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ABSTRACT

Ultralight space structures utilize composite structural elements supporting active
thin films in order to achieve deployed configurations with lower areal densities.
However, as these space structures get larger, they get increasingly less stiff, leaving
them susceptible to adverse effects, such as torsional buckling. Simultaneously, this
conflicts with the requirements that more ambitious space missions impose on the

surface accuracy to make technologies like large phased arrays viable.

This thesis presents a novel method of continuously attaching thin films to deployable
thin shell structures, allowing for materials with widely different coefficients of
thermal expansion. It proposes a double s-spring border that exhibits a local post-
buckling behavior and provides a tunable continuous edge attachment method that
can maintain constant preload under large thermal strains. The mechanical behavior
of the double s-spring under different mechanical loading conditions is studied
both numerically and experimentally. Additionally, a reduced order model that
greatly reduces the computational cost of optimizing double s-springs for various

applications is presented.

In parallel, the torsional buckling of elastic composite frames is studied to un-
derstand the fundamental limits of attaching thin films without incurring torsional
buckling. This study analytically calculates the critical prestress of torsionally soft
square frames supporting an internal thin film. The study highlights the role of the
attachment scheme, which has a very significant impact on the critical prestress. It
is shown that the average of the compression load on a frame caused by a prestress
is an invariant buckling load. The analytical calculation is verified via numerical
finite element analyses and an experiment, which characterizes the post-buckling
behavior of the torsionally soft frames as well. It is concluded that distributed edge
attachments, such as the double s-spring, significantly increase the stability of space
structures against torsional buckling. The findings for the torsionally soft square
frames are validated against a high fidelity orthotropic material model in order to

justify the assumptions made in the analytical study.

In the final section of the thesis, it is shown that the double s-spring continuous
attachment scheme enables consistent deployment and compact packaging. The
scheme is also shown to be versatile for additional applications, enabling novel

deployment and folding schemes, such as a doubly-curved composite foldable toroid.
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Chapter 1

INTRODUCTION

Deployable space structures have emerged as a fundamental requirement for many
modern day space missions, enabling increasingly ambitious objectives to be achieved
while under constraints imposed by launch vehicle dimensions, mass budgets, and
operational efficiencies of mission critical components. Deployable space struc-
tures transition from a compact stowed configuration during launch to larger, more
functional configurations once in orbit. Their use encompasses a wide spectrum of
applications that could not be addressed with traditional single-configuration struc-
tures, such as telecommunication dishes, solar arrays, large telescopes, booms, solar
sails, etc[3-3)]. As humanity expands its activities in space ranging from low-earth
orbits (LEO) to deep-space exploration, the demand for lightweight, reliable, and

highly efficient deployable systems continues to grow.

Since the start of space exploration, deployable structures have evolved significantly.
Initial systems primarily consisted of simple hinged appendages and extendable
booms used for antennas and solar panels[6]. Nowadays, many space structures
utilize flexible lightweight composite materials, origami-inspired geometries, and
functional thin films that enable increasingly adaptive and efficient architectures|7].
Composite based architectures offer advantages such as higher stiffness, dimensional
stability, precision, and durability under harsh space conditions such as extreme
temperature cycling, radiation exposure, micro-meteoroid impacts, and vacuum-

induced material degradation[8), 9].

Examples of large cutting edge deployable concepts include projects such as the
James Webb Space Telescope (JWST), the Advanced Composite Solar Sail System
(ACS3), and the Caltech Space Solar Power Project (SSPP)[10-12]. An early
prototype of the SSPP, SSPD-1, which will be discussed more in Chapter 5, is
shown in Figure [I.T] While these three projects do not share particularly similar
mission objectives, or flight trajectories, there are some key similarities to highlight
in the spacecraft. First, all three concepts must be sufficiently stiff to maintain
their shape throughout maneuvers, which all of them require in order to meet
their goals. Second, the three spacecraft are able to meet their stowage and mass

requirements by taking advantage of a composite backbone structure, coupled with
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tensioned thin films in between elements. Out of the three, JWST is the most similar
to a classic space-frame truss-based system that provides high stiffness and load-
bearing capability, while the other two structures rely on composites more to achieve
exceptional packing efficiency and low areal density. Finally, while already massive,
there are larger versions of each of these concepts already being imagined such as the
Habitable Worlds Observatory (HWO), and other space based solar power and solar
concepts for the latter projects, underlining the need to further evolve the limitations

of the techniques used to construct them[13-135]].

Figure 1.1: SSPD-1 in its deployed configuration in LEO.

In particular, this thesis will focus significantly on furthering the viability of the
Caltech SSPP concept, since this is a primary project of the Space Structures
Laboratory at Caltech. The SSPP mission concept envisions collecting solar power
on-orbit in order to be able to send it down to Earth via phased arrays[12]]. The
main advantages of this are as follows. On the planet surface, the sun is eclipsed
by the Earth itself for about half of the day (i.e. nighttime). In space, specifically
LEO where the project is envisioned, this time is significantly less. Additionally,
the sunlight available is not filtered by the atmosphere, meaning that solar power is

not affected adversely by weather patterns. Similarly, the power transmitted down is
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imagined to be at frequencies such as 10 GHz, meaning that the atmosphere will be
mostly transparent to it. Lastly, a final advantage of the concept is that it is possible
to direct this power wherever it is most needed, such as to ground stations following a
natural disaster or to cover power-grid outages in major cities. As will be elaborated
further in later chapters, a few things are necessary in order for this transmission
to be successful. The most notable is a stable and predictable surface accuracy of
this thin, lightweight structure, so that the phased arrays may interfere predictably
and coherently and provide optimal power delivery[16]. Currently, prototypes on
the scale of a couple of meters exist for the SSPP concept. When scaling to the
final goal of a larger 60 m X 60 m spacecraft, this requirement becomes even more

critical since deflections of the structure become more difficult to avoid.

The SSPP structure has been studied previously to ensure that it can maintain
sufficient structural shape accuracies under vibrational and bending loads on the
spacecraft, given its flat and relatively compliant geometry[17]. However, the SSPP
architecture is still limited by another classic problem at the level of its strips of
unit cells: torsional buckling. Torsional buckling in the SSPP structure is somewhat
similar to the classic cases of lateral torsional buckling seen in I-beams, in civil
engineering applications. I-beams consist of mass distributed mostly in their top and
bottom flanges in order to raise the moment of inertia and resist bending loads, with
a thin web region that can resist shear loads. However, this leaves them susceptible
to torsion, resulting in torsional buckling from external loads or even self-weight
being a potential failure mode, even if plastic deformation does not occur. Similarly,
the SSPP structure’s long trapezoidal ladder sections of unit cells (see Chapters 3-5
for more in-depth information) are made of open cross section Triangular Rollable
and Collapsible (TRAC) longerons connected by battens, resulting in a geometry
with flanges and a web region. These ladders of unit cells have been previously
studied extensively against bending, localized and Euler buckling, and vibrational
modes of failure. However, as can be seen in Figure this type of design is
susceptible to torsional buckling.

There are several challenges that make torsional buckling difficult to solve in in-
space applications. While I-beams in terrestrial applications can be braced against
torsional buckling, this is not typically an option for deployable structures[[18]]. The
source of buckling in space is also different, where stresses are typically induced by
changing environments. In an environment like LEO, the temperature a spacecraft

experiences typically varies by a couple hundred degrees Celsius as it orbits the



Figure 1.2: Top and perspective views of the torsional buckling of trapezoidal strips
due to changes in humidity inducing internal stresses.

Earth[9]]. Additionally, the vacuum of space introduces other sources of internal
stresses, such as a change in humidity from when the spacecraft was manufactured
on Earth (this is the effect seen in Figure[I.2). These effects cause strain, especially
between components that expand or contract at different rates due to differences in
their coefficients of thermal expansion (CTE) or other properties. In same material
components stresses may occur as well due to effects such as thermal gradients
across the spacecraft. A famous case study of thermal buckling in space induced by

changes in temperature is illustrated in Figure[I.3] which shows the Hubble Space
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Telescope with buckled solar arrays. The Hubble Space Telescope experienced
bending and torsional buckling in its first and second generation of solar arrays from
its launch in 1990 to when the second generation arrays were replaced by rigid panels
in 2002[19, 20]. The buckled arrays were made of a rollable photovoltaic blanket
supported by steel booms. These solar arrays suffered from not only a twist due
to the thermally induced buckling, but even affected the pointing of the spacecraft
due to the transient heating cycles causing a jitter. This was significant enough to

prevent it from being able to make accurate Deep Field measurements.

Torsional buckling has been examined extensively for specific cases such as cylinders
and trusses, but not extensively for flat structures [21]. General cases of in-space
buckling have been studied since the 1950s, and focused increasingly more on com-
posite structures since the 1970s[22]. Composites, such as carbon and glass fiber
reinforced polymers, can have nearly zero CTEs, and offer high stiffnesses, which
are two key methods of reducing buckling. However, as mentioned, deflections and
torsional buckling still occur in these composite structures particularly due to their
integration with other materials and thermal gradients, especially as thinner com-
posite layups are utilized. For example, the Roll Out Solar Array (ROSA), which
was deployed on the International Space Station (ISS), consists of a deployable
photovoltaic blanket supported by composite booms has been previously studied to
have thermally induced deflection and twist[23]. As mentioned already, the SSPP
structure similarly suffers from thermally induced deflections, due to CTE differ-
ences. The torsional buckling of the SSPP concept has previously been investigated
by both Luo and Pederson, but this problem has proved particularly challenging,
since the films incorporated in the SSPP structure require biaxial prestressing across
a range of temperatures to maintain good surface accuracy, which further increases

internal forces and creates instability[24H26]].

In addition to torsional buckling, CTE mismatch creates problems leading to surface
inaccuracy in the film itself. Even if the frame itself is stable, internal stresses can
lead to wrinkling in thin films that also leads to significant surface inaccuracies. A
project focused on creating a doubly curved parabolic membrane reflector, Electro-
statically Controlled Deployable Membrane Antenna (ECDMA), uses electrostatic
forces to actively shape and tension a thin, conducting membrane into a precise
reflecting surface[27]. This successfully increases surface accuracy, but relies on
two curved surfaces as opposed to a single one, and even then exhibits visible areas

of wrinkling. Other similar exotic solutions exist, such as taking advantage of multi-



Figure 1.3: The Hubble Space Telescope’s second set of solar arrays undergoing
torsional buckling due to thermal changes (Copyright ESA).

stable structures, but these are ill suited for flat projects like SSPP, especially when
the expansion in both lateral and normal directions relative to the support structure
has to be considered. Low or negative coefficients of thermal expansion materials
could be used to "cancel out" the CTE mismatch and help mount films to prevent
loss of sufficient pretension. However, bulk materials, such zirconium tungstate are
not able to be practically incorporated into the structure, and more advanced meta-
materials typically rely on complicated lattices that are also difficult to manufacture
and incorporate, and are more effective in 3-dimensional applications rather than
flat structures[28]].

Currently, the SSPP structure’s composite backbone and thin films are interfaced
via a kirigami spring, whose nonlinearity allows it to maintain a relatively constant
force across large thermal strains. More information on this spring is provided
in Appendix B and Chapter 2. This spring helps mitigate some of the issues
presented, but does not optimally address some of the surface accuracy, integration,
and surface area efficiency issues that must be solved to make the space based solar

power concept viable.

Thus, this thesis aims to contribute to the development of efficient and reliable de-
ployable systems by developing an effective method of attaching thin films to com-

posite structures, and further understanding the torsional buckling of such structures.
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Since many aspects of this study are difficult to capture purely analytically or exper-
imentally, approaches will primarily focus on numerical analyses, verifying them,
and then continuing to iterate them. These analyses are primarily done in Abaqus, a
software suite for finite element analysis (FEA)[29]. FEA is a numerical procedure
that allows the solving of physics effects across complex geometries by discretizing
them into smaller components. While particularly complicated geometries may be
computationally expensive, FEA opens the door for a more time efficient pattern of

progressing research goals.

1.1 Research Outline

This thesis consists of a total of six chapters, including this Introduction. The
main research goal for this thesis is to demonstrate how pretensioned thin films
can be attached to thermally loaded deployable space structures with high surface
stability and accuracy. This necessitates study of both the film attachment style
that is outlined and designed in this thesis, as well as the composite frames to
which they are attached to. This is done mostly via numerical analysis as stated,
with simplifying analytic theory incorporated where appropriate and verification
experiments where possible. Each chapter has a brief introduction and discussion
attached to it, focusing in more detail on the necessary background to contextualize

the research presented.

The second chapter in this thesis introduces the double s-spring. The double s-
spring is the mechanism invented in the course of this work to be able to achieve the
main research goal of stable attachment of thin films to compliant composite frames.
This chapter first discusses how this spring was inspired and its parameters, and then
numerically characterizes the double s-spring as a function of its main parameters.
This includes a discussion of the tradeoffs present among the design parameters,
focusing on the strength (or rather toughness) of the attachment, and experimental
verification of the double s-spring’s performance. It then takes the characterization
obtained, further optimizes the numerical model pipeline, and uses it to build a
reduced order model that allows for the quick and computationally efficient iteration

of double s-springs in various applications.

Chapter 3 then focuses on a rigid rod and compliant hinge model of the composite
frame to which films are primarily mounted to in the applications discussed, and
discusses what is generally the best way to attach something to such a frame. An

analytical solution for buckling load is derived in two different flavors, and it is
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shown that for this simplified frame model, the average compression in its rigid
elements can be treated as an invariant buckling load, meaning that it is agnostic to
the manner in which loads are distributed for both fixed direction loads and loads
that follow the deformation of the model. This general result is verified via a series

of numerical studies, and an experiment.

In Chapter 4, a fully elastic high fidelity model of the composite frame, consisting of
pultruded battens and TRAC longerons, is analyzed to determine whether or not the
simpler model in Chapter 3 can adequately capture the behavior observed. Experi-
mental observations of composite frames are also discussed to further supplement

and contextualize the numerical analysis.

Chapter 5 focuses on additional experimental models created and their practicality
for in-space applications. Primarily, the coilablity and deployment consistency of
films mounted via double s-springs are debuted experimentally. Another application
of double s-springs, a foldable toroid that takes advantage of their high strain

capabilities, is also discussed.

Finally, Chapter 6 summarizes the total outcomes presented in the thesis. It out-
lines the main contributions of the work to the field, tools created, and limitations
presented. It underlines the main research directions remaining and the vectors for

future development of thin film attachment and composite frame architectures.

This thesis also includes two appendices. Appendix A provides more details on the
physical manufacturing and cutting of double s-springs. It focuses primarily on why
they are made the way they are, and the shortcomings of this approach. Appendix B
presents a previous design of kirigami spring that was done during the course of this
work, focusing on showing that despite out of plane deformations occurring during

the post-buckling regime, the bending stiffness is unchanged.

While the attachment style is chosen to be presented first since it is the main
innovation, focus, and topic of interest in the thesis, there is an alternative logical
framework in which this work could have been organized. By understanding and
predicting torsional buckling via a rigid rod and elastic hinge framework, and then
validating this simplified model to a higher fidelity model of the unit cell frame, we
can elucidate the optimal style of attachment. Additionally, design parameters for
this attachment style, which happens to be the double s-spring, are obtained. Then,
a model is developed such that double s-spring geometry may be optimized subject

to these constraints. Finally, the experimental applications for double s-springs
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can be examined to show that it achieves the in-space requirements imagined and

maximizes surface accuracy.
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Chapter 2

DOUBLE S-SPRINGS

Part of this chapter was adapted from the following publication:

George A. Popov and Sergio Pellegrino. Thermally stable method of attaching
precision thin films to deployable structures using high strain kirigami borders.
AIAA SCITECH 2026 Forum, page 1830, 2026. doi: 10.2514/6.2026-1830.

2.1 Introduction

Thin films made of Kapton, Mylar, or multilayer membranes perform necessary
functions as photovoltaic, structural, reflector, insulation, and transmission devices.
Examples include deployable solar sails such as IKAROS and LightSail, space
telescope sunshades such as in JWST, and space based solar power satellites [30—
35]. A specific focus of this research is the Caltech Space Solar Power Project
(SSPP), which uses thin films to achieve a multifunctional large area space structure

with solar cells and phased RF transmitters that require high surface accuracy [12].

Previously, thin films have largely been mounted using different types of direct
attachments, constant force cable tensioners, or corner localized springs ([22, 14,32,
36]). These methods lead to observable disadvantages, such as wrinkling, which can
lead to structural damage and/or the loss of surface accuracy ([37,38]). Mounting
films by utilizing springs only in the corners of a film also results in areal loss
if the film edges have to be shaped to prevent wrinkling. Also, there is a high
failure potential due to a low number of attachment points. An established way
of providing a continuous attachment is a shear compliant border as described by
Leifer, which involves cutting thin, parallel rectangular segments out of the edge of
a film ([39,40]).

In order to maintain surface accuracy and address issues exacerbated by large dif-
ferences in coefficients of thermal expansion (CTE), thin films must be prestressed.
This issue is especially challenging when trying to directly attach films to a support-
ing structure in order to maximize the surface area. For ultra lightweight structures,
such as the Caltech SSPP structure that utilizes a ladder of carbon fiber square

frames shown in Figure [2.1] this leads to manufacturing challenges. Thus, in order
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to develop large scale deployable space structures, it is necessary to have more

effective methods of continuously attaching thin films.

Figure 2.1: SSPP square unit cell showing a thin film mounted with double s-springs.

The inspiration to solve this challenge was found by looking at recent studies of
kirigami and other styles of cutting patterns to make structured two-dimensional
metamaterials with desirable properties. A variety of such patterns is shown in
Figure 2.2] For our application, kirigami sheets (used as springs) and Miura-Ori
inspired square cutting patterns (Figure [2.3]) are of particular interest ([41} 42]).
They exhibit interesting force responses under uniaxial tension: an initial buckling
load is reached, the film buckles locally and deforms in a soft manner until fully
extended, and then resumes further elastic deformation. This is a desirable behavior

as a relatively constant force can be maintained for large deformation after buckling.

