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Introduction
The concepts of low-speed, noise, independent of wind direction, as well as an economic 
perspective, are among the reasons for deploying vertical wind turbine (VAWT). Effi-
cient deployment of a VAWT remains in the low-speed wind, which is a crucial advan-
tage over horizontal wind turbines (HAWT). Another beneficial advantage of VAWT 
is the acceptance of the wind from any direction; besides, the production of VAWT is 
simpler than HAWT. These advantages make VAWT more adequate for deploying on 
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the building rooftop and small-scale entities. The rooftop affects the choice of wind tur-
bine type because the shape impacts the airflow above the buildings. HAWT is better for 
doom and flat roofs; otherwise, VAWT is preferred [1–3]. Moreover, the VAWT has a 
lower sound level while operation compared to HAWT. Different types of VAWT exist 
including the Darrieus, H-rotor, and the Savonius. The H-VAWT is a better economic 
choice in comparison to Darrieus VAWT due to the simplicity of structure and no need 
for pitch or gearbox mechanisms [4]. Economist recommendation is focusing on opti-
mization of wind turbines design aspects including size, blade material, control devices, 
forecasting techniques, and financial funds. Besides, the contribution of the rotor blade 
cost to overall cost is 22% as estimated in [5]. Hence, the blade design becomes the con-
cern of diverse scientific fields, including structural design, aerodynamic analysis, airfoil, 
and material selection, additionally optimization approaches.

The blade inertia has a higher contribution to the blade deformation compared to 
aerodynamic loads at the normal working speed [6]. The rigid/flexible nonlinear model 
investigates the blade’s structural dynamic behavior in unsteady wind conditions. The 
models state that the structural design of the blade should consider the dynamic stiffen-
ing effect. Moreover, the structure could be manufactured from short fiber composite 
material as it has a different behavior compared to the continuous fiber material [7]. The 
simulation of VAWT in unsteady wind conditions needs further intention, especially in 
conditions that could affect the structure behavior leading to catastrophic sudden fail-
ure. Optimizing the fiber orientation angle and the strength to weight ratio, where a 90° 
is recommended to reduce the maximum stress and deflection [8].

Design load cases depend on operational and external conditions. The requirements 
recommended by IEC61400-1 and Germanischer Lyoyd (GL) for the HAWT are unsuit-
able to VAWT. The ultimate strength analysis is considered for both regular and extreme 
conditions. However, the fatigue analysis depends only on the regular conditions, 
since the extreme conditions rarely occur [9]. Other working conditions that should be 
included are a startup, normal shutdown, and emergency stop. Furthermore, numeri-
cal analysis of VAWT H-rotor blade structure against the extreme operating conditions 
stated in IEC standards to determine the material that could support the maximum load 
[10].

The optimization of the vertical wind turbine aerodynamic performance represents 
a focus of research. These researches include modifying airfoil shape parameters using 
genetic algorithm [11], coupling aerodynamic and structural objectives into Pareto 
selection [12], selecting the optimum value of five operating factors using the Tagu-
chi method [13], and other special codes for optimization [14, 15]. The finite element 
method was applied for computational fluid dynamics with a structure interaction 
model [16]. However, this method does not relate extensive structure analysis for the 
study. The coupling of the aerodynamic and structural optimization was introduced 
for the design of HAWT blades [17]. ANSYS commercial software package was used in 
optimizing the blade structural design; by integration with WTBM wind turbine blade 
modeler, the computation time was 16 days [18].

VAWT blade structure optimization integrates the improvement of performance, 
economy, and structural integrity. Design parameters are interrelated, which requires 
complex optimization is recommended to solve the problem. Lamina stacking sequence 
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is optimized by integrating finite element analysis and genetic optimization algorithm. 
The model constraints are buckling analysis, modal analysis, blade deformation, and 
stress distribution. The objective is weight reduction over the ELECTRA 30 kW exist-
ing model [19]. The presented model achieved a weight reduction of 17.4%, and the final 
weight is 228 kg. Another approach to optimize a beam weight, fundamental frequen-
cies, and the total cost used the particle swarm algorithm for optimization of hybrid 
composite material structure. The approach includes the parameters thickness, orienta-
tion, volume fraction, matrix and fiber material used, and the number of laminae [20]. 
Moreover, the genetic algorithm is deployed in solving the problem of composite lamina 
stacking sequence [21] and the harmony search algorithm [22]. The concept of cost nor-
malizing to unbind the cost from currency exchange and price changes was introduced 
by [23] as a material comparison. However, this concept could have enhanced optimiza-
tion model efficiency.

