matrix
throughout this study.

The internal bond between the fiber and matrix must be linked
perfectly in order to withstand external and internal loading
conditions. In general, the failure will occur because of this
bonding breakage by continuous loading conditions, and thus,
the same environment may possible to enforce into an
unpredictable cum non-linear region, which is called the ultimate
withstanding region of a specific material. Each and every loading is
different in the nature of implementation and its effect. Some of the
external loads such as tension and compression work in a linear
manner. The bond breaking of the material’s element might have
occurred in the non-linear manner at few of the loading conditions,
which are shear load, fatigue load, impact load, etc. This work deals
the behavior of composite materials under impact loading
conditions using different engineering approaches such as the
Charpy impact test, scanning electron microscope (SEM)
methodology, and computational study.

1.1 Relevant research

Literature surveys were crucial to the completion of complex
tasks including impact assessments, fatigue life estimates, and shear
stress estimations. This article investigated bumper collision
investigations using ANSYS Workbench. The bumper absorbed
impact energy from collisions to protect passengers. This work
optimizes bumper materials by impact analysis through ANSYS.
The analysis technique involved conceptual bumper design and
bumper preparation for numerical analysis. Structural parametric
results, including the equivalent stress induced and total
deformation, are major factors involved in this study. CATIA
modeled the reference component, and ANSYS Workbench
16.2 analyzed the bumper’s impact with steel and glass fiber-
based composite materials and constant boundary conditions
(speed = 13.3 m sec−1). The bumper material was finalized. The
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following elements have a significant impact on the accuracy of
production projections under extreme stress: crash analysis time
step and end time; suitable moving object velocity; mechanical
characteristics of composite materials; support circumstances;
impact strength formula; and theoretical predictions of crash
stress are all part of this analysis (Raj Kumar et al., 2019).

A Formula 1 racing car front end was studied by Belingardi and
Obradovic (2011) who found that the CFRP performed very well in
the event of an accident. The primary goal of this study was to
examine the crashworthiness response of an impact attenuator using
experimental and numerical analyses. The research materials, design
standards, and mechanical characteristics of the materials are
noteworthy features of this effort. Numerical experiments were
performed by Smojver and Ivančević (2017) to conduct a soft-
body impact study of bird strikes. They used high-velocity impacts
to harm the target’s internal organs by inflicting foreign object
damage. Coupled Eulerian–Lagrangian formulation was used, and
the numerical findings were confirmed using experimental data.
Matzenmiller and Karl (1991) designed a numerical test for
cylindrical and conical structures under longitudinal impact loads
in order to ensure trustworthy findings for complicated
constructions built of heterogeneous composite material.
Standard values for vehicle crash testing were used to create their
boundary conditions. Shells were discretized with even spacing, but
their length grew row by row in the axial direction. The maximum
internal force was determined by the shell’s form. There were three
distinct forms of failure that were identified based on wall thickness
for a glass fiber epoxy laminate for progressive damage when the
composite was subjected to axial impact loading: fabric-reinforced
materials are often more effective in absorbing energy than
unidirectional materials, according to Boria and Belingardi
(2012). To create GFRP material with specified energy absorbers,
the author was given a technique. The relevance of orthogonal
features, forms of reinforcement, and matrix-based inputs are only a
few of the findings that stand out in this study. In order to accurately
anticipate the energy absorption capacity of the CFRP, Bussadori
et al. (2014) designed and analyzed two alternative types of finite
element models. They analyzed aspects such as the model-to-hit
object coefficient of friction and the inter-laminar material qualities.
Zhou et al. (2020) defined the continuum damage mechanics of
intra-laminar damage as the impact damage to composite laminates.
According to ASTM standards, the author used an ASTM-standard
square plate with dimensions of 500 mm × 500 mm and an average
thickness of 3.6 mm. There are three primary findings from this
study: the computational approach, specimen information, and
boundary conditions.

Kesavan et al. (2021) investigated the detailed work on the
KFRP. Kevlar is a heat-resistant synthetic fiber. Kevlar fibers are
used in bullet-proof vests, military helmets, and reinforced tires,
making them the main composite in all emerging technical goods.
This research study proposed using Kevlar-based composite
materials in more sophisticated applications due to their
enhanced properties. Using a new simulation tool, this work
analyzes Kevlar fiber. This study analyzes Kevlar fiber under
tensile and bending loading using ANSYS. Analysis is performed
at several viewpoints. Grid convergence tests verify computer
operations. Traditional analytical formula-based validation
reduces error percentages to acceptable levels. Finally, equivalent

stress, strain energy, and deformation are used to optimize the fiber
angle orientation. Models 20, 27, and 31 performed well under peak
loading situations (Kesavan et al., 2021).

Ramesh et al. (2022) investigated the impact under
fluid–structure interaction (FSI) loading conditions. Real
boundary conditions, including accurate load conditions, perfect
supports, and pure mechanical properties, are crucial to the accuracy
of any numerical simulation’s output control. Preliminary actions,
such as assessing real-time load circumstances and determining
properties, are obligatory in the case of complex numerical
simulations and must be completed in order to arrive at a
satisfactory solution. Furthermore, sophisticated numerical
simulations can tackle complex problems. This article presents an
FSI analysis of the effects of impact on several composites made
from carbon, glass, and Kevlar fibers. The ANSYS composite pre-
processor (ACP) tool is in charge of creating the various composites,
whereas the ANSYS DesignModeler is used to build the conceptual
design. Finally, after conducting impact comparison tests, the most
suitable material is selected for impact application (Ramesh et al.,
2022).

Vijayanandh et al. (2022) studied the characteristics of various
material mechanical behaviors under complicated impact loading
conditions. Fluid–structural phenomena cause most modern issues.
Aerodynamic and other loads can cause failure in real-world
applications such as railway frontal affection, car issues, aviation
impact loads, and wind turbines. As a result, FSI research on a wide
range of lightweight materials is vital because it promises to produce
lightweight materials that can consistently sustain aerodynamic
loads in the aforementioned industrial situations. This research
study uses numerical analysis to solve continuum mechanics
difficulties. Complex geometries, fluid mechanics, and
fluid–structure interactions make computational solutions
complex. The FSI description has a good possibility of
eliminating computational errors. A simulation using a one-way
coupled methodology may reduce the FSI workload. In this study,
we use FSI analysis to examine the impact of aerodynamic loads on
many composites. The one-way coupling-based approach has been
studied in subsonic computer simulations. ANSYS Fluent estimates
the aerodynamic pressure force applied to the standard test
specimen. The ANSYS ACP tool creates composites, while the
DesignModeler creates conceptual designs. After a series of
comparative impact studies, the optimal material for impact use
is identified (Vijayanandh et al., 2022).

