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• Coupled layout and composite optimization exploits coupling effects to reduce mass.
• Load tailoring redirects forces to favorable regions through structural coupling.
• Layout coupling yields larger gains with lamination parameters than with thickness alone.
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A B S T R A C T
Conventional preliminary wing design workflows typically follow a sequential approach. The shape
and internal layout of the wing are fixed first, followed by structural optimization of local stiffness
properties of composite materials based on predefined load cases. However, this decoupled strategy
neglects the critical coupling effects between the internal structural layout and local stiffness distri-
butions of composite materials, often yielding suboptimal weight performance. Existing frameworks
for layout design primarily rely on topology optimization, bi-level approaches that separate layout
and structural optimization, or formulations that assume fixed local stiffness. This work proposes an
integrated, parametric CAD-based optimization framework that directly modifies the internal struc-
tural layout like ribs and spars through explicit geometric parameters while simultaneously optimizing
structural composite design variables, including skin thicknesses and lamination parameters. The
methodology is evaluated on an established rectangular wing box benchmark. Results demonstrate
that co-optimizing the rib and spar layout together with skin thicknesses and lamination parameters
increases the mass savings to 15.20% compared with structural optimization using a fixed layout.
Furthermore, configurations with variable directional stiffness yield internal layouts that differ from
those obtained under fixed stiffness assumptions, highlighting the benefit of capturing layout and local
stiffness coupling effects.

1. Introduction
The demand for more efficient and environmentally sus-

tainable aircraft has led to increasingly lightweight opti-
mized structural wing designs [1]. Besides the aerodynamic
shape, the wing structure is particularly important as it
contributes significantly to both the overall aircraft mass and
its aerodynamic performance [2].

Structural optimization enables a large number of design
variables (DVs) and structural constraints to be considered
simultaneously [3]. The use of composite materials further
expands the available design space. Their mechanical prop-
erties can be tailored not only through thickness variations
but also through fiber orientation [4]. This additional design
freedom can provide further lightweight potential compared
with structures restricted to isotropic materials [5]. There-
fore, composite stiffness design plays an important role in
aircraft structural optimization [4].

The wings structural ribs and spars layout is usually
defined prior to structural optimization, such that the opti-
mization primarily modifies material properties rather than
the underlying structural topology [6, 7]. The resulting opti-
mum consequently depends on the selected structural layout.
Furthermore, material level tailoring cannot exploit perfor-
mance improvements that require changes to the arrange-
ment of ribs and spars. This limits the achievable structural
weight reduction potential [8, 9]. In contrast, simultaneous
optimization enables direct trade-offs between geometric
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and composite DVs, which may be missed when the design
spaces are optimized sequentially [10, 5].

Topology optimization has been widely applied to the
conceptual design of internal aircraft wing-box structures
[11]. It offers a high degree of geometric freedom by
determining efficient material distributions within a defined
design space [12]. However, results often require post-
processing before they can be used in subsequent design
stages. The resulting material distributions therefore require
interpretation and geometric reconstruction before they can
be represented as manufacturable, parametric computer-
aided design (CAD) models [13]. CAD-based optimization
provides an alternative approach in which the overall struc-
tural layout is defined through a parametric CAD model
[14, 15]. Structural components are preserved, while their
shape or arrangement is modified through geometric DVs
[15]. This representation is compatible with structural com-
posite optimization, because the individual structural panels
remain explicitly defined [14]. Geometric layout variables
can therefore be considered alongside structural DVs such
as panel thicknesses and lamination parameters (LPs) within
one common optimization framework. LPs provide an alter-
native representation of the stiffness properties of composite
laminates [16].

Composite structural optimization is a well established
field and approaches for it have been investigated extensively
[4]. Optimization of internal structural layouts has like-
wise received considerable attention, particularly through
topology optimization [17]. CAD-based shape optimization
is also well established, with applications in aerodynamic
optimization of external aircraft geometries [18, 19], as well
as for modifications of internal wing box layouts for aircraft
wings [20, 15]. However, the simultaneous consideration of
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CAD-parameterized internal layout variables and composite
design is rarely published. One notable study optimizes
the external wing shape while accounting for composite
materials, but the internal structural layout is defined mainly
by general design rules and therefore offers only limited
geometric design freedom. In addition, the composite design
is restricted to predefined ply shares [21]. A fully coupled
optimization of the internal structural layout and composite
design has the potential to enable greater structural perfor-
mance and to broaden the available design space.

The objective of this study is to extend an existing
structural optimization framework [22] by incorporating
CAD-based internal layout variables into the gradient-based
optimization process. The extended framework enables au-
tomatic updates of the internal wing box layout, regener-
ation of the structural analysis model, and evaluation of
sensitivities with respect to geometric DVs. The design
space includes internal wing box layout variables, like rib
and spar positions and orientations, as well as composite
DVs, including skin thicknesses and composite stiffness. The
performed optimizations are subject to strength and stability
constraints, as well as composite and wing-box feasibility
constraints. To investigate the interaction between structural
wing layout and the influence of tailored composites, sev-
eral optimization cases with different levels of geometric
degrees of freedom (DOFs) are compared using a simplified
rectangular wing box test case. The resulting designs are
evaluated in terms of structural mass and optimal internal
layout to estimate the potential of combined structural and
geometric optimization. By integrating geometric DVs into
the structural optimization, a mass reduction of 15.2% is
achieved compared with optimization using a fixed internal
layout.

2. Geometric and composite design
framework
This work employs a gradient-based optimization frame-

work named lightworks [22]. It was initially designed for
the structural optimization of wing-like configurations using
structural parameters, importantly skin thickness and LPs
following the formulation of Tsai and Pagano [16]. Central to
the lightworks framework is a parametric panel-meta-model
that contains the wing box architecture through composite
stacking, material assignments, and geometric information.
Each panel is treated as one optimization region.

The structural optimization problem is generally stated
as a nonlinear constrained minimization:

min
𝐱

𝑓 (𝐱)

subject to 𝐜𝑖(𝐱) ≤ 0, 𝑖 = 1,… , 𝑚, (1)
𝐱𝐿 ≤ 𝐱 ≤ 𝐱𝑈

where 𝐱 denotes the vector of DVs. The objective func-
tion 𝑓 (𝐱) represents the total structural mass of the wing box.

Structural feasibility is enforced through a set of in-
equality constraints. These include material strength criteria,
which are evaluated at finite-element level and buckling
stability limits for compression and shear loadings, which
are assessed for each panel. Arbitrary combinations of LPs
do not necessarily correspond to physically realizable com-
posite laminates. Therefore, when LPs are included in the
design space, a laminate compatibility constraint is imposed
to ensure physical realizability [23].

