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Abstract 

The paper presents the development of optimisation strategies for composite materials subjected to 

impact loading. To ensure adequate impact resistance of a composite plate, the laminate plies can be 

oriented in different directions, with each ply and their combined interactions considered as design 

variables. Such an optimisation problem is highly challenging for single optimisation techniques and, 

hence, a combination of multiple methods is proposed. The main objective is to perform both discrete 

and continuous searches of the design space in order to find the optimal or near-optimal solution. For 

this purpose, a comparative study of several optimisation methods is conducted to evaluate their 

efficiency based on a defined objective function. Due to the pronounced nonlinearity of impact 

phenomena, finite element (FE) analysis is employed to assess the mechanical behaviour of composite 

materials and evaluate the objective function. The FE approach has proven both effective and reliable. 

The transient analyses are done in the commercial software package Abaqus using the explicit solver. 
(Received in May 2026, accepted in July 2026. This paper was with the authors 3 weeks for 2 revisions.) 

Key Words:  Composite Laminates, Contact-Impact Analysis, Finite Element Modelling, 

Metaheuristic Optimisation, Tsai–Wu Failure Criterion 

1. INTRODUCTION 

The development of technological solutions in modern engineering requires continuous 

improvement and innovation, particularly in the design of advanced structures subjected to 

dynamic loading conditions. Structures represent a key component of technical systems, as their 

functionality, reliability, and durability directly depend on the appropriate selection of materials 

and the optimal definition of structural characteristics. In this context, composite plates are 

increasingly employed in engineering applications where requirements for low weight, high 

strength, and enhanced resistance to impact loading are pronounced. Particular attention is given 

to low-velocity impact scenarios, which are characterised by pronounced nonlinear effects and 

complex damage mechanisms, thereby necessitating the application of advanced optimisation 

approaches. Accordingly, this study focuses on a metaheuristic–hybrid optimisation framework 

designed to optimise the structural response of a composite plate under low-velocity impact. 

      Composite materials are composed of two or more constituent materials belonging to 

metals, ceramics, or polymers, which remain distinct at the macroscopic level while forming a 

material system with enhanced properties. The advantages of composite materials include the 

ability to manufacture complex geometrical shapes, high design flexibility, integration of 

structural components during the manufacturing process, reduced processing costs, stability 

under extreme service conditions, corrosion resistance, and improved resistance to impact 

loading and fatigue [1, 2]. 

      Composite laminates, as a key class of Composite materials, are widely employed in 

applications requiring low weight, high strength, and enhanced impact resistance. Devarajan et 
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al. [3] provide a comprehensive review of natural fibre hybrid composites for ballistic 

applications, highlighting underlying damage mechanisms and failure criteria and offering 

critical insights into improving energy absorption and impact tolerance. Accurate prediction of 

structural behaviour in such complex systems requires advanced numerical methods. In this 

regard, Milić et al. [4, 5] developed formulations based on the Isogeometric Finite Element 

Method for piezoelectric laminated shells, incorporating both Reissner–Mindlin theory and 

geometrically nonlinear behaviour, enabling precise modelling of electromechanical coupling 

and large deformations. Building on this, Ćojbašić et al. [6] explored the integration of Machine 

Learning with isogeometric analysis to enhance predictive capabilities and computational 

efficiency in smart shell structures. Additionally, Rama et al. [7, 8] introduced a high-

performance 3-node shell element for linear and geometrically nonlinear analysis of composite 

laminates, demonstrating improved accuracy and efficiency in capturing complex structural 

responses. Collectively, these developments underscore the importance of combining advanced 

materials with state-of-the-art numerical techniques to optimise the performance of composite 

structures under dynamic and impact loading conditions. 

      Particular emphasis is placed on the application of composite materials for protection against 

various impact loading scenarios. Impact phenomena occur in different forms and may be classified 

into low-velocity impacts [9, 10], which are characteristic of traffic accidents, falling objects, and 

interactions in sports applications, and high-velocity impacts [11, 12], which arise in ballistic events, 

explosions, collisions with micrometeoroids in space environments, or contact with fragments 

generated by mechanical failures. The primary requirement imposed on such materials is to provide 

effective protection against impact loads while simultaneously reducing the specific weight of the 

structure. Accordingly, this study aims to contribute to the development and identification of 

stronger and lighter composite material solutions suitable for impact-resistant applications. 