Under very complex impact loading conditions,
Bhagavathiyappan et al. (2020) investigated the mechanical
behavior characteristics of a wide range of materials. The
application of sophisticated numerical simulation methods
frequently enables engineers to overcome difficult challenges and
find successful solutions. These difficulties include, among others,
those that result from working in a hostile environment or from the
complicated nature of construction. Studies of impact behavior on a
variety of composites by means of system coupling are the primary
emphasis of this body of work, which is also concerned with a
complicated issue of a similar kind. ANSYS DesignModeler 16.2 is
used to model the conceptual design of composite test specimens,
with ASTM standard dimensions serving as the basis for the
modeling. After the fiber and matrix assignments have been
completed in ANSYS ACP-Pre 16.2, it is possible to generate a
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laminate that is composed entirely of composite material. Ten
distinct composite models are constructed using ANSYS
structural 16.2, and their underlying structures are investigated
while the models are subjected to impact loads. In the end, they
examined each other’s findings and selected a strain-energy-based
optimization as the best option (Bhagavathiyappan et al., 2020).

Composites are damaged experimentally and numerically by
low-velocity impact. A cylinder-shaped head gives a model
unidirectional CFRP laminate beam a nearly homogeneous two-
dimensional loading condition in drop-weight impact testing. An
ultra-high-speed camera can show damage initiation and
progression, including matrix cracks and delamination, in real-
time. Digital image correlation analysis quantifies dynamic strain
fields in the laminate, and a digital microscope characterizes failure
patterns. They simulated the tests of three-dimensional finite
element analysis in ABAQUS/Explicit. A unique subroutine
models based intraply matrix damage in the intermediate 90°

layers are using CDM composite failure theory with
LaRC04 initiation criterion. The 0°/90° interfaces are delaminated
with cohesive interface components. This analysis compares
experimental damage start time, location, and failure type
interactions. Real-time delamination and diagonal matrix cracks
are found. In addition to massive diagonal matrix breaks,
simulations show multi-diagonal micro-matrix cracks near the
upper interface. Finally, the experimental strain field, failure
mechanisms, and failure sequence match the models. Here,
extensive experimental data for a hypothetical composite layup
are presented to assess composite and interface damage modeling
methodologies (Tanay Topac et al., 2017).

Each aircraft component’s design should minimize weight,
optimize durability, and increase life while minimizing life cycle
costs. Jet-powered unmanned combat aerial vehicles (UCAVs) are
currently flying, presenting many obstacles. High-speed, high-
payload UCAVs need crashworthy landing gears. Jet-powered
UCAVs are more likely to crash due to their higher touchdown
velocity. Unmanned combat aircraft vehicles were selected for this
study. Literature review and analysis were used to extract the major
landing gear specifications and dimensions of several reference
unmanned combat aircraft vehicles. Modeling the primary
landing gear followed. Loads and loading conditions were
determined concurrently. Finite element analysis for different
materials using ANSYS yielded comparable von Mises and
maximum primary stresses. These results were used to compute
the safety factor. In this crashworthiness investigation, explicit
dynamics in LS-DYNA was used to analyze impact. Impact stress
formulations and deformations were non-linear, realistic, and
correct. Verification followed (Swati et al., 2022).

An in-house dynamic explicit method was designed to simulate
sheet metal-forming processes using a new solid-shell element and a
co-rotational coordinate system to simplify non-linearity and
integrate the element with anisotropic constitutive laws. To avoid
volumetric and thickness locking, the solid-shell element’s
enhancing parameter was reduced to an explicit form. To
eliminate rank deficiency, the B-bar approach and reconstruction
of transverse shear components were used in a modified physical
stabilization. An adaptive mesh subdivision system was developed
for numerical applications to improve solid-shell element
computing efficiency. Element geometry and contact condition

were subdivision criteria. Three anisotropic yield functions were
used in material models to accurately represent sheet metal
anisotropy. Numerous numerical examples were run to verify the
proposed element’s accuracy and adaptive mesh subdivision’s
efficiency (Li et al., 2022).

ANSYS/LS-DYNAwas used to assess cylinder piston impacts for
safety and stability. Based on explicit dynamics theory, a cylinder
piston finite element impact model was created. Numerical
simulation calculated the piston surface stress distribution,
impact force variation, and maximum impact force–piston
starting impact velocity relationship. Due to the collar between
the piston and the force transducer, the impact force on the force
transducer is 81% of that on the cylinder piston, and the stress near
the piston’s surface center is higher than elsewhere. The results also

FIGURE 1
Working flowchart of conventional impact analysis.
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reveal that impact force, not impact time, is proportional to initial
impact velocity (Yan and Wang, 2012).

The author claims that the best-designed sandwich plates can
survive water shocks that are twice as strong as those that would
break the monolithic plates of the same mass and material. Metal
sandwich panels with a variety of lightweight core topologies have
garnered significant attention for their potential to dampen shocks,
both in general and in the context of submarine propagating shocks
in particular. Scientific investigation on the fluid–structure
interaction between shock fronts traveling through water and
stainless steel sandwich panels has been conducted using a water
shock tube. The core of these sandwich panels can be made of
honeycomb or a pyramidal lattice, and both are equally dense. The
panel’s response to impulsive loading has been predicted using finite

element modeling, which has been used to study the underlying
deformation mechanisms of the core parts. In order to compare the
mechanical performance of different core topologies, Mori et al.
developed an analytical model based on the different times required
for core crushing and water cavitation. The author proposes a
homogenized constitutive model that accounts for rate
dependence due to both material rate dependence and micro
inertial effects. Filling the core’s voids with low-density polymeric
foams to increase its structural strength has been argued to have
neither a major advantage nor a major disadvantage (Mori et al.,
2007).

An uncontained engine failure can severely harm aircraft
systems; thus, designers must address this possibility. To avert
catastrophic consequences, numerical modeling of an
uncontained engine failure must be enhanced and the negative
impacts mitigated. This study simulates ballistic impact testing
on a typical aircraft material at high strain rates. Ballistic impact
observations at different material thicknesses feed explicit finite
element (FE) simulations of ballistic limits. Simulations use a non-
linear explicit dynamics FE technique (LS-DYNA). We use an
adjustable thermo-viscoplastic Johnson–Cook material model, a
non-linear equation of state, and an accumulated damage
evaluation algorithm for numerical simulations. Material
characterization efforts, material model parameters, mesh
sensitivities, and stress triaxiality are discussed in relation to
numerical model prediction performance. Mesh refinement will
not improve ballistic limit simulations until these interrelated
elements are analyzed and calibrated. Existing models that fit a
single function for damage evaluation as a function of stress
triaxiality cannot consistently predict failure, especially in the
presence of significant stress changes (Buyuk et al., 2009).

