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This paper presents a new controlled deployment scheme for elastically foldable thin-shell
structures. A previously developed kirigami-inspired architecture is used that allows folding
and tight coiling of flat sheets divided into concentric squares of trapezoids. The deployment
behavior is enhanced by introducing a set of hinges between the trapezoids to couple their elastic
deformation. Thus, a quasistatic actuation concept is introduced for future flat deployable
solar or antenna arrays. The study develops an explicit finite element model to simulate the
folding and deployment of these elastic structures, to ensure robust deployment. The results are
verified experimentally, for gravity either assisting or opposing the deployment. In both cases
quasistatic and controllable behavior is verified.

Nomenclature
0 = longeron flange subtended angle
R = longeron flange radius
S = longeron flange arc length
L, = web length
Ly = transverse batten length
d = diagonal batten - quadrant diagonals distance
Ly, = hinge length
dp = transverse batten - hinge distance
Wi, = hinge width
Si = " strip
H; = "M hinge
D; = i'" quadrant diagonal
CP; = "M control point
Pias = flattening pressure
Pirestrain = restraining pressure
B.C.s = boundary conditions
C.P.s = control points

I. Introduction
The need for larger and lighter space structures has motivated fast paced advances in deployable thin shell structures,
due to their packaging efficiency, high stiffness to mass ratio, and ability to self-deploy through the release of elastic
stored strain energy when stowed. However, many challenges come with these advantages; one of them being the
uncertainty of the dynamic deployment process, which is used in several deployment schemes that are currently
envisaged. The behavior of structures in space is challenging to predict. Achieving a high degree of robustness of
folding and deployment of these structures is crucial for reducing the probability of failure.
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An application of particular interest is the Caltech Space Solar Power Project (SSPP), which envisions a modular
deployable structure acting as a frame that supports multifunctional tiles, that collect sunlight through solar cells,
convert it to electrical power using RF elements, and transmit it wirelessly to Earth [[1]]. The SSPP structure consists of
bending-stiff trapezoidal strips, arranged in four identical quadrants.

The two edges of each strip are supported by composite longerons with cross-section inspired by the triangular
rollable and collapsible (TRAC) beam [2], and connected by carbon fiber rectangular battens. The multifunctional tiles
are mounted on a thin Kapton membrane, attached to the battens and longerons. Schematics of a structure with four
strips per quadrant and the structural components of a strip can be seen in Fig. [I]ja]and Fig. [T][b] respectively.
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Fig. 1 Schematic architecture of Caltech SSPP structure.

In the version of the SSPP structure that was recently demonstrated in space [3], neighboring strips were connected
to the diagonal cords, through the diagonal battens on either end of each strip, via strip-cord connectors [4]]. The
diagonal cords were suspended between a central deployment mechanism and the tips of four diagonal booms. The
deployment concept relied on tensioning these cords with constant-force retractors, releasing the central mechanism,
and letting the structure deploy dynamically while releasing the stored internal strain energy.

This paper proposes a new structural concept, with directly connected strips and a new deployment concept that
aims to achieve a more robust deployment. The first part of the paper introduces the new structural architecture, where
the cords are replaced by elastic connector elements between adjacent strips, and a new quasistatic actuation scheme,
where the force retractors are replaced with deployment actuators. The new concept is verified through experiments on
a simple small-scale physical model. Next, a numerical study of the actual structure in the absence of gravity and air
pressure is presented. The second part presents two experiments conducted on the actual structure, with the gravity
direction parallel to the direction of deployment. Conclusions regarding the deployment behavior of the new structural
concept are drawn through qualitative comparison of the numerical and experimental results.

I1. New Structure and Deployment Concepts
The structure and deployment concepts are described for one quadrant of a structure with four strips. To keep the
structure as close as possible to a plane during deployment, the inner and outer ends of the folded structure should
be at the same height. Thus, the number of strips has to be even. Using four strips, instead of two, allows for more
interactions between the structural components to be captured.

A. Interconnected Structure Concept

To eliminate the shape uncertainty introduced by the indirect connection of the strips through the diagonal cords, a
novel scheme for connecting adjacent strips is utilized. Kirigami inspired structures allow for controllable reconfiguration
of three-dimensionally folded to flat deployed surfaces. Wang et al. [S]] proposed kirigami patterns with integrated cuts
and cylindrical hinges for deployable cylindrical surfaces in space applications, while Dorn et al. [6] investigated patterns
consisting of tiles connected by sub-folds. For space structures of higher complexity, with a tile-based architecture such
as the SSPP structure, inspiration can be drawn from these studies.

