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This paper presents design, manufacturing and testing techniques for elastically foldable

flat structures. The structures consist of trapezoidal flat strips, arranged in four identical

quadrants that form a square, supported by prestressed diagonal tapes along the diagonals of

the square. The structures are folded by forming localized elastic folds in the strips and in the

diagonals. The deployment kinematics of the structure are controlled by the corners of the

structure. Gravity effects are minimized by means of a passive offloading system consisting

of helium balloons. The deployment is monitored by recording the 3D trajectories of selected

points on the structure with a motion tracking system. The test results provide evidence that

the structure deploys sequentially in strip pairs.

Nomenclature

3D = three dimensional

0 = unit cell size

�? = cross-sectional area of ?Cℎ component

28 = lift capacity of offload point of 8Cℎ strip

CF = carbon fiber

�% 9 = 9 Cℎ control point

3 = distance between webs

�: = : Cℎ quadrant diagonal

3 5 = distance between flattened flanges

�8 = key event 8

F = coordinate system rotated by −45
◦ around z′-axis

F ′ = coordinate system with x′-axis aligned with right diagonal and y′-axis aligned with left diagonal

GFPW = glass fiber plain weave

ℎ>8 = horizontal distance between batten and offload point of 8Cℎ strip

! = edge length of full square structure

!4 = length of elastomer region of tapes

!ℎ = hinge length

;8 = long longeron of 8Cℎ strip

!? = length of ?Cℎ component

!B8/;8 = length of short/ long longeron of 8Cℎ strip

<? = mass of ?Cℎ component

<C>C = total mass of structure

= = number of strips

@ = normal distance between center lines of diagonal tapes

' = longeron flange radius

RF = F ′ to F rotation matrix

RF′ = recorded data to F ′ rotation matrix
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B = distance between flanges

B8 = short longeron of 8Cℎ strip

(8 = 8Cℎ strip

B80/;80 = motion tracking marker corresponding to center of short/long longeron of 8Cℎ strip

B81 9/;81 9 = motion tracking marker corresponding to 9 = 1 (left) or 9 = 2 (right) batten of short/long longeron of 8Cℎ strip

B83 9/;83 9 = motion tracking marker corresponding to 9 = 1 (left) or 9 = 2 (right) diagonal of short/long longeron of 8Cℎ strip

SSPP = space solar power project

C = experiment time

)1 = batten thickness

) 5 = flange thickness

)ℎ = hinge thickness

)< = <Cℎ prestressing tape

TRAC = triangular rollable and collapsible

)C = tape thickness

)F = web thickness

E>8 = vertical distance between web and offload point of 8Cℎ strip

+? = volume of ?Cℎ component

F = web length

,1 = batten width

,2 = width of longeron-batten connectors

,ℎ = hinge width

,C = tape width

U = fold angle

X3 = displacement along diagonals

\ = longeron flange subtended angle

d8 = density of 8Cℎ component

I. Introduction
A growing demand for larger space structures is motivating rapid advances in deployable structures, with applications

ranging from deployable antennas [1] to solar arrays [2]. The present study focuses on high-strain composite thin-shell

structures, which offer high stiffness to mass ratio and increased packaging efficiency, with the additional advantage that

their deployment is aided by releasing the strain energy stored in the elastic folds. However, controlling the deployment

of these structures remains a significant challenge. A controllable deployment scheme, based on kirigami-inspired

architectures that uses composite hinges, was proposed in [3], using the Caltech Space Solar Power Project (SSPP)

structure as a case study.

The previously-studied structure consists of elastically foldable trapezoidal strips, built from composite triangular

rollable and collapsible (TRAC) longerons connected by carbon fiber battens, arranged in four identical quadrants (Fig.

1a). The strips are attached to thin tapes arranged along the diagonals of the square. The tapes are attached to a central

deployment mechanism, at one end, and to the tips of four deployable diagonal booms, at the other end. Once deployed

the diagonal composite tapes are prestressed to provide the required structural stiffness [4]. Packaging (see Fig. 1b)

involves creating mountain and valley folds between the strips (Z-Folding), collapsing the quadrants towards the center

(Star-Folding), and coiling around a central hub (steps C-E). This paper investigates the deployment behavior of these

structures.

