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Abstract: This study explores the multidisciplinary design optimization (MDO) of the
NASA Common Research Model (CRM) wingbox, utilizing both metallic and composite
materials while addressing various constraints, including static strength, stiffness, aeroe-
lasticity, and manufacturing considerations. The primary load-bearing wing structure is
designed with high structural fidelity, resulting in a higher number of structural elements
representing the wingbox model. This increased complexity expands the design space due
to a greater number of design variables, thereby enhancing the potential for identifying
optimal design alternatives and improving mass estimation accuracy. Finite element analy-
sis (FEA) combined with gradient-based design optimization techniques was employed to
assess the mass of the metallic and composite wingbox configurations. The results demon-
strate that the incorporation of composite materials into the CRM wingbox design achieves
a structural mass reduction of approximately 17.4% compared to the metallic wingbox
when flutter constraints are considered and a 23.4% reduction when flutter constraints
are excluded. When considering flutter constraints, the composite wingbox exhibits a
5.6% reduction in structural mass and a 5.3% decrease in critical flutter speed. Despite
the reduction in flutter speed, the design remains free from flutter instabilities within the
operational flight envelope. Flutter analysis, conducted using the p-k method, confirmed
that both the optimized metallic and composite wingboxes are free from flutter instabilities,
with flutter speeds exceeding the critical threshold of 256 m/s. Additionally, free vibration
and aeroelastic stability analyses reveal that the composite wingbox demonstrates higher
natural frequencies compared to the metallic version, indicating that composite materials
enhance dynamic response and reduce susceptibility to aeroelastic phenomena. Fuel mass
was also found to significantly influence both natural frequencies and flutter characteristics,
with the presence of fuel leading to a reduction in structural frequencies associated with
wing bending.

Keywords: multidisciplinary design optimization; NASA model; high-fidelity model; wing
mass; flutter analysis
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1. Introduction
Multidisciplinary design optimization (MDO) has emerged as a prominent method-

ology in aircraft design and mass estimation, enabling more efficient and integrated ap-
proaches to wing structure design. This approach allows for the concurrent applica-
tion of diverse numerical optimization techniques across all relevant design disciplines.
A comprehensive review of MDO methodologies and their applications is presented by
Martins et al. [1], highlighting the advancements made in this area. Bindolina et al. [2]
proposed a multilevel structural and multidisciplinary optimization procedure for the
preliminary estimation of aircraft wingbox mass, where conventional empirical formu-
las and statistical methods may not provide sufficient reliability. Similarly, Hurlimann
et al. [3] introduced a CAD/CAE-based multidisciplinary process for the mass estimation
of transport aircraft wingbox structures, demonstrating the success of their approach in
yielding satisfactory results. More recently, Gray et al. [4] developed OpenMDAO, an open-
access platform for multidisciplinary design, analysis, and optimization. This platform
incorporates advanced algorithms capable of addressing optimization problems with signif-
icant complexity and scale, thereby facilitating the resolution of intricate multidisciplinary
engineering challenges. For large-scale, high-fidelity structural optimization problems in-
volving a substantial number of design variables, gradient-based optimization algorithms
prove to be particularly beneficial, as they reduce the number of function evaluations
needed to reach a local optimum [5–8].

Weight optimization plays a crucial role in enhancing both the structural integrity
and aeroelastic performance of an aircraft. By reducing wing mass, the stress on the
overall structure is minimized, leading to improved fuel efficiency and overall performance.
Achieving an optimal integration of structural, aeroelastic, and material considerations
is vital, especially in the design of next-generation aircraft wings. The NASA Common
Research Model (CRM), developed as a generic transport aircraft model, serves as a notable
example [9,10]. The CRM was specifically designed to represent a long-range, twin-aisle
transport aircraft configuration. Its geometry includes a fuselage, wing, horizontal tail,
engine nacelle, and pylon, and it was originally intended to facilitate the verification and
validation of computational fluid dynamics methodologies [11–15]. Since its introduction,
the CRM has proven to be a valuable aerodynamic benchmark for predicting drag and
optimizing aerodynamic design based on computational fluid dynamics. In recent years,
there has been growing interest in expanding the CRM to include other types of studies.
Various efforts have been made to develop a CRM wing structural model that accurately
represents the structure, intended for use in aerostructural and aeroelastic design, analysis,
and optimization studies [16,17]. Jutte et al. [10] developed an all-metallic, single-material
baseline wingbox structure for the CRM consisting of wing skins, an orthogonal grid
of primary ribs and spars, as well as secondary stringers and rib-stiffened structures.
Their study investigates the use of tow-steered composite laminates, functionally graded
metals (FGM), thickness distributions, and curvilinear rib/spar/stringer topologies for
aeroelastic tailoring. One key recommendation from their work is the application of formal
optimization, with gradient-based optimization being identified as the most cost-effective
method, especially for systems with numerous design variables. This approach should
be employed to gain a deeper understanding of the design space while ensuring careful
design to prevent structural failure. In addition to static aeroelastic behavior, it is crucial to
incorporate other load cases and design constraints into the optimization process. These
additional load cases, which account for factors like engine mass, landing gear, leading and
trailing edge masses, and fuel tanks, will impact the optimized weight, ultimately leading
to an increase in weight as the structures must be capable of supporting all load cases.
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A structural optimization of an aircraft wing was performed by [18] during the early
design phase, aiming to reduce wing bending moments, minimize structural mass, and
enhance fatigue life, subject to constraints on material strength, buckling stability, and
static aeroelasticity. The implementation of load alleviation techniques led to a reduc-
tion in wingbox mass of 2.8% for the backward-swept wing configuration and 6.1% for
the forward-swept configuration. With advancements in computational techniques, opti-
mization methods have become extensively applied in aeroelastic optimization. Previous
studies in aeroelastic optimization have primarily concentrated on the design of wing
structural stiffness, as well as the development of multiscale aeroelastic optimization
methodologies that simultaneously address structural and material design under repre-
sentative flight loading conditions [19–21]. In their work, Kafkas et al. [22] proposed a
multi-fidelity optimization framework for state-of-the-art composite aircraft wings, em-
ploying the Mixed Integer Distributed Ant Colony Optimization (MIDACO) algorithm.
The primary case study focused on a modified CRM wing with planar geometry. Structural
modeling was performed using either the Equivalent Plate Method (EPM) or a high-fidelity
three-dimensional shell and rod representation, while aerodynamic loads were evaluated
using a Vortex Lattice Method (VLM). Recommendations for future work included the
incorporation of buckling constraints within the high-fidelity structural model and the
integration of aeroelastic tailoring capabilities to enhance the fidelity and applicability of
the framework. In their study, Wang et al. [23] employ a global–local optimization frame-
work incorporating static failure, aeroelastic, buckling, and manufacturing constraints to
determine optimal structural configurations for straight-fiber and variable-angle-tow (VAT)
composite wingbox architectures. Localized buckling analyses are carried out on discrete
wing subsections using high-fidelity finite element models, with sectional running loads
extracted from a comprehensive aeroelastic simulation of the full wing structure. The opti-
mization results demonstrate mass reductions of 12.5% and 13.2% for constant-thickness
VAT and variable-thickness continuous tow shearing (CTS) designs, respectively, relative
to a reference quasi-isotropic straight-fiber configuration. Dillinger et al. [24] investigated
the effects of stiffness optimization, also known as aeroelastic tailoring, on the mass of
forward-swept wings. The reader is encouraged to consult the reference list in [24] for
additional studies on similar investigations. In their study, Handojo et al. [25] conducted
a comprehensive structural optimization of the composite lifting surfaces using defined
load cases while maintaining constant secondary structural masses and the existing wing
planform geometry. The implementation of a suite of advanced load alleviation methods
and prospective technologies resulted in a 26.5% reduction in wingbox mass, equating to a
4.4% decrease in the aircraft’s operating empty mass. In their work, the authors suggested
that to achieve further mass reduction in future aircraft designs, additional design parame-
ters should be reconsidered. Specifically, the imposed constraints on minimum structural
thicknesses could be re-evaluated to assess the potential for further optimization.

