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Abstract

This paper presents the advanced and innovative design of a LH2-powered Strut-Braced Wing (SBW), issued
from an overall aircraft design optimization process. A bi-level optimization framework is first applied to the
composite design of a conventional wingbox concept with ribs and stiffeners. The approach begins with a
homogenized stiffness optimization aimed at mass minimization under strength and buckling constraints, fol-
lowed by a discrete laminate retrieval step. To further investigate the structural potential and expanded design
space enabled by a Strut-Braced Dry Wing (SBDW) configuration, an extended optimization strategy is intro-
duced. This method couples topology optimization of both the wing and strut cores with bi-level composite
layup optimization of the skins and spars.
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1. General Introduction
In the context of reducing the environment impact of aviation, the conventional kerosene powered
cantilever wing aircrafts seem close to their performance limits. An ever quest for better fuel efficiency
and near zero CO2 emissions prompts the search for new architectures that combine innovative lay-
outs with alternative energy. Very high aspect ratio wings are identified as promising to increase the
overall aircraft efficiency, coupled to liquid hydrogen (LH2) propulsion. Furthermore, in this type of
configuration, LH2 tanks are stored inside the fuselage for such configurations. This frees the wing
from any fuel volume constraints and enables new possibilities for a dry wing design. This free-
dom allows designers to create wings with novel internal load-bearing structure. Moreover, to take
advantage of the aerodynamic benefits of a very high aspect ratio and thin wings without incurring
prohibitive structural weight, a supporting strut is added, leading to a favorable aero-structural com-
promise. Within the Clean Aviation UP Wing project, ONERA, TU Delft and the University of Stuttgart
are studying such an LH2 Strut-Braced Wing (SBW) concept (2500 Nm, 239 passengers, Mach 0.78)
aiming at minimizing in-flight energy consumption by performing a multidisciplinary optimization [1].

This paper focuses on the advanced structural design of a fixed aircraft configuration obtained as
the optimal solution from a multidisciplinary design optimization process. The study first investigates
the composite optimization of a conventional wing structure featuring ribs and stiffeners under critical
loadcases. The optimization variables include the stiffener cross-sections as well as the laminate
layups of the composite skins, spars, and ribs. Subsequently, a dry-wing structural concept is ex-
plored by replacing the conventional rib-and-stiffener architecture with a more flexible structural core
design. Extended design space is achieved through the topology optimization of the wingbox and
strutbox core structures using an isotropic material, coupled with the composite optimization of the
encompassing load-carrying surfaces. This approach enables the assessment of possible novel and
innovative structural tendencies.
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This paper is setup as follows: Section 2. presents the structural model of the current best aircraft
configuration, with a conventional rib and stiffener modeling concept. Section 3. details the methodol-
ogy used to perform a composite optimization on this conventional configuration. Section 4. is about
the methodology and parametrization to replace the ribs and stiffeners by topology optimization. Fi-
nally, Section 5. showcases results of both the conventional and dry-wing concepts for a strut-braced
wing, with conclusions and outlook discussed in Section 6..

2. Aircraft Configuration
A Multidisciplinary Design Analysis and Optimization (MDAO) process with a Design of Experiment
(DoE) approach has been used to obtain the best overall aircraft parameters for the design mission,
as discussed in more detail by Stragiotti et al. [2]. For more information on the aerodynamic and
structural evaluations of the DoE configurations, see Losada Costoso et al. [3] and Mollet et al. [4]
respectively. Table 1 summarizes the main properties and relevant characteristics of the optimal
structural configuration.

Table 1 – Properties of the optimized aircraft configuration.

MTOW 94.6 [t] Strut/wing sweep ratio 0.658 [-]
Aspect Ratio 22.91 [-] LAF 0.28 [-]

Strut span ratio 0.48 [-] LAF span ratio 0.6 [-]

Figure 1 – Parametrization of the SBW configuration.

2.1 Load Cases
The DoE and current structural optimizations are performed using three designing load cases: a 2.5 g
Manoeuvre Load Alleviation (MLA) load case, and an elliptic ± 1 g load case. The MLA load case
accounts for the effect of load alleviation systems on the lift distribution, particularly to reduce loading
towards the wingtip. It is a modified elliptic lift distribution, parametrized by only a Load Alleviation
Factor (LAF), as the spanwize breakpoint is fixed. The LAF dictates the swing in lift from the outboard
wing part, to the inboard region. A higher LAF implies that the load is reduced in the wing tip region
and, consequently, increased near the wing root, as illustrated in Figure 2. The drop in lift distribution
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in the center part simulates the decrease in lift due to the fuselage. Furthermore, the strut is consid-
ered non-lifting from the structural point of view. A safety factor of 1.5 is applied to all load cases.

