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Deployable space structures that leverage high-strain composite shells have significant poten-
tial for applications requiring lighter and larger structures. However, due to the small thickness
of coilable composite shells, often these structures are more compliant than desired. Thus, this
paper investigates a novel approach using a curved tape-spring that forms a continuous ring
perimeter structure. The double curvature of the composite ring increases its radial stiffness
and the circular shape provides a high surface area-to-mass efficiency. The paper explains
the deployment scheme for this structure and presents a detailed finite element analysis of the
folding process. In addition, a prototype is built using an ultra-thin hybrid laminate and a
Kapton membrane with an elastic spring attachment to prestress the structure. A folding and
deployment test validates the presented scheme, which incorporates an origami fold pattern for
the membrane.

I. Introduction

ESPITE the decreasing cost of launching spacecraft into orbit, limitations on the size and weight of payloads remain
Da challenge for satellites of any scale. Solar arrays and antennas require a considerable surface area to achieve the
targeted capability, fueling the continuing effort to create lightweight and compact designs to stow these components
in tighter volumes during launch and deploy them in orbit [IH3]. Of particular interest are systems that combine
flexible structural components and high-strain composite materials to achieve high folding curvatures for packaging and
high stiffness during deployment [4} [5]. Examples of these deployable structures include the Caltech’s Space Solar
Power Project structure [6]] and NASA’s Advance Composite Solar Sail System [[7], which employ composite structural
elements to support tensioned membranes.

In both of these systems, the deployable structure is square and composite longerons that tension the membrane are
either connected by hinges and cables or acting as cantilever beams rigidly constrained at the end. The square shape
leads to a suboptimal surface area-to-mass ratio, while the boundary conditions on the deployable longerons lead to
large tip deflections and low resonant frequencies [8]. Furthermore, corner connections to the membrane have been
shown to reduce the overall stability of the structure and affect the final deployed shape [9,[10]. On the contrary, circular
structures admit the shortest perimeter length for an equal surface area and are overall stiffer, thanks to a continuously
connected edge. Several investigations [11H13] have considered the fabrication of circular edge supports for large-scale
deployables, and some have also envisaged flexible composite materials for the perimeter structure [14} [15]]. However,
few prototypes have actually been built to validate these studies due to the complexity of the envisaged deployment
mechanisms and manufacturing constraints.

A challenge with the deployment of circular structures arises from the lack of corners connection points, which offer
suitable locations to place actuation points. In addition, discretizing the circular perimeter into segments to place either

*Graduate student, Graduate Aerospace Laboratories, 1200 E. California Blvd., Mail Code 105-50. fbenazzo@caltech.edu

Graduate student, Graduate Aerospace Laboratories, 1200 E. California Blvd., Mail Code 205-45. gpopov @caltech.edu

Director of Graduate Aerospace Laboratories, Joyce and Kent Kresa Professor of Aerospace and Civil Engineering, Jet Propulsion Laboratory
Senior Research Scientist; Co-Director, Space-Based Solar Power Project, Graduate Aerospace Laboratories, 1200 E. California Blvd., Mail Code
105-50. ATAA Fellow. sergiop@caltech.edu

$Technologist and Instructor of Advanced Composite Structures; Materials Development, Testing and Failure Investigations Group, 4800 Oak
Grove Dr., AIAA Senior Member



rigid or compliant hinges leads to reductions in the overall stiffness and shape accuracy. A solution that combines the
benefits of lightweight composite materials, the high stiffness of non-zero Gaussian curvature surfaces, and the rigidity
of a continuous circular edge may be found in the curved tape-spring.

Curved tape-springs were first considered by Seffen et al. [16,|17]. They are similar to the standard tape-springs with
the added feature of being curved along both the longitudinal, as well as the transverse axis. The curved tape-springs
investigated so far have negative Gaussian curvature and are based on the inner surface of a toroid (see Figure[I)). These
shells describe a non-developable surface, meaning that they cannot be fully flattened without undergoing mid-surface
strains, deeply affecting key aspects of their folding. Previous studies analyzing this type of thin shell have only
considered short curved tape-springs, focusing on the moment-rotation relationship and effects of its geometry on
the folding behavior. Yet, there is interest in taking advantage of the stiffness of the curved tape spring by extending
its length to form a full circular continuous shell and study the maximum curvatures of the folded region to identify
material systems that may be used to create deployable prototypes. A literature review has shown that employing such
non-developable thin shells to support functional membranes has not been previously attempted, although they may
offer numerous advantages over conventional designs.