      Aramid composites such as Kevlar and Twaron exhibit high tensile strength, low density, 

and superior energy absorption, making them suitable for impact-resistant applications. Several 

studies have investigated their ballistic and low-velocity impact performance [13]. 

      The investigation of impact processes in composite materials is done both numerically and 

experimentally. These processes are short-duration, highly nonlinear, and inherently complex 

phenomena involving rapid stress variations, the onset of localised damage, and the activation 

of multiple failure mechanisms [14]. Contemporary studies often adopt an integrated approach 

that combines detailed material and structural modelling with experimental validation of the 

obtained numerical results. 

      Explicit FEM formulations are widely adopted for impact simulations due to their numerical 

stability under high strain rates [15-17]. In addition, analytical ballistic models, such as 

Alekseevskii–Tate and Forrestal–Warren, are employed for rapid estimation of penetration 

behaviour, while alternative numerical approaches, including DEM, SPH, and ALE, are applied 

in extreme-deformation or fragmentation scenarios [18-22]. 

      The accurate numerical modelling of composite structures under impact loading relies on 

the appropriate selection of material models and failure criteria capable of capturing complex 

damage mechanisms. Commonly used criteria include Hashin and Puck [23, 24], which 

distinguish between different failure modes, as well as the Maximum Stress Criterion (MSTRS) 

[25], valued for its simplicity and computational efficiency. Among interactive failure theories, 

the Tsai–Wu criterion [26] is particularly significant, as it captures the interaction between 

normal and shear stresses through a quadratic failure surface, enabling an accurate 

representation of the multiaxial stress states that develop during impact events. Owing to its 

reliable prediction of composite failure under multiaxial loading, the Tsai–Wu criterion is 

widely used in numerical studies of laminated composite plates subjected to impact loading. 

      Structural optimisation is essential for reducing mass while satisfying failure constraints in 

composite laminates. Due to strong nonlinearity and high computational cost of FEM analyses, 
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metaheuristic algorithms are frequently applied. Common approaches include GA (Genetic 

Algorithm), PSO (Particle Swarm Optimisation), DE (Differential Evolution), SA (Simulated 

Annealing), ACO (Ant Colony Optimisation), and ES (Evolutionary Strategies) [27-32]. In this 

study, Genetic Algorithm and Particle Swarm Optimisation are comparatively evaluated within 

a hybrid optimisation framework to combine GA’s global search capability and PSO’s fast 

convergence for efficient optimisation. The novelty of the proposed approach lies in the 

integration of finite element based impact analysis with hybrid metaheuristic optimisation to 

identify optimal ply orientations that improve impact resistance, while maintaining 

computational efficiency. 

2. THEORETICAL BACKGROUND AND METHODOLOGY 

The study adopts the Tsai–Wu criterion expressed in terms of a safety factor, with the 

corresponding failure index used as the objective function. After defining the objective 

function, optimisation strategies based on both discrete and continuous approaches are 

introduced. The grid search method is employed to explore the entire design space using a 

constant step size, with the aim of identifying the region near the minimum. In a subsequent 

step, the Genetic Algorithm and Particle Swarm Optimisation are employed to refine the search 

within the identified region and to evaluate their efficiency in locating optimal solutions. 

2.1  Tsai–Wu failure criterion 

The Tsai–Wu failure criterion provides an interactive polynomial framework for modelling 

failure behaviour in anisotropic composite materials subjected to multiaxial stresses. It 

expresses the combined effect of normal and shear stresses through a single scalar parameter, 

the Failure Index IF, which represents their mutual interaction. Failure is predicted when the 

Failure Index reaches or exceeds unity (IF ≥ 1), while values below unity indicate a safe 

structural state. 

