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Abstract
This paper investigates the structural behaviour of the wing subjected to the aerodynamic loads during the flight using finite
element analysis of wing flexure deformation. In this work, three different types of wing models are established. Material
characteristics, the wing structure, and design principles have been taken into account. The assembly of the wing model
consists of the thin skin, two spars, and the multi-ribs. The two spars consist of primary and secondary spars. For this study,
NACA 23015 is chosen as the baseline airfoil as this airfoil is very similar to the customized airfoil being used in Airbus A320.
Two spars mainly bear the bending moment and shear force, which are made of titanium alloy to ensure sufficient rigidity. The
skin and wing ribs are made of aluminium alloy to lighten the structural weight; a static structural analysis is applied. Total
deformation, equivalent elastic strain, and equivalent von Mises stress are obtained to study the wing’s structural behaviour.
Furthermore, the modal analysis is then applied. The natural frequencies and the modal shape of the wing for three orders are
obtained through the pre-stress modal analysis. The modal analysis results help designers minimize excitation on the natural
frequencies and prevent the wing from flutter. According to the results, designers can emphasize strengthening and testing
the stress concentration and large deformation area.

Keywords Finite element method · Wing · Airfoil · Structural analysis · Simulation

1 Introduction

This research aims to quantify the structural behaviours of
the three-dimensional wing as a wing structure. Its compo-
nent plays a vital role in producing lift, provides stability,
and offers excellent manoeuvrability to the aircraft. This
article also proposes an analysis method for wing design
models using the finite element method (FEM), including
static structural and modal analysis. First, there will be three
different types of wing models with different configurations
consisting of a primary and secondary spar, thin skin, and
multi-ribs. There will be a few limitations and assumptions
made throughout the analysis. As a result, structural analy-
sis of elastic strain, von Mises stress, bending, and torsional
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moment of the wing obtained through transient structural
analysis, which applies for optimization and improvement
to the design of the wing for the future. The same step of
analysis is repeated to analyse the other two different wing
models. A fatal accident can happen to the wing structure
due to complicated external flight environments, which will
result in the pressure of upper and lower wing surfaces with
varying aerodynamic flow fields around the wing [23]. The
modal analysis investigates the resonance frequencies of the
wing computationally as structure oscillations at resonance
frequencies are often hazardous since relatively small exci-
tation forces can develop large-amplitude vibrations, leading
to structural failure.

The studies have been found on structural analysis using
the mathematical expressions; for example, in 1943, Flax [6]
derived the number of equations for wing-aileron. Next, the
numerical model was designed and simulated the structural
analysis results for a three-dimensional swept wing [14]. A
three-dimensional wing scan of a dragonfly fore- and hind-
wing with a micro-CT scanner has been performed for the
analysis [9]. Garmann et al. [7] conducted a numerical study
on the three-dimensional wing and resolved the flow of struc-
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ture and aerodynamic loading. A comparative study on the
three-dimensional wing for aerodynamics drag with design
and analysis propose was drawn by the authors [5]. Like the
present study, static and dynamic loading conditions on the
spacecraft structural component were adopted to analyse the
load superposition [19]. Also, numerical investigation of the
transonic buffet on a three-dimensional wing using incre-
mental mode decomposition by the authors [16]. Yang et al.
[21] numerically investigated the thickness of aircraft wing
skins with optimization studies using the ABAQUS commer-
cial tool. Lorber [13] studied the compressibility effects on
a three-dimensional wing dynamics stall. Garre [8] investi-
gated the bending and shear loads on a wing by modelling
the components—ribs and spars—and their effects consid-
ering the structural analysis. In some studies, wing weight
has also been majored by varying the spacing between the
ribs and stringer and its effect on weight considering alu-
minium material [3]. Kumar et al. [12] designed an aircraft
wing structure for static analysis and fatigue life prediction
using FE analysis via ANSYS APDL and determined the
fatigue to predict the life of wing structures. The obtained
results from 3D modelling in ANSYS shows an optimum
result that can be further used to evaluate the damage toler-
ance for the complete evaluation of damage tolerance.

Structural analysis of an aircraft is vital to keep flying
safely. The plane’s study includes designing any aircraft com-
ponents to resist stress from any deformation that occurs.
Zakuan et al. [22] investigated the three-dimensional wing’s
structural behaviour imperiled to flowing loads. For the wing
model establishment and themaximumoperatingMachnum-
ber of Airbus A320 is equivalent to 0.82, which is slightly
lower operating speeds than its predecessor, A300 and A310.
Usually, the aircraft’s cruise speed must range from Mach
number 0.79 to 0.80 [15]. On the other side, few studies
from Zhang et al. [23] and Vani et al. [18] describe a wing
model’s development based on their own goals. This can be
seen when Zhang et al. [23] set up a wing based on a large
aspect ratio design. It is more effective to evaluate a consid-
erable aspect ratio wing design to study wing deformation.
Vani et al. [18] modelled an A320 wing prototype with a
scaled-down model. At the initial design stage, testing a full-
scale model is avoided. Because of the size of the wing to be
reproduced and assembled, a scaled-down model is selected.
But in this paper, the wing structure is set to be 1:1. Accord-
ing to Raymer [17], the reference wing is the primary wing
geometry used to begin the layout. For a three-dimensional
wing, the air can escape around the wingtip. The pressure
difference between upper and lower surfaces will drop due
to air fleeing, thus reducing the lift near the tip.

In recent years, a 3D wing was designed for differ-
ent vehicles such as hovering flight [20], airborne wind
energy generation [4], and unmanned aerial vehicles [10].
In addition, the wing has been designed with a tapered ratio

[1] to investigate the normal mode analysis and the linear
static structure for transport aircraft application purposes.
In these previous studies, the FEM was used and success-
fully determined the structural analysis and optimization for
a specific design and application. They are conducted the
linear/non-linear, static/dynamics, and structural/mode anal-
ysis to determine the stresses, strains, deformation, and safety
factor of the wing at different loading conditions and mate-
rial properties. After literature studies, it has been clear that
the swept wing is used in modern aircraft industries to which
wing sweep is applied primarily to reduce the drag diver-
gence Mach number. Besides, in-plane wing’s structure, the
ribs will give shape to the wing, and the spar will account
for most of the bending loads on the wing structure. In a
fixed-wing plane, the spar is the wing’s primary structural
member, running spanwise at the right angles to the fuse-
lage. Hence, this study focused on the wing structures using
different types to extract the structural performance with the
finite element analysis (FEA).