A significant challenge to the manufacturing of doubly-curved composite shells is conforming planar prepregs of
fiber-reinforced polymer composites to the non-developable surface of the toroidal shell. Numerous studies have
considered the effects of draping woven composites over non-developable surfaces [[18][19]. Uni-directional (UD) tapes
are generally avoided for these applications due to their tendency to wrinkle and crimp when curved. Yet, deployable
shells require such small thicknesses that purely woven laminates do not meet the stiffness requirements. Therefore,
hybrid systems with both plain-weave and UD laminas can offer a compromise between longitudinal stiffness, laminate
thickness, and draping induced deformations [6]. However, there is limited knowledge of the effects of draping and
curing processes over a doubly-curved mold on the microstructure of these hybrid materials.

Therefore, it is the objective of this paper to not only propose a circular deployable structure made of a flexible-thin
composite laminate, but also gain a deeper understanding on the stress distribution in the material during folding, and
the micro-structural imperfections generated during the manufacturing process. Thus, the paper begins by proposing a
deployment scheme for this structure, in Section[[l} Section [Tl describes a detailed numerical analysis of the folding of
the structure, focusing on the maximum curvatures and strain energies. This is followed, in Section[[V] by a description
of the manufacturing of a composite toroidal shell and the methodology to attach a Kapton membrane prestressed to the
composite ring. In Section [V]the fabricated prototype is folded and deployed to confirm the feasibility of the proposed
scheme, while an origami pattern that fits the requirements of the membrane folding sequence is presented. Finally,
Section [VI|summarizes the findings of the paper.

II. Folding Scheme
As previously mentioned, the novel approach in this paper consists in implementing a curved tape-spring as the
supporting outer ring for a circular deployable structure. The cross section of the tape-spring is the arc of a circle
defined by the radius A and angle \, shown in Figure[l] which is then rotated around a vertical axis at a distance ” to
define an axisymmetric toroidal shell.
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Fig.1 Geometry of toroidal tape-spring. The principal radii are R and r.



The folding scheme for the ring is as follows. First, the shell is pinched at eight equidistant locations along the
circumference. Unlike the pinching of traditional singly curved tape-spring, here the material is not fully atasiitis
non-developable. Yet, the attening is su cient to allow for localized bending of the structure at all eight points to obtain

a cross shape, as shown in Figure 2. Folding needs to be in both directions about the pinched region: to create both
convex and concave folds. These are referred to as opposite-sense and equal-sense bending in traditional tape-springs
[1], respectively. The last folding stage consists of deforming each side of the resulting cross around the center to thus
further reduce the overall packaged size. This scheme is highly scalable, as the number of pinching locations and spiral
folds around the central hub can be increased to accommodate larger architectures, without increasing the curvature
changes experienced by the toroidal shell. To demonstrate the feasibility of this scheme, the folding of the curved
tape-spring was simulated numerically, as presented in the next section, and the folding of a physical prototype is
described later in the paper.

Fig. 2 Toroidal tape-spring folding scheme.

[ll. Numerical Simulation of Folding

A. Numerical Model Description

Numerous investigations have looked at simulating the standard tape-spring with various modelling techniques
[20 22], but in the case of the folding of the toroidal shell, the most challenging aspect is " attening" its cross section
and to induce the two-way folding necessary to reduce the stowed diameter of the structure. To estimate the curvature
change during coiling and the deployment energy of each fold, a numerical model of one quarter of the toroid was
created and both the equal and opposite-sense folds were simulated. The ABAQUS model, shown in Figure 3 consists
of a shell with radii* andAof 266.5 and 12.7 mm, respectively. S4R thin-shell elements with reduced integration
were used to simulate the shell, with a uniform mesh size of 0.9 mm. The ‘anfilae cross section is 12@nd a
curvi-linear reference frame is established such that the longitudinal &Risvisile | represents the through-thickness
direction andHis along the shell's cross-section.

Fig. 3 Shell forming one quarter of a toroid, with boundary conditions and imposed displacements.



The boundary condition for the structure consists in a constraint of all six degrees of freedom along the right edge cross
section, which is active throughout all the steps of the analysis. To perform the folding, two steps are introduced in the
simulation: pinching and bending. Pinching consists in the application of non-uniform displacement conditions to
the central nodes of the toroid, also referred to as the central cross section. The displacement was formulated using
sinusoidal functions such that the nodes would be moved to form a vertical line adjacent to the initial circular cross
section. This pinching reduces the bending sti ness aboutthgis at these nodes to minimize the resistance against
folding. To complete the folding process, an additional displacement condition is applied at the free edge by constraining
the nodes to a motion along a circular arc. The angle of this motion, de ned between the free edge and the central cross
section, isg. Positive and negative values g@fcorrespond to concave and convex folding, respectively. Finally, to
complete the nomenclature used in the paperilitineis referred to as the group of elements lying on the plane
parallel to theGaxis and de ned by an angke=0 .