However, in the case of these two existing cutting patterns, there are a few disadvan-
tages that make them unsuitable for mounting thin films on space structures. The
local buckling phenomena oftentimes result in out of plane offsets for the film, which
lead to surface inaccuracies and can initiate wrinkling. Also, these patterns only
maintain this behavior under uniaxial stretching, whereas accommodating thermal

expansion also necessitates lateral motion. Therefore, a kirigami spring, as shown
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Figure 2.2: Common kirigami patterns.
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Figure 2.3: Kirigami sheet spring (left) and square (right) cutting patterns under
small uniaxial tension.

in Figure 2.3] is only effective as a corner spring, and not as a continuous support
for an entire thin film edge. Additionally, in the case of the kirigami springs, the
cutting pattern requires a high modulus material such as steel to carry adequate
levels of prestress, but the square pattern is too stiff even for commonly used thin
films such as Kapton and Mylar. Finally, these patterns make sharp cuts in the film,
which can easily tear under load. Hence, a new cutting pattern was envisioned for

this application.

2.2 Double S-Spring Pattern
In order to overcome the limitations described above, the "double s-spring" pattern

pictured in Figure [2.4] is proposed. It consists of a single B-spline, rotated 4
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times to define a unit cell of two intersected "S"’s. In practice, corner fillets are
introduced where the splines meet in order to prevent stress concentrations that lead
to localized tearing. These proposed springs are sufficiently stiff to support the
pretension of membranes, although tolerant of stretch variations, and robust enough
to survive space based applications since their design prevents stress concentrations

and distributes loads effectively.

The spring geometry is controlled by three main parameters: the coordinate of the
B-spline’s control point, the width of the ribbon, and the overall length of the unit
cells. This makes it easy to tune and adapt to local features of the thin film, such
as electronic components that may emit more heat but require lower prestress. It is

also simple to manufacture via laser cutting.

B-Spline
Control Point Coordinates

Corner Filet

Ribbon Width

Figure 2.4: Single double s-spring unit cell.

The double s-spring works by mechanically stretching until there is enough tension
to form a local buckle, which then begins to twist the legs of the "S" out of plane. This
is in contrast to the patterns in Figure[2.3] which bend and rotate out of plane. Once
this motion is initiated, the spring can sustain large displacements with relatively
negligible force increases as it continues to deform elastically, similar to a ribbon
twisting. The edge of the pattern remains approximately planar. Once the "S" has
been fully extended, the pattern begins to stretch once again. In Figure regions
associated with these behaviors have been highlighted. The force vs. displacement

graph in Figure [2.8] shows the overall response.
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“S” Initial Flat State “S” Twisting Out of Plane
(Region 1) (Region 2)

S

Fully
Extended
(Region 3)

Figure 2.5: Mechanics of the double s-spring pattern with the "S" highlighted in
blue. A tessellated series of unit cells (left) is stretched by various amounts (right),
with the different states corresponding to the regions illustrated in Figure 2.§]

The experimental and numerical results presented in the next section indicate that,
due to the large displacement capacity of the localized post-buckling behavior, the
double s-spring cutting pattern can be used to achieve relatively constant and uniform

biaxial stress states in thin films.

2.3 Numerical Characterization of Double S-Springs

To investigate the double s-spring’s nonlinear and coupled behavior, its in-plane force
response was characterized as a function of both x and y deformations for a series of
parameters. Since behavior is coupled between several unit cells, a single unit cell
model of the pattern with periodic boundary conditions is not sufficient to capture the
full behavior. Thus, a multi-unit cell pattern was created for analysis. This analysis
was done by writing a Matlab script to generate the geometry, importing it into
Abaqus 2024, and conducting a post-buckling response analysis. For the example
presented, the parameters in Table 2.1 were used, with the thin film modeled as

Kapton, and the cutting pattern design shown in Figure[2.6]

The pattern uses a width of two unit cells in the x-direction. Two unit cells were
chosen to keep the areal loss minimal, but still retain full functionality of the attach-
ment scheme. Once a .dxf file was generated and imported into Abaqus, a planar
geometry was generated in 3D using S4R reduced integration thin-shell elements. A

buckling eigenvalue analysis was carried out with a small load initially applied along
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Parameter Value
Unit Cell Size 5 mm
Control Point Coordinate | (3.6, 3.2) mm
Ribbon Width 0.6 mm
Thin Film Modulus 2.67 GPa
Poisson Ratio 0.34
Thin Film Thickness 0.05 mm

Table 2.1: Selected design for numerical characterization example.
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Figure 2.6: Double s-spring design for numerical characterization example.

the edge in the x-direction. The edge region adjacent to the double s-spring region
was held fixed against translations in the x- and y-directions. The resulting first 10
buckling eigenmodes were then seeded into the model as imperfections using the
*IMPERFECTION command to carry out a post-buckling study, with a maximum
imperfection magnitude of half the thickness of the thin film. A mesh convergence
study was done for both of these steps, and a mesh element size of 0.1 mm was
chosen for the double s-springs and a 0.5 mm element size was chosen globally. An
imperfection sensitivity analysis was also conducted, with <3% maximum deviation
in the force response observed in the post-buckling analysis between all different

types of imperfections. Hence, a set of imperfections that yielded post-buckling
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behavior closest to experimental observations was chosen. As part of the charac-
terization, it was also observed that the average force per unit cell converges for a

length of 12 unit cells in the y-direction, which is the pattern shown in Figure 2.6
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Figure 2.7: Force response for the example double s-spring design, under x extension
and y shear.

The post-buckling analysis consisted of multiple repeated steps. First, the thin shell
springs were stretched in the x-direction by 2 mm (20% stretch), since this is approx-
imately where the spring begins to enter the third elastic regime described in Section
2.2. Additionally, assuming a 20 ppm/°C coeflicient of thermal expansion, this the
maximum amount of displacement a 1 meter film would need to accommodate at
each edge, assuming a 200 °C temperature change. Then, the spring was sheared
by +/-0.5 mm in the perpendicular direction, and returned to a no shear condition.
After this, the x-direction stretch was decreased, and the process was repeated. This
was done to ensure that the loading and unloading curves match. In the case of the
double s-springs, no significant hysteresis was observed in any load cycle in this

numerical simulation.
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Figure 2.8: Numerically calculated elastic force response of uniaxial stretching
of the unit cell of double s-springs in Figure 2.6 Three roughly linear regions are
identified corresponding to pre-buckling, post-buckling, and fully extended behavior
of the pattern.

The x-direction and y-direction force responses as a function of the edge displace-
ment are shown in Figure As desired, the force has little variation after the
initial buckling load until ~30% displacement, where it begins to sharply increase,
as shown in Figure [2.8] Due to the chirality of the double s-springs, there is a slight

asymmetry in the force behavior in the shear direction.

2.4 Influence of Design Parameters

Since the y-direction force response is an order of magnitude lower than the x-
direction forces, the effects of altering the geometry above of the double s-spring
can be seen most prominently in the uniaxial behavior in the x-direction. Three
desirable characteristics can be examined: the force per meter magnitude and force-
displacement slope in region 2, the displacement range of region 2, and the toughness
of the double s-spring. Figure [2.9) shows the general effect of moving the control
point on the uniaxial response, where decreasing the x-coordinate of the control point
can be weakly correlated to increasing the slope of the force response and decreasing
the displacement range. This is due to it increasing the relative "sharpness" of the
s-spring bends while keeping the total relative length of the bend the same. The

y control point affects the force response more strongly, where a lower y control
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Figure 2.9: Effect of shifting the control point location of the example double s-
spring on the uniaxial force response.

point value also increases the slope and magnitude of the force in region 2, due to it

having a greater effect on the total arc length of the "S."

The uniaxial force response is quite sensitive to the thickness of the film used for
a fixed unit cell size. Increasing the thickness even by a small amount results in a
large increase in the slope and magnitude of the force response, and also drastically

decreases the displacement range, as shown in Figure[2.10]

The effect of varying the width of the double s-spring ribbon is shown in Figure[2.T1}
the thicker the ribbon, the higher the force per meter and the lower the displacement
range. However, the width of the ribbon also has the greatest effect on the toughness

of the double s-springs, as discussed in the following section.

2.5 Toughness

The toughness of the double s-spring was evaluated with the *Plastic option in
Abaqus, and verified experimentally. In this study, toughness is defined as the
total amount of strain energy the double s-springs undergo before plastic yielding
is observed on any part of the film, since after this point, the loading curves will
change, and additional stretching will cause permanent deformation. Polymers like

Kapton are ductile, and the yielding behavior can be difficult to analyze since the
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Figure 2.10: Effect of changing the thin film thickness of the example double s-
spring on the uniaxial force response.
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Figure 2.11: Effect of changing the ribbon width of the example double s-spring
on the uniaxial force response. The results from both the purely elastic and plastic
numerical material models are shown.
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Figure 2.12: Effect of changing the ribbon width of the example double s-spring on
the toughness and yield load.

material may only visibly fail at very high displacements, despite suffering local
plastic deformation. Material properties for the Kapton 3% yield point were used
([43]). The comparison for the uniaxial loading curves between the plastic and
the elastic models in Abaqus for a series of various spring ribbon widths is shown
in Figure 2.11] Figure [2.12] shows that despite lower spring widths having more
desirable force response curves and higher toughness, a lower maximum load can
be sustained. This higher toughness is somewhat counterintuitive as more material
is cut away for lower width springs. However, smaller widths behave less stiffly and

more like ribbons, resulting in less localized strains.

Two types of experiments were done to verify the double s-spring behavior based
on the parameters in Table 2.1. Samples were manufactured via a laser cutter
from Kapton. Due to the thinness of the Kapton and the curved geometry of the
springs, there were sectors where the dwell time of the laser was relatively longer,
more material was ablated, and a slightly lower width than specified occurred (see
Appendix A for more details on manufacturing). In the first experiment, ten samples
were stretched on an Instron material testing machine continuously to failure. The
averaged measured response is shown in Figure [2.13] The measured behavior
falls between the 0.5 mm and 0.6 mm width parameters due to the imperfections

introduced in the laser cutting process. The second type of experiment stretched the
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Figure 2.13: Averaged experimental uniaxial loading response of the double s-spring
compared to the numerical plastic model. Snapshots of the spring are shown for
displacements of 0 mm, 1 mm, 2 mm, 3 mm, and 3.5 mm. The last value is right
before total failure occurs, and the pattern tears in the middle.

samples by increasing amounts to see the effect of plastic yielding on the uniaxial
force response, and verify where plastic deformation starts. Figure [2.14]shows how
the loading path has changed for a locally yielded spring after increasingly larger
previous displacements. Changes to the loading curve are observable after ~0.8
mm of displacement, similar to what is predicted by the Abaqus plastic model for a
0.6 mm width ribbon. The effect of the localized plastic deformation is especially
evident once the spring has been stretched into region 3. The localized deformation
acts as a large imperfection, eroding the sharpness of the transition between region
1 and region 2. However, the tail end of each curve falls onto the curve of the
first experiment, as expected, suggesting that additional cycles that reach the same
maximum displacement do not immediately cause further localized deformation.
Additionally, the slope of region 2 is not significantly affected, meaning that the

performance of the double s-spring is also not significantly degraded if the spring



22

60
= Test to failure -
—1 mm of previous displacement k
50 - =2 mm of previous displacement
=3 mm of previous displacement
€ 40 -
~
=
o}
=
g230
@
o
]
4
020
[N
‘IO L e
0 % | | | | | | | J
0 0.5 1 1.5 2 25 3 3.5 4

Displacement (mm)

Figure 2.14: Experimental measurements showing the effect of small and large
amounts of localized plastic yielding on the uniaxial loading curve of the double
s-spring.

is stretched to prestress a structure.

Finally, an experiment was done to demonstrate that pretensioned films attached
with double s-spring connections minimize wrinkling in mounted thin films. See
Chapter 4 for more details on this process. A 200 mm by 200 mm square of 50
pm thick Kapton had a 10 mm wide border of double s-springs cut into each edge,
speckled with a permanent marker using a Ziind cutter, pretensioned to a force of
6.6 N/m on each side using a series of weights and pulleys, and then bonded to a
carbon fiber composite structure as shown in Figure[2.15] Digital image correlation
(DIC) was then used to get a precise measurement of the surface of the membrane.
The maximum variation in the uncut membrane surface was observed along the
edges, with amplitudes of <100 um, or less than twice the thickness of the film,
demonstrating that a thin film prestressed with double s-springs undergoes no visible
wrinkling. The slight saddle shape observed in the image is due to the fact that the
battens and longerons of the frame are bonded on top of each other. Hence, to
minimize the offset created by this, the film was bonded on top of the left and right
edge, but below the top and bottom edge. This offset can be further corrected in

future designs by utilizing a spacer layer if necessitated by mission requirements.
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Similar experiments were also done using a hotplate to control the pretension while
bonding the film to an Invar frame, as shown in Figure [2.16] which also showcases
the local buckling of the double s-springs. These films had lower pretension, but
very similar surface accuracy results without additional local variations, such as the
saddle shape observed in Figure [2.13]

10.3

0.2

-0.1

-0.2

-0.3

Figure 2.15: Surface level plot obtained via DIC of a pretensioned film bonded to a
composite frame. The slight saddle shape observed is due to the film being bonded
on top of the left and right edges, but below the top and bottom edges.

2.6 Further Numerical Model Optimization

In Section 2.3, which describes the numerical simulations for a series of double
s-springs, models were created in MATLAB, and then imported into Abaqus 2024.
This import into Abaqus can be automated using Python scripting, which can also be
used to apply boundary conditions, mesh the assembly, and run a simulation. This

approach is appropriate for simulating small strips of double s-springs. However,
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Figure 2.16: Local image of a pretensioned film bonded to an Invar frame. Note the
mild stretching and local buckling of the double s-springs.

a more robust approach is preferred for a more general set of spring geometry
parameters. For a larger set of control point coordinates and width parameter
combinations, there becomes a sharper bend in the elbow of the double s-spring,
resulting in a self-intersecting geometry, as shown in Figure [2.17] among other
phenomena that make it difficult to parse the imported geometry in Abaqus, and
requires manual intervention in this otherwise automated pipeline. This type of
geometric error can oftentimes be fixed using SolidWorks to extrude the DXF and
merge the separated domains. However, this additional step can be time-consuming
due to the large amount of points used to define the geometry regardless of hardware
resources. Even if the geometry is successfully imported afterwards, it still has to be
meshed in Abaqus, which is not always successful, and is once again time intensive.
Additionally, if a set of geometric parameters is known to work well for a given mesh
size, occasionally additional issues arise during mesh refinement studies as well due
to Abaqus’s meshing methodology. Finally, for larger geometries, like the ones used
to verify the results of the reduced order model described in the following section,
it is computationally inefficient to design and import them into Abaqus. Hence, in
order to efficiently optimize the double s-springs parameters for a given design goal,
and be able to effectively iterate through simulations, it is computationally necessary

to further streamline the methods used to generate and evaluate double s-springs.

The approach developed to tackle the above concerns is to form and mesh the
geometry in a single software. An open source software, GMSH was chosen for

this. GMSH allows for the creation of a manifold double s-spring geometry and
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Figure 2.17: Self-intersection of geometry producing an import error and meshing
difficulties for a higher control point coordinate and width combination.

)

mesh, and exports it with predefined node and element sets as an Abaqus input file
(.inp) (among a plethora of other potential options). Predefining the sets allows
for an easy assignment of boundary conditions and material properties, relieving
some of the difficulties associated with handling orphan meshes in Abaqus. GMSH
generates the geometry natively and meshes it using its own geometric code (.geo).
GMSH can also alternatively be scripted via Python, C++, Julia, and FORTRAN
APIs for more advanced operations. By creating and meshing the geometry in
GMSH as opposed to MATLAB, many errors such as the self intersection case in
Figure [2.1°7| can be resolved outside of Abaqus without the use of additional tools
such as SolidWorks. GMSH iterates geometric parameters and associated meshes
much faster, since the DXF export from MATLAB generates curves via a series of
discretized points, as opposed to encoding information as a series of both points
and curves, resulting in extremely unoptimized files and computationally intense
meshing requirements. Exporting these point based geometries in Abaqus also
results in the meshing algorithm attempting to create a mesh node at each point,
meaning a careful balance is needed between enough points to properly represent a
small radius (such as the fillets in the model), but not create an excessive number of
elements or overly constrain the mesh. By meshing the native geometry immediately,
the generation and meshing of Figure is reduced to ~30 seconds from a couple

hours for an inefficient set of parameters for a 20 cm x 20 cm film. Figure[2.18|shows
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such a relatively well defined and meshed geometry as imported into Abaqus from

GMSH which would normally suffer the self-intersection shown in Figure[2.17]

Figure 2.18: 519378 element locally refined mesh from a 20 cm X 20 cm unit cell
film used in Abaqus via an input file generated in GMSH. The right image is a
magnified view of the border.

The input file can then be directly run in Abaqus once simulation steps and material
domains/properties are properly defined in it. This can be done using a simple
Python script automating the modification and execution of these files. Following
these definitions, it is simple to seed imperfections, evaluate surface accuracy, or
run thermal-displacement simulations to evaluate and iterate the behavior of the
springs either as done previously, or characterize their applied performance in larger
structures, such as the one illustrated in Figure m and described in the following

sections.