The resulting optimization problem is solved using a
gradient-based approach due to the high dimensionality of
the design space. The Sparse Nonlinear Optimizer (SNOPT)
[24] is employed, which implements a sequential quadratic
programming method tailored for large-scale problems.

The initial framework was extended to employ a CAD-
based parameterization process to define the geometric de-
sign space. The approach is based on a parametric CAD
model whose geometric parameters are treated as additional
DVs alongside the structural DVs. Changes to these geomet-
ric DVs automatically update the underlying CAD model.
2.1. Geometry update workflow

The geometry update workflow implements an auto-
mated pipeline that translates parametric DVs into the ob-
jective function and constraints functions while generating
a complete FE-model suitable for structural analysis. This
workflow is illustrated in Figure 1.

A Python-based geometry processor generates the ge-
ometry directly from the provided geometric DVs. The
pythonOCC library is employed to construct any arbitrary
CAD model. Afterwards, the CAD geometry is exported to
Gmsh [25] for structural mesh generation.

During the initial setup, the resulting discretized model
is integrated with additional data, including applied loads,
boundary conditions, and region-specific stiffness proper-
ties, to assemble a complete FE-model. This model serves as
the computational foundation for structural analysis during
the optimization process. The FE-solver employed in this
study is the B2000++ solver [26].

Any changes to the geometric DVs automatically regen-
erate the CAD model and trigger the remeshing process.
To maintain a consistent element count across iterations,
the number of nodes on each geometric curve is stored
and reused during subsequent updates, while only the nodal
positions are modified. This allows for efficient updating of
the FE mesh without the need to rebuild the entire model.
2.2. Treatment of design variables

The optimization framework distinguishes between two
categories of DVs that define the total design vector 𝐱:

𝐱 = [𝐱struct, 𝐱geo] (2)
where 𝐱struct represents classical structural optimization pa-
rameters, and 𝐱geo describe geometric DVs.

Structural DVs directly modify the properties of the FE-
and panel-meta-model, such as shell thicknesses, or com-
posite stiffness properties, which influence the calculated
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Figure 1: XDSM diagram illustrating the dependencies between the DVs, the objective function, and the constraint functions.
Components introduced in the this study are highlighted.

stiffness matrix for each optimization region. In contrast, ge-
ometric DVs control the parametric CAD geometry and sub-
sequently modifying the underlying FE-mesh. Alterations
in 𝐱geo propagate through the model generation pipeline to
modify global stiffness distributions, panel dimensions, and
mass distribution.
2.3. Sensitivity computation

Lightworks relies on gradient-based optimization algo-
rithms, which require computation of first-order sensitivities
for both the objective and constraint functions with respect
to all DVs. Let 𝐱 define the vector of 𝑛 DVs, 𝑓 (𝐱) represent
the scalar objective function, and 𝐜(𝐱) = [𝑐1(𝐱),… , 𝑐𝑚(𝐱)]⊤define the vector of constraint functions. The required sensi-
tivity information is defined through the objective gradient:

∇𝐱𝑓 =
𝜕𝑓
𝜕𝐱

, (3)

where 𝜕𝑓
𝜕𝑥𝑖

represents the partial derivative of 𝑓 with respect
to the 𝑖-th DV. Additionally, the sensitivities of the constraint
functions are captured by its Jacobian matrix:

𝐉𝐜(𝐱) =
𝜕𝐜
𝜕𝐱

. (4)
The evaluation of sensitivities distinguishes between

structural- and geometric DVs, each requiring a designated
numerical differentiation methodology.

For structural DVs, gradients are computed using the
complex-step (CS) method. This approach is adopted pri-
marily for its superior numerical accuracy. Unlike finite dif-
ferences (FD), it avoids cancellation errors through subtrac-
tions and yields exact derivatives up to machine precision for
analytic functions [27].

In contrast, sensitivities with respect to geometric pa-
rameters are evaluated via FD. This distinction is required by
external software used in the current implementation, which
do not support the use of complex numbers.

3. Numerical wing box optimization setup
To evaluate the proposed methodology, a representative

wing box test case is utilized. The model provides a simpli-
fied wing box configuration that allows the interaction be-
tween geometry and structural parameters to be investigated.
This chapter describes the baseline configuration, the DV
definitions, the objective and constraint functions, and the
compared optimization cases.
3.1. Baseline wing box

The selected benchmark case has been established in
earlier studies of composite optimization problems [22, 28,
29, 30, 31]. The test geometry is a rectangular structure,
illustrated in Figure 2, which can be regarded as a reduced-
scale wing box.

The upper and lower shells are subdivided into nine
distinct optimization regions, divided by four uniformly
spaced rib and spar segments, with the ribs defined in the
x–z plane and the spars in the y–z plane. Each one consist
of three discrete panels. All structural surfaces are modeled
as unstiffened laminates, meaning no additional stringers are
included into the design.

The spar and rib panel composites are designed using a
shear carrying stacking sequence defined as [(±45◦)2]. The
upper and lower shell panels add axially oriented plies, spec-
ified as [4(0◦)∕4(±45◦)∕2(90◦)], to efficiently resist bending
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Figure 2: Rectangular wing-box benchmark geometry, includ-
ing the FE mesh, applied loads, and boundary conditions.

Table 1
Mechanical properties of the T300/5208 pre-preg material.

Property Value
𝐸𝑥𝑥 181GPa
𝐸𝑦𝑦 = 𝐸𝑧𝑧 10.3GPa
𝜈𝑥𝑦 = 𝜈𝑥𝑧 0.27
𝜈𝑦𝑧 0.42
𝐺𝑥𝑦 = 𝐺𝑥𝑧 7.17GPa
𝐺𝑦𝑧 3.78GPa
𝜌 1760 kg∕m3

𝑋𝑡 = 𝑋𝑐 1500MPa
𝑌𝑡 = 𝑌𝑐 246MPa
𝑆 68MPa

moments. To enable a continuous design space for gradient-
based optimization, these discrete ply sequences are repre-
sented via a set of continuous LPs.

Each individual ply is composed of T300/5208 carbon-
epoxy pre-preg material [29]. The complete set of mechan-
ical and physical properties for the unidirectional plies is
summarized in Table 1.