An initial experiment was performed with a structure without the diagonal tapes, that served as a precursor to the

architecture proposed in this study. In that preliminary experiment, composite hinges, acting as mechanical pivots

that consist of two leaves capable of rotating around a central axis, were placed near the quadrant diagonals, between

adjacent strips only [3]. The behavior of this preliminary design was tested experimentally by mounting the inner

quadrant corners to a central hub, while the outermost ones were attached to motorized blocks sliding along diagonal

rails. A motion tracking system was used to record the trajectories of selected points of the structure throughout the

deployment experiment.

Reference [3] presented deployment experiments that examined the deployment behavior under various orientations

with respect to gravity. However, this approach introduced specific challenges. In gravity-assisted deployments, the

structure became partially deployed immediately upon release of the central restraint, complicating the controllability of
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(a) Architecture with four strips. (b) Packaging and deployment.

Fig. 1 Schematic of Caltech SSPP structure.

its kinematics. In horizontal deployments,where the deployment direction was normal to the gravity direction, increased

friction between the structure and the mounting table was observed, leading to interference with the natural deployment

behavior.

For more accurate ground-testing deployment experiments, gravity effects can be minimized with gravity offload

systems, that apply a force opposite and equal to the gravitational load. Selecting an appropriate offload system is

crucial, as inadequate compensation can significantly affect the deployment behavior [5]. Active offloading systems

use real-time feedback and actuation to provide precise and continuous gravity compensation throughout the entire

deployment. Because of the complexity and cost of such systems, a passive offloading systems (helium balloons) was

adopted. This approach is particularly attractive due to the quasistatic nature of the deployment and the low mass of our

structures, which is below 150 gr. Otherwise, the balloon offloading would be impractical: the intrinsic deployment

behavior would be affected, or very large balloons would be required.

The mass of each strip was measured and used to calibrate a set of balloons, that were attached close to the center of

mass of each half-strip. The center of the nearest batten —being a relatively stiff component— was selected as the

gravity compensation point. The only exception was the first strip, due to its short length, where the center of the full

strip was used instead.

A preliminary experiment demonstrated that gravity compensation using helium balloons works well. The balloons

mitigated gravity effects, such as limited controllability of the structure’s kinematics and its interactions with the

experimental setup. Once gravity’s interference on the natural deployment behavior had been reduced in this way, the

main events influencing deployment were observed to be the latching sequence of the longerons and the contact changes

between structural components. With a reliable experimental procedure established in this manner, work began on the

structure with prestressed diagonal tapes described in this paper.

The next section of the paper introduces the new interconnection architecture incorporating diagonal tapes, followed

by a detailed description of the structural design. Tight packaging requires high curvature folds between the strips.

This challenge is addressed in Section III by introducing a dual-matrix composite material that incorporates a flexible

matrix in the fold regions. The manufacturing methods for the dual-matrix tapes and the longerons are then presented,

alongside the structure assembly technique. Section IV presents our experiments on the new structure, including the

gravity-offloading and post-processing techniques used. The experimental results are presented in Section V. Section VI

concludes the paper.

II. Structural Architecture and Geometry
The structure was modified from [3] by replacing the diagonal battens with continuous composite tapes that run

across all strips. These tapes can be prestressed to hold the entire structure flat. The Z-folding required for compact

packaging, calls for tapes capable of surviving high fold curvatures between adjacent strips. The earlier hinge design

with rotating leafs is not applicable in this case, as tapes with continuous fiber reinforcement are required to effectively

transfer prestress throughout the entire structure. To achieve the necessary compliance in these fold regions, dual-matrix

composite tapes are used. Dual-matrix composites feature continuous fiber reinforcement embedded in two distinct

matrix materials: a flexible elastomer in the localized fold regions and a stiff epoxy in the surrounding tape [6]. These

continuous interconnection composite tapes with localized folds can be integrated with the previously described discrete

interconnection composite hinges, significantly broadening the range of possible interconnected architectures.