2.7 Reduced Order Modeling of Double S-Springs

While the optimization of the model creation in the preceding section greatly re-
duces computational effort in preparing simulations to evaluate double s-springs,
such simulations still can be computationally expensive. Additionally, while for
small strips double s-springs are not particularly sensitive to the chosen imperfec-
tions, for larger groups of double s-springs poorly chosen imperfections face con-
vergence difficulties. This can be addressed by employing a reduced-order model to
further investigate the effects of double s-springs on supported films and mounting
structures. Due to the thinness of the ribbons that make up the springs, they require

many mesh elements to define a full-resolution model, even when using 2D shell
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elements. In the example presented in section 2.3, each unit cell shown required 999
elements. For a 1 m x 1 m structure, this means that 1.6 million elements would be
needed just to model the double s-spring pattern (ignoring the film or frame), and
large scale simulations would be unreasonably expensive. CONN3D2 elements in
Abaqus provide a solution to this, while also removing the need for seeding imper-
fections to obtain spring behavior. CONN3D2 elements can be defined to capture
the coupled, nonlinear, multidimensional behavior of double s-springs in the space
between two nodes, as well as be assigned reference lengths to quickly apply initial
prestress to a structure. Reducing the elements necessary and removing the need
for a series of simulations to evaluate parameters greatly increases computational

efficiency, and thus helps further guide the optimization of the parameters presented.

A CONN3D2 element can be used to define double s-spring behavior at several
different levels of detail. By taking the information displayed in Figure as sets
of tabulated values and assigning it to a CONN3D2 element with CARTESIAN
type behavior, and assigning a nominal bending stiffness of the membrane in the z
direction based on the film thickness and width to constrain out of plane motion,
the full behavior of the double s-spring is captured at a unit cell pair level. This
is verified simply by creating two nodes assigning a local coordinate system, and
applying forces and displacements to one of them, and measuring corresponding
reaction forces at the other node. Optionally, it is also possible to constrain the
rotation of these two nodes to follow each other using either the ALIGN type
connection definition, or prescribing a rotational stiffness corresponding to the
torsional and bending stiffnesses of the film. This was found to not significantly
affect the output in the evaluation below. For less detail, uncoupled behavior or
single direction definition of the double s-spring can be used. AXIAL connector
types were found to be an inappropriate choice for this model, as they yield stress

distributions inconsistent with analytical estimates and the high fidelity model below.

However, there are a couple of caveats that need to be addressed when utilizing
multidimensionally coupled nonlinear CONN3D2 elements. First, as with most
implicit analyses, even static ones, Abaqus utilizes a time step increment to solve the
underlying matrices and PDEs. For parts connected with only CONN3D2 elements,
such as illustrated in Figure[2.19] this solution is prone to struggling with rigid body
modes and calculating the resulting forces, since it attempts to obtain a solution
by solving them as a quasistatic spring mass system with some velocity. Hence,

in order to obtain a convergent solution, the connectors also are required to have a
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damping value prescribed to them. The magnitude of this value in this section was
chosen to be 0.01 Ns/m in all directions. This value’s magnitude does not affect the
solution as long as it is high enough to converge the solution, but not excessive as to
over damp the solver for the time step increments prescribed. For values up to 1000
Ns/m, the solution obtained was identical, hence the smallest value that consistently

converged the simulation was used.

Figure 2.19: Reduced order model mesh from a 20 cm X 20 cm unit cell film
used in Abaqus. The right image is a magnified view of the border. In contrast to
Figure 2.18] each spring pair is modeled by a single CONN3D2 connector element
(dashed line), and the mesh of the film contains less elements. The external solid line
is comprised of beam elements to provide nodes to attach the connector elements.

Another caveat is that Node A (local orientation node) is much easier computation-
ally to move than Node B, since the local orientation at node B is ignored. Hence,
for the model in Figure[2.19] Node A is both preferred logically and computationally
to be the node on the film. In fact, despite that the node on the defined frame is
fully constrained in this set of simulations, choosing it as Node A would result in a
failure to converge. Using PROJECTION CARTESIAN instead of CARTESIAN or
removing the coupling both solve this. Due to the way that PROJECTION CARTE-
SIAN calculates the local directions and the additional computational expense, the
latter method is preferred. As seen below in Figures [2.20] 2.21] and 2.22] and can
be predicted by the fact that the asymmetry in Figure is rather low, the effect

of removing the coupling is minimal on the stress magnitude prediction, but is

occasionally necessary for predicting more precisely the overall stress distribution.

Having acknowledged the potential limitations of the reduced order model, its
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Figure 2.20: Maximum in-plane principal stresses; a) scale, b) high fidelity model, c)
reduced order model (ROM) with coupled nonlinear CONN3D2 elements, d) ROM
with coupled nonlinear CONN3D2 elements in opposing directions, €) ROM with

uncoupled nonlinear CONN3D?2 elements, f) ROM with unidirectional nonlinear
CONN3D?2 elements

e
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Figure 2.21: Closer look at the stress distributions of the maximum in-plane principal
stresses for the reduced order models; a) scale, b) reduced order model (ROM)
with coupled nonlinear CONN3D2 elements, c¢) ROM with uncoupled nonlinear
CONN3D2 elements, d) ROM with unidirectional nonlinear CONN3D?2 elements

performance can be evaluated in comparison to a high fidelity model. The high
fidelity model was generated using GMSH as described in the previous section, and
consists purely of S4RT elements. Instead of seeding geometric imperfections as
described for the 2 X 12 unit cell samples, this time an initial *STATIC displacement
step was done with moments applied in the spring region to stimulate the post-
buckling behavior along the edges. While geometric imperfections would have
provided similar results, this method allows for an analytic set of functions to be
used (such as a sine series), allowing for iterations of different imperfections to be run
more efficiently for this specific model. A mesh convergence was also performed.
The edge regions outside of the springs were fully constrained. The center region,
the film itself, then has a temperature applied to it (-100 °C) in order to induce
a uniform thermal strain throughout the whole model, and displace the springs,
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Figure 2.22: Minimum in-plane principal stresses; a) scale, b) high fidelity model, c)
reduced order model (ROM) with coupled nonlinear CONN3D2 elements, d) ROM
with coupled nonlinear CONN3D2 elements in opposing directions, €) ROM with
uncoupled nonlinear CONN3D?2 elements, f) ROM with unidirectional nonlinear
CONN3D2 elements
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while the applied moment boundary condition is removed. This is equivalent to an
in-space application with no initial prestress, and results in a similar pretension to

the start of region 2 described in Figure 2.§]

For the reduced order model, shown in Figure[2.19] a similar procedure was applied.
This assembly consists of a grid of 288 x 288 (82944) S4T shell elements, 36 x 4
(144) CONN3D2 connector elements, and 320 B21 beam elements for the frame
edges. The beam elements are fully constrained, similar to the edges of the high
fidelity model, and the S4T elements simply have a thermal load of -100 °C applied
to them. The film has slight geometric imperfections (maximum amplitude is
approximately the film’s thickness) based on the first 20 eigenmodes applied to it as
well in order to permit wrinkling if it should occur. This size model was also found
to be convergent for the majority of the studies conducted, but under much higher
stress states, it is necessary to also distribute the nodal forces of the connectors to
nearby nodes to obtain accurate results. The time to run the reduced order model is
typically under 30 minutes, whereas the high fidelity model takes approximately 12

hours.

Figures [2.20} [2.21] and 2.22] show the maximum and minimal principal stress dis-

tributions. As can be seen, 4 cases besides the high fidelity model were examined:
fully-coupled connector elements, fully-coupled connector elements with half of
the elements orientated in the opposite direction along each edge starting from the
middle of the edge, uncoupled connector elements, and uncoupled connector ele-
ments with only the dominant (x-direction) behavior modeled. The maximum and
minimal principal stresses were chosen as the metrics of interest as examining them
provides information on both the presence of biaxial prestress and its uniformity. If
compression is observed anywhere in the film, it is also a sign that it is likely to form
wrinkles. The out of plane displacement was also measured to see if any wrinkles

did indeed occur, and if so, how large their magnitudes are.

As can be seen in the graphs, the reduced order model with the coupled connector
elements provides the best analog for the high fidelity model, as expected. It does
a particularly useful job at modeling the maximum principal stress, and as such
effectively allows for numerical experimentation on how to utilize the asymmetry of
the double s-springs to more uniformly pretension the suspended membrane, such
as by flipping the orientation of some elements. This results in a more uniform and
equal distribution of the minimum principal stress as well, resulting in a more biaxial

stress state. The uncoupled models do an adequate job of roughly estimating the
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stress, but especially in the unidirectional case, fail to match the exact distribution
well, further underlining the benefit of the multidimensional nature of the double
s-springs. No wrinkling in any of the models was observed, and outside of the out
of plane displacement in the actuated springs of the high fidelity model (and for a
very small amount of the film adjacent to them), all out of plane displacements were
less than the thickness of the film.

2.8 Double S-Spring Conclusion

Double s-springs, inspired by kirigami cutting patterns, offer a unique, thermally
stable solution for continuously attaching thin films onto space structures. A numer-
ical characterization and analysis of their multidimensional behavior was conducted.
Unlike previous patterns found in the literature, they avoid sharp cuts and large out
of plane buckling. This leads to them being able to handle large local strains, global
displacements, and prestressing without tearing, as well as maintaining biaxial pre-
stress and high surface accuracy under thermal strains, as shown by experimental
and numerical studies. They are shown to minimize areal loss, be easily manufac-
turable, robust, and widely adaptable for a variety of potential scenarios through a
small amount of tunable parameters. The y-direction behavior is beneficial, as it is
a relatively low force compared to the x-direction, and two sets of opposing patterns
can be used on a single edge to help better maintain constant biaxial prestress and de-
ter subsequent wrinkling. The effect of various tunable parameters on the dominant
behavior of the double s-springs was also discussed, and they were shown to have
a high toughness. The study of these parameters showed clear design optimization
trade-offs, such as stiffer springs typically having lower maximum displacements,
and springs that were able to withstand higher strain energy before plastically yield-
ing having lower yield forces. Experimental performance of the double s-springs
was found to be well predicted by numerical simulation, and used to further inves-
tigate the effect of localized plastic yielding, showing that double s-springs remain
functional even despite local deformations. It was also shown experimentally that
their multidimensional behavior successfully minimizes the formation of wrinkles

under prestressing.

Besides providing a thermally stable continuous edge connection for pretensioning,
double s-springs show merit in other space based applications. Their ability to
facilitate high displacements and strains lends itself well to folding structures, such
as the composite toroid, where traditional methods would either be too bulky or fail

during packaging ([44]). This application is discussed further in Chapter 5. Their
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tunability also allows for thermally dissimilar or active elements to be accommo-
dated by varying the double s-spring unit cells adjacent to them, such that stresses
are distributed evenly, or in the case of more fragile components, diminished. Fur-
thermore, double s-springs can be placed not just along the edges of a membrane,

but utilized throughout to help further support and decouple components.

Finally, there are several future research vectors that have merit for double s-springs.
Further experimental testing of the double s-spring under thermal loading may be
done to determine the cyclic durability under extreme conditions, for which a creep
model may also be developed, since a deployment for just a 2 year mission in low
Earth orbit would likely require 10,000+ thermal cycles. Alternative materials could
be investigated for their durability under space conditions, as well implementing
elements such as wiring to pass through the ribbons. Similarly, it is worthwhile to
investigate other parameters of the double s-spring such as the effects of the unit
cell size, distribution of the chirality of elements, and material modulus in order to
further optimize their characteristics/implementation. For the reduced order model
developed, it would also be beneficial to validate it for loads higher than -100 °C,

and in particular large displacements or pretensions.
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Chapter 3

BUCKLING OF RIGID FRAME UNIT CELL

Part of this chapter was adapted from the following publications:

George A. Popov and Sergio Pellegrino. Torsional stability of deployable space
structures supporting prestressed thin films. AIAA SCITECH 2025 Forum, page
0186, 2025. doi: 10.2514/6.2025-0186.

George A. Popov and Sergio Pellegrino. Torsional stability of compliant deployable
space structure frames supporting prestressed thin films. [In Preparation], 2026.

3.1 Introduction

Ultralight space structures for applications such as space based solar power re-
quire very large planar surfaces to be deployed in orbit. Current deployable space
structures technologies ([5) (14} 45]) do not meet the mass, precision, and volume
launch constraints to make these applications economically and physically viable.
Hence, recent missions such as the Caltech Space Solar Power Project (SSPP) ([46])

envisage prestressed thin films mounted onto flexible deployable structures.

To achieve high surface accuracy and stability, thin films require sufficient biaxial
prestress levels and attachment to supporting deployable structures. This prestress
must be maintained across the range of temperatures and thermal gradients that occur
in orbit. This is difficult to implement since the films and structures are made from
materials with dissimilar coeflicients of thermal expansion (CTE). A fundamental
limitation is that the prestressing loads applied by the film to the deployable structure
have the effect of reducing its stability, and torsional buckling occurs at relatively
low prestress levels, even if the structural members are designed with a sufficient

margin against the Euler buckling load.

Thus, it is crucial to investigate the stability of thin films attached to compliant
deployable space structures. Currently, membranes are either directly attached
to frames or integrated via soft corner springs. Directly attaching membranes
to non-stiff frames results in overall buckling ([25]). This is advantageous for
creating multi-stable periodic structures, but it is unacceptable when flat surfaces
are required ([47]). Corner springs provide a limited number of connection points,

which increases the design and integration complexity, and hinders deployment
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Figure 3.1: Unit Cell Outline ([1]]).

([2]). Hence, it is advantageous to consider mounting thin films using a series of

distributed edge springs as opposed to corner springs.

Figure [3.1]shows the deployable SSPP prototype concept, from which a representa-
tive single square unit cell frame has been extracted ([12]). It is critical to develop
a conceptual understanding of the fundamental implications of different attachment
schemes. As this unit cell is loaded by internal forces, its critical buckling load
and post-buckling behavior depend on how the loading condition “follows” the

deformation of the structure.

In this chapter, the unit cell of the SSPP will be modeled as a square frame of four
rigid rods connected by frictionless hinges with linear-elastic torsional springs at
the corners, attached to an internal, prestressed film that applies either concentrated
corner forces or uniformly distributed loads on the frame. Both fixed-direction

forces and “follower” forces will be considered.

The specific four cases that are focused on in this chapter are shown in Figure [3.2]
where in cases A and B the prestress acts in fixed directions, and in cases C and D

the prestress follows the deformation of the frame.

3.2 Analytic Derivation of Buckling Loads via Adjacent Equilibrium

There are several methods to solving for the critical buckling load P,,;; of a structure
knowing its initial and deformed configurations, such as the (adjacent) equilibrium
method, using energy, or creating an eigenvalue problem. This section will derive

the critical buckling value of the prestress for the four cases using the simplest
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Figure 3.2: Four loading cases that are studied. A: Fixed direction corner forces.
B: Fixed direction distributed load. C: Corner prestress applied by internal rods. D:
Distributed prestress applied by biaxially-stressed membrane.

method, which is the aforementioned (adjacent) equilibrium method ([48, 49]),
which considers the equilibrium of the prestressed structure in an infinitesimally
buckled configuration and then imposes the condition that the structure should be
in equilibrium without additional loads. The first step in this study is the derivation

of the critical buckling load for the four different loading cases in Figure [3.2]

The structure consists of four rods of equal length L, connected by cylindrical joints
and torsional springs of stiffness k at the corners, as shown in Figure [3.3] Note
that this structure has a single degree of freedom which, for infinitesimally small
deformation, allows it to be deformed in the twisted shape shown in Figure 3.4] A

further detailed discussion of this buckling mode will be presented in Chapter 3.3.

Note that in cases A and C, P is the value of the corner prestressing forces and the

corresponding axial compression, C, in the rods can be calculated as:

C=— 3.1
N (3.1

In cases B and D the axial compression in the rods that corresponds to the distributed
prestress p can be calculated as:

_prL
2

C (3.2)

The following preliminary results will enable the derivations for the four cases to

proceed more quickly.

First, the square frame admits the aforementioned torsional buckling mode shown
in Figure [3.3] Here the corner rotations, 6, can be obtained from Figure [3.4] The
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analysis is quite subtle and is based on noticing that the hinge axes through the

center point of the frame, O, when the frame is buckled. From the figure, it can be

shown that:
0
= — 33
@=7 7 (3.3)
2V26
B =V2a = % 3.4)
and, most importantly:
2V26
0 = Vo = 2V (3.5)

Figure 3.4: Angles needed to calculate hinge rotation.

Second, the vertical forces, Fi, required to hold the square frame in the deformed
configuration shown in Figure [3.5] which are related to the hinge rotations and the
spring stiffness, can be calculated using the equation of virtual work. They have

magnitude:

0
Fi = SkE (3.6)
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Figure 3.5: Vertical forces required to hold the frame in the buckled configuration.

Third, the vertical forces, F;, required to hold a rod of the square frame, carrying

an axial prestress C, in the buckled configuration shown in Figure [3.6|are given by

5
F=2C (3.7)

vF
_%*/L S
F

2

Figure 3.6: Vertical forces required to hold a prestressed rod of the square frame in
the buckled configuration.

Fixed Direction Corner Force (Case A)
In this case, the prestressing forces P on the frame do not change direction when
the frame buckles and hence do not apply a vertical force component to the joint.

Hence, the vertical equilibrium equation for a joint in the buckled configuration is:
F1-2F,=0 (3.8)

Substituting Eq.[3.6/and Eq. [3.7]into Eq. [3.8] gives:

0 0
8k— —4C= =0 3.
E CL (3.9
and substituting Eq. [3.1] gives
0 0
k— —2V2P— = 1
8 2 V2 I 0 (3.10)
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which can be solved for P to find the critical value of P:

k
Peis = 2\/52 (3.11)
The corresponding critical compression in the rods of the square frame is
k
Cerie =27 (3.12)

Fixed Direction Distributed Load (Case B)

In this case, the prestressing distributed along each edge also does not change
direction when the frame buckles. Hence, the derivation in the previous section is
still valid with the only difference that Eq.[3.2]is used instead of Eq.[3.1] Accounting

for this difference, the critical distributed prestress is

k
Perit = 4ﬁ (3.13)
and the corresponding critical compression in the rods of the square frame matches
and is .
Ccrit = ZZ (314)

Follower Corner Prestress Applied by Diagonal Rods (Case C)

In this case, the diagonal rods connected via spherical joints apply follower forces on
the frame, which have non-zero vertical components that contribute to the equation
of equilibrium in the buckled configuration. This case serves to approximate a corner
spring attachment scheme. The vertical force component, F3, has been analyzed in

Figure[3.7] and the following expression was obtained:

5
Fs = x/EPZ (3.15)

17,
4_6,

L/N2 p

Figure 3.7: Vertical forces required to hold a prestressed diagonal rod in the buckled
configuration.

