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Hybrid laminated composites, integrating High Strength (HS) carbon and glass fibers (E, S) within an
epoxy matrix, deliver an optimal compromise between lightweight design, mechanical strength, and
cost-effectiveness for applications in industrial, aerospace, automotive, and civil engineering sectors.
This study presents a three-dimensional optimization of mechanical performance through a multi-
objective genetic algorithm (MOGA) under static loading conditions. The design variables encompass
the number of plies (6 to 12), fiber orientation angles (-90°< 6 <90°), and ply materials: HS-
Carbon/Epoxy (CF-EP), E-Glass/Epoxy (EG-EP) and S-Glass/Epoxy (SG-EP). A constraint
mandating 25% CF-EP placement at the core to maximize stiffness while minimizing stresses. The
objectives are to enhance the longitudinal modulus (£x) and reduce von-Mises stress, while ensuring
compliance with the Tsai-Wu failure criterion. An analytical model, implemented in MATLAB,

incorporates stiffness matrices, Tsai-Wu failure indices, and von-Mises stress calculations,
demonstrating a 30% increase in stiffness and effective mitigation of stress concentrations through
centralized CF-EP placement. These findings are corroborated by finite element method (FEM)
simulations conducted in ANSY'S, which exhibit strong agreement with analytical predictions. This
hybrid methodology offers a strong framework for developing high-performance laminated
composites, significantly impacting applications requiring structural reliability and efficiency.

© 2026 Growing Science Ltd. All rights reserved.

1. Introduction

Composite materials are revolutionizing high-tech industries due to their exceptional mechanical performance and
lightweight properties, yet their optimization remains a significant challenge (Anto et al., 2019). A composite material is
formed by combining at least two chemically distinct substances, referred to as constituent materials, which are categorized
into two distinct phases: the matrix, a continuous and typically more flexible phase, and the reinforcement, a discontinuous
phase characterized by its hardness and enhanced strength (Anto et al., 2019). The primary advantage of composites lies in
their ability to tailor properties: the matrix, serving as the primary support, incorporates fibers or particles to meet specific
requirements, such as tensile strength, wear resistance, optimized density, high-temperature performance, surface hardness,
dimensional stability, or effective vibration damping (Sabau et al., 2017). Among reinforcements, high-modulus (HM) carbon
fibers exhibit a Young’s modulus exceeding 300 GPa, while high-strength (HS) fibers, being more cost-effective, are
commonly used in industrial or recreational applications, particularly for non-structural aircraft components. Compared to
glass fiber composites, these reinforcements deliver superior mechanical performance, with weight reductions of up to 40%
(Vlase et al., 2011). Kevlar 49 aramid fiber, known for its low density and high mechanical strength, plays a critical role in
plastic composites, particularly in fields such as aeronautics, acrospace, marine, automotive, and sports equipment. Available
as continuous yarns, chopped fibers, or fabrics, it ensures lightweight structures with excellent stiffness. Hybrid composites,
developed by combining various reinforcements within a single matrix, enable the creation of structures with finely tuned
properties, mitigating the individual limitations of materials. The incorporation of natural fibers makes them more cost-
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effective and environmentally friendly, with their performance evaluated using the rule of mixtures and the Tsai-Wu failure
criterion, positioning them as highly valued and rapidly developing solutions (Shaikh et al., 2022). Polymer matrix
composites, such as carbon/epoxy or glass/epoxy, stand out in aerospace and other mechanical sectors due to their high
stiffness, exceptional strength, and corrosion resistance, surpassing metals. While carbon fiber excels in durability, its cost
drives hybridization with glass/epoxy, and their lightweight nature enhances efficiency across numerous applications (Satkar
et al.,, 2022; Mache et al., 2013). Technical calculations are fundamental to design, whether related to structural or
technological aspects. The diverse challenges faced by engineers have led to the development of multiple calculation methods,
refined over decades through theoretical and technological advancements (Gdoutos, Emmanuel E, 2005). The finite element
method (FEM) has emerged as the primary numerical approach in engineering. Finite element analysis (FEA) models physical
systems using partial differential equations (Hutton, David V, 2004). To achieve this, the analyzed domain is discretized into
a mesh of finite elements, transforming the real system into a discrete structure suitable for numerical analysis. Specialized
software, such as ANSYS, leverages the power of FEM to streamline this discretization process and integrates seamlessly
with computer-aided design environments, delivering accurate solutions for complex simulations (Barbero et Cortes, 2010).
These advanced numerical tools play a pivotal role in the optimization of composites, a field where mechanical performance
depends on numerous complex parameters.

The optimization of laminated composite materials is a critical research area in engineering, particularly due to their
widespread use in demanding applications such as aerospace and mechanical engineering (Monte et al., 2017). Unlike
homogeneous materials, laminated composite structures exhibit increased complexity stemming from the diversity of design
parameters, including ply thickness, fiber orientation, and volume fraction. These factors directly influence mechanical
performance, notably stiffness, buckling resistance, and mass (Henrichsen, Seren Randrup, 2015). The optimization process
for composites is particularly challenging due to the large number of variables involved and their nonlinear interactions
(Monte et al., 2017). Typically, in optimization problems for composite laminates, fiber orientation angles and ply thickness
are considered key design variables (Lin, et Lee 2004; Riccio et al. 2024). These parameters are optimized to reduce structural
weight (Yibre et al. 2020) and manufacturing costs (Riccio et al., 2024; Kaufmann et Mattei, 2008). Other researchers
(Aymerich et al., 2008; Chang et al., 2010) have focused on optimizing the stacking sequence (OSS) of laminates to
significantly enhance their mechanical properties without affecting weight. Furthermore, the analytical and numerical models
used to evaluate the behavior of composite structures require computationally intensive calculations. To minimize the need
for experimental trials, several mathematical optimization methods have been developed, including the genetic algorithm
(GA), ant colony optimization (ACO) (Aymerich et al., 2008), and particle swarm optimization (PSO) (Chang et al., 2010;
Suresh et al., 2007; Huang et al., 2017).

