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ABSTRACT

Ultralight space structures utilize composite structural elements supporting active

thin �lms in order to achieve deployed con�gurations with lower areal densities.

However, as these space structures get larger, they get increasingly less sti�, leaving

them susceptible to adverse e�ects, such as torsional buckling. Simultaneously, this

con�icts 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 �lms to deployable

thin shell structures, allowing for materials with widely di�erent coe�cients 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 di�erent 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 �lms without incurring torsional

buckling. This study analytically calculates the critical prestress of torsionally soft

square frames supporting an internal thin �lm. The study highlights the role of the

attachment scheme, which has a very signi�cant 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 veri�ed via numerical

�nite 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, signi�cantly increase the stability of space

structures against torsional buckling. The �ndings for the torsionally soft square

frames are validated against a high �delity orthotropic material model in order to

justify the assumptions made in the analytical study.

In the �nal 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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1

C h a p t e r 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 e�ciencies of mission critical components. Deployable space struc-

tures transition from a compact stowed con�guration during launch to larger, more

functional con�gurations once in orbit. Their use encompasses a wide spectrum of

applications that could not be addressed with traditional single-con�guration struc-

tures, such as telecommunication dishes, solar arrays, large telescopes, booms, solar

sails, etc[3�5]. As humanity expands its activities in space ranging from low-earth

orbits (LEO) to deep-space exploration, the demand for lightweight, reliable, and

highly e�cient deployable systems continues to grow.

Since the start of space exploration, deployable structures have evolved signi�cantly.

Initial systems primarily consisted of simple hinged appendages and extendable

booms used for antennas and solar panels[6]. Nowadays, many space structures

utilize �exible lightweight composite materials, origami-inspired geometries, and

functional thin �lms that enable increasingly adaptive and e�cient architectures[7].

Composite based architectures o�er advantages such as higher sti�ness, 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 1.1. While these three projects do not share particularly similar

mission objectives, or �ight trajectories, there are some key similarities to highlight

in the spacecraft. First, all three concepts must be su�ciently sti� 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 �lms in between elements. Out of the three, JWST is the most similar

to a classic space-frame truss-based system that provides high sti�ness and load-

bearing capability, while the other two structures rely on composites more to achieve

exceptional packing e�ciency 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�15].

Figure 1.1: SSPD-1 in its deployed con�guration in LEO.

In particular, this thesis will focus signi�cantly 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, speci�cally

LEO where the project is envisioned, this time is signi�cantly less. Additionally,

the sunlight available is not �ltered by the atmosphere, meaning that solar power is

not a�ected 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 �nal 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

�nal goal of a larger 60 m � 60 m spacecraft, this requirement becomes even more

critical since de�ections of the structure become more di�cult to avoid.

The SSPP structure has been studied previously to ensure that it can maintain

su�cient structural shape accuracies under vibrational and bending loads on the

spacecraft, given its �at 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 �anges 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 �anges 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 1.2, this type of design is

susceptible to torsional buckling.

There are several challenges that make torsional buckling di�cult 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 di�erent, 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
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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 e�ect seen in Figure 1.2). These e�ects cause strain, especially

between components that expand or contract at di�erent rates due to di�erences in

their coe�cients of thermal expansion (CTE) or other properties. In same material

components stresses may occur as well due to e�ects 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 1.3, 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 �rst 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 su�ered from not only a twist due

to the thermally induced buckling, but even a�ected the pointing of the spacecraft

due to the transient heating cycles causing a jitter. This was signi�cant enough to

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

Torsional buckling has been examined extensively for speci�c cases such as cylinders

and trusses, but not extensively for �at 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 �ber

reinforced polymers, can have nearly zero CTEs, and o�er high sti�nesses, which

are two key methods of reducing buckling. However, as mentioned, de�ections 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 de�ection and twist[23]. As mentioned already, the SSPP

structure similarly su�ers from thermally induced de�ections, due to CTE di�er-

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 �lms 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[24�26].

