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ABSTRACT

Human nature is inherently driven by the desire to build; advancing from primitive
shelters to skyscrapers, and extending this relentless pursuit of progress to space
through technological innovations. As space missions require larger and more com-
plex structures, traditional deployable systems face challenges due to constraints
on launch mass, volume, and complex deployment mechanisms. In-space assembly
(ISA) offers a promising solution for constructing large structures, such as telescopes

and satellites, directly in space.

This thesis introduces a novel ISA concept with a centralized ‘truss builder’ for
autonomous assembly of polygonal-ring structures, using simple, repetitive opera-
tions and focusing on scalable mesh reflectors for communication and imaging. Uti-
lizing the standard AstroMesh architecture, a rapid generalized design method is
developed. Through the analysis of reflector geometry, optimized cable prestress,
structural design, and a high-fidelity finite element model, analytical scaling laws
are derived for mass, stowed envelope, and natural frequency based on aperture
diameter. A semi-analytical homogenization model is introduced to efficiently pre-
dict fundamental natural frequencies. Stowed volume is a key limitation for large
deployable reflectors, approaching current and future launch capacity limits, while

the proposed ISA reflectors face no such constraints for apertures up to 200 meters.

A two-dimensional finite element model simulates the assembly kinematics of
large ring-like structures with the proposed ISA concept, enhancing understanding
of the process and evaluating key design aspects of a stationary robot assembling
scalable ring-like trusses. The model provides insights for optimizing autonomous
assembly systems and underscores the need for advanced numerical simulations to

ensure smooth assembly and stability during ISA, especially as structures scale.

Lab-scale prototype testing validates the ISA concept, with results aligning qual-
itatively with simulations. Both experiments and simulations reveal a range of viable
solutions, demonstrating flexibility for future mission designs. This research offers
crucial insights into the design and scaling of mesh reflectors, setting the stage
for comparing ISA with traditional deployable systems. The proposed ISA concept
presents a practical solution for building high-precision, large-scale structures in
space, advancing the field of space construction and supporting future extended

space missions.
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NOMENCLATURE

Space Legos. Modular components engineered for assembling structures in space.

Stationary Robot. A robot that remains fixed in position relative to the spacecraft
and does not traverse across or along the structure being assembled.



Chapter 1

LARGE STRUCTURES IN SPACE

1.1 In-Space Assembly: A Strategy for Launching Large Space Structures?

The growing demand for advanced space missions is driving the need for larger
and more complex space structures. Historically, construction of large space struc-
tures has relied on deployable systems housed within a single launch vehicle. This
method has been successfully employed in missions involving structures typically
ranging from 10 to 20 meters in size [1]-[4], as shown in Fig. 1.1. However,
on-orbit deployment poses significant challenges, primarily due to intricate mecha-
nisms required, increasing the risk of failure and impacting mission reliability [5],
[6]. Substantial portions of engineering costs and launch mass are allocated to en-
suring the structure’s survival during launch. As component sizes increase, these
costs escalate further, driven by the complex folding mechanisms and the extensive
testing needed to guarantee successful deployment. Additionally, the size of these
structures is limited by the mass, volume, and stress constraints imposed by launch
vehicles, as exemplified by the James Webb Space Telescope (JWST) and its 6.5-
meter primary mirror, which likely represents the largest aperture achievable for
single-launch telescopes [7], [8].

On-orbit assembly, as demonstrated by the construction of the International Space
Station (ISS) using separately launched large modules, offers a promising approach

to overcoming payload constraints in space missions [9], [10]. In-space assembly
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(ISA) maximizes the use of a launcher’s fairing capacity, enabling the construction of
very large structures. This capability is especially vital for the development of large
space telescopes, a key objective in space exploration, as scientists have long sought
to deploy large optical systems in space with primary mirrors exceeding 10 meters
in diameter. Several concepts for such telescopes have been proposed, including a
scalable 30-meter space observatory operating across ultraviolet, optical, and near-
infrared wavelengths [11], and a 10-meter ultraviolet-optical telescope [12], both
intended to be assembled robotically in space. In the 1990s, NASA determined that
deploying a 25-meter telescope mirror through mechanical means was impractical
due to inefficient packaging, concluding that an erectable mirror assembled in orbit

by astronauts or robotic systems would be more feasible [13].

