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Abstract:  
This study employs a multi-criteria decision-making (MCDM) support 
specifically the Ranking Based on Distance and Range (RADAR-DR) and 
Relative Assessment of Decision Alternatives with Ranges (RADAR-ABER) 
techniques for the selection of materials for the development of an aircraft 
wing. The ABAQUS® commercial software code was used for the modeling 
and simulation analyses to determine the suitability of selected materials 
such as aluminum, stainless steel, titanium alloy and carbon fibre for the 
load-bearing and lift-generation application of an aircraft wing. A static 
structural analysis was implemented to predict and analyse the structural 
response of the wing to aerodynamic loads. The results obtained from the 
RADAR techniques indicate that carbon fibre is the most suitable material 
for the intended application. Furthermore, the results obtained from the 
computer aided modeling and simulation indicated that carbon fibre 
outperformed other materials in terms of the strain and displacement 
response to the load stress. The simulation results show that the 
concentration of the maximum stress concentrations was experienced at 
the leading edge. The von Mises stress observed peaked at approximately 
25 MPa at the leading edge and reduced to 7.0 MPa at the trailing edge; 
both were found to be significantly lower than the tensile strength material 
(3.20 GPa), thereby indicating sufficient structural integrity. These findings 
provide critical insights for sustainable aircraft design and materials 
development and can assist aircraft and materials developers in their quest 
for the sustainability of aircraft operation. 
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1. INTRODUCTION  
 

The aviation sector contributes 12% carbon 
dioxide (CO2) emissions of 12% to the total emissions 
generated globally from the transportation sector, 
and aircraft accounts for 5% of CO2 emitted into the 

environment [1]. To mitigate the CO2 emissions from 
aircraft, there is a need to enhance their 
performance in terms of lightness, fuel efficiency, 
speed, and environmental sustainability by 
developing some materials for special applications in 
the aircraft system [1,2]. Lightweight aircraft are 
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often characterised by low energy consumption, 
which brings about a reduction in the carbon 
emission of greenhouse gases [1,2]. Furthermore, 
weight reduction usually results in enhanced 
acceleration, with an increased capacity in terms of 
travel cycle time [3]. Thus, high-performing materials 
coupled with effective component recovery into 
service at the end-of-life (EOL) is essential to achieve 
operational cost effectiveness, reduction in waste 
generation and environmental friendliness. 

To promote energy efficiency and improve the 
environmental friendliness during all the phases of 
the product lifecycle, lightweight materials such as 
aluminum, titanium alloy, as well as composite are 
considered a potential replacement for steel-based 
materials [4].  

In recent times, attention has been drawn to the 
use of polymer matrix composites such as carbon 
fibre for aerospace applications. This is due to their 
outstanding mechanical properties that have found 
significant applications in the transport sector, 
particularly in the development of aircraft 
components [5]. Carbon fibre is reported to be 
approximately 70% lighter than steel-based alloys 
and 40% lighter than aluminum alloys, thereby 
making it useful in aircraft applications where weight 
reduction is an important consideration [6-8]. By 
reducing the weight of an aircraft, the energy 
consumption will also reduce, thereby making its use 
both economical and environmentally friendly, with 
a tendency for a reduction in the carbon footprint. 
The high strength-to-weight ratio of carbon fibre 
promotes durability as well as a reduction in the 
weight of the aircraft and its energy consumption, 
thereby improving its fuel efficiency and aircraft 
performance. Carbon fibre is suitable for ideal for 
aircraft manufacturing because of its high strength-
to-weight ratio, which is needed by the aircraft to 
overcome wind resistance, improve fuel efficiency, 
speed and environmental friendliness [5]. It is also 
corrosion-resistant [6], which makes the 
components developed from it durable, with a long 
lifespan of the aircraft components, coupled with 
chemical stability. This means that it can remain 
stable on a molecular level under different operating 
and environmental conditions, including air, heat, air, 
water, and pressure, amongst others. It can also 
withstand harsh or extreme environmental 
conditions. For greater durability, carbon fibre can be 
developed with additives such as Ultra Violet (UV) 
protection. Furthermore, carbon fibre is moisture 
resistant, which makes it suitable for the operation 
of aircraft in wet or humid climates and has high 
fatigue life [6,7] as well as low thermal expansion, 

thus making it a good insulator [5]. Although carbon 
fibre has some limitations for aerospace applications, 
such as the cost and processing methods. Carbon 
fibre is costly compared to the conventional 
materials used in aircraft manufacturing, coupled 
with the fact that it might be difficult to recycle at the 
end of its useful life. Thus, with the potential of 
carbon fiber, it is considered a suitable material for 
replacing some traditional materials used in aircraft 
manufacturing in aerospace applications. However, 
the use of light materials can also promote 
improvement in an aircraft’s performance via 
reduction in drag and enhance fuel efficiency, 
thereby reducing the fuel costs. This also makes it a 
potential candidate for the development of some 
primary and secondary structures in aircraft [8]. 
Existing studies indicate that carbon fiber reinforced 
polymer (CFRP) composites can significantly reduce 
the weight of some aircraft components, such as the 
airframe, thereby reducing the fuel consumption and 
carbon emissions by at least 14 to 15% [9,10]. 

The processing of carbon fibre at elevated 
temperatures above 1000oC may result in the 
generation of 20 tons of CO2 to produce 1 ton of 
carbon fibre [11]. Its use for automobile parts may 
result in a 30% reduction in weight and a 50 ton 
reduction in CO2 generated per 1 ton of carbon fibre 
over a life cycle of 10 years [12]. Furthermore, the 
aircraft’s fuselage can be made lighter by 20% using 
carbon fibre, thereby resulting in a reduction of 1400 
tons of CO2 in the long run [12]. Furthermore, the 
aircraft’s fuselage can be made lighter by 20% using 
carbon fibre, thereby resulting in a reduction of 1400 
tons of CO2 in the long run [12]. The demand and 
usage of carbon fibre due to its outstanding 
performance in the aerospace industry, contribute to 
the growth of the aviation carbon fibre market which 
increased from 1.5 billion USD in 2021 to 1.76 billion 
USD in 2022 and projected to increase to 2.67 billion 
USD by 2028 and 4.4 billion USD in 2031 with a 
compound annual growth rate (CAGR) of 7.51% and 
11.4% respectively [9,10]. The aviation sector is 
gradually embracing the use of carbon fibre for 
component development due to the need for the 
development of low-weight, fuel-efficient aircraft 
components that will reduce emissions and cost of 
operation. It finds application in the development of 
a variety of aircraft components, such as the wings, 
fuselages, and engine cowlings [13]. Some aircraft 
manufacturers have started using carbon fibre. For 
instance, Boeing uses approximately 32-35 tons of 
carbon fiber in each of its 787 jets [9,10,13]. 