This study evaluates four ECU drop test simulation approaches.
This study considers explicit and implicit simulation methodologies.
Full transient, steady-state static, and mode super position implicit
simulation approaches are compared to explicit methods. Unlike

FIGURE 2
Working flowchart of advanced explicit analysis.

FIGURE 3
Experimental setup of the impact test.
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implicit approaches, explicit simulation methods are conditionally
stable, making them computationally more expensive and time-
consuming. An implicit approach struggles with convergence and
dynamic response. This study simplifies the electrical control unit
with a bare PCB and frame for drop simulation. PCB in-plane
stresses and displacements are measured for a 1-m drop on a rigid
floor and compared to determine which method works best
(Balakrishnan et al., 2017). With the help of these relevant
literature reports, the problem’s descriptions and its solution
techniques are found out. The comprehensive explanations are
given in Section 1.2 and Section 1.3. Second, the detailed studies
of impact load-withstanding behaviors of various lightweight
materials are studied and compared with computational
outcomes. The validated computational conventional procedures
are extended for other lightweight materials, and so, the suitable
material is found. Third, the detailed investigations of withstanding
behaviors of various lightweight materials under crash load are
studied and compared with computational outcomes. The validated
advanced computational procedures are extended for other
lightweight materials, and so, the suitable material is found.
Fourth, the final conclusion is mentioned.

1.2 Problem description of conventional
analysis

The fundamental problem in structural engineering is to provide
a suitable material for abnormal loading conditions in which the

suitable material has to withstand ultimate boundary conditions
without affecting its lifetime. Therefore, the external load imposing
on this material needs to counteract two actions, which are resisting
ability at ultimate loading conditions and provision of a high lifetime
by reacts normal peak forcing environments. Composite material is
the best option to overcome these critical behaviors, so in this work,
familiar composite materials such as GFRP and CFRP are selected
for comparative structural analyses. In general, the structural
analyses fully depend on the type of external load applied and its
nature. Also, the structural outputs induced in the test specimen
fundamentally rely on the nature of the support and its geometrical
and mechanical properties. The kind of non-linear loading is the
primary focus of this work, in which impact load is shortlisted as an
external loading category. Structurally, the impact loads are able to
create to a double effect on the test specimen because of its sudden
acting nature. Due to this atypical nature, the sudden impact loads
are implemented in the composite test specimen as a peripheral
force. Because of the critical acting nature, the impact-loaded test
specimens are reacted differently at various perspectives based on
their fiber-holding property and their stiffness-to-weight ratio. In
this work, two different engineering methodologies are used, in
which experimental testing is used to find the rupture load, and
numerical simulations are used to find the stresses and deformations
at rupture-loading conditions. Also, the working character of
numerical simulations and the impact analyses are extended for
all the advanced composite materials, and then, the comparative
analysis is executed (Mori et al., 2007; Buyuk et al., 2009; Yan and
Wang, 2012; Balakrishnan et al., 2017; Caputo et al., 2017; Kumar

FIGURE 4
(A) Typical top view of the GFRP-based test specimen. (B) Typical top view of the CFRP-based test specimen.
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et al., 2017; Mylsamy et al., 2020; Palaniappan et al., 2020; Naveen
Kumar et al., 2021; Aruchamy et al., 2022; Nagappan et al., 2022;
Raja et al., 2022; Sharaf et al., 2022; Zhang et al., 2022). The detailed
step-by-step procedures involved in this comparative analysis are
given in the flowchart in Figure 1.

1.3 Problem description and procedures
involved in advanced crash analysis

Explicit dynamics-based time integration is used in time-critical
dynamic simulations. It is necessary to explicitly account for
dynamics in cases such as free falls, high-velocity impacts, and
applied loads. Explicit dynamics is preferred for modeling highly
transient physical processes because “non-linear dynamics” can be
incorporated into the simulation. While the central difference
approach is used for time integration in transient structural
simulations, it is used in ANSYS’s explicit dynamic analysis.

Explicit dynamic analysis is useful for problems that involve fast-
moving, highly non-linear dynamics. For the explicit method to
work, the time step must be less than a specified value, which can be
either the minimum element size of the generated mesh or the order
of the element. However, the time step value is no longer a question
of precision when using the implicit method. To deal with dynamic
finite element analysis (FEA) issues with low-order non-linearity
and large time increments, implicit dynamics can be used. The
detailed step-by-step procedures involved in this comparative
analysis are given in the flowchart in Figure 2.

2 Methodologies used and its
results—conventional impact analysis

ASTM D256 has played a major role in the development of test
specimens under this conventional impact test. The experimental setup
involved in this conventional impact test is shown in Figure 3. The test

FIGURE 5
(A) Systematic top view of the yielded CFRP test specimen. (B) Isometric view of the yielded GFRP test specimen.
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specimen details are as follows: 80 mm in length, 10 mm in breadth, and
10 mm in thickness. The cross-sectional area is calculated as
170.25 mm2 (11.35 × 15). The number of layers used for this
construction is 30 (woven type) (Bhagavathiyappan et al., 2020).

2.1 Experimental test and results

The typical test specimens of the GFRP and CFRP are shown in
Figures 4A, B, respectively. The dimensions of these test specimens
are constructed as per the guidance of ASTM D256
(Bhagavathiyappan et al., 2020).

The test specimens are fixed on the correct location where the
needful impact collision needs to occur between the test specimen and
the steel hammer. As per the generalized test procedures, the impact
tests are carried out on both GFRP and CFRP test specimens. After the
impact tests, the yielded test specimens are carefully monitored, and the
experimental outcomes are noted. The typical representations of
ruptured test specimens are shown in Figures 5A, B.

After the brake, the internal bond connections between the
molecules of both the CFRP and GFRP are clearly viewed; they
further enhance the development polymer composite materials in an

effective manner. The internal collapsed view of both CFRP and
GFRP test specimens is shown in Figures 6A, B, respectively. The
impact outcomes are calculated using conventional procedures
(Javadova et al., 2022; Murvatov et al., 2022).