Brooks et al. [26] defined an undeflected CRM to serve as a benchmark for aeroelastic
analysis and design, addressing the challenges posed by 1g built-in deflections, which
complicate aerostructural analyses of the CRM. The undeflected model is generated using
an inverse design procedure, which integrates the outer mold line geometry of the wing
with its corresponding internal wingbox structure. In their investigation, the wingbox
components are optimized numerically, with all components modeled using aluminum
alloy. Notably, the stiffeners are not explicitly included in the FEM model of the wingbox;
instead, their stiffness contributions are incorporated by homogenizing them into the
stiffness of the wingbox panels. The authors suggest that future research should focus
on the development of variable fidelity models and the refinement of models to more
accurately capture dynamic aeroelastic phenomena. Chauhan and Martins [27] employed a
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low-fidelity aerostructural design optimization approach, utilizing a simplified wingbox
model, to optimize a wing based on the CRM wing. They compared their results with
those of Brooks et al. [28], who applied high-fidelity models. The optimized wing mass
reported by Chauhan and Martins was approximately 10% lower than the value obtained
by Brooks et al. [28]. As anticipated by the authors in [27], differences in model fidelity led
to variations in structural thickness distributions, optimized twist, and thickness-to-chord
ratios, resulting in significant discrepancies in the optimized CRM wing masses.

Liu et al. [29] applied the integrated global–local optimization approach to the sub-
sonic NASA CRM wing, demonstrating the scalability of the methodology in conjunction
with medium-fidelity finite element method analysis. The optimization process aims to
minimize wing weight while satisfying stress and buckling constraints. Specifically, the
number of ribs and the configuration of stiffened panels are optimized to enhance structural
efficiency. Compared to the unstiffened CRM wing, the integration of stiffened panels
within the global–local optimization framework yields a substantial weight reduction of
approximately 40%. However, the complexity of the design space associated with shape
variables results in significant computational costs. To address this challenge, a parallel
computing framework has been developed, substantially reducing computational time.
Kennedy and Martins [30] conducted an aerostructural design optimization study on both
metallic and composite aircraft wings, examining the impact of composite materials on the
trade-off between structural mass and aerodynamic drag. Their structural model incor-
porates strength and buckling constraints, along with detailed laminate parametrization
to determine the optimal stacking sequence while enforcing manufacturing constraints,
such as matrix cracking and minimum ply-content requirements. Their findings indicate
that composite wing designs achieve a weight reduction of 34% to 40% compared to their
metallic counterparts. Kenway et al. [31] performed a high-fidelity aerostructural redesign
of a subsonic aircraft wing for transonic flight conditions, employing a CAD-free geometry
parametrization method. Their study captured the multidisciplinary trade-off between the
wing’s structural mass and the sweep angle. The requisite level of finite element detail
necessary to accurately characterize the structural geometry of aircraft wings for predict-
ing the mass of the primary load-bearing wing structure, with an acceptable degree of
accuracy using structural optimization techniques, has been investigated by the authors
in [32]. Their findings demonstrate that although low-fidelity models are advantageous
in terms of reduced computational time and minimal input requirements, they generally
result in diminished accuracy in the estimation of wing mass, particularly when applied
to composite wing structures. Thus, the application of MDO addresses the physics often
omitted in simpler models. Weight optimization must be integrated with comprehensive
structural analysis to ensure sufficient strength while minimizing weight, thereby requiring
meticulous design to avoid structural failure.

This paper explores the multidisciplinary design optimization of the NASA Common
Research Model wingbox, integrating a comprehensive set of realistic, engineering-relevant
constraints. These include static stress, stiffness, aeroelastic flutter speed, and manufactura-
bility considerations for both metallic and composite wing designs. Such constraints are
essential for translating the optimization results into practical, real-world applications. The
optimization process is applied to a high-fidelity finite element model of the CRM wingbox,
with an emphasis on achieving structurally feasible and physically realizable solutions.
The approach is driven by practical design considerations, rather than purely academic
performance metrics, and it utilizes an efficient gradient-based optimization strategy. The
study specifically evaluates the impact of integrating composite materials into the CRM
wingbox design, focusing on the optimized reduction of structural mass relative to the
metallic wingbox, as well as the effects on flutter speed while considering the effects of fuel
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mass under active flutter constraints. The paper is structured as follows. Section 2 provides
an overview of the structural design and finite element modeling of the CRM wingbox.
Section 3 outlines the aeroelastic modeling and flutter analysis methodology employed in
this study. Section 4 defines the CRM wingbox optimization problem and its formulation.
Section 5 presents the results and discussion of the CRM wingbox optimization case studies,
emphasizing comparative reliability. Finally, Section 6 concludes the paper and offers
recommendations for future work.

2. Structural Design and Modeling of the CRM Wingbox
2.1. Technical Data and Specification of CRM Wing

The publicly available NASA CRM aircraft is utilized in this study. The CRM repre-
sents a modern, single-aisle, transport-class aircraft configuration, developed as an open
geometry for collaborative research within the aerodynamics community. The aircraft’s
primary technical specifications typically encompass operating weights, performance
characteristics, flight altitude, and powerplant details that are provided in Table 1. The
characterization of the aircraft’s wing is primarily based on its cross-sectional shape (airfoil)
and planform geometry. Key parameters that define the planform include the wing chord
lengths at various positions along the semi-span, wing semi-span, leading-edge sweep
angle, twist angle, dihedral angle, taper ratio, and aspect ratio. The original planform of
the CRM wing corresponds to the 1g twisted flying shape under specific flight conditions.
However, when this model is utilized for aerostructural analyses, the inherent 1g ‘built-in’
deflections present significant challenges. Consequently, it is essential to adopt the jig
(undeflected) shape. The wing twist distribution from the side-of-body to the wingtip [16],
along with the associated wing planform design parameters, are presented in Figure 1 and
detailed in Table 1, respectively [33].

Figure 1. Comparison of the twist distribution between the CRM and the uCRM (undeflected
shape) [16].
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Table 1. Relevant data with respect to NASA CRM aircraft [33].

Description Value

Max. take-off mass 260,000 kg
Max. zero fuel mass 19,500 kg

Main landing gear mass 9620 kg
Engine mass (2×) 15,312 kg

Max. fuel mass 131,456 kg
Wing gross area 383.7 m2

Wingspan 58.76 m
Aspect ratio 9.0
Root chord 13.56 m
Tip chord 2.73 m

Taper ratio 0.275
Leading edge sweep 35.0◦

Cruise speed 193.0 m/s EAS
Dive speed 221.7 m/s EAS

Cruise altitude 10,668 m

2.2. Structural and Finite Element Modeling of the CRM Wingbox

The external geometry of the wing is defined by CRM.65-BTE airfoil sections at
three spanwise locations: the wing root, kink, and tip. The primary wing structure of the
CRM is modeled to meet the minimum design criteria specified by the Federal Aviation
Regulations (FAR) Part 25 [34]. A traditional two-spar wingbox architecture serves as the
baseline design, with the wingbox derived from the wing surface model by positioning the
front and rear spars at 12% and 71% of the local airfoil chord, respectively. The internal
layout is defined by the stiffener pitch, rib pitch, and orientation, with values typical for
large transport aircraft wings. Figure 2 illustrates the CRM wing surface model and the
corresponding wingbox.