2 Finite element method

The structural analysis of any component such as aircraft
parts using computational tools is easier to predict the results
[16]. In this work, an aircraft primary structural component
3D wing has been analysed by considering three differ-
ent aspects/designs to predict and compare the simulation
results, which will be helpful to further investigate with
experimental work and practical applications. The mate-
rials used to design the wing with mechanical properties
have been illustrated in this section. The methodology to
design and build a three-dimensional wing with SolidWorks
is a robust computer-aided design (CAD) and computer-
aided engineering (CAE) program. Moreover, to analyse
the designed model, an ANSYS static structural analysis
through the workbench is used to evaluate and examine the
model wing’s behaviours. Generally, this has been consid-
ered through the FEM, which only provides an approximate
solution to the problem. Besides, it is used as the basis for
modern simulation software and helps engineers to findweak
spots, maximum and minimum vonMises stress, total defor-
mation in their designs.

2.1 Structural and static analysis

In this section, the structural and static analyses will be elu-
cidated and explained before starting the wing design and
analysis. As mentioned earlier, a statistical approach is used
in thiswork. The literature shows that different types ofwings
have been utilized for numerical examples, and some have
rarely been used. In the current study, an Airbus A320 with a
single-aisle configuration is chosen for the sample (Table 1).
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Table 1 General specifications for Airbus A320

Parameter

Wingspan 33.910 m

Semi-span 16.95501 m

Aircraft maximum
weight

MTOW 68,000 kg

MLW 63,000 kg

MZFW 59,000 kg

MW 39,000 kg

Maximum passenger 180 people

Operating limit
speed

MMO 0.82

Cruise speed 0.79–0.80

Airfoil Root airfoil NACA 23015

Kink airfoil NACA 5-digit

Tip airfoil NACA 5-digit

Root chord length 7.05/3.525 m

Tip chord length 1.50/3.525 m

Skin thickness 9.1 mm

Position of front
spars

20% of the chord m

Position of rear spars 65% of the chord m

Since there are many limitations and the wing structure com-
plexity, it is incredibly time-consuming, if not impossible, to
carry out.

The model’s geometry is simplified by decreasing the
wing scale and omitting numbers of ribs as they do not con-
tribute against bending. For static analysis, a factor of safety
is considered to acquire the pressure on the surface of the
wing and the lift load. The actual load-bearing capacity of a
structure or component and the required margin of safety for
a structure is decided based on the code, law, and design
requirements. An FoS on the loading factor accounts for
extreme loading due to human error or unexpected weather
conditions such as gust load. Therefore, the FoS is selected to
be 1.5, and thus the produced lift for the wing is calculated.

First, the aircraft’sweight is determinedbymultiplying the
maximum take-off mass of the aircraft with the gravitational
acceleration. It is essential to note that the aircraft’smaximum
take-off weight should be taken as the initial mass.

Weight,W(N) � 68, 000kg × 9.81
m

s2
� 667, 080N, (1)

ηmax × FoS � L

0.4(W)
, (2)

(3)

L total � (ηmax × FoS) × 0.4 (W)

� (3.5 × 1.5) × 0.4 (667, 080) � 1, 400, 868N.

After the total lift load acting on thewing is calculated, the
lift load is then divided into two, as the aircraft is symmetric.

Table 2 Design of wings and spars and their characteristics

No. Design Characteristics

1 Design 1 The straight wing comprises two spars with a solid
square cross section, which is a primary and
secondary spar. The wing also has ten ribs

2 Design 2 The straight-wing comprises two spars that have
an I-shaped cross section, which is a primary and
secondary spar. The wing also has ten ribs

3 Design 3 Tapered wing

Initially, there is only 80% of the lift load is applied on the
wings, and the remaining 20% is applied on the fuselage.
The lifting load is considered an important criterion while
designing an aircraft. Therefore, only 80% of the total lift
load is considered on the wing.

Lwing � 0.8 (L total)� 0.8×1, 400, 868N � 1, 120, 694.4N,

(4)

Leachwing � 1, 120, 694.40N

2
� 560, 347.20N, (5)

(6)

Pressure, P (Pa) � Lift, L

Wingarea, S
� 560, 347.20N

122.5m2

� 4574.263Pa.

Therefore, the pressure due to the lift load on the lower
surface of the wing is 4574.263 Pa.

2.2 Geometry andmodelling

A designed wing modelled exported into the Para solid file
that ANSYS Workbench can read for the analysis. Three
designs of the wing model and two different types of the
cross section of the spar are established to analyse and under-
stand the wing’s structural behaviour—all design of wings
that is characterized as follows (Table 2). The three designs
of wings are because of the limitation and boundaries present
in designing the Airbus A320 wing. As stated in the previous
section, aircraft manufacturers’ secrecy made it impossible
to gather and obtain information directly from these orga-
nizations, especially the industry’s leading players, Boeing,
and Airbus. All three wing designs of aircraft are explained
and elucidated in detail. The steps and boundaries are con-
sidered to obtain and achieve an accurate result for structural
behaviour analysis.

There are about five steps to design and analyse the
wing. The coordinate of the point of NACA 23015 airfoil is
obtained to build a wing. In the airfoil generator, the design
coefficient of lift of 0.3 is chosen and the points coordinate
is saved in a text file. The coordinate file of NACA 23015 is
chosen to be exported into the SolidWorks and the base plane
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(a) Front and side view

(b) Top and isometric view

Fig. 1 Straight wing comprises of square cross-sectional spars/rib

for the point coordinates is set up to be plotted in XY -plane.
The airfoil tool generator generates the point coordinates in
the x-, y-, and z-axes. The point coordinates are then con-
verted into an excel sheet file for SolidWorks to read the
coordinates accordingly. An airfoil has been built at a dif-
ferent location on the coordinate system to model the wing,
the first airfoil is plotted on the front plane; another curve
line of an airfoil is planned on one reference plane Plane1.
Additionally, the same step is chosen to plot other NACA
23015 airfoil ribs. Then the design of the wing is continued
with the addition of 9.1 mm thin skin layer. It is important to
note that all wings design used the same airfoil family with a
wingspan of 16,955.01 mm. After completing, the wing lay-
out can be analysed and simulated in the ANSYSWorkbench
using both static structural and modal analyses.