Hybrid laminates, combining high-performance fibers with organic matrices, are transforming structural engineering due
to their exceptional stiffness and lightweight properties. Current research leverages multi-objective genetic algorithms
(MOGA) and advanced finite element method (FEM) simulations to optimize fiber arrangements and orientations, enabling
effective resistance to static and/or dynamic loads. Bertan Beylergil (2020) investigated the optimization of hybrid composite
laminates using MOGA and ANSYS, integrating bending-torsion objectives while considering natural frequencies, the Tsai-
Wou failure index, cost, and weight. The results demonstrate that an increased proportion of E-glass fibers reduces costs while
enhancing mechanical performance, with numerical simulations minimizing the need for costly experimental trials, thus
offering an effective balance between stiffness and cost. Prashant S. Hatti et al. (2022) evaluated the performance of hybrid
composite laminates through finite element analysis (FEA), analytical calculations, and experimental testing, revealing that
load-bearing capacity increases with fiber orientations at 45° and 90°, although tensile stress decreases with the number of
layers. Madhu Kumar K.P. et al. (2020) analyzed hybrid composite laminates (E/S-glass, 70%/30% polyester matrix) by
fabricating standard specimens and conducting experimental tests on conductivity, dielectric tensile strength, and abrasion,
demonstrating improved mechanical properties. Zheng Zhang et al. (2021) employed the NSGA-II algorithm for multi-
objective optimization of bistable laminates, developing controllable configurations that enhance structural adaptability under
variable loads, though their study focused on general performance. Ramesh Kumpati et al. (2024) advanced this field by using
multi-objective genetic algorithms to optimize composite laminates, achieving improved stacking sequences for resisting
failure loads, but without incorporating specific fiber placement constraints required for high-stiffness applications. Michat
Stosiak et al. (2025) explored the design of a composite hydraulic cylinder using genetic algorithms, achieving a 15% increase
in stiffness through optimized fiber positioning, although their research did not account for specific placement constraints
necessary for hybrid laminates with high-stiffness fibers. Bhaskar Reddy et al. (2023) conducted a study to evaluate the
mechanical properties of S-glass and E-glass composites with an epoxy resin matrix, considering three fiber orientations:
[0°/90°], [+45°/—45°], and [0°/45°/90°]. The objective was to analyze the impact of fiber orientation on tensile and flexural
strength through experimental testing and finite element method (FEM) simulations using ABAQUS. The goal was to
optimize these composites for aerospace and automotive applications. M. Meng et al. (2015) investigated the effect of fiber
arrangement on the flexural failure of CFRP laminates ([0]16, [0/90]4s, [£45]4s) using 3D finite element analysis (FEA) based
on the Tsai-Hill criterion, an extended classical lamination theory (CLT), and ISO three-point bending tests to analyze failure
initiation. They identified transverse (cross-ply) and shear (angle-ply) stresses near free edges, explaining the loss of stiffness
observed under microscopy. The 3D FEA outperformed 2D models, demonstrating that all six stress components influence
failure modes: micro-buckling (unidirectional), enhanced by a transverse layer (cross-ply), and torsion (angle-ply). Fiber
angles of 10-13° maximize stresses and should be avoided on the surface. Edge effects, more pronounced in angle-ply
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laminates and short spans, converge toward CLT predictions at the center. They recommend transverse layers to enhance
flexural performance.

This study presents a multi-objective optimization framework for carbon/glass-epoxy hybrid laminates, implemented using
a multi-objective genetic algorithm (MOGA) in MATLAB. The framework optimizes key variables, including fiber
orientation (-90° < 8 < 90°), number of layers (6 to 12), and material stacking sequence (E-glass, S-glass, HS-carbon), with a
constraint mandating 25% carbon plies positioned at the core to maximize stiffness and reduce stress concentrations. By
targeting the maximization of the effective longitudinal modulus (£x), minimization of the von-Mises stress, and compliance
with the Tsai-Wu failure criterion, the framework integrates 3D numerical analyses and stiffness matrix formulations. Finite
element simulations conducted in ANSYS demonstrate that optimal solutions can increase stiffness by up to 30% and
significantly reduce stresses, providing a scalable methodology for aerospace, automotive, and structural applications.

2. Theoretical

2.1 Mathematical formulas

The link between Hooke’s law, which describes the elastic stress—strain relationship, and the linear proportional behavior
of stress and strain in elastic materials, is demonstrated mathematically in the research works (Berthelot, 2005; Daniel et al.,
1994).

Q)

where Cyjy, is a fourth-order tensor with 81 elastic constants, and the inverted form of Hooke’s law in the case of orthotropic
material, as detailed in reference (Merhar, 2020).
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e = S,0, @)

Coefficients S;; are called compliance coefficients which is the inverse of the stiffness matrix (Merhar, M., 2020).
S. = Cc1 3)

The constitutive Eq. (2) of an orthotropic material can be translated into matrix form (Merhar, M., 2020).
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where the engineering constants' individual compliance coefficients are (Merhar, M., 2020).

S11=1/Ey, S12=~v12/Ey, Si3 = ~v31/Es, Sy = —vi/Eq, Sy, = 1/E;, Sy = —v3,/E;, ©)
S31 = ~v13/Ey, Sz = —y3/Ey, S33= 1/E3, S4s =1/Gp3, Sss = 1/G13, Ses = 1/Gy,

Sij = Sji

E|, E>, Es are the modulus of elasticity in the principal material (1-2-3) coordinate system (Fig. 1), G2, G13, G»3, shear modulus
in and v;; Poisson’s ratios (Merhar, M., 2020).
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Fig. 1. The coordinate notation for individual plies in the multidirectional laminate, under forces and moments per unit
length (Merhar, 2020).
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When the principal material coordinate system does not coincide with the global x-y-z coordinate system, but it is rotated

through an angle @ about the common z-(3) axis, as indicated in Fig. 1, the transformed compliance matrix can be defined as
(Merhar, M., 2020).