The new structural architecture and its geometrical parameters are shown in Fig. 2. The structure consists of four
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identical quadrants that form a square with edge length !. Each quadrant is formed by = trapezoidal strips. Each strip

((8 , 8 = 1, ..., 4) consists of two TRAC longerons connected by rectangular battens. The strips are constructed from

repeating unit cells of size 0 × 0, measured between the midlines of the adjacent battens and the webs (flat region) of the

longerons. The strips within each quadrant are connected by two continuous diagonal tapes.

The longerons have a cross-section with flange radius ', flange angle \, flange thickness ) 5 , web length F, and web

thickness )F . The battens have a cross-section with width ,1 and thickness )1. The tapes have width ,C , thickness )C ,

and localized flexible elastomer regions of length !4. The hinges are of length !ℎ, width ,ℎ and thickness )ℎ.

The main geometrical parameters are the unit cell size 0, the normal distance between the center lines of adjacent

diagonal tapes @, the distance between the outermost points of the flanges (arched regions) of adjacent longerons B,

and the total number of strips =. Given the length of the shortest longeron of the first strip,B1, the lengths of all of the

longerons can be determined. This length, !B1, is calculated as:

!B1 = 0 +,2 + 2 · (,C

√
2 + F)

so that it fits exactly one square unit cell, the longeron-batten connectors of width ,2, and both tapes.

The length of the next longeron, which is the longest longeron of the first strip, is selected to ensure that the tape is

fully constrained within the web. The lengths of the longerons for the remaining strips are then determined based on the

spacing B, while maintaining the same constraints on the tape’s position within the web.

If the continuous tapes are combined with the interconnection hinges, spanning the distance between the webs 3

(!ℎ = 3), then the strip gap B can be expressed by:

B = 3 5 + 2 · (F + ' · \) − 2 · (F + ')

Here 3 5 is the distance between the flanges of adjacent longerons once they are flattened. This ensures that the chosen

hinge length can accommodate fully flattened flanges, which is required for Z-Folding. The placement and number of

hinges are non-trivial design choices. It is desired that the hinges should be positioned close to the battens to place these

connections in regions of higher stiffness, but there are no obvious constraints on the design space.

The localized flexible regions are placed between all consecutive strips to enable Z-folding, with additional regions

added before the first strip and after the last strip to connect the structure to the deployment mechanism. These regions

are intentionally oriented parallel to the Z-fold direction, which is at a 45
◦ angle relative to the tape’s longitudinal axis.

The center axis of these regions is placed at half the web spacing (3/2). The inner and outer connections between the

structure and the mechanism are located at a distance 3 from the webs of the first and last strips, respectively.

The nominal values for all parameters used in the current design are listed in Table 1. In the experiment presented

in this paper, the internal hinges are omitted and hence the structure includes only the diagonal tapes. Therefore, the

dimensions of the internal hinges are not included below.

Table 1 Geometric parameters of current design.

Driving parameters Value Driven parameters Value

0 200 mm !B1 266 mm

3 5 7 mm 3 78 mm

@ 20 mm B 37 mm

= 4 ! 2.3 m

TRAC parameters Value Other cross sectional parameters Value

' 13 mm ,2 14 mm

\ 120
> ,1 4 mm

F 8 mm )1 1.1 mm

) 5 0.08 mm ,C 12.7 mm

)F 0.16 mm )C 0.18 mm

!4 10 mm
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Fig. 2 Structural architecture with interconnection tapes and hinges.

III. Manufacturing Methods
This section describes the manufacturing methods that were followed to design and build a test structure.

A. Longeron Manufacturing

The laminate layup for the longerons remained unchanged from [3], but a single-cure process (Fig 3a) was used for

speeding up the manufacturing. The manufacturing process begins with two pre-preg laminates, each with a layup of

[±45��%,/0��/±45��%, ] and a thickness of 0.08 mm. Here, CF denotes a 30 gsm thin-ply with unidirectional

Pyrofil MR7012P carbon fibers produced by Mitsubishi Chemical, and GFPW denotes a 25 gsm plain weave glass

scrim impregnated with North Thin Ply Technology’s ThinPreg 415 resin. Each laminate was placed on a U-shaped

aluminum mold, and an additional [±45��%, ] layer was added in the web region. This layer was originally used to

bond the two laminates when the longerons were built with the double-cure process [7]. Although bonding is no longer

required in the single-cure method, this layer was retained to avoid the need for a new set of material characterization

studies. A 0.005 mm thin Teflon PTFE film was used to cover all exposed laminate surfaces and constrain resin flow.