Front spar  

Rear spar 

Wing external geometry 

Wingbox 

Figure 2. Surface and wingbox model of the CRM wing.

In the current study, the primary load-carrying wing structure is designed with high
structural fidelity, as depicted in Figure 3. High-strength aluminum 7050-T7451 alloy [35] is
used for the design of the upper skins, upper stiffeners, and spar caps of the wingbox, and
2024-T351 alloy [36] is used for the design of the lower skins, lower stiffeners, and ribs, as it
is better suited for structures stressed by cyclic tension loads and therefore prone to fatigue
damage. Composite materials made up of T300/N5208 carbon fibers and epoxy resin [37],
which are widely used in the aircraft industry, are used as a second material choice for
the wingbox structure’s design. For modeling the wingbox using a composite material,
a symmetric and balanced laminate with ply orientation angles of [45/0/−45/90]s was
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created in order to obtain an orthotropic material. The aim of this design procedure was to
avoid shear extension and membrane bending coupled behaviors.

Rear spar web 

Front spar web 
Upper skin 

Lower skin 

Ribs 

Spar caps 

Stringers  

Figure 3. High-fidelity wingbox structural model of the CRM wing.

The thin-walled structures of the wingbox configurations (skins, spar webs, and
ribs) were modeled using two-dimensional quadrilateral and triangular shell elements
(CQUAD4 and CTRIA3) with in-plane membrane and bending stiffness. On the other hand,
stiffeners and spar caps were modeled using one-dimensional rod elements (CROD) with
axial stiffness, as shown in Figure 4. The component masses of the leading and trailing edge
devices are estimated based on the corresponding surface area using the semi-empirical
and analytical equations of Torenbeek [38]. The inertial load impacts of these masses are
modeled as lumped masses using point elements at the center of area of the leading and
trailing edge devices, and they are attached to the front and rear spars of the wingbox along
the span via multipoint constraint (MPC) non-stiffening rigid body elements (RBE3). The
main assembly components of the landing gear in CRM transport aircraft are represented as
concentrated lumped masses using point elements. These are integrated into the wingbox
structure’s rear spar at the center of gravity using RBE3 elements. The engine mass is
modeled as a concentrated lumped mass using point elements at the centre of gravity
of the engine. For the engine pylon, a simple beam structure was created to realize a
distributed engine pylon-to-wingbox connection. Rod elements (CROD), mounted on front
and aft fittings, modeled using a combination of non-stiffening RBE3 and stiffening RBE2
rigid body-load-carrying elements, are used to model the engine and pylon structural
components. The total fuel mass is modeled as concentrated lumped masses using point
elements distributed along the wing fuel tanks at the center of gravity of all of the rib-bay
volumes, depending on the user-defined filling levels and spanwise partitioning. The
fuel lumped masses are connected to the wingbox’s lower skin using RBE3 elements. The
breakdown of the masses per section between two rib locations is proportional to the
volume of each section. The inertial load impact of the wingbox’s self-structural mass
is derived by adding a downward gravitational acceleration (g = 9.81 m/s2) to the finite
element model of the wingbox.

The aerodynamic loads were calculated for the symmetric pull-up maneuver at the
limit load factor (n = 2.5) at maximum take-off mass (260,000 kg) and design dive speed
(VD = 221.7 m/s EAS, MD = 0.65) at sea-level conditions using ESDUpac A9510 utilizes
steady lifting–surface theory based on the Multhopp–Richardson solution to calculate the
spanwise loading of wings with camber and twist in subsonic attached flow [39]. This
scenario was identified as the critical case for the design, analysis, and sizing optimization
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of the CRM wingbox, as well as for mass estimation. Consequently, the aerodynamic loads
were distributed along the wing by computing the equivalent lift force and pitching moment
components at the rib boundary locations, specifically at 25% of the local chord length.
These loads were incorporated into the wingbox finite element model using RBE3 at the
perimeter nodes of the ribs. Spring elements (CELAS1) combined with RBE2 elements were
used to create realistic boundary conditions at the wingbox root at the aircraft centerline.
The spring elements were attached to a fixed ground point. The translational and rotational
stiffness properties were selected to result in end boundary conditions sufficiently close to
the clamped case due to the lack of available data on wingbox root stiffness values for real
aircraft structures in the open literature.

Engine mass Leading edge masses 
Lift force & pitching 

moment 

Landing gear mass 

Aileron mass  

Outer flap mass  

Inner flap mass  

Fuel masses 

g   

Wing root BC's 

Figure 4. Finite element model of the CRM wingbox structure.

3. Aeroelastic Modeling and Flutter Analysis
The importance of aeroelasticity has been widely recognized by the aerospace industry.

In recent years, the development of new types of aircraft has been explored, mainly by
Boeing and Airbus. The new proposed aircraft are larger in size, quieter, greener, and
more flexible than earlier generations of aircraft. By using lightweight composite materials,
larger and more flexible wings have been created to generate lift with a minimum structural
weight penalty. Aeroelastic effects due to wing flexibility may significantly alter the
performance and safety of the new aircraft. Thus, considering aeroelastic effects at the
early stages of the design is very important for producing a high-performance, competitive,
and safe aircraft. The flutter phenomenon is generally accepted as a problem of primary
concern for the design of current aircraft structures. Flutter is defined as a sustained
oscillation of lifting surfaces, typically aircraft wings, and vertical and horizontal stabilizers,
as a result of the high-speed passage of air along the lifting panels. It is related to the
self-excited vibration present at certain forward flow speeds. For aircraft, flutter should
only occur at speeds that are much higher than the operating speeds of the aircraft. EASA
CS 25.629 and FAR Part 25.629 specify that the aircraft must be free from flutter with an
appropriate margin of damping at all speeds up to 1.15 VD, where VD is the design dive
speed [34,40]. The total aerodynamic plus structural damping coefficient shall not be less
than 3% (g = 0.03) for any critical flutter mode at all altitudes and flight speeds from the
minimum cruising speed up to the speed limit as defined by the flight envelope. Minimum
damping and airspeed requirements are shown in Figure 5. For a given flight speed,
damping is the modal parameter responsible for increasing the vibration amplitude, and
it has been used as the index of flutter stability margins. If a mode exhibits damping
characteristics similar to curve (1) in Figure 5, where the curve crosses the g = 0 line above
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1.15 VD, the curve is considered critical for flutter. The modes represented by curves (2)
and (3) are classified as noncritical with respect to flutter. In the present study, the primary
focus is on the critical mode shapes that are directly associated with the system’s flutter
speed.

Noncritical modes 

 (1) 

𝑉஽   𝑉ி௟௨௧௧௘௥  

    1.15 𝑉஽  

0.03 

0 Velocity 

Critical mode 

Required damping, 𝑔 = 0.03   

D
am

pi
ng

  
  

(2) 

(3) 

Figure 5. Minimum damping and airspeed requirements.