The aim of this study is to employ the 
combination of multi-criteria decision approaches, 
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namely the Ranking Based on Distance and Range 
(RADAR-DR) and Relative Assessment of Decision 
Alternatives with Ranges (RADAR-ABER), as well as 
computer aided modeling and simulation approach 
for the selection of the most suitable materials for 
the development of an aircraft wing.  

The motivation for this study stems from the need 
to ensure aircraft sustainability and optimal 
performance via the selection of the right material 
for its wing development. The RADAR approach 
provides a decision support tool for material 
selection, while the modeling and simulation validate 
the mechanical behavior to ensure structural 
performance and safety. The combination of the 
RADAR techniques and simulation approach ensures 
the selection of a top-ranked material that meets the 
safety, performance and sustainability requirements 
of aircraft wing application. 

The RADAR techniques can assist as a decision 
support in the selection of the most suitable material 
by evaluating several criteria simultaneously, such as 
strength-to-weight ratio, cost, and durability, among 
others. On the other hand, computational modelling 
and simulation have proven to be an effective 
technique for estimating critical structural 
parameters and responses of components such as 
aircraft wings during operation [14-16]. By simulating 
the wing’s behaviour under various loading 
conditions, its response to loads, stresses, including 
the resulting deformation, and potential failure 
points under can be determined, thereby leading to 
safer and more efficient aircraft designs. Through 
static structural analysis, the structural response of 
the wing to aerodynamic loads can be determined. 

Hence, the RADAR techniques act as a decision 
support for material selection, while the simulation 
method accounts for the materials’ behaviours such 
as strain and deformation under the required loading 
conditions. Compared to existing studies that have 
used the RADAR MCDM and simulation method in 
isolation, this study contributes a hybrid MCDM-
simulation method that leverages the strengths of 
ranking and decision-making approaches, as well as 
numerical validation via simulation. The proposed 
method can overcome the limitations of each of the 
methods by ranking materials and validating their 
behaviours for the intended application.  

This study provides a robust platform for 
determining the magnitude of critical parameters 
such as stress and corresponding strain induced, as 
well as displacement, to determine the possible 
operational limits of the aircraft wing component.  
 
 

2. MATERIALS AND METHODS  
 

2.1 Development of Carbon Fibre for Aerospace 
Applications 

 
The framework for the selection and 

development of materials for aircraft applications is 
shown in Fig. 1.  

The selected materials find application in the 
development of aerospace components such as 
fuselage, wings and interior cabin. However, the 
focus of this study is the selection of the most 
suitable material for the development of an aircraft 
wing. The aircraft’s wing is one of the critical 
components of the aircraft due to the fact that it 
primarily creates the aerodynamic lift required to 
overcome the aircraft’s weight [17]. An aircraft’s 
wings are geometrically defined in terms of their 
span, planform, twist or pitch angle distribution, and 
cross-section. 

One of the major requirements for the design of 
the shape of an aircraft wing is high aerodynamic 
efficiency in reducing the drag and generating lift.  
The materials considered in this research were: 
carbon fibre, aluminum alloy, titanium alloy and 
stainless steel. 

 
 

Fig. 1. The framework for the material selection for 

aircraft wing development  
 

2.2 Multi-Criteria Decision-Making Techniques 
 

This study employs the Ranking Based on Distance 
and Range Method (RADAR-DR) as well as the 
Relative Assessment of Decision Alternatives with 
Ranges-Alpha, Beta, Empty and Relative Relationship 
(RADAR-ABER) for the material selection for aircraft 
wing development. Trung et al. [11,18] stated that 
MCDMs are used as decision support for the 
selection of the most suitable alternative from 
conflicting multiple criteria, and have been widely 
deployed for ranking alternatives and as a decision 
support. However, their suitability depends on the 
applications [11,18]. 
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2.2.1 Ranking Based on Distance and Range 
Method-Distance and Range (RADAR-DR) 

 
This method was employed to objectively 

determine the ranking of alternatives (in this case, 
materials). It is an MCDM based on distance and 
range suitable for ranking alternatives. It determines 
the distance measures between each alternative and 
the ideal alternative in order to identify the best. It is 
simple and intuitive and can handle multiple criteria 
in a systematic manner. Furthermore, it scales data 
to ensure a fair comparison of the alternatives and to 
minimise bias [19,20].  

The RADAR-DR method was implemented in this 
study by following the guidelines highlighted by 
Komatina [19,20]. The procedural steps include the 
following: 
1. Construction of the decision matrix. This involves 

the listing of the alternatives as 𝐴1, 𝐴2 … . 𝐴𝑛 
where n is the number of alternatives (4). The 
alternatives in a serial order are carbon fibre, 
aluminum alloy, titanium alloy and stainless steel. 
The criteria are also listed as 𝐶1, 𝐶2 … . 𝐶𝑚 where 
m is the number of criteria (4). The alternatives in 
a serial order are high strength to weight ratio, 
high strength at elevated temperatures, thermal 
insulation, high corrosion resistance with good 
impact resistance, and durability. 

2. Normalisation of the decision matrix using the 
range method. For benefit criteria, each criterion 
𝑗 and alternative 𝑖, Eq. 1 holds thus: 

𝑥𝑖𝑗
/

=
𝑥𝑖𝑗−𝑚𝑖𝑛 (𝑥𝑗)

max(𝑥𝑗)−𝑚𝑖𝑛 (𝑥𝑗)
  (1) 

Where 𝑥𝑖𝑗
/

 is the normalised value, 𝑥𝑖𝑗  is the 

denotes the performace of alternative 𝑖  on 
criterion 𝑗 and  𝑥𝑗 represents the set of values of 

all the alternatives under criterion 𝑗. 
3. Definition of the ideal alternative. For the 

selection of the most suitable material, benefit 
criteria is employed, which takes 1 (max). It is 
assumed that the criteria have different levels of 
importance such that the weighted normalised 
matrix 𝑧𝑖𝑗  is expressed as Eq. 2a: 

𝑧𝑖𝑗 = 𝑤𝑗 . 𝑥𝑖𝑗
/                      (2a) 

where 𝑤𝑗  are the weights assigned to the different 

criteria. 
Hence, the ideal alternative is expressed as  

Eq. 2b while the worst performance is expressed as 
Eq. 2c. 