Design 1—straight wingwith square spars: the first design
of the wing model is a straight wing comprised of square
cross-sectional spars and ten numbers of ribs as shown in
Fig. 1.

Design 2—straight wing with I-shaped spar: for the
second design of the straight wing, the steps taken into con-
sideration are similar to what has been done in the wing
model’s first design. Figure 2 shows the details of wing struc-
tures.

Design 3—tapered wing: for the tapered wing, the same
steps are considered in designing and modelling the wing
model. Through a finite element model, the dimensions of
the tapered wing are shown in Fig. 3.

2.3 Meshing and boundary conditions

For the meshing of the finite element model for structural
analysis, the number of elements and nodes should be accept-
able for the relevant result. Some definitions need to be set
up first before generating the mesh. Mesh defeaturing, cap-
ture curvature, and capture proximity in the sizing section
are included to obtain a better mesh result. For the mesh

(a) Front and side view and ribs

(b) Top and isometric view

Fig. 2 Straight-wing comprises of I-shaped cross-sectional spars

(a) Front view

(b) Isometric view

(c) Side view

Fig. 3 Tapered wing together with its measurement

analysis, a magnificent mesh is needed to obtain accuracy in
results. The element sizing for both closed and open cross
sections is set to be 0.1 m with a coarse relevance centre
and medium transition for the present investigation’s infla-
tion option. Therefore, as an illustration, both solid square
and I-shaped beam mesh analyses are shown in Fig. 4. A
minimum length of the edge is critical to meet the require-
ment to mesh each part’s model. But present models focus
more on the structural type of mesh, and near to the high
strength region, a very fine mesh was used with a higher
number of elements/nodes to track the optimum results. The
shape is considered rectangular in each section of the wing.

After defining the edge size of 0.1 m during the mesh cre-
ation of each cross section for all designs, the minimum edge
length was obtained through the ANSYS mesh tool. It was
found that design 1 of 0.1770 m, design 2 of 5.27e−002 m,
and design 3 of 9.8425e−005 m for open and closed cross-
sections is limited to the ANSYS recommendation for the
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Fig. 4 Mesh preview together
with the close-up view for the
straight wing

srapsdepahS-I(b)srapserauqs(a)

mesh size based on the model. Moreover, in the present case,
the elements (nodes) of each model have 35814 (82962),
141254 (682161), and 10076 (10272) for design 1, design 2,
and design 3, respectively. However, the mesh model indi-
cated all the inputs defined are suitable for the structural
analysis [2]. Since designs 1 and 2 have a different subsec-
tion. For the square and I-shaped part to control the mesh
size, the object multizone quadrilateral/tri-method was fully
defined with a minimum edge of 7.2623 m for each design
with free face all quadrilateral mesh type with the mesh size
1.

It is seen from Fig. 5a, b that the face meshing on the skin
surface of the wing is a structured mesh. Face meshing, body
sizing, and multizone meshing have been applied for the first
two wing designs, and the result of meshing turns out the
structured one, which is more accurate than the unstructured
one. On the other hand, it can be seen that the face meshing
on the tapered wing is partially unstructured. Some changes
have been made to correct and debugging the face meshing,
but the results have remained constant. This may be due to
the uneven surfaces of the wing skin loft. As for the wing’s
skin, which is on the top and bottom surfaces, the result of
the face meshing is structured. Thus, the static and modal
analysis obtained later will have accurate and better results
compared to the unstructured face meshing.

After designing and modelling the spar beam, boundary
conditions needed to be applied to analyse static structural
andmodal analysis. Both spar beams are usedwith a pressure
load force at a y-component of 4000 Pa on the bottom surface
and fixed support at one end of the beam. Figure 6 illustrates
the wing’s boundary conditions. The location of improved
support at the root chord of the wing structure is shown in
blue arrow signs, Fig. 6a. In contrast, a uniform pressure
lift load is applied at the wing structure’s bottom surface,
indicating the red arrow sign Fig. 6b.

As illustrated in Fig. 6, two analysis settings and bound-
aries are set to analyse the wing’s static structural and modal
analysis. Two boundaries that are applied are fixed support
and a vertical pressure load at the y-component. The fixed
support is used at one end of the wing because it is attached
to the aircraft’s fuselage. Therefore, one end that is bigger in
terms of the surface area is selected as therewill bemore load.

For instance, landing gear and engine nacelles are located
at the wing’s inner side since the area at that position is
much spacious compared to the location at thewingtip.About
4000 Pa of pressure lift load is applied on the y-component
of the surface of the wing. Since the result is trivial due to the
complexity of the shape is low. Therefore, the mesh should
appear to be a structured one. One of the significant benefits
is that the nodal neighbour connectivity is simple and easy
compared to the unstructured one. The simplicity of nodal
neighbour connectivity will simplify the program. Hence,
the accuracy of the result for the geometry will increase if it
is a structured mesh.

3 Material selection

In material selection, many aspects and factors need to be
considered as several properties are essential to the choice
of materials for an aircraft. The range of the best material
depends upon the application. As mentioned earlier, many
factors need to be considered before selecting the material.
Therefore, due to the factors listed above, titanium is chosen
as thewing sparmaterial. Since thewing spars are theprimary
members of the wing structure, a material with a higher yield
and ultimate strength, high fracture toughness, high stiffness,
and high resistance to the fatigue crack is selected. Addition-
ally, higher resistance to creep, higher corrosion resistance,
and higher temperature limits are needed to take into con-
sideration. Thus, for these reasons, titanium seems to be the
ideal spars material. It has a better strength-to-weight ratio
and stiffness than aluminium and is capable of temperatures
almost high as steel [17].