5] = [, [s][T4] ©)
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Where the transformation matrices|[T, | and [T,] are
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where S is the compliance matrix of lamina; ¢ = cos(0) and s = sin(8). Substituting the three-dimensional version
of composites compliance matrix into CLT equations (Kaw, 2005). The fundamental equation, or load-deformation

relation, of laminate analysis (Classical laminated theory, CLT) is presented in Eq. (10) as follows (Casavola et al.,
2016):

(=1 o) "

where {N}, {M}, {&°}, and {k} represent the vectors of resultant forces, moments, midplane strains, and curvatures,
respectively. The matrices [4], [B], and [D] correspond to the extensional stiffness, coupling stiffness, and bending
stiffness, respectively. For symmetrical laminates, the coupling matrix [B], which connects extension and bending, is
zero. The load-deformation relation in Classical Lamination Theory (CLT), is presented in Eq. (10) as follows,

according to reference (Bertan Beylergil, 2020; M. Meng et al., 2015). The version of matrices [4], [B] and [D] can be
written as,

1 _ (11.a)
Ay = ) Q)00 - he)
k=1
IS (11.b)
Bij = EZ[ Q]k(hi - hi—1)
k=1
1, (11.c)
D, = EZ[Q]k(hi )
k=1
h=3kt, (1L.d)

[e]= [5]" (12)
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where n, t;, and [6 ]kare the total number of layers, the thickness of each layer and the transformed reduced stiffness

matrix; respectively (M. Meng et al., 2015). The plane stresses constitutive equation allows for the calculation of stresses at
any z-position within the k™ layer (Merhar, M., 2020):

(0. = [2] (o), (13)

Converting the stresses from principal coordinates (x and y) to local coordinates is a necessary step in calculating von-
Mises stresses and the Tsai-Wu failure criterion (Hwang et al., 2023):

{o}y, = [T,]{a}, (14)
The conversion of strains from principal coordinates (x and y) to local coordinates is explained in Eq. (15),
{eh, = [T]{e), (15)
2.1.1  Longitudinal Young's modulus( E, )

To calculate the effective Young's modulus ( E, ) of a laminate, so we must solve the laminate Eq. (10) by reversing it
(Casavola et al., 2016).

AR

Since this inversion can be complex, a simpler way is to invert the three tensors 4, B and D from Eq. (16) one by one.
This allows us to rewrite Eq. (16) as follows (Casavola et al., 2016):

HEIEN
With;
a = (A-BD 1B)1

(D—-BA™'B)”" (18)
b = —aBD™'=—(4—-BD'B)"'BD!

To determine the laminate's properties, the following can be defined (Casavola et al., 2016):
a* = ha (19)

Thus, the laminate effective Young's Modulus in the x direction is (Casavola et al., 2016):
/ aiq

In this study, using a genetic algorithm to optimize laminates based on CLT, the effective Young's modulus obtained for
each optimized configuration can be compared to that calculated by the finite element method.

2.1.2  Stress von-Mises

The von-Mises stress is a critical criterion for analyzing plastic failure in long-fiber laminates, such as those made from
carbon or glass fibers and epoxy resin, due to their anisotropic behavior under complex loading conditions. It facilitates the
assessment of a global equivalent stress based on principal stresses, thereby providing a reliable indicator of the risk of
permanent deformation or rupture in these heterogeneous composite materials (Jones, 1999). The optimization of this stress,
often conducted using numerical methods such as multi-objective optimization algorithms, seeks to minimize the stress while
enhancing essential mechanical properties, such as Young’s modulus, to improve the stiffness and longevity of the laminates.
This strategy is indispensable in demanding sectors like aerospace and automotive industries, where mechanical performance
and safety are top priorities. The von-Mises stress is determined by the following formula (Wang et al., 2019):

21
OyonMises — \/1/2 ((ax - ay)z + (Uy - Uz)z + (Uz - O—x)z) + 3(T)2cy + T}Zzz + Tazcz

where (0, 0,, and 0,) shows the normal stresses and (Txy, 7,, and 7,,) are the shear stresses in the respective directions.
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2.1.3  Tsai-Wu failure criterion

To evaluate the progressive degradation of each layer in a hybrid composite laminate, the Tsai-Wu failure criterion was
used in this study. This criterion, one of the most commonly used for anisotropic materials like laminated composites, is
widely adopted by researchers and designers for many composite structures for decades. It has been successfully integrated
into finite element software such as Abaqus and ANSYS. The failure index (FI) for each composite layer is calculated using
Eq. (22) (Beylergil, 2011). The material is considered safe if FI < 1, but layer failure occurs if FI > 1.

FI = F,0, + F,05; + F30;5 + F10% + Fy30% + F330% + F140% + Fss02 + Feg02 + 2F,,0,0, (22)
+ 2F,30,03 + 2F,30,03

Fy = 1/Xt +1/XC; F, = 1/Yt +1/YC
F3 = 1/Zt +1/Zc; Fy = _1/Xt><Xc
Fo= Yvexver Fs="Yzrxze
Fu=Ysg, P = s,

1
Feg = 1/5%21 Fio = =SVF1 X Fp ;
1 1
Fys = _E\/Fzz X Fs3; Fi3 = _;\/Fn X F33

In Eq. (23), X, Y, and Z represent the material strengths in the x, y, and z directions, respectively, where the subscripts t
and c denote tensile and compressive strengths, respectively. S denotes the shear strength of the composite laminate. The
tensile, compressive, and shear strength values for the SG-EP, EG-EP, and CF-EP composites are widely available in the
literature, as indicated in references (Zhang et al., 2011; Zhao et Xue, 2014; Shokrich, et Lessard, 2000). For this study, we
use the values available in the ANSYS Workbench 16.2 library as shown in Table 1, as the characteristics of the materials
used also originate from this library, where negative values indicate compressive strength.

(23)

Table 1. Material properties of reinforced epoxy laminates.

