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Abstract. A global optimization framework with global–local verification is developed for 
composite wings by coupling a NASTRAN-based global finite element model with Carrera 
Unified Formulation (CUF)-based high-order local analyses. The proposed methodology enables 
the minimization of structural weight under stress and buckling constraints, while identifying 
critical zones of interest for multi-fidelity and hierarchical strategy. The global model based on 
first-order shear deformation theory identifies the critical regions where the CUF Equivalent 
Single Layer and Layer-Wise refinements should be introduced to provide detailed local buckling 
and stress analyses. This integrated global-local framework enables adaptive local fidelity global-
local analysis, improving margins of accuracy while mapping the accessible design space and 
maintaining computational efficiency.  
Introduction 
The optimization of composite aircraft wings has long been a key challenge in aerospace structural 
design. Classical approaches have focused on minimizing mass or maximizing stiffness by 
tailoring stacking sequences and fiber orientations, often under constraints on strength, buckling, 
and aeroelastic performance [1–3]. These methods, implemented within commercial Finite 
Element (FE) solvers, have proven effective for global-level optimization but are typically limited 
by simplified structural theories, which are unable to represent local behaviors, especially in 
regions of complex stress or instability. In this regard, refined structural theories based on the 
Carrera Unified Formulation (CUF) [4] have been developed. CUF provides a hierarchical 
framework capable of generating both Equivalent Single Layer (ESL) and Layer-Wise (LW) FE 
formulations with Node-Dependent Kinematic (NDK). This enables an accurate representation of 
transverse shear effects, local buckling, and through-the-thickness stress distributions, which are 
critical in composite structures. CUF-based analyses have been successfully applied to a wide 
range of problems, including failure onset, progressive failure, and nonlinear postbuckling 
behavior, offering substantial improvements in accuracy over models based on Classical 
Laminated Plate Theory (CLPT) or First-Order Shear Deformation Theory (FSDT).  
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Recent studies have explored global–local strategies that combine the efficiency of global FE 
models with the accuracy of CUF-based structural theories [5–6]. The global model captures the 
overall behavior of the structure and provides the boundary conditions for high-fidelity CUF 
submodels, enabling precise local stress evaluations where complex stress or instability 
phenomena occur. When integrated with an optimization process, this approach allows adaptive 
fidelity across automatically detected zone of interests (ZOI), ensuring accuracy only where 
needed while preserving computational efficiency [7]. The present work extends this concept to a 
fully integrated global–local analysis framework that couples NASTRAN global optimization 
analyses with CUF-based refinements for the weight optimization of composite wings under stress 
and buckling constraints. 
Methodology 
The framework developed in this work is presented in Figure 1. Its objective is to minimize 
structural weight while satisfying stress and buckling constraints, enabling automatic Global–
Local (G–L) refinement on ZOIs. The approach integrates commercial and high-fidelity numerical 
tools, leveraging automatic multi-fidelity, multi-model and hierarchical strategy analysis for 
margin verification. 

 
Figure 1- xDSM diagram of the novel global optimization framework with automatic global–

local high-fidelity margins verification for composite structures. 
In Figure 1, blocks along the diagonal represent processes, whereas off-diagonal blocks indicate 