The equation of motion of a multi degree of freedom, discrete, and damped aeroelastic
system can be derived based on the dynamic equilibrium of forces. The corresponding
time-domain formulation, expressed in matrix form, is provided here for reference and
further detail. The equation of motion of a multi degree of freedom, discrete, and damped
aeroelastic system can be derived based on the dynamic equilibrium of forces. The time-
domain equation of motion in matrix form is given as

[M]
..
x(t) + [C]

.
x(t) + [K]x(t) = F(x, t), (1)

where [M], [C], and [K] represent the mass, damping, and stiffness matrices of the system,
respectively, and x(t) is the structural deformation vector. In general, the applied aero-
dynamic load vector F(x, t) is a time function of the structural deformation and the free
stream Mach number M∞ which is defined as

M∞ =
V∞

as
, (2)

where V∞ is the free stream velocity and as is the speed of sound, which is a function of the
flow temperature and density. The applied aerodynamic load vector F(x, t) consists mainly
of two parts, as given by

F(x, t) = Fe(t) + Fa(x(t)), (3)

where Fe(t) represents the externally applied non-aeroelastic forces, such as gust and con-
trol surface loads, and Fa(x(t)) represents the aeroelastic forces, which are the induced
aerodynamic forces due to the deformation of the structure. The aeroelastic forces are func-
tions of flight speed and altitude, and the calculation of them relies on theoretical prediction
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methods that require unsteady aerodynamic computations. Because the aeroelastic forces
are also functions of the structural deformation, Equation (1) can be written as

[M]
..
x(t) + [C]

.
x(t) + [K]x(t)− Fa(x(t)) = Fe(t). (4)

For aeroelastic stability analysis, the non-aeroelastic forces are ignored, resulting in
the following equation:

[M]
..
x(t) + [C]

.
x(t) + [K]x(t)− Fa(x(t)) = 0. (5)

Equation (5) is a nonlinear time-domain equation that defines an aeroelastic structural
system that can be self-excited in nature and gives rise to aeroelastic stability problems
such as flutter and divergence.

The frequency domain p-k method, which is widely used in the aircraft industry, is
utilized to perform flutter analysis using the MSC Flight Loads and Dynamics module
using MSC Nastran flutter solution (Sol 145). One of the advantages of using the p-k method
over other methods is that it produces results directly for the given velocity values, and
the damping found from the p-k method equation represents a more realistic estimate of
physical damping when compared to other methods. It also allows for the use of flutter
results as the design responses for aeroelastic optimization. The fundamental matrix
equation of the modal flutter solution is formulated as[

Mhh p2 +

(
Bhh −

1
4

ρcV∞QIm
hh

k

)
p +

(
Khh −

1
2

ρV∞QRe
hh

)]
uh = 0, (6)

where Mhh, Bhh, and Khh are the modal mass, damping, and stiffness matrices, respectively,
and uh is the modal amplitude vector. The unsteady aerodynamic loads are induced
into the damping and stiffness matrices. The aerodynamic matrices are dependent on
the reduced frequency k but at a slow rate only. All of the matrices in Equation (6) are
real; QRe

hh and QIm
hh are the real and imaginary parts of the complex aerodynamic matrix

Qhh, respectively. Qhh is dependent on the Mach number and the reduced frequency
Qhh(M∞, k). In Equation (6), k is the reduced frequency parameter and defined in terms
of the system’s angular frequency, ω, the reference chord length, c, and the selected free
stream velocity V∞ as

k =
ωc

2V∞
. (7)

The eigenvalue p parameter is defined in terms of the angular frequency ω and the
coefficient of the transient decay rate γ as

p = ω(γ ∓ i), where i =
√
−1 . (8)

The transient decay rate is related to the structural damping coefficient g by the
following relation:

γ =
g
2

. (9)

Equation (6) is solved at a set of user-specified free stream velocities V∞ and air
densities ρ, for the complex roots of the eigenvalue p parameter with the modes of interest.

For the solution of the p-k method, the baseline equation, Equation (6), of the system
can be represented in the state-space form as

([A]− [I]p) uh = 0, (10)
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where [A] is the real matrix, [I] is the identity matrix, and the vector uh includes both the
modal amplitudes and the velocities:

[A] =

 0 I

−M−1
hh

(
Khh − 1

2 ρV∞
2QRe

hh

)
−M−1

hh

(
Bhh − 1

4
ρcV∞QIm

hh
k

). (11)

Equation (6) is solved at several given values of velocities V∞ and air densities ρ for
the complex roots of the eigenvalue parameter p associated with the modes of interest.
This is achieved through an iterative solution that matches the reduced frequency k to the
imaginary part of the eigenvalue parameter p for every structural mode. Plots of V∞ versus
g can then be used to determine the flutter speed. Flutter occurs for values of M∞, k, and ρ

for which g = 0, where g goes from negative to positive values, indicating instability.
The natural frequency values of interest are the input values for the calculation of

reduced frequencies k for the flutter analysis. MSC Nastran solution Sol 103 is used to
perform natural frequency and normal mode analysis. In MSC Nastran, the Lanczos method
is suggested to perform real eigenvalue extraction. It is the preferred method for most
medium-to-large-sized finite element models. The next step is to calculate the aerodynamic
matrices Qhh(M∞, k). This requires the calculation of the unsteady aerodynamic forces.
These are calculated in the frequency domain for a discrete set of reduced frequencies based
on the assumption of the undamped harmonic motion using the Doublet Lattice Method
(DLM). The DLM is based on the linearized aerodynamic potential theory of subsonic flow
and offers low-order models for unsteady aerodynamics in the subsonic regime, which
lead to aeroelastic models suitable for flutter analysis. The DLM models the lifting surface,
such as the wing of an aircraft, as an aerodynamic flat panel parallel to the flow. It does
not account for the airfoil thickness, camber or pre-twist along the span of the wing. The
aerodynamic panel is divided into small boxes arranged in strips parallel to the free stream
velocity V∞ with surface edges on the box boundaries. The aerodynamic mesh must comply
with the specific criteria and guidelines as defined in [41,42] in order to achieve a sufficient
level of accuracy, including requirements for the number of spanwise strips, the magnitude
of the box aspect ratios and the numbers of chordwise boxes determined by the reduced
frequency. The DLM mesh is composed of 15 x 80 boxes in chordwise and spanwise
directions, as shown in Figure 6. The structural finite element model of the CRM wing is
connected to an aerodynamic model by means of splines, as described in [41,42]. The Finite
Plate Spline (FPS) fixes points on the structural model to points on the aerodynamic model
so that the loads and deformations can be transferred at those points. Figures 7 and 8
show the selected spline points of the structural model and the coupling between the
aerodynamic and structural grids achieved using surface splines, respectively. The final
step is the flutter analysis, carried out using a non-matched flutter analysis approach. This
type of non-matched analysis is usually applied for the certification of subsonic aircraft.
In this approach, the aerodynamic matrices Qhh(M∞, k) are calculated for one reference
value of the Mach number MRe f and for a set of reduced frequencies at fixed altitude. The
reference Mach number is set to MD, which is the maximum Mach number that occurs in
the aircraft flight envelope. Therefore, the analysis velocities do not match the reference
Mach number and the velocity results over VD are artificial. These results represent the
flutter stability rate of reserve with respect to the flutter speed requirements.
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𝑉∞ 

Figure 6. CRM wing DLM aerodynamic mesh.

Figure 7. CRM wing structural model selected spline points.

Figure 8. Structural and aerodynamic meshes coupling. Structural (green) and aerodynamic mesh
(blue).