𝑧𝑖𝑗
∗ = max 𝑧𝑖𝑗          (2b) 

𝑧𝑖𝑗
− = min 𝑧𝑖𝑗                           (2c) 

4. Calculation of the Euclidean distance from the 
ideal alternative. Typically, the shortest distance 
to the ideal alternative ( 𝐷𝑖

∗) s usually the 
preferred alternative (Eq. 3a) while the distance 
from the worst alternative (𝐷𝑖

−) is expressed as 
Eq. 3b. 

𝐷𝑖
∗ = √∑ (𝑧𝑖𝑗 − 𝑧𝑖𝑗

∗)24
𝑗=1   (3a) 

𝐷𝑖
− = √∑ (𝑧𝑖𝑗 − 𝑧𝑖𝑗

−)24
𝑗=1   (3b) 

5. Ranking of the alternatives. The alternatives are 
sorted out in ascending order and the smallest 
distance is ranked higher and selected as the 
preferred alternative. The RADAR score (C𝑖) of 
alternative 𝑖 is computed from Eq. 4. 

C𝑖 =
𝐷𝑖

−

𝐷𝑖
− + 𝐷𝑖

∗   (4) 

Both RADAR methods employ numerical datasets 
allocated subjectively based on the author’s 
understanding of the material properties from the 
insights gathered from the literature. 

Table 1 presents the decision matrix featuring the 
allocation of a score (from 0-100) to the criteria 
based on their perceived importance. 

The criteria, as displayed in Table 1, include a high 
strength-to-weight ratio to ensure that the selected 

material is light to promote energy efficiency and 

aerodynamic performance. For the second and 

third criteria, the material must demonstrate 
thermal insulation capability to ensure its suitability 
for high temperature application, while the last 

criterion stipulates that the material must be 
durable via effective resistance to corrosion and 

impact. The identification of these criteria was 
informed by synthesising some literature on material 

requirements for aircraft applications [1-3,15,16]. 
 
Table 1. The decision matrix for scores allocation to the 
criteria 

 
Material 

C1: 
Strength 
to weight 

C2: 
Thermal 
insulation 

C3:  
Strength at 
elevated 
temperature 

C4:  
Corrosion 
and impact 
resistance 

A1: 
Carbon 
fibre 

 
95 

 
85 

 
85 

 
70 

A2: 
Aluminum 
alloy 

 
80 

 
60 

 
60 

 
60 

A3: 
Titanium 
alloy 

 
70 

 
50 

 
50 

 
80 

A4: 
Stainless 
steel 

 
50 

 
40 

 
40 

 
75 
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Eq. 1 was used for the normalisation of scores for 
each criterion.  

For instance, for criterion C1 (max=95 and 
min=50). 

𝐴1 =
95 − 50

95 − 50
= 1.00 

𝐴2 =
80 − 50

95 − 50
= 0.67 

𝐴3 =
70 − 50

95 − 50
= 0.44 

𝐴4 =
50 − 50

95 − 50
= 0.00 

The same calculation procedure was repeated for 
criterion C2 (max=85 and min=40), criterion C3 
(max=80 and min=60) and criterion C4 (max=80 and 
min=60) to obtain the normalised matrix values 
displayed in Table 2. 
 
Table 2. The normalised matrix for the alternatives and 
criteria 

 
Material 

C1 
(strength 
to weight) 

C2 
(Thermal 
insulation 

C3  
(Strength at 
elevated 
temperature 

C4 
(Corrosion 
and impact 
resistance 

A1:  
Carbon 
fibre 

1.00 1.00 1.00 0.50 

A2: 
Aluminum 
alloy 

0.67 0.44 0.44 0.00 

A3: 
Titanium 
alloy 

0.44 0.22 0.22 1.00 

A4: 
Stainless 
steel 

0.00 0.00 0.00 0.75 

 
2.2.2 Relative Assessment of Decision Alternatives 

with Ranges-Alpha, Beta, Empty and Relative 
Relationship (RADAR-ABER) 

 
It is a MCDM that evaluates and rank alternatives 

when there are multiple and conflicting criteria by 
introducing four major matrices namely the alpha, 
beta, empty range ad relative relationship matrices 
to capture the performance range of the alternatives 
vis-à-vis the criterion. The decision matrix is 
constructed according to Table 3, comprising of 
alternative 𝑖 on criterion 𝑗. 

Thus 𝑖 = 1, 2 … … 𝑚, and 𝑗 = 1, 2 … … n 
Where 𝑚  and n  are the number of alternatives 

and criteria respectively. The second step is to 
normalise the weight for the benefit according to Eq. 
1. 

 
 
 

Table 3. The decision matrix 

w 1 1 1 1 
 

j=1 j=2 j=3 j=4 

i=1 95 85 85 70 

i=2 80 60 60 60 

i=3 70 50 50 80 

i=4 50 40 40 75 

 
The third step is to construct the alpha (∝𝑗) and 

beta (β𝑗) scores using Eqs. 5 and 6, respectively. The 

computed α and β scores are presented in Tables 4 
and 5 respectively. The α-scores represent the best 
scores for criterion j while β scores represent the 
worst scores for criterion j. 
 

∝𝑗= max(𝑥𝑖𝑗
/

)∀𝑗                           (5) 

β𝑗 = min(𝑥𝑖𝑗
/

)∀𝑗                        (6) 
 

Where ∀𝑗  represents the effectiveness of 

criterion j. 
 