Stowed configuration Deployed configuration

(b)

Figure 1.1: State-of-the-art deployable structures: (a) JWST (NASA, 2016) and (b)
AstroMesh deployable mesh reflector (Northrop Grumman, 1999)
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Extensive research into support structures for space telescopes and reflectors
has highlighted the benefits of using trusses, leading to significant progress in
lightweight space truss design [14], [15] (see Fig. 1.2). This research includes
early designs for large, high-precision segmented reflectors [16] and a doubly-
curved truss structure that was designed, fabricated, and validated for its exceptional
surface precision, stiffness, and strength [17]. However, assembling trusses with
large areas or spans requires a substantially greater number of lightweight truss
elements, necessitating careful consideration of several key design factors [18]—
[20]. These factors include the modular design of structural components to enable
easy integration while maintaining sufficient stiffness when assembled, the efficient
packaging and delivery of components to the target orbit, and efficient ISA concepts

to achieve the desired functional configuration of the structure.

(a) (b)

Figure 1.2: Lightweight trusses as support structures: (a) erectable 4-meter tetrahe-
dral truss [17] and (b) JWST support structure (NASA, 2015)

1.2 Robotic Autonomous Assembly

There is a growing shift towards autonomous robotic systems in assembly, replac-
ing traditional methods. Extra-Vehicular Activity (EVA)-based structural assembly
culminated in a 14-meter diameter doubly-curved telescope truss experiment [21]—
[23]. This study underscored several crucial lessons, such as the need for simple,
repetitive construction tasks, the benefit of using movable work platforms, and the
distribution of tasks to minimize worker fatigue. It also highlighted the impor-
tance of storing components near the crew for quick access and efficient assembly,

while recognizing the limitations of manual assembly as the size of the structure
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increases. Manual assembly becomes impractical for large structures, necessitating

the shift to centralized, autonomous assembly methods utilizing robotic systems.

In the manufacturing industry, the use of assembly robots is a well-established
practice, where robots have become integral, excelling in precise, repetitive tasks that
ensure efficient, high-quality product assembly and enable rapid production. How-
ever, applying robotics to construction, particularly in difficult environments such
as hazardous or remote locations, has not progressed as rapidly, with only a few

feasible short-term solutions available [24]-[27].

Numerous innovative structural concepts and system architectures have been
developed to facilitate the autonomous ISA of large, functional structures [28]—
[30]. These advancements are paralleled by the growing adoption of collective and
traversing robotic assembly methods, as shown in Fig. 1.3. Noteworthy examples
include the assembly of cubic truss structures by multiple aerial robots [31], a coordi-
nated multi-robot system for assembling furniture [32] and termite-inspired climbing
robots [33]. However, the use of multiple robots for assembly of structures introduces
several intricate challenges, akin to those faced in EVA experiments. These chal-
lenges include ensuring seamless coordination and communication among robots to
prevent interference, optimizing task distribution to enhance productivity, and man-
aging workspace constraints to avoid collisions and provide adequate operational
space (see Fig. 1.3(a-c)). Additionally, the setup and maintenance of multi-robot
systems are inherently complex, often resulting in heavier robots that must be sup-
ported by the stiffness of the structure. As the structure grows larger, scalable com-
munication and coordination become increasingly critical, and traversals become
significantly longer and more time-consuming. As the complexity of autonomously
assembling large trusses grows, so does the risk of encountering single points of
failure that could disrupt or halt the entire process. Therefore, simplifying system

architecture and operations in the autonomous assembly of large trusses is essential.

Streamlining processes and reducing reliance on complex subsystems improve re-
liability and operational robustness while preserving the advantages of autonomous
assembly. Jenett and Cheung [34] aimed to simplify truss assembly by develop-
ing inchworm-inspired bipedal “Relative Robots” (see Fig. 1.3(d-f)). These robots
are designed to interact with their structured environment, using the modular three-
dimensional lattice they are constructing as support. As they traverse the lattice, they
manipulate and transport the building blocks needed for assembly. While this con-

cept comes closest to the idea of ‘Space Legos’ by using identical robots and modular
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building blocks, simplifying control mechanisms and enhancing reliability through
fault-tolerant connections, it still relies on coordinating multiple robots. Strengthen-
ing the reliability of large truss assembly and advancing autonomous construction

capabilities in space and other challenging environments remain key goals.