In the selection of the material of the wing, two types
of material are chosen. The materials are aluminium alloy
and titanium alloy. Aluminium alloy is selected as the skin’s
material to reduce the weight of the wing structure. The alu-
minium alloy has a higher resistance to corrosion and lower
weight compared to steel alloys. The aluminium is used for
parts like the wings, where low mass and elasticity are more
critical. Meanwhile, ribs and wing skin materials have alu-
minium alloy, whereas primary and secondary components
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Fig. 5 Mesh preview together
with the close-up view for the
tapered wing

Fig. 6 Applied boundary
conditions

(a) Fixed support (b) Pressure

Table 3 Mechanical properties of titanium and aluminium alloy

Materials Titanium alloy Aluminium alloy

Poisson ratio 0.36 0.33

Young’s modulus 9.6 × 1010 Pa 7.1 × 1010 Pa

Compressive yield strength 9.3 × 108 Pa 2.8 × 108 Pa

Tensile yield strength 9.3 × 108 Pa 2.8 × 108 Pa

Shear modulus 3.2594 × 1010 Pa 2.6692 × 1010 Pa

have titanium alloy. Table 3 shows the properties of materials
of the selected materials.

4 Results and discussion

As a result, a validation/comparison is established to be on
par and improve the quality of this research and processes by
comparing results. It is not easy to obtain the experimental
results for such cases.Wind tunnel test results were found but
not precisely in the present case. Konayapalli and Sujatha’s
[11] work is similar to the present study and was chosen for
the comparison of results and validation. This research paper
deals with designing and analysing a general aviation aero-
plane using a NACA 4412 wing airfoil. Indeed, this has not
consideration exactly as validation of results since it does not
include any experimentation, but the results chose to com-
pare our products to justify the present work. In the past, the
researchers used CATIA V5 and ANSYS 14.5 to examine
the wing’s reliability. The steps that are mentioned before

Fig. 7 Close-up view of the mesh

are taken into considerations to validate the results. An alu-
minium alloy of material is applied to the wing structure, and
the aircraft wing has meshed (Fig. 7). The boundary condi-
tion is set up for the finite element analysis, and one end of
the wing, which is the root, is supported with fixed support.
Then the pressure is applied to the wing, and the analysis is
done. The result of the validation is shown in Fig. 8.

A complete deformation has been obtained for compar-
ison of performance, which is useful for wing analysis. As
the wing is subjected to load values, the overall deforma-
tion of the wing is obtained, and the components of the wing
structure proposal are suggested; each component must have
progressive deformation gradually as it moves away from
the supports. As can be seen in Fig. 8, the maximal defor-
mation of the wing occurs as predicted at the wingtip with a
value of 61.02 cm; this value can be considered suitable for a
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Fig. 8 Total deformation for the
wing structure with NACA 4412
airfoil. a Current work;
b previous work [11]

 
(b)(a)

wing of 4.5 m, particularly when considering that the normal
deformation of a glider’s wings is high in comparison to its
size.

From the ANSYS simulation and analysis, the results
obtained are not precisely the same as the material selec-
tion used in the past paper is an aluminium alloy of AA7075.
Since the engineering material library for ANSYS does not
provide a complete mechanical property of AA7075 type of
aluminium alloy, changes have been made with the consid-
eration of aluminium alloy. The density is considerably high
since aluminium alloy density is about 2700 kg/m3 while
2810 kg/m3 is for AA7075. That is approximately a 3.91%
percentage error in terms of material’s density. This will
result in the total deformation result of the wing analysis.
For comparison, the overall deformation from the previous
study is 0.59481 m.

In contrast, the current simulation total deformation is
0.61025 m, which is an acceptable difference between the
prior research, and the percentage difference is 2.53%. This
difference could be due to the different numbers of elements
and nodes used and primarily due to the material selection,
even though it is in the same alloy family. It is also observed
that material selection is vital to analyse a structure since
every material has its tensile strength, ultimate load strength.
On the other hand, the difference alsomaybedue to the differ-
ent number of elements and nodes used for meshing analysis.
Hence, this validation/comparison canbe successful since the
total deformation results are approximately similar to the pre-
vious study. It is essential to remember that the steps taken
into consideration to complete the analysis can be correct
since the review process is identical.

4.1 Data analysis and interpretation

Due to the design’s nature that would make FEA imprecise
and too time-intensive, the template’s geometry is simpli-
fied by omitting the stringers if not impractical. The model
is produced using the given dimensions and pressure load

and applying a fixed constraint to the wing root, and FEA is
performed.

4.1.1 Static structural analysis

Static structural modelling is used to evaluate the wing as
it is not associated with time movement. The purpose of
this analysis is to examine the mechanical nature of a three-
dimensional wing with no change in time. Static structural
analysis is, therefore, the best choice for analysing the func-
tional actions of the wing.

Design 1: straight wing with square spars The first wing
model design, which is a straight wing configured with two
solid square spars and ribs, experienced a total deflection of
1.6339m at the tip of the wing. This caused zero deformation
there when a pressure load is applied. Both views can be
seen in Fig. 9a, zero deflection happened at the root, and the
distortion started to increase along the wing’s span.

When the wing is subjected to the load values, the over-
all deformation of the wing is obtained, and the components
of the wing structure proposed, each component must have
progressive deformation gradually as it changes away from
the supports. As seen in Figs. 9a, 10a, and 11a, the maximal
deformation of the wing occurs as predicted at the wingtip
with a value of 163.39 cm, 15.866 cm, and 23.904 cm; this
value can be considered suitable for a wing of 8.48 m, par-
ticularly when considering that the normal deformation of
a glider’s wings is high in comparison to its height. Still, it
reduced when the secondary structural component (design 2)
reduces, and a tapered ratio (design 3) was found. The stress
data should be compared to the safety factor, and the safety
factor will be achieved if the dimensioning of the parts that
make up the plane is checked or, on the other hand, if there
are no good idea design support charges imposed from a geo-
metrical and material standpoint. The equivalent value of the
maximal stress is seen in Fig. 9b. More stressed areas are
close to the supports and benefits equal to or greater than this
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Fig. 9 Straight wing configured
with square spars and ribs

niarts citsale tnelaviuqE (b)noitamrofed latoT (a)

(b) Equivalent (Von-Mises) stress

Fig. 10 The straight-wing
configured with I-shaped spars

(a) Total deformation (b) Equivalent elastic strain

(c) Equivalent (Von-Mises) stress

effort to the wing’s first–second rib. The element that helps
the whole plane bending it has the highest importance.

