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Thermoplastic composites (TPCs) offer many advantages compared to thermosets in
terms of mechanical properties, reprocessability, and flexible manufacturing. However, their
implementation in aerospace systems has lagged behind due to manufacturing challenges,
insufficient availability of ultra-thin prepreg materials, and lack of information on material
processing. The current study aims to fill this knowledge gap by demonstrating a design strategy
for manufacturing and testing TPC Triangular Rollable and Collapsible (TRAC) longerons.
To explore the design space, both analytical and numerical models of the longeron’s coiling
were implemented, using experimentally determined mechanical properties of an ultra-thin
(55 𝜇m lamina thickness) PEEK prepreg. The results indicated that a [0/90/0] laminate could
only be coiled to a 50 mm radius without failure due to the formation of a buckle, which acted
as a stress concentrator. To verify these results, a TRAC longeron was then manufactured by
exploiting the re-shaping capabilities of the matrix after initial consolidation, while the shape
accuracy of the longeron and bond quality within the web region of the TRAC were assessed to
identify any imperfections. The TRAC laminate was then coiled under the same conditions of
the numerical model and the buckle formation was recorded and post-processed using image
correlation software to compare directly with the simulation.

I. Introduction

Thermoplastic composites (TPCs) have drawn increasing attention from the aerospace industry for several advantages
over the more common thermoset-based materials. For instance, the reprocessability and re-shaping capabilities

of TPCs provide an avenue towards a reduced environmental impact of composite structures. In addition, many
TPCs offer improved mechanical properties, namely stiffness, strength [1], and fracture toughness [2], which greatly
increase the loads sustained by structures before crack formation and enhance the resistance to crack propagation. Most
importantly, thermoplastic polymers can be rapidly melted and bonded, providing a number of feasible methods for
out-of-autoclave (OOA) manufacturing, which may greatly reduce costs, manufacturing times, and challenges with
scaling the component’s size. TPCs are particularly attractive for spacecraft structures for two reasons. First, there has
been a growing interest in In Space Assembly and Manufacturing (ISAM) [3] and TPCs have been the focus of studies
for their welding capability [4], which could be expanded to the in-space manufacturing of such ultra-thin composites.
Second, large coilable composite structures are required to increase the spacecraft’s surface area while adhering to
the strict volume constraints of launch vehicles. One example is the Space Solar Power Project at Caltech [5], which
envisages 85 m long deployable booms to unfold flexible photovoltaic tiles with a total area greater than 3000 m2 for
a single spacecraft, which is far greater than the power generation of any currently produced spacecraft. The basic
structural element for this structure’s deployment is the Triangular Rollable and Collapsible (TRAC) longeron, defined
by the cross-section shown in Figure 1. To achieve a high packaging efficiency and also maintain bending stiffness, the
flattening and folding curvatures of the longeron(1/𝑟 and 1/𝑅, respectively) are on the order of 50-100 m−1 in the two
principal directions, which, due to the limited yield strain of composite materials, pose a strict limit on the thickness of
the laminate to avoid material cracking during the folding process.

A previous study [6] has demonstrated that TRAC longerons can be manufactured from small thickness laminas of
aerospace grade TPCs, namely polyetheretherketone (PEEK) reinforced with carbon fiber. PEEK is a prime choice as it
displays mechanical properties similar, if not superior to comparable thermoset polymers, and has been extensively
studied in the literature. However, manufacturing structures based on this polymer is challenging due to the high
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Fig. 1 TRAC cross-section geometry and coiling.

processing temperatures (∼400◦C) and viscosity, which amplify the effects of thermally induced residual stresses [7] and
increase the complexity of fiber impregnation. Higher temperatures and viscosity are significant hurdles for ultra-thin
prepreg manufacturing, which currently limit the availability of pre-impregnated carbon fiber tapes lighter than 50 gsm.
For these reasons, the longerons produced in the previously mentioned investigation were prepared by dry fiber stacking
of individual carbon fiber and PEEK layers, which is considerably more labor intensive than prepreg technologies and
is thus unsuitable for large-scale manufacturing. The same authors also leveraged the asymmetry in the laminate to
produce curved flanges through residual thermal stresses, which restricts the range of curvatures of the flange that can
be achieved without changing the composite’s volume fraction or thickness.