Properties (ANSYS Inc, 2015) E-Glass/epoxy S-Glass/epoxy HS-Carbon/epoxy
Young’s Modulus in X-direction (MPa) 40000 50000 121000
Young’s Modulus in Y-direction (MPa) 10000 8000 8600
Young’s Modulus in Z-direction (MPa) 10000 8000 8600
Poisson’s ratio in XY-plane 0.3 0.3 0.27
Poisson’s ratio in YZ-plane 0.3 0.3 0.27
Poisson’s ratio in XZ-plane 0.4 0.4 0.4
Shear Modulus in XY-plane (MPa) 5000 5000 4700
Shear Modulus in YZ-plane (MPa) 5000 5000 4700
Shear Modulus in XZ-plane (MPa) 3846 3846 3100
Orthotropic stress Limits

Tensile strength in X-direction (MPa) 1100 1700 2231
Tensile strength in Y-direction (MPa) 35 35 29
Tensile strength in Z-direction (MPa) 35 35 29
Compressive strength in X-direction (MPa) -675 -1000 -1082
Compressive strength in Y-direction (MPa) -120 -120 -100
Compressive strength in Z-direction (MPa) -120 -120 -100
Shear strength in XY-plane (MPa) 80 80 60
Shear strength in YZ-plane (MPa) 46.15 46.15 32
Shear strength in XZ-plane (Ma) 80 80 60

3. Problem statement

In this study, 3D numerical analyses of a hybrid composite plate, composed of layers of glass-E/epoxy (EG-EP), glass-
S/epoxy (SG-EP), and HS-carbon/epoxy (CF-EP) composites, were performed using ANSYS Workbench with the ACP
module. The objective was to optimize the laminate to maximize the Young's modulus and minimize the von-Mises stress,
while respecting a Tsai-Wu failure criterion < 0.7. The optimization was carried out using a multi-objective genetic algorithm
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implemented in MATLAB. The plate, with dimensions of 200 mm in length and 100 mm in width, was subjected separately
to tensile (axial and biaxial) and compressive (axial and biaxial) loadings, applied uniformly without eccentricity. Axial
loadings were applied on two opposite sides, while biaxial loadings involved all four sides. The finite element model was
analytically validated using our existing MATLAB model to ensure mesh independence. The hybrid composite plate consisted
of 6 to 12 layers, with a total thickness of 3 mm, each layer having a thickness adapted to meet this constraint. The fiber
orientations varied between -90° to 90°. A design constraint required that 25% of the laminate be concentrated at the center
of the laminate, be made of carbon/epoxy. The materials used were EG-EP, SG-EP, and CF-EP. The mechanical properties
of the composites are detailed in Table 1. The results, including the von-Mises stress and the Young's modulus, are presented
in the results and discussion section.

4. Multi-Objective genetic algorithm
4.1 Genetic algorithm

The Multi-Objective Genetic Algorithm (MOGA) is a computer method that solves problems with multiple different goals
(Deb, 2001). Instead of finding one perfect solution, MOGA looks for a set of good solutions called the Pareto front. This
front shows the trade-offs between goals and offers several possible options. MOGA uses ideas from genetics, like crossover,
mutation, and selection, to improve a group of solutions over time. Each solution is judged based on multiple criteria, and the
best ones are kept to create new solutions. MOGA is very helpful in engineering and design, such as for optimizing structures,
managing resources, or modeling complex systems. This method helps decision-makers pick the best solution for their needs.
A multi-criteria optimization problem can be described as follows (Bugeda castelltort, 2012):

Maximize/minimize
f ()i =1.,N (24)
subject to constraints

g],(x) =0, j=1.,M (25)
h(x) < 0k = 1,..,W (26)

where f, 9; and h,, represent the objective functions, equality constraints, and inequality constraints, respectively. N denotes

the number of objective functions, and x is an n-dimensional vector. The Genetic Algorithm (GA) is a computer method that
mimics natural selection and genetics to find solutions. Genes and chromosomes are the main components. A chromosome is
a sequence of genes. In a real problem, genes are the things to improve, and a chromosome is a possible solution. GAs search
for the best solution by testing many chromosomes. They have advantages: they can test multiple solutions at once and
temporarily accept fewer good solutions, which prevents getting stuck on an average solution (Anam, 2019). GAs is great for
complex problems because they easily turn variables into genetic sequences to form chromosomes. They explore different
paths by keeping a group of possible solutions. Through operations like crossover and mutation, they offer alternative
solutions, even if the best one isn’t perfect for reasons not considered. This makes GAs very useful for designing and
optimizing composite structures, like those with layers of materials with complex properties (Bertan Beylergil, 2020; Albadr
et al., 2020).

A Genetic Algorithm for multiple goals is called a Multi-Objective Genetic Algorithm (MOGA). MOGA is an improved
version of an algorithm called NSGA-II, which uses elitism to pick the best solutions (Zheng Zhang et al., 2021). Here’s how
it works: it starts by creating a random group of solutions, then evaluates each one, selects the best, mixes them (crossover),
and changes them (mutation). Elitism helps keep the best solutions to create new ones. If the results aren’t good enough, it

starts over. In the end, it provides a set of good solutions called the Pareto front (Verma et Snasel, 2021; Chakraborti et al.,
2009).

4.2 Pareto approach

The Pareto scientific methodology, named after Italian economist Vilfredo Pareto, enables the identification of optimal
solutions for multi-objective optimization problems. Represented by a Pareto front or curve, this approach highlights a set of
“efficient” or “non-dominated” solutions were improving one objective compromise another. The Pareto method is valuable
in scientific and technical contexts, balancing trade-offs between conflicting goals, such as cost versus performance or
efficiency versus sustainability. Visualizations of the Pareto front, as seen in works like Deb’s (2001), help researchers and
engineers understand trade-offs in complex decision-making by illustrating the range of optimal solutions (Baadache et al.,
2025).
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4.3 Mathematical formulation of the optimization problem

Objective Function:

e Maximize the longitudinal Young's modulus (stiffness).
e Minimize von-Mises stress.

Designs variables :

e Ply angles: (-90°< 6 <90°).
e Ply materials: HS-Carbon/Epoxy (CF-EP), E-Glass/Epoxy (EG-EP), S-Glass/Epoxy (SG-EP).
e Number of plies: Between 6 and 12.

Constraints :

e Tsai-Wu failure index : FI <0,7.

e 25% of the plies must be HS-Carbon/Epoxy (CF-EP).

o HS-Carbon/Epoxy (CF-EP) plies must be placed at the center of the laminate.

o All three materials (CF-EP, EG-EP and SG-EP) must be present in the laminate.

