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Abstract
This paper studies the aeroelasticity of a stiffened cantilever plate using composite material and novel structural
layouts. A comprehensive parametric study is conducted to determine the influence of different design parameters
on the aeroelastic boundaries. Design parameters include plate sweep angle, ply orientation, stringer cross-section
and stringer sweep angle. Nastran is used to run the aeroelastic analysis, and the process is automated using Matlab.
The structure of the plate is modelled using laminate elements whereas the stringers are modelled using the Euler-
Bernoulli beam elements. The unsteady aerodynamic loads are modelled using doublet-lattice method (DLM) and
the structural and aerodynamic meshes are connected using an infinite plate surface (IPS) spline. A mesh sensitivity
analysis is conducted to ensure fine meshes for the aerodynamics and structure. The study’s findings demonstrate
the benefits of employing forward swept (Fw) stringers since it increases flutter speed by almost 38% compared
to the unswept stringers case and prevents divergence. Moreover, the static aeroelastic analysis illustrates that the
utilisation of Fw swept stringers can reduce the average tip displacement and tip twist effectively. T-shaped stringers
are recommended to stiffen the plate due to their lower impact on the total mass of the plate. In some configurations,
the structural layout has a much higher effect on the aeroelastic instabilities when compared to the material effect
(ply orientation). However, results suggest combining both for some cases to get balanced washin and washout
effects.

Nomenclature
� Sweep angle
θ Ply angle
b Wing semispan
c Chord length
L Stringer’s length
Aij Extensional stiffness matrix
Bij Bending-Extension matrix
Dij Flexural stiffness matrix
Nij Applied Loads
Mij Applied Moments
εij In-plan extension
κij Bending curvature
[Gkg] Interpolation matrix
{ug} Components of structural grid point deflections
{uk} Components of aerodynamic grid points deflections
{Fk} Aerodynamic forces
{Fg} Structural forces
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δuk Aerodynamic virtual deflections
δug Structural virtual deflections
z Vertical position in the ply from the mid-plane
Qij Stiffness matrix
ρ Air density
V Air speed
A Structural inertia matrix
B Aerodynamic damping matrix
D Structural damping matrix
C Aerodynamic stiffness matrix
E Structural stiffness matrix
q Generalised plunge and pitch degrees of freedom matrix
f Generalised forces matrix