The panel-meta-model is discretized using a FE-mesh
composed entirely of quad shell elements, resulting in a total
of 1512 elements and 1628 nodes. A fully clamped boundary
condition is enforced at the root. Asymmetric concentrated
forces are applied at the tip and are combined to form a
single bending–torsion load case. The resulting FE-mesh is
illustrated in Fig. 2.
3.2. Design variables

As mentioned earlier, the DVs are grouped into two
classes. The first class contains conventional structural DVs,
namely one thickness variable for each design region and
a set of LP used to describe the composite laminate. The
second class consists of geometric DVs. In principle, any
parameter used to define the parametrized CAD model can
be selected as a DV.
3.2.1. Structural optimization variables

LPs provide a continuous formulation for describing the
in-plane, coupling, and bending stiffness characteristics of

Figure 3: Wing box component notations and geometric DVs.

composite laminates. Unlike discrete representations that
rely on individual ply angles and thicknesses, LPs define
the stiffness properties into a compact, continuous set of
12 variables. Symmetric and balanced quad laminate as
assumed in this study, can be fully described using only five
LPs in addition to the total thickness [32]. Such laminates
consist of plies oriented at 0°, ±45° and 90°, arranged
symmetrically with equal numbers of +45° and -45° plies. In
the context of gradient-based optimization, LPs offer signif-
icant advantages over discrete DVs. Their properties ensures
continuous design spaces and enables the application of
efficient gradient-based methods [33]. The calculation of the
stiffness matrix components from the LPs is described in
Appendix A.

The initial structural DVs employed are summarized in
Table 2. Only those parameters that are relevant for the
optimization cases are listed. All remaining LPs are initial-
ized to zero and held constant throughout the optimization
processes.
3.2.2. Geometric design variables

The geometric DVs serve as the parametrization for the
internal wing box structure. By modifying the underlying
CAD geometry, these variables directly modify the nodal
coordinates of the discretized model. They influence mass
distribution, global stiffness characteristics and panel dimen-
sions.

The rectangular wing box configuration is defined by
eight DVs, as illustrated in Figure 3. Each internal com-
ponent is parameterized using two positional coordinates,
which determine both the longitudinal placement of the
structural elements and their implicit orientation within the
wing box.

The optimization initiates from a symmetric configura-
tion, where the first and second positional parameters are
initialized at 1∕3 and 2∕3 of the total chord or span length.
To maintain geometric feasibility during design updates, all
geometric DVs are constrained within bounds corresponding
to 1%–99% of the chordwise or spanwise length. In addi-
tion, geometric constraints are imposed to prevent crossing
between rib and spar components, as described in further
detail in Chapter 3.3.4.
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Table 2
Initial structural DV values and boundaries of relevant parameters.

Thickness [m] 𝐕1,𝐴 𝐕2,𝐴 𝐕1,𝐷 𝐕2,𝐷 𝐕3,𝐷
Upper shell / Lower shell 0.01 0.2 0.2 0.344 0.296 0.24
Ribs / Spars 0.0055 0 -1 0 -1 0.068
Boundaries 0.0001, 0.6 -1, 1 -1, 1 -1, 1 -1, 1 -1, 1

3.3. Objective and constraints
The structural optimization problem is restricted by a set

of constraints that contain material strength limits, buckling
stability criteria, laminate layup design rules, and geometric
feasibility requirements. These constraints ensure that the
resulting wing box configuration remains structurally viable
under loading conditions while satisfying laminate and geo-
metric feasibility.
3.3.1. Objective function

The objective of the optimization process is the min-
imization of the total structural mass of the wing box.
Although the DVs are restricted to the thickness and stiffness
parameters of the upper and lower shell components, the
objective function accounts for the mass contribution of all
panels, including ribs and spars. This captures the global
weight implications of local geometric modifications in the
objective function. The total structural mass 𝑓 is expressed
as a summation over all individual panels:

𝑓 =
𝑛
∑

𝑖=1
𝜌𝑖𝐴𝑖𝑡𝑖, (5)

where 𝜌𝑖 denotes the material density of the 𝑖-th panel, 𝐴𝑖represents its surface area, and 𝑡𝑖 corresponds to its thick-
ness. Through this formulation, both geometric parameters
and material distributions directly influence the objective
function.

The complete optimization problem can be stated as:
min
𝐱𝑠,𝐱𝑔

𝑓 (𝐱𝑠, 𝐱𝑔)

s.t. 𝐱𝑙𝑠,𝑖 ≤ 𝐱𝑠,𝑖 ≤ 𝐱𝑢𝑠,𝑖, 𝑖 = 1,… , 𝑛𝑠,

𝐱𝑙𝑔,𝑗 ≤ 𝐱𝑔,𝑗 ≤ 𝐱𝑢𝑔,𝑗 , 𝑗 = 1,… , 𝑛𝑔 ,

𝐜𝑠,𝑘(𝐱𝑠, 𝐱𝑔) ≤ 0, 𝑘 = 1,… , 𝑚𝑠,

𝐜𝑔,𝑙(𝐱𝑔) ≤ 0, 𝑙 = 1,… , 𝑚𝑔 .

(6)

where 𝑓 denotes the objective function to be minimized.
The vectors 𝐱𝑠 and 𝐱𝑔 represent the structural and geometric
DVs, respectively, with lower and upper bounds defined by
𝐱𝑙𝑠,𝑖, 𝐱

𝑢
𝑠,𝑖 and 𝐱𝑙𝑔,𝑗 , 𝐱

𝑢
𝑔,𝑗 . The terms 𝐜𝑠,𝑘 and 𝐜𝑔,𝑙 correspond to

the structural constraints, including strength, buckling, LP
feasibility constraints, and geometric constraints.
3.3.2. Structural constraints

To prevent strength failure, this study employs a LP-
based failure criterion as proposed by Khani et al. [34].
Traditional failure criteria rely explicitly on individual ply

orientations and stacking sequences, making them incom-
patible with LP formulations where such discrete ply infor-
mation is not available. Consequently, the proposed criterion
evaluates strength constraints at the finite element level,
resulting in one independent constraint per element. A more
detailed description of the strength criterion used in this
study is provided in Appendix B.1.

Buckling assessment is conducted at the element level.
To maintain a conservative design approach, the most crit-
ical local element load is applied to the entire panel. This
assumption implies that the full panel is subjected to the
peak load in both compression and shear. The calculations
follow the approach analogous to that of Dähne et al. [22],
with the additional consideration of compression in the
transverse fiber direction. A detailed description is provided
in Appendix B.2.