2.2 Computational structural analysis of
polymer matrix composites (PMCs)

In its most basic form, mathematical modeling is composed of
governing equations that are stated within a field and boundary
conditions that are provided at the limits of the region being
modeled. Because composites are the primary platforms for this
activity, it is necessary to incorporate two more crucial equations in
order to obtain outputs that are both required and acceptable. The
equations that are important here are the three-dimensional form of
Hooke’s law and the linkages between strain and displacement. In
conclusion, nine major equations are put to use for the most part in
this impact stress computation that is based on a FEA. Because
deformation and stresses will be used as selection factors for this
study, two fundamental governing equations are required. The
equation for the forces balance, which is derived from Newton’s

FIGURE 6
(A) Internal structure of a carbon fiber plate after the impact test—SEM. (B) Internal structure of a glass fiber plate after the impact test—SEM.
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second law, and the equations for the normal stresses are the two
most important equations for managing the system. Equations 3, 4
provide force–balance equations in all three different directions
(Naveen Kumar et al., 2021; Raja et al., 2022).

zσ11
zx1

+ zσ12
zx2

+ zσ13
zx3

+ ρmfx � 0, (1)
zσ21
zx1

+ zσ22
zx2

+ zσ23
zx3

+ ρmf y � 0, (2)
zσ31
zx1

+ zσ32
zx2

+ zσ33
zx3

+ ρmf z � 0. (3)

Equations 4–6 provide the normal stress equations in all three
directions for polymer matrix composites, whereas Eqs 7–9 provide
the normal stress equations in all three directions for key alloys
(Naveen Kumar et al., 2021; Raja et al., 2022).

σ11 � E1 × 1 − υ23υ32( )
1 − υ12υ21 − υ23υ32 − υ13υ31 − 2υ21υ32υ13( )[ ]ε11
+ E2 × υ21 + υ23υ31( )

1 − υ12υ21 − υ23υ32 − υ13υ31 − 2υ21υ32υ13( )[ ]ε22
+ E3 × υ31 + υ21υ32( )

1 − υ12υ21 − υ23υ32 − υ13υ31 − 2υ21υ32υ13( )[ ]ε33,
(4)

σ22 � E1 × υ21 + υ23υ31( )
1 − υ12υ21 − υ23υ32 − υ13υ31 − 2υ21υ32υ13( )[ ]ε11
+ E2 × 1 − υ13υ31( )

1 − υ12υ21 − υ23υ32 − υ13υ31 − 2υ21υ32υ13( )[ ]ε22
+ E3 × υ32 + υ12υ31( )

1 − υ12υ21 − υ23υ32 − υ13υ31 − 2υ21υ32υ13( )[ ]ε33,
(5)

σ33 � E1 × υ31 + υ21υ32( )
1 − υ12υ21 − υ23υ32 − υ13υ31 − 2υ21υ32υ13( )[ ]ε11
+ E2 × υ32 + υ12υ31( )

1 − υ12υ21 − υ23υ32 − υ13υ31 − 2υ21υ32υ13( )[ ]ε22
+ E3 × 1 − υ12υ21( )

1 − υ12υ21 − υ23υ32 − υ13υ31 − 2υ21υ32υ13( )[ ]ε33,
(6)

σ11 � E 1 − υ( )
1 + υ( ) 1 − 2υ( )[ ]ε11 + E υ( )

1 + υ( ) 1 − 2υ( )[ ]ε22
+ E υ( )

1 + υ( ) 1 − 2υ( )[ ]ε33, (7)

σ22 � E υ( )
1 + υ( ) 1 − 2υ( )[ ]ε11 + E 1 − υ( )

1 + υ( ) 1 − 2υ( )[ ]ε22
+ E υ( )

1 + υ( ) 1 − 2υ( )[ ]ε33, (8)

σ33 � E υ( )
1 + υ( ) 1 − 2υ( )[ ]ε11 + E υ( )

1 + υ( ) 1 − 2υ( )[ ]ε22
+ E 1 − υ( )

1 + υ( ) 1 − 2υ( )[ ]ε33. (9)

The computational model involved in this comprehensive
computational investigation is shown in Figure 7A. Since the
conventional test specimen has a less complicated design profile,
the structural mesh is more suitable for this discretization. Uniform

FIGURE 7
(A) Typical representation of the computational
model—conventional analysis. (B) Isometric projection of the
computational model along with the given boundary conditions. (C)
Displaced structure of the E-GFRP-woven
composite—maximum reacted material. (D) Variations of equivalent
stress of the KFRP-UD-49 composite—maximum reactedmaterial. (E)
Variations of normal stress of the KFRP-UD-49 composite—maximum
reacted material. (F) Variations of shear stress of the E-GFRP-woven
composite—maximum reacted material.
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discretization is imposed upon this impact test specimen, and so, the
quality is achieved with a maximum of 0.9995 (Naveen Kumar et al.,
2021; Raja et al., 2022).

As per the conventional impact tests, the boundary conditions
and supports imposed in this comparative computational
investigation are obtained. Figure 7B shows the detailed

FIGURE 8
(A) Comprehensive analysis of displacements for various PMCs. (B) Comprehensive analysis of equivalent stress for various PMCs. (C)
Comprehensive analysis of normal stress for various PMCs. (D) Comprehensive analysis of shear stress for various PMCs. (E) Comprehensive analysis of
strain energy for various PMCs. (F) Comprehensive analysis of equivalent elastic strain for various PMCs.
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boundary conditions given in this investigation. The imposed
boundary conditions are fixed support at the extreme edges and
impact load at the middle edge. The force of 1,503,671.07 N has been
obtained as an external load from the impact test and the same value

is provided as the impact force for this investigation. The relevant
displacement functions are assumed on every element of this
discretized computational test model structure. Through the
ANSYS structural solver, this computational model is computed,

FIGURE 9
(A) Conceptual design of the entire setup. (B) Finite element model of both test specimens—combined view. (C) Implementations of boundary
conditions of propeller’s explicit analysis.
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and so, the important structural outcomes are shown in Figures
7C–F. The maximum reacted material cases of structural outcomes
such as deformation, equivalent elastic stress, normal stress, and
shear stress are shown in Figures 7C–F, respectively.

The comprehensive structural outcomes of deformation,
equivalent elastic stress, normal stress, shear stress, strain energy,
and equivalent elastic strain are shown in Figures 8A–F, respectively.
In Figures 8A–F, the following observations are noted: the E-GFRP-
woven and KFRP-UD-49-based PMCs failed to react reasonably
under the impact load. Hence, these said materials are unfit to
provide high lifetime for impact load-based real-time applications.
CFRP-UD-Wet and S-GFRP-UD are the materials picked as the best
performers and also suggested for use in complicated applications.
Thus, these two aforesaid materials are underwent other
complicated impact investigations, which are explained in the
forthcoming sections.