1.0 Introduction
To fulfil the ambitious objectives outlined in the FlightPath2050 document [1] in reducing fuel burn,
noise and emissions, aircraft manufacturers have been designing and building aircraft with higher aspect
ratio wings. High aspect ratio wings play a pivotal role in reducing drag (mainly induced drag), allowing
improved flight performance and extended range/endurance. These high aspect ratio wings are usually
very flexible, making them prone to aeroelastic instabilities and structural failures when encountering
gusts during flight; hence, methods to control these instabilities have always been a critical part of
aeronautical engineering [2]. In 2003, turbulence caused the Helios (HP03) flying wing to bend into a
high dihedral configuration. This occurred as a consequence of the wing’s remarkable flexibility, lead-
ing to an unstable pitch mode. The speed of the Helios exceeded the designed airspeed which in turn
increased the dynamic pressure and led to a failure of the wing leading edge secondary structure on the
outer wing panels. Additionally, it resulted in the detachment of the solar cell skins on the upper sur-
face of the wing. One of the problems that the Helios incident represented is the complex interactions
between the flexible structure and unsteady aerodynamics known as aeroelasticity [3]. Aeroelasticity
is the discipline that addresses the interaction of aerodynamic, elastic and inertia (including gravita-
tional) forces. Like the Euler strut under end load, aeroelasticity is concerned with stiffness, not strength
[4]. According to Shirk et al. [5], aeroelastic tailoring can be defined as “the embodiment of direc-
tional stiffness into an aircraft structural design to control aeroelastic deformation, static or dynamic, in
such a fashion as to affect the aerodynamic and structural performance of that aircraft in a beneficial
way” and it is one of the methods to favourably use the bending-torsion coupling of the flexible wing
to control aeroelastic instabilities such as flutter and divergence. Another definition was provided by
Weisshaar et al. [6] who stated that in theory, wing structural tailoring may be defined as an adjustment
of the primary stiffness axis of the wing to improve aeroelastic performance. In 1949, Munk [5] was the
first to apply the concept of aeroelastic tailoring by orienting the grain (fibres) of his wooden propeller
blade to create desirable deformation couplings as the load increases during operation. The develop-
ment of composite materials in the 1970s ushered in a new era of aircraft design, enabling the design of
rugged airframes and structures which are stiffer than those constructed of conventional materials while
remaining lightweight and able to withstand aerodynamic forces. The X-29, a Fw wing aircraft, was the
first to apply the concept of using advanced composites in aeroelastic tailoring. The need for minimum
weight to improve aircraft performance is the primary design driver for most modern aircraft. The use
of composite materials in the aircraft structure has proven to be beneficial in achieving optimum per-
formance with minimum weight. This gain is mainly due to the directional stiffness, strength properties
and high stiffness-to-weight ratios of composites [7]. Historically, the use of composites in wing struc-
tures is arguably the most common type of aeroelastic tailoring. Some of the composite tailoring studies
focused on modelling the wing as an anisotropic plate [8–10] or beam [11, 12] since it is faster to anal-
yse, meanwhile, it gives an accurate estimation of how the aeroelastic instabilities change with varying
ply orientation. Sherrer et al. [9] concluded that composite plate wings, compared to aluminium plate
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wings, were more effective in preventing divergence. Sherrer also suggested that divergence speed can
be altered by changing the orientation of the composite laminate about the wing’s structural reference
line. Green [13] studied the aeroelastic performance of backward swept (Aft) high-aspect-ratio wings.
In the study, symmetric laminates showed several advantages over general/nonsymmetric laminates,
e.g. (no warping of the laminate, easier to analyse and offer fewer design decisions). General laminates
introduced two additional coupling parameters to the analysis: (1) extension-torsion coupling, which
led to a flutter boundary degradation, and (2) extension-bending coupling, which was less damaging
than the extension-torsion coupling and gave a decent flutter boundary compared to the best symmet-
ric laminate found in the work. Furthermore, when both parameters were introduced in the analysis,
the performance of the wing was degraded compared to the reference symmetric laminate. Generally,
composite tailoring studies evaluated the effect of varying the ply orientation on the structure’s flexural
rigidity (EI) and torsional stiffness (GJ) and concluded that an increase in the flutter speed is associated
with an increase in GJ. Moreover, the work done by Refs. [10, 12] concluded that aeroelastic response
can show some discontinuities (e.g., a rapid change in flutter speed associated with mode change and
frequency peaks) when slightly altering the laminate ply orientation. Other methods of aeroelastic tailor-
ing focus on the wing’s structural arrangements and geometrical layouts. Harmin et al. [14] proved the
possibility of metallic aeroelastic tailoring by varying the rib’s orientation and by making use of crenela-
tions in the wing skin. Both affected the bending torsion coupling and showed a 3% increase in the flutter
speed. Locatelli et al. [15] used curvilinear spars and ribs (SpaRibs) to reduce torsional deformation due
to aerodynamic loads thus bending-torsion coupling can be exploited to maximise flutter speed.
Francois et al. [16] investigated the influence of rib/spar arrangement on aeroelastic performance using
both finite element modelling (FEM) and experimental testing. Results didn’t show a full agreement
between both methods; however, both methods found that modifying the orientation of the ribs altered
the structural bend-twist coupling, consequently influencing the wing’s behaviour under static and aeroe-
lastic loading. These alterations were found to be correlated with a shift in the location of the flexural
axis. Passive aeroelastic tailoring (PAT), as referred to in Ref. [17], is an example of a recent project to
explore innovative approaches to accomplish aeroelastic tailoring on high aspect ratio wings. Passive
methods of tailoring do not require integrating external sensors and actuators into the structure and aero-
dynamics, hence, maintaining minimum payloads and avoiding issues associated with control surfaces.
Tailoring the material and arrangement of the main load-bearing elements in the wing box, specifically
the skin and stringers, can lead to a substantial coupling effect between bending and twisting loads. An
extensive review of the literature shows that most papers focused on utilising one technique for passive
aeroelastic tailoring of wing structures. The main novelty of this paper is that it investigates combining
multiple techniques to achieve aeroelastic tailoring on a given wing structure. This includes integrating
material properties with novel structural layouts. Finally, this study aims to develop a robust understand-
ing of the underlying physics affecting aeroelastic performance. This paper presents a comprehensive
parametric study on the aeroelasticity of a stiffened composite cantilever flat plate. Design parameters
include plate sweep angle, ply orientation, stringer cross-section and stringer sweep angle. The wing
model is approximated as a multi-layered composite plate, clamped at the root and stiffened by inte-
gral stringers (modelled using beam elements). The aerodynamic loads are estimated using DLM. The
aeroelastic analysis is performed using Nastran. The simulation process is automated using Matlab.

