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Fig. 1 Schematic diagram of composite laminate
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Abstract:

Composite materials possess the advantages of light weight, high specific strength, and high specific stiffness, which have attracted considerable
attention in recent years. Thin-walled flexible deployable structures made of composite materials have become one of the research hotspots in
aerospace applications. The composite thin-walled tape spring is one of the typical space deployable structures that can serve as supporting com-
ponents for solar sails, wrapped-rib antennas, and similar systems. The composite thin-walled tape spring stores strain energy during the folding
process and uses this energy to drive itself and other components to achieve deployment in orbit. The stiffness properties of the composite lami-
nate determine the mechanical response of the tape spring and affect the stored strain energy. In addition, the folding process of the tape spring is
a complex process involving large deformations.

Objective The investigation of the stiffness properties of the composite laminate and the folding behavior of the composite thin-walled tape
spring holds significant engineering value. First, the theoretical calculation method of the ABD matrix describing the stiffness properties of com-
posite laminates is derived based on classical laminated plate theory. However, when the layering order and layering angle of the composite
lamina are changed, the ABD matrix must be recalculated to obtain the values of each element, which is a time-consuming process. Therefore, to
make the process faster and more convenient for engineering applications, a finite element method for obtaining the ABD matrix of composite
laminates is proposed.

Methods The commercial finite element software ABAQUS was utilized to create a representative volume element of the composite laminate,
which was modeled as a square structure with two sets of opposing edges. During the model discretization, it was necessary to ensure that the
mesh nodes on the opposite edges of the representative volume element corresponded so that periodic boundary conditions can be correctly ap-
plied in subsequent steps. Two reference points were then established, and the nodes on the two sets of opposite edges of the representative vol-
ume element were correlated with these reference points by imposing the degree of freedom equation. Thus, the displacement relationship be-
tween each edge node and the corresponding opposite edge node was constrained through the reference points. The successful implementation of
the periodic boundary conditions was achieved by establishing a linear equation on the reference points, ensuring that the structure deformed with
identical shapes on the opposite edges, meaning that the overall structure represented by the representative volume element was ideal with an infi-
nite array in space and no boundaries. After modeling, based on the derived ABD matrix formula, six different loads were applied to the reference
points of the representative volume elements, corresponding to the six kinds of unit strain loading conditions. The reaction force and reaction mo-
ment on the reference points under six different loading conditions were then solved through static analysis. For each loading condition, the ob-
tained reaction forces and moments were utilized to calculate the value of each element in a column of the ABD matrix. Finally, the values of all
elements in the ABD matrix were sequentially obtained using homogenization theory. The results of the finite element method were compared to
the theoretical results, and the maximum deviation of each element value in the ABD matrix was approximately 0.73%, verifying the correctness
of the numerical calculation method developed for obtaining the ABD matrix. This approach can be extended to calculate the ABD matrix of com-
posite laminates with any material parameters, ply sequences, or ply angles. After obtaining the stiffness properties of composite laminates, a nu-
merical simulation of the folding behavior of the composite thin-walled tape spring was performed.

Results and Discussions The tape spring structure has a length of 252 mm and a width of 40 mm, and was discretized using the shell element

S8R5 in ABAQUS. The material properties of the tape spring were defined using the ABD matrix obtained previously through the developed
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method. Two reference points were created for kinematic coupling with the left and right edges of the tape spring to define the boundary condi-
tions of the folding process. The rotational degrees of freedom of these reference points were linked to a virtual reference point, and the folding
process was achieved by applying a rotational displacement to the virtual reference point to ensure uniform bending of both edges of the tape
spring during the folding process. The influence of two implicit solvers (Static General and Dynamic Implicit) and one explicit solver (Dynamic
Explicit) in the finite element software ABAQUS on the mechanical response of large deformation folding processes of the composite thin-walled
tape spring was investigated. The implicit algorithm approached the equilibrium solution through continuous iteration, which has a very high com-
putational cost for completing one iteration, and often encountered convergence difficulties for strongly nonlinear problems such as large defor-
mations and contacts. The explicit algorithm employed the central difference method and used the result of one incremental step as the initial con-
dition for calculating the next incremental step. This method did not require iteration or a convergence criterion and handled complex contacts
and extreme discontinuities more effectively. However, the time increment step of this method needed to be sufficiently small to ensure the accu-
racy of the numerical simulation results. The change curve of the folding moment and curvature at the center of the composite thin-walled tape
spring during the folding process was obtained through numerical simulation analysis under different solvers.

Conclusions The numerical simulation results indicate that both implicit and explicit solvers can achieve accurate outcomes, and the mechanical
responses of the composite thin-walled tape spring correspond well with the experimental results. Although the implicit solution method effec-
tively addresses the numerical calculation challenges of the thin-walled tape spring under large deformation, it requires numerous iterations dur-
ing the solution process. In contrast, the explicit solution method does not require iteration or convergence criteria, avoiding computational con-
vergence issues caused by nonlinear factors such as large deformation. Therefore, it is more advantageous for numerically simulating the bending
and folding processes of composite thin-walled tape springs.

Key words: composites; thin-walled structures; ABD matrix; finite element analysis
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