The molds were then aligned, bonded, and the entire assembly was covered in breather and cured in an autoclave under

vacuum. A longeron manufactured using the above process is shown in Fig. 3b. The single-cure approach leads to

resin buildup and more localized defects near the web–flange intersection. However, these effects are not critical for

the deployment experiments and, given the substantial reduction in twist and manufacturing time, this technique was

deemed satisfactory.

Due to limitations in the mold and autoclave sizes, longerons longer than 1.6 m could not be manufactured

continuously. Therefore, the larger longerons were made by bonding shorter longerons with the out-of-autoclave process

described in [8]. Consider two longerons to be bonded, namely � and �. The two laminates of longeron � are left

unbonded over a 5 mm length in the web region by placing a Teflon film in this area prior to curing. After both longerons

are separately cured, longeron � is inserted between these laminates, and the entire assembly is placed in a silicon mold

(Fig. 3c). This mold is as a negative of a single-cure longeron and it is made by pouring Mold Max™ XLS™ II silicone,

from SMOOTH-ON, into an acrylic cage used for support. Aerospace-grade epoxy is then applied at the overlapping

regions, and the longeron-mold assembly is placed back into the acrylic cage, that applies uniform pressure throughout a

24-hour cure. This process introduces a small localized increase in thickness and stiffness of the resulting longeron, as

well as changes in the flange angle. To minimize non-uniformity in geometry and stiffness, the centers of the overlapping
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regions are aligned with the centers of the battens, which are inherently stiffer regions. To ensure symmetry of the

resulting longeron, two overlapping regions are introduced, positioned symmetrically about its mid-length.

For the complete structure, this process was followed for the last three longerons: the long longeron of strip 3 and

both longerons of strip 4. All overlapping regions were aligned at the same distance from the quadrant bisector, marked

from the outermost battens of the third strip. For each longeron, an extra length of 10 mm was added at both ends to

provide a sufficient area for bonding to the diagonal tapes. Also, 36 mm of the web at each end was delaminated in

order to insert the tapes between the two laminates.

(a) Single cure process.

(b) Manufactured longeron. (c) Bonding of two longerons in

silicon mold.

Fig. 3 Longeron manufacturing.

B. Dual-Matrix Tape Manufacturing

For the continuous tapes, pre-made unidirectional carbon fiber tapes with a thickness of 178 `m were purchased

from the Composite Store and modified by introducing localized fold regions between strips. To enable high curvature in

these regions, the original resin matrix was removed and replaced with a silicon matrix. The resin matrix was removed

by carefully burning the composite tape.

Since this process exposes the fibers and makes them difficult to handle, a custom jig was developed to support the

laminate throughout the burning and silicone application without moving the tape (Fig. 4). The laminate was mounted

on a frame and the exposed area was burned (Fig. 4a). Once the matrix had been removed, a 3D-printed PLA mold was

mounted on the jig to ensure alignment with the tape. Degassed silicone was poured over the exposed fibers and gently

scraped to ensure an even layer (Fig. 4b). To avoid local fiber damage and non-uniformities along the thickness, it is

crucial to ensure full impregnation of the fibers by the silicon. For that purpose, Ecoflex™ 00-45 Near Clear™ by

SMOOTH-ON was chosen. This is a very soft, strong and highly stretchable silicon with low viscosity (2, 000 cps). The

dual-matrix laminate was then left to cure for 4 hours. This method provides a simple way to manufacture dual-matrix

composite materials. The resulting dual-matrix tape has fibers fully impregnated with silicon and can be folded with

high localized curvature (Fig. 4c).

C. Structure Assembly

The assembly of the structure is shown in Fig. 5. Ω-shaped longeron-batten connectors, with [±45��%,/±45��%, ]
layup, are bonded using aerospace-grade epoxy with a 24-hour cure time. Proper alignment is critical for this structure,

as all strips are bonded to the same continuous diagonal tapes. The strips are positioned using 3D-printed PLA alignment
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(a) Burning epoxy matrix at

45
◦.