To ensure that the optimized LP designs correspond to
physically realizable composite layups, it is necessary to
impose explicit feasibility constraints on these DVs. In gen-
eral, not all combinations of LPs correspond to physically
realizable laminate stacking sequences. The LP design space
must therefore be restricted to the feasible region. Following
the methodology proposed by Werthen and Dähne [23],
the feasible region of LPs is characterized by a set of hy-
perplanes derived from a convex hull formulation. A more
detailed description is given in Appendix B.3.
3.3.3. Buckling length evaluation

Modifying the geometric parameters affects the shape
the panels. As the applied buckling constraints are formu-
lated for orthogonal panels, an equivalent buckling length
must be determined for skewed panels to satisfy the orthog-
onal reference model.

The buckling length evaluation in this study follows the
methodology prescribed in the HyperSizer documentation
published by Collier Research Corporation [35]. It idealizes
a skewed flat panel as an orthogonal rectangular plate. It
determines equivalent longitudinal and transverse buckling
directions from the panel geometry and material orientation,
then calculates representative X- and Y-buckling spans from
the panel area distribution about its centroid.

𝑌 = 2
[

min
(

𝑐+𝑦 , 𝑌
+ − 𝑐+𝑦

)

+min
(

𝑐−𝑦 , 𝑌
− − 𝑐−𝑦

)]

,

𝑋 = 2
[

min
(

𝑐+𝑥 , 𝑋
+ − 𝑐+𝑥

)

+min
(

𝑐−𝑥 , 𝑋
− − 𝑐−𝑥

)]

.

(7)
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Figure 4: Buckling length calculation parameters for the blue
panel, with the red panel representing the calculated equivalent
orthogonal buckling length

Here, 𝑌 + and 𝑌 − define the distances from the panel cen-
troid to the outermost boundaries of the panel in the positive
and negative transverse directions, respectively. The values
𝑐+𝑦 and 𝑐−𝑦 denote the distances from the panel centroid to
the centroids of the two subregions obtained by dividing the
panel along the material orientation axis passing through the
panel centroid. Analogously, 𝑋+, 𝑋−, 𝑐+𝑥 and 𝑐−𝑥 represent
the corresponding distances in the fiber 0° direction of the
panels composite, as illustrated in Figure 4. The highlighted
rectangular plate results from transforming the skewed panel
using the equations described above.
3.3.4. Geometric constraints

To guarantee geometric feasibility and prevent degen-
erate configurations during the optimization process, geo-
metric constraints are applied on the geometric DVs. These
constraints are use-case dependent and are tailored to the
specific structural requirements of the model topology. In
the present use case, it is mandatory to maintain separation
between adjacent ribs and spars, to avoid overlap.

While the outer boundaries of the geometry are en-
forced through standard parameter bounds, internal spacing
is regulated by explicit geometric constraints. To ensure a
physically realizable design throughout the search space, a
minimum separation distance equivalent to 2% of the local
chord or spanwise length is chosen between any two adjacent
members. This condition is mathematically formulated as:

𝑅geom = 𝑖3𝑗 − 𝑖2𝑗 ≥ 0.02, (8)
(𝑖, 𝑗) ∈ {(𝑟, 1), (𝑟, 4), (𝑠, 1), (𝑠, 4)}.

The parametric positions are defined in Figure 3.
Table 3 provides a summary of each constraint group,

including the discretization level at which they are evaluated,

the total number of constraints per optimization case, and
their corresponding mathematical formulations.
3.4. Study overview

The objective of this study is to compare pure structural
optimization with combined geometry–structural optimiza-
tion. This comparison provides insight into the potential
of incorporating geometric DVs with respect to structural
efficiency and weight reduction, relative to conventional
structural optimization approaches and how composite tai-
loring influences the optimal structural wing internal layout.

To investigate the interaction between laminate design
and geometric configuration, two optimization cases are
established, each considering a different set of structural
DVs. Each case comprises four stages where the complexity
of the geometric DVs is incrementally increased to evaluate
the influence on the final structural mass of each geometric
DOF.

Case 1: Thickness and geometric optimization focuses
on thickness parameters with fixed layups. The design space
is initially constrained to laminate thickness variations, serv-
ing as the baseline for structural optimization. This case
isolates the performance gains achievable through geometric
adaptation alone.

Case 2: Thickness, stiffness, and geometric optimiza-
tion expands upon Case 1 by incorporating LPs as contin-
uous DVs alongside thickness optimization. This coupled
approach enables simultaneous optimization of laminate
stiffness and structural layout, allowing the structure to adapt
both its local stiffness characteristics and global geometry
for more favorable load paths and panel dimensions.

Within both cases, the optimization runs follow a con-
tinuous progression of geometric freedom:

1. Baseline optimization (Stage 0): Optimization is re-
stricted to structural DVs

2. +Rib positioning (Stage 1): Continuous translational
variables for the ribs, without rotation.

3. +Spar positioning (Stage 2): Additional continuous
translational variables for spars, without rotation

4. +Rotional DOFs (Stage 3): Additional rotational
DOFs for ribs and spars.

Table 4 summarizes the variable configurations and total
DOFs for each optimization run across both cases.

To ensure a controlled comparison, both cases employ
identical objective functions and constraint formulations.
This isolates the influence of internal layout by varying only
two parameters: the geometric DOF and their corresponding
geometric constraints per stage. All other computational set-
tings within the optimization process remain constant across
all stages, ensuring that any performance differences can be
directly attributed to variations in geometric parameters.

The optimized designs are evaluated against their respec-
tive baseline configurations. Performance is quantified by
the relative mass reduction achieved by each stage.
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Table 3
Summary of constraint groups, evaluation levels, and counts per computational case.

Constraint group Evaluated on Number Formula
Strength Element level 1512 𝑐strength = 𝑅strength − 1 ≤ 0
Buckling Panel level 1512 𝑐buckling = 𝑅buck,comb − 1 ≤ 0
LP Skin level 49 × 18 = 882 𝑐LP = 𝑅LP ≤ 0
Geometry Model level 𝑛𝑔∕2 𝑐geom = 𝑅geom − 0.02 ≤ 0

Table 4
Summary of DV configurations and DOFs for each optimization stage.