3 Advanced methodology
implemented and its results—explicit
crash investigation

Explicit dynamics is needed due to the complexity and non-linearity
of the underlying problems in scenarios such as static equilibrium;
sluggish, linear, and weak non-linear processes; considerable time steps;
and drop tests, impact and penetration, breaking, shock waves, and
massive deformations. The comparative advanced crash analyses of this
work fully relied onANSYS-based explicit analysis. The validation is also
executed using a standard theoretical calculation in order to validate the
numerical explicit outputs. In this work, two types of explicit-dependent
numerical investigations are executed, which are ASTM-based standard
crash analysis and explicit analysis on the UAV’s propeller
(Matzenmiller and Karl, 1991; Belingardi and Obradovic, 2011; Boria
and Belingardi, 2012; Bussadori et al., 2014; Smojver and Ivančević, 2017;
Raj Kumar et al., 2019).

3.1 Problem formulation of FEA in explicit
analysis

Computationally, problem formulation is the process of
explanation about the problem description and its solution
procedures in an in-depth manner. In general, the FEA
comprises a computational model of the test specimen,
discretization process involved in the test specimen, description
about the nature of the problem, details of boundary conditions
used, solver control of the numerical simulation, and governing
equations involved in this analysis. All the aforesaid descriptions are
explained clearly in a detailed manner in the following sections
(Mori et al., 2007).

3.1.1 Computational model
A computational model is the fundamental platform of this

comparative explicit analysis. In general, the computational model
of explicit analysis comprises a moving object and fixed object. In the
first cum validation case, the circular solid bullet is considered a
moving object, which is given at a velocity of 100 m/s. The
rectangular section is considered a roadside barrier or obstacle

object, which is modeled as per the ASTM crash test standard
(Matzenmiller and Karl, 1991; Belingardi and Obradovic, 2011;
Boria and Belingardi, 2012; Bussadori et al., 2014; Smojver and
Ivančević, 2017; Raj Kumar et al., 2019). The distance between the
roadside barrier and moving object is given as 1,000 mm. Figure 9A
shows the conceptual design of the entire setup of the crash
investigation, in which a road safety barrier is fixed 1,000 mm
away from the moving object. Also, the dimension details are
according to ASTM standards, in which the length, breadth, and
thickness of the road safety barrier are 140 mm, 12 mm, and 20 mm,
respectively. Apart from these safety barrier dimensions, the bullet
diameter is fixed at 10 mm because of its coincidence with the
breadth of the safety barrier (Balakrishnan et al., 2017).

3.1.2 Discretization
In the explicit analysis, the discretization process is further kept

at a high level because of which we can observe the structural outputs
in the collision region. In this case, fine structural grids are used to
capture the exact phenomena between load implementation and its
output extraction. Computationally, the nature of the structural
mesh is more accurate than that of the unstructured mesh with the
consumption of a low amount of discretized elements (Raja et al.,
2022). The fine structural meshes are implemented in both objects,
as shown in Figure 9B.

3.1.3 Boundary conditions
In most cases, fixed supports are supplied on both sides of the

barrier. This plays a significant part in the induction of the resistive
force inside the structure. For the purpose of optimizing the use of
the material, moving objects are given composites made of a variety
of materials, including GFRP, CFRP, and KFRP. The E-Glass-
Fabric-M10E/3783-based fiber is mostly contributed as
reinforcement in the GFRP, the Kevlar-49-UD-based fiber is
predominantly contributed as reinforcement in the KFRP, and
the carbon-woven (230 GPa) wet-based fiber is predominantly
contributed as reinforcement in the CFRP. Epoxy resin is
typically used as an adhesive for all composites. For each

TABLE 1 Mechanical properties of composite materials.

Material properties Material name

CFRP GFRP KFRP

ρ (kg/m3) 1,451 1,900 1,380

E1 (GPa) 59.16 24.5 80

E2 (GPa) 59.16 23.8 5.5

E3 (GPa) 7.5 11.6 5.5

G12 (GPa) 17.5 4.7 2.2

G23 (GPa) 2.7 3.6 1.8

G13 (GPa) 2.7 2.6 2.2

υ12 0.04 0.11 0.34

υ23 0.3 0.20 0.40

υ13 0.3 0.15 0.34
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composite, a separate comparative simulation was developed, and
the results of those simulations led to the selection of epoxy resin as
the material with the highest level of performance (Caputo et al.,
2017; Kumar et al., 2017; Mylsamy et al., 2020; Palaniappan et al.,
2020; Aruchamy et al., 2022; Nagappan et al., 2022; Sharaf et al.,
2022; Zhang et al., 2022). Table 1 (Naveen Kumar et al., 2021)
provides a full breakdown of all of the composite materials’
underlying mechanical characteristics.

The boundary conditions such as fixed support and input
velocity are given to appropriate objects, as shown in Figure 9C.

Figure 9C shows the entire boundary condition details of the
UAV’s propeller, which is involved in one of the real-time
applications of this work. For the sample and clear
representation of this optimization, the UAV’s propeller-based
boundary condition is shown in Figure 9C. In a normal case,
i.e., a bullet with a barrier, stainless steel is used as the barrier

and the aforementioned composite materials are used as the moving
bullet. The time taken to reach the barrier from its initial place is
0.01 s. The end time of this complete simulation is given as 0.1 s,
which is 10 times greater than the collision incidental duration. To
capture the entire structural effect after the collision, the monitoring
of both the objects is mandatory, which is why the 10 times greater
duration is fixed for this entire explicit simulation (Zhang et al.,
2022).

3.1.4 Nature of explicit analysis simulation and its
governing equations

Because the primary objective of this study is the
optimization of the material and the verification of that
optimization, the focus that was originally intended to be
placed on the designs of the component parts has, instead,
been redirected to the analysis of the structure. An approach

TABLE 2 Comparative data of the mesh details of the standard test specimen.

Type Mesh details Number of nodes Number of elements

First mesh case Coarse setup-based size function 1,650 240

Second mesh case Medium setup-based size function 4,205 741

Third mesh case Fine setup-based size function 10,524 2,032

Fourth mesh case Fine with face mesh setup-based size function 12,266 4,491

Fifth mesh case Fine with inflation setup-based size function 58,281 29,118

FIGURE 10
Grid convergence test on the base model.
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with an eagle’s eye view is used to verify many things, including
mechanical qualities, the conclusion of the study, and support
reactions. The reactance of the internal structure of the material
has been formed in a manner that is not uniform due to the
dynamic loads and the rapid actions that they cause. A structural

failure can be caused in any sort of material by the non-linearity
reactance of the material’s internal atomic structure. This can
happen in a highly specific way. As a result, a more complex
method is required in order to analyze the crash-based non-linear
loads’ effects on real-time applications. On this matter, the
explicit platform-based FEA solver is selected, and as a result,
the simulation has been executed. With the help of previously
established initial and boundary conditions, the explicit
approach can make accurate predictions regarding the present
structural results of the computational model. In the context of
time-dependent cum dynamic assessments, the exact same
computing approach can be used on all of the different
temporal variants. Due to the computational nature of the
explicit technique, the crash-based investigations can be
completed through the use of the explicit technique in a way
that is perfect, swift, and reliable (Sharaf et al., 2022).