𝐼𝐹 = 𝐹1𝜎11 + 𝐹2𝜎22 + 𝐹11𝜎11
2 + 𝐹22𝜎22

2 + 𝐹66𝜎12
2 + 2𝐹12𝜎11𝜎22 < 1 (1) 

 𝐹1 =
1

𝐹1𝑡
+

1

𝐹1𝑐
,      𝐹2 =

1

𝐹2𝑡
+

1

𝐹2𝑐
,      𝐹11 = −

1

𝐹1𝑡𝐹1𝑐
,     𝐹22 = −

1

𝐹2𝑡𝐹2𝑐
,     𝐹66 =

1

𝑆2
 (2) 

where σ1 and σ2 correspond to the normal stresses, while σ12 denotes the shear stress component. 

The coefficients F1, F2, F11, F22, F66, and F12 are derived from the material strength properties, 

including longitudinal tensile and compressive strengths F1t, F1c, transverse tensile strengths 

F2, F2c, and the in-plane shear strength S. The linear terms represent the contribution of normal 

stresses, while the quadratic terms account for individual stress components, and the interaction 

term captures the coupling between longitudinal and transverse stresses. By reformulating Eq. 

(1), the Tsai–Wu criterion can be expressed as quadratic Eq. (3), where the safety factor Sf is 

an unknown variable. 

𝐹1𝑆𝑓𝜎11 + 𝐹2𝑆𝑓𝜎22 + 𝐹11𝑆𝑓
2𝜎11
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 𝑎𝑆𝑓
2 + 𝑏𝑆𝑓 − 1 = 0 (4) 

      The coefficient a groups all quadratic stress terms, including the stress interaction term, 

while the coefficient b represents the linear contribution of the normal stresses. 

𝑎 = 𝐹11𝜎11
2 + 𝐹22𝜎22

2 + 𝐹66𝜎12
2 + 2𝐹12𝜎11𝜎22           𝑏 = 𝐹1𝜎11 + 𝐹2𝜎22 (5) 

      Solving this quadratic equation yields the safety factor, which quantifies the allowable 

scaling of the applied stress state before failure occurs. Values of Sf > 1 indicate a safe condition, 

whereas Sf  ≤ 1 signifies failure onset: 
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𝑆𝑓𝑎 =
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      Here, Sfa is the allowable safety factor for the actual stress state, calculated using the positive 

root of the quadratic formula, while Sfr represents the safety factor for the reversed stress state, 

obtained from the negative root and taken as the absolute value to ensure a positive safety factor. 

2.2  Grid search method 

The grid search method, often referred to as the scanning method, is a straightforward and 

robust technique for determining the minimum value of an objective function over a specified 

domain. The method evaluates the function at discrete points, and increasing the point density 

or reducing the step size improves the accuracy and the likelihood of identifying an extremum. 

It does not require derivatives, and constraints can be easily incorporated as inequalities, which 

simplifies its implementation. A constant-step grid search framework is used, delivering a 

simple and effective way to determine the minimum of the objective function while ensuring 

computational efficiency. 

2.3  Metaheuristic methods 

Metaheuristic algorithms are a class of optimisation techniques designed to efficiently explore 

complex and nonlinear search spaces. Unlike classical optimisation methods, they do not 

require gradient information and can escape local extrema to identify promising regions in the 

design space. These algorithms are inspired by natural or physical processes, such as biological 

evolution, swarm behaviour, or annealing, and iteratively improve candidate solutions based on 

stochastic rules. In this study, metaheuristic methods, including the Genetic Algorithm and 

Particle Swarm Optimisation, are employed to perform a continuous search of the design space, 

enabling effective evaluation of ply-angle configurations for the composite plate while 

comparing the efficiency of different optimisation strategies. 

      Genetic Algorithm (GA) is an adaptive search method that simulates natural evolutionary 

processes on a population of potential solutions. Candidate solutions, represented as 

chromosomes, undergo selection, crossover, and mutation operations to generate successive 

generations, gradually improving the population toward optimal solutions. GA is particularly 

effective in exploring large, discrete, or combinatorial design spaces, such as the ply-angle 

configurations of composite laminates. 

      Particle Swarm Optimisation (PSO) is a population-based optimisation method inspired 

by the collective movement of animals such as birds and fish. In this method, each particle 

represents a candidate solution and updates its position based on both its personal best and the 

swarm’s global best solution. PSO is efficient for continuous optimisation problems, offering 

fast convergence while maintaining the ability to explore multiple regions of the search space. 