Case Stage 𝑁𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑁𝐿𝑃 𝑛𝑔𝑒𝑜𝑚
Case 1 Stage 0 Thickness 18 0 0

Stage 1 + Ribs parallel 18 0 2
Stage 2 + Spars parallel 18 0 4
Stage 3 + Rotations 18 0 8

Case 2 Stage 0 Thickness + LP 18 90 0
Stage 1 + Ribs parallel 18 90 2
Stage 2 + Spars parallel 18 90 4
Stage 3 + Rotations 18 90 8

4. Results
This chapter presents the results of the investigated op-

timization cases obtained with the proposed methodology.
The final optimized wing box designs are first evaluated
by comparing their objective values and deviations from
the structural-only optimized configuration. The resulting
changes in the structural layout, thickness distribution, and
laminate DVs are then analyzed and compared across the
optimization stages. Finally, the optimization trajectories
and design spaces are examined to assess the convergence
behavior of the objective function and convexity.
4.1. Influence of geometric design variables on the

objective function
The progression of mass reductions achieved through

successive addition of geometric DVs of both cases is sum-
marized in Figure 5. For Case 1, the baseline design employs
a fixed internal architecture, yielding an optimized mass
of 428.38 kg. When all geometric parameters are simulta-
neously optimized, the final configuration achieves a total
mass reduction of 6.23% compared to the thickness-only
optimized baseline. In Case 2 the initial reference mass starts
at 343.13 kg. The relocation and rotation of rib and spar
components results in an overall mass saving of 15.20% over
the original stiffness-optimized reference design. All opti-
mized configurations satisfy structural feasibility require-
ments and are mainly governed by buckling constraints.
They converged to optimal values without encountering
boundary constraints across every optimization stage.

Each additional geometric DOF led to a further reduction
in the optimal weight. In Case 2, the mass reduction of
each added DOF was greater than in Case 1, highlighting
the benefit of coupling internal layout optimization with
composite tailoring. This coupling provides the optimizer
with greater flexibility to explore the design space as with
fixed stiffness distribution. Adding rotational DOFs expands

the optimization design space compared to using straight
components alone. It enables more independent control over
the buckling lengths of individual panels as well as more
favorable load distributions. This allows for further mass
reduction, even when the total structural area increases. In
this case, the overall contribution to the optimal mass of the
geometric DVs is smaller than that of the LPs. Nevertheless,
the observed geometric effects are sufficiently significant
to consider their inclusion in structural optimization work-
flows.

Table 5 summarizes the final optimization results, in-
cluding the objective function values, the number of itera-
tions required for convergence and the maximum constraint
violation in the final design.
4.2. Optimized internal layout configurations

The relocation of internal structural components induces
two distinct effects that govern the structural buckling re-
sponse. The first is a direct geometric effect, where com-
ponent displacement alters the effective buckling lengths.
The second is an indirect load transfer effect, as positioning
of components modifies the distribution of reaction forces
across the structure. In this case, these two mechanisms
exhibit opposing behaviors, requiring a compromise during
the layout optimization process. Both effects are discussed
in greater detail in Appendix D. The notation for all internal
components is provided in Figure 3.

The baseline configuration of Case 1 exhibits a nearly
uniform chordwise distribution of structural thickness, with
spanwise thickness gradually tapering from the root to the
tip. A notable exception to this trend is observed in the lower
shell, where panel mass is concentrated toward the tip region
as illustrated in Figure 6.

When the rib position parameter is introduced as a
DV, rib placement is shifted toward the tip. This geometric
modification enables redistribution of structural material, by
influencing critical buckling loads through changes of the
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Figure 5: Final objective values with relative mass savings across all design stages.

Table 5
Optimization results across all design stages.

Stages Iterations Objective [kg] Max. constraint Critical criteria
Stage 0 Thickness 49 428.38 9.22 × 10−7 US buck
Stage 1 + Ribs parallel 26 416.32 6.73 × 10−5 US buck
Stage 2 + Spars parallel 30 416.12 9.96 × 10−6 US buck
Stage 3 + Rotations 26 401.70 7.26 × 10−5 US buck
Stage 0 Thickness + LP 35 343.13 9.78 × 10−5 US buck
Stage 1 + Ribs parallel 147 329.99 2.03 × 10−8 US buck
Stage 2 + Spars parallel 184 311.88 5.75 × 10−6 LS buck
Stage 3 + Rotations 201 290.96 5.28 × 10−8 US buck

panel buckling lengths. This results in a more uniform thick-
ness distribution across the lower shell and mitigating the
initial tip heavy mass concentration present in the baseline
configuration.

Introducing additional spar DVs does not further im-
prove the objective, as the 33% and 66% positions are already
close to the optimum. The additional rotational degree of
freedom primarily allows the optimizer to adjust the effec-
tive buckling length more freely between adjacent panels. It
reduces the buckling length in highly loaded regions, while
allowing larger buckling lengths in less loaded regions.

The fixed layout optimization of Case 2 exhibits a thick-
ness distribution that gradually tapers from the root to the
tip in the spanwise direction, as well as from S1 to S4 in the
chordwise direction, as shown in Figure 7. This distribution
is consistent with that reported by Dähne et al. [22]. In
contrast to the fixed layout optimization of Case 1, this
design yields a notably thinner lower shell near the tip. This
reduction is due to the effective redistribution of structural
loads through fiber orientation rather than relying solely on
material volume.

When rib positioning parameters are introduced, the
design differs from that of Case 1. The rib R3 is shifted

toward the tip and R2 toward the root. The global thickness
distribution and primary stiffness orientations remain rela-
tively close to the previous design. Similar to Case 1, the rib
placement primarily affects the effective buckling lengths.

A key distinction from Case 1 is the significant influence
of spar placement on the final objective. The optimizer
positions the spars slightly closer together and moves them
toward S1. This relocation is attributed to the asymmetric
load distribution, with higher loads appearing at the leading
edge. By repositioning the spars, these highly loaded regions
are reinforced. As a result of this redistribution, the middle
chord panels are now more suitable for carrying the loads
than the outer chord panels. This selective load-carrying
behavior is achieved by aligning the fiber directions within
the designated regions with the direction of the resultant
reaction forces. Conversely, panels intended to carry less
loads are assigned fiber orientations perpendicular to the pri-
mary force direction. This orientation in secondary regions
effectively redirects structural loads toward the optimally
positioned panels. A more comprehensive explanation of the
correlation between the load path and load carrying panels
is provided in Appendix C.
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Figure 6: Thickness distribution and structural layout across the design stages of Case 1.

The additional rotational DOF enables distribution of
loads more evenly across the middle chord panels. This
effect is evident from the strain energy distribution presented
in Appendix C.

The integration of local stiffness optimization with ge-
ometric DVs allows for more effective tailored load paths
according to specific loading conditions. In contrast to local
stiffness optimization alone, the combined approach pro-
vides greater design flexibility, enabling the selection of
particular panels as primary load-bearing areas.
4.3. Optimization convergence

Figure 8 illustrates the convergence trajectories of the
objective functions and maximum constraint violation across
all optimization stages. As shown, every configuration suc-
cessfully satisfied the imposed constraints.