Figure 2 – MLA lift distribution for varying LAF and LAF span ratio values.

2.2 Structural Model
The structural optimizations are performed on a fixed aircraft configuration, displayed in Figure 3,
consisting in a wingbox design with the skin, spars and ribs as shell elements and the stiffeners as
beam elements. The strut is composed similarly to the wing, but without stiffeners, as the strutbox
dimensions are insufficient to accommodate them. The strut connection to the wing and fuselage
is assumed to be rigid and therefore represented by a clamped condition at both ends. This also
reduces the effective length for Euler buckling of the strut.
The color of the element sets in Figure 3 represent zones sharing the same properties for which a
different set of design variables is assigned. For each bay (i.e., the space between two consecutive
ribs), separate design variables are used for the ribs, the upper and lower skins, as well as for the
front and rear spar. Each distinct zone has a thickness and a set of composite variables. Finally,
for the wingbox only, stiffeners are present for each bay. A distinction is made between the top and
bottom stiffeners, and the top and bottom sparcaps, each with their respective design variables.

Figure 3 – Conventional wingbox structural model and mesh.

Figure 4 shows the discretized model loads from a MLA load case. These forces are introduced at
the quarter chord of each rib. The drop in model loads around the strut junction is solely related to
the discretization of the lift over a a tigther spaced ribs at the junction.
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Figure 4 – Discretized loads for the 2.5 g MLA condition on the conventional structural model.

2.3 Material Properties
All structural optimizations are performed using the properties of the M21/IMA-12K Uni-Directional
(UD) ply. It is used as base ply for the composite laminate optimization, and for equivalent isotropic
properties for the topology optimization part. The material properties of the UD ply are listed in Ta-
ble 2.

Table 2 – Base ply UD material properties.

E11 [GPa] E22 [GPa] G12 [GPa] ν12 [-] Tensile ε [-] Compressive ε [-] hply [mm]

149.0 10.0 5.2 0.302 10e-6 -3.5e-6 0.184

Equivalent isotropic stiffness properties (called black aluminum) are also derived from this base ply.
The black aluminum properties are obtained from the isotropic part of the UD ply of Table 2. This is
equivalent to the E and ν of a Quasi-Isotropic layup. The yield stress σY for the black aluminum is
obtained as the stress limit of the lowest magnitude of th UD ply strain allowable ε times the black
aluminum Young’s modulus.

Table 3 – Equivalent black aluminum isotropic material properties.

E [GPa] G [GPa] ν [GPa] σY [MPa]

57.24 21.84 0.31 200.0

3. Composite Wing Design Methodology
To optimize the composite layout, a bi-level optimization strategy is used. Initially, an optimization of
the homogenized stiffness is performed using continuous thickness. Afterwards, a stacking sequence
retrieval is performed considering the discrete thickness and layups of the laminates to match as
closely as possible the stiffness distribution obtained with the first level optimization.

Both optimization levels are based on the same composite mechanical behavior, represented by
means of the Classical Laminate Plate Theory (CLPT). This links the membrane (N) and bending
moments (M) to the in-plane strains (ε0) and curvatures (κ) through the ABD matrix as follows:[

N
M

]
=

[
A B
B D

][
ε0
κ

]
(1)

For the composite layup, the assumptions of balanced and symmetric laminate (to avoid the un-
wanted in-plane/out-of-plane coupling behavior represented by B), and an orthotropic behavior in D
are enforced.
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3.1 Homogenized Stiffness Optimization
3.2 Parametrization
The homogenized composite properties of the first step are represented by a continuous thickness,
t, and by means of the lamination parameters (LP) [5]. With the aforementioned layup assumptions,
only 4 LP remain: V 1

A ,V 3
A ,V 1

D,V 3
D. The LP are then defined as:

V 1
A,D,V

3
A,D =

1
N

N

∑
k=1

cos(2θk,4θk) . (2)

These 4 LP represent the layup information, containing both the number of equal thickness plies N
and their orientation θ , as shown in Equation 2. To obtain the ABD matrix, the LP are combined
with material properties of the base ply (represented here by the matrices Γ0,1,3), as expressed in
Equation 3:

[A] = t(Γ0 +Γ1V 1
A +Γ3V 3

A )

[D] =
t3

12
(Γ0 +Γ1V 1

D +Γ3V 3
D)

(3)

Γ are matrices with material properties expressed by means of the Tsai-Paganao parameters defined
in a fixed reference frame, with respect to the components of the base ply properties [6].

During the optimization, the LP are design variables that represents the composite laminate. The
LP values are bound by trigonometric relations, which become additional optimization constraints,
according to:

1+V 3
A,D −2(V 1

A,D)
2 ≥ 0 ,

V 3
A,D ≤ 1 .