      GA and PSO are employed to optimise the composite plate, allowing a comparison of their 

performance in finding the extremum of the objective function based on the Tsai–Wu safety factor. 

      Pareto Optimisation is a multi-objective optimisation approach used when a problem 

involves two or more conflicting objectives. A solution is considered Pareto optimal if no 

objective can be improved without worsening at least one other objective. The set of optimal 

compromise solutions constitutes the Pareto front, assisting engineers in identifying the design 

that best aligns with project objectives. Hence, the multi-objective optimisation problem can be 

formulated as: 
min
𝑥∈Ω

𝐹(𝑥)[𝑓1(𝑥), 𝑓2(𝑥), … , 𝑓𝑛(𝑥)] (7) 

where x represents the design variables, Ω denotes the feasible design space, and fi(x) are the 

objective functions. A solution x* is considered Pareto optimal if there does not exist any 

alternative feasible solution x ∈ Ω such that: 
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𝑓𝑖(𝑥) ≤ 𝑓𝑖(𝑥∗) ∀𝑖, 𝑓𝑗(𝑥) < 𝑓𝑗(𝑥∗) for at least one j (8) 

      Since Pareto optimisation provides a set of optimal solutions, a decision rule is required to 

select a single solution. One common approach is the Weighted Sum Method, where the 

objective function is defined in Eq. (9) as: 

min 𝐽(𝑥) = ∑ 𝑤𝑖𝑓𝑖(𝑥)

𝑚

𝑖=1

, where 𝑤𝑖 ≥ 0, ∑ 𝑤𝑖

𝑚

𝑖=1

= 1 (9) 

      The weights wi reflect the decision-maker's priorities among the different objectives. 

3. FINITE ELEMENT MODELLING AND OPTIMISATION 

3.1  Geometry and FE mesh 

Finite element models with properly discretized domains are employed to analyse the contact 

interaction between an impactor and a composite plate. The impactor and composite plate 

geometries are shown in Fig. 1. The 100 × 100 mm composite plate is modelled with shell 

elements of type S4R (Fig. 1 a). Its material properties include both elastic and plastic 

behaviour. The plate consists of three layers, each 1 mm thick, totalling 3 mm in thickness. In 

the optimisation procedure, the fibre orientation angles of the plies and the corresponding ply 

thicknesses are treated as design variables. To improve analysis accuracy, mesh refinement was 

applied in the plate's central region where contact with the impactor occurs. This represents a 

simplified composite model that captures the cumulative response of the constituent fibre and 

matrix phases within each layer. The impactor is ellipsoidal, with a semi-major axis of 10.5 mm 

and a semi-minor axis of 4.5 mm, resembling a bullet for its penetrating capabilities. Made from 

two different materials, the impactor features a core and a jacket, as shown in Fig. 1 b. The 

jacket has a uniform thickness of 1 mm, and the overall impactor mass is 8 g. The impactor is 

represented as a deformable structure discretized with 35,388 quadratic tetrahedral elements 

of type C3D10M. 

a)

  

b)

 

Figure 1: Finite element discretization: a) Composite plate, b) Impactor. 

3.2  Material properties 

The material properties of both the impactor and the composite plate were defined to accurately 

capture their mechanical response in the numerical simulations. The impactor was modelled as 

a bi-material structure consisting of a brass jacket and a lead core. The constitutive behaviour 

of both materials was described using the Johnson–Cook model, and implemented in software. 

      For the composite plate, Kevlar 49 was selected, which indicated its suitability for impact 

loading conditions. The material properties adopted in the two-dimensional finite element 

model of the plate are presented in Table I. 
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Table I: Mechanical properties of Kevlar 49/Epoxy unidirectional lamina. 