Source Material Launched in
Compact Form

SpiderfFab Bot

(d) (e) (f

Figure 1.3: Advancements in robotic assembly: (a) SpiderFab robot constructing
a support structure for functional elements [9], Robot-Assembled Modular Space
Telescope (RAMST) architecture [29]: dexterous hexbot (b) deploying and assem-
bling truss and (c) traversing and assembling mirror module and BILL-E: robotic
platform [34]: identical bipedal robots (d) using the truss as support for traversing,
(e) placing and (f) moving identical truss modules.



1.3 Reflector Antennas

Large reflector antennas have garnered significant interest for space missions due
to their requirement for high resolution and bandwidth in communication and imag-
ing, with commercial systems available from companies such as Astro Aerospace
Northrop Grumman, L3 Harris, and Tendeg. Mesh reflectors were selected as the
primary structure of interest for the research described in this thesis, guided and
supported by funding from the DARPA NOM4D (pronounced “NOMAD”) pro-
gram [10].

Early designs for deployable reflectors, such as the umbrella-type with metallic
wire mesh stretched over parabolic ribs [35], and the wrap-rib type where thin shell
elastic ribs with a parabolic edge profile were wound around a central hub mecha-
nism [36], achieved compact stowage but struggled to deliver high surface accuracy
for larger apertures. To address these challenges, a concept with a faceted reflective
surface [37], [38] emerged, utilizing triangular mesh facets on a prestressed cable
net to form a tension truss (see Fig. 1.4(a)). This innovation led to the development
of the AstroMesh reflector by Hedgepeth and Thomson [39], [40], which features
two doubly curved cable nets tensioned across a deployable perimeter truss (see
Fig. 1.4(b)). This design has proven effective in achieving superior surface accu-
racy, mass efficiency, and packaged volume, leading to its adoption for a variety of
space missions with diameters ranging from 3 to 25 meters [41]—-[43]. It has be-
come a widely accepted standard for deployable mesh reflectors, inspiring numerous

adaptations of the original design by Hedgepeth and Thomson [44], [45].

Most of the existing research on deployable mesh reflectors has primarily tar-
geted radio frequency (RF) efficiency improvements, leaving the relationship be-
tween aperture size, focal length, and the practical aspects of mass and stowed
volume underexplored. This gap is particularly evident in system-level studies,
where understanding these dependencies is crucial for the design and optimization
of large-scale deployable mesh reflectors. Although some studies, such as Thom-
son’s work [41] on reflectors up to 25 meters in diameter, have addressed mass
scaling, the broader implications for very large reflectors and across different scales
remain insufficiently investigated. There has been a significant focus on form-finding
techniques to improve the surface accuracy and stability of cable nets [46]-[49], and
on the dynamic behavior of reflectors to prevent coupling with spacecraft attitude
control systems [50]—[53]. While several numerical and experimental studies on the

dynamic behavior of mesh reflectors have been conducted [52], [53], high-fidelity
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models and experimental approaches fall short when it comes to analyzing extremely
large reflectors or studying them across a broad range of scales due to the rapidly
increasing number of structural elements involved. The lack of comprehensive data
underscores the need for further research to accurately predict and optimize key
metrics such as mass, stowed volume, and fundamental natural frequency of vibra-
tion, particularly in the design of very large reflectors and in determining the limits
of current technology.

continuous mesh surface
supported by a cable net

cable net pretensioned
by normal forces
applied to each joint triangular facets

Metallic mesh

ll Ih Ih || '\ Ii\ l lh |
‘l |l| !. |~I Tlensitk)n tieks JI :l I.l . |||
I VYT W l|| :

Longeron

Batten
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Rear net

(b)

Figure 1.4: Faceted reflective surface: (a) tension truss concept and (b) structural
architecture of faceted deployable mesh reflector, based on [40].

A critical aspect in designing mesh reflectors for ISA is the assembly of the
reflective surface itself. However, existing robotic systems have yet to explore this
challenge. Using traversing robots complicates the assembly process, as it requires
managing both the construction of the truss structure and the assembly of the re-
flective surface simultaneously. Hence, this thesis considers a simpler, fixed robotic
system specifically tailored for the assembly of reflectors and similar ring-like struc-

tures with a cable interior.