The mathematical modeling is made up of governing
equations that are defined inside of a field, and boundary
conditions that are given outside of the region that is being
modeled. Because the composites serve as the primary platforms
for this activity, it is necessary to include two substantial
additional equations in order to provide outputs that are both
required and acceptable. This is because there is a necessity to
produce outputs that are both required and acceptable. The
strain–displacement connections and the equation for Hooke’s
law in three dimensions are the two most significant equations. In
conclusion, nine different sub-equations are used nearly
primarily in the process of estimating the amount of stress
that is caused by the explicit-based FEA. In addition to these
primary equations, the dynamic equations are also considered in
the phase where the solution is being found (Matzenmiller and
Karl, 1991). The solver has a good understanding of the inputs of
the current state of the computational model due to the
previously described orthogonal qualities and external crash
loads. The aforementioned governing equations can be solved
in a straightforward manner using FEA methods, which enables
accurate prediction of the processes as a whole. It is possible that
the anticipated values contain an inaccurate assumption; hence,
it is necessary to conduct computational sensitivity testing in
order to validate the predicted results. The grid convergence
inquiry, impact load-based experimental test, and traditional
analytical approach-based estimation are the computational
sensitivity tests used in this work for the validations.

3.1.5 Grid independence study—I
The grid convergence research can be understood as an

optimization procedure for the mesh. This method is primarily
predicated on the mesh’s high quality with regard to its ability to
produce accurate results. This optimization investigation is based on
a fundamental principle known as the estimation of output
variations across all of the mesh cases. This principle selects the
smallest quantity of elements possible based on the minute
differences that exist between the cases, ensuring that the quality
is never considered to be, in any way, compromised. In the process
of optimizing this grid, a total of five distinct types of
meshes—coarse mesh, medium mesh, fine mesh, fine mesh with
individual setup, and fine mesh with inflation—are formed, each of
which is determined by the quality of the data it captures. The

FIGURE 11
(A) Normal stress variations on the CFRP test specimen. (B)
Equivalent stress distributions on the GFRP test specimen. (C) Normal
stress variations on the KFRP test specimen. (D) Comprehensive
analysis of the maximum equivalent strain’s generation. (E)
Variation of the maximum normal stress generation of various
composites.
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aforementioned boundary conditions are implemented in each of
the five situations, and the KFRP composite is used consistently
across all of the cases with no changes or adjustments of any type.

The first case focuses on the coarse mesh setup, while the second
case focuses on the construction of pieces with a medium-quality
base. In addition to these two situations, this study makes use of
three more advanced mesh cases. These cases are fine with a face
mesh setup, fine with a curvature cum proximity setup, and fine with
an inflation setup. The explicit analysis is difficult, which is why the
use of fine meshes is the most common solution to engineering

problems. In this regard, fine meshes with boosted facilities are used,
and in case III, fine meshes with face mesh facilities are used to
implement the explicit analysis in the test specimen. The curvature
and proximity capabilities are more capable of capturing warp and
area fluctuation regions; hence, those facilities are used in case IV.
Lastly, in the design of case V, in which the growth rate is held
constant at 1.2, inflation plays a significant role in the process.
Table 2 provides an exhaustive list of the information pertaining to
the nodes and elements of each and every mesh scenario. Figure 10
shows the comprehensive structural result of the first grid
convergence test. The mesh case III solution was selected as the
most successful outcome. After case III, the structural findings that
were produced are extremely close to one another, which indicated
that case III may deliver dependable outcomes despite the utilization
of low-mesh components. As a result, the grid setup for the first
study will be mesh case III. This choice was made since it requires a
minimum amount of processing time and also provides trustworthy
results.

3.1.6 Validation study of explicit analysis
Based on the inserted needful conditions, the sudden

environments and its relevant outcomes are computed. The
fundamental structural information and major stresses are
considered as important selection factors for these comparative
investigations.

3.1.7 Computational results
The normal stress, equivalent stress, and equivalent shear strain

variations of the CFRP composite test specimen are computed, and
the normal stress variation with respect to the applied crash load of
the CFRP is shown in Figure 11A. For the same loading conditions,
the structural analyses are extended for GFRP and KFRP
composites. Figure 11B shows the structural output of CFRP
composites, in which equivalent stress variations are primarily
represented over the entire bullet and barrier. Finally, the Kevlar
composite structural result of normal stresses is shown in
Figure 11C.

The detailed comprehensive representations of all the structural
outputs of the composites are given in Figures 11D, E, in which the
Kevlar composite is induced with low internal resisting force for the
same given loading conditions. Due to this low induction of
resistance, the KFRP can withstand more impact loads; therefore,
KFRP-based composite objects are more suitable for
implementation in crash-based applications.

3.1.8 Theoretical results
Conventional dynamic relationships are implemented in this

work in order to calculate the crash force and its stresses. To proceed
further, two major conventional principles are considered in this
section, which are thermodynamics energy law and Newton’s third
law. After the gained knowledge through conventional principles,

TABLE 3 Validation in between theoretical calculation and computational simulation of the base model.

Material
name

Avg. impact stress at bullet tip—theoretical
estimation (MPa)

Avg. impact stress at bullet tip—computational
estimation (MPa)

Error
%

KFRP 14.76 15.404 4.181

FIGURE 12
(A) Details about the imposed boundary conditions. (B) Mesh
case III on the propeller. (C) Mesh case V on the propeller.
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three major energies are considered important to construct crash-
based outcomes. The kinetic energy of the moving object, energy
observed by the barrier, and strain energy induced in the moving
object are the topmost factors, which can provide the strong
relationship between the crash force and its structural results.
With these inputs, the following analytical studies are composed:

Work required to stop themoving object

� Crash Force × Distance travelled during collision,

Work required to stop themoving object � CAvg × d, (10)
Kinetic Energy of themoving object � 1

2
× m × v2, (11)

1
2
× m × v2 � CAvg × d,

CAvg � m × v2

2 × d
, (12)

Mass m( ) � Density of thematerial ρ( ) × Volume of theObject V( ).
(13)

For Kevlar, Density of thematerial (ρ) � 1380 kg
m3 andVolume �

0.14p0.012 p0.02 � 0.0000336m3.