(b) Impregnating fibers with

silicon.

(c) Three views of dual matrix region.

Fig. 4 Manufacturing of dual-matrix composite tapes.

blocks, guided by an alignment template to ensure correct placement of the blocks. The tape is then bonded between the

two separated laminates of the longerons using hot glue, which allows repositioning if necessary.

Fig. 5 Structure assembly.

IV. Experimental Methods
This section presents the experimental apparatus and the test procedures.

A. Actuation

The actuation concept is identical to the one presented in [3]. Deployment occurs when the outer corners of

the quadrant are moved diagonally outwards. Define four control points, �% 9 , in (Fig. 6): the innermost control

points ( 9 = 1, 2) are fixed, while the outermost ones ( 9 = 3, 4) are moved along the diagonals, to achieve a quasistatic

deployment of the structure. The control points coincide with the structure-mechanism connections mentioned in

Section II.

The deployment of the structure was tested by mounting �%1 and �%2 on a 3D-printed PLA central hub, while

�%3 and �%4 were attached to 3D-printed PLA blocks sliding along diagonal rails fitted with a lead screw and an

electric motor (Fig. 7). The connections between the structure and the blocks were secured with screws. The folded

configuration was maintained using restraints (hairpins) placed at the centers of the strips. Deployment began once
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these restraints were removed and proceeded as the blocks were moved outward.

Fig. 6 Actuation concept.

Fig. 7 Experiment design.

B. Gravity Offloading

Helium balloons were the selected gravity-offload method. To minimize helium leakage over time, 22-inch Mylar

balloons were selected due to the low permeability of Mylar film.

For effective gravity compensation, the balloons should be attached at the structure’s center of mass. However, the

center of mass of the entire structure varies during deployment. Therefore, the structure was divided into smaller parts

that don’t change shape: since each strip folds in the middle, and the fold is expected to remain stationary [8], the center

of mass of each half-strip is not expected to vary significantly throughout the deployment. Therefore, effective gravity

offloading can be carried out by suspending each half strip to a balloon. The only exception to this rule is the first

strip where, due to its short length, the center of the full strip was used instead. These gravity compensation points

were calculated by introducing the density of the longerons, battens and tapes in the SolidWorks CAD model. The

density d? = <?/+? was approximated experimentally using a representative specimen ? of each of these structural

elements, by measuring its mass <? and volume +? = !? × �? , where !? the length and �? the cross section (Table

2). Assuming uniform mass and constant cross-section, the properties in Table 2 were obtained.

Table 2 Densities of structural components.

Representative component ? Dimensions Mass <? [gr] Density d? [kg/m3]

Longeron !? = 286 mm, �? = 5.65 mm2 2.665 1649

Batten !? = 199mm, �? = 4.48mm2 1.347 1538

Tape !? = 200mm, �? = 3.321mm2 0.631 950

The offload point of strip 8 is defined by two geometric parameters: the horizontal in-plane distance from the offload

point to the nearest batten edge toward the quadrant center (ℎ>8), and the vertical in-plane distance from the offload

point to the nearest web edge of the longer longeron ;8 (E>8). The specific coordinates of all offload points can be

found in Table 3. Since no structural element lies exactly at the center of mass of each half-strip (green dots in Fig.

8), lightweight cords attached between the battens serve as mounting locations for the balloons (green dashed lines).

The total mass of each strip was measured prior to attaching the diagonal tapes. The mass of the tapes was measured

separately, and assumed to be divided uniformly between the four strips. The mass of the motion tracking markers and

the balloon cords was also added, when calculating the total mass of each strip, which is denoted by <8 in Table 3. Each

of the offload points has a lift capacity equal to the weight of the half-strip (for strips (2, (3 and (4) or the full strip (for

strip (1). For calibration, the balloons were filled with enough helium to balance lead spheres whose mass matched the

lift capacity 28 provided in Table 3.

The total mass of the structure, including the motion tracking markers and the balloon cords, is <C>C = 148 gr. In

practice, two partially inflated balloons were attached to the first strip; four partially inflated balloons were used for the
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Table 3 Offload calibration.