Property Value Unit 

Density, ρ 1380 kg/m3 

Young’s modulus in the fibre direction, E1 80 ‧ 103 MPa 

Young’s modulus in the transverse direction, E2 5.5 ‧ 103 MPa 

Young’s modulus in the through-thickness direction, E3 5.5 ‧ 103 MPa 

In-plane Poisson's ratio, υ12 0.34 -     

Fibre-thickness Poisson's ratio, υ13 0.34 - 

Transverse-thickness Poisson's ratio, υ23 0.40 - 

In-plane shear modulus, G12 1.8 ‧ 103 MPa 

Fibre-thickness shear modulus, G13 2.2 ‧ 103 MPa 

Transverse-thickness shear modulus, G23 2.2 ‧ 103 MPa 

Tensile stress in the fibre direction, F1t 1400 MPa 

Compressive stress in the fibre direction, F1c -335 MPa 

Tensile stress in the transverse direction, F2t 30 MPa 

Compressive stress in the transverse direction, F2c -158 MPa 

Critical shear stress, S 49 MPa 

3.3  Initial and boundary conditions 

After the definition of the models and the assignment of material properties, the initial 

conditions and boundary constraints were specified to prepare the numerical simulations. The 

impactor was initially located above the composite plate and assigned a velocity of v3 = 25 km/h 

(~7 m/s). The composite plate was fully supported along all four edges by restricting all 

translational (U1 = U2 = U3 = 0) and rotational (UR1 = UR2 = UR3 = 0) degrees of freedom. The 

impactor hits the plate at its centre at a right angle (90°). In this way, it generates the maximum 

normal impact load and, consequently, represents the worst-case scenario. 

3.4  Optimisation procedures 

This section presents an optimisation framework that integrates the grid search method and 

metaheuristic algorithms to identify the optimal solution. The objective is to demonstrate the 

efficiency of the proposed procedure in optimisation problems. The process involves coupling 

the MATLAB software package (version 2024b) with the FEM software Abaqus (version 

2024), enabling full automation of the iterative procedure where MATLAB controls the 

optimisation process using implemented algorithms, while Abaqus performs finite element 

analyses to evaluate structural performance. Optimisation is first conducted by exploring the 

entire design space, after which metaheuristic algorithms perform a more detailed search within 

the region identified in the initial phase. 

      In the initial stage, a fixed-step grid search method is applied to identify the potential region 

containing the minimum of the objective function. Subsequently, metaheuristic optimisation 

methods perform a refined search within the defined space to more accurately locate the desired 

minimum. Two metaheuristic approaches are employed: the Genetic Algorithm (GA) and 

Particle Swarm Optimisation (PSO). 

      Two optimisation processes were established. In the first, the objective function was defined 

to preclude damage initiation in the bottom (last) ply in accordance with the Tsai–Wu failure 

criterion, considering variations in the fibre orientation of one, two, and all three plies of the 

composite laminate. In the second process, a structural optimisation framework aimed at mass 

reduction was employed, in which the objective function corresponded to the minimisation of 

the plate thickness, while simultaneously enforcing a constraint to prevent damage in the bottom 

ply, prescribed through a safety factor of λ = 1.2. In this process, the design variables comprise 
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the fibre orientation angles and the thicknesses of all three plies, resulting in a total of six 

optimisation parameters. 

      The Tsai–Wu failure index is obtained from Abaqus numerical simulations, while the 

minimisation procedure is performed using optimisation algorithms implemented within the 

MATLAB environment. The optimisation is performed by varying the design parameters, and 

the optimal solution is obtained based on the completed iterative search cycles and satisfied 

convergence criteria. 

4. RESULTS AND DISCUSSION 

4.1  One-parameter optimisation 

The results of the one-parameter optimisation are presented in Table II. The variable design 

parameter is the fibre orientation angle in the last laminate ply (on the side opposite to the 

impact location), θ₃, while the objective function is defined by the Tsai–Wu coefficient 

(TSAIW). The stacking sequence begins with two plies of fixed orientations, defined as  

θ₁ = 45° and θ₂ = −45°. The results were obtained through numerical analyses in Abaqus using 

a discrete grid search method, as well as continuous optimisation employing the Genetic 

Algorithm and Particle Swarm Optimisation. A comparative overview of the results obtained 

by these methods is given in Table II. 

Table II: Comparison of one-parameter optimisation results. 