4. Definition of the CRM Wingbox Optimization Problem
The structural optimization of the CRM wingbox presented in this study is primarily

focused on property optimization. In this context, the geometry of the wing, including the
rib count and the positions of the spars and stiffeners, is held fixed throughout the sizing
optimization process, with no shape optimization being performed. The primary objective
of the study is to minimize the masses of the metallic and composite configurations of
the CRM wingbox while adhering to a set of design constraints, which are detailed in
the following subsections The optimization process utilizes the MSC Nastran gradient-
based Sol 200 optimizer, which employs gradient-based algorithms to solve the problem.
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A key advantage of using gradient-based methods is their efficiency in handling large
design spaces, where the number of design variables significantly exceeds the number
of objectives and constraints. Additionally, these methods are computationally efficient,
offering rapid convergence with clear convergence criteria. However, a notable limitation
of gradient-based approaches is the potential for multiple local optima, making it difficult
to guarantee global optimality. To address this, global optimality is pursued by initiating
random searches from various starting points within the design space. Nevertheless, for
large nonlinear optimization problems that combine continuous and discrete variables,
this approach can become slow and computationally inefficient, particularly when a single
optimizer run fails to converge to a feasible solution. To address this challenge, the practical
optimization procedure developed by Dababneh et al. [8] in an industrial context was
integrated into the sizing optimization process. This procedure incorporates enhanced
features for solving large-scale nonlinear structural optimization problems, with a key
innovation being an efficient method for generating initial design variable values. For
additional details, the reader is encouraged to refer to [8].

4.1. Objective Function

The objective function is the structural mass of the CRM wingbox excluding any
non-structural masses, like fuel mass, landing gear mass and engine mass. The objective
function can be represented by

minimize M(x) =
N element

∑
l=1

ρlVl(x). (12)

Here, the objective function M(x) represents the wingbox structural mass, while
N element is the number of elements in the finite element model, Vl is the volume of the lth
element, ρl is the corresponding material density, and x is the design variable vector.

4.2. Design Variables

For the optimization problem, considering the wingbox construction material to
be a metallic material, one design variable per design field is defined, as described in
Figure 3, Section 2.2, where the model is discretized into components which act as design
optimization zones along the span, totaling 1870 design zones. The chordwise design zones
are prescribed by the stringer pitch, while in the spanwise direction the design zones are
limited by the rib spacing. In the finite element model, each design field consists of a
number of finite elements that all comprise the same thicknesses/cross-sectional areas and
stiffness properties. The design variables include the thicknesses of the wingbox skins, spar
webs and ribs, as well as the cross-sectional areas of the wingbox spar caps and stiffeners.
A minimum gauge thickness of 2 mm and a cross-sectional area of 144 mm2 are specified
for the design variables. The limits on the design variables are defined as follows:

2.0 ≤ tmetallic ≤ 13.5, where tmetallic is the thickness in mm, (13)

144.0 ≤ ametallic ≤ 972.0, where ametallicis the area in mm2. (14)

On the other hand, considering the wingbox construction material to be a composite
material, the corresponding design variables for the wingbox skins, spar webs and ribs are
the thicknesses of each ply or lamina in the composite laminate associated with each design
field. The cross-sectional areas of the composite spar caps and stiffeners are also treated
as individual design variables for each design zone. For modeling the wingbox using a
composite material, a symmetric and balanced laminate with ply orientation angles of
[45/0/−45/90]s was created to get an orthotropic material and Laminate design rules were
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applied were angle differences between plies should be minimized to minimize interlaminar
shear stresses caused by shear coupling. The number of plies in each ply orientation angle
is determined based on the optimization constraints. These ply thicknesses are varied
discretely during the optimization process. The schematic of the composite laminate is
shown in Figure 9 for completeness.

Mid-plane  

Z0 

Ply 4, t4   

Ply 3, t3  

Ply 2, t2  

Ply 1, t1  

Y 

Z 

Ply 1, t1   

Ply 2, t2  

Ply 3, t3  

Ply 4, t4  

Figure 9. Schematic of the composite laminate.

The minimum ply thickness is taken to be 0.127 mm, while a 3 mm minimum gauge
laminate thickness is recommended to maintain an adequate level of laminate damage
tolerance. The laminate ply thicknesses are treated as individual design variables and a
count is made of the required number of plies in each ply orientation angle. The limits on
the number of plies in each ply orientation angle are given as

3 ≤ nply ≤ 60, where nply is the number of plies. (15)

Minimum cross-sectional areas of 216 mm2 for the composite spar caps and stiffeners
are specified and the limits on the design variables are defined as follows:

216.0 ≤ acomposite ≤ 972.0, where acomposite is the area in mm2. (16)

4.3. Static Strength Constraints

For metallic skin panels, spar webs and ribs, the von Mises stress is checked against
the material allowable stress as defined in the following equation:

σvon Mises ≤ σallowable (17)

For composite skin panels, spar webs, and ribs, the Tsai–Wu criterion [43–45] is used
to predict the strength of the composite laminate in terms of the failure index (FI). For
orthotropic plate analysis, under the plane stress state, the Tsai–Wu strength theory predicts
that a lamina will undergo failure when the following inequality in satisfied:

FI = F1σ1 + F2σ2 + F11σ2
1 + 2F12σ1σ2 + F22σ2

2 + F66σ2
6 ≥ 1. (18)

The coefficients F1–F66, with the exception of F12, are described in terms of strengths in
the principal material directions. F12 accounts for the interaction between normal stresses,
σ1, and σ2.

The principal strains in each ply are also checked against the material allowable strain
to ensure the integrity of the plies and failure-free laminates. The allowable strain value
of 3500 µε includes the margins due to fatigue and damage tolerance, assuming that the
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allowable strains are identical in terms of tension and compression. Thus, the following
constraint is placed on the strain value used for sizing the structure:

εprincipal ≤ εallowable (19)

The spar caps and the longitudinal stiffeners are designed to carry axial stress only.
Therefore, they are designed according to their stress state against the allowable stress of
the material as defined in the following equation:

σaxial ≤ σallowable (20)

4.4. Static Stiffness Constraints

The flexural stiffness of the wingbox is controlled by limiting the vertical displacement
of the wingtip leading edge [46,47]. The wingtip deflection δtip(Z) for the CRM wing at a
2.5 g pull-up maneuver is assumed to be 17% of the wing semi-span b.

δtip(Z) ≤ 17%·b, where b is the wing semi − span. (21)

The torsional stiffness, which is necessary to counteract the twisting of the wing
under aerodynamic loads and thus prevents flutter, is controlled by constraining the twist
angle at the tip chord of the wing. The angular deformation at the wingtip chord is
constrained by limiting it to a value of 6◦ to ensure sufficient torsional stiffness and thus an
adequate aeroelastic response [48]. The twist angle constraint is defined using the vertical
displacements at the wingtip chord ends. Equation (17) shows that the twist angle at the
wingtip should not exceed 6◦. (δ)+max and

(
δ)−max are the maximum vertical displacements

in positive and negative directions of the z-coordinate, respectively. Here, C is the wing
chord length at the required location:

Θtip ≤ 6◦, where Θ = arctan
(
(δ)+max − ( δ)−max

C

)
. (22)

4.5. Manufacturing Constraints

The design and optimization process of the CRM wingbox incorporates practical
design rules and manufacturing constraints. To facilitate manufacturing, the thicknesses of
the wingbox’s thin panels are selected from a discrete set of values ranging from the lower
to upper bounds, with increments of 0.1 mm. Specifically, the metallic panel thickness is
chosen from the set as:

tmetallic ∈ {2.0, 2.1, . . . , 20}, where tmetallic is the thickness in mm. (23)