Table 4. The α matrix 

α matrix 
    

 
j=1 j=2 j=3 j=4 

i=1 0.345 0.320 0.320 0.495 

i=2 0.426 0.486 0.486 0.571 

i=3 0.492 0.576 0.576 0.429 

i=4 0.655 0.680 0.680 0.460 

 
Table 5. The β matrix 

β matrix 
    

 
j=1 j=2 j=3 j=4 

i=1 0.655 0.680 0.680 0.505 

i=2 0.574 0.514 0.514 0.429 

i=3 0.508 0.424 0.424 0.571 

i=4 0.345 0.320 0.320 0.540 

 
The empty range score (𝐸𝑟𝑗) matrix is costructed 

according to Eq. 7 and the scores are presented in 
Table 6. 

Small values of 𝐸𝑟𝑗 implies that the criterion could 

effectively separate the alternatives and vice versa: 

Er𝑗 = 1 − (α −  β)  (7) 

The relative relationship (𝑟𝑟𝑗𝑘)  matrix is 

constructed according to Eq. 8 which compares the 
criteria pairwise to establish their relationship 
importance and the contribution of one criterion 
over the other. 

𝑟𝑟𝑗𝑘 =
𝛼𝑗−𝛽𝑗

𝛼𝑘− 𝛽𝑘
                         (8) 
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Where 𝛼𝑘  and 𝛽𝑘  represent the number of 
criteria for which an alternative is considered better 
and the number of criteria for which an alternative is 
considered worse respectively.  

This is followed by the computation of the overall 
scores 𝑠𝑖  by aggregating normalised performance ℎ𝑖𝑗  

with the derived weights 𝑤𝑗as expressed in Eq. 9 and 

the ranking of the alternatives according to their 
scores, where the alternative with the highest is the 
most preferred. 

𝑠𝑖 = ∑ 𝑤𝑗.

n

𝑗=1

ℎ𝑖𝑗                           (9) 

The scores are displayed in Table 7. 
 

Table 6. The empty range matrix 

Empty range matrix 
 

j=1 j=2 j=3 j=4 

i=1 0.310 0.360 0.360 0.010 

i=2 0.148 0.029 0.029 0.143 

i=3 0.016 0.153 0.153 0.143 

i=4 0.310 0.360 0.360 0.079 

 
Table 7. The Relative Relationship matrix 

Relative relationship matrix 
 

j=1 j=2 j=3 j=4 

i=1 0.357 0.308 0.308 0.960 

i=2 0.590 0.895 0.895 1.000 

i=3 0.941 1.000 1.000 0.600 

i=4 1.000 1.000 1.000 0.744 

 
2.3 Computer-Aided Modelling and Simulation 
 

Employing computer-aided modelling and 
simulation was essential to the nature of the 
comparative analysis that this study set out to 
achieve. Splichal et al. [21] indicate the feasibility of 
using the finite element analysis approach for 
determining the performance of materials such as 
composites for aircraft wings, focusing on the 
buckling behavior under dynamic loading. 
Computational modelling has proven to be an 
effective technique for estimating critical structural 
parameters and responses of components such as 
aircraft wings during operation. The ABAQUS® 
commercial software code (2022) was used for the 
predictive analysis of the suitability of the selected 
materials for the load-bearing and lift-generation 
application of an aircraft wing. Compared to other 
modelling and simulation tools, it provides a robust 
platform for linear and non-linear, implicit and 

explicit capabilities, multipysics support and 
advanced material modelling [22], thus, suitable for 
investigating the behaviour of materials intended for 
aircraft wing application and for establishing the 
feasible ranges of process parameters that 
determine the possible operational limits of the 
aircraft component. A static structural analysis was 
implemented to predict and analyse the structural 
response of the wing to aerodynamic loads. A 
Computer Aided Design (CAD) geometric model of 
the wing structure, as shown in Fig. 2, was created 
using the part drafting tool of the Complete ABAQUS 
environment (CAE).  
 
2.3.1 Data Type and Source and Type for the 

Computer-Aided Modelling and Simulation 
 

The data employed for the computer aided 
modeling and simulation include the geometric data 
(which encompasses the aircraft wing dimensions 
illustrated in Fig. 2), the various materials properties, 
the loading, boundary conditions and simulation 
data (imported from the standard library of the 
ABAQUS software). 

 
Fig. 2. An illustration of the aircraft wing 

 
2.3.2 Meshing and Finite Element Analysis of the 

Aircraft’s Wing Model 
 

The geometry was meshed into finite analysis 
domains with 8-node three-dimensional hexahedral 
brick elements, allowing the simulation to evaluate 
feasible ranges of process parameters. The setup 
imposed encastre mechanical boundary conditions 
at the major chord end of the wing to simulate the 
real-life attachment of an aircraft wing to the 
fuselage machining, with specified mechanical 
interactions to define the wing’s translational and 
rotational degrees of freedom.  
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The loads employed in this study represent the 
typical loads usually imposed on a typical large 
aircraft wing during flight [17]. 

The assembly was subjected to convergence 
simulations with mesh refinement for optimal 
accuracy and computational efficiency. An average 
global mesh size of 0.5 mm was adopted in order to 
balance computational cost and accuracy. 
Atmospheric pressure and lift force similar in 
magnitude and line of action to ‘as is’ conditions 
were applied respectively to the leading edge and 
base of the part as shown in Fig. 3. The component 
was subsequently configured to run for analysis 
under a static general stress analysis step under the 
same loading conditions but with different structural 
materials to assess their performance, with the loads 
applied to simulate the real-world operating 
conditions of the aircraft. Overall, these simulations 
provided valuable insights into the behaviour of 
components under different structural conditions, 
informing design and material selection decisions, 
especially concerning the structural reliability and 
stability of the wing. 

 

    
(a)           (b)        

Fig. 3. (a) Atmospheric pressure force, (b) Lift force 
applied to the geometric model of the wing. 

 
Fig. 4 shows the linear hexahedral element of 

type C3D8R employed, having a total number of 
nodes of 39597 and elements of 31200. 

 

 
(a) 

 

 
(b)  

Fig. 4. (a) Linear hexahedral element of type C3D8R, (b) 
The meshed elements 

The geometrical parameters that determine 
wing’s shape include the span, chord distribution, 
aspect ratio, wing area, Planform area, winglets, etc. 
[17]. The selection of the right values of parameters 
will help reduce the overall wing drag. The major 
design requirement is to have an optimum lift-to-
drag ratio so that the wing can be propelled for 
effective aerodynamic lift. There is a need to achieve 
a balance in the structural design of the wing in terms 
of its strength and stiffness and its aerodynamic 
capacity. The use of winglets can lead to significant 
reductions in drag, thereby promoting energy 
efficiency [17]. Thus, the wing is an essential 
component of the aircraft that determines the 
characteristics of the flight.  