In addition to torsional buckling, CTE mismatch creates problems leading to surface

inaccuracy in the �lm itself. Even if the frame itself is stable, internal stresses can

lead to wrinkling in thin �lms that also leads to signi�cant surface inaccuracies. A

project focused on creating a doubly curved parabolic membrane re�ector, Electro-

statically Controlled Deployable Membrane Antenna (ECDMA), uses electrostatic

forces to actively shape and tension a thin, conducting membrane into a precise

re�ecting 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-
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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 �at 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 coe�cients of thermal expansion materials

could be used to "cancel out" the CTE mismatch and help mount �lms to prevent

loss of su�cient 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 di�cult to manufacture

and incorporate, and are more e�ective in 3-dimensional applications rather than

�at structures[28].

Currently, the SSPP structure's composite backbone and thin �lms 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 e�ciency issues that must be solved to make the space based solar

power concept viable.

Thus, this thesis aims to contribute to the development of e�cient and reliable de-

ployable systems by developing an e�ective method of attaching thin �lms to com-

posite structures, and further understanding the torsional buckling of such structures.
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Since many aspects of this study are di�cult 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 �nite element analysis (FEA)[29]. FEA is a numerical procedure

that allows the solving of physics e�ects 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 e�cient 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 �lms

can be attached to thermally loaded deployable space structures with high surface

stability and accuracy. This necessitates study of both the �lm 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 veri�cation

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 �lms to compliant composite frames.

This chapter �rst 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 tradeo�s present among the design parameters,

focusing on the strength (or rather toughness) of the attachment, and experimental

veri�cation 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 e�cient 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 �lms 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 di�erent �avors, and it is
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shown that for this simpli�ed 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 �xed direction loads and loads

that follow the deformation of the model. This general result is veri�ed via a series

of numerical studies, and an experiment.

In Chapter 4, a fully elastic high �delity 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

�lms 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 �eld, tools created, and limitations

presented. It underlines the main research directions remaining and the vectors for

future development of thin �lm 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 sti�ness is unchanged.

While the attachment style is chosen to be presented �rst 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 simpli�ed model to a higher �delity 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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C h a p t e r 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 �lms 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 �lms made of Kapton, Mylar, or multilayer membranes perform necessary

functions as photovoltaic, structural, re�ector, 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 speci�c focus of this research is the Caltech Space Solar Power Project

(SSPP), which uses thin �lms to achieve a multifunctional large area space structure

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

Previously, thin �lms have largely been mounted using di�erent types of direct

attachments, constant force cable tensioners, or corner localized springs ([2, 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

�lms by utilizing springs only in the corners of a �lm also results in areal loss

if the �lm 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 �lm ([39, 40]).

In order to maintain surface accuracy and address issues exacerbated by large dif-

ferences in coe�cients of thermal expansion (CTE), thin �lms must be prestressed.

This issue is especially challenging when trying to directly attach �lms 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 �ber 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

e�ective methods of continuously attaching thin �lms.

Figure 2.1: SSPP square unit cell showing a thin �lm 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 �lm 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 �lms on space structures. The

local buckling phenomena oftentimes result in out of plane o�sets for the �lm, 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.

Figure 2.3: Kirigami sheet spring (left) and square (right) cutting patterns under
small uniaxial tension.

in Figure 2.3, is only e�ective as a corner spring, and not as a continuous support

for an entire thin �lm 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 sti� even for commonly used thin

�lms such as Kapton and Mylar. Finally, these patterns make sharp cuts in the �lm,

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 de�ne a unit cell of two intersected "S"'s. In practice, corner �llets are

introduced where the splines meet in order to prevent stress concentrations that lead

to localized tearing. These proposed springs are su�ciently sti� 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 e�ectively.

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 �lm, such

as electronic components that may emit more heat but require lower prestress. It is

also simple to manufacture via laser cutting.

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 2.5, 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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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 di�erent states corresponding to the regions illustrated in Figure 2.8.

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 �lms.

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 su�cient 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 �lm 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 �le 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.

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 �xed against translations in the x- and y-directions. The resulting �rst 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 �lm. 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 di�erent

types of imperfections. Hence, a set of imperfections that yielded post-buckling
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