In this study, rod elements were used as a simplified means to represent axial load-
carrying members primarily for the purpose of evaluating relative sizing effects and distri-
bution within the optimization framework. The composite material properties assigned
to these elements represent equivalent axial stiffness values based on the dominant fiber
direction, but do not capture the full complexity of the laminate behavior or local effects,
such as buckling or delamination. Regarding the stiffener cross-section, the axial stiffness
of the rod elements was updated during the optimization process, reflecting changes in
the cross-sectional area. However, the detailed geometry was not explicitly modeled, as
the focus of this work was on overall structural trends and load path optimization rather
than detailed stringer design. For the metallic and composite spar caps and stiffeners, rod
elements are used in the modeling process. To simplify manufacturing, the rods are sized
from a discrete set of cross-sectional areas, allowing for the production of various flange
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shapes, such as L, T, and Z. The cross-sectional areas for the metallic and composite rod
elements are defined as:

ametallic ∈ {144, 158, . . . , 972}, where ametallic is the area in mm2, (24)

acomposite ∈ {216, 223, . . . , 972}, where acomposite is the area in mm2. (25)

In addition, the number of plies in each ply orientation is constrained to discrete
integer values, ranging from a lower bound to an upper bound and incremented by 1 as

nply ∈ {3, 4, . . . , 60}, where nply is the number of plies. (26)

Furthermore, practical design criteria are applied to the optimization of the compos-
ite laminate wingbox structures. The ply orientation percentages within a laminate are
constrained between 10% and 60% to avoid matrix-dominated behaviors. An additional op-
timization constraint ensures that the thicknesses of the +45◦ and −45◦ layers are identical,
promoting a balanced laminate structure and minimizing the introduction of manufactur-
ing stresses, such as torsion. A maximum property drop-off rate criterion is applied. It
aims on the one hand at avoiding delamination and, on the other hand, at obtaining ply
layouts that can actually be manufactured. The property drop-off rate between neighboring
elements/panels is evaluated according to the following equation [49]:

Property drop − o f f rate =
prop1 − prop2

distance(d)
≤ 20%, (27)

where propi is the element/panel property value of the parent (1) or adjacent (2) ele-
ment/panel and the distance d is computed along the element/panel surfaces between
adjacent centroids, as shown in Figure 10 [49].
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Figure 10. Control of property taper rate.

4.6. Aeroelastic Stability Constraints

The dynamic aeroelastic stability constraint (flutter) is imposed by constraining the
damping rather than the flutter speed. Defining the constraint in such a way eliminates
the need for computation of the flutter speed. Exact computation of this speed is a com-
putationally expensive task. Treating the aeroelastic constraints in this manner was first
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proposed by Hajela [50] and has become a standard process in MSC Nastran [51]. Thus, the
flutter constraint is defined as follows:

g =
γjl − γjREQ

GFACT
≤ 0, j = 1, 2, . . . , nv, l = 1, 2, . . . , nroot (28)

where γjl is the damping for the lth root calculated at the jth velocity and γjREQ is the
user-defined required damping value at the jth velocity, typically 0.03. GFACT is a scale
factor that converts the damping numbers into a range of suggested values, typically in
the range of 0.1–0.5, which is consistent with other constraints in the design task. A typical
GFACT value of 0.1 is used in this study [51,52]. The flutter constraint is to be satisfied at a
series of velocities up to, and may be above, the required flutter speed.

The p-k method of flutter analysis produces solutions only at the velocities of interest.
The evaluation of the flutter constraint is performed at a number of velocities to handle the
development of ‘hump’ modes, as at velocities lower than the required flutter speed these
modes could become critical. In the context of flutter analysis, hump modes are identified
by local maxima in flutter speed versus frequency curves, as documented in [28,29]. These
modes are of particular interest as they may indicate conditions under which the structure
exhibits heightened sensitivity to aeroelastic instabilities at specific frequencies. Analytical
identification of hump modes typically involves evaluating the system’s frequency response
and locating points where such local maxima occur, which may signal potential non-
physical numerical artifacts or critical dynamic behavior depending on the modeling
approach. Hence, in the current study, if the flutter analysis is performed at flight speeds
that are 1.1, 1.0, 0.9, 0.75, and 0.5 times the required speed, the results should be sufficient
to prevent this unwanted behavior.

5. Results and Discussion of CRM Wingbox Optimization Case Studies
To assess the impact of integrating the dynamic aeroelastic stability constraint (flutter)

during the preliminary design stages, the CRM wing is initially optimized with static
strength, stiffness, and manufacturing constraints. It is then re-optimized to meet dynamic
aeroelastic stability in addition to the static and manufacturing constraints. A comparative
analysis of the optimization results, including the optimized masses and flutter speeds, is
performed to evaluate the impact of this integration.

5.1. Optimization Results of the CRM Wingbox Subject to Static Strength, Stiffness and
Manufacturing Constraints

The optimized mass values of the CRM wingbox for both metallic and composite
configurations, as well as for continuous and discrete optimization approaches, are pre-
sented in Tables 2 and 3. The entries in bold within these tables indicate the local minimum
feasible optimized solutions, which were derived using discrete values for the design
variables. However, it is important to note that only one feasible discrete design solution
was identified for the composite CRM wing, with the remaining discrete design solu-
tions being infeasible. The primary cause of the infeasibility in the discrete designs was
traced to the response output associated with the maximum constraint violation. This was
determined through an analysis of the design response results, which revealed that the
minimum ply orientation percentage for several design variables fell below the minimum
allowable threshold of 10%. Consequently, these designs were deemed infeasible. This
outcome underscores the critical importance of employing diverse initial guesses for the
design variables to attain feasible local optimum solutions in gradient-based optimization
techniques.
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Table 2. Optimized masses (kg) of the metallic CRM wingbox.

Design Variable Initial Values

Min 25% Max 50% Max 75% Max Max

Continuous Solution

13,168 13,422 13,303 13,388 13,342

Discrete Solution

13,265 13,523 13,401 13,486 13,441

Table 3. Optimized masses (kg) of the composite CRM wingbox.

Design Variable Initial Values

Min 25% Max 50% Max 75% Max Max

Continuous Solution

10,420 10,528 10,869 11,031 11,256

Discrete Solution

10,837 10,954 11,289 11,465 11,665

Table 4 presents a summary of the maximum tip displacement values for the optimized
CRM wingbox models, comparing both metallic and composite configurations, along with
the change in the wingtip twist angle relative to the baseline wing model. As indicated
in Table 4, the use of metallic materials in the design of the CRM wing results in a signifi-
cantly higher wingtip deflection compared to the composite material configuration. This
observation suggests that the flexural stiffness of the metallic wing is lower than that of the
composite wing, leading to greater deflection in the metallic wing. This higher deflection
raises concerns regarding the performance of the wing’s ailerons, the dynamic aeroelastic
effects such as flutter, and potential negative impacts on aerodynamic performance, includ-
ing lift reduction. For both wingbox configurations, the change in wingtip twist from the
baseline model to the optimized model indicates an upward twist of the wingtip. Notably,
the composite wingbox exhibits a greater twist than the metallic wingbox, suggesting that
the torsional stiffness of the composite wingbox is lower than that of the metallic wingbox.
This issue could be mitigated by incorporating a higher proportion of 45◦ fibers in the
laminate, and by imposing a lower bound for the minimum 45◦ ply orientation percentage
in the laminate, which could exceed the 10% value used in the optimization study.

Table 4. Deformation values of the optimized CRM wingbox models.