The planform area of the wing (S), is expressed as 
Eq. 4.  

S = ∫ 𝑐𝑑𝑦
𝑠

−𝑠
= ∫ 𝑐𝑑𝑦

b/2

−b/2
                     (4) 

Since both wings are designed to have the same 
geometry then, Eq. 5 holds thus; 

S = 2 ∫ 𝑐𝑑𝑦
𝑠

0
= 2 ∫ 𝑐𝑑𝑦

b/2

0
                   (5) 

The aspect ratio (𝐴𝑅) is expressed as Eq. 6. 

AR =
b2

S
=

4s2

S
=

4s2

2 ∫ 𝑐𝑑𝑦
𝑠

0

                    (6) 

Where s - is the wing’s semi-span designed as 
5,000 mm (5 m) as shown in Fig. 2, 𝑏 - is the wingspan 
(mm), 𝑐  - is the local chord length (mm) and 𝑑𝑦  - 
represents the small increment along the half-span. 

Leishman [17] stated that the typical values of 
aspect ratio ranges as follows: 

1.  Small general aviation aircraft: between 5 and 
10.  

2. Commercial transport aircraft: between 9 and 
15. 

3. Glider or sailplane: 30 and above.  

This wing, designed in this study, is tailored 
towards a commercial transport aircraft; therefore, 
an average aspect ratio (𝐴𝑅) of 12 is selected. 

Linear hexahedral elements of type C3D8R 
Total number of nodes: 39597 
Total number of elements: 31200  
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From Eq. 4, the planform area (S) is calculated as 
8.33 m2 (corrected to 10 m2 using a safety factor of 
1.2), while the wing span b is calculated as 10.95 m. 

 
3. RESULTS AND DISCUSSION  
 
3.1 Result obtained for the Ranking Based on 

Distance and Range Method (RADAR-DR) 

 

Taking the benefit criteria as 𝑋∗ = [1, 1, 1,1] from 
Eq. 3a, the Euclidean distances of the alternatives 
from the ideal alternative were calculated as follows: 

𝐷1
∗ = √(1 − 1)2 + (1 − 1)2 + (0.5 − 1)2 + (1 − 1)2 = 0.50 

𝐷2
∗ = √(0.67 − 1)2 + (0.44 − 1)2 + (0 − 1)2 + (0.5 − 1)2 = 1.30 

𝐷3
∗ = √(0.44 − 1)2 + (0.22 − 1)2 + (1 − 1)2 + (0.75 − 1)2 = 0.99 
𝐷4

∗ = √(0 − 1)2 + (0 − 1)2 + (0.75 − 1)2 + (0 − 1)2 = 1.75 
 

Table 8 presents the ranking of the materials in 
ascending order. The alternative with the shortest 
distance to the ideal alternative, as determined from 
the calculated Euclidean distances, represents the 
most suitable option based on the identified criteria. 

 

Table 8. Ranking of the materials using the RADAR-DR 
method 

Alternatives 

(Materials) 

Euclidean distance 

(𝐷𝑖) 

Rank 

A1: Carbon fibre 0.50 1 

A2: Titanium alloy 0.99 2 

A3: Aluminum alloy 1.30 3 

A4: Stainless steel 1.75 4 

 

The ranking done using the RADAR-DR techniques, 
ranked carbon fibre as the most suitable material for 
the development of the aircraft wing and ranked 
stainless steel least.  

 

3.2 Relative Assessment of Decision Alternatives 
with Ranges-Alpha, Beta, Empty and Relative 
Relationship (RADAR-ABER) 

 

Table 9 displays the ranking of the materials using 
the RADAR- ABER method. The order of the ranked 
alternatives agrees perfectly with the ranking order 
obtained using the RADAR-DR. This implies that the 
methods can be used as MCDM for material selection.  

 

 

 

 

 

Table 9. Ranking of the materials using the RADAR- ABER 
method 

i Ranking index Rank 

Alternatives Sum RI 

i=1 Carbon 
fibre 

1.933 1.000 1 

i=2 Titanium 
alloy 

3.380 0.572 2 

i=3 Aluminum 
alloy 

3.541 0.546 3 

i=4 Stainless 
steel 

3.744 0.516 4 

 

3.3 Results obtained from the Modeling and 

Simulation Technique 

 
In Figs. 5-16, the horizontal axes are the true 

distances along the path (in mm), which represent 
the length along the wing, while the vertical axes 
represent the amount of stress, strain and deflection 
or deformation experienced by the materials for the 

stress, strain and displacement plots, respectively. 
Fig. 5 shows the stress induced in the tested 

materials at the leading and trailing edges, 
respectively. The leading edge is the front part of the 
aircraft’s wing that contacts the air, while the trailing 
edge is the rear part of the wing. The results 
indicated that by approximation, the magnitude of 
stress induced in the tested materials was the same 
(about 25 MPa at the leading-edge and 7.0 MPa at 
the trailing edge). The stresses induced decrease 
with an increase in the true distance along the path 
for all the materials. 

Fig. 6 shows the maximum strain (Emax) of the 
materials along the leading and trailing edges of the 
aircraft. The results obtained indicated that the 
strain induced in the aluminum material is the 
highest, exceeding 0.35 and 80 for the leading and 
trailing edges respectively. This is followed by a 
titanium alloy whose strain values exceed 0.20 for 
the leading edge and 45 for the trailing edge. The 
lowest strain was observed in carbon fibre, whose 
strain values slightly exceeded 0.10 for the leading 
edge and 20 for the trailing edge, followed by 
stainless steel, whose strain values slightly exceeded 
0.12 for the leading edge and 25 for the trailing edge. 
The maximum strain was observed to decrease with 
an increase in the true distance along the path for all 
the materials. 

Fig. 7 shows that there was negligible Equivalent 
Plastic Strain (PEEQ) for the tested materials, while 
Fig. 8 shows the resultant displacement (Umag) of the 
materials. The resultant displacement was highest in 
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aluminum (about 0.60 mm), followed by titanium 
alloy (0.30 mm) for both the leading and trailing 
edges. The resultant displacement was observed to 
increase with an increase in the true distance along 
the path for all the materials. 