(4)

Finally, it is common practice to include at least 10% of 0◦/±45◦/90◦ fibers in the layup, to account for
susceptible loads happening outside of the considered load case in the design. This rule is taken into
account on the in-plane properties A as equivalent stiffness as follows [7], where p is the percentage
of 0◦/±45◦/90◦ fibers:

(1−4p)2 +(1−4p)V 3
A −2(V 1

A )
2 ≥ 0 ,

1−4p−V 3
A ≥ 0 .

(5)

A representation of the reduced design space of VA to include p% of 0◦/±45◦/90◦ fibers in the layup
is given in Figure 5.

Figure 5 – VA domain, and the reduced design space with p% of 0◦/±45◦/90◦ fibers in the layup.

3.2.1 Composite Laminate Strength
The strength constraint for the composite is defined by a maximum tensile and compressive strain
along the fiber. As homogenized stiffness properties are used, and no physical stacking sequence is
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available, the maximum strain criterion is applied at the outer (top and bottom) edge of the laminate,
h/2. The strain components of ε (εxx,εyy and γxy) are obtained according to:

ε = ε0 ±
h
2

κ, where
[

ε0
κ

]
=

[
A B
B D

]−1[N
M

]
. (6)

Both compressive and tensile strain allowables are then compared to the maximum principal strain
to define the strength criterion.

3.2.2 Optimization Problem Statement
The objective of the optimization is to minimize the mass of the structure under several load cases
with different mechanical constraints for each. The optimization constraints include strength and
buckling considerations. Material strength is evaluated as explained in Section 3.2.1. Furthermore,
buckling is evaluated by solving a linear eigenvalue problem, and should not occur for the applied
loads, meaning the buckling load multiplier λcrit ≥ 1. The optimization problem is solved by means of
a gradient-based optimization with the SQP algorithm within Optistruct [8], and reads as:

min
{tsti f f},{tshell},{V 1

A},{V 3
A},{V 1

D},{V 3
D}

mass (
{

tsti f f
}
,{tshell})

s.t.



strength(
{

tsti f f
}
,{tshell}),

{
V 1

A
}
,
{

V 3
A
}
,
{

V 1
D
}
,
{

V 3
D
}
)

buckling(
{

tsti f f
}
,{tshell}),

{
V 1

A
}
,
{

V 3
A
}
,
{

V 1
D
}
,
{

V 3
D
}
)

(1−4p)2 +(1−4p)
{

V 3
A
}
−2

{
V 1

A
}2 ≥ 0

1−4p−
{

V 3
A
}
≥ 0 ,

1+
{

V 3
D
}
−2

{
V 1

D
}2 ≥ 0

1−
{

V 3
D
}
≥ 0

{tshell} ,
{

tsti f f
}
∈ [tmin, tmax]{

V 1,3
A,D

}
∈ [−1,1]

(7)

where {} represents the vector of design variables. Considering elastic materials within the assump-
tions of small strains and small displacements, the mechanical response is obtained from a mechani-
cal analysis by means of the Finite Element Method (FEM), where the displacement vector {U} is the
solution to [K]{U}= {F}, [K] being the global stiffness matrix of the structure and {F} the force vector.

A conventional wingbox concept is used, with ribs, spars, skins and stiffeners. The design variables
are the thickness {tshell} and LP

{
V 1

A

}
,
{

V 3
A

}
,
{

V 1
D
}
,
{

V 3
D

}
per distinct property region, that represent

either the wingbox and strutbox’ skins, spars and ribs. A minimum skin thickness requirement is set,
in such a way to be at least 4 mm on the top skin, and varying minimum thickness for the bottom
skin. An minimum thickness of 8 mm is enforced from the fuselage to the engine pylon, whereas
the minimum thickness between the engine pylon and the wingtip is set at 6 mm. Moreover, the
bays directly connected to the engine pylon and strut-wing junction have a minimum skin thickness of
20 mm. The

{
tsti f f

}
design variables represent the thickness of the stiffeners of the wingbox. tsti f f is

used to compute the area and inertia of the T-shaped stiffener, knowing that the thickness-to-height
ratio λ for these stiffeners is fixed at 5, as shown in Figure 6. For the stiffeners, a predefined layup
of 70% 0◦, 20% ±45◦ and 10% 90◦ is used. Only the thickness, and subsequent cross-sectional
properties (area, inertia), of the stiffener are changed in the optimization. The same modeling and
predefined layup is used for the stiffeners as for the sparcaps.