The MOGA method (Multi-Objective Genetic Algorithm) was used to optimize a hybrid composite laminate under tensile
and compressive loads, maximizing the longitudinal Young's modulus Ex and minimizing the maximum von-Mises stress.
Three design variables were considered: the number of plies, the ply orientation angles, and the ply materials (E-Glass/epoxy,
S-Glass/epoxy and HS-Carbon /epoxy). The optimization required a maximum Tsai-Wu failure index of 0.7 for each ply, with
25% of the plies being HS-Carbon/epoxy (CF-EP), CF-EP plies positioned at the center of the laminate, and all three materials
(CF-EP, EG-EP, and SG-EP) included in the laminate.

The geometric properties of the composite plate, specifically a length of 200 mm, a width of 100 mm, and a total thickness
of 3 mm, were defined. Axial and biaxial tensile and compressive loads of 6000 N were applied in the longitudinal direction
(axial) and in both directions (biaxial) separately, with load ratios of 0.5, 1, and 2. The laminate parameters, including ply
orientation angles (-90°< 8 <90°), materials (E-Glass/epoxy, S-Glass/epoxy and HS-Carbon /epoxy), and number of plies (6
to 12), were set in the program. A multi-objective optimization was then performed using MATLAB’s genetic algorithm
(‘gamultiobj").

The first step was to set up the MOGA algorithm parameters. An initial population of 1000 individuals was defined, with
a maximum of 800 generations. Additionally, a second population of 2000 individuals was used, with a maximum of 1600
generations. A Pareto fraction was set to retain optimal solutions showing trade-offs between objectives. A crossover rate of
85% was chosen to promote exploration of new solutions, and an adaptive mutation function was used to maintain solution
diversity. The program displays progress at each iteration, showing the best objective values.

The optimization produced a Pareto front, highlighting the trade-offs between the longitudinal Young's modulus Ex and
the maximum von-Mises stress. An optimal solution was extracted, describing the laminate configuration (number of plies,
orientation angles, and materials). For this solution, mechanical properties such as stresses and strains under tensile and
compressive, as well as the maximum Tsai-Wu failure index, were calculated and displayed. The results also include the
global Young's modulus and the maximum von-Mises stress. Details of the solution, including the ply sequence, angles,
materials, and performance under tensile and compressive, are presented in Table 2 and Table 3.

5. Finite Element Analysis

Finite element analysis (FEA) allows modeling composite materials using various simulation tools. ANSYS offers several
options for composite material modeling, including different simulation capabilities. ANSYS ACP, a module for creating
composite laminates, simplifies defining the required thickness and stacking sequences. This module includes a layer
thickness editor, a stacking sequence editor, a layer arrangement modeling tool, and a failure criteria analysis for each layer.
Fig. 2 illustrates the approach for the finite element simulation of hybrid composite laminates. In this study, the modeling of
composite layers made of CF-EP, EG-EP, and SG-EP was performed using ANSYS ACP. This tool enabled the design of
composite layers by specifying ply thickness and fiber orientation according to desired specifications. The next step involved
laminating the hybrid composite material. In ANSYS ACP, composite material modeling is performed layer by layer, with a
total laminate thickness set to 3 mm. The process began in the ACP (Pre) module with the creation of a sketch of the geometric
shape, followed by a refinement of the structure using an appropriate mesh. Fiber orientations and the stacking sequence were
defined using the "stackup" command. Each layer was specified with distinct materials, such as SG-EP (S-Glass/epoxy), CF-
EP (HS-carbon/epoxy), and EG-EP (E-Glass/epoxy), with their mechanical properties, including elastic moduli, Poisson’s
ratios, and tensile strength, listed in Table 1. Once the geometric model and layer properties were established, finite element
simulations were conducted in the “Static Structural” module of ANSYS. In the “Static Structural” module, boundary
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conditions and loads were then applied as indicated in Fig. 5. After execution, the simulation results are displayed, including
von-Mises stresses, deformations, displacements, and more. The Tsai-Wu failure index for the laminate and/or each ply is
displayed in the ACP (Post) module.
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Fig. 2. Project schematic for the FEA simulation of hybrid composite laminated
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Fig. 3. (a) Mesh configuration, (b) fiber orientations in the ACP module for the hybrid composite plate.

5.1 Mesh independence

Under tensile loading, a refined mesh with an element size of 3 mm, corresponding to 22190 elements, stabilizes the von-
Mises stresses at a value of 31.686 MPa, as illustrated in the provided Fig. 4. This element size was chosen because it marks
the point where convergence is achieved, minimizing discretization errors while optimizing computational time for maximum
efficiency. Fig. 3 show the mesh structure and the fiber orientations, obtained in the ACP module.
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Fig. 4. Convergence of von-Mises Stress as a Function of the Number of Elements
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Fig. 5. Boundary conditions and applied loads: (a) axial traction, (b) biaxial traction,
(c) axial compressive, (d) biaxial compressive

6. Results and discussion

6.1 Optimization and finite element analysis results

In this section, the tensile and compressive optimization results of hybrid composite laminates and their properties,
obtained through a genetic algorithm implemented in MATLAB, are compared with those simulated using the finite element
method (FEM), with thoroughly detailed discussions.

6.1.1  Multi-objective genetic algorithm results
6.1.1.1 Tensile optimization results

The tensile optimization results of hybrid composite laminates and their properties, obtained through a genetic algorithm
for axial and biaxial loading, are listed in Table 2. A first run of the optimization program, axial loading with an initial
population of 1000 individuals and a maximum of 800 generations, yielded a 10-layer hybrid laminate configuration with the
stacking sequence [-5:sG-ep/Osg-ep /Oacrep /SeGEp/S528G6.EP], exhibiting a maximum von-Mises stress of 30.61 MPa, a
longitudinal Young’s modulus Ex of 77.438 GPa, and a Tsai-Wu failure index of 0.033. A second run, with an initial
population of 2000 individuals and a maximum of 1600 generations, produced the same laminate configuration with identical
properties. Consequently, the first configuration, with 1000 individuals and 800 generations, was selected to optimize
computational time. Subsequently, running the optimization program for biaxial loading with a force ratio of 0.5 (defined as
R = Fy/Fx) resulted in a 10-layer hybrid laminate configuration with the stacking sequence [02sG-Ep/-90gG-Ep /O4cr-ep /0sG-
ep/02eG-Ep], showing a maximum von-Mises stress of 29.67 MPa, a longitudinal Young’s modulus Ex of 73.489 GPa, and a
Tsai-Wu failure index of 0.198. For a force ratio of 1, an 8-layer hybrid laminate configuration was obtained, with the stacking
sequence [90sG-ep/0sG-ep /-45kG-ep /45¢r-Ep /Ocr-Ep /-458G6-Ep/OsG-ep /-90EG-Ep], characterized by a maximum von-Mises stress of
37.98 MPa, a longitudinal Young’s modulus Ex of 30.362 GPa, and a Tsai-Wu failure index of 0.192. Finally, for a force ratio
of 2, a 6-layer hybrid laminate configuration was achieved, with the stacking sequence [-90gG.ep/90gG-ep /02cr-gp /9025G-Ep],
presenting a maximum von-Mises stress of 26.79 MPa, a longitudinal Young’s modulus Ex of 47.946 GPa, and a Tsai-Wu
failure index of 0.189.
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Table 2, Presentation of Tensile Loading Optimization Results.