In this case the vertical equilibrium equation for a joint in the buckled configuration
is:
Fi-2F,+F;=0 (316)
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which, proceeding as above, leads to the critical prestress:
k
Perir = 4\/5Z (3.17)

and the corresponding critical compression in the rods of the square frame is

k
Ccrit = 4z (318)

Follower Distributed Prestress Applied by Membrane (Case D)
In this case, the internal membrane applies follower distributed forces on the frame,
which have non-zero vertical components that contribute to the equation of equi-
librium in the buckled configuration. The vertical force component, F3, shown in
Figure [3.8]is given by:

F3=p= (3.19)

Figure 3.8: Vertical forces required to hold a prestressed membrane in the buckled
configuration.

The vertical equilibrium equation for a joint in the buckled configuration is:
Fi-2F,+F3=0 (3.20)

which leads to the critical prestress:

k
Perit = SE (3.21)
and the corresponding critical compression in the rods of the square frame is

k
Cerir = 4Z (3.22)
3.3 Analytic Derivation of Buckling Loads via an Energy Method

For this analytical analysis, the first step is the derivation of the critical buckling

load for the four different loading cases in Figure [3.2] and then generalizing to an
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arbitrary mixed force loading scenario. As before, the structure consists of four rods
of equal length L, connected by cylindrical joints at 45 degrees to the edges and
torsional springs of stiffness k at the corners, as shown in Figure [3.9] There are
two primary instability mode shapes in the simplified structure presented with the
same lowest eigenvalue regardless of how in-plane forces are applied, assuming that
the edge rods are significantly rigid compared to the corner connections represented
by the torsional springs. The first mode is a simple "axial folding" mode, where
the structure folds in half across diagonally through either of the opposing hinge
pairs, but not simultaneously both. The second mode is a similar but slightly more
complicated infinitesimally small deformation mode, used in the previous section,
which can be visualized as two opposing corners raising and the other two corners
lowering, as shown in Figure 3.9 Upon careful inspection, when linearized for
infinitesimal displacements, the "axial folding" and "corner displacement" modes
are actually mathematically identical. The post-buckling loading path follows the
former "axial folding" mode, since both pair of opposing hinges cannot rotate
simultaneously, but the second infinitesimal "corner displacement" representation
is useful for calculating a generalized buckling load as will be shown in the latter
part of this section. It is also helpful in creating a general theory that shows that the
critical buckling load can be expressed as a constant critical compression value for
a given structure that is agnostic of the exact loading distribution, dependent only

on the type of loading applied.

(i)

Figure 3.9: i. "Axial folding" mode and ii. "Corner displacement" mode.

The following preliminary results hold true in general for the four cases, independent
of whether a "fixed" or "follower" load is applied. In this study, a "fixed" load is used
to refer to the type of applied force in cases A and B, where its vector direction does
not change in reference to the global frame as the structure deforms. A "follower"
load is used to describe cases C and D, where the direction of the forces applied
by an internal pretension change direction as the structure deforms. This vector is

assumed to always point along the saddle formed by the twisting of the structure.
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Note that in cases A and C, P is the value of the corner prestressing forces and the

corresponding axial compression, C, in the rods can be calculated as:

C=— 3.23
N (3.23)

In cases B and D the axial compression in the rods that corresponds to the distributed
prestress p can be calculated as:
pL

€= (3.24)

This formulation will allow us to quickly calculate the buckling critical compression

C.,i in the loading cases presented, the same as in the previous section.

Derivation of Buckling Loads for the Four Simple Cases

There are several methods to solving for the critical buckling load P,,;; of a structure
knowing its initial and deformed configurations, such as the (adjacent) equilibrium
method or creating an eigenvalue problem. In this section, the most classic method-
ology, an energy approach, is used, where the total potential energy of the structure
is calculated, and then the second derivative is examined in order to find an inflection
point that signifies a buckling load being reached, and the structure transitioning

from a stable to unstable configuration. The formula for this is as follows:
n=v-w (3.25)

In the axial folding case of motion of the simplified model, the only strain energy is
due to moments in the springs, and the work applied by the in-plane forces, which

can be represented by a force "P," traveling a distance u leading to:
1
IT= EMG — Pu (3.26)

Which is the classic formulation for the case of an axially loaded rigid bar mounted
on a torsional spring. Hence, by looking at just half of the structure along its
diagonal and taking that the work displacement is equal to u = /(1 — cos(6)) and
linearizing u as u = [ 92—2 due to the small displacement, we arrive at:

1, 1

Il = —K6* — —PI6? 3.27
> > (3.27)

Where taking the second derivative and setting it to zero to find the inflection point

= = .
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K
Perir = 7 (3.29)

Where for all cases K = 2k (the two springs lying on the diagonal) and / = %
(location of the applied force) for case A. Hence for just the corner loading of the
frame: N
2V2k
Perip = —— (3.30)
L
and plugging in Eq.[3.23}
2k
Cerit = f (3.31)

Similarly, in the case of the distributed fixed direction edge load, we can integrate

the load along the edge to find the corresponding work term:

pL?

L/V2
W = / pl(1 —cos(0))dl = —(1 —cos(6)) (3.32)
0 4

And plugging it into Eq. [3.27] and then linearizing and taking the second derivative

as before we can find that:

4k
Perit = 75 (3.33)
and plugging in Eq. [3.24] we again get the same critical compression as Case A:
2k
Cerit = f (3.34)

For the next set of cases (C and D), a follower force is used instead of a fixed force.
The structure can be examined exactly as in the previous two cases A and B, but
with one small caveat, which can be observed by looking at the symmetry of the
buckled structure, shown in Figure [3.10] assuming equal contraction of the interior
rods. For the same amount of infinitesimal displacement u as before, the work done
is now a smaller component, u = [(1 — cos(%)) =) 94—2 due to the rotation of the
force vector P. Hence, Eq. now becomes instead:

1 1
Il = —K6*> — - PI§? :
S Ko = 2 Plo (3.35)

However, the forces applied and their locations remain the same, as does the work
integral besides the angle dependent term. Hence, after finding the second deriva-
tives for the follower load cases (C and D) the critical buckling loads are simply
half of the ones for the fixed direction loading cases (A and B), as is the critical
compression (which is the same for both, and next will be shown to be the same for

all follower loads):
42k

crit = T (336)
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— Fixed Force
Follower Force

Figure 3.10: Direction of forces in axial folding mode.

8k

Perit = ﬁ (337)
4k
Cerit = f (3.38)

Generalized Critical Buckling and Critical Compressive Loads

One particular advantage of using the energy method is that it allows for a generalized
nonsymmetric load case, which can be used to prove the fact that the critical
compression value is that same regardless of how it is achieved. As discussed
previously, there are two possible buckling mode shapes that lead to the same lowest
critical buckling value for the structure presented. The second infinitesimal "corner
displacement" mode shape, labeled in Figure [3.11]is particularly useful as it allows
the calculation of the buckling load for a set of arbitrarily applied in-plane loads.
Here the whole structure is examined instead of just half. Eq.[3.25]is once again
used, and the strain energy term is defined as just the energy stored in the corner

springs:

U= 4(%1&)2) (3.39)

By looking at Figure and assuming small displacements §, we can observe
that i arbitrary forces P }; c;(cos; + u;ising;) (where c; are relative scaling factors

between the forces, ¢; are angles of the force from the normal of the edge, and y;
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Figure 3.11: Angles needed to calculate hinge rotation.

are the scaling fractions of how far that the force is applied from an edge center) do

work in-plane as defined for the fixed loading case:

Wtixea = P Zl: ci(cosp; + u;sing;)L(1 — cos%) (3.40)

—

Figure 3.12: Fixed force P applied in the "corner displacement" mode.

From Figure [3.11] we can also note that since the rigid rods provide a kinematic
constraint, the angle which the torsion springs bend, 6, can be related to the other
angles in the figure as 6 = V2a = 8 = 2y, which allows us to take the derivative.
Taking the difference between equations [3.39| and [3.40] and once again performing

the second derivative, we obtain that:

dz_n_4k_lpzc~(cos¢~+ -sin¢-)Lcos(£) (3.41)
de? 2 £ (T V2 '



47

and linearizing cos(%) = ] and solving for P

k 8

P.. =—
T Yici(cosg; + u;sing;)

(3.42)

There are two important caveats to be noted in this result. If, for example, only a
single force is being applied, the structure will be subject to just a rigid body motion,
and will obviously not buckle. Hence, the forces being applied must be balanced
with each other, or else they will not contribute to the buckling load. Secondly,
forces can also cancel out a buckling effect. If compressive loads are applied in
some locations, and tensile loads elsewhere, such as if two balanced moment force
pairs are applied on either side of the structure, the structure will not buckle in this
mode. Additionally, by taking i = 4,¢; = 1, and ¢; = 7, we recover the result for
case A of P, = 2\5% Similarly, replacing the sum with an integral can be used

to recover the result for case B.

In order to derive the compression critical load, we can make the assumption that
each force in the structure Pc;(cos; + u;sing;) is balanced by another force located
somewhere else in the structure to prevent rigid body motions. Looking at a sum of
such forces, the average compression within the structure due to this force pair can
be quickly derived, yielding the same result as before (Eq. and Eq.[3.34):

_ forcesineach side X side length
B total length of sides

LY, ci(cosp; + pising;) 2k
AL L

C

(3.43)

Ccril = Perir (344)

The case of the follower force can be derived using the same procedure. Here there
is one additional component in the out of plane direction as the vector rotates. In the
fixed force case, the force vector does not rotate, and thus P = P;,_,j4,. by default.
The out of plane component can also be assumed to be negligible in the derivation
for the follower as well, and P can be approximated as just P;;,—pjane. For the sake of
generality, the following derivation will not make this assumption. However, since
a follower force necessarily acts inside the structure, as illustrated in Figure [3.13]

we will assume that the forces act as a pair:
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Wfollower = PZ Ci(2COS¢i + (,ui - /li)Sinﬁbi)(Sin(%) X LSin(%) - COS(%)

x L(1 - cos(%)))) (3.45)

Figure 3.13: Follower force pair P applied in the "corner displacement" mode.

and once again combining eq.[3.39|with this result and taking the second derivative:

d*11 1
ik 4k — §P ZI: ci(2cosg; + (u; — /l,-)sinQS,-)Lcos(%) (3.46)
which leads to:
k 32
Pcrit = (347)

LY, ci(2cosg; + (ui — A;)sing;)

The result for case C can be derived by havingi = 2,¢; = 1, and ¢; = 7:

32 \/5E (3.48)

—4
(2V2 + (2)V2) L

and for case D by integrating over the sides. The derivation for the critical compres-

Pcrit =

ol oy

sion for a follower force can be done the same as in eq. [3.44] but this time noting a
minor difference in that force P as drawn in Figure is applied to two places on
the structure. Taking care of this, we demonstrate that for any set of internal forces

applied, the critical load of the average compression in the structure is invariant:
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L .
5 2i(2cose; + (i — A;)sing; 4k
Cerit = Peris 2 Z ( ¢ 4£M ) ¢) = f (349)

One detail to note in the derivation for the "corner displacement” variation presented
is the paradox of when a force is applied at the middle of an edge. In this case,
calculating the displacement for the work with 8 versus y may initially seem to be
a bit arbitrary, since the force moves identically as function of 6 in this case. In
order to resolve this potential discrepancy, we can either move the applied for an
infinitesimal amount away from the center, or refer back to the actual post-buckling
path the structure assumes, and do a similar derivation with the "axial folding" mode

as in the previous subsection just for this unique case.

Finally, the derivation utilizing the energy method is not limited to a square frame
geometry. The same derivation steps used can be extended to rectangular frames
for example, or frames with unequal internal angles, as long as the buckling mode
remains the same and the assumption that opposing hinges are collinear holds, such
that this buckling mode can be achieved to at least the first order approximation.
If the ratio of the side lengths becomes exceedingly large, this derivation will also
be an unreasonable estimate of the buckling mode as well. A simple example via
the "axial folding" version of the buckling mode (Figure [3.10)) for corner forces in
a rectangle with side lengths a and b is illustrated in Figure [3.14] where the fold
line is illustrated in the blue dashed line, and only one of the four forces applied is
pictured. [ = ab/ Va2 + b2 in this scenario, and P is scaled by the cosine of the
angle between the line of / and the diagonal of the rectangle. This scalar can also

be calculated as sin(arctan(a/b)) = agiiz. Hence, the results for fixed and follower

forces are in Eq. and Eq. respectively:

2k k(a® + b%)>
Pcrit = ab Zab = 2b2 ) (3.50)
Valsi? a2+ ¢
4k 2k(a® + b2)>
Pcril = (lb Zab = ( 2b2 ) (3.51)
Vairi? 2+ ¢

Which, for the case of a = b = L, recover the results for the case of the square

frame.
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Figure 3.14: Diagram of a rectangular frame version of the buckling calculation.
The other three forces and corner springs are omitted for visual clarity.

3.4 Buckling Load Numerical Simulations

In order to verify the analytic results for square frames, the finite element software
Abaqus 2024 was used to conduct a series of numerical buckling and post-buckling
analyses to match the four cases considered in the previous section. A 0.343 m by
0.343 m square frame was modeled with 2, 0.1715 m long B32 beam elements per
side (8 elements in total). Four diagonal wires, modeled with CONN3D2 connector
elements of O length, were used to connect the beam element nodes within each
of the corners to define multi-point hinge constraints (MPC hinge) between them.
Local CSYS datums were then used to orientate these wires such that the axis of each
hinge points to its opposite corner. The beams of the square frame were assigned the
properties of aluminum 6061 and a tubular cross section with the properties listed

in Table 3.1 was assumed.

Property Value
Edge Length (L) 0.343 m
Cross Section (OD/Thickness) | 0.00635 m/ 0.0015 m
Young’s Modulus 68 GPa
Poisson’s Ratio 0.33
Density 2,700 kg/m’
Hinge Spring Constant 0.303 Nm

Table 3.1: Properties for Abaqus analysis.

The dimensions and stiffnesses were chosen to match the experiment in Section 3.5,

as well as to aid numerical convergence.

Fixed-Direction Forces

The first pair of analyses were conducted using the “Buckle” solver in Abaqus. Both
the "axial folding" and "corner displacement" modes were simulated in order to
further verify that they admit the same eigenvalue. For the "axial folding" mode,

one edge was held fully constrained. For the "corner displacement" mode, the
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midpoints of all of the edge beams were each fixed in the out of plane and tangential
directions, such that rotations of the edges and sliding towards the center of the
structure was unconstrained. Then, external forces as described in the analytic
analysis were assigned, relative to a global coordinate system. Both corner forces
(case A) and forces distributed along the edges (case B) were considered. The first
buckling mode of the structure with both sets of constraints and forces showed the

expected twist and was examined to determine the eigenvalue of interest.

The resulting buckling eigenvalues closely matched their corresponding analytic
predictions. For the corner loaded "case A" the numerically simulated eigenvalue
is 2.495 N (analytical prediction 2.499 N), while the edge loading "case B" is
10.29 N/m (analytical prediction 10.30 N/m). The distributed load result thus has
equal compression loads in the rods to the corner force case as predicted by the
C¢,ir formulation. The results were the same with both sets of boundary conditions
used. Using a stiffer beam, such as steel for the material or modeling the rods as
solid, brings these eigenvalues even closer to the analytical solutions, whereas using
a softer material or lowering the cross section for the edge beams can lower their
Euler buckling loads, and switches the dominant mode, leading to a lower buckling

eigenvalue, and possibly alternative buckling modes.

A mesh convergence analysis revealed no difference in the eigenvalue when increas-
ing the number of elements for this set of simulations, thus the minimal amount as
described above was used. Similarly, increasing the interpolation in the numerical

beam formulation or enabling hybridization did not affect the eigenvalues obtained.

Internal Prestress

The buckling prestress limit for Case C is not as simple to calculate numerically since
the force cannot be applied as an external boundary condition. Two sets of analyses
were conducted where four additional elements were defined inside the frame and
connected via spherical joints at their intersections with each other and the frame in
the undeformed configuration. For the first set of analyses, the additional elements
were modeled with T3D2 truss elements to allow for the "Buckle" solver to be
used. A critical temperature eigenvalue was determined via the *Buckle command
propagating a negative *Temperature load only in the internal strips, inducing a
thermal strain. The internal rods were assigned Kapton strip material properties
(E=2.76 GPa, w=0.01 m, t=0.0001 m) to match a typical space application and the
experiment. The first buckling mode was once again the expected deformation mode
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with both types of boundary conditions. Thus, the resulting critical temperature
buckling eigenvalue in Abaqus was then converted to a strain and used to calculate the
critical buckling force P,,;; by solving the resulting statically indeterminate problem.
The force result for the Kapton internal strip and other materials simulated is the
same, with a P.,;; of 4.990 N, once again closely matching the analytical prediction

of 4.997 N, and approaches this number even closer if stiffer rods are defined.
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Figure 3.15: Case C post-buckling analysis. Figure a) shows the displacement-force
response of the frame; figure b) shows the temperature vs. the displacement of the
frame.

Then, this result was further verified by examining the post-buckling solution using
T3D2T elements for the internal rods, which were controlled using a temperature
field during a “Coupled Temperature-Displacement” solver step with geometric non-
linearity enabled. Kapton is used again as the strip material for the internal rods.
The external aluminum rigid rods had no temperature change applied and a 0 CTE.
This is also an analogous model for low CTE composite structures in space appli-
cations, since the integrated components typically have a much higher CTE. Since
the frame geometry and deformation mode remain constant, the *IMPERFECTION
command can be used to seed the desired buckling mode from the previous analy-
sis. Several different imperfections were considered in predicting the post-buckling
response, ranging from 50% of the strip thickness down to 1%. As the magnitude of
the imperfection is decreased and prestress is applied by lowering the temperature,
the bifurcation point in the force displacement graph becomes sharper, and both the

critical buckling load and post-buckling behaviors can be observed and calculated
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from the temperature change and internal tension of the truss elements. Both the
force and temperature change are plotted in Figure [3.15]as a function of the out of
plane post-buckling response for the "axial folding" mode. The "corner displace-
ment" mode has a similar pattern, but is not plotted here since the post-buckling
path is not the one followed in the experiment as the deformation mode is just an

infinitesimal representation.