Research on structure design and optimization investigates the VAWT structure integ-
rity, life, and durability. However, theoretical investigations are not accurate compared 
to experimentation. Hence, a validation and conforming procedure are introduced to 
ensure the durability of the VAWT structure and to prevent any further hazards due to 
sudden structure failure. The procedure is called ultimate load tests including dynamic 
crash, and uniformly distributed static load tests, which could experimentally determine 
the maximum working condition and load [24].

Concluding, the literature survey shows that blade design is constrained to manifold 
design aspects and affected by discordant parameters. Moreover, the previous research 
did not focus on time and computation resources, besides the lack of addressing a vari-
ety of design parameters and variables for blade design. Consequently, the blade design 
optimization challenge is focused on interrelated variables and interchangeable design 
alternatives; furthermore, the focus is on computational improvement; those are the 
aims of the presented approach.

The study emerges the objectives of COP27 and the concept of sustainable designs by 
introducing structural optimization for device harvest energy from renewable source. 
Nowadays, the need for having renewable energy source in residence and houses is 
growing quickly, to enable such idea the design stage should be shorten, flexible, and effi-
cient. VAWT has great potential to be an adaptable residence renewable energy device. 
The structural optimization approaches introduced herein could be used in improving 
the design of VAWT to wide their usage economically and efficiently.

This paper addresses and solves the challenges of blade design optimization. The 
aim is to presents a novel approach to reduce time and computation resources. As well 
as it covers various design parameters and variables. This is done through augmenta-
tion of using an artificial intelligence search algorithm to improve the design efficiency 
and maintain better behavior. The approach novelty is the hypothesis for analysis and 
employment of an empirical method for estimating the geometric cross-sectional prop-
erties. Regarding the cost objective, the concept of the cost index of the material selec-
tion tradeoff is developed. The current paper is limited to the static analysis, design and 
optimization. The dynamic effects are not considered herein.

The paper is arranged such as blade design parameters are discussed including the 
loading, geometric and material aspects. The parameterization section focuses on the 
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load analysis hypothesis, composite material parameters and limitations, the cost index-
ing, and the cross-sectional geometric properties and then the optimization models for-
mulation, introducing the concept of genetic algorithm. The method of introducing the 
design parameterization into the optimization model and the embedding of the genetic 
algorithm are discussed in the optimization section. The results’ discussion starts with 
ANSYS comparison to the presented approach; then, the results are compared to the 
ANSYS for validation. After that, the comparison between the four optimization models 
is discussed.

Blade design parameterization
Vertical-axis wind turbine blades are designed to sustain working and operating condi-
tions. According to cited publications, and design codes, these conditions are operation 
in normal and maximum wind speeds, parking condition, sudden stop, and starting con-
dition. In this section, the blade design aspects and parameterization are discussed. The 
parameters include the geometric properties, the material specification, and the loads 
applied on the blade. The blade parameters are shown in Fig.  1 including the lamina 
design parameters, the rotation angle (ω), and the rotor radius (R).

Geometric parameters

There are three common cross-sectional configurations: shell with no, single, or dou-
ble shear webs. Consequently, the design parameters will vary according to the pro-
posed design. Structure with shear web(s) requires extra design parameters to define the 
optimum location of the shear web(s). The web thickness could be varying also, which 
requires addressing extra parameters to the optimization model.

Geometric cross-sectional properties used in the current model include the cross-
sectional area, first and second moment of area, polar moment of area, the center of 
mass, and aerodynamic center. The approach depends on the estimation of these values 

Fig. 1  The parameters of VAWT and the blade
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by an empirical formula for every airfoil designation. Figure 2 shows the variation of the 
selected geometric properties for NACA 0021 against the thickness domain according 
to the shape constraint. The empirical formulas are polynomial equation, the equation 
degree depends on the properties to be estimated, and the empirical formula used for 
cross-sectional area is second degree polynomial function.