Mass � 1380 × 0.00003360 0.046368 kg,

CAvg � m × v2

2 × d
0

0.046368 × 100 × 100
2 × 1

0231.84N,

Area of the cross section of the Bullet � 0.0000314159265m2,

Normal Stress � 231.84
0.0000314159265

� 7379696.41
N
m2

.

TABLE 4 Comparative data of the mesh details of the propeller.

Type Mesh details Number of nodes Number of elements

First mesh case Coarse setup-based size function 721,131 472,789

Second mesh case Medium setup-based size function 1,087,031 719,120

Third mesh case Fine setup-based size function 466,245 319,158

Fourth mesh case Fine with face mesh setup-based size function 1,170,046 774,652

Fifth mesh case Fine with inflation setup-based size function 2,193,555 1,000,472

FIGURE 13
Grid convergence test of the UAV’s propeller.
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From the literature survey, the crash stress formulae has been
found out, which is,

MaximumCrash Stress � 2pNormal Stress � 2 p7379696.41

� 14759392.82
N
m2

.

The validation is carried out for the base model, which is the
crash investigation on bullets. The comprehensive outcomes of the
bullet and its combined barrier are given in Table 3, which contains

the error percentage between computational simulation and
analytical estimation. A fine-tuned survey was performed on the
acceptable limit of error percentage, and the acceptable limit was
obtained as 0.1%–10%. Table 3 shows the computed error
percentage, which comes under the acceptable limit. Therefore,
the implemented explicit simulation is validated. Thus, the
proposed explicit-based FEA can provide reliable outcomes for
crash investigations.

3.2 Results and discussion

Because of the strong confirmation, the extension of explicit-
based FEA is executed for two more important real-time
applications, which are crash investigation on the UAV’s
propeller and automotive bumper. Both of these applications
contain the toughest working environments, which enhanced the
possibility of the failure generation rate on these applications. Thus,
the studies about the crash investigation on the aforesaid missions
are unavoidable in order to generate the complicated working
exposure in all the components involved in these missions. This
work strongly assured that, through this extension, the clear
exposure about peak loading conditions and their structural
affects will be obtained, which enhance the lifetime of the
components involved in the aforementioned applications.

3.2.1 Real-time applications—I
The UAV’s propeller (6 × 4.5) is considered as the moving

objects, which is given a velocity of 75 m/s. The maximum velocity
of the advanced UAV can fly up to the speed level of 75 m/s. For
example, the racing drones can have a maximum velocity of
specification of 75 m/s. At high speed, the possible occurrences of
crash incidents are quite high, so the same speed is considered as the
crash velocity for this work. The rectangular section is considered as
the ground, which is modeled as per the ASTM crash test standard,
i.e., ASTM F2656 (Matzenmiller and Karl, 1991; Belingardi and
Obradovic, 2011; Boria and Belingardi, 2012; Bussadori et al., 2014;
Smojver and Ivančević, 2017; Raj Kumar et al., 2019). The distance
between the ground and the UAV’s propeller is given as 1 m.
Figure 12A shows the design of the entire setup of crash
investigation, in which the ground is fixed 1,000 mm away from
the UAV’s propeller. The other dimensional details such as the
length, breadth, and thickness of the ground object are 140 mm,
140 mm, and 20 mm, respectively. Apart from the ground
dimensions, the UAV’s propeller diameter is estimated as
6 inches because of its coincidence with the breadth of the
ground barrier.

3.2.1.1 Grid convergence study—II
The second grid convergence study is conducted on the UAV’s

propeller with five cases. The first two mesh cases are followed and
constructed in the same manner as from the previous grid
convergence test. In addition, three finer-based mesh cases are
generated, which are fine with a face mesh setup, fine with a
curvature cum proximity setup, and fine with an inflation
setup. Figures 12B, C show the two fine meshes, in which fine
with face mesh setup (mesh-III case) on the propeller is shown in
Figure 12B, and finally, the unstructural fine with inflation (mesh-V

FIGURE 14
(A) Elastic stress variations on the GFRP’s propeller. (B) Elastic
stress variations on the CFRP’s propeller. (C) Comprehensive data of
the maximum equivalent stress end results of the UAV’s propeller. (D)
Comprehensive data of the maximum normal stress end results
of the UAV’s propeller.
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TABLE 5 Validation in between theoretical calculation and computational simulation.

Description Minimum stress at the propeller tip—theoretical
estimation (MPa)

Minimum stress at the propeller tip—computational
estimation (MPa)

Error
%

GFRP 19.91 18.629 6.43

CFRP 16.35 16.892 3.21

KFRP 15.56 14.211 8.67

FIGURE 15
(A)Conceptual design of an automotive bumper. (B) Typical mesh view of an automotive bumper. (C) Stress distribution of a GFRP-based composite
bumper.
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case) on the toughest regions is shown in Figure 12C. The whole
mesh statistical report is collected and given in Table 4. With these
inputs and the aforesaid boundary conditions, the second grid
convergence simulation is carried out and mesh case IV is found
to be the optimized case, which is implemented in all other
simulations. The comprehensive representation is shown in
Figure 13.

The computational simulations over the UAV’s propeller are
computed, and the results are given in Figures 14A, D. Wherein,
Figure 14A shows the structural outcomes of the GFRP, Figure 14B
shows the structural outcomes of the CFRP, and Figures 14C, D
show the comprehensive data of the maximum stress induced inside
the UAV’s propeller made up of different composite materials.

3.2.1.2 Theoretical estimation—II
In the base model, both computational simulation and analytical

approach are verified and validated. Therefore, the same analytical
approach has been implemented in these kinds of crash
investigations such as the UAV’s propeller and automotive
bumper. The major Eqs 12, 13 are imposed in this first real-time
application. For the KFRP,

Density of thematerial ρ( ) � 1380
kg
m3

and

Volume of the Propeller � 0.000036986m3,

Mass � 1380p0.0000369860 0.05104068 kg,

CAvg � mpv2

2pd
0

0.05104068p75p75
2p1

0143.552N,

Area of theUAVPropeller′s tip � 0.0000092262m2,

Normal Stress at UAVPropeller′s tip � 143.552
0.0000092262

� 15559168.5
N
m2

.

In the case of minimum, the normal stress will be equal to crash
stress; thus, the minimum crash stress is equal to 15.56 MPa. The
detailed data of the estimated stress induced at the UAV propeller’s
tip through both the aforementioned approaches are given in
Table 5. As per the observations, the error percentages are
obtained, validated, and ensured that the approaches can provide
reliable outcomes.