In the SSPP structure’s case, where each strip is elastically folded in the middle, additional hinges can be introduced
to control the deployment sequence. More specifically, flexible hinges are placed between adjacent strips. For the



development of this concept, it was assumed that the hinges should be placed close to the quadrant diagonals in order to
connect the outer edges of the structure. Figure[2]shows a schematic of one quadrant of an interconnected structure with
four strips, in its deployed configuration, where S; and H; denote the i*” strip and hinge respectively. In this simplified
schematic the strips are depicted as trapezoidal plates.

Fig. 2 Schematic of a quadrant of 4-strip structure with hinge connections.

B. Quasistatic Actuation Concept

It is intended to avoid relying on inertia effects for deployment, because the initial conditions for dynamic deployment
are not well defined when a structure is deployed in space. Instead, a slowly moving boundary condition that controls
a quasistatic deployment more precisely, is envisioned. The chosen deployment control points are the corners of the
quadrant. The structure is deployed by applying a gradual displacement to its outer corners (C P53 and CP4), while the
inner corners (CP; and CP») are held fixed. In practice, this can be achieved by connecting the inner corners to the
central deployment mechanism, and the outer corners to the tips of deployable diagonal boom:s.

CPs D,

&

Sliders

Central Locked Control Point?
Mechanism Cylinder

CP3 Deployed
> Cylinder

c

Fixed Supports

Side View
Detail of Cylinder

D

(a) Folded (b) Partially-Deployed

Fig. 3 Actuation concept for a 4-strip quadrant.

In the present study, the outer control points are modeled as diagonal sliders that undergo controlled displacement.
The center of the mechanism is modeled as a central shaft with circular plates at the top and bottom, and a cylinder



hinged to the bottom plate is used to hold the structure folded. Figure [3]fa] shows the folded structure together with the
deployment mechanism, where CP; indicates the i*”* control point, and D1, D, the two diagonals of the quadrant.

The folding process consists of stacking the strips on top of each other (Z-Folding), then creating a central 90° fold
(Star-Folding) [4]], and finally attaching the folded structure to the deployment mechanism through the aforementioned
control points. In the folded configuration, the cylinder is rotated and locked in its vertical position to maintain the
star-fold configuration, while all control points are held fixed (Fig. [3]fa)).

The deployment of the structure starts once the vertical cylinder is released and the sliders C Pz, CP4 are moved
along the quadrant diagonals to gradually bring the structure to its flat configuration (Fig. [3][b).

C. Deployment Proof of Concept

A simplified down-scaled structure and deployment mechanism were used for the development and verification
of these new concepts (Fig. ). Composite hinges were used to connect adjacent strips of the same and neighboring
quadrants. Instead of building complete strips, with longerons and battens, thin plates with TRAC-like curved edges
were manufactured. The hinges pass through a slit at the beginning of the top flange, and are glued to the web of
the strips. The simplified deployment mechanism consists of two offset central plates and four diagonal rails, with
motorized sliding blocks used as sliders. The inner and outer corners of the first and last strip are respectively suspended
between the bottom central square and the brackets using Kapton strips.
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Fig. 4 Set-up of simplified deployment mechanism and 4-strip structure.

The initially flat structure was folded by pinching the flanges using hairpins. The structure was star-folded manually
while the sliders were displaced towards the center of the mechanism. The folded configuration was maintained by
switching off the motors controlling the sliders, and securing the folds with hairpins. The structure was then deployed by
removing the hairpins, and activating the motors, which applied gradual displacement to all the sliders simultaneously
along the diagonals, moving them away from the center of the mechanism. After the hairpins had been removed, it was
found that the structure remained in the star-fold configuration when the sliders were held fixed (Fig. Bffa). As the sliders
continued to move, the structure moved smoothly (Fig. [5][b) until it reached the fully deployed configuration (Fig. [5c).
It can be observed from Fig. [5][b] that the deployment of the two outer strips begins once the two inner strips are fully
deployed in all quadrants, indicating that the deployment involves the motion of a pair of strips, not one strip only. Thus,
it can be concluded that the new interconnected structure concept and the quasistatic deployment concept is feasible.
The strips deploy sequentially, while the intermediate configurations of the deployment can be carefully controlled by
the sliders’ displacement.

IT1. Numerical Study
After demonstrating the feasibility of the proposed concepts on a simplified version of the structure, the next step
was to evaluate how they apply to an actual structure. For this purpose, one quadrant of a 4-strip SSPP structure was
modified to include the hinges and the connections to the four control points. A finite-element numerical model was
created in the Abaqus software.
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