Point location
Point lift

capacity

Strip 8 <8 [gr] ℎ>8 [mm] E>8 [mm] 28 [gr]

1 16.28 98 70.3 16.28

2 29.92 162.2 80.4 14.96

3 43.19 88.2 85.5 21.6

4 59.05 38.7 87.5 29.52

Fig. 8 Markers and offload points location.

two compensation points of the second strip; four fully inflated balloons are used for the third strip; and six partially

inflated balloons are used for the fourth strip (Fig 9). A total of sixteen helium balloons was sufficient to successfully

compensate gravitational effects, even though almost half of them were barely inflated. By using cords of different

lengths to attach the balloons to the structure, interference between the balloons was avoided in all configurations of the

structure, including the initial folded configuration (Fig 9).

C. Motion Tracking System

The trajectories of selected points were recorded throughout the deployment using an OptiTrack motion tracking

system. Reflective markers were attached to these points, and infrared cameras captured their three-dimensional

coordinates in real time.

Specifically, eight OptiTrack PrimeG22 cameras were positioned around the capture volume (Fig 9). An exceptionally

low mean error of 0.12 mm was achieved with this camera configuration. Each marker point on the structure consisted

of two hemispheres mounted symmetrically with respect to the mid-plane of the structure, forming a complete sphere

and ensuring visibility from multiple cameras throughout the deployment. To minimize interference with the rest of the

structure and limit the added mass, hemispherical markers of 4 mm diameter were used. Since each strip behaves as an

elastic hinge with a central fold that does not move along the strip, six markers were placed on strip 8, labeled as B83:
and ;83: , corresponding to the shortest and longest longeron, respectively, where : = 0, 1, 2 indicates the center, the left

diagonal, and the right diagonal (Fig 8). Because the tapes are more compliant than the battens, the diagonal markers

may not provide reliable angle measurements. To address this, four additional markers were added on each strip 8,

located at the longeron–batten connections closest to the quadrant diagonals. These are labeled as B81: and ;81: , again

corresponding to the shortest and longest longeron, where 1 indicates batten connections, and : = 1, 2 indicates the left

and right side of the quadrant. Note that for the short longeron of the first strip, B1, the batten markers were omitted,

since the battens nearly coincide with the diagonal tapes. Larger markers, with a 9.5 mm diameter, were placed at the

four control points, rigidly mounted on the mechanism and the motorized sliders. Three large markers were placed at

three fixed points, defining the coordinate system F of Fig. 8. Representative markers of each of the aforementioned

groups can be seen in a detailed view of the first strip (Fig. 10).

D. Post-processing

The recorded coordinates (G0, H0, I0) were transformed into the two Cartesian coordinate systems of Fig. 8. Since

the coordinates of all control points were recorded, all measurements were initially transformed to the rotated coordinate

frame F ′. The x′- and y′-axes align with the quadrants’ right and left diagonals respectively, while z′-axis is normal to

the plane defined by the diagonals. The origin O of F ′ was defined as the intersection point of the two diagonal lines

�1 (C) and �2 (B), defined by the vectors v1 and v2 of the four control points (CP1,CP3) and (CP2,CP4) respectively.

The direction vector x′ is parallel to v2. A temporary y′temp direction vector was defined parallel to v1. The direction

vector z′ is the cross product of x′ and y′temp. Therefore the x′y′-plane is defined by three points: O,CP3 and CP4. To

ensure orthogonality of the coordinate frame, the real direction vector y′ was then computed as the cross product of z′

and x′ vectors. All direction vectors were normalized to unit vectors. A rotation matrix was then constructed, with its

rows corresponding to the orthonormal unit vectors x̂′, ŷ′, ẑ′ defining the local coordinate frame. Subsequently, a second
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Fig. 9 Experimental set-up with gravity offload.

Fig. 10 Detail of first strip.

transformation was applied by rotating the coordinate system around the z′-axis by −45
◦, resulting in the frame F .