3.3 Discrete Layup Retrieval
The second step of fiber retrieval is performed using a Stacking Sequence Table (SST) optimiza-
tion [9], applied to stiffness matching with steered fibers. Stiffness matching then consists in finding
the best SST in such a way to minimize the difference in stiffness between the first level solution and
the discrete layups with a SST. A SST ensures the continuity of the plies between zones of different
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Figure 6 – Stiffener and sparcap geometry definition.

thickness, defined by a master layup sequence XSST , along an insert order Xins and ply number per
zone Xply. Xply is the discrete number of plies for each region, and is obtained by rounding the first
level thickness to the nearest integer multiple of the ply thickness hply. XSST contains the fiber orien-
tations for all zones and for all the ply up to the maximum thickness. Finally, Xins represents the ply
insertion order, where a value of 0 is assigned to all plies covering the complete domain. Conse-
quently, the number of 0 entries in Xins dictates the minimum ply count and thickness. On the other
hand, the size of Xins corresponds to the maximum number of plies.

In order to obtain the actual layup for a given element, the required number of plies is first determined.
Orientations are then selected from the XSST , starting from the layers identified by 0 in the insertion
vector, and continuing to add layers in ascending order until the correct number of layers is reached.
This principle is illustrated in Figure 7.

When constructing a SST, three design rules are considered, according to the assumptions of Sec-
tion 3.: symmetry, balance, and the 10% rule. The symmetry and balance rules are hardcoded into
the definition of the SST, whereas the 10% rule is enforced as an optimization stiffness constraint.
The symmetry rule is implemented to avoid unwanted in-plane/out-of-plane coupling behavior. It is
enforced by symmetrizing the relevant SST objects and by using only one half of the layup during
the optimization process. The balance rule dictates that for any ply oriented at a specific angle, a
corresponding ply at the opposite angle must be added to the layup. This ensures that the resulting
in-plane stiffness matrix remains orthotropic.

Figure 7 – SST representation and resulting actual layups.

3.3.1 Optimization Problem Statement
The stiffness matching optimization problem reads as:

min
{Xply},{XSST },{Xins}

FABD(
{

Xply
}
,{XSST} ,{Xins})

s.t. (1−4p)2 +(1−4p)
{

V 3
A
}
−2

{
V 1

A
}2 ≥ 0 ,

(8)

where the objective is computed as:

FABD(θ ,LT ) = tr(L(θ)L−1
T )+ tr(L−1(θ)LT )−12 with L =

[
A B
B D

]
, (9)
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with LT the ABD matrix of the target first level result, and L(θ) the ABD matrix of the optimized region
(computed from XSST , Xins and Xply).

The optimization constraint is the 10% 0◦/±45◦/90◦ fibers rule according to Equation 5, where the LP
values of each zone is computed by means of Equation 2. The constraint value is obtained as the
amount of layups constructed from the SST that do not satisfy the 10% 0◦/±45◦/90◦ fibers rule.

3.3.2 Genetic Algorithm
The optimization process of fiber retrieval is based on a Genetic Algorithm (GA), as illustrated in
Figure 8. The process begins by creating an initial population P0 that satisfies the active design gen-
eration rules, alongside an empty archive A0. The archive serves to store the best solutions found
throughout the iterations. The objective function and optimization constraints are then evaluated on
the population. A ranking is subsequently performed on P̄i, the union of the current population Pi and
the archive Ai. The ranking prioritizes all feasible solutions, which are ordered by lowest objective.
Thereafter, the ranking is completed by including all infeasible solutions, ordered by ascending con-
straint violation values. The archive Ai+1 is then updated by selecting the N best individuals from this
ranking.

Figure 8 – Genetic algorithm flowchart for SST optimization.

A new selection for reproduction is created for the next iteration using a biased tournament with
replacement. This involves drawing two random individuals from P̄i and retaining one based on the
following logic:

• If both individuals are feasible, the one with the lowest objective is kept.

• If only one is feasible, the feasible solution is kept.

• If both are infeasible but have identical constraint violations, the one with the lowest objective is
kept. Otherwise, the individual with the lowest constraint violation is kept.

Reproduction is obtained by a probability of mutation, permutation and/or crossover operations are
performed on XSST , Xins and Xply of the selected individuals, following the methods described in [10].
Finally, the new population is evaluated again to restart the optimization loop. Convergence is en-
forced by a maximum number of iterations.

4. Dry Wing Design Methodology
A dry wing concept is obtained by retaining the surface of the wingbox and strutbox and by remov-
ing the inner structure of a conventional wing, i.e. the ribs and stiffeners. They are replaced by 3D
elements filling the complete core of the structure to broaden the design space, and use topology
optimization in order to seek new internal material distribution. The surface of the wingbox and strut-
box are still optimized with the bi-level composite optimization presented in Section 3.. The topology
optimization is only used to design the core of the wing, whereas the composite optimization is still
used for the surface of the wingbox and strutbox.