Material parameters

Blades under consideration are made from different forms of composite laminate mate-
rial, as shown in Tables 1 and 2. The investigated structure is of unidirectional angled 
lamina type. Besides, the approach presents four investigation models. The first model 
material parameters are lamina thickness and fiber orientation. The second model mate-
rial parameters are fiber material, lamina thickness, and fiber orientation. The third 
model material parameters are volume fraction, lamina thickness, and fiber orientation, 
while the fourth model material parameters are fiber material, matrix material, volume 
fraction, lamina thickness, and fiber orientation.

The parameters introduced for each design scenario are interrelated and have vari-
ables’ limitations. Based on manufacturing restrictions, the thickness should be 
constrained to the lamina thickness and should be determined as the number of sub-
laminae in each lamina, to mimic the manufacturing methods. Due to the production 
techniques, the preferred orientation angles measured from the z-axis are 0°, ±30°, ±60°, 
and ±90°. Furthermore, the conditions of maximum and minimum volume fraction 
impose limits on it.

Loading parameters

The aerodynamic load comprises the main external force affecting the blade. The study 
considers the resultant effective load at the aerodynamic center, in the form of tangen-
tial, normal, and moment as a function in azimuth angle. Figure 3 shows the fluctuation 
of aerodynamic loads in respect to azimuth angle changes and wind speeds; observ-
ing the maximum and minimum loads are occurring at a limited number of angles as 
marked in the figure for the maximum loads, the aerodynamic data is extracted from 
[26]; the turbine parameters are typically shown in Table 3. The selection of maximum 
and minimum loads for each component leads to a limited number of load cases.

The normal wind condition states imply the range of operating speed, which affects 
the inertia load at the mass center. In addition, the inertia load is considered as the dom-
inating static strength factor for the design evaluation. Inertia load depends on the rota-
tions speed and the blade mass which results in a high centrifugal load. The deformation 
due to inertia load is higher than the aerodynamic load, where the design of the blade 
depends on the surviving the inertia load in the static evaluation [6, 10, 24].

Methods
The proposed models are concerned with minimizing blade weight and cost index while 
maintaining the constraints of geometric and structural safety. The formulation of the 
optimization model depends on the sub-models for evaluating the mass, the cost index, 
the strength, and the geometric characterization. The optimization model is formulated 
according to the characteristics and nature of design parameters, decision variables, and 
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Fig. 2  Curve fitting empirical formula for selected geometric properties. a and b are the second moment of 
area at y-axis and x-axis respectively; the formula is third-degree order; c is the cross-sectional, area and the 
formula is second-degree order
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Table 1  Lamina material’s properties extracted from (ANSYS documentation)

Type E1 E3 G12 G23 υ12 ρ C t

Epoxy/carbon 121 8.6 4.7 3.10 0.27 1490 110 0.5

Epoxy/E-glass 45 1.0 5.0 3.85 0.3 2000 15 0.6

Epoxy/S-glass 50 8.0 5.0 3.85 0.3 2000 25 0.6

Unit GPa GPa GPa GPa - kg/m3 -/m3 mm

Table 2  Fiber and resin materials’ properties extracted from (courtesy [25])

Type E1 G12 υ12 s1 T1 ρ C t

E-glass 72 38 0.4 2400 2400 2600 30 0.6

S-glass 85 39 0.4 4500 4500 2500 50 0.6

Aramid 4 6 0.4 3.6 3.6 1500 80 0.6

HS carbon 253 18 0.3 4500 4500 1800 150 0.5

Polyimide 3.45 0.13 0.5 70 89 1218 13 -

Polyester 4 0.24 0.5 80 80 1250 11 -

Epoxy 4.5 0.27 0.4 130 130 1320 15 -

Units GPa GPa -- MPa MPa kg/m3 -/m3 mm

Fig. 3  Aerodynamic load fluctuations

Table 3  Wind turbine parameters and operating conditions

Parameter Value

Blade length 1200 mm

Method of fixation 2 supports at 
a fourth of the 
length

Arm radius 1000 mm

Airfoil designation NACA 0021

Chord length 265 mm

Tip speed ratio 2.58



Page 8 of 19Geneid et al. Journal of Engineering and Applied Science           (2022) 69:90 

constraints/objective functions. The model is then a multi-objectives model; consequently, 
the Pareto frontier concept will be used.