3.2.2 Real-time applications—II
In the automotive domain, the probability of a crash has

happened in a high manner. Due to this major accident, the
structural failure on an automotive vehicle is created in a non-
linear mode in which the bumper plays a major role in the restriction
of crash load under accidental environments. Therefore, the bumper
is considered an unavoidable component in the crash-based
investigations. The second real-time case of this optimization
deals with crash investigation on the automotive bumper, wherein
the high crash load-withstanding material-based optimization takes

TABLE 6 Comprehensive stress results between the experimental test and computational simulation.

Material name Max stress (MPa) estimated through experimental
results

Max stress (MPa) estimated through numerical
simulation

Error %

GFRP 73.5 68.0 7.5

FIGURE 16
(A) Test setup for high-pressure load development. (B) Test setup
along with the test specimen. (C) GFRP test specimen after the crash
test. (D) Comprehensive data of the end results of the automotive
bumper.
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place. The dimensions of the automotive bumper were obtained from
a literature survey (Raj Kumar et al., 2019), in which 0.975 m is fixed
as the effective length, 2.05 m is found as the total length, 0.002 m is
obtained as the thickness of the bumper, 0.07 m is used as the
effective breadth, and 0.17 m is finally obtained as the total
breadth. The steel-based bumper has been used in the automotive
sector, wherein steel can resist high crash load more than other
materials, but the weight consumption and, thereby, fuel
consumption are problematic factors. Thus, this work proposed
the comparative composite material-based optimization analysis
on the automotive bumper. In this regard, three major composite
materials are picked to undergo crash investigation. Finally, the
computational results are validated with experimental results. The
design of the bumper is shown in Figure 15A. The complicated shape
of this bumper is modeled through CATIA.

The discretization phase is constructed on the base physical
model of this second real-time application, in which fine
structural relayed grids are framed. With the help of
previously completed grid convergence tests, the grid
formation is executed for this case, as shown in Figure 15B.
After the grid construction, the statistical and quality reports are
captured for the constructed mesh, in which the overall element
is counted as 3,578,941, the nodes are noted as 7,489,255, and the
mesh quality is observed as 0.99.

The computational procedures for crash investigation were
already performed and validated, which predominantly
contributed in this case also. In addition to the previous
validating procedure, this work imposed experimental test-based
verification and validation. Because of this inclusion, a separate
impact test is organized at the normal environment through high-
speed jet test facility. Utmost care was given to the test specimen
preparation and its dimensions, wherein the design data, fiber type,
and matrix are captured from the aforementioned literature survey
(Raj Kumar et al., 2019). The velocity of the hitting object and its
total weight are perfectly noted, which has been given as boundary
conditions to the computational simulations. As per the
conventional test principle, the impact test is organized on the
GFRP-based object, and thus, the structural outcomes are calculated.
Through this experimental test, the input velocity and the distance
between the objects and supports are captured. The extracted values
through the experimental test are the input velocity of the moving
object, 50 m/s, and the distance between the objects, 500 mm, and
the roadside barrier is made up of steel. Figure 15C shows the stress
distribution over the GFRP-based composite bumper. The
equivalent stress values are noted perfectly in both the
approaches, and the comprehensive reports are given in Table 6.

3.2.2.1 Experimental crash test
To test the reliability of the imposed advanced computation

procedures through ANSYS Workbench 16.2, an experimental test-
based validation test on the attained computational outcomes is
mandatory. Thus, high-speed jet facility-based experimental test
results and this work’s imposed computational procedure-based
outcomes are compared with each other. The typical high-speed jet
facility is shown in Figure 16A.

The experimental tests are conducted under normal
atmospheric conditions outside and high-pressurized conditions
inside the jet-path. The typical experimental test setup along with

the test specimen is shown in Figure 16B, and after the test impacts,
the broken GFRP test species are shown in Figure 16C.

The error percentage obtained is within the limit, which
provided the green signal to extend the explicit-based crash
investigation to other primary composite materials. Finally, the
computational crash analysis is carried out on all the major three
composite materials. The comprehensive end outcomes are given in
Figure 16D.

4 Conclusion

The conventional and advanced impact computational
investigations are computed with the help of ANSYS
Workbench 17.2. The experimental outcomes are matched
with these attained computational outcomes. From
conventional computations, the following observations are
noted: the E-GFRP-woven and KFRP-UD-49-based PMCs
failed to react reasonably under the impact load, so these
materials are unfit to provide a high lifetime for impact load-
based real-time applications. The CFRP-UD-wet and S-GFRP-
UD are the materials picked as the best performers and also
suggested for use in complicated applications. Thus, these two
aforesaid materials are underwent other complicated impact
investigations, which are explained in the forthcoming sections.

The crash investigations are carried out, in which the conceptual
design, composite construction, and crash analysis played a vital role. In
the conceptual design phase, the barrier andmoving object’s designs are
primarily executed with the help of the ANSYS DesignModeler. In the
composite preparation phase, the various fibers such as carbon fiber,
glass fiber, and Kevlar fiber are implemented. The epoxy resin is also a
commonly used matrix for all the cases. Finally, three different
composite models are generated, and the properties are transferred
using theANSYS composite pre-processor. Thematerial property of the
barrier is extracted from the FEA numerical tool, in which steel is most
commonly used. Lastly, the composite analyses are executed with the
help of an explicit technique in the FEA numerical tool, in which the
Kevlar-based composite is affected with low normal stress; therefore,
comparatively, Kevlar is fit to handle impact load in an effective
manner. As per the weight data, the KFRP is 37.68% lighter than
the GFRP and 05.15% lighter than the CFRP. So, the KFRP is fit to
generate lightweight components with high-impact resisting loads than
any other lightweight materials. Through this multidisciplinary
optimization, it is found that the KFRP performed better, in which
the stress reduced in the KFRP is 2.85 times lighter than in the GFRP
and 0.87 times lighter than in the CFRP. Thus, the KFRP is a better
composite for withstanding any kind of complicated dynamic loading
environments. The finalized advanced computational technique is
validated, and so it can be extended to other complicated
applications such as high-payload unmanned aircrafts, large main
rotors and drone propellers, and tail rotary of rotary wing UAVs.
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Nomenclature

σ11 , σ12 , σ13 , σ21 , σ22 , σ23 , σ31 , σ32 , σ33 Stress tensors in all the directions

ρm Density of the lightweight material

fx , fy , fz Various forces acting on the setup

E1,E2 ,E3 Young’s modulus in all directions

σx , σy , σz Normal stresses in all directions

εx , εy , εz Normal strains in all directions

υ12 , υ13 , υ21, υ23 , υ31 , υ32 Poisson’s ratios in all the directions

CAvg Crash force

d Distance travelled during collision

m Mass of an object

v Initial speed of an object

ρ Density of the material

V Volume of the object
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