The sequence of transformations is as follows:

v1 = CP3 − CP1, �1 (C) = CP1 + C v1

v2 = CP4 − CP2, �2 (B) = CP2 + B v2

}
⇒

[
C

B

]
=

[
v1

⊤ −v2
⊤
]−1

· (CP2 − CP1)⊤, O = CP1 + C · v1
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x′ = v2, x̂′ =
x′

∥x′∥ , & y′ = z′ × x′, ŷ′ =
y′

∥y′∥ , & z′ = v2 × v1, ẑ′ =
z′

∥z′∥

RF′ =


x̂′

⊤

ŷ′
⊤

ẑ′
⊤


, RF =


cos(− c

4
) sin(− c

4
) 0

− sin(− c
4
) cos(− c

4
) 0

0 0 1


,


G′

H′

I′


= RF′ ·

©­­«

G0

H0

I0


− O

ª®®¬
,


G

H

I


= RF ·


G′

H′

I′


Due to noise in the recorded signal, we did not use a fixed coordinate system. The coordinate system was instead

recalculated and the transformations were applied at each time frame of the recorded data for accuracy.

V. Experimental Results

A. Displacement of Control Points

The diagonal displacement of the control points is denoted by X3. Specifically, for �%1, �%3 X3 = H′, whereas for

�%2, �%4 X3 = G′. Fig. 11 shows the diagonal displacement of �%3 and �%4 over time. The full deployment took

75 seconds, during which the sliders moved a total distance of 465 mm. The actuators are observed to successfully

maintain a constant velocity of the sliders throughout the deployment, with zero velocity at both the start and the end.

Fig. 11 Time vs. displacement of outer control points.

B. Latching Events

Eight key events (�8 , 8 = 1, ...8) can be identified from the measurements, each associated with the latching sequence

of a longeron. Identifying these events is particularly important, as it can reveal whether the deployment occurs

sequentially or synchronously, providing valuable insight into the structure’s kinematics. These events can be identified

from the fold angles U of the longerons. As mentioned earlier, the folds remain stationary at the middle of the longerons.

Therefore, the fold angle of each longeron is defined as the angle between the center marker and the diagonal markers

(Fig. 12). For example, the angle of the short longeron of strip 8 is given from the equation U = 180
◦ − arccos

( ®; · ®A
∥®;∥ ∥ ®A ∥

)
,

where ®; = B80 − B831 and ®A = B80 − B832. The angle is similarly calculated for the long longeron of strip 8. A threshold of

2
◦ was chosen for the fold angle to indicate when a longeron has latched (Fig. 13).

The longeron latching events can be interpreted as a function of the deployment time and the slider displacement

(Fig. 11). The first event (�1) occurs at C�1
= 46 sec and X33,4 = 193 mm. The second event (�2) occurs at C�2

= 67 sec

and X33,4 = 327 mm. The events associated with the latching of the second strip (�3, �4) follow at C�3,4
= 70 sec and

X33,4 = 341 mm. The next two events (�5, �6) are associated with the latching of the third strip, and occur at C�5,6
= 84

sec and X33,4 = 433 mm. The deployment completes with the events of the last strip (�7, �8) taking place at C�7,8
= 88

sec and X33,4 = 457 mm.
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Fig. 12 Fold-angle definition.

Fig. 13 Displacement of outer control points vs. strip fold angles.

C. Latching Sequence

To visualize the latching sequence, we examine the latching events as a function of deployment percentage (Fig. 14).

The deployment begins (0%) at around 15 seconds and ends (100%) at approximately 90 seconds. The first longeron

latches at 40.8% of the deployment, and the second follows at around 69.5% of the deployment. The third and fourth

longerons (both longerons of the second strip) latch almost simultaneously at 72.8% of deployment. The longerons of

the third strip (5,6) latch simultaneously at 92.5%, and soon after, the two longerons (7,8) of the last strip deploy at

97.6%. The deployment then progresses until the structure becomes fully flat at 100%.

The longerons and strips latch sequentially. Apart from the first strip, the latching of each subsequent strip is

characterized by the simultaneous latching of its short and long longerons. The reason behind the time difference in the

latching of the two longerons of the first strip, is the very short length of the shortest longeron (!B1
≈ 200 mm).

Note that the second strip latches shortly after the first one (less than 5% difference), and similarly, the fourth one

shortly after the third one (approximately 5% difference), indicating a correlation between the deployment of strip pairs.

