Mode change and evolution of thin deployable space structures in small
and large displacement regimes
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Deployable structures are transformable systems capable of automatically varying their shape from a compact,
packaged configuration to an expanded, operational state. Their engineered development originated in the aerospace
industry, where they rapidly evolved to support increasingly complex applications such as large solar arrays and
communication reflectors. In this context, thin deployable architectures have become fundamental due to their
extremely high packaging efficiency [1].

During orbital operations, these architectures are subjected to dynamic loads, making the accurate prediction of their
dynamic response crucial. However, this remains challenging due to severe geometric nonlinearities and local
instabilities, which introduce complex damping effects governing their overall behaviour. As observed in recent
experimental campaigns, high periodic forces near a resonant frequency can trigger local buckling in the flanges of
the structure. This phenomenon diminishes the thin structure’s ability to transfer loads and strains, leading to
significant energy dissipation and a monotonic increase in the damping ratio as the excitation amplitude grows.
Consequently, the overall structural stiffness is altered, manifesting complex softening and hardening behaviours [2].

Physically replicating these phenomena through experimental campaigns is extremely costly and limited by intrinsic
operational uncertainties; to bridge this gap, structural design requires the systematic use of Finite Element Method
(FEM) models. Commercial FEM software, when utilizing one-dimensional (1D) beam elements, assigns six degrees
of freedom per node: three translations and three rotations. However, the underlying mathematical formulations are
based on classical theories (such as Euler-Bernoulli or Timoshenko), which present the major limitation of not
capturing the actual cross-sectional deformation, such as in-plane stretching and warping [3]. Consequently, they lose
valuable information regarding the transverse stress state. While this might be acceptable for compact beams, in
deployable space architectures, cross-sectional deformations are massive and cannot be neglected [1]. As a result, the
models employed in these software packages are often unable to calculate the real three-dimensional stress state,
missing crucial information on several of the six components of the stress tensor (oyy, 0y, 0,2, Oxy, Oxz, Oyz).

Already extensively validated in the literature for the nonlinear and dynamic analysis of both metallic and composite
structures [4], the Carrera Unified Formulation (CUF) utilizes only three pure displacement components (u, u,, uy).
Thanks to the mathematical expansion of these three variables over the entire cross-section, the model can accurately
evaluate all six components of the stress and strain tensors, behaving to all intents and purposes like a 3D solid model

2.

Exploiting this advanced numerical framework, the primary objective of this work is to investigate how the modal
parameters of deployable structures—specifically tape springs, TRAC, and Omega-booms—evolve under operational
bending and tensile load conditions. The modal behaviour of a system is a property of its specific deformed equilibrium
state [5]. When subjected to large displacements, a significant internal stress field, known as pre-stress, is generated.
Consequently, as the equilibrium state changes and pre-stress accumulates, natural frequencies and mode shapes
inevitably undergo severe variations. Since each load step corresponds to a distinct equilibrium state, the modes for
each of these states are determined by solving the generalized eigenvalue problem det(K, — w?>M) = 0 through
small-amplitude perturbations. The geometric stiffness matrix K, explicitly accounts for the pre-stress term. Because
CUF yields the exact pre-stress state for all six stress components, it allows for a mathematically exact formulation of
K, [6]. Ultimately, this methodology captures complex modal variations that classical formulations miss, retaining
the computational efficiency typical of 1D models [2, 4] and providing a high-fidelity predictive tool for next-
generation space deployable systems.
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