When amaterial’s vonMises stress exceeds a critical value
known as the yield strength, it is said to start yielding. The
vonMises stress is used to predictmaterial yielding under any
loading environment from the effects of basic uniaxial tensile

checks. The property that two stress conditions with equal
distortion energy have equal von Mises stress is satisfied by
the von Mises stress. A physical explanation of von Mises’s
criteria, claiming that yields occur as the elastic energy of
distortion exceeds a critical point. The maximal distortion
strain energy criterion is another name for the von Mises cri-
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Fig. 11 The tapered wing
configured without any internal
ribs and spars

(a) Total deformation (b) Equivalent elastic strain

(c) Equivalent (Von-Mises) stress

terion. In the present investigation, the maximum von Mises
stress was found for design one 7.6002×108 Pa, whereas
design two follows with 2.5499×108 pa and design three
1.0248×108 Pa. It indicates that high strength will depend
on the secondary structural component and cross-sectional
area ratio of the wing (tapered).

The maximum equivalent elastic strain and equivalent
(von Mises) stress happened between the first and second
ribs at the inboard of the wing structure. At the root of the
wing design, fixed support is applied, and there is a presence
of a reaction force that will counter and resist the pressure
load. As shown in Fig. 9b, c, there are three reaction forces
present in the fixed support reactions: horizontal and verti-
cal forces and the moment at point A at the fixed support
reaction.

Design 2: straight wing with I beam spars In the other wing
model design, a straight wing configured with two I-shaped
cross-sectional spars and ribs, the maximum total deflection
is about 0.15866 m. The wing structure’s deflection started
on the second spars in the inboard section of the wing, with
a 0.017629 m of displacement in the vertical direction. The
deflection is a pure bending mode in the vertical direction
(Fig. 10a).

Themaximumvalue of equivalent elastic strain and equiv-
alent (von Mises) stress is located at the fifth and sixth ribs
from the wing structure’s root. This is due to the I-shaped
beam spar effect that prevents the equivalent elastic strain
from increasing at the root of the wing structure. Figure 10b,

c shows that the lowest equivalent elastic strain and equiva-
lent (von Mises) stress developed are at the root. This is due
to the fixed support’s reaction forces to resist and counter
the pressure load acting on the wing’s bottom surface. The
minimum value of strain and stress developed at the root
around the centre, the maximum amount of strain and stress
are turned up.

Design 3: taperedwing Figure 11a shows that themaximum
overall deflection of tapered wing configured without any
internal ribs and spar’s structure developed at the wingtip of
the wing. The gross distortion built upon this wing structure
is a combination of bending and twisting modes. Notably,
the total deformation is building up at the trailing edge of the
wingtip. This is a precise observation that bending, and the
twisting mode of deformation are developed at that location.
This has resulted in a 0.23904 m of deflection at the trailing
edge of the wingtip alone since the highest total deformation
is located. The zero deflection happened at the root of the
wing.

The equivalent elastic strain and equivalent (von Mises)
stress, the maximum values of both strain and stress devel-
oped at the first rib from the wing structure’s root. The
development of maximum elastic strain and equivalent (von
Mises) stress located on the root of the wing, there is fixed
support situated at one end of the wing, which is the root of
the wing structure. Hence, three reaction forces correspond
to the selection of fixed support as a support on the aircraft
(Fig. 11b, c).
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Table 4 Comparison of results

Wing design
model

Total deflection Equivalent
elastic strain

Equivalent
(von Mises)
stress

Straight wing
configured
with square
cross-
section spars
and ribs

1.6339 m 0.011219 7.6002×108

Pa

Straight wing
configured
with
I-shaped
cross-
section spars
and ribs

0.15866 m 0.0027665 2.5499×108

Pa

Tapered wing
configured
without any
internal ribs
and spars

0.23904 m 0.0014591 1.024×108

Pa

Comparisons Table 4 illustrates the comparison of results
for static structural analysis of the wing design model’s three
different configurations. It is seen that the maximum total
deflection for a straight wing configured with square cross-
section spars and ribs is larger than the other twowings design
model—a straight wing set with I-shaped cross-section with
spars and ribs. Also, the tapered wing is configured with no
internal ribs and spars. The value for the total deflection of
the straight wing with square spars is 1.6339 m, which is
about 164.6% greater than the straight-wing configured with
I-shaped cross-sectional spars, the lowest total deflection.
Although a wing structure design is equipped with primary
and secondary spars and ribs, where the spars tend to counter
the shear and bending forces developed due to the external
pressure load, the effect of cross-sectional shape is still essen-
tial. For 164.6% of increment in the wing’s deformation,
the structure will lead to a significant fatality and disaster to
aviation and aerospace industries. The selection of suitable
cross-sectional area and shape of spars are essential to design
a wing structure model.

The total deflection for the taperedwingwithout any inter-
nal spars and ribs is the second highest, with a value of
0.23904 m. That is about 40.43% of increment compared to
the straightwing configuredwith the I-shaped cross-sectional
spars. Besides the equivalent elastic strain and equivalent
(von Mises) stress, again, the straight wing configured with
solid square spars and ribs built up the highest value of strain
and stress compared to the straight wing with I-shaped spars
and ribs as well as the tapered wing. The total deflection for
the straight wingwith square spars and ribs is 0.011219m/m,
which is about 153.9% higher than the tapered wing since the

tapered wing develops the lowest equivalent elastic strain as
the von Mises stress. The taper ratio of the wing structure
is affecting the value of elastic strain and von Mises stress
significantly.

Similarly, the equivalent von Mises stress of the straight
wingwith square spars and ribs is the highest among all three.
The value is 7.6002×108 Pa, which is 152.5% higher than
the tapered wing’s lowest one. From this observation, it may
be concluded that a tapered wing structure is the best choice
due to its higher efficiency in the structure and aerodynamics.
As for the straight wing configured with I-shaped spars and
ribs, the choice of I-shaped cross-section is the best compared
to solid square spars because of its capability to resist shear
and bending more efficiently than the square cross-section.
For the most part, a wing with a taper ratio is more desirable
to be selected. When a rectangular wing is tapered, the tip
chords become shorter, eliminating the undesired effects of
the rectangular wing with the constant chord. Therefore, a
tapered wing is the preferable one to be selected as a wing
model design.