D. Height of Center Markers

Another important measurement during deployment is the height of the center points of all strips (Fig. 15). These

height profiles also indicate the sequence in which the strips deploy. They help identify potential interference between

the strips themselves, as well as with other parts of the deployment mechanism. Some oscillations in the height plots

are associated with latching events. The remain oscillations could be a result of the offloading of gravitational forces.

For the first strip pair, the lowest heights reached during deployment are −167 mm for strip (1 and −285 mm for strip

(2. The second strip pair descends further, with strips (3 and (4 reaching minimum heights of −200 mm and −442

mm, respectively. This indicates that the deployment envelope for the second pair is larger than that of the first, which

is reasonable given that the second strip pair is longer. It remains unclear to what extent interactions between pairs

influence their deployment envelope. The significance of this phenomenon as a deployment characteristic also requires
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Fig. 14 Latching sequence vs. deployment percentage.

further investigation.

Fig. 15 Displacement of outer control points vs. height of strips’ centers.

E. Experimental Observations

To gain deeper insight into the factors influencing the kinematics of the deployment, we examine the latching events

observed in the experiment (Fig. 16). At the beginning of deployment, the structure remains stationary until the sliding

blocks begin to move. After the first strip pair ((1, (2) deploys (events �3, �4), the last strip loses significant height and

briefly makes contact with the table supporting the structure. This interaction does not change the intrinsic deployment

behavior, as strip four rises quickly afterwards. Throughout the deployment, almost no contact interactions are observed

between the structure and the deployment mechanism. However, it is evident that interactions between longerons have a

significant influence on the deployment. For example, two nested longerons interfere with each other, with one acting

as an obstruction to the other and thereby affecting the kinematics of the entire structure. This interaction may also

explain the early latching of the shortest longeron (B1), as its position on the exterior of the convex folded shape leaves

it uncovered by other longerons. After the final event, all strips become fully deployed. Further displacement of the

sliders applies tension to the structure, eventually bringing all center markers to the same final height and successfully
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prestressing the entire structure. The snapshots taken throughout the deployment clearly show that the dual-matrix

composite tapes performed as intended. The localized fold regions are able to withstand high fold curvatures at the

beginning of deployment and adapt their curvature and orientation throughout the process without any damage, until the

structure becomes fully prestressed. Furthermore, the absence of sharp changes in the direction of the motion of the

markers along the z-axis, indicates that the deployment is controllable.

Fig. 16 Key events throughout deployment.

VI. Conclusion
The latest version of the Caltech SSPP structure, tested in the present study, was designed and manufactured to

incorporate the prestressing tapes along the diagonals of each quadrant. The single-cure manufacturing process used for

the longerons significantly reduced manufacturing time. A technique was developed to modify existing carbon fiber

composite tapes to produce a dual-matrix composite material, which also greatly reduces time and complexity compared

to manufacturing the dual-matrix composite from scratch. The low-viscosity silicon used to replace the burned resin

matrix successfully impregnated all fibers, protecting them from damage.

The deployment relied on controlling only the four quadrant corners, successfully implementing the concept in [3].

In this experiment, however, the structure was deployed horizontally, requiring the gravity forces to be offloaded. A

passive gravity offloading system of helium balloons successfully mitigated gravitational effects without adding cost

or complexity to the experimental setup. Each half-strip was treated as a rigid body, and its center was used as the

offloading point. This choice ensured that gravity influence was effectively eliminated throughout the entire deployment.

The motion tracking system set-up provided well-tracked trajectories, resulting in low tracking errors and high visibility

for most markers throughout the deployment.

The present results have shown that the longerons latch in a sequential manner starting from the shortest one, while

longerons of the same strip latch almost simultaneously. A strip-pair deployment behavior has been observed, with the

strips in each pair ((1, (2) and ((3, (4) latching within a 4-second window. Oscillations in the height of the strip centers

are associated both with gravitational offloading and with latching events. The deployment envelope is larger for the

second strip pair, but the reason and results of that are still uncertain. Interactions between longerons seem to greatly

affect the deployment behavior. However, it remains unclear to what extent this behavior is affected by experimental

artifacts, such as manufacturing imperfections or inaccuracies in the gravity-offloading. Lastly, gravity compensation is

essential in demonstrating the controllability of the deployment kinematics, which was not clearly established in our

previous experiments in [3].
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