The number of iterations required to reach optimality
varied significantly depending on the problem formulation.
In Case 1, the fixed layout optimization demanded more
iterations than the other stages. The introduction of addi-
tional geometric DOFs accelerated convergence toward the
optimum. For Case 2, the fixed layout optimization exhibited
iteration counts comparable to those observed in Case 1.
Conversely, increased parametric complexity consistently
correlated with a higher iterative cost to reach optimality.

The convergence behaviors were evaluated to assess the
convexity of the design spaces and the robustness of the
optimization algorithm. Figures 9-12 show the design spaces
for both cases and all design stages as well as the path the
optimization algorithm took to reach the optimum. These
plots were generated by varying the axis-defined parameters
in increments of 0.05, while maintaining all other geometric
DVs at their optimal values. The resulting masses of the
structural optimizations were plotted, optimizing only struc-
tural DVs.

Figure 9 presents the design space for Stages 1 and 2
of Case 1. The parameter space exhibits strong convexity,
enabling the optimizer to precisely locate the optimal lay-
out. Notably, for the baseline spar arrangement, the initial
benchmark layout already corresponds to the global opti-
mum. Consequently, introducing an additional DOF for spar
positioning does not yield further mass reduction, despite
the positional parameters employ a clear influence on the
objective function.

Figure 10 shows the corresponding design space for
Stage 3 of Case 1 for each internal component. Similar to
the straight arrangement, the design spaces remain convex,
and the optimizer converges to the global optimum with high
precision.

For Case 2, the design spaces exhibit slightly different
topologies as illustrated in Figures 11 and 12, attributed to
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Figure 7: Thickness distribution and structural layout across the design stages of Case 2. Composite designs are illustrated using
polar plots of the D-stiffness matrix.

Figure 8: Convergence of the objective function and maximum constraint violation of all optimization stages.

the added local stiffness DOF. In Stage 1, the design space
reveals two distinct local minima, one of which corresponds
to a lower mass. The optimization algorithm successfully
identifies the global optimum when starting from the initial
layout. Furthermore, compared to Case 1, the objective
function exhibits a steeper and more localized minimum
around the optimal design point. The optimal spar position
shifts slightly toward S1, making the initial benchmark spar
layout suboptimal. This shift illustrates why introducing an
adjustable spar parameter in Case 2 enables additional mass
reduction, contrasting with Case 1 where the initial spar
layout was already optimal.

For Stage 3 of Case 2 (Figure 12), the design space keeps
its overall convex characteristics, and the optimizer again
converges to the global optimum with good precision.

These plots demonstrate that the resulting layouts corre-
spond to optimal configurations and that a gradient-based
optimization algorithm is able to identify them through
adjustments of geometric DVs. Furthermore, the used geo-
metric DVs show convex design spaces for the considered
use case and are therefore well suited for gradient-based
optimization algorithms.
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Figure 9: Design spaces of Case 1 for Stage 1 (left) and Stage 2 (right).

5. Conclusion
This study investigated the effects of coupling struc-

tural composite optimization with geometric DVs of the
internal wing layout by integrating geometric parameters
directly into a structural optimization framework. The pro-
posed methodology was evaluated on a benchmark rect-
angular wing box configuration. The results demonstrate
that incorporating geometric parameters results in further
reductions in the objective function compared to optimizing
structural parameters alone. When the LPs are optimized
simultaneously with the geometric variables, the fully cou-
pled design space can be exploited efficiently, leading to
results that differ from those obtained through fixed stiffness
optimization. Each additional geometric DOF contributes
to an improvement in the objective, while the design space
remains smooth for gradient-based algorithms to identify the
global optimum.

These results highlight the advantage of optimizing the
internal wing structure together with structural variables,
such as thickness and LPs. Traditional bi-level design ap-
proaches, where the internal structure is fixed prior to struc-
tural optimization, lead to suboptimal designs. Therefore,
coupling the internal wing structure with composite design
enables a higher potential in mass reduction.

The proposed methodology not only demonstrates the
strong coupling between the internal wing structure and
composite design but also provides the sensitivity data re-
quired for a tightly coupled MDO. In this framework, any ge-
ometric parameter, including those defining the outer wing
geometry, can serve as a DV, with structural sensitivities
computed with respect to these external parameters. Such in-
terdisciplinary interactions are typically neglected in loosely
coupled MDOs, often leading to suboptimal designs. By
integrating these interdisciplinary sensitivities to a global
optimization algorithm, the proposed approach enables si-
multaneous handling of multiple disciplines through such
interdisciplinary gradients.

The results in this study primarily validate the proposed
methodology rather than representing a comprehensive air-
craft wing design. While the framework is capable of con-
sider an arbitrary number of geometric DVs, its compu-
tational scalability and parameter coupling in high dimen-
sional configurations require further investigation. The effi-
ciency of the selected optimization algorithm when applied
to large sets of geometric parameters remains unverified.

Furthermore, only a monodisciplinary structural opti-
mization was performed in this study. However, the geo-
metric DVs defining the internal structural layout can have
a notable influence on the deflection behavior of a wing,
particularly for high aspect ratio configurations. These de-
flections affect the internal loads acting on the structural pan-
els. Consequently, incorporating an external load evaluation
process into the optimization process is expected to enable
further mass reductions compared with structural optimiza-
tion alone. By introducing this additional discipline, the
optimization algorithm would be able to exploit aeroelastic
load alleviation through the strategic positioning of internal
structural components, thereby reducing the loads acting
on structurally critical regions and potentially achieving
additional weight savings.

Immediate efforts will focus on showing the potential of
the proposed approach using realistic wing configurations
under representative flight conditions. The design space will
be expanded by increasing both the number of geometric
parameters and structural DVs to assess scalability and fea-
sibility. Furthermore, the effects of the internal structural
layout on load alleviation will be investigated, together with
its automated optimization while accounting for load allevi-
ating effects.
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Figure 10: Design spaces of Case 1 for Stage 3 of each internal component.

Figure 11: Design spaces of Case 2 for Stage 1 (left) and Stage 2 (right).

: Preprint submitted to Elsevier Page 12 of 19



Figure 12: Design spaces of Case 2 for Stage 3 of each internal component.
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A. Calculation of stiffness matrix components
from lamination parameters

The LPs 𝑉 𝐴
𝑥 , 𝑉 𝐵

𝑥 , and 𝑉 𝐷
𝑥 , corresponding to the in-

plane, coupling, and bending stiffness matrices respectively,
can be computed based on the ply orientation angles, lami-
nate thickness, and their through-thickness positions within
the laminate stack.