The algorithm employs in this study is the elitist genetic algorithm. It is a variant of the 
non-sporting dominated genetic algorithm II (NSGA II) [27]. Figure 4 shows the flow chart 
of the optimization model used in the presented approach. The elitist GA favors individuals 
with better fitness value by ranking the individuals for selection. A controlled elitist GA dif-
ferentiates between individuals to adopt who can increase the population diversity even if 
they have a lower fitness value. The crucial point herein is maintaining population diversity 
for convergence to an optimal Pareto Frontier. The algorithm stops if the spread, a measure 
of the movement of the Pareto Frontier, is small.

The algorithm uses four layers for producing a new population: selection, crossover, 
mutation, and migration criteria. Selection is the process of choosing the fit candidates and 
rejecting others. Then, to add randomity to the solution and to avoid the local optimum 
trapping, the new population is generated by mixing the selected individuals. Crossover is 
the mixing between individuals while mutation is random flipping to the new individuals. 
After a range of iterations, the previous optimum solutions are migrated to the solution 
candidate to improve the algorithm efficiency. The number of populations is 200, the num-
ber of generations is 500, the Pareto fraction is 40%, distance measuring is distance crowd-
ing, and the stopping criterions based on fitness tolerance. The optimization model needs 
the identification of decision variables, objective functions, and constraints.

The decision variables (D. V) represent the blade design parameters. The decision vari-
ables assigned for the optimization model is as follows:

D.V : {x} ∈ [{P}{D}]

Fig. 4  Flowchart for the multi-objective optimization model in the study using elite genetic algorithm
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Concluding from the parameterization section, the decision variables depend on 
the parameterization of blade design models. Hence, the decision variables are cat-
egorized into {P} and {D} representing the composite structure design parameters and 
cross-section design parameters, respectively. Material parameters depend on the 
investigated models. The first model has constant lamina material properties altering 
the thickness and the orientation only; thus, {P} include lamina’s thickness and the 
fibers’ orientation variables. The second model varies the lamina material properties, 
then {P} will include besides the first model variables, the material selection index. 
Cross-sectional design parameters {D} include the location of first and second shear 
webs; those are determined according to the proposed model; the decision variables 
{D} is considered for the four models.

Continues decision variables are VF representing fiber volume fraction assigned to 
the third and fourth approaches and Xw the location of the shear web(s) from the tip 
of the airfoil the variable is assigned for the second and third categorical cross-sec-
tion design. The Xw is considered a design parameter  {D}, while VFis considered a 
composite material parameter {P}, as listed in Tables 4 and 5.

Integer decision variables represent selection indexes and the number of sub-lam-
inae. The tI is the number of sub-laminae, and it is assigned for all the approaches. 
The OI is the index of selected orientation angle and assigned for all the approaches. 
The FI and MI are the index of selected material, where F and M stand for fiber and 
matrix material selection respectively, and they are assigned for the third and fourth 
approaches. However, in the second approach, the MI is used as a lamina material 
index.

The objective functions minimize both the blade mass and the cost index. The rep-
resented objective functions are considered nonlinear, which depends on the geomet-
ric cross-section and material properties as expressed in Eq. (1). Figure  5 describes 
the dependence of objective functions on thickness, lamina number, and material 
parameters but does not depend on orientation angle, where this parameter is exclu-
sive for constraint functions only.

Table 4  Decision variables {P} for composite structure parameters

DV Unit Type Mapping Model

tI -- Integer x1 − xN A-D

OI -- Integer xN + 1 − x2N A-D

MI -- Integer x2N + 1 − x3N A-D

FI -- Integer x3N + 1 − x4N D

VF % Continues x4N + 1 − x5N C-D

Table 5  Decision variables {D} shear web geometric design parameters

DV Unit Type mapping Model

Xw1 mm Continues y1 1-4

Xw2 mm Continues y2 1-4
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The ρ is the lamina density (kg/m3), V is the lamina volume m3, and C is the lamina 
cost index.