Deformation Metallic Composite

Displacement δtip(Z) 4.99 m 3.48 m
Twist Θtip 0.42◦ 3.77◦

5.2. Flutter Analysis the Optimized CRM Wingbox Subject to Static Strength, Stiffness and
Manufacturing Constraints

A free vibration analysis is conducted to determine the natural frequencies and mode
shapes of the optimized CRM wingbox using the normal mode analysis module in MSC
Nastran with the Lanczos method [53]. The resulting global mode shapes and natural
frequencies for the optimized metallic and composite CRM wingboxes are presented in
Tables 5 and 6, respectively. The analysis is performed under both full fuel and zero
fuel loading conditions. The comparison of global mode shapes shows that the natural
frequencies of the optimized composite wingbox are higher than those of the metallic
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wingbox. Moreover, the presence of fuel masses in the inboard and outboard regions
reduces the structural frequency associated with wing bending, compared to the empty
fuel tanks condition. Overall, fuel quantity significantly influences both flutter modes and
speed, highlighting the need to assess the most critical conditions.

Table 5. Global mode shapes and the associated frequencies of the optimized metallic CRM wingbox.

Mode Number Mode Shape Description Natural Frequency [Hz]
(Full Fuel)

Natural Frequency [Hz]
(Zero Fuel)

1 1st Out-of-Plane Bending 1.07 1.65
2 2nd Out-of-Plane Bending 3.12 4.28
3 1st Lateral Bending 3.39 5.51
4 3rd Out-of-Plane Bending 4.57 8.79
5 1st Torsion 19.02 19.19

Table 6. Global mode shapes and the associated frequencies of the optimized composite CRM wing-
box.

Mode Number Mode Shape Description Natural Frequency [Hz]
(Full Fuel)

Natural Frequency [Hz]
(Zero Fuel)

1 1st Out-of-Plane Bending 1.39 2.28
2 2nd Out-of-Plane Bending 3.72 5.63
3 1st Lateral Bending 4.44 7.52
4 3rd Out-of-Plane Bending 6.21 11.01
5 1st Torsion 23.40 24.79

An aeroelastic stability analysis is performed for the optimized CRM wingbox using
the p-k method under sea-level conditions. Flutter instability in the subsonic regime is
identified through non-matched flutter analysis. Aerodynamic forces are computed for
a reference Mach number MRe f and a set of reduced frequencies at a fixed altitude. The
reference values for the flutter critical flight altitude and Mach number are typically selected
at sea level and at the maximum design dive speed (VD = 221.7 m/s EAS), respectively.
The Doublet Lattice Method integrated in MSC Nastran is used to calculate the unsteady
aerodynamic forces. For the optimized metallic CRM wingbox, the flutter speed with
full fuel tanks is determined to be 370 m/s, with a corresponding flutter frequency of
4.42 Hz, while with zero fuel, the flutter speed is 306 m/s and the flutter frequency is
4.18 Hz. The damping and frequency curves for the metallic CRM wingbox are shown in
Figures 11 and 12, respectively. In contrast, for the optimized composite CRM wingbox,
the flutter speed with full fuel tanks is 428 m/s, with a corresponding flutter frequency
of 6.42 Hz, and with zero fuel, the flutter speed is 394 m/s, with a corresponding flutter
frequency of 5.80 Hz. The damping and frequency curves for the composite CRM wingbox
are presented in Figures 13 and 14, respectively. The results demonstrate that both the
optimized metallic and composite CRM wings are free from flutter instabilities, with flutter
speeds exceeding (VFlutter > 256 m/s). Additionally, the flutter speed of the optimized
composite wing is found to be higher than that of the metallic wing. These flutter speed
results, which are influenced by static displacement, align with the displacement data
presented in Table 4. The higher displacement values provide insight into the flexural
stiffness of the wingbox. Moreover, the flutter speed is shown to be highly sensitive to
the fuel mass in the wing fuel tanks. The lowest flutter speed, which is critical for design,
occurs under empty fuel tank conditions. The flutter analysis confirms that the stiffness
constraints are appropriately applied, ensuring the wing remains free from flutter. The
wingbox stiffness was controlled by limiting both the displacement and twist of the wingtip,
thereby ensuring an adequate aeroelastic response.
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Figure 11. Velocity versus damping and velocity versus frequency plots of the optimized metallic
CRM wingbox—full fuel.
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Figure 12. Velocity versus damping and velocity versus frequency plots of the optimized metallic
CRM wingbox—zero fuel.
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Figure 13. Velocity versus damping and velocity versus frequency plots of the optimized composite
CRM wingbox—full fuel.
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Figure 14. Velocity versus damping and velocity versus frequency plots of the optimized composite
CRM wingbox—zero fuel.

5.3. Optimization Results of the CRM Wingbox Subject to Static Strength, Stiffness, Aeroelastic
and Manufacturing Constraints

To enable a direct comparison with the results presented in the previous section, the
optimization was conducted using the same initial conditions that produced a feasible
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optimal discrete solution. The CRM wing was optimized to simultaneously satisfy the
static strength and stiffness constraints, the dynamic aeroelastic constraint, and the manu-
facturing constraints. Table 7 gives the optimized masses of the CRM wingbox for both the
metallic and composite configurations and for both the continuous and discrete optimiza-
tion solutions. During the optimization process, hard convergence is obtained along with a
hard feasible discrete design solution.

Table 7. Optimized masses (kg) of the CRM wingbox (flutter constraint included).

Design Variable Initial Values

Metallic (Min) Composite (25% Max)

Continuous Solution

13,393 9931

Discrete Solution

13,498 10,340

Table 8 summarizes the maximum tip displacement value and the change in wingtip
twist angle from the baseline wing model in the optimized CRM wingbox model for both
the metallic and composite configurations.

Table 8. Deformation values of the optimized CRM wingbox models (flutter constraint included).

Deformation Metallic Composite

Displacement δtip(Z) 4.97 m 3.45 m
Twist Θtip 0.0◦ 4.19◦

The results from Table 7 show that the mass of the optimized metallic CRM wingbox
has increased as compared to the results obtained by only considering static strength,
stiffness and manufacturing constraints only. This is not the case for the optimized com-
posite CRM wingbox. The deformation results presented in Table 8 show that the wingtip
deflection as well as the twist angle of the optimized metallic CRM wingbox has decreased
and as a result the wingbox structural mass has increased. On the other hand, while the
wingtip deflection of the optimized composite has decreased, the wingtip twist angle has
increased. The increase in the wingtip twist indicates that the torsional stiffness of the
optimized composite CRM wingbox has decreased and as a result reduced the structural
mass of the composite wingbox.

Figures 15 and 16 present fringe plots of the von Mises stress and axial stress distri-
butions, respectively, for the optimized metallic CRM wingbox. The stress contours in
both figures indicate that all stress values lie within the allowable limits defined within the
design optimization domain, thereby satisfying the stress constraints imposed during the
structural optimization process. Figure 15 reveals localized peak stress concentrations in
the vicinity of the rear spar, specifically near the attachment points of concentrated lumped
masses. As established in finite element analysis literature [54], the accuracy of stress
approximations is generally higher at the element centroids compared to the nodal regions.
Consequently, these localized peak stresses are attributed to numerical artifacts arising from
mesh discretization and are not indicative of physically meaningful structural behaviour;
thus, they are excluded from the assessment of global structural performance. Figure 16
further identifies the locations of maximum axial stresses, both tensile and compressive.
Elevated compressive stresses are observed in the upper flanges, while moderately lower
tensile stresses appear in the lower flanges. This distribution is consistent with the expected
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structural response of the wingbox under the applied loading conditions, reflecting proper
load transfer and structural integrity.

 

Figure 15. von Mises (MPa) distributions on the thin panels of the optimized metallic CRM wing-
box mode.