2.0 Aeroelastic modelling
2.1 Geometrical configuration
This study examines the aeroelastic behaviour of a composite flat plate through two primary configura-
tions. The first configuration serves as the baseline, consisting of a plate without stringers as shown in
Fig. 1. Three different sweep angles, �, are considered (unswept, 25◦ Fw sweep, and 25◦ Aft sweep).
Regardless of the sweep angle, the aerodynamic span is 305mm. The mass of the multi-layered unswept
plate is approximately 0.0284kg. The fibre angle convention used is defined as 0◦ fibre when parallel to
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Table 1. Laminate properties [19]

Ply stacking sequence (deg) Number of plies Ply thickness (mm)
[θ , 45◦, −45◦]s 6 0.134

Figure 1. Baseline plate geometry and fibre convention.

the flow velocity vector (x-axis) from the leading edge to the trailing edge, and 90◦ fibre travels along
the semispan (y-axis) from root to tip. Throughout the entire work, only the first and last layers, theta, θ ,
of the laminate are varied in the sequence of [θ , 45◦, −45◦]s. This selection is made since the first and
last layers are the furthest from the neutral axis, thus they contribute the most to bending rigidity.

The graphite/epoxy plate material and geometrical properties are taken from Refs. [18, 19]. Table 1
summarises the laminate properties.

In the second configuration, an unswept, stiffened plate is considered. This involves using I and T-
shaped stringers to enhance the stiffness of the plate. Initially, the stringers are placed parallel to the
structural reference axis of the plate. Then, the orientation of the stringers is modified by introducing an
angle between the stringers and the structural reference axis of the plate, referred to as swept stringers.
In both cases, the spacing between the stringers is kept constant. This means that the distance between
stringers remains unchanged regardless of whether the stringers are swept or unswept relative to the
plate. Additionally, the mass of the plate is consistent for each cross-section of the stringers, regardless
of their orientation (swept or unswept). The stringers are made from aluminium (AL 2024-T3) whose
properties are taken from Ref. [20]. Two different cross-sections are used as shown in Fig. 2, both with
the same height, length and thickness.

Figure 3 illustrates the unswept composite stiffened plate, where the stringers are placed parallel to
the plate’s structural reference axis. To ensure consistency in the total mass of the stiffened plate and
maintain the stringer spacing for both the unswept and swept stringer cases, a modification is made
specifically for the unswept stringers case. In this modification, the cross-section of the trailing edge
and leading-edge stringers is halved compared to the actual stringer cross-section as shown in Fig. 4 for
a plate stiffened with I-shaped stringers.
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Figure 2. (a) I-shape stringers (b) T-shaped stringers.

Figure 3. Unswept stiffened plate.

Figure 4. A side view of the composite plate stiffened with I-shaped stringers.

Figure 5 shows the unswept stiffened plate with swept stringers. Table 2 illustrate the length of each
swept stringer on the plate. The swept stringers are distributed with equal spacing around the centre of
gravity (CG) so that the locus of CG is kept fixed. However, each strip (airfoil) of the plate has its own
CG.

2.2 Flexural stiffness of the graphite/epoxy plate
ABD ∈R

6×6 relates the applied load with the associated strains in the laminate. A, B and D are the
extensional stiffness, bending-extension coupling, and flexural stiffness matrices, respectively.{

N
M

}
=

[
A B
B D

] {
ε

κ

}
(1)

where N is the vector of in-plane loads, M is the vector of bending/twisting moments, and ε and κ are
the resulting mid-plane strains and curvatures, respectively. From an aeroelastic perspective, composite-
based tailoring can positively or negatively alter the coupling terms in the ABD. The laminate stacking
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Table 2. Length of each swept stringer illustrated in Fig. 4

Length of each stringer (m)

L1 = L7 L2 = L6 L3 = L5 L4
0.0751269 0.135228 0.180305 0.180304

Figure 5. Unswept stiffened plate with swept stringers. The figure illustrates two flow directions; one
to analyse the effect of sweeping the stringers Aft (positive θ ), and the other when sweeping them Fw
(negative θ ).