The mechanical performance of semi-crystalline thermoplastic polymers, including PEEK, also shows a significant
dependence on their degree of crystallinity (DoC), which has been shown to influence the stiffness and strength of TPCs
[1] due to the varying ratio between the brittle crystalline phase and the ductile amorphous phase. Less focus has been
placed however on how the DoC varies the processability of the composite material due to the thermal hysteresis of
the matrix’ morphology. For instance, to achieve sufficient mobility of the tightly packed and organized polymeric
chains of the crystal phase the material must be processed at temperatures above the melting point, while the amorphous
phase, with its looser intermolecular bonding, can be processed at lower temperatures [8]. Thus, maintaining a low
DoC throughout manufacturing may allow processing at lower temperatures and shorter times, thus leading to simpler
processes.

The present investigation addresses the challenges and potential of TPCs by designing a PEEK-based laminate, with
currently available prepregs, that does not yield under the curvature changes required for coiling. The design process is
based on the mechanical properties of a PEEK-carbon fiber prepreg, presented in Section II.B, and implements them
in both a linear analytical model and a detailed coiling analysis using Abaqus finite-element formulation, which are
both described in detail in Sections II.C-II.D. The same PEEK-carbon fiber prepreg is then used in a novel fabrication
method, presented in Section III.A, that leverages the benefits of thermoplastic polymer chemistry to produce TRAC
longerons. The shape and microstructure of the coilable structure are then evaluated via laser scanning and computed
microtomography (𝜇-CT), respectively; the results of the two analyses are discussed in Sections III.C and III.D. Fi-
nally, the manufactured longerons are coiled to validate the modeling scheme in Section IV. Section V concludes the paper.

II. Design of Thermoplastic Laminate

A. Materials and Manufacturing
The thickness of a deployable thin shell controls the maximum stress in the shell when coiled. Thus, the areal weight

of the carbon fibers and PEEK matrix system - which generally correlates to the final lamina thickness - was used as the
criterion for selecting the optimal prepreg to manufacture the composite laminate. One of the lightest available prepregs,
supplied by Sakai Ovex Ltd., was used for the present investigation. The prepreg is sold as a 60 mm wide tape with a
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total areal weight of 68 gsm (38 gsm for CF and 30 gsm for PEEK), and it is manufactured by spread-towing from 18K
tows of M30SC �bers. Additionally, a 10̀ m thick �lm of semi-crystalline PEEK was purchased from BARplast LLC
to supplement the resin content of the prepreg, as explained in Section III.A.

Flat UD 4-ply laminates of this prepreg were compacted in an autoclave, using Kapton vacuum bags. The processing
cycle included a ramp to 365°C, followed by a dwell of 1 hour at 5.5 bars, and ended with a cooling ramp at 2°C/min.
Coupons for mechanical testing were cut using a sharp blade and a ZEISS Xradia 510 Versa 3D` -CT scanner was
used to image the samples and measure the thickness, volume fraction, and void concentration. A sample image of the
thickness cross-section, presented in Figure 2, shows a consistent thickness and variable �ber-matrix distribution. This
is due to the high viscosity of the matrix, which under the relatively low autoclave pressure when compared to hot-press
manufacturing, does not allow for su�ciently uniform dispersion of the �bers. The averaged values of thickness and
volume fraction are listed in Table 1.

Fig. 2 Gray-scale image of̀ -CT scan of UD laminate at 1` m per pixel resolution with green lines showing the
identi�ed top and bottom boundaries of laminate.

B. Mechanical Characterization of UD Laminates
To create numerical and analytical models for the design of the composite laminate, the relevant mechanical

properties had to be evaluated. First, tensile tests of both UD and� 45° samples were performed to measure the Young's
modulus and, the shear strength. Due to the limited width of the prepreg tapes and challenges with bonding adjacent
tapes, the coupons' size was limited to 120� 15 mm and 60� 15 mm for the 0° and 90° oriented specimens, respectively,
while the shear specimens were manufactured to 250� 25 mm to reduce the e�ects of the clamped edges. The specimens
were bonded to 280 grit sandpaper tabs, which were sized based on length ratios from ASTM D3039, while a central
30 mm long region of the samples was speckled for Digital Image Correlation (DIC) measurements, performed with
stereo-mounted digital cameras. The load was applied by an Instron electromechanical testing machine at a rate of
0.1 mm/s and 0.05 mm/s for the 0°/� 45° and 90° specimens, respectively. For the o�-axis tensile tests, the shear
modulus was obtained from the initial linear response while the strength was de�ned by the change in slope of the curve [9].