The model for the topology optimization is shown in Figure 9. Figure 9a is the 3D volumic mesh of
the core, which is delimited at the 15% front and 65% rear chord to account for auxiliary systems
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(flaps, ailerons, slats) at the leading and trailing edge. Figure 9b shows the surface mesh enclosing
the 3D domain, representing the top and bottom skins as well as the front and rear spars. For the
composite optimization, several regions are defined spanwise, as highlighted by the different colors.
Each region is assigned its own thickness and lamination parameters. The 3D mesh is significantly
finer than the shell mesh to provide greater design freedom and enable the emergence of novel so-
lutions.

(a) 3D mesh of the wingbox and strutbox core for topology optimization.

(b) Shell elements for composite optimization with the different zones.

Figure 9 – SBDW structural model mesh.

Regarding the strut-wing junction, the motion of all shell contour nodes at the end of the strut (green
in Figure 10) is gathered around a reference node located at the middle of the profile (white point
in Figure 10). Subsequently, a rigid connection links this reference node to distribute the load to all
shell nodes of the wing (red in Figure 10), extending from the front end of the profile to the chord
corresponding to the strut end.

Figure 10 – 3D mesh detail for connection between the strut and the wing.

https://doi.org/10.71945/icas2026_0355 9
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The discretized loads in the dry-wing configuration are introduced at the quarter chord, spaced out
equally along the span. An illustration of the discretized lift distribution is displayed in Figure 11.

Figure 11 – Discretized loads for the 2.5 g MLA condition on the SBDW structural model.

4.1 Topology Optimization
4.1.1 Parametrization
The topology is parameterized by means of a density approach with an isotropic material. A scalar
density value ρ is assigned to each 3D volumic element of the model. To obtain distinct solutions, the
Solid Isotropic Material with Penalization (SIMP) interpolation [11] is used:

[Q] = ρ
p [Q0] , (10)

in which [Q0] is the pristine stiffness tensor of the selected isotropic material, and [Q] is the stiffness
tensor used for mechanical analysis. The density ρ ranges between [ρmin,1], where ρmin is set to 10−3

to avoid singularity problems with the FEM resolution. The aim of topology optimization is to find the
optimized material distribution which consists mainly of absence (ρ = ρmin) and presence (ρ = 1) of
material. This is controlled through the SIMP penalization exponent p, taken as 3 herein. Further-
more, in order to have a length scale control and avoid numerical artifacts such as checkerboard, a
filter is used [12].

The filtered densities are the physical variables which are used to compute the volume of the design
space and to set up the FEM analysis with the stiffness tensor defined by Equation 10.

ρ̃i =
∑ j∈Ωi wi jρ j

∑ j∈Ωi wi j
(11)

Ωi is the set of elements whose centroids x j are within the circle of radius Rρ centered at the centroid
xi of element i. The associated filter weights wi j are obtained as:

wi j = Rρ −|x j − xi| . (12)

4.1.2 Strength Constraint
In the case of a strength criterion for topology optimization, stress singularities and numerical cost
issues become an issue. Stress singularities arise when when ρ tends to ρmin, but the stress does
not go towards 0. Therefore, low density elements are difficult to be removed from the design space.
Several relaxation techniques are available to remediate this issue, of which the qp-approach [13] is
used herein with q = 2.5. The relationship between stress {σ} and strain {ε} used to compute the
value of the stress-based strength criterion then reads as:

{σ}= ρ
p−q [Q0]{ε} , (13)

The component of the stress tensor can then be used to computed the Von Mises stress σV M accord-
ing to:

σ
V M =

√
1
2

[
(σ11 −σ22)

2 +(σ22 −σ33)
2 +(σ33 −σ11)

2
]
+3

(
σ2

12 +σ2
23 +σ2

31

)
. (14)

A local material strength optimization constraint g can then be constructed at the element level,
depending on σV M and the material yield stress σY :

https://doi.org/10.71945/icas2026_0355 10
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g :=
σV M

σY ≤ 0 . (15)

Finally, to avoid having many optimization constraints and a prohibitive numerical cost to compute the
gradient of each local strength constraint, an P-norm aggregation function is used to approximate the
maximum of all local strength constraint. This then becomes a single overall optimization constraint.
In doing so, the gradient can be computed with an adjoint analysis. The aggregation is define on a
subdomain Ωk (with Nk elements) of the total model domain Ω. Introducing the aggregation parameter
µ, the P-norm aggregation is then defined as:

gPN
k :=

[
∑

i∈Ωk

gµ

i

]1/µ

. (16)

The optimization constraint associated with the elements in Ωk is then gPN
k −1 ≤ 0 [14].