sequence is one of the main design drivers. The coupling terms B16 (bending-extension) and B26 (torsion-
extension), which can be found in B, are an example of undesirable coupling, where the transverse loads
along a wing cause both typical bending curvatures and an atypical in-plane extension, which can be
large and nonlinear [19]. Nevertheless, in this paper, a symmetric staking sequence was used to eliminate
the possibility of having any unfavourable coupling caused by B. Altering D coupling terms (D16) and
(D26) is the most well-known and used strategy for tailoring by composites. The flexural modulus Dij for
n-ply laminate with arbitrary ply angle orientation can be obtained using:

Dij = 1

3

n∑
k=1

Q(θk)

ij

[
z3

k − z3
k−1

]
ij = 1, 2...6 (2)

where Q(θk)

ij is the off-axis lamina modulus of the kth ply, θk is the ply angle of the kth ply and zk is the
vertical distance from the midplane to the upper surface of the kth ply [18]. Dij can be written in a matrix
form as:

D =
⎡
⎣ D11 D12 D16

D12 D22 D26

D16 D26 D66

⎤
⎦ (3)

The flexural moduli components Dij for the stacking sequence used in this work ([θ , 45◦, −45◦]s) on
the entire range of theta (−90◦ < θ < 90◦) were computed using Nastran and plotted in Fig. 6.

2.3 Structural model
The plate is modelled in Nastran using laminate elements for structural representation. A clamped
boundary condition is applied at the root of the plate using nodal constraints. A structural mesh of
(36×144) is selected after conducting a mesh convergence analysis where the natural frequencies of the
first ten modes are determined for different mesh sizes. Figure 7, where n represents the multiple of 12
chordwise and 48 spanwise elements (12n×48n), respectively, concludes that the analysis is completely
mesh-insensitive.
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Figure 6. Flexural moduli components for −90◦ < θ < 90◦.

Figure 7. Mesh sensitivity analysis.

2.4 Aerodynamic model
Aerodynamic elements are regions of lifting surfaces and are represented using DLM. The rectangular
aerodynamic coordinate system defines the flow direction as positive along the x-axis. The aerodynamic
mesh is composed of 24×96 elements. DLM is based on the concept of representing a lifting surface as
a combination of doublets. By discretising the lifting surface into a lattice of doublets, the aerodynamic
characteristics of the surface can be analysed and calculated [21].

2.5 Aeroelastic equations of motion
In general, the equations of motion used to describe the behaviour of an aeroelastic system can be
expressed in a matrix form:

Aq̈ + (ρVB + D) q̇ + (
ρV2C + E

)
q = f (4)
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Figure 8. Surface spline and its coordinates (adapted from Ref. [23]).

where A is the structural inertia, B and D are the aerodynamic and structural damping respectively, and
C and E are the aerodynamic and structural stiffness respectively. q is the generalised plunge and pitch
degrees of freedom. f is the generalised forces. V and ρ are the airspeed and air density, respectively
[22]. In Nastran, a flutter analysis, which determines the dynamic stability of an aeroelastic system, is
conducted to find both flutter and divergence speeds. The speeds are found using the British PK method.
The primary advantages of the PK method are twofold. Firstly, it directly yields results corresponding to
specific velocity values, allowing for precise analysis. Secondly, it offers a reliable estimation of system
damping at subcritical speeds, which can be utilised for monitoring flight flutter tests. In the PK method,
the aerodynamic matrices are treated as real springs and dampers that depend on frequency. The method
involves estimating a frequency and then finding the eigenvalues. From an eigenvalue, a new frequency
is obtained. The input data for the PK method allows for looping, enabling the analysis to be performed
iteratively. The inner loop contains the velocity set, while the outer loops consider Mach number and
density values. This allows for the examination of the effects resulting from changes in one or both
parameters within a single run.

2.6 Structure and aerodynamics interconnection (spline interpolation)
For aeroelastic analysis, the aerodynamic (dependent degrees of freedom) and structural meshes (inde-
pendent degrees of freedom) are connected through splines as shown in Fig. 8. Equation (5) is used to
relate the independent and dependent degrees of freedom. Through splining, two transformations are
required: an interpolation from the structural to the aerodynamic deflections and a connection between
the aerodynamic and the structurally equivalent forces acting on the structural grids.

{uK} = [
Gkg

] {
ug

}
(5)

where
[
Gkg

]
is an interpolation matrix that relates the components of structural grid point deflections{

ug

}
to the deflections of the aerodynamic grid points {uK}. The interpolation matrix depends on the

type of spline used, (surface spline) for this work. The aerodynamic forces, denoted by {Fk} and their
corresponding structurally equivalent values

{
Fg

}
apply identical virtual work on the structural grid

points within their respective deflection modes.