the information exchanged among processes. Red blocks denote generic processes and green ones 
refer to FE and CUF solvers. Parallelograms represent data inputs and outputs; vertical lines 
indicate data-input and horizontal lines data-output. Stacked blocks denote parallel execution, and 
asterisks identifies optimal values. 
Optimization Framework. First, a global FE model of the entire structure is built in NASTRAN 
using classical CQUAD4 shell elements based on FSDT. This global model serves as a 
computationally efficient baseline for the iterative optimization process using lamination 
parameters strategy [8–10]. The global optimization employs lamination parameters to map 
discrete stacking sequences into a continuous domain, enabling gradient-based SUMT 
optimization in NASTRAN MSCADS [11]. Design variables include laminate thicknesses, 
lamination parameters, and component shapes, while constraints comprise Angle-Minus-Loaded 
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(AML) failure indices [12-13], buckling loads, and laminate design and feasibility conditions [14-
15]. Boundary conditions and multiple load cases are simultaneously applied to an idealized global 
model. 
Global–Local Coupling. Second, once converged, the optimized model is automatically 
transferred to the G–L stage, which identifies ZOIs, extracts boundary conditions, approximates 
stacking sequences by minimizing AML values and ply-volume fractions using precomputed 
lookup tables, and generates corresponding high-fidelity CUF models. 
Identification of Critical Regions. Third, ZOIs are selected through threshold criteria on AML 
failure indices for strength-critical elements and on global buckling-load factors followed by 
normalized buckling-mode displacement for buckling-critical panels. These metrics determine 
which regions require high-fidelity CUF analyses to verify margins and adjust the design, directly 
influencing final structural weight. 
Local Analysis. Fourth, high-fidelity analyses are performed using the CUF, in the most critical 
subregions (ZOIs), allowing for an accurate evaluation of local stress and buckling behavior with 
an integrated G-L analysis. In the local CUF models, stress and strain distributions through the 
thickness, interlaminar behavior, and local buckling eigenmodes are evaluated for accurate failure-
mechanism characterization. 

The CUF model for the local domain adopts a displacement-based formulation, where only 
translational Degrees of Freedom (DOFs) are considered. Since the global model provides both 
translations �𝒖𝒖𝒙𝒙𝟎𝟎, 𝒖𝒖𝒚𝒚𝟎𝟎, 𝒖𝒖𝒛𝒛𝟎𝟎� and rotations �𝜽𝜽𝒙𝒙𝟎𝟎, 𝜽𝜽𝒚𝒚𝟎𝟎, 𝜽𝜽𝒛𝒛𝟎𝟎�, a conversion procedure is required to express 
the latter as equivalent displacements. The Reissner–Mindlin displacement field in Eq. 1 is used 
to compute translational boundary displacements of the local model, written as: 
 

𝑢𝑢𝑥𝑥(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑢𝑢𝑥𝑥0(𝑥𝑥, 𝑦𝑦) + 𝑧𝑧θ𝑦𝑦0(𝑥𝑥, 𝑦𝑦) − 𝑦𝑦θ𝑧𝑧0(𝑥𝑥, 𝑦𝑦) 
                                            𝑢𝑢𝑦𝑦(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑢𝑢𝑦𝑦0(𝑥𝑥, 𝑦𝑦) − 𝑧𝑧θ𝑥𝑥0(𝑥𝑥, 𝑦𝑦) + 𝑥𝑥θ𝑧𝑧0(𝑥𝑥, 𝑦𝑦)                                      (1) 

𝑢𝑢𝑧𝑧(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝑢𝑢𝑧𝑧0(𝑥𝑥, 𝑦𝑦) − 𝑦𝑦θ𝑥𝑥0(𝑥𝑥, 𝑦𝑦) + 𝑥𝑥θ𝑦𝑦0(𝑥𝑥, 𝑦𝑦) 
 
The graphical representation of these transformations is shown in Fig. 2. 
 

 
Figure 2. Schematic representation of the procedure adopted to transfer the rotational degrees 
of freedom from the global model into displacement-based boundary conditions for the local 

model. 
In addition to the Element-Wise (EW) coupling strategy described above, a Patch-Wise (PW) 