Tensile loads Stacking sequence Von—]g?;; )stress Yourl(%;fll)lodul T:If :

index
Tensile axial [-5256£0/0sG.£p /Oacrep /SEGEP/ S25G.2P] 30.61 77.438 0.033
Temsile biaxial [0256.0/-90sc.p /Oucr-ce/Osc./Occ57] 29.67 73.489 0.198
Tensile biaxial R=1 [90sc.er/Oscer /-43xc.sr / 45CF;‘} fOcr.sr /4556 5¢/Osc.p 1-90kc. 37.98 30.362 0.192
Tensile biaxial R=2 [-90k6.£/90G.£p /Oacr-ep /90;56.£0] 26.79 47.946 0.189

6.1.1.2 Compressive optimization results

In this paragraph, we present the results of compressive optimization, listed in Table 3. For compressive under axial
loading, a 6-layer hybrid laminate configuration was obtained, with the stacking sequence [-90sc-ep/-90&G-gp /-902cF-Ep /-902EG-
ep], characterized by a maximum von-Mises stress of 21.85 MPa, a longitudinal Young’s modulus Ex of 11.077 GPa, and a
Tsai-Wu failure index of 0.178. For compressive under biaxial loading, three configurations were generated. With a force
ratio of 0.5 (defined as R = Fy/Fx), an 8-layer hybrid laminate configuration was obtained, with the stacking sequence [29gg.
gp/-13sG-ep /-15gG-Ep /-3F-EP/-6CF-EP /35G-EP /225G-EP /-18EG-EP], €xhibiting a maximum von-Mises stress of 33.566 MPa, a
longitudinal Young’s modulus Ex of 50.52 GPa, and a Tsai-Wu failure index of 0.107. For a force ratio of 1, a 6-layer hybrid
laminate configuration was generated, with the stacking sequence [3sc-ep/-4EG-Ep /02cF-Ep /-6sG-Ep / 4sG-p], characterized by a
maximum von-Mises stress of 25.57 MPa, a longitudinal Young’s modulus Ex of 70.405 GPa, and a Tsai-Wu failure index
of 0.092. Finally, for a force ratio of 2, a 8-layer hybrid laminate configuration was obtained, with the stacking sequence [-
50sG-ep/-508G-p /-458G-EP /-4520F-EP /-40EG-EP /'3OSG-EP/'25EG-EP], presenting a maximum von-Mises stress of 18.82 MPa, a
longitudinal Young’s modulus Ex of 17.657 GPa, and a Tsai-Wu failure index of 0.099.

Table 3. Presentation of Compressive Loading Optimization Results.

Compressive loads Stacking sequence Von-Mises Young's Tsai-Wu
stress (MPa)  Modul (GPa) index
Compressive axial ['90SG-EP/'90EG—EP /'902CF-EP /'902EG-EP] 21.85 11.077 0.178

Compressive biaxial [29EG-EP/ -13sG-ep /-15€G-Ep /-3 CF-EP/-OCF-EP /35G-
. .52 1
R=0.5 EP /ZZSG-EP /-18EG-EP] 33.566 503 0.107
Comp resRZs'l:le it [3sG-Ep/-4EGEP /02cF-EP /-65G-EP / 45GEP] 25.57 70.405 0.092
Compresst_ve biaxial | [-50s6-gp/-505G.Ep /-458G.EP /-452cF-EP /-408GEP /- 18.82 17.657 0.099
R=2 30sG-5p/-25EG-EP]

The optimization results presented above, obtained through a multi-objective genetic algorithm, highlight the performance
of hybrid composite laminates under various tensile and compressive loadings. These analyses enable the identification of
optimal configurations suited to the studied mechanical conditions. The following section presents the results obtained by the
finite element method (FEM), providing a direct comparison with the optimization results to assess their consistency and
reliability.

0.2 Finite element analysis results
6.2.1  Numerical validation

To validate the numerical model, this study’s results were compared with experimental and numerical data from Hatti,
Prashant S., et al. (2022). The theoretical results were calculated using Classical Laminated Theory (CLT). Hatti, Prashant S
et al. (2022) conducted a tensile study using the finite element method with ANSYS Workbench and the ACP module on
composite laminates made of E-glass /epoxy (EG-EP) plies. They compared three samples with different fiber orientations,
namely [9010], [4510], and [3010]. The tensile test was performed on samples measuring 250 mm in length and 25 mm in width.
The composite plate consisted of ten EG-EP plies, each with a thickness of 0.25 mm, resulting in a total thickness of 2.5 mm.
A tensile load was applied to two opposite sides of the plate in the X direction, with values of 5903.8 N, 5913.60 N, and 6149
N for the laminates [9010], [4510], and [301¢], respectively. To compare our results and validate our calculation model (CLPT),
we applied the same boundary conditions as those used in the study by Hatti et al. (2022). To obtain results identical to those
of the study conducted by Hatti et al. (2022), the mesh structure of the composite plate was generated using Solid 185 (3D)
elements. Convergence analyses were conducted to identify the optimal element size for accurate stress calculations. A total
0f 62500 Solid 185 elements were employed in the 3D finite element model of the composite plate, as shown by Hatti, Prashant
S et al. (2022). Table 4 presents a comparison between our results and those of that study.
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Table 4 shows the variation in stress values (in MPa) of the composite for different fiber orientations. Specifically, the
highest stress value was recorded in the composite laminates configured with a [3010] fiber orientation, reaching (98.384
MPa), while the minimum stress was obtained for the laminates with the [900] orientation (94.461 MPa). The current
predictions were found to be very close to the published results. As noted by Prashant S. Hatti et al. (2022), a slight difference
was observed between the experimental and numerical results, attributed to manufacturing imperfections and experimental
uncertainties. In contrast, the numerical results (FEM) were in perfect agreement, at 100%, with the theoretical results.