For the calculation of the longitudinal and transverse strengths of the composite, a test with loading conditions similar
to those experienced during the packaging of the longerons was selected. Thus, 60� 20 mm coupons were cut and
speckled for a parallel platen test (the apparatus and test method are described in Yee and Pellegrino [10]) in which
curvature measurements were carried out on both the compressive and tensile sides with two sets of synchronized digital
cameras placed similarly to Schlothauer et al. [11]. The curvatures measured at yield on both compression and tension
sides were substituted in equations 1-2, along with the previously measured properties to obtain the bending strengths.

- )–� =
� 1C

2¹1 � a12a21º
 1 )–� (1)

. )–� =
� 2C

2¹1 � a12a21º
 2 )–� (2)

In these formulations, the indices1 and2 indicate the local coordinate system, aligned in the direction of the �bers, while
the subscripts� and) correspond to the compression and tension sides of the sample. In Figure 3, two representative
snapshots of a longitudinal sample show the curvature distribution measured by the DIC apparatus. The highest
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curvature measured in the central section of the specimen was selected as the failure curvature under tension in each test.
The yield strengths and sti�ness moduli obtained from tests on six samples are listed in Table 1, where S12 represents
the shear strength.

Fig. 3 Snapshots of sample during bending test with overlaid curvature measurements from DIC.

Fibers M30SC
Matrix PEEK
Prepreg nominal thickness 55` m

+ 5 0.49
� 1 127 GPa
� 2 5.8 GPa
� 12 5.2 GPa
a12 0.35

- ) 2,819 MPa
- � 69 MPa
. ) 2,805 MPa
. � 67 MPa
( 12 49 MPa

Table 1 Material properties of four-ply PEEK-carbon �ber laminate.

C. Laminate Design via Analytical Model
Deployable longerons should be able to perform two tasks. First, �atten and coil with the material remaining in the

elastic regime and, second, provide the maximum longitudinal bending sti�ness in the deployed con�guration. Thus, an
analytical model based on Classical Lamination Theory (CLT) was developed to evaluate the stress distribution during
packaging, based on the lamina's mechanical properties, layers' orientation angles, and thicknesses.

The cross-section is subjected to di�erent loading conditions in the �anges and the web. The �ange undergoes
simultaneous curvature change about the y-axis for �attening and the x-axis for coiling (Figure 1), while the web region
is only coiled about the x-axis. Hence, the stress distribution for both regions was calculated and the highest stresses
were then compared to the measured yield strengths with the Hashin 2D composite failure criterion [12] to identify
failure through the layers' thickness 3:
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This approach was implemented in an algorithm that varied the lamina thickness and coiling radius to determine
which combination of the two would not incur failure in a cross-ply [0/90/0] laminate con�guration, which ex-
hibits high longitudinal sti�ness thanks to the two 0� layers and su�cient transverse sti�ness for deployment. Of
the remaining design parameters,F and \ were chosen as the previously reported values of 8 mm and 90� [13],
respectively, as these do not in�uence the applied curvatures during coiling. The �ange radiusAdoes in�uence the �at-
tening curvature, but it was also kept constant at 13.6 mm to leave the sti�ness and buckling limit of the longeron constant.

The results of the parametric study are shown below in Figure 5. They indicate that the failure of the laminate is
bi-modal, i.e. for coiling radii small enough the material in the web (which is twice as thick as the �ange), reaches
the maximum allowable stress due to the increasing curvature about the x-axis. Instead, for larger coiling radii the
�anges dominate the failure as the curvature about x becomes less signi�cant. Thus, for any chosen lamina thickness,
there is a point where the magnitude of� �0B�8= is minimized and, for su�ciently thin prepreg laminas (between
40 to 100` m) this minimum is less than 1, indicating no failure of the material. Since the selected PEEK prepreg
has a measured compacted thickness of 55` m, the minimizing coiling radius is 28 mm, for which the� �0B�8= value is 0.45.