{δuk}T {Fk} = {δug}T
{
Fg

}
(6)

where δuk and δug are the aerodynamic and structural virtual deflections, respectively, substitute (5) into
(6) and rearrange to get the required force transformation,{

Fg

} = [Gkg]
T {Fk} (7)
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Equations (5) and (7) are both required to connect aerodynamics and structural grids for any
aeroelastic problem [23].

2.7 Validation of the baseline plate model
The baseline plate model is validated by conducting flutter analysis using Nastran. The resulting flutter,
divergence and natural mode frequencies are compared to those obtained from an optimisation study
referenced as Ref. [19], as well as the experimental and computational work in Ref. [18] and tabulated
in Table 3.

It should be noted that the fibre convention utilised in Ref. [18] was 0◦ spanwise, therefore, to compare
their plate with the plate used in this work, the fibre orientation is set to 0◦ spanwise, and the stacking
sequence is oriented 90◦.

3.0 Parametric studies and results discussion
Through a series of flutter (SOL 145) and static aeroelastic analysis (SOL 144), this section evaluates
the influence of material (mainly ply orientation) and geometry on aeroelastic performance. Two con-
figurations are considered. The first configuration consists of an unstiffened plate, and the plate sweep
angle is varied with the ply orientation. The second configuration consists of a stiffened plate where
the plate sweep angle, stiffener’s cross-section (I-shaped and T-shaped) and stiffener’s sweep angle are
varied with the ply orientation.

3.1 Effect of plate sweep angle and ply orientation (configuration 1)
The well-known behaviour related to the impact of sweep angle subjected to upwards bending states that;
for the upswept configuration, the incidence angle remains unchanged, leading to pure deformation of
the plate. For the Aft swept case, the washout effect causes a reduction in the effective streamwise angle
of incidence. As a result, the divergence speed increases. Conversely, for the Fw swept case, the washin
effect takes place, leading to an increase in the effective streamwise angle of incidence. Consequently,
the divergence speed decreases [22]. When composites are introduced, the alteration in the geometric
tailoring effect due to the sweep angle can be balanced, increased or decreased.

Theta (ply angle) is varied for the range of −90◦ < θ < 90◦ with a step of 5◦. As theta is the only
design variable, the obtained results directly correspond to the coupling terms of the ABD, specifically
the D26 (spanwise bend-twist coupling) term. Figure 6 illustrates all D components across the entire theta
range. Based on the sign of the bending-torsion coupling term, three distinct scenarios can be observed:
1- zero coupling terms, creating a pure bending deflection, 2- negative coupling terms (washout) and 3-
positive coupling terms (washin).

In Fig. 9(a), the unswept plate exhibits two changes in the flutter mode: at −50◦ and 65◦, both coin-
ciding with peaks in flutter frequency. Within the range from −90◦ to −50◦, the flutter occurs in the
second mode, in this region the deformation type changes from first torsion (1T) to second bending
(2B) around −75◦, it can be observed from the frequency Fig. 9(b) that this transition is accompanied
by a convergence between the second and third modes, as these modes approach each other in terms of
their frequencies.

When the fibre orientation is modified, the primary stiffness axis shifts either Aft or Fw. By vary-
ing the fibre angle, it is possible that some fibres do not extend continuously from the root to the tip
of the plate. This can lead to an unfavourable positioning of the primary stiffness axis. Furthermore,
aligning the fibres at a specific angle, such as −50◦, can be advantageous for both flutter and diver-
gence. Aeroelastic instabilities reach their maximum values at this angle. However, it should be noted
that at −50◦, the fibre orientation introduces a washout effect, which is generally unfavourable for flutter.
The peak in divergence speed observed between −85◦ and −20◦ is linked to negative coupling terms
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Table 3. Baseline plate model validation

Laminate stacking Fibre Flutter Divergence First 3 modes natural
sequence orientation speed(m/s) speed(m/s) frequencies (Hz)
[0◦

2, 90◦]s 0◦ spanwise Present work 25 – 11 39 69
Ref. [18] (Experimental) 25 – 11 42 69
Ref. [18] (Computational) 21 – 10.7 39 67

[ − 50.7◦, 43.2◦, 39.2◦]s 0◦ chordwise Present work ≈ 46 (1B) becomes
non-oscillatory but does
not diverge

5.7 35.7 75

Ref. [19] (Computational) 45.9 ≈ 6 ≈ 36 ≈ 75
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Figure 9. (a) Aeroelastic instability velocities vs theta (b) Flutter and the natural frequencies of the
first four modes vs theta for unswept composite plate.