Due to the complex deformation of this non-developable surface, a solution using the general static solver in ABAQUS
could not be obtained. Thus, the Riks arc length method was implemented for both pinching and bending steps. The
material de nition for the toroid re ects the hybrid carbon and glass- ber layup described later in Section 1V, and
was de ned in Abaqus using the general shell description with the ABD matrix. The properties for the material were
obtained from [23], and are as follows:
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B. Results

The primary focus in processing the results of the simulation is visualizing the folding of the toroidal composite
laminate and assessing whether it is suitable for the deployment scheme presented in Section 1. Both concave and convex
folding are presented in Figure 4, where the rotation aggedisplayed on the deformed shell to identify the positive
and negative folding cases. Image B shows that the pinched region is symmetric with respect to the plane shown in Figure
2, with two lobes both above and below the midline of the shell exhibiting the maximum rotation from the central axis.
The post-pinching deformation is considerably di erent from the attening of a standard tape spring due to the inter-
action of the global attening along théaxis in the central region with the localized change in curvature alon@éxés.

This latter change in curvature, which is responsible for the formation of a buckle, is a result of the non-developable
nature of the toroid. The length of the shell along Hhaxis changes with the anglen the cross section, and thus to

atten the central region the top and bottom edges must shorten while the midline must be stretched. Due to the high
sti ness of the material, which limits the stretching and compression of the laminate, out-of-plane buckling is the most
likely mode of deformation, as captured by the numerical model.

After pinching, the shell can be further deformed to form either concave or convex folds. Image C shows the
concave or equal-sense folding, where a relatively large coiled region develops. This central region, which appears
to be attened and coiled around a radius of approximately 25 mm is uniform and shows little concentration of
deformation. Instead, the convex or opposite-sense folding presented in image D shows a much sharper transition
between the two halves with the buckled surface area decreasing as the bending of the toroid continues. Compared to
standard tape springs, these toroidal shells form considerably di erent fold shapes in the equal-sense bending direction
compared to the opposite-sense, with the former creating a more uniform coiled region. The sharp bend in the fold re-
gion compounds to a smaller radius of curvature alongxaris with increasing stresses through the composite laminate.

After the analysis of the folding deformation of the toroid, there is interest in understanding how and where the highest
curvatures develop during the di erent simulated stages. Again, starting from the pinching of the central nodes, the
curvatures along theandHaxis, as well as the twist, are displayed in Figure 5 at multiple steps throughout the simulation.
The central region is isolated in each surface plot, and the maximum positive and negative curvatures are identi ed with
deep red and blue colors. In all the snapshots in Figure 5, the inner surface of the toroid isishdawoking from the

positivel -axis), and the left side corresponds to the free edge while the right side corresponds to the fully constrained edge.



Fig. 4 A) Model of toroid; B) Flattened shape; C) Convex fold; D) Concave fold.

Starting from the curvature along ti&axis, the maximum value of 133 rhoccurs at the top and bottom edges of the
buckle which runs vertically through the toroidal shell. The curvature change is also symmetric about the structure's
midline plane, with the four pockets previously mentioned that form close to the top edges and to the left and right of the
attened region. The contours also show that the region with large negative and positive curvature changes is limited to
only near the attened area. This agrees with expectations given the higher bending sti ness alGaxithenhich is

caused by the circular shape of the toroid, reduces the size of the buckle region.

Along the Haxis the curvature change displays a similar range in values, with a maximum at #3b6aated in

the edge elements of the buckle. The initial curvatures of the toroid is 40amd 2 m ! along theHand Gaxis,
respectively, thus if the structure did not develop any buckling the expected di erence in the two curvatures should be
much higher than what is observed in simulations. However, it is clear that the formation of the buckle greatly increases
the out-of-plane deformation of the top and bottom edges alonG&xés. The second column of contour plots also

shows that, unlike g, the region with non-negligible y is much larger, with the middle of the toroid experiencing up

to 72% the maximum positive curvature, but in the opposite-sense. Thus, non-negligible stresses are present both on the
edges and in the center of the shell during folding.

Finally, the twist in the attened region displays the largest change. Its largest values are almost twice those measured
along the principal axis and are again concentrated at the free edges of the central region. The sign of the twist also varies
symmetrically about the middle of the toroid, as expected. However, looking at the evolution of the change in twist with
degree of attening, one can note that there are regions near the midline of the toroid where the sign of the twist is ipped
(i.e. negative above and positive below) which demonstrates the highly nonlinear and complex deformation the laminate
is undergoing. The areas with twist greater than 108 ane however very concentrated, similarly to the distribution gf






	Introduction
	Folding Scheme
	Numerical Simulation of Folding
	Numerical Model Description
	Results

	Manufacturing of Prototype Structure
	Manufacturing of Composite Toroid
	Measurements of Fiber Alignment
	Manufacturing of Kapton Membrane

	Folding of Structure
	Origami folding of membrane

	Conclusion