4.2 Optimization Problem Statement
The structural optimization problem for topology and homogenized composite reads as:

min
{ρ},{t},{V 1

A},{V 3
A},{V 1

D},{V 3
D}

mass ({ρ},{t})

s.t.



strength({ρ},{t} ,
{

V 1
A
}
,
{

V 3
A
}
,
{

V 1
D
}
,
{

V 3
D
}
)

C({ρ},{t} ,
{

V 1
A
}
,
{

V 3
A
}
,
{

V 1
D
}
,
{

V 3
D
}
)≤C0

(1−4p)2 +(1−4p)
{

V 3
A
}
−2

{
V 1

A
}2 ≥ 0

1−4p−
{

V 3
A
}
≥ 0

1+
{

V 3
D
}
−2

{
V 1

D
}2 ≥ 0

1−
{

V 3
D
}
≥ 0

{t} ∈ [tmin, tmax]{
V 1,3

A,D

}
∈ [−1,1]

{ρ} ∈ [ρmin,1]

(17)

The topology optimization part is performed with an isotropic material and properties, whereas the
composite optimization is performed with a homogenized approach as described in Section 3.1. The
methodology still considers elastic materials within the assumptions of small strains and small dis-
placements, the mechanical response is obtained from a mechanical analysis by means of the FEM.

The homogenized composite contribution is characterized by the thickness and LP design variables
of the shell elements that represent the surface (skin and spar) of the wingbox and strutbox. The
topology optimization is represented by the density variable {ρ}, assigned to each 3D elements.
Both the homogenized composite and topology have an influence on the mechanical responses.

The objective of the optimization is still to minimize the mass of the structure under several load cases.
However, the constraints now are the compliance and strength. Compliance C is the inverse of the
structure stiffness, and is obtained as C = {U}T [K]{U}. It should be lower than the target compliance
C0. The target compliance is obtained as the results of the optimization of Equation 7 for the same
load cases. The strength constraints consists of both the strength in the composite part according to
Equation 6, and according to Equation 16 for the isotropic topology optimization part. For the latter,
only one cluster is considered for the aggregation of the topology optimization strength, containing all
3D elements. The optimization problem is still solved using the gradient-based optimization algorithm
SQP, all within Optistruct [8].
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5. Results
5.1 Conventional Wing Configuration
5.1.1 Homogenized Composite Optimization
The first-step homogenized composite optimization has been carried out on the SBW, and compared
to a black aluminum optimization. Five gradient-optimization of Problem 7 are done for up to 50 iter-
ations each with an update of the loads in between to consider the change in wing mass due to the
optimization.

The mass distribution for the different components is shown in Figure 12 for both optimizations. The
mass proportion of the components in both optimizations is similar, with the composite results being
much lighter thanks to the additional design freedom of the layups, but also the larger tensile range
of the allowables. The result of the composite optimization, with the LP distribution, is shown in
Figure 15.

Figure 12 – Mass distribution of two optimized SBW, for a black aluminum isotropic material and
homogenized composite optimization.

Figure 13 – Principal strain distribution of the first level optimization of the conventional design.

Figure 14 – Linear buckling modes of the first level optimization of the conventional design.
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The mechanical response, in terms of strain distribution and buckling modes, is shown in Figures 13
and 14, respectively. The strain distribution reveals a subtle influence of the relative strut–wing
sweep [4], manifested through the in-plane bending moment acting on the inboard wing section be-
tween the strut attachment and the fuselage. As a result, the strength constraint is not uniform along
the chord but varies in both the chordwise and spanwise directions. Regarding buckling, the first few
modes become nearly coalescent by the end of the optimization. The second mode corresponds to a
characteristic strut-braced wing (SBW) buckling pattern, involving strut instability under negative load
cases when the strut is subjected to compressive loading.

Figure 15 – Thickness and homogenized composite stiffness distribution of the conventional design.
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5.1.2 SST Fiber Retrieval
From the first level homogenized results, a SST is retrieved. This process is carried out indepen-
dently for the wingbox and the strutbox, as these structural components are connected through dedi-
cated mechanical connectors, eliminating the requirement for ply continuity at the wing–strut junction.
Steered fibers are considered, with an equivalent steering radius between 2 zones of 2.5 m. The op-
timization of Equation 8 is performed 3 times for each SST, with each 2000 iterations of the genetic
algorithm. Each iteration has 100 individuals, while the 25 best individuals are kept for the archive.
The best solution is the SST with the lowest objective (= stiffness difference) of the 3 runs. The
convergence of the SST optimization of the wingbox SST is shown in Figure 16.

Figure 16 – Convergence graph of the 3 stiffness matching optimizations with steered fiber for the
SBW.