Figure 10. Fibre orientation for an unswept and Aft swept plate.

(washout). Nevertheless, increasing the divergence speed can be associated with a flutter speed reduc-
tion or improvement. Inversely, an increase in flutter may lead to a lower or higher divergence speed;
therefore, more design variables are employed in the coming studies to find the best combination of
structural and material that fulfils aeroelastic tailoring objectives.

As stated in the preceding section, the zero degrees fibre is oriented parallel to the velocity vector. In
the case of a swept geometry, the convention remains fixed, but it should be noted that fibre orientation
is shifted by 25◦ due to the geometrical sweep as illustrated in Fig. 10. Furthermore, along the span, if
90◦ is the angle at which the fibres are extended continuously from root to tip, the equivalent would be
65◦ on an Aft swept plate.

Figure 11 demonstrates the impact of sweeping the plate 25◦ Aft. It is observed that the divergence
speed significantly increases compared to the unswept case. However, in the positive region of theta, a
substantial decrease in divergence speed is observed. Despite the material’s positive coupling (washin)
in this region, the Aft swept geometry (washout) still results in a higher divergence speed compared to
the previous case. The figure also shows four changes in the flutter mode, each associated with peaks in
flutter frequency. At 50◦, the deformation type of the second mode changes from (1T) to (2B). Like the
previous case, this change coincides with a convergence between the second and third modes as they
approach each other in terms of their frequencies. The maximum flutter speed observed was 37m/s at
55◦. This is roughly due to the arrangement of the fibres on the swept geometry around this angle. In
this region, the fibres are extended continuously from the root to the tip of the plate. Predictably, giving
the maximum washin effect on a 25◦ Aft swept geometry.

Figure 12 shows that sweeping the plate 25◦Fw results in an improvement in flutter speed when
compared with the Aft sweep. However, as a consequence of this flutter increase, the divergence occurs
at very low speeds, except in the region where the material exhibits a washout effect (in a sense; balancing
the effect of geometry). Between −75◦ and −45◦ the flutter occurs in the second mode, and within this

https://doi.org/10.1017/aer.2024.16 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2024.16


2084 Fraihat and Ajaj

Figure 11. (a) Aeroelastic instability velocities vs theta (b) Flutter and the natural frequencies of the
first four modes vs theta for 25◦ Aft swept composite plate.

Figure 12. (a) Aeroelastic instability velocities vs theta (b) Flutter and the natural frequencies of the
first four modes vs theta for 25◦ Fw swept composite plate.

region, the deformation type changes from (1T) to (2B), where the modes approach each other in terms
of their frequencies.

In summary, a maximum flutter speed of 120m/s, which occurs in the third mode (2B), is achieved
when sweeping the plate 25◦Fw and orienting the fibres by −75◦. On the other hand, the optimal diver-
gence speed is 84m/s, which occurs in the first mode (1B), when sweeping the plate 25◦ Aft and orienting
the fibres by −80◦. These findings highlight the impact of both sweep direction and fibre orientation on
the aeroelastic behaviour of the plate, with different combinations yielding distinct flutter and divergence
characteristics.

3.2 Effect of stiffening the plate (configuration 2 with unswept stringers)
In this section, the focus is on investigating the influence of incorporating stiffeners into an unswept
composite plate, as well as assessing the effects of altering the cross-sectional shape of the stringers.
Both I and T-shaped stringers are considered. As shown in Figs. 13(a) and 14, the influence of theta
on aeroelastic instabilities is relatively minor. In the negative region of theta, where the coupling term
(D26) is negative, and the material is giving a washout effect, a slight increase in aeroelastic instabilities
is observed compared to the positive range of theta. This trend is similar to that of the unswept plate
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Figure 13. Flutter speed vs theta (b) Flutter frequency vs theta for the unswept stiffened plate with
I-shaped and T-shaped stringers.

Figure 14. Divergence speed vs theta for the unswept stiffened plate with I-shaped and T-shaped
stringers.