4.2 Modal analysis

Modal analysis is a process to determine the vibration charac-
teristics (natural frequencies and mode shapes) of a structure
or a machine component. Therefore, all three design models
of wing structure are to be analysed to obtain the resonance
frequency and respective modal shape.

4.2.1 Design 1: straight wing with square spars

The first mode of vibration for the wing model’s first design
is pure bending mode in a vertical direction with a natu-
ral frequency of 0.64301 Hz. The wing structure appears
to bend upward in a vertical direction. That is because the
wing is tending to bend about the root section’s minimum
moment of inertia. Apart from this, there is no support at the
wing’s tip chords to resist and overcome the applied load in
the y-direction, located at the bottom of the wing. It is seen
in Fig. 12a that the maximum total deformation is devel-
oped at the tip chords of the wing with 0.012837 m, while
zero distortion happened at the root. In the second mode of
vibration, a pure bending mode in a vertical direction with a
natural frequency of 4.195 Hz is observed. The wing appears
to bend upward at the centre of the wing structure, and at the
top chords of the wing, it bends downward. It is seen from
Fig. 12b that the maximum deformation is at the centre of the
wing structure, with 0.019954 m of deflection. The primary
solid square spar mainly causes deflection at the centre of
the wing structure. The spar has started to deform and bend,
where the deflection is seen at the second ribs from the root
chord of the wing. Consequently, another bending at the tip
chord of the wing has started to develop. Therefore, the only
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Fig. 12 Model analysis of
straight wing configured with
square spars and ribs

IIedoM(b)IedoM(a)

VIedoM(d)IIIedoM(c)

IVedoM(f)VedoM(d)

reason why this happens is that the solid square spar cannot
resist the applied pressure load at the bottom surface of the
wing. In the analysis of wing spar before, the square cross-
section spar has less moment of inertia than the I-shaped
cross-section spar, which could be one reason why higher
deflection developed at the solid square cross-section spar.

The third mode of vibrations for straight wing configured
with two square cross-section spars and ribs, a bending and
twistingmode, is builtwhen a natural frequency is 4.6392Hz.
The wing model experienced a bending failure in the hori-
zontal direction and a twist in a clockwise direction. It is
observed from the front view of Fig. 12c that a twist from
the bottom surface of the wing to the top happened at the
trailing edge of the tip chord of the wing. Themaximum total
deflection is built at the wing’s trailing edge with 0.013219m
of deformation, whereas zero distortion is happening at the
root chord of the wing. As mentioned earlier in two or three
analyses before, it is expected to have a zero deformation

and deflection at the wing’s root chord since fixed support is
applied. As there aremany ribs in thewing structure, bending
in the chord-wise direction can be produced when a pressure
load is applied. Thus, bending in a chord-wise direction is
expected to be present as several ribs are installed in the
wing structure. After that, for the fourth mode of vibrations,
a pure twisting mode of failure occurs when the natural fre-
quency is 8.0048 Hz. As shown in Fig. 12b, c, the wing
experienced a twisting failure in the counter-clockwise direc-
tion. But, the maximum value of deformation is coming from
the secondary spar near the trailing edge. It shows a swollen
spar between the fourth and fifth ribs from the wing struc-
ture’s root chord. The maximum value of 0.046513 m is
produced due to the secondary spar’s inefficiency to resist
and withstand the pressure load applied to the wing. The
zero deformation happened at thewing structure’s root chord;
since fixed support is implemented, there is to be a connection
between the wing and fuselage. Comparatively, the twisting
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deformation developed at the leading edge and trailing edge
is about 0.020672 m (Fig. 12d).

Besides, the straight wing with primary and secondary
square spars developed numbers of deflection between the
fourth and seventh ribs for the fifth mode of vibrations.
The maximum total deformation is about 0.19831 m located
between the fifth and sixth ribs, as shown in Fig. 12e. This
modal shape is generatedwhen the frequency is 11.372Hz. In
general, the wing skin structure is not experienced any sig-
nificant deformation except for the primary and secondary
spars. But, in the aerospace studies and aviation industries,
any small failure and deformationwill significantly fatalities.
Therefore, any distortion and failures should be avoided at
all costs. Finally, the sixth mode of vibrations occurs when
the natural frequency is 11.612 Hz. When the straight wing
with square spars and ribs underwent a natural frequency of
11.612 Hz, a significant deflection of the secondary spar is
observed with a 0.12393 m bend in the vertical direction.
As seen from Fig. 12f, the maximum deformation happens
between ribs number four and five from the wing structure’s
root chord. No distortion is developed at the root chord of
the wing. Again, this is due to the fixed support available at
one end of the wing, which is at the root. Additionally, the
significant deformation of the wing is caused by the insuf-
ficient strength of the secondary spar. The secondary spar’s
inefficient factor leads to a swollen defect on the top of the
wing structure. Therefore, it can be concluded that the square
cross-section spar is not the right choice of selection to be
used as the primary and secondary spars in thewing structure.

4.2.2 Design 2: straight wing with I beam spars

The first mode of vibration for the second design of the wing
model, a straightwing configuredwith I-shaped cross-section
spars and ribs, is a pure bending mode in a vertical direction
with a natural frequency of 2.3477 Hz. The wing structure
appears to have bend upward in a vertical direction. This is
because the wing is tending to bend about the root section’s
minimum moment of inertia. Besides, there is no support at
the top chords of the wing to resist and overcome the applied
load in the y-direction, which is located at the bottom of the
wing. It is seen in Fig. 13a that the maximum total deforma-
tion is developed at the tip chords of thewingwith 0.01283m
while there is no deformation happened at the root. It can
be seen that the maximum strain is developed at the trail-
ing edge of the tip chord. The second mode of vibrations
for straight wing configured with two I-shaped cross-section
spars and ribs, a pure bending mode in the chord-wise direc-
tion, is built when a natural frequency is 5.8533 Hz. The
wing model experienced a bending failure in the horizontal
direction, and the wing is bent towards the trailing edge. It
is observed from the front view of Fig. 13b that the maxi-
mum deflection happens at the trailing edge of the wing with

0.013819 m of deformation, whereas there is no deforma-
tion occurring at the root chord of the wing. As mentioned
earlier in two or three analyses before, it is expected to have
a zero deformation and deflection at the wing’s root chord
since fixed support is applied. Additionally, since there are
many ribs in the wing structure, bending in the chord-wise
direction can be produced when a pressure load is applied.
Thus, bending in a chord-wise direction is expected as many
ribs are installed in the wing structure.