Grid Search Genetic Algorithm Particle Swarm 

ϴ3 [deg] TSAIW ϴ3 [deg] TSAIW ϴ3 [deg] TSAIW 

6 1.56339 5.95315 1.553483 5.97860 1.553487 

      Fig. 2 illustrates the optimisation convergence curve obtained from the numerical analysis. 

a)

  

b)

 

Figure 2: Distribution of Tsai–Wu coefficients for a) one-parameter, b) two-parameter optimisation 

cases. 

      The analysis employed a step size of Δθ = 1° over the interval 0° ≤ θ ≤ 179°, resulting in 

180 numerical evaluations. The step size is selected to ensure a smooth variation of the objective 

function along the search path. The reported results correspond to plate element 25051, 

positioned on the surface opposite the impact site and directly interacting with the impactor. In 

each simulation, the time instant corresponding to the maximum value of the TSAIW coefficient 

was recorded. A continuous search of the minimum region was carried out within the interval 

from 0° to 10° using the GA with a population size of 10, over 20 generations, and a 

convergence tolerance of 10⁻⁴. In addition, PSO was performed over the same range with a 

swarm size of 10 and a maximum of 20 iterations. 
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      Fig. 2 a shows the best solutions identified by the three methods. The obtained values are 

very close, indicating good convergence of the methods. However, since the objective function 

value exceeds the prescribed limit, it is necessary to adjust the initial parameters, namely the 

fibre orientation angles in the first two plies. 

4.2  Two-parameter optimisation 

In the two-parameter optimisation framework, the design variables are θ₂ and θ₃, representing 

the fibre orientations of the second (middle) and third plies (farthest from the impact location), 

while the first ply orientation is fixed at θ₁ = 45°. The analysis refers to the same plate element 

25051, with the relevant value extracted at the instant corresponding to the peak TSAIW 

coefficient in each simulation. A grid search of the design space was conducted over the domain 

0–170° × 0–170° with a step size of Δθ = 10°, resulting in a total of 324 (18²) simulations. For 

the continuous search of the minimum region, the Genetic Algorithm and Particle Swarm 

Optimisation were applied, as in the previous case, with the search space restricted to  

θ₂ = [60, 80°] and θ₃ = [−10, 10°]. 

      In the Genetic Algorithm, a population size of 20 individuals was used over 20 generations 

with a convergence tolerance of 10⁻⁴. For the PSO method, the swarm size was set to 20 and 

the maximum number of iterations to 20. Fig. 2 b shows the search results, while Table III 

summarizes the best results obtained by all three methods. It can be observed that the continuous 

optimisation further improves the results obtained by the discrete search. Moreover, the 

objective function value falls within the acceptable limit (≤ 1). 

Table III: Comparison of two-parameter optimisation results. 

Grid Search Genetic Algorithm Particle Swarm 

ϴ2 [deg] ϴ3 [deg] TSAIW ϴ2 [deg] ϴ3 [deg] TSAIW ϴ2 [deg] ϴ3 [deg] TSAIW 

70 0 0.733562 66.5 -1.96111 0.70782 66.93103 -1.53299 0.70745 

4.3  Three-parameter optimisation 

A full grid search was conducted over the 3D domain [0°, 165°] × [0°, 165°] × [0°, 165°] with 

Δθ = 15°, resulting in 1728 (12³) computational runs. A continuous search of the minimum 

region was then carried out within the narrowed intervals θ₁ = [120, 150°], θ₂ = [90, 120°], and 

θ₃ = [−15, 15°]. 

      The Genetic Algorithm was implemented with 30 individuals over 30 generations and a 

convergence tolerance of 10⁻⁴, in contrast to Particle Swarm Optimisation, which used a swarm 

of 30 particles and 30 iterations. The obtained results are presented in Table IV. Based on the 

comparison, it can be concluded that the three-parameter optimisation provides further 

improvement over the two-parameter solution. 

Table IV: Comparison of three-parameter optimisation results. 