(unstiffened) where an increase in flutter and divergence speeds is achieved in the negative range of
theta. However, the increase achieved in the negative range of theta for the unswept stiffened plate is
reduced. This suggests that the variation in theta has a limited impact on the flutter and divergence
characteristics of the stiffened plate mainly because the stiffeners are the main contributors to the rigidity
of the structure. Moreover, the behaviour of the first and second modes as well as the flutter frequency
(Fig. 13(b)) is almost independent of theta. In contrast to subsection (1) where changes in the flutter mode
(between the 2nd and 3rd modes) are observed for different theta values, no changes are observed for
the entire range of theta when stiffeners are added. Regardless of the stiffener’s cross-section, the flutter
always occurs in the second mode (1T). This further supports the notion that the presence of stringers
and the resulting increase in stiffness have a stabilising effect on the plate’s aeroelastic behaviour.

Both I and T-shaped stringers exhibit a comparable pattern in terms of aeroelastic behaviour. This
similarity can be attributed to their relatively similar geometry and mass distribution near the attachment
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Figure 15. Loads redistribution along the swept stringers.

area with the plate. Figures 13 and 14 illustrate this trend, highlighting the influence of the stringer cross-
section shape on aeroelastic performance. Moreover, the utilisation of T-shaped stringers results in the
vertical positions of the centre of gravity and the effective neutral axis being closer to the plate, compared
to I-shaped stringers. On the other hand, the additional flange in the I-shaped stringers shifts the centre
of gravity and the neutral axis downwards, providing higher bending rigidity. This causes variations in
mode shapes and natural frequencies.

3.3 Effect of varying the stringer’s sweep angle (configuration 2)
In this subsection, the influence of sweeping the stringers is examined. It is observed that sweeping the
stringers alone has a different effect compared to sweeping the entire plate. Unlike sweeping the entire
plate, where Aft sweep results in a washout effect and Fw sweep results in a washin effect, sweeping
the stringers alone reverses this well-known behaviour. This observation highlights the importance of
considering the specific configuration on a more realistic wing box model. Furthermore, this finding sug-
gests that sweeping the stringers alone could potentially address the aeroelastic instabilities associated
with Fw swept wings and provide a solution for such design considerations.

The effect of sweeping the stringers with respect to the applied load axis generates shear loads within
the skin. For Fw swept stringers subjected to upward bending (from lift) results in a washout deforma-
tion. On the contrary, a plate with Aft swept stringers under upward bending (from lift) experiences a
washin deformation. Figure 15 shows how the applied load is resolved into two components, one act-
ing along the stringer’s direction and one normal to the stringer’s direction. The normal component is
what causes the plate to twist (nose-down). The coupling effect may differ based on the amount of the
stringer’s orientation angle [24, 25].

3.3.1 Static aeroelastic analysis
A static aeroelastic analysis is performed to assess the influence of stringer’s sweep angle on the aeroe-
lastic behaviour of the stiffened plate (configuration 2). The symmetric laminate ([90◦, 45◦, −45◦]s) is
chosen for the analysis. A range of angle-of-attack between 0◦ and 5◦ with a step of 1◦ is considered at
sea level and an airspeed of 20m/s.
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Figure 16. (a) Average tip displacement vs angle-of-attack (b) Tip twist vs angle-of-attack for
configuration 2.

Figure 16 shows the variation of average tip displacement in the vertical direction (z-axis) and tip
twist across the range of angle-of-attack. It can be noted that the average tip displacement and twist
will increase with increasing the angle-of-attack due to the increased aerodynamic forces acting on the
plate. However, the tip displacement can be reduced by utilising Fw swept stringers. This is mainly
attributed to the nose-down tip twist that is achieved with Fw swept stringers as illustrated in Fig. 16(b),
which reduces the effective streamwise angle of incidence of the plate providing a washout effect. On the
contrary, Aft swept stringers result in a nose-up twist, which will result in increasing the aerodynamic
loads, hence, increasing the average tip displacement. Moreover, since the selected laminate is giving a
washin effect (Fig. 6), this also can contribute to the increase in tip average displacement caused by the
Aft swept stringers.

As stated earlier, the additional flange in the I-shaped stringers shifts the centre of gravity and the
effective neutral axis downwards, providing higher bending rigidity, thus, the I-shaped stringers exhibit
a less average tip displacement compared to T-shaped stringers. Nevertheless, it can be noted that the
effect of the stringer’s cross-section is increased when sweeping the stringers Aft.

3.3.2 Flutter analysis
Aft swept stringers Fig. 17 illustrates the impact of varying the ply orientation, sweeping the stringers
25◦ Aft, and changing the stringer’s cross-section. Several conclusions can be drawn from Fig. 17(a).
In the positive region of theta, where both the material and geometry contribute to a washin effect, the
flutter speed is generally higher. This can be attributed to the combined effect of the favourable geometry
and material properties. In the negative range of theta, changes in the flutter mode can be observed, this
is roughly due to the contradicting contributions from the material which gives a washout effect, and
geometry which contributes to a washin effect. Nevertheless, changes in flutter mode are associated with
frequency peaks as shown in Fig. 17(b) and stressed previously.