The ply number varies between 15 and 220, only a few are shown here as a visualization repre-
sentation. Two plies of the top skin are displayed in Figure 17. Figure 17a shows a continuous ply
that covers the complete wing and is present in each zone, where the fiber steering over the span
is well visible. The equivalent steering radius dictates the rate of variation of the orientations be-
tween adjacent zones, with this radius going to infinite only straight fibers are obtained. Figure 17b
on the other hand shows patches of ply for certain zones, as it is only present in the thicker laminates.

(a) Steered ply covering the complete top skin.

(b) Steered ply covering part of the top skin, present for thicker laminates.

Figure 17 – Ply for the top skin of the SBW.

Finally, a representation of the stiffness matching is presented in Figure 18. For the different consid-
ered ply thicknesses (represented by a horizontal slice), the figure compares the lamination parame-

https://doi.org/10.71945/icas2026_0355 14



Combined Topology and Composite Laminate Optimization of a Strut-Braced Dry Wing for a Hydrogen Aircraft

ter (LP) values associated with the in-plane stiffness matrix (V 1
A and V 3

A ) and the bending stiffness ma-
trix (V 1

D and V 3
D) obtained from the first-level optimization with those resulting from the different layups

generated through the SST. The results show that the first-level LP values are more dispersed, as
they are treated as independent design variables during the optimization. In contrast, the LP values
associated with the SST solutions are significantly more clustered. This behavior is expected, since
the SST-derived LP variations are constrained by the requirement of a continuous manufacturable
layup, which cannot be modified independently at will.

Figure 18 – SST homogenized stiffness distribution compared to the first level stiffness distribution.
A different SST is used for the wingbox and strutbox.

5.2 Dry-Wing Concept
5.2.1 Topology and Homogenized Composite Optimization
The combined topology and homogenized composite optimization is performed for a fixed 200 iter-
ations, limited by the numerical cost of the optimization. A filter of 0.1 m is used for the topology
optimization part. The convergence graph of the optimization is displayed in Figure 19. It shows that
for the first few iterations the mass barely changes, while the worst constraint decreases. Once all
constraints are satisfied, the optimization starts minimizing the mass. During later iterations, some
constraints become violated again, but this does not hinder the convergence, as these violations are
subsequently resolved and constraint satisfaction is restored.

Figure 19 – Convergence of the combine topology and homogenized composite optimization of a
SBDW.

The distribution of the homogenized composite properties is displayed in Figure 20. The thickness
profile distribution shows a peak of thickness at the root and strut-wing junction, to satisfy the strength
constraint where high local internal loads are transferred between the strut and wing. Furthermore,
the homogenized composite initialization starts from a Quasi-Isotropic (QI) layup, meaning all 4 LPs
V 1,3

A,D = 0, with the optimization obtaining rather constant but different from QI properties, with some
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variation at the location of varying thickness.

Figure 20 – Convergence of the combined topology and homogenized composite optimization of a
SBDW: wing properties on the top, and strut properties on the bottom.

Finally, Figure 21 displays the topology optimization results. The wing core concentrates most of the
material towards the strut junction to prevent strength constraint violations arising from the transfer
of strut forces into the wing. In contrast, minimal core material is present towards the wingtip. Con-
versely, the inboard section present a specific pattern, having more material towards the top of the
leading edge and the bottom of the trailing edge. Indeed, the core material is arranged to stiffen the
region against in-plane bending moments, ensuring that the compliance constraints are met. Con-
cerning the strut, its core remaining largely solid to function as an axial rod, thereby enhancing the
system stiffness.

Notably, no buckling constraint was included in this optimization. Although skin buckling is typically
a primary driver for the use of ribs and stiffeners, its exclusion is due to the current complexity of
integrating buckling constraints into composite topology optimization, a topic that remains an open
challenge in academic research. Consequently, the absence of core material and the resulting emer-
gence of novel load paths are directly linked to this missing buckling constraint. Addressing this
limitation should be the next step to improve the fidelity of the SBDW structural design.
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Figure 21 – Topology optimization result of the core of the wing and strut, with elements shown for
ρ ≥ 0.9.

5.2.2 SST Fiber Retrieval
A fiber retrieval is performed by means of stiffness matching of Equation 8 with respect to the ho-
mogenized results. Two independent SST are optimized, one for the wing and another one for the
strut. The same optimization settings as in Section 5.1.2 are used, with an equivalent fiber steering
radius of 2.5 m.

Focus is placed on the strut, as the reduced ply count helps visualize the complete layup results. The
actual layup of each strut zone from the optimized SST is displayed in Table 4. The orange, gray
and purple cells are continuous plies for the complete strut, whereas the green and blue are plies
that are inserted for the higher thickness zones only. The overall ply drop, and subsequent thickness
profile of the layup matches closely the thickness line distribution for the strut that was presented in
the bottom graph of Figure 20. The third continuous ply from the top layer is represented in Figure 22.