The third modal shape of straight-wing configured with
I-shaped cross-section spars and ribs, the deformation devel-
oped, is a pure bending mode in the vertical direction when
the wing structure is excited with a natural frequency of
8.8976 Hz. As shown in Fig. 13a, b, the wing experiences
a bending failure in the vertical direction, with two areas
having a significantly larger deflection. One of the regions
is at the wingtip, as the wing experienced 0.012498 m of
total deformation. Another one is located between the fifth
and sixth ribs from the wing structure’s root chord with the
same amount of strain. It can be stated that the primary and
secondary spars significantly cause deflection since the spars
will take most of the load during flight and the weight of the
wing while on the ground. The wing skin also will make
the bending moment of the wing. Besides, a different thing
happened at the wing’s root chord, where there is no defor-
mation. This is due to the reaction forces produced when
fixed support is applied to connect the wing and fuselage
(Fig. 13c).

When the straight wing is configured with the I-shaped
cross-section spars and ribs, the fourth mode of vibration is
excitedwith a natural frequency of 19.938Hz, a pure bending
mode in the vertical direction developed along the span of the
wing structure. Figure 13d shows that two areas have failed
and deformed significantly between the fourth and fifth ribs
and between the seventh and eighth ribs from the root chord
of the wing. The direction of the bending for both areas is dif-
ferent from each other. One deformation is a bendingmode in
a positive y-axis direction while the other one is in a negative
y-axis direction. Regardless of their differences in deflection,
both areas developed the same amount of deformation, which
is 0.0179 m. Besides, it is observed from Fig. 13d that the
highest strain is due to the deflection of the internal compo-
nents of the wing, which is the secondary spar. This is true
that the spars will take most of the load when the aircraft is
flying and its weight when the aircraft is on the ground. On
the other hand, at the root chord of the wing structure, there
is no deformation when a pressure load is applied.

In the fifth mode of vibrations, a pure twisting mode of
failure occurs when the natural frequency is 24.704 Hz. As
shown in two Fig. 13c, d, the wing experienced a twisting
failure in the clockwise direction. But, the maximum value
of deformation is coming from the secondary spar near the
trailing edge. It shows that a swollen wavy spar started from
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Fig. 13 Model analysis of
straight-wing configured with
I-shaped cross-section spars

IIedoM(b)IedoM(a)

VIedoM(d)IIIedoM(c)

IVedoM(f)VedoM(e)

the fourth ribs to the wing’s tip chord. This is due to the buck-
ling of the secondary spars, which then affected the wing
structure. The maximum value of 0.040189 m is produced
due to the secondary spar’s inefficiency to resist and with-
stand the pressure load applied to the wing. Somehow, at the
leading edge of the wing structure, there is no sign of fail-
ure caused by the original spars. This shows that the original
spars can withstand the applied pressure load at the bottom
of the wing. Comparatively, the twisting deformation devel-
oped at the leading edge and trailing edge is about 0.022327m
(Fig. 13e).

The last and the sixth modes of vibrations for straight
wing configured with two I-shaped cross-section spars and
ribs, a combination of bending and twisting mode, are built
up when a natural frequency is 28.817 Hz. The wing model
experienced a bending failure in the horizontal direction and a
twist in a clockwise direction. It is observed from the isomet-
ric view of Fig. 13f that a twist is happening between number

eighth and ninth ribs from the root chord. In addition to the
twisting mode, the wing structure’s tip chord is experiencing
a bending mode, and hence a combination of twisting and
bending mode is observed at the tip chord. Furthermore, the
maximum total deflection is built up between the sixth rib
and seventh rib from the wing’s root chord, whereas zero
deformation happening at the root chord of the wing. The
maximum value of deformation at the location stated below
is 0.016217 m. Additionally, since there are many ribs in the
wing structure, bending in the chord-wise direction can be
produced when a pressure load is applied. Thus, bending in
a chord-wise direction is expected to be present as some ribs
are installed in the wing structure.

4.2.3 Design 3: tapered wing

Figure 14a shows themaximum total deformation and deflec-
tion of tapered wing configured without any internal ribs and
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Fig. 14 Model analysis of
tapered wing configured without
internal ribs and spars

IIedoM(b)IedoM(a)

IVedoM(d)IIIedoM(c)

IVedoM(f)VedoM(e)

Table 5 Modal analysis of
straight wing with solid square
spars and ribs

Order Frequency, f (Hz) Modal shape Axis of deflection Largest deformation,�L(m)

1 0.64301 Bending y-axis 0.012837

2 4.1950 Bending y-axis 0.019954

3 4.6392 Bending x- and y-axes 0.013219

4 8.0048 Twisting – 0.046513

5 11.372 Bending – 0.198311

6 11.612 Bending – 0.12393

spars structure developed at the trailing edge of thewingtip of
the wing. Besides, the total deformation built upon this wing
structure is a combination of bending and twisting modes. In
particular, the total deformation is building up at the trailing
edge of the wingtip. This is a precise observation that bend-
ing, and a twisting mode of deformation are developed at
that location. This resulted in a 0.069362 m of deflection at
the trailing edge of the wingtip alone since the highest total

deformation is located. No deformation and deflection hap-
pened at the root of the wing since fixed support is applied
there as in the assembly of an aircraft, the root of wing struc-
ture is being fixed at the body fuselage. The total deformation
can be developed if and only if the wing structure is excited
with a natural frequency of 1.184 Hz.