Grid Search Genetic Algorithm Particle Swarm 

ϴ1  

[deg]  

ϴ2  

[deg] 

ϴ3  

[deg] 
TSAIW 

ϴ1  

[deg]  

ϴ2  

[deg] 

ϴ3  

[deg] 
TSAIW 

ϴ1  

[deg] 

ϴ2  

[deg] 

ϴ3  

[deg]  
TSAIW 

135 105 0 0.599 133.464 106.927 -0.091 0.58444 133.439 106.86 -0.157 0.58441 

4.4  Comparison of results by optimisation order 

Tables V and VI report the optimal results for one-, two-, and three-parameter cases, obtained 

via a hybrid of fixed-step grid search and metaheuristic optimisation. Increasing the number of 

design variables enhances optimisation performance but also raises computational cost and 
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memory demand (Table V). All simulations were conducted on an eight-core 3.90 GHz 

processor with parallel processing, ensuring stable and efficient dynamic explicit analyses. 

Table V: Grid search efficiency and resource requirements across optimisation complexity levels. 

One-parameter Two-parameter Three-parameter 

TSAIW 
Time 

[h] 

Memory 

[GB] 
TSAIW 

Time 

[h] 

Memory 

[GB] 
TSAIW 

Time 

[h] 

Memory 

[GB] 

1.56339 1.5 175 0.733562 2.7 315 0.598807 14.4 1630 

      Using continuous metaheuristic methods reduces the search space, decreasing the number 

of simulations and overall computation time. Moreover, only the best solution is retained, 

eliminating the need to store individual simulation data. Table VI presents a comparison of the 

results from GA and PSO. 

Table VI: Metaheuristic optimisation results vs problem complexity. 

Optimisation 
One-parameter Two-parameter Three-parameter 

TSAIW TSAIW TSAIW 

GA 1.553483 0.70782 0.58444 

PSO 1.553487 0.70745 0.58441 

4.5  Multi-objective optimisation 

As the preceding optimisation resulted in additional margin with respect to the damage safety 

factor, a multi-criteria optimisation procedure was subsequently conducted. Besides satisfying 

the damage constraint TSAIW ≤ 1, with prescribed safety factor (λ = 1.2), the optimisation 

framework incorporated the reduction of composite ply thicknesses, thereby enabling structural 

optimisation through mass minimisation. The thickness of each individual layer was 

constrained within the interval of 0.5–1 mm. The Pareto-based optimisation identified three 

feasible solutions that fulfilled the imposed constraints. A multi-criteria decision-making 

procedure was then applied in accordance with Eq. (10). Equal weighting factors were adopted 

(w₁ = 0.5 and w₂ = 0.5), and the optimal solution corresponded to the configuration exhibiting 

the maximum thickness reduction, which further confirms the efficiency and robustness of the 

proposed optimisation strategy. 

𝐹 = 𝑓1(𝑥)𝑤1 + 𝑓2(𝑥)𝑤2 (10) 

      Taking into account that, in certain design configurations, the TSAIW coefficient exceeded 

the allowable limit by more than three times (TSAIW > 3), and that the optimised solution 

resulted in a 1.72-fold reduction in mass relative to the initial configuration (t₀ = 3 mm, m₀ = 39 

g; t₁ = 1.74 mm, m₁ = 22.7 g), the efficiency and reliability of the proposed methodology are 

clearly validated. The results obtained through the Pareto-based optimisation procedure are 

summarised in Table VII. 

Table VII: Results of Pareto optimal design. 

Pareto optimal solution f1(x) f2(x) Decision 

ϴ1 [deg] ϴ2 [deg] ϴ3 [deg] t1 [mm] t2 [mm] t3 [mm] λ‧TSAIW  tu [mm] w1 w2 Fi 

132.6252 105.7057 -0.6236 0.5257 0.6466 0.5720 1.0054 1.7443 

0.5 0.5 

1.3748 

133.8582 107.4459 -0.0221 0.9173 0.8964 0.8907 0.7352 2.7044 1.7198 

132.9345 107.2417 -0.5277 0.6383 0.6835 0.6061 0.8968 1.9279 1.4123 

        Fmin 1.3748 

4.6  Results of Finite Element Analysis 

The analysis was conducted using an explicit dynamic solver over a total simulation time of  

t = 2 × 10⁻⁴ s. An adaptive time incrementation scheme was utilised to preserve numerical 
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stability, producing 20,646 increments. The results provide insight into the deformation and 

stress evolution of the composite plate under impact loading. For clarity, the distribution of the 

damage coefficient (TSAIW) is shown in Fig. 3. 

a)    b)

 

Figure 3: Contour plots of the composite plate: a) TSAIW Layer 1 top surface; b) TSAIW Layer 3 bottom 

surface. 