When I-shaped stringers are employed, Fig. 17(a) indicates two changes in the flutter mode between
the third and second modes ((2B) and (1T), respectively). These mode changes can be attributed to
different factors. The first change in flutter mode may be influenced by the transition in the material effect
from washin to washout, as depicted in Fig. 6. The second change in flutter mode could be associated
with the material effect as well. In this range, an intersection of the D26 and D16 terms occurs (Fig. 6).
Similarly, when T-shaped stringers are employed, two changes in flutter mode can be observed around
the same region. These mode changes and the shift in the dominant mode of flutter occur due to similar
underlying assumptions, involving the interplay between material effects and geometric factors.
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Figure 17. (a) Flutter speed vs theta (b) Flutter frequency vs theta for the unswept stiffened plate with
25◦ Aft swept I-shaped and T-shaped stringers.

Figure 18. Divergence speed vs theta for the unswept stiffened plate with 25◦ Aft swept I-shaped and
T-shaped stringers.

Figure 18 demonstrates the influence of the material effect on the divergence speed of the stiffened
plate with Aft swept stringers. Specifically, in the negative range of theta, where the material exhibits a
washout effect, an increase in divergence speed can be observed regardless of the stringer’s cross-section.

Fw swept stringers
Figure 19 illustrates the influence of sweeping the stringers Fw, changing the stringer’s cross-section,

and varying the ply orientation on the aeroelastic behaviour of the stiffened plate. It can be observed that
the flutter speed for both cross-sections is higher in the positive region of theta, where the material is
giving a washin effect, thus balancing the washout effect caused by the geometry. Nevertheless, as con-
cluded earlier, I-shaped stringers result in higher aeroelastic instabilities speeds compared to T-shaped
stringers.

Figure 20 illustrates the plate’s divergence speed, which is extremely high for both cross-sections.
The I-shaped stringers result in a divergence speed above 360m/s, while the T-shaped stringers exhibited
a divergence speed greater than 250m/s. The significant increase in the divergence occurs when both the
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Figure 19. (a) Flutter speed vs theta (b) Flutter frequency vs theta for the unswept stiffened plate with
25◦ Fw swept I-shaped and T-shaped stringers.

Figure 20. Divergence speed vs theta for the unswept stiffened plate with 25◦ Fw swept I-shaped and
T-shaped stringers.

material and geometry contribute to the washout effect. From Fig. 20, it can be shown that the divergence
speed for the plate stiffened with I-shaped stringers cannot be detected in the negative range of theta,
as it exceeds 1,100m/s. These high divergence speeds make the flutter velocity a critical consideration
for this particular case. The washout effect caused by the geometry contributes to the high divergence
velocities observed in this study.

4.0 Conclusions
This paper investigated the aeroelastic performance of a stiffened composite plate. The study focused
on the effects of stiffening the plate with different cross-section stringers and the impact of sweeping the
stringers and the plate. The key findings and conclusions from the analysis are as follows:

I. By stiffening the plate, the flutter frequency tends to increase. This indicates that the structure
becomes more resistant to aeroelastic instabilities as its natural frequencies increase.
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II. Sweeping the stringers alone on an unswept plate reversed the well-known direction of the pri-
mary stiffness axis. Sweeping the stringers Aft resulted in a washin effect, increasing the flutter
speed, while sweeping the stringers Fw caused a washout effect, increasing the divergence speed
significantly.

III. Varying the ply orientation had a less significant impact on controlling flutter compared to stiff-
ening the plate with different cross-section stringers. The material effect mainly influenced the
divergence behaviour.

IV. Significant aeroelastic tailoring can be acheived using Fw swept stringers. The aeroelastic tai-
loring capability increases with angle-of-attack and dynamic pressure. It was also noticed that
I-shaped stringers are more effective than T-shaped stringers due to their higher bending rigidity
creating more favourable bending-twist coupling.

Overall, the results demonstrated that the choice of stringer cross-section and the geometric configu-
ration of the stiffened plate had a dominant influence on aeroelastic instabilities. The study emphasised
the importance of considering both material and geometric factors in designing and analysing stiffened
composite plates to mitigate aeroelastic instabilities and ensure structural integrity.
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