Table 4. Comparison Table for Tensile Test.

Study of Prashant S. Hatti et al. (2022) Thise study
SL.N° 6 (In degrees) Load(N) Von-Mises stress Von-Mises stress Von-Mises stress Von-Mises stress
Experimental FEA (MPa) MOGA (MPa) FEA (MPa)
(MPa)
1 90 5903 97.4 95.25 94.461 94.461
2 45 5913 101.5 99.19 94.618 94.618
3 30 6149 99.85 98.38 98.384 98.384

The simulation aimed at calculating the equivalent von-Mises stress, the longitudinal Young’s modulus Ex, and the Tsai-
Wu failure index for the configurations of hybrid composite laminates obtained via a multi-objective genetic algorithm was
performed using the ANSYS Workbench 16.2 finite element solver. This analysis provided essential information on the
mechanical behavior of the hybrid composite laminates. Fig. 6 and Fig. 7 illustrate the distribution of von-Mises stresses
under axial and biaxial tensile and compressive, produced by the simulation with a mesh size of 3 mm, as detailed in section
5.1. (Mesh Independence). For axial tensile, the hybrid laminate with the stacking sequence [-52s6-p/0sG-Ep /O4cr-ep /SEG-
ep/52s6.p] exhibiting a von-Mises stress of 31.686 MPa, a longitudinal Young’s modulus Ex of 78.738 GPa, and a Tsai-Wu
index of 0.023 shows in Fig. 9-a. For axial compressive, the laminate with the stacking sequence [-90sG.ep/-90eG-Ep /-902cF-Ep
/-902eG.ep| shows a von-Mises stress of 21.859 MPa, a longitudinal Young’s modulus Ex of 9.32 GPa, and a Tsai-Wu index
of 0.197 shows in Fig. 9-b.

For biaxial loadings, the simulations of tensile and compressive were also performed with ANSYS Workbench 16.2. For
a force ratio R = Fy/Fx equal to 0.5, the stacking [02s6-£p/-90kG-Ep /04cr-ep /0sc-Ep/O2EG-Ep] in biaxial tensile shows a von-Mises
stress of 31.391 MPa, a longitudinal Young’s modulus Ex of 8§1.926 GPa, and a Tsai-Wu index of 0.167, while the sequence
[29kG-Ep/-13sG-Ep /-158G-EP /-3 CF-EP/-6CF-EP /356-EP /225G-EP /-1 8EG-EP] In biaxial compressive presents a von-Mises stress of 34.89
MPa, a longitudinal Young’s modulus Ex of 50.102 GPa, and a Tsai-Wu index of 0.044. For R = 1, the sequence [90s.ep/0sG-
ep /-45gG.Ep /45cF-Ep /OcF-EP /-4 5EG-EP/Osc-Ep /-90EGEp] 1n biaxial tensile indicates a von-Mises stress of 37.55 MPa, a longitudinal
Young’s modulus Ex of 31.112 GPa, and a Tsai-Wu index of 0.298, while the sequence [3sc-ep/-4E6-gp /02cr-Ep /-656-EP / 456-
ep] in biaxial compressive displays a von-Mises stress of 27.926 MPa, a longitudinal Young’s modulus Ex of 73.79 GPa, and
a Tsai-Wu index of 0.096. Finally, for R = 2, the sequence [-90gG-ep/90&6-ep /02cr-ep /902s6-Ep] in biaxial tensile reveals a von-
Mises stress of 23.848 MPa, a longitudinal Young’s modulus Ex of 36.282 GPa, and a Tsai-Wu index of 0.204, while the
sequence [-50sG-gp/-50gG-gp /-458G-Ep /-4520F-Ep /-408G-EP /-305G-EP/-25EG-EP] 1n biaxial compressive shows a von-Mises stress of
14.168 MPa, a longitudinal Young’s modulus Ex of 23.06 GPa, and a Tsai-Wu index of 0.091. The values of the longitudinal
Young’s modulus (Ex) for each laminate were calculated from the stress-strain curves illustrated in Fig. 8, applying Hooke’s
law (Ex = o/e, or Ex = Ac/Ag). These calculations correspond to the stacking sequences associated with their loading
conditions, whether tensile or compressive, and axial or biaxial.
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Fig. 6. The von-Mises stress, (a) von-Mises stress of the hybrid composite plate [-5256-ep/0sG-gp /0acr-gp /SEG-EP/S256-EP]
subjected to axial tensile load. (b) von-Mises stress of the hybrid composite plate [90sc-ep/OsG-ep /-45eG-Ep /45ck-Ep /OcE-Ep /-
45g6.ep/0sG-ep /-90kG-Ep] subjected to biaxial tensile load for R=1.
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subjected to axial compressive load. (b) von-Mises stress of the hybrid composite plate [3sc-ep/-4EG-ep /02cF-Ep /-656-EP / 456-
ep] subjected to biaxial compressive load for R=1.

Following the presentation of our study’s results on the mechanical performance of hybrid composite laminates under
tensile and compressive, we now proceed to the discussion of these finding
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Fig. 9. Tsai-Wu failure indices, (a) failure indices of ply 10 for the hybrid composite plate [-52s6-ep/0sG-ep /0acr-ep /SEG-
£p/52s6.ep] subjected to axial tensile load. (b) failure indices of ply 3 for the hybrid composite plate [-90sG-ep/-90gG-Ep /-902cF-
ep/-902eG.ep] subjected to axial compressive load.