 

Figure 16. Axial stress (MPa) distributions on flanges of the optimized metallic CRM wingbox model.

The principal strain and axial stress distributions were analyzed for each optimized
composite laminate layer to evaluate structural performance and ensure compliance with
design constraints. Figures 17 and 18 illustrate the fringe plots of the maximum and
minimum principal strain distributions, respectively, for the optimized composite CRM
wingbox model. As observed, the principal strain values in both plots remain below
the prescribed upper limit of 3500 µε, confirming that the strain constraint is satisfied
throughout the structure.
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Figure 17. Maximum principal strain distribution (µε)—layer 1.

 

Figure 18. Minimum principal strain distribution (µε)—layer 1.

The resulting global mode shapes and the corresponding natural frequencies of the
optimized metallic and composite CRM wingboxes are presented in Tables 9 and 10 and
Figures 19 and 20, respectively. The analysis was performed on the CRM wingbox models
with full fuel and zero fuel loading.

An aeroelastic stability analysis is conducted for the optimized CRM wingbox models
to ensure that the design is free from flutter. For the metallic CRM wingbox, the flutter
speed with full fuel tanks is 399 m/s, corresponding to a flutter frequency of 6.87 Hz. With
zero fuel, the flutter speed is 351 m/s, with a flutter frequency of 5.00 Hz. This results
in a 14.7% increase in the critical flutter speed at zero fuel, achieved at the cost of a 1.8%
increase in the total wingbox structural mass. The damping and frequency curves for the
optimized metallic CRM wingbox at the lowest flutter speed are presented in Figure 21.
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Table 9. Global mode shapes and the associated frequencies of the optimized metallic CRM wingbox
(flutter constraint included).

Mode Number Mode Shape Description Natural Frequency [Hz]
(Full Fuel)

Natural Frequency [Hz]
(Zero Fuel)

1 1st Out-of-Plane Bending 1.07 1.63
2 2nd Out-of-Plane Bending 3.04 4.55
3 1st Lateral Bending 3.47 5.49
4 3rd Out-of-Plane Bending 6.83 8.83
5 1st Torsion 18.68 19.30

Table 10. Global mode shapes and the associated frequencies of the optimized composite CRM
wingbox (flutter constraint included).

Mode Number Mode Shape Description Natural Frequency [Hz]
(Full Fuel)

Natural Frequency [Hz]
(Zero Fuel)

1 1st Out-of-Plane Bending 1.40 2.31
2 2nd Out-of-Plane Bending 3.75 4.98
3 1st Lateral Bending 3.99 7.40
4 3rd Out-of-Plane Bending 6.25 10.96
5 1st Torsion 23.09 24.32

 

Figure 19. Cont.
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Figure 19. Global mode shapes of the optimized metallic CRM wingbox (flutter constraint included)—
full fuel.
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Figure 20. Global mode shapes of the optimized composite CRM wingbox (flutter constraint
included)—Full Fuel.
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Figure 21. Velocity versus damping and velocity versus frequency plots of the optimized metallic
CRM wingbox (flutter constraint included).
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For the optimized composite CRM wingbox, the flutter speed with full fuel tanks is
432 m/s, with a flutter frequency of 8.10 Hz. With zero fuel, the flutter speed is 373 m/s,
and the flutter frequency is 6.04 Hz. This represents a 5.6% reduction in the total wingbox
structural mass, accompanied by a 5.3% decrease in the critical flutter speed at zero fuel.
Despite the reduction in flutter speed, the wing remains free from flutter. The composite
material’s added versatility has allowed the optimization process to tailor the stiffness
distribution, preventing flutter and achieving a minimum mass design by controlling the
thickness of each lamina in the wingbox structural panels. The damping and frequency
curves for the optimized composite CRM wingbox at the lowest flutter speed are shown
in Figure 22.
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Figure 22. Velocity versus damping and velocity versus frequency plots of the optimized composite
CRM wingbox (flutter constraint included).

6. Concluding Remarks
Based on the results presented in this study, the following points could be concluded:

• The optimization of the CRM wingbox, which first incorporated static strength, stiff-
ness, and manufacturing constraints and subsequently re-optimized to include dy-
namic aeroelastic stability, provides key insights into the significance of aeroelastic
constraints in the preliminary design phase. The study demonstrates that integrating
dynamic stability constraints, such as flutter, profoundly impacts the optimization
process, particularly in terms of wing mass and flutter speeds.

• The feasibility of incorporating composite materials into the CRM wingbox design
demonstrates that the composite wing results in a structural mass reduction of approx-
imately 17.4% relative to the metallic wingbox when flutter constraints are considered,
compared to a 23.4% mass reduction when flutter constraints are not imposed.

• When accounting for flutter constraints, the findings indicate a 5.6% reduction in the
structural mass of the composite CRM wingbox, accompanied by a 5.3% decrease in
the critical flutter speed. Despite the reduction in flutter speed, the design remains
free from flutter instabilities within the operational flight envelope. Furthermore, the
free vibration and aeroelastic stability analyses indicate that the composite wingbox
exhibits higher natural frequencies than its metallic counterpart, suggesting that
composite materials enhance the dynamic response and reduce the susceptibility to
aeroelastic phenomena.
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• The flutter analysis, performed using the p-k method under sea-level conditions, con-
firmed that both the metallic and composite wingboxes are free from flutter instabilities,
with flutter speeds exceeding the critical threshold of 256 m/s. The composite wingbox
demonstrated a higher flutter speed compared to the metallic wingbox, consistent
with its increased stiffness, as indicated by the displacement data. Additionally, the
analysis identified that the lowest flutter speed occurs when the fuel tanks are empty,
representing the most critical condition for flutter design.

• Fuel mass was found to have a significant impact on both the natural frequencies and
flutter characteristics, with the presence of fuel resulting in a reduction of structural
frequencies associated with wing bending. This highlights the importance of incor-
porating varying fuel loads into the design process, as fuel mass can influence both
aeroelastic performance and flutter speed.

7. Future Work Recommendations
Building on the findings, several recommendations are made to enhance the accu-

racy of wing mass estimation through the integration of multidisciplinary analysis and
design optimization techniques. Specifically, the use of advanced optimization algorithms
is advised to overcome the issue of local optima, facilitating a broader search for solutions
and minimizing the risk of converging on suboptimal results. Future work will focus on
deriving spanwise bending and torsional rigidity properties, specifically the EI and GJ
distributions, to accurately capture stiffness variations along the wingspan. Plotting these
variations will provide valuable insights into the structural behavior for aeroelastic model-
ing. Additionally, the development of a reduced-order stick-beam model will streamline
the structure while preserving essential flexibility characteristics, enhancing the accuracy
of aeroelastic simulations.

The optimization model could be extended to include additional constraints, such as
fundamental frequency, local buckling, divergence speed, and thermal stresses. Fatigue
failure can occur at stress levels significantly below the material’s yield or ultimate strength.
Therefore, the application of a knock-down factor is appropriate to account for fatigue
effects under different flight conditions, ensuring a more conservative and fatigue-tolerant
structural design. Future investigations could explore the application of MDO to a hybrid
CRM wingbox structure that combines both composite and metallic materials in the primary
wing components. Additionally, the optimization model could be enhanced to incorporate
multi-objective aerodynamic and structural optimization, including constraints on the
wing’s leading edge sweep angle, taper ratio, and aspect ratio. This extension would enable
the identification of multiple Pareto-optimal solutions, thereby providing valuable design
alternatives for the preliminary design phase of the CRM wing.
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