𝑉 (𝑠)
𝑥 =

𝑐𝑠
𝑡 𝑠lam

𝑁
∑

𝑘=1

(

𝑧 𝑠
𝑘 − 𝑧 𝑠

𝑘−1
)

𝑊𝑥(𝜃𝑘), (9)

𝑠 ∈ {1, 2, 3}, 𝑥 = 1,… , 4.

where 𝑡lam is the laminate thickness and 𝑧𝑘 the distance of
the 𝑘-th ply from the laminate mid-plane. The trigonometric
orientation functions are collected in

𝐖(𝜃𝑘) =

⎡

⎢

⎢

⎢

⎢

⎣

𝑊1(𝜃𝑘)
𝑊2(𝜃𝑘)
𝑊3(𝜃𝑘)
𝑊4(𝜃𝑘)

⎤

⎥

⎥

⎥

⎥

⎦

=

⎡

⎢

⎢

⎢

⎢

⎣

cos(2𝜃𝑘)
sin(2𝜃𝑘)
cos(4𝜃𝑘)
sin(4𝜃𝑘)

⎤

⎥

⎥

⎥

⎥

⎦

. (10)

The specific sets of LPs used for the in-plane, coupling, and
bending stiffnesses are

𝑉 𝐴
𝑥 ∶= 𝑉 (1)

𝑥 (𝑐1 = 1),

𝑉 𝐵
𝑥 ∶= 𝑉 (2)

𝑥 (𝑐2 = 1), (11)
𝑉 𝐷
𝑥 ∶= 𝑉 (3)

𝑥 (𝑐3 = 4).

With the LP the independent stiffness components can
be calculated as

𝐀 =
[

𝐴11 𝐴22 𝐴12 𝐴66 𝐴16 𝐴26
]𝖳 ,
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𝐁 =
[

𝐵11 𝐵22 𝐵12 𝐵66 𝐵16 𝐵26
]𝖳 , (12)

𝐃 =
[

𝐷11 𝐷22 𝐷12 𝐷66 𝐷16 𝐷26
]𝖳 .

With the material parameter vector

𝐔 =
[

𝑢1 𝑢2 𝑢3 𝑢4 𝑢5,
]𝖳 (13)

the laminate stiffness can be expressed as

𝐀 = 𝑡lam𝐌
(

𝐕𝐴)𝐔,

𝐁 =
𝑡2lam
4

𝐌𝐵
(

𝐕𝐵)𝐔, (14)

𝐃 =
𝑡3lam
12

𝐌
(

𝐕𝐷)𝐔,

where 𝐕𝐴,𝐕𝐵 ,𝐕𝐷 denote the corresponding sets of LPs
and

𝐌
(

𝐕
)

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

1 𝑉1 𝑉2 0 0
1 −𝑉1 𝑉2 0 0
0 0 −𝑉2 1 0
0 0 −𝑉2 0 1
0 𝑉3∕2 𝑉4 0 0
0 𝑉3∕2 −𝑉4 0 0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

, (15)

while the coupling matrix uses

𝐌𝐵
(

𝐕
)

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

0 𝑉1 𝑉2 0 0
0 −𝑉1 𝑉2 0 0
0 0 −𝑉2 0 0
0 0 −𝑉2 0 0
0 𝑉3∕2 𝑉4 0 0
0 𝑉3∕2 −𝑉4 0 0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

. (16)

B. Structural constraints
B.1. Strength failure criterion

The failure condition is governed by a quadratic strain-
based equation:

𝐶𝑖𝑗𝜀𝑖𝜀𝑗 + 𝑅𝐶𝑖𝜀𝑖 +𝑅2𝐶0 = 0, 𝑖, 𝑗 ∈ {𝐼, 𝐼𝐼}, (17)
where the strength margin is quantified by the ratio:

𝑅strength =
𝜀crit

𝜀applied
≤ 1. (18)

The coefficients 𝐶0, 𝐶𝑖, and 𝐶𝑖𝑗 are expressed in terms of the
material invariant parameters 𝑢𝑘 as follows:

𝐶0 = −1
4
𝑢26
𝑢4

− 1,

𝐶𝐼 = −1
2
𝑢3𝑢6
𝑢4

+ 𝑢5,

𝐶𝐼𝐼 = −1
2
𝑢3𝑢6
𝑢4

+ 𝑢5, (19)

𝐶𝐼𝐼 = −1
4
𝑢23
𝑢4

+ 𝑢2 + 𝑢1,

𝐶𝐼𝐼𝐼 = 𝑢1 −
1
4
𝑢23
𝑢4

,

𝐶𝐼𝐼𝐼𝐼 = −1
4
𝑢23
𝑢4

+ 𝑢2 + 𝑢1.

In addition to strength constraints, the structural integrity
of the laminate panels is evaluated against buckling insta-
bility. Both compressive loads along the principal material
axes and shear loads are assessed to ensure stability under
the defined loading condition.
B.2. Buckling criterion

Compressive buckling resistance along the primary ma-
terial direction is determined in accordance with HSB
45111-08 [37]. The critical buckling load, 𝑛𝑥,cr , is expressed
as:

𝑛𝑥,cr = 𝑘𝑥(𝛼̄, 𝛽) ⋅
𝜋2

𝑏2
√

𝐷11𝐷22 , (20)

where 𝑘𝑥 denotes the elastic buckling coefficient dependent
on panel geometry and laminate anisotropy, 𝑎 and 𝑏 represent
the panel buckling length in both principal directions, and
𝐷𝑖𝑗 are the components of the transformed bending stiffness
matrix. The auxiliary parameters 𝛼̄ and 𝛽 characterize the
normalized aspect ratio and coupling effects:

𝛼̄ = 𝑎
𝑏

(

𝐷22
𝐷11

)1∕4
, (21)

𝛽 =
𝐷12 + 2𝐷33
√

𝐷11𝐷22
.

For compression applied orthogonally to the fiber di-
rection, the bending stiffness matrix is rotated by 90◦, ef-
fectively exchanging the principal stiffness terms (𝐷11 ↔
𝐷22). The same fundamental formulation is then applied to
determine the transverse critical buckling load, 𝑛𝑦,cr .Shear buckling resistance is evaluated following HSB
45112-02 [37], yielding the critical shear load as:

𝑛𝑠,cr = 𝑘𝑠(𝛽)
(𝜋
𝑏

)2
4
√

𝐷11𝐷3
22 , (22)

where 𝑘𝑠(𝛽) is the shear buckling coefficient, which primar-
ily depends on the laminate anisotropy parameter 𝛽.