Once again, a mesh and element type convergence was performed for case C and no

significant change in the eigenvalues or post-buckling displacement was observed.
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Figure 3.16: Case D post-buckling analysis.

The membrane (case D) can be modeled similarly in both bifurcation and post-
buckling analyses by implementing a temperature dependent membrane inside of
the frame, finding the deformation mode, seeding the expected mode shape, and then
lowering the temperature to apply a prestress on the frame. A Kapton membrane
made of S4 shell elements was used for the eigenvalue analysis and S4T elements
were used for the post-buckling analysis. The membrane edge was pinned to the
beam elements at each node except for the corners via a tie constraint. An MPC pin
constraint was used in addition to the existing MPC hinge constraint at the corner
nodes in order to avoid joining the beams to each other. A mesh convergence study
determined that increasing the total number of elements per edge from 2 to 20 for

both the beams and the film was sufficient to achieve mesh convergence for this
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study. In this loading case, it was observed that the buckling load is sensitive to the
thickness of the membrane as well, since it provides a torsional stiffness, as seen
in Figure [3.16] where the effective stiffness of the frame increases for thicker films,
leading to a higher buckling load than predicted analytically. A 50 um imperfection
was used to calculate the post-buckling response for all membrane thicknesses, since
that was the minimum required for convergence of all film thicknesses. Thinner films
were observed to have more uniform prestress distributions. Due to the fact that the
stress is not uniform along the edge, the edge load was calculated by an integrated
average of the total stress along the edge. For films thinner than 5 um, the added
stiffness is negligible, and the theoretical critical value of 20.6 N/m calculated
analytically is matched to an accuracy better than 0.05%, similar to the previous

cases.

The bifurcation analysis in case D also required a further nonlinear analysis to obtain
the exact critical loads. This is due to a stiffness variation in the unit cell under
loading. The *Buckle command outputs a linearized buckling load around the cur-
rent stiffness, hence the structure must be prestressed incrementally and the load
recalculated to obtain a more accurate estimate. To accomplish this, a predefined
temperature field was applied to the S4 elements in the model, generating a pre-
stress and calculating geometrically nonlinear configuration, and then the *Buckle
operation was run again to determine the new buckling temperature load relative to
this prestress. This sequence was repeated until the temperature prestress converged
to the critical load, where the prestressed state itself is found to be an unstable
configuration. The critical buckling loads as a function of the membrane thickness
are plotted in Figure As expected and observed in the post-buckling analysis,
for thinner membranes the additional stiffness added is negligible and the critical

load converges to the analytical solution.

3.5 Experimental Confirmation of Case C

In order to further verify the analytic and numerical predictions of Case C, partic-
ularly the numerically predicted post-buckling behavior, a frame was constructed
with the dimensions listed in Table 3.1. The corners of the frame include machined
hinges made from aluminum 6061, fitted with thermoplastic flanged bearings de-
signed for low friction radial and thrust applications. These bearings were in turn
fitted onto opposite ends of a short, hollow aluminum shaft, and a 180 degree steel
torsional spring was mounted around the center of this shaft at each corner. Grooves

were cut into the machined hinges for the legs of the spring, which were then fixed
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Figure 3.17: Case D nonlinear buckling loads.

using epoxy and a set screw, allowing for an angle adjustment in each corner if
necessary to zero out the moments in the unbuckled state. The adjacent corners of
the frame were then connected using an aluminum tube, whose length and rotation
were locked by machining a flat surface at the ends and using a pair of set screws at
each connection. An OptiTrack marker was placed on each corner as well to be able
to accurately measure the out of plane deformation during the experiment. A corner

of the frame along with the overall experimental setup are shown in Figure[3.19]and

Figure [3.18] respectively.
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Figure 3.18: Case C experimental setup.
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Figure 3.19: Case C experiment frame corner.

Initially, the internal rods were constructed by laser cutting a 100 um thick 1095
tempered steel sheet into a 0.01 m thick strips. These strips were then joined using a
brass rivet, and epoxied into M4 screws that were slotted and placed into each corner
through the hollow shaft. A nut on each screw could be turned in order to apply
a prestrain at each of the four corners. Four 125BZ Micro Measurements general
purpose strain gauges were then mounted (one on each strip) to calculate the strain in
each strip during the experiment. This strain was read using Micro Measurements’s
P3 Strain Indicator and Recorder. The strain to force relationship of the internal
steel strips was determined by vertically suspending a strip and loading it with
masses up to 1 kg in 25 g increments. This relation was found to be 5.51 pe/N. This
version of the experiment can be seen in Figure[3.20|and Figure[3.21] However, this
experiment was constrained due to the resolution of the recording unit, the relatively
high modulus of the steel resulting in low strain magnitudes at the critical buckling

load, and sensitivity to bending strains in the strips.

To improve the initial experiment, the internal "rods" were constructed by laser
cutting a 100 um thick Kapton sheet instead into two 0.01 m wide strips. These
strips were then joined in the center using a thin adhesive, and epoxied into slotted
M4 screws placed into each corner through the hollow shaft. A nut on each screw
can once again be turned in order to pull each screw out against the hollow shaft and
apply a prestrain from each of the four corners. Eight 125BZ Micro Measurements
general purpose strain gauges were then mounted (one on each side of each "rod")
to calculate the strain in each "rod" during the experiment. The gauges were wired

together in an opposite-leg active half bridge configuration in order to cancel out
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Figure 3.21: Case C experiment frame corner using 1095 steel and one strain guage.

any bending strains and read purely the tension in each "rod." A resistor was added
for each pair for balancing and calibration purposes. The strain to force relationship
was calibrated for each pair of gauges before the strips were integrated into the frame
by vertically suspending a strip and loading it with precision masses up to 2 kg in
50 g increments. This relation was found to be 67 ue/N. The tensile strain was read
using Micro Measurements’s System 7000 StrainSmart Data Acquisition System
for both the calibration and the experiment, allowing for proper gauge balancing,

compensation, and a live data read out.

Four PrimeX 22 motion capture cameras were utilized to track the corner displace-
ments during the experiment. The experiment consisted of adjusting the prestrain
so that each of the internal rods has the same strain in small increments, and then

lifting one edge of the frame by its center of moment, and measuring the out of
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Figure 3.22: Frame in buckled state after being lifted.

plane displacement of one corner relative to the plane of the other three corners.
The frame was slowly lifted using a spooled string to minimize disturbances during
this process, as it was necessary to offload the self-weight quasistatically to allow
for the post-buckling displacements to be observed. The lifted frame is shown in
Figure [3.22] where a prestrain greatly exceeding the buckling load was applied for
the purpose of illustrating the buckled configuration. The frame was found to have
a 2.3 mm initial imperfection, and as such, a matching post-buckling analysis was
repeated in Abaqus, similar to the one in Figure [3.15] The empirical data is plotted
against this analysis in Figure[3.23] and matches well with the numerical prediction.
It should be noted that in contrast to the study done in Figure [3.15] the internal
rod force here is defined as the force measured in the prebuckled configuration, not
the actual force in the internal members once the self-weight is offloaded, since the
experimental data points were chosen via strain control. Hence, the bifurcation is
significantly less observable in this plot, especially with the increased imperfection.
An additional simulation was done to obtain the corresponding force data in Abaqus,
and the results matched appropriately via the thermal strain. Additionally, despite
low friction bearings, in a few experimental runs the structure did not buckle when

lifted. These points are omitted from the graph.
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Figure 3.23: Case C experimental comparison to numerical prediction.

3.6 Discussion

The analytical theories produced in this chapter predict the behavior of the frame
unit cell structure in both the numerical simulations and experiments. It is shown
that follower forces always sustain twice as high of a prestress and thus are more
structurally stable than what is predicted in a fixed direction case. Additionally, it
is shown that the average critical compression load on the frame is invariant. This
leads to the conclusion that higher local prestress values can be achieved in attached
films without further impacting the stability of the structure, as long as the net total
force on the frame does not increase. Shear forces also affect the compression in a
frame along its edge, meaning that their orientation can stabilize or destabilize the

structure.

For case D, increasing the membrane thickness further increases the critical load over
the traditional corner connections such as case C. However, the caveat here is that
the critical buckling temperature quickly decreases in magnitude for a membrane
directly connected to the frame. While a 100 um strip of Kapton in case C buckles
the frame at about 90 C temperature change, the same thickness membrane in case D
has an temperature eigenvalue of AT ~ 3 C. As shown in Figure [3.24] this disparity
in the critical temperature between the two attachment schemes continues regardless

of the thin film thickness despite the force increasing for the membrane. However,
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this eigenvalue is inversely related to the thickness as well, meaning that thinner films
can withstand much higher temperature changes in a space-based application before
causing an instability. Also, this shows that if a novel constant force attachment
style is used to distribute the load along the edge, there is a significant increase
in structural stability, as well as the potential for a much higher prestress for the
film, leading to additional advantages such as greater surface accuracy of the film

in deployable structures as detailed earlier.
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Figure 3.24: Membrane thickness comparison of critical buckling temperature.

Future work entails the design of such constant force distributed connections, as
well as designing an experiment where a membrane can be accurately prestressed
to measure the buckling load and post-buckling responses of case D experimentally,
as well as characterizing the stiffness increase of thicker films. Furthermore, the
experiment in case C may be repeated using piezoelectric actuators to more accu-
rately control the prestrain of the frame, and better match the analytical prediction.
Finally, a more generalized theory for developing structures with noncontinuous

edge attachments may be derived, as well as for non-square or repeated unit cells.
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Chapter 4

BUCKLING OF ELASTIC FRAME UNIT CELL

4.1 Introduction

In the previous chapter, the analytical buckling loads for a simplified frame made
out of four rigid rods and four corner torsional springs were calculated and verified
via numerical and experimental methods. However, a frame made out of ultralight
weight and ultra-thin composites may not necessarily behave similarly, even if it
appears to exhibit a similar primary buckling mode[26]]. A few key assumptions
need to be discussed and verified about the simplified frame model to ensure accurate
predictions. As such, this chapter will describe the experimental observations that
led to the development of a simplified model, and then focus on comparing a higher
fidelity linear elastic model to the simplified frame model that was previously

evaluated.

The frame unit cell used in the Caltech Space Solar Power Project concept cur-
rently consists of two pultruded battens and two Triangular Rollable and Collapsible
(TRAC) longerons[50]. This unit cell is shown in Figure d.1] The battens and
TRAC longerons used to construct this unit cell are overlapped slightly and perma-
nently joined with a scrim glass connector which serves to bond them locally but
does not appreciably affect the local stiffness of the connection. The battens and
TRAC longerons are assumed to be able to withstand the local traditional buck-
ling loads that may be imposed (i.e. Euler buckling)[51} 52]]. The design of the
longerons is also driven by two additional factors: areal efficiency (larger flanges
require larger gaps between the trapezoids of unit cells in order to have space to be
folded before deployment, and thus reduce the effective area of the photovoltaics
and transmitters needed) and local buckling of the flange region[15]. This type of
highly imperfection sensitive phenomena has been extensively studied by our group
and others[51}, 53H55]).

Based on these previous studies, the parameters chosen for the study of the linear
elastic frame model are listed in Table 4.1l An internal size of 20 cm X 20 cm was
chosen as this is the largest square unit cell that can fit in the thermal test chamber in
the lab, but in the future a larger unit cell of 1 m X 1 m is envisioned. The longerons
were constructed using a [+-45 GF / 0 UD CF / +-45 GF][+-45 GF][+-45 GF/ 0
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Figure 4.1: Top view of 20 cm X 20 cm carbon fiber reinforced plastic TRAC
longeron and batten frame used in the Caltech Space Solar Power Project.

UD CF / +-45 GF] layup at the web, with each [+-45 GF / 0 UD CF / +-45 GF]
flange joined by a middle glass fiber layer. More details about the manufacturing of
longerons can be found in [56]. Table [4.2]lists the key material parameters of the
pultruded DPP battens made from Torayca T700 and Bisphenol A Epoxy Resin, and
the MR70 carbon fiber, the E-glass Fiber layers, and the NTPT 415 resin polymer
that are used in the manufacturing process for the TRAC longeron layup [S7-60].
For the samples discussed in this section, a two cure process was used to help

minimize imperfections [61].

The open cross section of the TRAC longerons makes them particularly susceptible
to torsional buckling. Hence, the unit cell frame does indeed easily exhibit a similar

buckling mode to the one studied in the previous chapter, both due to limited



Parameter Value
Longeron flange radius 13.6 mm
Web width 8 mm
Longeron flange arc 105°
Total longeron length 250 mm
Batten length 210 mm
Batten width 3 mm
Batten thickness 0.6 mm
Internal side length 200 mm
Batten/Longeron web overlap | 3 mm X 5 mm

Table 4.1: Linear elastic frame dimensional properties.

Batten Properties Value
Young’s Modulus (Primary direction) 140 GPa
Shear Modulus 7.6 GPa
Poisson’s Ratio 0.35
Density 1.9 g/cc
Thickness 0.6 mm
Glass Fiber Properties
Young’s Modulus 65-75 GPa
Shear Modulus 28-32 GPa
Poisson’s Ratio 0.2
Density 2.54-2.60 g/cc
Thickness 25 gsm
Carbon Fiber Properties
Young’s Modulus 324 GPa
Shear Modulus N/A
Poisson’s Ratio 0.39
Density 1.8 g/cc
Thickness 30 gsm
Polymer Properties
Young’s Modulus 3.01 GPa
Shear Modulus 3.3 GPa
Poisson’s Ratio N/A
Density 1.21 g/cc
Thickness 15 gsm
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Table 4.2: Material properties for items used in making a batten and longeron frame.

torsional stiffnesses of the components, and the low stiffness at the connection
region. Previous studies have also observed this and looked at sensitivities of
similar structures to parameters such as force offsets, multiple unit cells, and post-

buckling out of plane displacements [25]. In these studies, it is generally observed
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that the less desired effects are exacerbated as the structures are scaled. Therefore,
by validating the model developed in Chapter 3, it would allow the design focus to
shift to solely the torsional stiffness of the frame, and give a more clear path forward

as to how to improve the architecture (and attachment scheme).

4.2 Experimental Observations

Several models of unit cell frames with films attached were manufactured for a
variety of purposes during the course of this thesis, such as studying the effects
of pretension on the film (see Chapter 2) and deployment tests (see Chapter 5).
Most of them had the same 20 cm X 20 cm internal dimension. For a successfully
embedded film, it must have some pretension after the manufacturing process is
complete. For previous methods, such as the frame depicted in Figure [4.2] where
multiple components are bonded at multiple interfaces, this process can be difficult
and arduous, and often can lead to unequal pretensioning as well[62]. Hence, for
the double s-springs developed in Chapter 2, two main methods were developed and

utilized in order to attempt to mitigate these past difficulties.

Figure 4.2: Previously manufactured rectangular frame with pretensioned photo-
voltaic film from Ascent Solar Technologies attached via simple kirigami springs.

The process for the first method is shown in Figure #.3] This method involves

applying a thermal strain to the Kapton, and exploiting the CTE mismatch between
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the frame and the film before bonding. This method is particularly effective for
bonding a pretensioned frame to an Invar frame, but since composite frames have
a CTE much lower than the Kapton, this method was also useful for generating
lower prestresses in composite frames. First, a Kapton sheet (typically 50 microns
thick), is speckled with a permanent marker using a randomly generated dot pattern
via a Ziind cutter. This pattern is useful for conducting digital image correlation
(DIC) for future measurements. Paint was not used for speckling, as it would be
in most typical DIC applications, since it would have a significant thickness and
comparable modulus to the Kapton, resulting in measurements being significantly
affected. Instead, additional lighting to minimize shadows and a uniform white
background is used to ensure high enough contrast. The film is then laser cut with
the double s-spring pattern. More information on this process can be found in
Chapter 2 and Appendix A.

Films in this case were made with one tab per each spring pair or with a joined
continuous edge tab. The thermal expansion mismatch between the Kapton surface
at the bonding location to the frame was not large enough to necessitate the tabs
for a 20 cm edge, but using tabs is likely necessary if this method is to be scaled
to prevent stress build up. These tabs can be seen in Figure 2.16] At this step, a
DIC baseline is conducted on the Kapton to measure an initial stress free reference
state for strain measurements. Next, a thin layer of silicone is placed on the hotplate
to allow for even pressure to be applied to the film. A layer of peel ply is also
placed between the Kapton and the silicone to prevent accidental bonding between
the two in subsequent steps. The internal Kapton membrane is then covered by an
aluminum square plate. This ensures good thermal contact with the hotplate, as
well as preventing any curling and ensuring flatness of the film. Aluminum was the
material of choice due to it having a nearly identical CTE to Kapton, preventing
any shear loads between the two as they heat up. The hotplate was then set to its
maximum temperature, typically 220-240 °C, with time given to allow the system
to equilibrate and all components to heat up. A two part cure low out-gassing epoxy
(LOCTITE® EA E-120HP) is then applied to the exposed tabs not covered by the
aluminum square. While typically this epoxy takes 24 hours to fully set, its work
life is greatly reduced at elevated temperatures, and as such this step was completely
very quickly, and then the frame unit cell placed on the epoxy. The aluminum square
was created to be the same thickness as the frame unit cell for Invar. For a composite
frame, an additional aluminum rectangular frame was used to ensure good contact

and keep the longerons flattened during the adhesive cure. To further ensure good
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thermal and bonding contact, additional mass was placed on top of the hotplate as

the epoxy cured. After 24 hours, the layers were removed in reverse order.