D. Numerical Model for Validation
The analytical model presented in the previous section is a powerful yet simple tool to perform parametric studies to

identify the longeron geometric con�guration and laminate designs that satisfy the requirements. However, the model
considers the �ange and web regions separately, neglecting the interaction between the two. It has been shown [14] that
during coiling a buckle forms near the transition between the coiling hub and the deployed longeron, forming a region of
increased local curvatures. The shape and size of this buckle are dependent on the material parameters, cross-sectional
geometry of the longeron, and coiling radius. Thus, a more detailed numerical model is necessary to identify the stress
concentration at the buckle to avoid premature failure of the material.

A numerical simulation was implemented in Abaqus 2024, modeling the coiling of a TRAC longeron on a rigid hub of
radius' . The longeron is modeled with S4R elements with the geometry de�ned in Section II.C, while its length is a
function of ' to minimize the number of elements in the simulations with small coiling radii. The hub is translated
towards the longeron to bring them into contact, while a pressure normal to the top �ange is applied to it. A longitudinal
tension is also applied at the tip of the longeron (Figure 4), while the hub is rotated counter-clockwise to coil the �attened
longeron. It can be noted in the numerical results presented on the right of Figure 4 that there is a region of uniform
 G, which corresponds to the fully coiled longeron around the rigid hub of radius R. This uniform region extends into
the deployed longeron through a complex transition region that includes the aforementioned buckle. The large out-of-
plane displacement of the buckled �ange causes a local increment in curvature in both principal directions, as well as twist.

To evaluate the failure margin of the material during coiling considering this increased curvature, the through-thickness
stress distribution in the buckled region was calculated, and the same Hashin criterion de�ned in Eq. 3 was applied.
The results for several lamina thicknesses and coiling radii are presented in Figure 6, however, the whole design space
investigated in the analytical model could not be reproduced due to convergence issues at low radii and thick laminas.
The measured failure values in the numerical simulation are between 2 and 5 times higher than predicted by the
analytical model, with a non-linear increase as one approaches the bottom right corner of the plot in Figure 6. This is
because of the cubic relationship between thickness and bending stresses when moving along the x-axis of the plots, and
because of the non-linear relationship between the coiling radius and the shape of the buckle when moving along the y-axis.

It is clear from this comparison that the simple analytical model cannot correctly predict the coiling failure, and is not a
suitable tool for reliable design when considering failure. For the current application, the numerical model predicts that

5



Fig. 4 Simpli�ed diagram of numerical model set-up alongside the curvature change on the bottom �ange
during coiling.

for a TPC prepreg with 55̀m lamina thickness, the material remains in the elastic regime if coiled to a radius of 50 mm
or greater. This indicates that if the appropriate packaging parameters are chosen, currently available PEEK-based
carbon �ber prepregs are suitable for use in a compact coiling apparatus.

Fig. 5 � �0B�8= in analytical model. Fig. 6 � �0B�8= in numerical model.

III. Manufacturing and Analysis of Thermoplastic Longerons

A. Leveraging the Degree of Crystallinity
TPCs o�er considerably more manufacturing �exibility over thermoset composites, mainly thanks to their ability to

be reprocessed after the �rst fabrication cycle. This is true for all thermoplastics when processed above the melting
temperature, but it is particularly interesting in semi-crystalline thermoplastics, including PEEK, which exhibit a
crystalline phase that when formed during thermal cycling remains stable and unvaried after post-processing, and an
amorphous phase which, due to its less organized molecular arrangement and weaker bonding interactions, is mobile
at lower temperatures, allowing for reshaping and new crystal formation. This characteristic was exploited in the
manufacturing process by subjecting the compacted laminate to a second thermal cycle in which the laminate was
shaped into the TRAC cross-section, to freeze the remaining amorphous phase of the thermoplastic polymer into the
new shape. These new fabrication steps eliminate the need for a second autoclave cure to bond together the two parts of
the TRAC geometry [15], thus reducing the quantity of consumables and avoiding the creation of a discontinuous bond
that is likely to act as a weak point for the propagation of delamination cracks.
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