To account for the multiaxial loading conditions, a mod-
ified quadratic interaction criterion is employed to evaluate
the combined effects of compression in the principal fiber
direction, transverse compression, and shear buckling as
stated in 45113-01 [37]. The combined buckling index is
defined as:

𝑅buck,comb =
𝑛𝑥

𝑛𝑥,crit
+

𝑛𝑦
𝑛𝑦,crit

+
( 𝑛𝑥𝑦
𝑛𝑥𝑦,crit

)2
≤ 1 , (23)
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where 𝑛𝑥 and 𝑛𝑦 represent the applied compressive loads
in the principal material directions and 𝑛𝑥𝑦 denotes the ap-
plied shear load. Stability is ensured provided 𝑅buck,comb ≤
1.0.
B.3. Hyperplane approach to restrict LP design

space
In this approach, each hyperplane defines a boundary

that restricts the parameter space to physically realizable
designs. A single feasibility hyperplane is mathematically
expressed as

𝑅𝐿𝑃 = ℎ𝑚1𝑉1𝐴 + ℎ𝑚2𝑉2𝐴 + ℎ𝑚3𝑉1𝐷
+ ℎ𝑚4𝑉2𝐷 + ℎ𝑚5 ≤ 0.

(24)

where ℎ𝑚𝑖 (𝑖 = 1,… , 5) are the hyperplane coefficients.
For a given parameter set to be considered feasible, it must
satisfy this inequality for all bounding hyperplanes defining
the convex hull [23].

The number of required hyperplanes depends on the spe-
cific class of laminate under consideration. Under the present
study’s assumption of symmetric, balanced quad laminates,
the convex hull of the feasible parameter space is fully
defined by exactly 49 distinct hyperplanes per parameter set.
Consequently, the optimization framework incorporates 49
linear inequality constraints per skin to guarantee that every
solution corresponds to a valid and realizable composite
stacking sequence.

C. Load-path visualisation using element
strain energy

To evaluate the mechanical response of the wing boxes
layout and interpret the reasons behind the optimizer’s de-
sign choices, element strain energy is used as a diagnos-
tic metric. Strain energy quantifies the elastic deformation
stored within specific structural regions, thus showing which
regions are more load carrying than others. For anisotropic
composite laminates, interpreting the design choices also
requires consideration of the directional orientations of the
force resultants.

The elemental strain energy is computed from the in-
plane force resultants and their corresponding strain com-
ponents over the element area. The directional contributions
are expressed as:

𝑈𝑥 = 1
2
𝑁𝑥𝜀𝑥𝐴𝑒

𝑈𝑦 =
1
2
𝑁𝑦𝜀𝑦𝐴𝑒 (25)

𝑈𝑥𝑦 =
1
2
𝑁𝑥𝑦𝛾𝑥𝑦𝐴𝑒

where 𝑁𝑥, 𝑁𝑦, and 𝑁𝑥𝑦 denote the axial and shear force
resultants, 𝜀𝑥, 𝜀𝑦, and 𝛾𝑥𝑦 represent the corresponding strain
measures, and 𝐴𝑒 is the elemental area. For visualization
and comparative analysis, these directional components are

combined into a single scalar quantity representing the strain
energy per unit area:

𝑈𝑒 =
1
2
(

𝑁𝑥𝜀𝑥 +𝑁𝑦𝜀𝑦 +𝑁𝑥𝑦𝛾𝑥𝑦
)

. (26)
To capture the directional characteristics of the load transfer,
the generalized angle of the force resultants, 𝜃𝑁 , is computed
as:

𝜃𝑁 = 1
2
atan2

(

2𝑁𝑥𝑦, 𝑁𝑥 −𝑁𝑦
)

. (27)
Figure 13 illustrates the distribution of element strain

energy and the orientation of the force resultants across
all optimization stages for Case 2. The force resultant field
exhibits a consistent pattern for all optimization stages. The
root region is governed by axial loading, whereas the tip
region experiences increasing shear deformation induced by
load introduction and torsional effects.

In the baseline and Stage 1 configurations, the leading-
edge panels carry the highest strain energy. However, in
Stages 2 and 3, the load path migrates toward the mid panels,
with the leading- and trailing-edge panels carrying minimal
energy. When compared with the overall fiber orientation
distribution shown in Figure 7, a clear correlation can be ob-
served. Laminates contributing significantly to the structural
stiffness align closely with the principal direction of the force
resultants, whereas low-energy panels exhibit misaligned
fiber orientations.

D. Sensitivities of geometric design variables
The sensitivity of the buckling response to geometric

DVs can be separated into two distinct physical effects. A di-
rect geometric effect, which modifies the effective buckling
lengths and consequently the critical buckling load, and a
structural effect, which alters the internal load redistribution
captured by the FE analysis. Because these influences are
physically separable, their individual contributions can be
quantified through the buckling sensitivities with respect to
the geometric parameters. The total sensitivity gradient is
expressed as the sum of the direct geometric contribution
and the structural contribution.

𝑑𝑐𝑏𝑢𝑐𝑘
𝑑𝑥𝑔

=
(

𝜕𝑐𝑏𝑢𝑐𝑘
𝜕𝑥𝑔

)

geom
+
(

𝜕𝑐𝑏𝑢𝑐𝑘
𝜕𝑥𝑔

)

struc

=
(

𝜕𝑐buck
𝜕𝐏

+
𝜕𝑐buck
𝜕𝐍

𝜕𝐍
𝜕𝐏

)

𝜕𝐏
𝜕𝑥𝑔

(28)

Figure 14 illustrates the distribution of these sensitivities
for Case 1, where the laminate stackings are kept constant.
The results demonstrate that different structural components
have distinct influences on the buckling constraint depend-
ing on their local position. Specifically, rib R2 primarily
affects the root panels through its direct influence on the
local buckling length. Shifting this rib toward the midspan
increases the effective buckling length in the root region,
thereby decreasing the critical buckling load. Conversely,
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Figure 13: Distribution of element strain energy and force resultant orientation 𝜃𝑁 across all optimization stages for Case 2.

this relocation reduces the internal loads, which decreases
the buckling effect in that area.

In contrast, rib R3 exhibits minimal direct geometric
influence on the buckling response. Its sensitivity is mainly
influenced by load redistribution. The spars, on the other
hand, do not affect load redistribution. Their sensitivity
is entirely geometric, where critical areas are particularly
sensitive to design changes of the spars.
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Figure 14: Geometric and structural influence of each internal component visualised by sensitivity magnitudes.
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