1.4 Feasibility of In-Space Assembly Concepts

As noted in [18], [54], ISA presents a series of challenges that escalate with
the increase in the number of structural units and the complexity of installation se-
quences. Key issues during assembly include ensuring smooth integration of compo-
nents without snagging or jamming and maintaining structural stability throughout
the process. As the size of the structure grows, these challenges become more pro-
nounced, complicating the prediction of component interactions and increasing the
risk of interference and misalignment. The greater the number of components, the
higher the likelihood of obstructions and delays caused by interference. The sequence
of assembly plays a crucial role in facilitating smooth integration and preserving
structural integrity, necessitating meticulous planning to avoid misalignments and
excessive stresses. Addressing these challenges effectively demands advanced nu-
merical simulations that can accurately model the entire assembly process, track
kinematic evolution, and identify potential issues. Such simulations are essential for
optimizing the assembly sequence, ensuring the stability and functionality of the

structure as it scales and new components are integrated.

Even with reliable simulations, experimental validation of numerical simulation
results is still critical to accurately evaluate the feasibility of ISA. However, as sys-
tems are scaled to larger size, relying on simulated outcomes becomes essential
for assessing the effectiveness of the proposed ISA concept. To build confidence
in these simulations, it is vital to ensure that the results align with experimental
observations, particularly in smaller-scale cases where experiments are still feasi-
ble. This alignment between simulation and experiment serves as a foundational
step in confirming the reliability of the models before applying them to larger and

more complex systems.

1.5 Thesis Outline

Chapter 2 of this thesis presents a comprehensive and rapid design approach
for deployable mesh reflector antennas, based on the state-of-the-art AstroMesh
architecture. This design method is then employed to estimate key metrics such
as the total mass, stowed volume, and fundamental natural frequency of vibration
for antennas with varying aperture diameters and focal lengths, assuming an op-
erational RF of 10 GHz. A detailed analysis is carried out on the distribution of
prestress within the inner tension structure by formulating a prestress optimization
problem. Analytical scaling laws are then derived for the mass, stowed volume, and

natural frequency of optimally prestressed reflectors with aperture diameters up to
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200 meters. The study then identifies the maximum achievable aperture diameters
for deployable reflector designs based on the constraints of current and near-future
launch vehicle capabilities. Additionally, a semi-analytical homogenization model
is introduced to estimate the fundamental natural frequencies for various boundary
conditions. This model offers accurate and rapid dynamic performance predictions,

serving as a more efficient alternative to the use of a high-fidelity model.

Chapter 3 examines the design of mesh reflectors for ISA and assesses their fea-
sibility for stowage within current commercial launch vehicles. This is demonstrated
through a detailed scaling study of mass and stowed volume, leveraging the general-
ized design method introduced in Chapter 2. These ISA mesh reflectors are based on
the same structural architecture as deployable reflectors. Building on this analysis,
a novel ISA concept for large mesh reflectors is introduced, broadly applicable to
ring-like structures with cable interior. A stationary robotic assembly facility is key
to this concept, which is folded and stowed in the launch vehicle. Once deployed in
space, the facility simultaneously assembles a perimeter truss that expands in diam-
eter with each added unit cell. Boundary nodes of the cable interior are attached to
the perimeter truss before each unit cell is released, and the assembly is completed
when the facility releases the last unit cell and secures the final node of the cable

interior.

Chapter 4 introduces a two-dimensional finite element model to predict the kine-
matics of large ring-like structures with a prestressed cable interior assembly. This
model is utilized to enhance understanding of the proposed ISA concept in Chapter
3 and evaluate design considerations for the stationary robot assembling a ring-
like truss. The numerical simulation setup, established using the commercial finite
element software ABAQUS/CAE [55], is described along with the modifications
and simplifications made to the original designs developed in Chapter 2 to improve
computational efficiency. A structure featuring a six-sided perimeter truss and a
simple cable interior is used to identify key parameters and techniques for accurate

simulation, allowing for the refinement of the developed simulation methods.

Chapter 5 delves into the application of the developed simulation techniques to
model the assembly process of a twelve-sided perimeter truss and a network of
internal cables that is representative of a reflector antenna. By exploring various
assembly sequences and configurations, this chapter aims to gain a comprehensive
understanding of the nonsymmetric deployment of the structure, assessing how

different approaches influence the overall stability and integrity of the assembly
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process, and obtaining the desired final configuration. Key design considerations are
examined to improve assembly efficiency and robustness, with particular attention
to the strategic positioning of the stationary robot, the management of prestressed
cables, and the sequence in which truss components are integrated. These factors
are crucial for achieving precise autonomous construction of the target ring-like
structure with a cable interior in the challenging environment of space, without
human intervention. The simulation results, while showcasing the scalability of the
developed techniques, offer valuable insights for optimizing the design and operation

of autonomous assembly systems for large-scale space structures.