formulation has been implemented to improve the accuracy of the boundary condition transfer 
between global and local models. In the EW approach, translational and rotational quantities are 
extracted from a single CQUAD4 element of the global model and employed to define the 
boundary displacements of the local CUF domain. Conversely, in the PW formulation, the 
interface displacements are evaluated over a larger region. This extended interpolation domain 
allows the contribution of all involved global nodes to be considered, resulting in smoother and 
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more consistent boundary conditions for the local problem. The PW procedure refines the 
displacement field without altering the geometry of the local region, providing higher fidelity in 
the transfer of boundary information. This enhancement leads to more accurate local stress 
predictions between the global and CUF-based submodels, particularly in zones characterized by 
high stress gradients or local instabilities. 
Results 
To demonstrate the proposed framework, a simplified composite wingbox segment was modeled 
in NASTRAN to represent a highly loaded wing section. The model consists of ten ribs (nine 
bays), two spars, and upper and lower reinforced skins with five blade-shaped stringers each. The 
main dimensions are 6.48 m span, 1.44 m chord, and 0.29 m height. The upper and lower skins are 
subdivided into 54 panels, and the spars into 9 panels, all designed as symmetric and balanced 
laminates. Stringer webs and feet are divided into nine segments with constant lamination 
parameters; only thicknesses and geometries are optimized. The stringers use a constant AML 
parameter of –10%, representing a “hard” laminate [12–13]. 

Material properties correspond to Hexcel 8552 IM7 unidirectional prepreg [16], using low-
temperature dry (LTD) elastic data and open-hole tension/compression (OHT/OHC) allowable 
considering environmental variability. 

The optimization problem comprises 1,072 design variables (thicknesses, lamination 
parameters, stringer shapes) and 3,554 constraints related to AML failure indices, buckling loads, 
and laminate feasibility. Two load cases, +2.5 G and –1.0 G, are applied by scaling the nominal 
distributed pressure and tip loads. Boundary conditions include a clamped root, 12,081 Pa pressure 
on the upper skin, and tip loads of 193,047 N and –581,201 Nm, representing the running loads of 
the adjacent wing segment for a MTOW of 62,500 kg. 
 

 
Figure 3. Optimized ply count. 

 
Figure 4. AML failure index. 

As shown in Fig. 3, the optimization yields the number of layers, and Fig. 4 presents the 
corresponding AML failure indices. The optimized lamination parameters for each laminate— not 
shown here—contain information on fiber fractions for each lamination direction and the 
homogenized characteristics of the idealized optimal laminate using FSDT. This information is 
used to approximate stacking sequences by minimizing AML values and ply-volume fractions 
using precomputed lookup tables, as explained in the Methodology. 

A higher number of layers improves the likelihood of obtaining a close approximation between 
the lamination parameters from continuous optimization and the discrete stacking sequence with 
similar characteristics. However, deriving an equivalent stacking sequence from idealized 
lamination parameters inherently introduces deviations. The effect of these deviations can be 
quantified by replacing panels represented by lamination parameters with discrete approximations 
that satisfy laminate-formation constraints and evaluating the model again. 
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Figure 5. ZOI detection for buckled panels (5% 

threshold). 
 

In this work, the G–L phase detected 25 panels out of 216 for CUF ESL buckling analysis above 
a 5% modal displacement threshold (Figure 5), and 191 ZOIs out of 18,900 elements for CUF LW 
stress analysis using a 1% AML failure index threshold (Figure 6). As an example, a critical panel 
with 28 layers exhibited differences of approximately 2.7% in critical buckling and 2.6% in the 
critical failure-index element. 
Conclusions 
The proposed framework integrates NASTRAN global analyses with CUF-based local refinements 
through a hierarchical two-level strategy for composite wing optimization. ESL models are used 
for local buckling assessment, while LW formulations enable detailed ply-level stress evaluation. 
The coupling between commercial and in-house solvers is fully automated thought ZOI detection, 
approximation from laminate variables to discrete stacking sequence while ensuring adaptive local 
fidelity during the design process. This multi-fidelity and hierarchical approach enhance constraint 
margins verification at two levels of local scale, explore the feasible design space with greater 
confidence, and maintains computational efficiency. The framework’s modular architecture and 
high degree of automation make it suitable for integration into industrial design environments. 
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