6.3 Discussion

As mentioned by NOMAN, Abdulla Al et al. (2023), fiber orientation plays a crucial role in the mechanical properties of
composite laminates. Moreover, the material of the fibers directly influences their mechanical characteristics. In the fields of
automotive, acronautics, and civil engineering, some mechanical parts are subjected to axial or biaxial tensile forces, while
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others undergo axial or biaxial compressive forces. The placement of carbon fibers in the middle of hybrid laminates results
in lower stress for the laminate compared to their position on the outside, as demonstrated in the study by KUMAR,
Kaushlendra, et al. (2024). Through multi-objective optimization, our study enables the selection of the optimal fiber
orientation as well as the type of fiber material based on specific needs and the loads to which the part will be exposed. In
general, for parts subjected to purely axial tensile forces, the fiber orientation ranges between 0° and 5°. The study by ANTO,
Anik Das et al. (2019) has demonstrated that laminates oriented at 0° exhibit stability under tensile loads, with particularly
high rigidity values. Tables 2 and 3 present the optimal fiber orientation for each type of loading, as well as the stacking
sequence of materials. Finite element method simulations, conducted using the ANSYS Workbench software, have been
performed with the same fiber orientations and loading conditions. These simulations have led to results consistent with those
obtained through optimization, particularly in terms of von-Mises stress, Young’s modulus, and Tsai-Wu index. The results
of each type of loading obtained by MOGA are compared with those of FEM in Fig. 10, Fig. 11, and Fig. 12.
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Fig. 10. Comparison of von-Mises stress between FEM and MOGA. (a) von-Mises stress for Tensile Load Conditions, (b)
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The results put in evidence the notable influence of the fiber orientation and the stacking sequence of materials (CF-EP,
EG-EP, SG-EP) on the mechanical properties of hybrid composite laminates. The hybrid laminate with the stacking sequence
[-5256-Ep/0sG-Ep /04cr-Ep /SEG-EP/S25G-EP] Shows a distinct behavior under an axial tensile load: the orientations at 0° and 5° offer
high strength, low stress, and a very low Tsai-Wu failure index, thanks to the central position of the carbon fibers (CF-EP).
These properties, obtained by MOGA and compared with those of FEM, show remarkable consistency, with percentage errors
of 1.63% for the von-Mises stress, 4.06% for the longitudinal Young’s modulus, and 30.3% for the Tsai-Wu index. The results
of the entire study are detailed in Fig. 10, Fig. 11, and Fig. 12. For axial compressive, the stacking sequence [-90sG-p/-90kG-
ep /-902cr-ep /-9028G-Ep] presents percentage errors of 0.04%, 15.86%, and 9.64%, respectively for the von-Mises stress, the
longitudinal Young’s modulus, and the Tsai-Wu index.

In contrast, the hybrid laminates under biaxial tensile, with sequentially varying fiber orientations, illustrate compromises
between strength and ductility. The stacking sequences for the force ratios 0.5, 1, and 2, namely [02s6-ep/-90EG-£p /O4cr-ep /0sG-
£p/025G-EP]s [90sG-Ep/OsG-Ep /-45kG-EP /45cF-Ep /Ock-EP /-45EG-EP/OsG-Ep /-90kG-Ep] and [-90kG-er/90kc-ep /02cr-Ep /9025G-EP], show
percentage errors of: (5.48%, 1.13%, 10.98%) for the von-Mises stress, (10.3%, 2.41%, 24.36%) for the longitudinal Young’s
modulus, and (15.65%, 33.57%, 7.35%) for the Tsai-Wu index. Finally for biaxial compressive, the stacking sequences [29&c-
£p/-13sG-ep /-158G-Ep /-3 cr-Ep/-OCF-EP /35G-EP /225G-EP /-18EG-EP], [356-EP/-4EG-EP /O2cF-EP /-65G-EP / 4sG-Ep] and [-50sc-p/-50kG-Ep /-
45kG.ep /-452cF-Ep /-40€GEP /-30sG.8p/-258G-EP]  fOr the force ratios 0.5, 1, and 2, display percentage errors of: (3.79%, 8.43%,
24.71%) for the von-Mises stress, (0.82%, 4.58%, 23.4%) for the longitudinal Young’s modulus, and (58.87%, 4.16%, 8.08%)
for the Tsai-Wu index. The FEM and MOGA methods are very useful for studying hybrid composite laminates. They provide
very close results, with small errors for the von-Mises stress: only 1.63% in axial tensile and 0.04% in axial compressive,
which proves they predict stresses well. The simulations performed using ANSYS Workbench and the genetic algorithm
implemented in MATLAB enable a robust analysis under various loadings, including axial and biaxial conditions (R=0.5, 1,
2), offering a solid foundation for optimization. These tools help to better understand the behaviors of laminates based on
their orientations and sequences.

7. Conclusion

The present study utilized a multi-objective genetic algorithm (MOGA) implemented in MATLAB to determine the
optimal configuration of a hybrid composite laminate, including the number of layers, fiber orientation, and material sequence,
with a failure condition < 0.7, which constitutes an effective strategy. This allows navigation through the complexities of
trade-offs between the stiffness, von-Mises stress, and Tsai-Wu failure index of a hybrid composite laminate subjected to
axial and biaxial tensile and compressive loads. The design variable limits were chosen to ensure the desired strength of the
hybrid composite laminate. Based on the results obtained using the genetic algorithm, a comparison with the finite element
method (FEM) was conducted, demonstrating crucial consistency of the results, and the optimized parameters were identified.
From this study, the following conclusions can be drawn:

e Increasing the number of layers and optimizing fiber orientation improve stiffness and reduce the Tsai-Wu
failure index, while controlling von-Mises stresses.

e The use of MOGA in the design of hybrid composite laminates has proven to be a reliable tool, enabling
the simultaneous optimization of multiple mechanical properties.

e The comparison with the finite element method (FEM) validated the accuracy of the results obtained by
MOGA, confirming the effectiveness of this integrated approach for the optimization of hybrid composite
laminates.

e The integration of the three materials — HS-Carbon /Epoxy (CF-EP), E-Glass/Epoxy (EG-EP), and S-
Glass/Epoxy (SG-EP) — into a single optimization problem for a laminate, in order to optimize their best
mechanical characteristics, has been successfully achieved, demonstrating the feasibility and effectiveness
of this integrated approach.
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