Three constraints categories bound the solution of the optimization problem. The first 
category is the search domain limits that represent the bounds of every decision vari-
able. These bounds depend on the description of the design problem. The OI is an inte-
ger and represents the index of selected angles from proposed angles. The FI and MI are 
integer and represent the index of fiber and matrix material, respectively. Equation (2) 
shows the bound constraints.

The second category is the nonlinear failure criteria vector constraint functions (F) 
the value should not exceed or equal to one as condition of failure (Fig.  6). The third 
category is the shape and the geometric dependence. The structural hypothesis is plane 
stress; hence, the total thickness to length ( t

/

L ) should be less than 1:15for the consid-
eration of classical lamination theory [25]. The fiber volume fraction (VF) is bounded 

(1)OBF(⌈x⌉) = min
n

i=1 ρiVi
n

i=1 CiρiVi

(2)S.T .











tImin ≤ tI ≤ tImax

OImin ≤ OI ≤ OImax

FImin ≤ FI ≤ FImax

MImin ≤ MI ≤ MImax

Fig. 5  OBF flowchart
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between 20 and 80% as the effective range according to recommendation of fiber volume 
fraction [25]; Eq. (3) shows the continuous constraints.

Results and discussion
The simulation and optimization of VAWT blade, with straight uniform cross-section 
and NACA four digits symmetric outer profile, is evaluated using the presented opti-
mization approach. The blade structure is made from laminate composite material. The 
scope is to reduce the weight and the cost while maintaining structure safety and integ-
rity. The blade design is dominated to load due to inertia in the static stresses, which 
requires reduction of the weight and maintaining the geometric properties in accept-
able ranges for the concern of stress distribution. The blade failure is considered for first 
lamina failure; failure criteria are used to examine the safety due to stresses and strains. 
Moreover, the failure due to quadratic modified theory such as Tsai-Hill and Tsai-wu 
is also considered. The optimization of blade structure uses genetic algorithm; the 
method used is invariant of NSGA-II which is called elite genetic algorithm. Optimiza-
tion parameters adopted in this study are found in Table 6. The platform of the study is 
MATLAB 2020; rather than that, the default values are used.

Model A shows an optimum blade design with a mass of 2.9 kg and 57.6 cost index, 
where blade design has the orientation of [60/135/30/180]° and thickness 0.6 for all 
laminae. However, all the results on the Pareto are optimum; the upper front solution 

(3)S.T .







t
�

L < 1
�

15

[F ] < 1

0.2 ≤ VF ≤ 0.8

Fig. 6  Evaluation proposed design against failure flowchart
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is selected for comparing the results of every model with each other. Figure 7 shows the 
Pareto plot for model A. The ANSYS-ACP has the capability of optimizing the same 
problem using the NSGA II genetic algorithm; however, the method takes a long time, 
and there is a limitation on the optimization method to the present method only. The 
presented approach shows promising performance in comparison to the ANSYS model; 
Table 7 shows a brief comparison between ANSYS-MOGA and model A. The created 
model consists of five integrated sub-models over ANSYS 16 workbench. ANSYS model 
flow chart is shown in Fig. 8. Model A shows only one optimum solution, because in this 
model, the cost and mass are considered depending due to the lack of material altera-
tion. Consequently, in this case, a single objective function is preferred.

Table 6  Optimization algorithm parameters

Parameter Value

Population number 200

Number of generations 500

Pareto front fraction 40%

Distance measuring method Crowding

Stopping criteria Fitness tolerance 1e-6

Fig. 7  Model A Pareto front

Table 7  ANSYS and approach A optimization comparison

Item ANSYS Approach

Computation time (hour) 172 < 1

Pareto frontier feature Yes Yes

Genetic algorithm Yes Yes

Algorithm control options No Yes

Hybrid optimization No Yes

Optimum mass 3 kg 2.9 kg

Optimum cost index ~58 ~58
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Model B Pareto front is shown in Fig. 9. The range of optimum designs’ masses is from 
3.1 to 1.9 and the cost index from 46 to 230. The optimum design selected which is the 
Pareto front one in the rank has a mass of 2.9 kg and a cost index of 95. The optimum 
design has lamina’s thickness of [0.6/0.5/0.6/0.6] and orientation [60/90/135/30]. This 
orientation is recommended by literature. The material selected in model B is S-glass/
epoxy, carbon/epoxy, S-glass/epoxy, and S-glass/epoxy.