Figure 4.3: Illustration of using a hotplate to create a pretensioned film bonded to
an Invar frame. First, a laser cut Kapton sheet (c) is placed on a silicone (a) and peel
ply (b) layer. The Kapton is covered with an aluminum square (d), and the parts
heated to equilibrium. The exposed tabs are epoxied, and the frame is placed on top
(e). Once cured, the layers are removed in reverse (f).

The hotplate method has five main limitations: scaling, pretension limit, surface
offsetting, uniformity, and moisture control. For a 20 cm X 20 cm structure a hotplate
is the perfect size, but for a I m X 1 m unit cell, a very large hotplate would be
needed, and is quite unreasonable. Additionally, this method relies on exploiting the
difference in CTE, which means it is also limited by the temperature of the hotplate.
Going much higher in temperature is difficult, and would also result in damage to
the structure. The film can also only be attached on one side of the structure. As

shown in Figure [2.15] it is preferable to attach the film above and below adjacent
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sides, since the composite thickness is larger than the film thickness. Mounting any
functional components could be problematic too when attempting to weigh the film
down, as they may create areas of concentrated stress or suffer damage. Moreover,
the hotplate itself already does not perfectly prestress the film, as when measured
with an IR camera, it was observed that variations of nearly 50 °C exist across its
surface. Finally, Kapton is a hygrothermally sensitive material. While the film can
be desiccated before manufacturing, this method provides less room for a humidity
controlled environment. It was observed that about a day after manufacturing, some

prestress is lost due to the Kapton absorbing additional moisture.

The alternative method used allows for most of these issues to be mitigated or solved.
The setup for this method is illustrated in Figure[d.4] Here, the pretension is achieved
by using a series of pulleys and weights along the edge. The first steps of cutting and
speckling the membrane are the same as the first method. Once again, one continuous
edge tab or several smaller ones can be used. For convenience, additional tabs for
string attachments can also be used as seen in Figure Each edge of the film is
then bonded to a batten or longeron. Then, each edge is carefully pretensioned with
a series of masses. The two masses at each corner should each be half of the mass
of ones along the center to ensure equal pretensioning along the edge. Once each
edge is pretensioned, the corners where the frame edges intersect can be bonded,
with pressure applied using small clamps if necessary. This method has a much
more precise and even resulting pretension, along with greater magnitude potential
for pretensioning. Since the double springs are well characterized, a displacement
control version of this method is also possible, and currently being developed as seen
in Chapter 6. Additionally, this method is not limited by the size of something like
the hotplate, and can be utilized in a moisture controlled environment, allowing for
higher manufacturing consistency. The only main drawback of this method is that
it too suffers pretension loss from relaxation. Once the external prestress from the
attached masses and pulleys is removed, the structure is free to deform elastically,
and thus some pretension may be lost. However, this can be amended by solving
the statically indeterminate problem ahead of time to calculate the initial prestress
required for the system. Due to the nonlinear nature of the double s-springs, this
effect is also minimized as the force changes minimally with even relatively large

displacements as well assuming a significant initial prestrain.

Similar to and driven largely by the imperfections observed in the longerons, phys-

ically manufactured frames tend to have imperfections as well. An example of



Figure 4.4: A frame made of four battens pretensioned by pulleys. The film surface
can be observed to be smooth, and the double s-springs along the edges displaying
post-buckling behavior.

this can be observed in Figure 4.5 In this pair of images, the top image shows a
manufactured frame, which does not have any film yet attached. Using the hotplate
method to prestress a film to <1 N/m on each edge, a film was attached to it in the
bottom image. In this case, since the prestress was relatively low, the frame did not
undergo additional out of plane deformation. In both of these cases, the frame was
gravity offloaded, as in terrestrial conditions its self weight is enough to not exhibit
this imperfection. However, in Figure .6] a much higher prestress is applied to a
frame made out of just the less torsionally stiff battens. While this frame had less
of an initial imperfection had it not been prestressed, there is a significant torsional
buckle present due to the internal prestress, even when sitting on a flat surface as
shown. This particular specimen was similarly gravity offloaded and measured with
a FaroArm LiDAR to characterize its deformed shape. This revealed a 16 mm
total deflection of the frame, stimulating and informing the studies presented in the

previous chapters.

4.3 Numerical Simulations and Comparison to Simplified Analytical Model

While high quality composite frames can be manufactured, their ultralight nature
makes it difficult to conduct precise buckling load studies on them experimentally.
Hence, a numerical model was created to simulate the buckling load and torsional
stiffness of the frame created experimentally, and compare it to the analytical model
developed in Chapter 3. This model was created using Abaqus 2024, and is di-
mensioned according to the parameters listed in Table 4.1] While imperfections
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Figure 4.5: Side view of a batten and longeron frame with a manufacturing imper-
fection (top). After implementing a film with very low prestress (<1 N/m on each
20 cm edge), this effect did not get exacerbated (bottom).

Figure 4.6: Torsionally buckled frame made from four battens with a film supported
by double s-springs. Internal prestress was 6.6 N/m along each 20 cm edge.

were observed in the experimental models, and as seen in the previous chapter
can significantly affect both the buckling and post-buckling behavior, the numerical
model studied in this section does not feature torsional imperfections, and assumes
that the batten and TRAC longerons are joined in-plane. Furthermore, it also does
not assume any local imperfections, which as discussed in the introduction, may be
significant to the behavior of TRAC longerons.

This study was done first for a frame made of an isotropic material for validation
purposes, and then adapted to an orthotropic material to better model the exper-
imental models previously produced. The material properties for the battens are
listed in Table @ with an estimated 6.5 GPa tangent modulus, while the effective
layup properties for the orthotropic model are in Table d.3] Some of the engineer-
ing constant properties, particularly those related to the out of plane direction for

the Poisson’s ratio and shear moduli, are poorly estimated but were not found to
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dominate the behavior observed, and hence left as is. For the preliminary isotropic
material model, E1 was used. The numerical model consists of 30,597 S4R ele-
ments for the frame, and was found to be convergent for a global element size of
1 mm. A thickness of 0.1665 mm, 0.072 mm, and 0.7665 mm were used for the web,
flange, and intersection of the web with the batten, respectively, as calculated from

the layup, and verified using a micrometer (omitting the scrim glass connector).

Parameter | Value

El 134 GPa
E2 134 GPa
E3 6.5 GPa
v12 0.35
v13 0.35
v23 0.35

GI12 7.6 GPa
Gl13 7.6 GPa
G23 7.6 GPa

Table 4.3: Linear elastic frame composite orthotropic material properties.

The first part of the study clamped (fully constrained) one corner of the frame in
the region of overlap between the batten and TRAC longeron web. After this, a
small force (1 mN), was applied to the opposite corner. This pair of boundary
conditions mimics the onset of the "axial folding" observed and modeled in the
previous chapter. The force applied was validated to be small enough to be agnostic
to nodal rotations, ensure a linear elastic deformation regime, and that nonlinear
geometric effects were not observed. Examining the corner displacement, an effec-
tive corner spring constant, "k," was calculated as k=0.0128 Nm for the isotropic
frame and as k=0.00344 Nm for the orthotropic frame. This is as expected, as the
bending/torsional stiffnesses of the components used to construct the frame were

significantly reduced.

Now that both the "k" torsional spring constant and "L" side lengths are known,
the buckling loads expected can be calculated analytically for a variety of loading
scenarios, similar to the previous chapter. These results, based on the loading
conditions of Figure[3.2] are tabulated in Table[4.4|and Table[d.5|for the isotropic and
orthotropic material studies, respectively, alongside their numerical counterparts.
To obtain the buckling loads numerically, the *Buckle command was used for Cases
A and B, where either a point load or distributed edge load boundary condition was

applied, and the smallest eigenmode was examined. In all cases this eigenmode
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Figure 4.7: Zoomed view of batten to flange overlap. The corner clamping and
opposite corner force application boundary conditions are also illustrated.

was observed to be the expected torsional buckling mode. For Case C, similar to
the previous chapter, a thermal buckling load approach was used. For the isotropic
material version of the simulation, the same approach of four T3D2T elements was
used to create the internal rods. By applying this thermal strain in the rods, it is
then possible to extract a critical temperature eigenvalue, and solve the statically
indeterminate problem. Since in this case the model is higher fidelity than the
previous chapter, this is difficult to do analytically, and thus Abaqus was used
to calculate the effective critical buckling load based on the critical temperature
obtained. Using *Static, the frame was constrained to prevent rigid body motions,
and the thermal load applied to the internal rods, and the resulting stress state used
to calculate the effective force. In this case however, using just four truss elements

created a significant nodal stress concentration where they were attached to the
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linear elastic frame, leading to a higher buckling load than expected. Thus, for the
orthotropic model, this simulation was changed to include internal Kapton strips
modeled as shell elements instead, with a width of 0.01 m and a thickness of 50
microns. The properties for Kapton can be found in Section 3.4. In both approaches
for Case C, the expected buckling mode was the lowest mode obtained, and is shown
in Figure 4.8 This set of simulations was similarly verified for mesh convergence,
as well as for nonlinear effects. It was determined that accounting for nonlinear
geometric effects did not affect the stresses, meaning that using this linear model is

sufficient to fully capture the buckling behavior.

Case | Analytical | Numerical
A 0.181 N 0.215N
B 1.28 N/m | 1.72 N/m
C 0.362 N 1.33N

Table 4.4: Isotropic material property study results.

Case | Analytical | Numerical
A 0.049 N 0.054 N
B 0.34 N/m | 0.44 N/m
C 0.097 N 0.12N

Table 4.5: Orthotropic material property study results.

One aspect that did have a significant effect on the calculated critical buckling load
was how rigid body modes were restricted during the buckling value calculation.
Typically, one node or one area of the overlap region was fixed. Rigid body
modes must be restricted particularly when using the Lanczos eigensolver. In this
simulation, the Lanczos eigensolver is preferred to avoid a large amount of negative
eigenmodes from being calculated, since it allows for a minimum and maximum
desired value to be prescribed. Alternatively, the structure can also be prestressed
to avoid a near zero initial stiffness, but this comes at the cost of an additional
computational step, and can still yield some negative eigenvalues, thus requiring
more total values to be calculated. If the structure is instead held by the flange, or
rather the flange edge of one of the longerons is constrained at its end, the calculated
buckling value rises, since the effective stiffness is greatly increased. For example,
in the isotropic material case, the buckling prediction calculated numerically rises
t0 0.24 N in Case A from 0.215 N, and for the orthotropic material, this value nearly
doubles from 0.054 N to 0.094 N. Similar trends were observed for the other cases

studied as well.
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Figure 4.8: Lowest buckling mode observed numerically for Case C in a linear
elastic frame.

4.4 Discussion

By calculating the effective torsional stiffness "k" of the linear elastic frame, we
are able to obtain a very good estimate of the buckling load of the frame. For the
cases studied in this section, A-C, it was shown that this analytical estimate from the
formulas derived in the previous chapter consistently provides a close upper bound
to the real load that was calculated using the higher fidelity linear elastic model of
the frame unit cell in the previous section. Conversely, this also means that the
four rigid rod reduced order model used in the previous chapter is an extremely
computationally efficient and relatively accurate model, and can be used to further
study attachment schemes and buckling of the unit cell structure. The remaining
discrepancies between the analytical model and linear elastic model studied in this
chapter are likely to do with exactly how the linear elastic frame buckles: there
is both a displacement in the flanges and a deformation in the web of the TRAC
longeron. Thus, when simulating to find the torsional stiffness "k" for the frame, the
overall deformation is slightly different than the deformation induced by the forces
that are applied internally. Particularly the distributed load estimate is a bit higher
than the point load, likely due to it effectively slightly stiffening the web. This is
similar to how in the previous chapter, if the "rigid" rods used in simulation were a

lower modulus, they would be closer to their Euler buckling loads, and thus deviate
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from the analytical estimate.

The linear elastic model also paves the way for several further future studies that will
help analyze and improve the SSPP and other similar frame unit call based structures.
Currently, the primary focus is to examine the effect of the material overlap section,
and how to best optimize it for weight, folding capacity, and torsional stiffness. This
model also provides a simple numerical twin to study other methods of stiffening
the frame structure, such as changing dimensions of the battens and longerons used,
or alternatively examining closed cross section longeron designs (resulting in higher
torsional stiffnesses and potentially reducing manufacturing imperfections), such
as small Omega booms in order to further stiffen the structure against its current

primary failure mode.

Other future studies will focus on expanding the capabilities and accuracy of this
model. First, as briefly discussed in the introduction, TRAC longerons are par-
ticularly sensitive to imperfections, largely due to their open cross section. The
imperfections in the TRAC longerons contribute significantly to their stability as
studied previously by others [53]]. This chapter did not yet study the effect of theses
types of imperfections on the stability of the frame, or of more general imperfec-
tions based on its primary buckling mode. Similarly, previous studies have looked
at other factors as well for analogous TRAC longeron and batten structures, such as
the one in Figure 4.2] and revealed additional sensitivities to the effects of having
multiple unit cells. For these studies and the studies done in the previous chapter,
the post-buckling behavior of the frame has also been studied. While relatively
simple to do, the post-buckling behavior of the linear elastic frame model has not
yet been thoroughly studied or compared to the simplified model. This is quite
important, especially since the post-buckling behavior changes significantly when
implementing a membrane, such as in Case D, which also needs to be studied in
correlation with this frame model. Case D has also not been examined yet for the
linear elastic model, nor how the presence of a membrane potentially stiffens or

destabilizes the structure.

Once these additional studies characterize the limitations of the simple analytical
frame model, the next step will be to combine it with the reduced order model
developed in Section 2.7. This will allow for computationally efficient design of
both the frame and the attachment scheme. Likewise, this combined model can
then be validated by the experimental models and observations presented in Section

4.2 of this chapter, and serve to inform future experimental designs, as well as the



eventual scaling of the unit cell and fabrication of larger structures.
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Chapter 5

ADDITIONAL EXPERIMENTS AND APPLICATIONS OF
DOUBLE S-SPRINGS

Part of this chapter was adapted from the following publication:

Federico Benazzo, George A. Popov, Juan Mejia-Ariza, and Sergio Pellegrino.
Thermally stable method of attaching precision thin films to deployable structures
using high strain kirigami borders. AIAA SCITECH 2026 Forum, page 1040, 2026.
doi: 10.2514/6.2026-1040.

5.1 Introduction

The Caltech Space Solar Power Project (SSPP) has several key steps in its deploy-
ment. All of these steps have to be performed successfully and reliably in order
for the structure to be able to fulfill its missions critical requirements of collecting
and then delivering power on orbit. In early 2023, a prototype of the SSPP con-
cept, the Deployable on-Orbit ultra-Light Composite Experiment (DOLCE) flew on
the Caltech Space Solar Power Demonstration 1 (SSPD-1, Figure [I.I)) mission in
Low Earth orbit[63-65]. The purpose of this mission was primarily to demonstrate
the scaled deployment concept designed by Caltech, where the batten and TRAC
longeron frames discussed in the previous chapters are first uncoiled (unwrapped)
and then released (unfolded) into a flat state. The reverse (packaging) process of
this deployment is show in Figure[5.I[[50]. For the purposes of the SSPD-1 mission,
DOLCE did not include any films attached to the composite frame that deployed,
due to the torsional instabilities observed when implementing said films discussed
in the Introduction Chapter of this thesis, which could have potentially jeopardized

the deployment demonstration.

The primary mechanism for keeping the SSPD-1 structure stowed was pressure
wrapping. Once the structure was Z-folded into a four-point star, it is held in place
by four cylinders that keep the star from deploying. A Kapton membrane, connected
to additional cylinders that actively tension this additional membrane, is used to keep
the structure tightly packaged and under constant tension while stowed and during
uncoiling. More details about this packaging scheme can be found in the cited
literature[l66]].



77

(b)

(a)

.
“_
(@)

Figure 5.1: Packaging concept for SSPP, where the structure is first Z-folded and
then coiled around four mandrills.
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During the packaging process, the composite frame and its attached membranes thus
undergo stresses and compaction. As such, whatever attachment scheme is used
must be able to withstand these forces, as well as maintain the original pretension
after a successful deployment. Packaging must also be done for a large length,
meaning that the coiling has to be smooth and repeatable, or else imperfections
such as bumps may form and damage the structure. Local effects and such as these
as well as global effects such as changes in temperature or humidity may affect
the packaging process. Additionally, during the release of the star pattern, the
trapezoid segments undergo a highly dynamic process. More information about this
process can be found in the associated literature[67]. During the SSPD-1 mission,
despite membranes being omitted, there were still difficulties encountered with the
latching of the longeron strips due to the ill pretensioning of the structure via the
support booms[63]. Given the complicated nature of the deployment, these types
of difficulties must be mitigated as much as possible.

In addition to SSPD-1, there are a number of other deployable space structure
concepts that utilize high strain components, or require film prestressing in order to
successfully complete mission objectives. Examples of these concepts include the

composite deployable telescopes, multi-arm mesh reflectors, deployable hub-centric
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solar sails, foldable cylinders, pantographs, tensegrity structures, etc[68-72]. When
attaching or bonding functional thin films to these concepts, they must also be able
to survive deployment, be supported post deployment, and not hinder deployment.
As will be demonstrated in this section, double s-springs have the capability to
be packaged efficiently and smoothly, deploy consistently in scenarios where other
methods have previously failed, and also offer merit in undergoing high strains to

enable further novel deployable concepts.

5.2 Coiling and Deployment

A previous study in the Space Structures Lab has demonstrated that deployment of
pretensioned films inside of a TRAC longeron frame can prevent TRAC longerons
from locking[2]. As can be visualized in Figure[5.2] when attached at the corners via
previous constant force springs, the film inside of the frame creates an equilibrium
configuration. If the deployment lacks sufficient kinetic energy to surpass this point,
the structure will become stuck. This is a fundamental concern with this type of

deployable concept.

L cos(0/2)

Figure 5.2: Equilibrium configuration resulting in longerons being unable to prop-
erly latch and complete deployment during the unfolding of the Z-folds[2]].