Carbon fibre has the lowest displacement (about 
0.09 mm), followed by stainless steel (about  
0.11 mm). Figs. 9 and 10 present the backward 
displacement (U1) and the upward displacement (U2) 
for the leading and trailing edges. The backward 
displacement was highest in aluminum (exceeding 
0.020 mm), followed by titanium alloy 
(approximately 0.0125 mm). Carbon fibre has the 
lowest displacement (about 0.005 mm), followed by 
stainless steel (about 0.07 mm). The upward 
displacement was highest in aluminum (exceeding 
0.60 mm), followed by titanium alloy (approximately 
0.35 mm). Carbon fibre has the lowest displacement 
(about 0.12 mm), followed by stainless steel (about 
0.15 mm). The magnitude of the upward and 
backward displacements was observed to increase 
with an increase in the true distance along the path 
for all the materials. 
 

 

 
 

Fig. 5. Stress of the tested materials at the leading and 
trailing edges  

 

 
Fig. 6. Maximum Strain (Emax) of the materials along the 

leading and trailing edges  

 

 
Fig. 7. Equivalent Plastic Strain (PEEQ) of the materials at 

the leading and trailing edges  
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Fig. 8. The resultant displacement of the materials at the 
leading and trailing edges 

 
Fig. 11 presents the stress of the materials at the 

central of the wing (span and root thickness 
respectively). The span represents the distance from 
one wing tip to another [17]. The results indicated 
that by approximation, the magnitude of stress 
induced in the tested materials was the same (about 
19 MPa at the central span). At the central root 
thickness, the magnitude of stress induced was 
highest in stainless steel (about 20 MPa), followed by 
carbon fibre (about 19 MPa). The lowest stress was 
observed in titanium alloy (about 18 MPa), followed 
by aluminum whose stress values slightly exceed 
18.5 MPa at the central of the wing (span and root 
thickness respectively). For the central span, the 
stresses induced were observed to decrease with 
increase in the true distance along the path for all the 
materials, but for the root thickness, the stresses 
induced were first observed to decrease with 
increase in the true distance along the path up to 2.5 
mm, after which they increased with increase in the 
true distance along the path. 

 

 
 

Fig. 9. Backwards displacement (U1) of the leading edge 
and trailing edges 

 

 
 

Fig. 10. Upward Displacement (U2) of the leading and 
trailing edges  
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Fig. 12 shows the maximum strain (Emax) of the 
materials at the central of the wing (span and root 
thickness respectively). The results obtained 
indicated that the maximum strain induced in the 
aluminum material is the highest, exceeding 0.12 and 
0.020 at the central of the wing (span and root 
thickness respectively). This is followed by a titanium 
alloy having a maximum strain value of 0.080 and 
0.06 for the span and root thickness respectively. The 
lowest maximum strain was observed in carbon fibre 
whose values slightly exceed 0.03 for both span and 
root thickness, followed by stainless steel, whose 
maximum strain values slightly exceed 0.035 for both 
span and root thickness. For the span, initially the 
maximum strain was observed to increase with an 
increase in the true distance along the path for all the 
materials, after which it was observed to decrease 
with an increase in the true distance along the path. 
For the root thickness, the maximum strain induced 
was first observed to decrease with an increase in the 
true distance along the path up to 2.5 mm, after 
which it increases with an increase in the true 
distance along the path. 

Fig. 13 shows that there was negligible Equivalent 
Plastic Strain (PEEQ) for the tested materials at the 
central of the wing (span and root thickness 
respectively). Figure 14 shows the resultant 
displacement (Umag) of the materials at the central of 
the wing (span and root thickness respectively). The 
resultant displacement of the span was highest in 
aluminum (about 0.60 mm), followed by titanium 
alloy (0.35 mm) at the central of the wing (span). 
Carbon fibre has the lowest displacement (about 
0.010 mm), followed by stainless steel (about 0.15 
mm) at the central of the wing (span).  

The resultant displacement of the span was 
observed to increase with increase in the true 
distance along the path for all the materials. The 
resultant displacement (Umag) of the materials at the 
central of the wing (root thickness) is negligible 
(about 0). 

 Figs. 15 and 16 present the backward 
displacement (U1) and the upward displacement (U2) 
respectively, at the central of the wing (span and root 
thickness respectively). The backward displacement 
was highest in aluminum (exceeding 0.020 mm), 
followed by titanium alloy (approximately 0.0125 
mm) at the central of the wing (span). Carbon fibre 
has the lowest displacement (about 0.005 mm), 
followed by stainless steel (about 0.06 mm) at the 
central of the wing (span). The upward displacement 
was highest in aluminum (exceeding 0.60 mm), 
followed by titanium alloy (approximately 0.35 mm) 
at the central of the wing (span). Carbon fibre has the 

lowest displacement (about 0.12 mm), followed by 
stainless steel (about 0.15 mm) at the central of the 
wing (span). Both the backward and upward 
displacements at the central of the wing (root 
thickness) are negligible (about 0). The magnitude of 
the upward and backward displacement at the 
central of the wing (span) was observed to increase 
with an increase in the true distance along the path 
for all the materials. 
 

 
Fig. 11. Stress of the materials at the central (span and 

root thickness respectively)  

Carbon fibre outperforms other materials with a 
potential for reduction in peak strain by 84% 

(compared to aluminium alloy under identical load), 
approximately 75% (compared to stainless steel 
under identical load) and approximately 55.6% 

(compared to titanium alloy under identical load). 
It also shows a potential for reduction in peak 
displacement or deformation by 83.3% (compared to 
aluminium alloy under identical load), approximately 
57.1% compared to stainless steel under identical 
load, and approximately 70% (compared to titanium 
alloy under identical load). 
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Fig. 12. Maximum strain (Emax) of the materials at the 

central (span and root thickness, respectively)  

 

Fig. 13. Equivalent Plastic Strain (PEEQ) of the materials 
at the central (span and root thickness, respectively)  

---

 
Fig. 14. Resultant Displacement (Umag) of the materials at 

the central (span and root thickness, respectively)  

 

 
 

 
Fig. 15. Backwards Displacement (U1) of the materials at 

the central (span and root thickness, respectively)  
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Fig. 16. Upward displacement (U2) of the materials at the 

central (span and root thickness respectively) 
 

3.4 Comparison of Factor of Safety (FoS) 
 

From the Finite Element Analysis (FEA), the 
maximum stress (σmax) at the leading edge is 25 MPa, 
while that of the central (span and root thickness) is 
approximately 18 MPa. Therefore the average 
maximum stress is 21.5 MPa. Since, FEA was run at 
limit load, the ultimate stress becomes 1.5 × average 
maximum stress which gives 32.25 MPa. The yield 
strength of the materials are as follows: (1) 
aluminum alloy: 300 MPa (2) stainless steel: 250 MPa 
(3) titanium (Ti-6Al-4V): 880 MPa (4) Carbon fibre 
laminate (design allowable): 400 MPa [23,24]. 