Figure 14b shows the maximum deformation and deflec-
tion of a tapered wing configured without any internal ribs
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Table 6 Modal analysis of
straight-wing with I-shaped
spars and ribs

Order Frequency, f (Hz) Modal shape Axis of deflection Largest deformation, �L(m)

1 2.3477 Bending y-axis 0.01283

2 5.8533 Bending x- and y-axes 0.013819

3 8.8976 Bending – 0.012498

4 19.938 Bending – 0.0179

5 24.704 Twisting – 0.040189

6 28.817 Twisting + bending – 0.016217

Table 7 Modal analysis of
tapered wing without internal
spars and ribs

Order Frequency, f (Hz) Modal shape Axis of deflection Largest deformation, �L(m)

1 1.184 Bending y-axis 0.069362

2 1.8294 Bending y-axis 0.083913

3 2.77465 – – 0.29123

4 2.9058 Twisting – 0.0789

5 3.1228 – – 0.36884

6 3.2168 Twisting – 0.081228

and spar’s structure developed at the leading edge of the
wingtip. This is different from the first mode of vibrations
since, on the first modal shape, the highest total deforma-
tion built up at the trailing edge of the tip chord. It is seen
that the total strain that has built up on this wing structure
is a combination of bending and twisting modes. The over-
all deformation is building up at the leading edge of the
wingtip. This is a precise observation that bending as well
twisting mode of deformation is developed at that location.
This resulted in 0.083913 m of deflection at the leading edge
of the wingtip alone since it is where the highest total defor-
mation is located. No deformation and deflection happened
at the root of the wing since fixed support is applied in the
assembly of an aircraft. The root of thewing structure is being
set at the body fuselage. Therefore, there is no deformation
developed at the root of the wing. With this in mind, this
total deformation can only be created if and only if the wing
structure is excited with a natural frequency of 1.8294 Hz.

The third mode of vibration for the tapered wing con-
figured without any internal ribs and spars experienced a
very minimal deformation, except for about 0.29123 m of
total strain at the trailing edge of the root chord of the wing
structure (Fig. 14c). When the tapered wing is configured
without any internal components such as ribs and spars, the
fourth mode of vibration is excited with a natural frequency
of 2.9058 Hz, a pure twisting mode in the counter-clockwise
direction is developed along the chord-wise of thewing struc-
ture. As seen from Fig. 14d, there is only one area that has
failed and deformed significantly, which is approximately at
the trailing edge of the quarter of the total span of the wing
structure measured from the root chord wing. This may be
due to the taper effects affecting the wing structure to resist

the applied pressure load differently compared to the constant
chord wing.

The total deformation at about a quarter of the entire span
of the wing is 0.0789 m. There is no deformation at the root
chord of the wing structure when a pressure load is applied.
The fifth mode of vibration for the tapered wing configured
without any internal ribs and spars experienced a very min-
imal deformation in general, except for about 0.36884 m of
total strain at the trailing edge of the root chord of the wing
structure (Fig. 14e). The sixth mode of vibrations for the
tapered wing configured with no internal components such
as ribs and spars is shown in the three Fig. 14c–e. The sixth
mode of vibration for this wing model shows a pure twisting
mode in the clockwise direction. This kind of deformation
can only be developedwhen thewing structure is excitedwith
a natural frequency of 3.2168 Hz. It found that the twisting
mode started from the trailing edge and then went down to
the leading edge of the tip chord. In Fig. 14f also, it is seen
that the wing trailing edges are deformed to the extent of
the trailing edge is located upward than the leading edge.
Hence, this shows that the wing structure’s twisting is devel-
oped during this kind of natural frequency. The maximum
value of the total deformation is about 0.081228 m. There is
no deformation happening at the root chord of the wing.

4.3 Discussion and comparison onmodel analysis

After doing the model analysis of all three designs of 3D
wings with six different deformations, it has been found that
each method has its advantages in structural analysis and
modes. Indeed, the secondary part of the wing is more effec-
tive in absorbing the external loads and controlling structural
stability. However, the tapered wing is more promising in
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aerodynamic conditions and will be advantageous to reduce
the drag effects and beneficial to fluid–structure interaction
effects. Spars and ribs of the wing also influence the struc-
tural control, and this will result in any moment such as
bending and twisting will be easy to control and can carry
a maximum load that we can see in Fig. 12. Design 2 with
I-shaped spars and ribs has minor variations in results, but in
this case, the total load of the wing was less as compared to
the square shape of ribs and spars. It has been concluded that
based on the presentmodel analysis of three different types of
wings, each wing has the advantage. Nevertheless, the maxi-
mum carrying external pressure with less weight of the wing
was found in design 2. In contrast, design 1 has maximum
deformation and model frequency, but as a result, the shape
of secondary structures has a square which will result in a
small increment in the wing total weight. However, design
3-focused more on the shape of the wing with a solid part of
the secondary structures. It has more advantages on carrying
aerodynamics loads due to tapered ratio and fluid–structure
interaction. Moreover, the tapered design also found good
results in model analysis.

The modal analysis’s goal is to determine the resonance
frequencies of the wing structure computationally as struc-
ture oscillations at resonance frequencies are often dangerous
because relatively small excitation forces result then in
large-amplitude vibrations, which can lead to failure of the
structure. Thus, to prevent such a resonance phenomenon, it
is necessary to investigate under what conditions the reso-
nance occurs. Tables 5, 6, 7 show the overview of all results.

5 Conclusions

Three-dimensional wings’ structural behaviour has been
observed with an independent analysis of the wing struc-
ture’s three separate design options, and conclusions have
been made based on the results and discussions. The veri-
fication of past studies’ findings using ANSYS simulations
is assumed to be accurate and credible as the percentage
error is allowable. The static structural analysis shows that
the wing structure with I-shaped spars has a better efficiency
in resisting bending moment than the other wing structure.
This is due to the spars’ contribution that supports large loads
tending to bend and twist the wing. The deformation of the
wing structure and the resonance frequencies have also been
detected by modal analysis and found that comparatively,
small excitation forces result in large-amplitude vibrations,
leading to structural failure. Finally, the current investigation
proved that the finite element analysis would help optimize
the structural analysis of any large or small objectwith proper
modelling, meshing, and boundary conditions.
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