Double s-spring attachments, being a distributed edge connector and not just a

corner connection, are able to overcome this shortcoming of previous corner style



79

attachments. The experimental setup from the previous study, where the frame was
suspended vertically to facilitate gravity offloading, was utilized for this demon-
stration as well, illustrated in Figure [5.3] This experimental setup allows for the
longerons to move and latch without potentially interfering with other parts of the
setup, and the strings used to suspend the frame are long enough to not apply a sig-

nificant torque as the structure deploys that could potentially affect the experiment.
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Figure 5.3: Experimental setup used to gravity offload the frame structure and
demonstrate deployment and latching of the composite frame unit cell[2].

The results of the deployment experiment with double s-springs are illustrated in
Figure[5.4below. The film in this experiment was pretensioned to a value of 6.6 N/m.
The experimental steps were as follows. First, the TRAC longerons were carefully
flattened uniformly to prevent a stress concentration that could locally damage the
composite. Then, the TRAC longerons were fixed in this flattened configuration
using hairpins. Once secured, the frame unit cell can be given a curvature by
bending the TRAC longerons. The closing angle of the frame is defined based
on the angle between the ends of either longeron, subtracted from 180 degrees, as

shown in Figure[5.2] This angle was set from 10 degrees to 180 degrees in 5 degree
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increments and then secured using a piece of string tying the opposing battens
together at their center. Once the battens were secured, the partially folded frame
was suspended by the pair of strings, and the hairpins securing the longerons in their
flattened configuration removed. The ends of the longerons would then return to
their original configuration, whereas the center would remain flattened due to the
curvature. After this step, the string holding the opposing battens would be severed,
thus releasing the structure. As can be seen in Figure[5.4] in the configuration with
the double s-springs, the longerons would then latch, and return to their original
deployed configuration. Unlike the previous corner style connections, with the

double s-spring mounting style the longerons latch regardless of the initial angle.

Figure 5.4: Deployment test of the composite unit cell with double s-springs used
to mount a pretensioned membrane. The top image shows the string holding the
partially folded structure being cut, and the bottom image shows it successfully
deployed shortly after.



81

As described in Chapter 5.1, unit cell frames in SSPP are typically packaged using
pressure wrapping before the deployment analyzed above. For the TRAC longerons
used to make the unit cell frames simulated and made in Chapter 4, the minimum
radius of curvature before damage is likely has been previously studied to be about
0.05 m. Hence, these structures can be wrapped around at most a 0.1 m mandrill. As
shown in Figure[5.5|below, the packaging process can be done in a smooth, controlled
manner, where the final form is compact, repeatable, and free of topological local
effects. Similarly, the frame unit cell can be unwound by reversing the packaging
process. Unlike previous kirigami spring designs made from 1095 spring steel,
which had thin, brittle connections and difficulty packaging without local effects,
the ductility of the Kapton double s-springs allow them to be deployed out of the
mandrill without any damage to the frame, attachment scheme, or pretensioned film,

and maintain this pretension through multiple deployments.

5.3 High Strain Foldable Toroid

A novel deployable concept enabled by double s-springs consists of a foldable toroid.
A toroid of this variety is difficult to both manufacture and fold, requiring a doubly-
curved composite structure. The toroid itself is created by 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 r and angle
6, shown in Figure 5.6 which is then rotated around a vertical axis at a distance R

to define an axisymmetric toroidal shell. In this study, R=266.5, r=12.7 mm, and
6=120°.

The folding scheme for the composite 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 flat as it is non-
developable. Yet, the flattening is sufficient to allow for localized bending of the
structure at all eight points to obtain a cross shape, as shown in Figure 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 [4], 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-



Figure 5.5: Packaging test of the composite unit cell with double s-springs using
a 0.1 m mandrill. The top left image shows the initially deployed unit cell frame,
while the bottom right shows the fully smoothly coiled final form.

spring was simulated numerically, as presented in the full paper along with other

information, such as the folding of a physical prototype in greater detail[44].

The applications of this foldable structure range from antennas to solar arrays, and
hence attaching to the toroidal shell to a flexible membrane to provide a surface for
functional elements is crucial. In addition, prestressing the internal membrane is

required to increase the overall structural stiffness, as well as to increase the surface
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Figure 5.6: Geometry of toroidal tape-spring. The principal radii are R and r.
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Figure 5.7: Toroidal tape-spring folding scheme.

accuracy. The selected material for this membrane was a sheet of 50 um thick

Kapton due to its availability and extensive use in space applications.

As described in the full paper, the folding and deployment sequences involve consid-
erable deformation of the perimeter structure, along with whatever it supports (i.e.
the membrane). Thus, attaching the membrane directly to the shell would result in
either debonding between the two parts due to excessive strain or hindering of the
folding due to an excessively stiff epoxy-based adhesive. Therefore, a compliant
yet resilient attachment method is necessary. The solution was found by creating
the two dimensional perforation in the Kapton sheet previously studied (double s-
springs), which allows coupling between in-plane tensile strains, essentially acting
as a multidirectional spring to distribute an even and consistent edge pretension,
even under thermal loading. This pattern is obtained by laser cutting the Kapton

sheet with the repeated double s-spring geometry shown in Figure[5.8] on the left.

This pattern is extremely similar in nature to the one presented in Chapter 2, with a
slightly diminished size for the double s-spring unit cells farther from the composite
edge such that the tessellated unit cells of the pattern form a circular arc instead of
following the previously straight edge. As before, this pattern consists of a basic
repeating unit where two curves with S shapes are intersecting at right angles. The

unit cell is repeated both radially and circumferentially to construct a tessellation that



84

Elastic spring  Kapton membrane
attachment j

Double S springs

Membrane slits

Toroidal shell

Figure 5.8: Diagram of slit attachment for Kapton membrane.

lies within the plane of the Kapton, and yet can accommodate large elastic strains
in a post-buckling regime due to the in-plane bending and out-of-plane twisting
of the ribbon-like elements. This applies a significant initial preload that stays
approximately constant with increasing stretching. The S curves for the unit cell and
size of the springs can be parametrized in multiple ways, thus changing the stiffness
and maximum allowable stretch of this attachment system. The mechanical coupling
between unit cells ensures a robust and durable geometry by distributing localized
loads across multiple elements, preventing them from snapping, and maintaining
uniform prestress even in the case of damage. The diagram in Figure[5.8|shows the
double s-springs between two parallel lines, however as mentioned the unit cell is
again modified to a curved boundary, as required in this case. The exact width and
height of the outermost unit cell is 5 mm, and a total of five unit cells were cut in the
radial direction to achieve sufficient elastic elongation in the membrane to survive
the stretch incurred in the folding process. It should be noted that, in this case,
there is not a significant amount of lateral shear forces imparted on the film relative
to the edge, such as the ones that might be anticipated for the previous square unit
cells, where the double s-spring’s coupled 2-dimensional behavior creates additional
advantages for using a pattern that handles strains in two dimensions. However, as
can be seen in Figure[5.9] when a regular s-spring as opposed to double s-spring is
used, even just the minor strain of flattening the composite rim prior to folding is
enough to cause a tear. This highlights that the coupled nature of the double s-spring
serves to distribute local force concentrations and act as a more robust and reliable

method of attachment.

The Kapton membrane was cut to a total diameter of 505.5 mm, which is 2.1 mm



Figure 5.9: Demonstration that with only an s-spring as opposed to double s-spring,
local forces are not distributed adequately, leading to even small strains causing
failure.

smaller than the inner diameter of the toroidal ring. This was done to achieve a
small stretch in the double s-springs, thus providing the aforementioned prestress
in the fully deployed configuration. The membrane was then attached to the toroid
by cutting small slots along the midplane of the toroid (8 = 0°) at intervals of 8
degrees, as shown in Figure [5.8] resulting in 7 spring elements per T-tab. The
attachment is purely mechanical, and no adhesive is required. These slots could
marginally hinder the performance of the composite laminate, and possibly act as
crack initiators, but as they are located at the midplane of the toroid, which does
not undergo any curvature change along the y-axis during flattening or folding and
also has the least strain due to the negative Gaussian curvature of the tape-spring,
this concern is largely mitigated. Thus, the influence of these slots is minimal in
terms of acting as failure initiation points. No apparent reduction in stiffness was

measured in the toroid after the slotting process.

The resulting prototype structure with the trimmed composite rim and the Kapton
membrane is shown in Figure [5.10] The lack of wrinkles in the membrane shows
the efficacy of the double S springs in applying a uniform prestress to the membrane
and achieving a high surface accuracy, despite relatively large deformations in the

springs themselves.

Folding of Structure
The deployment sequence of the complete structure was tested experimentally as
well. The pinching at the 8 fold points was performed using hair pins and, to maintain

the composite flat throughout the folding, 3D printed cylinders with a vertical rigid
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Figure 5.10: Toroid structure with attached membrane.

beam were placed at the pinched locations. The structure after pinching is depicted
in the first snapshot in Figure [5.12] labeled as "Pinched". Next, the concave fold
locations were pushed towards the center of the structure to create the cross shape.

This step had to be performed one fold at a time due to the general deformation
of the toroidal shell. From a kinematic analysis, it is clear that if all four pinched
locations are moved towards the center at once, the convex fold locations will move
outward. This would cause a large extension of the membrane which, despite the
large elastic strain capacity of the double s-springs, could result in damage of the
membrane. Instead, moving one edge at a time ensures that this extension is small.
In fact, when the concave folds are moved past their radial location shown at stage
3 folding, the convex fold locations had to be moved towards the center as well to

accommodate the new cross shape.

After stage 4 folding, the convex folds were moved radially towards the center as
well as circumferentially to achieve the spiral folding mentioned in Figure [5.7] At
this point the circular envelope of the structure was 284 mm, as summarized in
Table [5.1} This result, compared to the unfolded diameter of 533 mm, indicates a
packaging efficiency of 53.2%, which for a small scale prototype is encouraging. In
particular, the spiral folding was limited to approximately 45° due to the half meter
size of the toroid. If the diameter were increased without changing other parameters
of the composite laminate, namely thickness and cross section, the spiral folding
efficiency could be increased by performing more turns of the folded arms around

the center of the folded structure.

Observing the deployment sequence, after removing the cylinders at the convex folds
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Pinched Stage 1 folding Stage 2 folding
Stage 3 folding Stage 4 folding Spiral fold
Uncoiled Partially unfolded Unfolded

Figure 5.11: Folding and coiling sequence of toroid with membrane (visual).

Stage Envelope diameter (mm) | Packaging efficiency (%)

Pinched 533
Stage 1 folding 533
Stage 2 folding 477
Stage 3 folding 477
Stage 4 folding 387

Spiral fold 284 53.2
Uncoiled 428
Partially unfolded 482
Unfolded 533

Table 5.1: Diameter of structure during folding and deployment.

the toroid returns to a shape similar to its stage 4 folding, despite an asymmetry
due to slipping of the structure about one of the supporting blocks during the spiral

fold. Unlike the stowing process, deployment can be done spontaneously by simply
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Figure 5.12: Folding and coiling sequence of toroid with membrane (experiment).

removing the cylinders. In addition, there appear to be localized buckles at the
opposite-sense folds, possibly due to imperfections in the composite laminate that
led to plastic buckles during the application of the large curvature changes. Finally, it
is clear that random creases form throughout the membrane. Therefore, pre-creasing
the membrane with an origami pattern that can adapt to the folding deformations is

a crucial next step, which is studied further in the full paper[44].

5.4 Discussions
The work in this section successfully experimentally showcases that implementing
double s-springs not only aids in solving existing deployment and packaging issues,

but also opens the door for novel new deployable concepts that would have previously
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been difficult to implement. Further optimization can also be done, similar to that
mentioned in Chapter 2. For example, in the deployable toroid, the edges of the
membrane that are pinched by the cylinders see much less local strain that the parts
of the membrane along the edge that is in between them. Hence, less springs may
be used in those areas, and some additional functional area recovered. Further
experiments can also be constructed to verify the packaging efficiencies for both the

toroid concept as well as the square unit cell as it is scaled in both size and number.

Several other experimental frames have been made for other qualitative investigations
during this thesis as well. Two examples are using thinner membranes and a humidity
experiment. The thinner membrane experiment showed qualitatively that double s-
springs can work very well for a 25 micron thick film, but unit cell size needs to
be further optimized in order to have a sufficiently high level of prestress. The
humidity experiment consisted of placing a unit cell frame with a pretensioned
Kapton membrane, similar to that described in Chapter 4, in ambient environments,
and a box full of desiccant. Since Kapton is relatively hygroscopic, a loss or
gain of pretension has been observed as mentioned before. In this experiment, it
was qualitatively observed that the double s-springs are able to maintain adequate

pretension in different humidity settings given sufficient initial prestrain.

Further prototypes are currently being innovated in the Space Structures Laboratory
as well. Current work is focused on integration with the photovoltaic cells, and
in the future with other electronics and the phased array transmitters. An image
of a membrane with photovoltaic cells can be seen in Figure These types
of integrations will help further guide the optimization of how much prestress is
necessary, as well as guide the development of double s-spring mounted membrane
designs that may be locally adapted for functional features and testing of additional

practical constraints.

All of the brief case studies in this section show scaling potential as well for future
space flight projects. Aside from their versatility for other potential deployable
designs, and given their reliability and advantages over previous methods, it is
highly likely that the next version of a Space Solar Power Demonstrator will seek
to test a structure with thin films present in both the deployment and active feature
functionality. Additionally, the goal of the project necessitates larger surface areas
than currently designed, hence, it is likely that double s-springs’ capabilities will
need to continue being expanded and tested with this purpose in mind. Thus, future

prototypes will also be employed to investigate the behavior and performance of



Figure 5.13: Solar cells mounted on a film supported by double s-springs.

double s-spring supported thin films in extreme environment scenarios, such as in

radiation and more extreme thermal loading, as well as for larger unit cells.
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Chapter 6

DISCUSSION AND CONCLUSIONS

6.1 Summary of Contributions

This thesis encompasses a relatively broad range of interconnected topics. The goal
of this section is to outline how the research objective of demonstrating how to attach
pretensioned thin films to thermally loaded deployable space structures with high
surface stability and accuracy was met, connect the individual conclusions of each
chapter, and in the next section explain what is still to be done to perfect the topics
developed. For this, it is logically best to start with the conclusions of Chapter 3,
where an analytic model of a rigid rod frame with elastic hinges was studied. In
this section, two key conclusions were drawn. The first key conclusion is that for
arbitrarily applied forces, the torsional buckling load can be calculated for the unit
cell frame as a function of its side length and corner stiffness. This load will always
be twice as high for internal follower forces as opposed to forces applied in a fixed
direction, and moreover, this load is more practically defined as a critical average
compressive load, which is also dependent only on the two variables, meaning that
knowing this information fully defines the torsional buckling limit. This compressive
load’s invariance also means that the buckling of the frame depends solely on the
frame and the manner in which it experiences loads, and not on how something is
attached to is. Thus, it is beneficial to distribute the attachment on the frame evenly
to comprehensively support the thin film, and reduce areal loss. However, the other
key conclusion in Chapter 3 is as follows: attaching a membrane along an edge, as
opposed to just the corners, applies significantly more force per temperature change,
leading to thermally induced buckling to occur at much lower thermal strains, even if
the membrane offers additional stiffness to the structure in torsion. This is of course,
assuming a linear elastic material attached directly to the frame. Hence, this second
conclusion highlights the need for a nonlinear, relatively constant force attachment
method in order to optimize both the structure’s capacity to avoid torsional buckling

and areal efficiency.

Chapter 4 expanded the conclusions derived in Chapter 3. It first showed experi-
mentally the need for careful integration of thin films to practical structures, and

how these structures can be created. It then transitioned to showing numerically
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that the lessons taken from studying a simplified structure made of rigid rods and
elastic hinges could be transferred to a more realistic orthotropic high fidelity repre-
sentation of the unit cell frame. By examining the bending stiffness of the structure
diagonally, it is possible to calculate a close bound on the torsional buckling load for
the various force application cases previously studied in detail in Chapter 3. This
means that the model developed in Chapter 3 offers relatively accurate predictions
of the buckling load, and both the simplified structure and high fidelity studies can

be used in tandem to inform an optimal construction.

Having validated the lessons presented in Chapter 3, it is logical to return now to the
double s-spring pattern studied in Chapter 2. Having found a method to determine
the level of pretension acceptable in a structure, as well as the best way to support
thin films from the perspective of the frame, double s-springs offer a realistic tunable
solution. In this chapter, the main focus was not just on the design and influence
of parameters on the performance of the spring, but also on creating robust and
efficient simulation tools to be able to iterate and design the double s-spring for
general application cases. Specifically, the double s-spring was simulated using
CONN3D?2 connectors that were able to sufficiently capture its nonlinear behavior,
and allow for the optimization of the springs’ orientations locally. This model was
validated to a high fidelity model as well. Additionally, this section contained a
practical demonstration of the double s-spring’s ability to maintain high surface
accuracy and avoid wrinkling by measuring the surface accuracy using DIC. These
results showed that this attachment style kept the surface variability to under 100
microns, even close to the attachments. This was also later validated using the

numerical model developed.

Chapter 5 then completes the story contained in this thesis by demonstrating that
not only do double s-springs work in specific, theoretical, or controlled scenarios,
but they are also a practical way to implement thin films into a spacecraft structure.
This chapter primarily demonstrated their ability for reliable deployment where
previous methods had potential failures, as well as their durability and efficiency in
packaging scenarios. It also explored the fact that their uses are not limited to just
square unit cell architectures. Their unique high strain capacity (and coupled nature
that distributes local force concentrations) allows them to permit highly desirable
novel deployment architectures, such as a folding toroid. One significant advantage
of the toroid is that due to its symmetry, effects like potential torsional buckling of the

frame are circumvented. The folding of the toroid is demonstrated experimentally,
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and it is discussed as well that as this architecture scales up, it becomes a significantly

efficient packaging method.