Therefore, the static Factor of Safety (FoS) at 
ultimate stress is computed as follows: 

1. Aluminum: 𝐹𝑜𝑆 =
300

32.25
= 9.30  

2. Stainless steel: 𝐹𝑜𝑆 =
250

32.25
= 7.75  

3. Carbon fibre (allowable): 𝐹𝑜𝑆 =
400

32.25
= 12.40  

4. Titanium allloy: 𝐹𝑜𝑆 =
880

32.25
= 27.29  

These results indicate that all the selected 
materials show high static FoS against the peak 
stresses obtained from the FEA simulation. This 
implies that the aircraft wing will not only be 

governed by the yield strength but by other criteria 
such as stiffness, deflection and buckling. 

 
3.5 Discussion of Results 

 
The summary of the results obtained from the 

computer aided modeling and simulation of the 
selected materials for aircraft wing application 
indicates that carbon fibre outperforms aluminum, 
titanium alloy and stainless steel in terms of the 
stress induced and the corresponding strain and 
displacement as a result of the loading conditions, for 
the leading and trailing edges of the wing. For the 
central part (root thickness), titanium alloy produced 
the least stress induced, followed by aluminum and 
carbon fibre. At the same time, stainless steel has the 
highest stress induced, but for the strain and 
displacement, carbon fibre has the best performance, 
followed by stainless steel and titanium alloy, while 
aluminum has the least performance.  

Mesh convergence was achieved with an element 
size of 0.5 mm, which balances computational cost 
and accuracy. This ensures that the variations in the 
stresses and strains induced were negligible.  

The peak stresses are nearly identical for all 
materials, indicating that all materials are within 
their elastic range and that the applied load and 
geometry dominate the stress distribution. Hence, 
their differences lie in the strain and displacement 
and not in the stress pattern itself. Since all materials 
can handle the same stress magnitude without 
yielding, it implies that the strength of the various 
materials is sufficient for the intended applications. 
The decisive factor becomes the stiffness (Young’s 
modulus) and weight. 

From the strain curves, aluminum alloy 
demonstrates the highest strain and the lowest 
modulus, which may indicate an undesirable or 
excessive flexibility under the intended application. 
This means that the material had the highest 
deformation and the lowest stiffness. The lower the 
strain, the higher the stiffness and vice versa. Carbon 
fibre composite had the least strain, highest modulus 
and stiffness-to-weight ratio, which implies that it 
can resist bending effectively. Titanium (second-
highest strain) and stainless steel (moderate strain) 
also show relatively fairly good stiffness, but their 
weights might not be efficient for flight. 

The displacement curves show how much the 
materials deform under the same applied load or 
aerodynamic stress. In aircraft design (especially 
wings), the stiffness-to-weight ratio and fatigue 
resistance are important criteria. The selected 
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material must resist bending under aerodynamic 
loads while maintaining a light structure. 

From the displacement graphs, carbon fibre 
composite shows the least displacement, which 
implies that it has the highest stiffness. It is ideal for 
minimizing the wing flex and maintaining proper 
aerodynamic shape, leading to improved lift and lift 
stability. However, a reduction in displacement 
implies increased stiffness, which may also decrease 
the fatigue life of the component due to higher local 
stresses and a reduction in load distribution, 
especially under a cyclic or repeated loading 
condition. Next in performance is stainless steel with 
a moderate displacement, although it is stiff but 
heavy, and may reduce aircraft performance and fuel 
efficiency. Next is titanium alloy with a slightly higher 
displacement than carbon fibre and stainless steel, 
but less than aluminum. Aluminum performed the 
least with the highest displacement, which implies 
that it is too flexible, and may cause excessive wing 
deflection. The simulation results show that the 
concentration of the maximum stress concentrations 
was experienced at the leading edge. The von Mises 
stress observed peaked at approximately 25 MPa at 
the leading edge and reduced to 7.0 MPa at the 
trailing edge; both were found to be significantly 
lower than the tensile strength material (3.20 GPa), 
thereby indicating sufficient structural integrity. This 
finding is consistent with findings of Prasad et al. [25] 
who reported similar stress patterns during the 
simulation of aluminum, glass and carbon fibre for 
aircraft wing application using the ANSYS software. 
Wunderlich et al. [26] also reported improved 
flexibility, structural integrity and aerodynamic 
performance with a significant reduction in the wing 
mass during the optimisation of a composite aircraft 
wing with an increase in the aspect ratio and a 
reduction in the taper ratio of the wing. High stress 
concentration obtained at the leading edge in this 
study could be attributed to aerodynamic load 
distribution due to the fact that the leading edge 
directly faces the oncoming airflow, therefore, it 
bears the highest aerodynamic pressure. This implies 
that the leading edge usually carries more structural 
load due to its position relative to the aerodynamic 
centre, where there is a concentration of stresses 
near the front of the wing [27]. According to 
Bernoulli’s principle and pressure coefficient 
distribution on airfoils, the maximum suction 
(negative pressure) usually occurs near the leading 
edge due to a steeper pressure gradient, which 
induces higher stress concentrations compared to 
the leading edge [28]. Furthermore, the curved 
geometry at the leading edge may trigger stress. 

According to stress concentration theory, areas with 
tight curvature usually experience high locally 
induced stress, compared to the trailing edge, which 
is thinner and may gradually dissipate stress [29]. 