The optimum design from model C has a mass of 3 kg and a cost index of 68. The blade 
design is made from epoxy/E-glass laminate. Lamina thickness is constant and equal to 
0.6 mm; the fiber volume fraction is constant along the laminae to be 50%. The orienta-
tion angles are [0/135/90/45]°. The design safety factors are 10.3 and 5.2 for the stress 
ratio and strain ratio, respectively. Figure 10 shows the Pareto front of model C. Model C 
shows only one optimum solution, because in this model, the cost and mass are consid-
ered depending due to the lack of material alteration.

The optimum design using model D has a mass of 2.5 kg and a cost index of 50, the 
design factor of safety 20 and 9.3 for stress ratio and strain ratio, respectively. The Pareto 
front plot is shown in Fig. 11.

The four models have a factor of safety that is very equivalent to the recommenda-
tion of wind turbine codes. The factor of safety is calculated using the ratio between the 

Fig. 8  ANSYS flow chart

Fig. 9  Model B Pareto front
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applied stress and ultimate stress for every lamina at maximum critical condition. Fig-
ure 12 shows the comparison of safety factors between the four models.

Concluding from results where the optimum preferable orientation angle would be the 
90°, the dominant load shall be the inertia load as considered for critical load in the case 
of VAWT blade is centrifugal load. This orientation is preferable to maintain higher nor-
mal strength for the upper lamina; the results are concise with recommendations in [8, 
24]. In order to calculate the cost index, Eq. (1) is used for every lamina in the design. 
Finally, the total cost index is the summations of all laminae cost indices.

Eventually, model A selects the optimum values of reinforcement orientation and 
the lamina thickness. These variables have a minor effect on mass and cost. Hence, the 
result shows less variation in the final optimum results, where all the optimum has the 
same cost index and mass. Otherwise, with the addition of other parameters, which is 
hybrid material laminate design, the result shows obvious variation in cost and mass on 
the Pareto front. Models A and B are based on stacking and thickness optimization for 

Fig. 10  Model C Pareto front

Fig. 11  Model D Pareto front
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laminate design and do not include the variation of lamina properties such as the volume 
fraction and lamina composite materials. Models C and D focus on the lamina prop-
erties. They include the volume fraction and the variation of reinforcement and matrix 
materials. Comparison between the four models is presented in Table 8.

The lamina thickness depends on the number of sub-laminae in the single lamina; 
hence, the approach assumes that every lamina could consist of a single lamina up to 
four laminae. However, the final optimum results shown in Table 8 shows lamina of sin-
gle sub-lamina. This is clear in the case of 0.6 thicknesses for E-glass and 0.5 for carbon 
lamina.

Conclusions
Vertical-axis wind turbine, with straight uniform cross-section and NACA four digits 
symmetric outer profile, is evaluated using the presented optimization approach. The 
blade is made from laminate composite material. The scope is to reduce the weight 
and the cost while maintaining structure safety and integrity. The blade design is 

Fig. 12  Comparison of four models factors of safety

Table 8  Comparison between the four presented optimization models

Parameters Model A Model B Model C Model D

Cost index 58 95 69 50

Mass (kg) 2.9 2.8 3 2.5

Time (sec) 526 538 395 447

Lamina 1 E-glass/epoxy S-glass/epoxy E-glass/epoxy E-glass/epoxy

Lamina 2 E-glass/epoxy Carbon/epoxy E-glass/epoxy S-glass/epoxy

Lamina 3 E-glass/epoxy S-glass/epoxy E-glass/epoxy S-glass/epoxy

Lamina 4 E-glass/epoxy S-glass/epoxy E-glass/epoxy E-glass/epoxy

Thickness (mm) [.6/.6/.6/.6] [.6/.5/.6/.6] [.6/.6/.6/.6] [.6/.6/.6/.6]

Angle (deg) [60/150/60/30] [60/90/135/30] [0/135/90/45] [90/90/135/90]

Vf [50/50/50/50] [50/65/50/50] [50/50/50/50] [21/23/21/23]

FS-MSR 17.8 9.5 10.8 20

FS-MeR 8.3 4.5 5.2 9.3
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dominated to load due to inertia in the static stresses, which requires reduction of the 
weight and maintaining the geometric properties in acceptable ranges for the concern 
of stress distribution. The blade failure is considered for first lamina failure; failure 
criteria are used to examine the safety due to stresses and strains. Moreover, the fail-
ure due to quadratic modified theory such as Tsai-Hill and Tsai-wu is also considered.