Putting the lessons learned together, Figure [6.1] shows the piéce de résistance of
this thesis. This frame looks completely normal, and that is the point, and what
makes it special. Even though the film has been adequately prestressed, there are
no wrinkles in it, or torsional twists in the frame. This is the most important
contribution found in this thesis, since it culminates all of the previous studies
into a single practical demonstration. This frame unit cell was assembled using a
highly efficient and repeatable technique. Since the force-displacement was well
categorized previously, the film was mounted using a displacement technique (pins
in-between the spring elements) to hold the edges, and sandwiched to the composite
frame. This displacement control method results in more even prestressing, not
requiring prior bonding to the frame components, and allows for more points to
control the film with. This method is also less time consuming than the pulley
approach, and easier to scale. The biaxial prestress for this film is about 2 N/m,

which is just below the follower buckling load estimated for this frame.

The understanding of the unit cell buckling developed in this thesis, as well as
the contribution of the double s-springs and their modeling, lays the foundation
for ambitious and novel projects like SSPP to not only be achievable, but viable.
Without this work, key functional components such as phased arrays simply cannot
be utilized. This technology also provides potential benefits in other applications,
such as preventing effects like jittering in highly sensitive telescopes, increasing the
area of deployable structures, and thermally decoupling locally active components

from adjacent ones.

6.2 Future Work

While many things were achieved and demonstrated in this thesis, there is even
more work left to be done to perfect and fully understand the content addressed
before everything is optimized. This section will discuss future work as it pertains
to several different key areas. This section both reiterates some previously discussed
topics, and discusses needs that arise when synthesizing the individual sections into

one big picture.

Reduced Order Modeling
Starting with the concept of optimization in this discussion is logical, since it is

the natural next step to combine all of the tools that were developed as part of this
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Figure 6.1: Top and side view of a prestressed film supported by double s-springs
on a composite frame that has no torsional buckle.

thesis. Several simplified and reduced order models were created; the two primary
ones being the beam and MPC hinge numerical model for the frame unit cell, and
the connector element model used to represent the double s-springs. The former
is used to analyze just the composite frames, while the latter is intended to help
model the effects of the connection scheme on the mounted film. Combining these

two models into one would allow the study of the complete system in a much more
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computationally efficient fashion. As mentioned in Chapter 2, using the full coupled
multidimensional behavior of the double s-springs is potentially problematic with
CONN3D2 elements from a standpoint of convergence. Hence, the combined
model would also have to be analyzed and validated carefully in order to be trusted.
Similarly, the longerons and battens of the frame model have thicknesses and offsets
in the physical world, and are not simply one dimensional. Hence, these affects have
to be studied before they can omitted fully. As seen in Chapter 4 when examining
the effects of different boundary conditions, mounting the film in different ways may
also potentially affect the way the longerons in particular behave, and thus change

the effective stiffness of the frame.

Following a robust and verified model, the next step is to actually utilize this model.
While a flat, non-buckled frame was achieved experimentally using some of the
results obtained, there has not yet been further work showing that this geometry is
actually the optimal one. Perhaps the strain range, toughness, or some other element
can be drastically improved still, especially considering the factors like unit cell size
not having been fully studied yet. This also entails determining the constraints for
optimization, since there are tradeoffs as stated before. It is not yet clear for the
SSPP project or other possible applications which elements are the most important,
or which can perhaps be sacrificed further (e.g. less strain capacity in exchange for

a smaller unit cell that allows for more area for functional components).

Lastly, the current reduced order models are based primarily on set material prop-
erties and quasistatic force conditions. Properties of soft polymers like Kapton are
subject to change with temperature and other external factors, which the model does
not yet account for. While some thermal strain and loading scenarios were studied,
the reduced order models were not rigorously studied and compared to full fidelity
models under temperature changes, or with varying amounts of prestrain. More
research needs to be done to finish validating these models under mixed loading

conditions.

Unit Cell Frame

The unit cell frame, made of TRAC longerons and battens, is perhaps the most well
studied part of the SSPP project in the literature in terms of its components and their
individual peculiarities. However, this thesis did not investigate specifically how to
ensure that these components provide the maximum torsional stability, and at what

point another failure mode might occur (another eigenmode of the frame becomes
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the new lowest eigenvalue). Thus, the overall architecture would benefit incredibly
from utilizing the high fidelity model of the fully linear elastic frame to investigate
what adjustments can be made to improve the torsional stiffness, or if a different
approach, such as using hollow deployable battens or closed cross section longerons

offers worthwhile tradeoffs.

Additionally, compared to the simplified frame model, two key elements were not
verified using the high fidelity model. First, Case D was not addressed due to the
additional computational time this would have taken. Similarly, some analytic re-
sults, like the buckling of a rectangular frame, have not been studied using numerical
methods yet either. Second, a significant point of the rigid rod and elastic hinge
model was the study of post-buckling deformations, both numerically and experi-
mentally. This was not done with the high fidelity model, and is necessary in order

to adequately combine the reduced order models presented as described above.

As stated in the Chapter 4 Discussion, the unit cell frames have also not been studied
extensively for imperfections. Imperfections are difficult to avoid in composite
manufacturing, and have been previously shown to significantly affect buckling
behavior, specifically in TRAC longerons. As such, imperfections, for both an
initial twist, and local effects on the flanges should be well understood in order to

develop a robust model.

Finally, the affects of additional structural elements should be studied for their impact
on torsional buckling of the unit cell frame. As mentioned previously, multiple unit
cell frames tend to exacerbate post-buckling displacements. In earlier studies, it was
also determined that a thicker membrane can significantly raise the buckling force.
However, this was assuming a direct bond. It is possible that for using an edge
attachment scheme that is discretized locally, such as double s-springs, diminishes

this effect’s potency.

Scaling

One of the key visions for making the SSPP concept viable is creating a 60 m x 60
m structure. This means that all aspects of the structure must be scaled from where
they are now, starting with the unit cells. Currently, the strain range of region 2 of
the double s-springs (~2 mm), is adequate for a 1 m X 1 m unit cell with a Kapton
film to undergo ~ 200 °C of temperature change. Hence, for larger structures, which
will necessitate larger unit cells, this value will need to be tuned further. Likewise,

the models and theories developed that have been validated for smaller unit cells,
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will require additional validation as they are scaled up, and elements such as the

Euler buckling load of the frame components are approached.

The physical construction of the attachment and manufacturing of the double s-
spring film also needs to be further innovated and scaled. In Figure [6.1] the
attachment of the springs to the frame is not visible, but consists of a single strip
in order to more easily stretch and pretension the edge prior to bonding. A single
strip like this in a larger structure may result in causing a distributed stress due to
the CTE mismatch between it and the composite web of the TRAC longeron. This
could lead to debonding, or induce curvatures, similar to a bimetallic strip. The
current manufacturing process for the patterned film also involves laser cutting the
pattern. While this is an efficient method from the perspective of prototyping lab
scale models, for patterning a single 1 m X 1 m film edge, this would take several
hours. Hence, developing a more scalable manufacturing method, such as stamping

the pattern through the film with a steel hole punch, would be advantageous.

Double S-Spring Pattern and Film Attachment

The double s-spring pattern and film attachment in general is the area with the
broadest amount of future work remaining. Similar to the unit cell frames, thermal
strain remains the major concern of the SSPP project, and an area requiring more
rigorous study in the film itself. This applies for both numerical studies, and
experimental validation. Specifically, the biaxial prestraining of the film needs to be
validated experimentally. This is a difficult process, since DIC on the transparent film
itself is challenging, the large size of the film requires techniques such as scanning
DIC to properly study the full area undergoing prestrain, and unlike measuring the
surface offsets, it also requires a reference measurement before the film is mounted.
Additionally, observing phenomena such as thermal buckling also necessitates a
large enough thermal chamber, and a method to properly gravity offload the frame,
which adds a tradeoff between over-constraining the motion of the unit cell and
making DIC easier. Kapton is also a relatively hygrothermal material as mentioned,
meaning that in addition to thermal effects, humidity should also be considered and

examined.

In the previous studies conducted, the film was not shown to wrinkle. However, as
the structure is scaled up, there is no guarantee that this remains the case, and as
such, the limitation of wrinkling, specifically due to potential shear effects, should

be determined, and mitigated using the chirality of the springs if possible. The
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chirality is an additional point of remaining optimization, as it has already been
shown in Chapter 2 that using at least two different spring directions leads to a more

uniform and biaxial prestress distribution.

One major concern of this attachment style is its longevity and durability. This was
a major consideration in the original design of the double s-spring. While double s-
springs have lasted hundreds of stretch cycles without accumulating cyclic damage,
a mission to LEO would incur tens of thousands of thermal cycles over the period
of just a few years. Thus, it is vital to ensure that the plasticity effects studied in

Chapter 2 do not lead to a physical failure or loss of pretension overtime.

While double s-springs are a particularly effective and simple design, it is certainly
not the only design possible. Other cut patterns can be created that also result in
twist like and ribbon like behavior. Additional parameters, such as perhaps a triple
s-spring or a double s-spring with unequal S’s (i.e. if there is a bias in thermal
expansion to one principal axis), can also be envisioned. In the foldable toroid, a
slight change in the aspect ratio of each unit cell allowed it to be tessellated in a
circle. Analogously, this could also be done for local features in a structure, such
as an active component situated along the edge. Studying the performance of the
system after all components are implemented, such as the solar cells in Figure[5.13]

is key to gaining a complete understanding.

As a final note, the material used, Kapton, is primarily a surrogate to model a thin
film that many space structures might use or mount components to. Other variants
of it, such as CP1 polyamide, exist with properties such as low moisture absorption,
better uniformity, and high transparency that may improve the performance of the
film and reduce the requirements placed on the double s-springs[73]]. Especially for
alternative applications outside of the SSPP project, other materials in general such
as Mylar may also be preferred or required. As these materials and applications

shift, the attachment style used must adapt too.

6.3 Closing Remarks

Simplicity and efficiency are two key ingredients for elegance. As such, this thesis
hopes to provide an elegant understanding of and solution to a problem in pushing the
fundamental limits of ultralight deployable space structures. Utilizing numerical,
analytical, and experimental models to predict and eliminate thermal effects and
buckling in composite structures is the only way that larger structures can continue

to scale. While many details remain to be further developed, a practical solution to
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a problem that will become more and more common has been shown to exist, and
this thesis hopefully provides a step in the right direction in making next generation

space structures not only viable, but practical.
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Appendix A

DOUBLE S-SPRING MANUFACTURING METHODS

This section discusses the manufacturing method used in creating double s-spring
patterned films, including the tolerances of such methods. Double s-springs during
this thesis were created primarily using a laser cutter from Universal Laser Systems.
This is a relatively high precision method of manufacturing that allows for rapid iter-
ation of multiple designs, and features as small as a few hundred microns (unit cells
as small as 3 mm have been successfully manufactured), as opposed to techniques
such as creating cutting molds. However, this technique requires a few caveats to be

addressed.

The first such caveat of using laser cutting to manufacture patterns in Kapton is that
the polymer is sensitive to parameters such as the wavelength, the intensity, and
the speed of the laser. 9.3 yum, 10.6 um, and 1.06 um lasers were used, of which
the 9.3 um laser provided the best absorption to properly and consistently ablate
the Kapton film. When cutting the Kapton, it is best to cut it at high speed and
medium power, with multiple passes if necessary. Excess energy absorbed into the
Kapton results in two effects: denaturing of the polymer (bubbling and noticeable
color change) near the cut area, and charring of the cut edge. The material ablated
usually results in 100-120 um of material removed, which is corrected by applying
a kerf offset. Melting of the edge, and especially charring, results in a minor "dog
bone" effect, where the material at the very edge of the film has a slight increase
in thickness, typically 10-20%. Charring also results in more brittle edges of the
Kapton film. Lowering the PPI of the laser cutter in order to prevent energy over-
saturation and minimize charring can also result in a jagged or "sawtooth" edge,
which perhaps may lead to easier crack propagation and tearing of the film. Hence,
a parameter study was done in order to help minimize the presence of these adverse

effects.

Another difficulty created by the laser cutter manufacturing technique is that the
precision of the laser cutter varies, mostly based on the trajectory taken by the laser.
As the laser cutter moves throughout the pattern, the gantry has to accelerate and
decelerate in order to achieve the geometry designed. This results in a distribution

of dwell times of the laser, and thus in some areas more material is ablated than
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in others. This is visible in particular in Figure [A.T] where it can be observed
that different parts of the pattern have slightly different ribbons widths despite a
constant 0.6 mm nominal width prescribed throughout the pattern. As discussed
in the experimental section of Chapter 2, this results in performance of the double

s-springs in real life being slightly modified from numerical prediction.

Figure A.1: Microscope view of laser cut double s-spring border. The actual width,
as opposed to the nominal ribbon width of 0.6 mm, is shown labeled at various
locations.

In order to attempt to mitigate some difficulties associated with the laser cutting,
several different over and underlayer materials were also experimented with the
Kapton. In general it was determined that additional materials such as paper,
Teflon, and other films underneath the Kapton were not necessary. When cutting
other thin film patterns, these materials can assist with the lift-off of the film after a
pattern is etched. However, the double s-springs are relatively robust, and as such
do not require such precautions. They can be cut on common materials such as an
acrylic plate. Such a plate is necessary to help keep the film flat during cutting, and
prevent scattering off of the honeycomb mesh below the film from ablating excess

material. A metal plate, such as steel, is preferred for this process, as sometimes the
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Kapton can fuse to the polymers underneath, and metal plate undergoes less etching
itself, and thus can be reused more times. Care must be taken with metal plates so
that any scratches on them do not reflect the laser in undesired locations. Similarly,
over-layers were found to generally be unnecessary as well. The main benefit from
over-layers on the Kapton is that they help remove soot that is redeposited on the
film from the ablated material. However, due to the quantity of soot produced in
this process, films must still be cleaned before being used, and as such over-layers
serve more as a barrier to clean surface cuts and require additional cutting passes

more than they aid in post-processing of the film.

Kapton has also been cut using a Ziind cutter, which uses a similar gantry to a laser
cutter, but instead cuts the film with a razor blade. This method has a significant
benefit in post-processing of the film, as well as precision in terms of consistent
cutting widths and kerf offsets. However, it fails due to the time required and final
product quality. In order to make the sharp bends of the springs, the blade must
either rotate as it cuts, or "peck" the film to create the cut. The prior method is
effective, but oftentimes results in the film snagging on the blade, and thus being
dragged with it and tearing. The pecking method requires significantly more time,

and as seen in Figure [A.2] oftentimes fails to fully pierce every part of the film.

Figure A.2: Small sample of double s-spring cut from Kapton using a Ziind cutter;
the majority of sections were not able to be fully separated.

While the mechanical cutting method is not fully functional, it does offer a proof
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of concept for an alternative once a pattern’s parameters are fully prototyped. As
alluded in the start of this appendix, a hole punch method with a cutting die, seems
to be a likely easy solution for quickly and consistently making large amounts of
patterned film, in which the pattern is simply stamped. This type of punch would
require a relatively cost intensive and precisely machined die, but would be able to
be reusable and scalable, and a reasonable method as long as changes to the design

are not necessary.
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Appendix B

KIRIGAMI SPRING BENDING STUDY

This section primarily discusses the behavior of kirigami springs, specifically the
kind previously used briefly in the Caltech SSPP, shown in the left of Figure 2.3]
These are corner spring connections that offer a relatively constant force with large
displacements via a bending type post-buckling behavior, as seen in Figure
similar to Figure 2.8] These springs are similarly tunable to double s-springs,
but are practical for the application discussed in only one direction. Additionally,
they incur large out of plane offsets due to the rotation of their segments in their
post-buckling behavior. While initially it may seem possible that this out-of-plane
behavior may be alternatively advantageous for the sake of increasing bending
and/or torsional stiffness of the structure that they are incorporated in, this was not
observed experimentally. In fact, this style of kirigami spring has extremely low
bending stiffness due to the extremely thin connection points that the segments share

between each other.

0 20 40 60 80 100 120
Displacement (mm)

Figure B.1: Force response graph of a kirigami spring with analogous force regions
to Figure [2.§] highlighted. This spring achieves a higher displacement range than
the ones used in SSPP due to additional segments added.

To verify these findings, thirty kirigami springs were laser cut (similar to the methods
discussed in Appendix A) from 100 pm thick 1095 spring steel. Spring steel is
necessary as opposed to a softer polymer like Kapton, since the bending regime
for this cut pattern results in very low forces otherwise. Three experiments were

conducted with the springs: a stretch test, a four-point bending test (Figure [B.2)),
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and a probing test (Figure [B.3)). The four-point bending and probing test had the
kirigami springs held in an adjustable fixture, such that the prestrain of the springs

could be varied throughout the experiments.

Figure B.2: Kirigami spring prestressed via fixture under four-point bending test.

The stretch tests showed that due to laser cutting based imperfections, some of the
springs’ second region force varied by as much as 20% (0.8 vs. 1 N). Those with
small manufacturing imperfections matched numerical (Abaqus 2024) simulations
relatively well. Aside from the force-displacement relation distribution, the results
for the second two bending tests were much more consistent. For the four-point
bending test, 0, 6, 12, and 18 mm of pretension was applied for springs with a
patterned region of 5 cm, similar to the one illustrated in the left of Figure 2.3] In
this test, the spring edges were held by a loop of Kapton, so that their ends could
rotate freely with the buckling of the pattern. For the single point probing test,
displacements in increments of 2 mm were used up to 20 mm. In this test, the ends
of the spring were instead held fixed either coplanar to each other either vertically or
horizontally. In all cases, the bending stiffness was calculated based on measuring
a load cell force, and was independent of any applied pretension, even for cases
of manufacturing imperfections. This value was determined to be 0.0696 N/mm,

which is consistent with the bending stiffness that can be analytically estimated for
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Figure B.3: Force probe measurement of kirigami spring under tension and orthog-
onal rotational boundary conditions.

the pattern, as well as the experimental findings for an unstressed sample. Hence,
despite out of plane motions, the bending stiffnesses of kirigami springs do not
increase in the post-buckling regime of the springs.
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