A physical symmetric and balanced layup can only be ensured when the number of plies is a multiple
of four; for any other ply count, either the physical symmetric or balanced conditions will inevitably be
violated. This limitation is inherent to laminate design. However, the impact of unsymmetry and un-
balance is mitigated through the stiffness matching objective. In the first-level optimization, all layups
are enforced to remain symmetric and balanced (V A,D

2,4 = 0 by definition of the optimization problem).
Consequently, the objective is to minimize the unbalance (shear-axial coupling) and unsymmetrical
(axial-bending) coupling.

This is only half the actual layup, as it is symmetric about the midplane. For zones with an odd
number of plies, the symmetry is not conserved and one ply is dropped on the mirrored half of the
layup. Furthermore, the balanced rule is well visible, as for any +θ steered ply, an opposite −θ

steered ply can be found in the layup, except again for odd plies. A similar layup is obtained from the
optimized SST for the wing.
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Table 4 – Half actual layup of the different strut zones, with the ply colors showing continuous plies
for the insertion value of 0.

Fuselage side Wing side
Zone 1 2 3 4 5 6 7 8 9

XinsXply [-] 24 22 22 21 21 21 22 25 26
Bottom layer 32.6 33.6 31.8 0

-15.0 34.3 35.6 34.3 -15.0 -15.0 0
-32.6 -15.2 -15.4 35.9 35.8 35.3 -15.0 -33.6 -31.8 0
51.9 -34.3 -35.6 -15.2 -15.0 -15.0 -34.3 46.9 50.0 0
-51.9 56.1 59.6 -35.9 -35.8 -35.3 48.9 -46.9 -50.0 0
15.0 -56.1 -59.6 59.6 56.7 52.6 -48.9 15.0 15.0 0
-87.5 15.2 15.4 -59.6 -56.7 -52.6 15.0 -84.3 -86.6 1
-87.6 -88.9 -89.3 15.2 15.0 15.0 -85.1 -84.8 -87.1 0
87.6 -88.3 -88.6 -88.2 -87.3 -86.2 -85.3 84.8 87.1 0
87.5 88.3 88.6 88.2 87.3 86.2 85.3 84.3 86.6 3
89.7 89.9 90.0 90.0 90.0 90.0 89.8 89.7 89.5 0

Symmetry plane -89.7 -89.9 -90.0 -90.0 -90.0 -90.0 -89.8 -89.7 -89.5 0

Figure 22 – Full steered ply of the strut SST.

6. Conclusions
This paper presents the methodology and results of the advanced structural optimization of a Strut-
Braced Wing (SBW) on a fixed aircraft configuration. The configuration is the best outcome of a
multidisciplinary optimization of a hydrogen concept within the Clean Aviation UP Wing project. The
structural design of the SBW is based on the composite optimization of a conventional wingbox and
strutbox concept with ribs and stiffeners for a mass minimization under strength and buckling con-
straints. The three considered loadcases are a ±1 g elliptical lift distribution, and a 2.5 g Maneuver
Load Alleviation (MLA) that reduces the wing tip loading. The composite optimization is performed in
a bi-level framework. First, balanced and symmetrical laminate stiffness is defined by 4 Lamination
Parameters (LP). Along with a continuous thickness variable, they constitute the design variables for
the structural optimization. The optimized composite wing is lighter than the equivalent isotropic de-
sign for the same structural problem. This is partly due to higher strength allowables, but also to the
increased design freedom enabled by stiffness tailoring for a fixed thickness. Afterwards, a second
step aims at retrieving the actual layup based on stiffness matching of the discrete layups to match
the required first level homogenized stiffness. To obtain continuous plies for the wing, a Stacking
Sequence Table (SST) concept is used, applied to steered fibers.

The concept of an innovate Strut-Braced Dry Wing is considered afterwards, where in the internal
volume the ribs and stiffeners within the internal volume are replaced by a 3D mesh that fills the
core of both the wingbox and strutbox. The mesh is used to perform topology optimization to assess
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possible new internal load bearing structures, while a bi-level composite optimization is still applied on
the spars and skins. The structural optimization is performed for the same load cases, with a strength
constraint but considering a compliance constraint instead of buckling. The results highlight that, for
the considered SBDW optimization without accounting for buckling, the load path associated with
stiffness maximization in the wing leads to the removal of most of the core material, while material
is predominantly retained in the strut. In the wing core, material remains primarily at the strut and
fuselage junctions in order to redistribute the locally high load introduction. Further development of
the dry wing configuration using topology optimization should also incorporate buckling constraints.
Finally, a stiffness matching fiber retrieval step is again performed, which illustrated expected outputs
in the form of the different layups and ply continuity across different zones with fiber steering by using
a SST.
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