Stress/strain distributions depend on the lamina mass and the geometric cross-sec-
tional properties. Consequently, the dominant load is the inertia load. This is notice-
ably clear in final optimum results where the optimum preferable orientation angle 
would be the 90°. This orientation is preferable to maintain higher normal strength 
for the upper lamina, same as recommended in [8, 24]. However, the optimization 
model shows preferable angles; structural analysis shows that the design is dominated 
by inertia.

The approach mimics reality in the design and manufacturing from the aspect of 
thickness variation and altering the orientation angel. The lamina thickness depends 
on the number of sub-laminae in the single lamina; hence, the approach assumes 
that every lamina could consist of a single lamina up to four laminae. The num-
ber of laminae in the laminate is constant and not included as a variable to have a 
fixed chromosome length where every variable vector has a fixed length along with 
the optimization. The genetic algorithm is more efficient in optimizing the compos-
ite lamina design for complex shapes and loading conditions; thus, several design 
parameters are included adding more alternatives to have higher efficiency from the 
optimization model and achieve more optimum results. The study of comparing the 
capability of the genetic algorithm was studied by introducing the mentioned optimi-
zation approaches.

The approaches’ results were studied to determine which could be better in tailoring 
the optimum design. Model A considers the lamina is predefined and its properties 
are invariant and hence concerned about altering the stacking design including thick-
ness and orientation. Model B is remarkably similar to the first one yet adding the 
variability of the lamina, where material selection is to determine the lamina material 
from a list of four different ones. Model C is concerned about tailoring the lamina 
properties yet for single fiber and matrix material in addition to altering the stacking 
sequence; hence, this approach is considered as hybrid lamina invariant constitution 
materials. The fourth approach considers the concept of hybrid laminate, by select-
ing fiber material, matrix material, and volume fraction for every lamina, besides the 
selection of stacking design parameters including thickness and orientation. Eventu-
ally, model D shows better performance compared to the other three models, because 
of the flexibility to tailor the lamina properties according to the application and load-
ing conditions. The final optimum results show the mass range between 2.5 and 3 kg, 
and the cost index varies from 40 to 90, depending on the material used.

The computation efforts needed to examine more alternatives and enormous opti-
mum solutions were considered in the study. Consequently, intrinsic implementation 
of an algorithm to search for the most dangerous locations shows a high potential to 
reduce computational time and cost. This algorithm enables the optimization mod-
ule to limit the constraint functions to check for fewer locations rather than apply-
ing the genetic algorithm for the whole structure and the entire loading conditions. 
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Moreover, the usage of empirical approximate formulas to evaluate the geometric 
properties avoids the usage of finite element codes in the optimization algorithm, 
reducing the computation time and cost.

The approach novelty is the empirical formulas that evaluate the geometric prop-
erties and pre-preparation algorithm to confine the searching space and reduce the 
time. They expand the optimization model capabilities for finding better optimum 
design. The proposed approach still needs integration with an acceptable life predic-
tion model to enhance the optimum results and to be more comprehensive. Further-
more, the requirement to evaluate the four models by extending the study to include 
progressive failure and interlaminar stress/strain distribution, besides the inclusion of 
the stresses as objective functions, could improve the design.

Nomenclature
{D} Design decision variables
{P} Material structural decision variables
Xw1 Location of the first shear web
Xw2 Location of the second shear web
E1 Modulus of Elasticity in the longitudinal direction
FS-MeR Factor of safety for the maximum strain ratio criterion
FS-MSR Factor of safety for the maximum stress ratio criterion
G12 Modulus of rigidity in the main plane
G23 modulus of rigidity in traverse plane
S1 Strength in the longitudinal direction
t Lamina thickness
T1 Shear strength
FI Fiber material selection index
MI Material selection index
OI Fiber orientation index
VF Fiber volume fraction
tI Number of laminae in each laminate
C Cost index/m3

ρ Density in kg/m3

υ12 Major Poisson’s ratio
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