      Specifically, Fig. 3 a illustrates the stress response on the upper surface of the first layer, 

whereas Fig. 3 b depicts the corresponding stress field on the lower surface of the final layer at 

time t = 1 × 10⁻⁵ s. The considered laminate features a stacking sequence of 132.6252° / 

105.7057° / −0.6236°, with individual ply thicknesses of 0.5257 mm, 0.6466 mm, and 0.572 

mm. 

5. CONCLUSION 

An optimal design for a composite plate under impact loading was achieved through the 

integration of numerical simulations and advanced optimisation techniques. The impactor, 

characterised by a prescribed kinetic energy, was modelled using the Johnson–Cook plasticity 

formulation combined with a damage evolution model, providing an accurate representation of 

the deformable impact response. The initial design parameters, including geometry, number of 

plies, and constituent materials, were kept constant, while the optimisation process targeted 

fibre orientation and ply thickness, resulting in a reduction of structural mass. Kevlar 49 fibres 

were selected due to their high energy absorption capacity and impact resistance. 

      The optimisation strategy combined grid search and metaheuristic methods utilising the 

Tsai–Wu failure criterion. Both discrete and continuous approaches yielded feasible solutions, 

while the hybrid method improved efficiency, robustness, and accuracy through a balanced 

exploration-exploitation strategy. The obtained mass reduction and optimised ply 

configurations are practically significant as they enable the design of lighter composite 

structures while maintaining structural integrity, thereby improving efficiency in impact-

resistant engineering applications. 

      The study is limited to low-velocity impact conditions, simplified geometry, a restricted 

number of plies, and a predefined material system. The two-dimensional discretized model 

employed elastic properties, allowing monitoring of the objective function up to the onset of 

initial damage, but not the prediction of complete structural collapse. 

      Future research will address current limitations by incorporating complex geometries, 

variable stacking sequences, and a broader material set, together with experimental validation 

under controlled laboratory conditions. The increase in optimisation variables in multi-layer 

composite systems significantly raises computational cost, highlighting the need for efficient 

and accurate advanced metaheuristic-hybrid optimisation techniques for reliable solutions. 
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  F =   f 1  ( x )   w 1 +   f 2  ( x )   w 2


   min ⁡  J  ( x ) =   ∑  i = 1  m    w  i   f  i  ( x ) ,     where   w  i ≥ 0 ,     ∑  i = 1  m    w  i = 1


    f  i  ( x ) ≤   f  i  (   x ∗ )   ∀ i ,     f  j  ( x ) <   f  j  (   x ∗ )


       min  x ∈ Ω ⁡  F ( x ) ⁡   [   f 1  ( x ) ,   f 2  ( x ) , … ,   f  n  ( x ) ]


    S  f a =   − b +    b 2 + 4 a  2 a                         S  f r =  |   − b −    b 2 + 4 a  2 a |


  a =   F 11   𝜎 11 2 +   F 22   𝜎 22 2 +   F 66   𝜎 12 2 + 2   F 12   𝜎 11   𝜎 22                       b =   F 1   𝜎 11 +   F 2   𝜎 22


    a   S  f 2 + b   S  f − 1 = 0


    F 1     S  f 𝜎 11 +   F 2     S  f 𝜎 22 +   F 11   S  f 2   𝜎 11 2 +   F 22   S  f 2   𝜎 22 2 +   F 66   S  f 2   𝜎 12 2 + 2   F 12     S  f 2 𝜎 11   𝜎 22 = 1


      F 1 =  1    F  1 t +  1    F  1 c ,               F 2 =  1    F  2 t +  1    F  2 c ,               F 11 = −  1    F  1 t   F  1 c ,             F 22 = −  1    F  2 t   F  2 c ,             F 66 =  1    S 2


    I  F =   F 1   𝜎 11 +   F 2   𝜎 22 +   F 11   𝜎 11 2 +   F 22   𝜎 22 2 +   F 66   𝜎 12 2 + 2   F 12   𝜎 11   𝜎 22 < 1

