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Abstract. The increasing demand for lightweight, high-performance structures in novel engineering
applications, particularly in the aerospace and mechanical fields, has driven the development of
advanced numerical tools for the design and simulation of complex geometries and material behaviour.
This is especially evident in emerging applications such as aircraft fuselages [1] and space application
[2] such as lunar pressurized rovers, where weight constraints, extreme loading conditions due to harsh
environments necessitate the adoption of innovative materials (e.g., composites and multi-layered
systems) and optimized structural configurations to ensure both efficiency and safety. The analysis
variable thickness or curvature, and anisotropy structures, such as composite laminates with tailored
fiber orientations [3], is typically limited when conventional finite element formulations are
considered. Classical beam, plate, and shell theories, based on simplified displacement field kinematics
or constant geometries assumptions, often fail to provide consistent models for the analysis of complex
curved and heterogeneous structures, where three-dimensional effects cannot be disregarded [4,5].
Recently, advanced curvilinear 23D shell finite elements (FE) formulated in a non-orthogonal
reference frame under Carrera Unified Formulation (CUF) have been proposed [6], offering a novel,
powerful, and flexible framework for the development of refined structural models for the analysis of
isotropic variable thickness and curvature complex geometries. Under the approach based on the
Principle of Virtual Displacements (PVD) and the concept of Fundamental Nuclei (FN), the CUF
enables the hierarchical construction of shell theories in a general covariant framework for the
description of non-orthogonal geometries. Furthermore, the Node-Dependent Kinematics (NDK)
technique, enabled by CUF, allows local enrichment of the kinematic description at the nodal level,
enabling efficient modeling of complex structural features without increasing the global computational
cost [7].

This work extends CUF-based shell 23D elements formulated in a general curvilinear reference frame
to the analysis of complex curved composite panels with variable thickness and/or complex curvilinear
fiber paths. The use of adaptive meshes, combined with the isoparametric finite element formulation,
allows for consistent interpolations of the geometry, displacement fields, and fiber paths defined along
local covariant frames. The global, resulting modeling approach is further exploited by considering
different polynomial expansions along the through-the-thickness and in-plane directions, including via
the NDK approach and local variations in both geometry and material properties [6].

The key contribution of the present work is the integration of composites and laminated materials,
considering spatially varying fiber orientations, within the curvilinear 2|3 FE already developed,
enabling the analysis of composite structures with arbitrary curvilinear reinforcement paths, thickness
variations, or curvature variations, and straightforwardly imposing the fiber path. Moreover, the
proposed arbitrary modeling of the fiber path also accounts for the modeling of defects, such as
imperfections of the fiber paths. The resulting finite element model provides an efficient and robust
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tool for the accurate, computationally efficient simulation of curved composite panels with tailored
fiber architectures, offering a promising framework for the design and optimization of next-generation
lightweight structures.
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