According to Leishman [17], an aircraft wing must 
be designed structurally to be light-weight with 
sufficient stiffness to resist all the stresses and other 
structural load requirements. Thus, a properly 
designed wing will have minimal deformations under 
the action of the aerodynamic forces and moments. 
It must also resist adverse structural bending or 
twisting, or other aeroelastic effects.  

The suitability of carbon fibre for the aircraft wing 
application may be traced to its high strength-to-
weight ratio, high stiffness, high resistance to 
corrosion, fatigue, and temperature [6]. 

The results obtained agree significantly with the 
findings of Khumaedi et al. [30] that carbon fibre is a 
suitable material for the development of aircraft 
wings. However, the determination of the fiber 
orientation, as well as the number of fiber layers, will 
affect the tensile strength of the composite material 
and its performance for the intended aircraft wing 
application [31,32]. The high stress, strain and 
displacement induced in aluminum may be 
attributed to its low melting point, low fatigue 
strength, as well as its vulnerability to cracking and 
buckling under stress [4]. However, these limitations 
can be mitigated by mixing aluminum alloys with 
other metals, such as copper, zinc, magnesium, 
silicon, etc., to produce a higher grade of aluminum 
alloy with improved characteristics tailored towards 
aircraft wing application. 
The suitability of titanium alloy for the central part of 
the wing (root thickness) can be linked to its high 
strength, high stiffness, good corrosion and fatigue 
resistance, as well as good durability. Its poor 
thermal conductivity may be responsible for the high 
stress, strain and displacement induced at the 
leading and trailing edges of the wing. However, on 
the titanium alloy still shows potential for aerospace 
component development in line with the findings of 
the literature [6]. The performance of stainless steel 
for the wing application may be impaired by its high 
weight. Overall, the magnitude of the stress, strain 
and displacement induced for the leading, trailing, 
and central (span and root thickness) were small. 
This implies the feasibility of the computer aided 
design and modeling of the materials vis-à-vis the 
intended application. Since the wings bear the entire 
weight of the aircraft, the wing shape is designed to 
be larger in its chord and thicker in cross-section near 
the fuselage than at the wing tips to achieve 
adequate structural strength and stiffness so as to 



I. Daniyan et al. / Advanced Engineering Letters Vol.4, No.4, 221-237 (2025) 

 235 

withstand large shear loads and bending moments 
usually produced near the root of the wing. 
This work is significant in that it can assist aircraft 
component developers in optimising material 
selection for the development of aircraft wing design. 
Optimised designs will promote sustainability in 
terms of energy efficiency, light-weightiness, and 
environmental friendliness of the aircraft operation. 
Hence, the use of integrated multi-criteria decision 
making and simulation approach is recommended 
for material selection and optimisation of design 
during aircraft component design. However, 
effective process design, such as the matrix 
composition and processing of carbon fibre can 
enhance its performance for aerospace applications 
while the alloying of other materials, such as 
aluminum can improve its performance with other 
metals. The results obtained can assist aircraft and 
materials developers in their quest for the 
sustainability of aircraft operations. 

  
4. CONCLUSION  

 
The aim of this study is to employ the 

combination of multi-criteria decision approaches, 
namely RADAR-DR and RADAR-ABER, as well as 
computer aided modeling and simulation approach 
for the selection of the most suitable materials for 
the development of an aircraft wing. 

 The results obtained from the RADAR-DR and 

RADAR-ABER MCDM indicate that carbon fibre 
composite is the most suitable material for the 
intended application out of the other range of 
materials considered and stainless steel is the least 
preferable. Furthermore, the simulation results 
indicated that carbon fibre outperformed other 
materials in terms of the strain and displacement 
response to the load stress. Carbon fibre composite 
exhibits the lowest displacement and strain, which 
implies the highest stiffness with acceptable stress 
levels found within its elastic limits. It also has the 
lightest weight, which is crucial for fuel efficiency and 
payload optimization. Carbon fibre composite 
outperforms other materials with a potential for 
reduction in peak strain by 84% (compared to 
aluminum alloy under identical load), approximately 
75% (compared to stainless steel under identical load) 
and approximately 55.6% (compared to titanium 
alloy under identical load). It also shows a potential 
for reduction in peak displacement or deformation 
by 83.3% (compared to aluminum alloy under 
identical load), approximately 57.1% compared to 
stainless steel, and approximately 70% (compared to 
titanium alloy under identical load). 

This study bridges the computational material 
analysis gap via ABAQUS simulation and 
aerodynamic performance requirements by 
identifying various materials’ stiffness, strength, 
modulus and density. These properties influence an 
aircraft wing’s ability to bear loads and sustain lift 
efficiently. Carbon fibre composite was selected as 
the optimal material because it withstands stress 
(load-bearing capability), minimizes deformation 
(maintains lift performance) and reduces structural 
weight (enhances aerodynamic efficiency). 

 This study is significant in that it combines a 
scientific approach (RADAR MCDM) and a data-
driven technique (ABAQUS simulation) for the 
selection of optimal material for aircraft wings. 
Thus, the outcome of this study can enhance design 
efficiency, cost reduction, and improve aircraft 
performance, energy efficiency and safety. This study 
also contributes to sustainable aviation via the 
selection of materials with the best combination of 
stiffness, strength, and lightweight properties. 

This study is limited to material selection using 
RADAR-DR and RADAR-ABER MCDM approaches and 
the simulation of the selected materials in the 
ABAQUS® 2022 environment. It is also limited in the 
number of criteria employed and the absence of 
experimental validation of results. As in MCDM 
approaches, the determination of the weights 
requires some subjectivity, which may influence the 
prioritisation or ranking of the alternatives. However, 
the weighting was done in this study through expert 
consensus and in alignment with the literature. 
Future works can consider the prototyping of the 
aircraft wing using the empirical results obtained in 
this study as a guideline. Future studies can also 
consider a comparative analysis of the results 

obtained in this study using RADAR-DR and RADAR-
ABER with other various MCDM, such as Analytical 
Hierarchy Process and Technique for Order 
Preference by Similarity to Ideal Solution (TOPSIS), 
with the incorporation of other criteria such as cost, 
manufacturability, and life cycle impact. Additionally, 
future studies can consider experimental validation 
of the results of this study using scaled wing 
prototypes or coupon testing. 
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