Chapter 6 provides an overview of a lab-scale prototype developed and tested to
validate the proposed ISA concept. The prototype, with its twelve-sided perimeter
truss and 1.4 meter-diameter is a continuing endeavor by fellow team members of
the DARPA NOM4D project at the Space Structures Laboratory at Caltech. Utilized
to experimentally model critical elements of the ISA process, this effort not only
serves to confirm the viability of the ISA concept but also acts as a tool for validating
the qualitative conclusions drawn from simulations. Successful demonstration of
the concept indicates that constructing large, high-precision ring-like structures in
space using robotic systems is feasible. Experimental observations are compared
with simulation results, and these comparisons reveal that, despite using a two-
dimensional model, the simulations effectively capture key effects observed in the
experiments, providing valuable insights that inform the prototyping process. This
qualitative analysis demonstrates the virtual model’s ability to offer crucial guidance
and enhance understanding during the development of ISA prototypes, especially

as structures increase in size.
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Chapter 2

ESTABLISHING THE LIMITS OF
DEPLOYABLE REFLECTORS

Article: Scaling Laws for Deployable Mesh Reflector Antennas

This chapter also includes both published work from the following proceedings and

new, unpublished sections:

S. P. Dassanayake, J. Suh, M. Thomson, and S. Pellegrino, “Mass, Volume and
Natural Frequency Scaling of Deployable Mesh Reflectors,” in AIAA SCITECH
2024 Forum, 2024, p. 2041. por: 10.2514/6.2024-2041.
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2.1 Motivation

Consider the structural architecture of the state-of-the-art deployable mesh reflec-
tor, AstroMesh illustrated in Fig. 2.1. It is composed of three primary components:
two cable nets, a metallic wire mesh, and a deployable perimeter truss. The metallic
mesh is attached to the back side of the front cable net, providing a radio-frequency
reflective surface that approximates a paraboloid. The accuracy of this approxima-
tion depends on the size of the triangular facets, which is determined by the length
of the cable elements and the density of nodes on the paraboloid. Both the front
and rear cable nets are identical, equally prestressed, and attached to the perimeter
truss. Tension ties connecting corresponding node pairs between the front and rear

nets provide the normal forces required to achieve the desired paraboloid shape.

Single facet Metallic mesh Front net
Longerons — =N\ _—\ AN\
Perimeter Battens "ah Truss height
Truss il L:: H=2(s+s,)
Diagonals - | N 7
Rear net | g Tension ties

&
b

Aperture diameter, D

Figure 2.1: Generalized design terminology: structural architecture of faceted de-
ployable mesh reflector.

The deployable perimeter truss consists of identical repeating parallelogram
units, each formed by two longerons (i.e., horizontal struts in Fig. 2.1), two battens
(i.e., vertical struts in Fig. 2.1), and a diagonal brace that allows for extension
when the truss is folded. The truss operates as a cable-actuated, synchronized
parallelogram. When stowed, it forms a compact, hollow cylinder, with members
secured and preloaded against lightweight hoops that provide stability and debris-
protection. This design allows the truss to gently expand upon the release of tie-
downs during deployment [40]. The deployed and prestressed structure achieves
high stiffness and thermal stability by using high-modulus tubes with a near-zero
coefficient of thermal expansion (CTE) for the truss, and thermally stable high-
modulus tapes for the cable nets. The reflective surface is made of triangular facets

sized according to the operational RF of the reflector. The facet size is chosen
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to achieve the required approximation to the paraboloid, quantified by the surface

root-mean-square (RMS) error, dgass.

As described in Section 1.3, the key metrics for evaluating deployable mesh
reflectors include mass and stowed volume (important for launch accommodation),
and natural frequency of vibration (related to dynamic performance during opera-
tion), which become increasingly significant as the reflector size increases. Despite
the importance of mass and stowed volume for large deployable mesh reflectors,
systematic studies are lacking, with most research focusing on RF efficiency. Ex-
isting studies on dynamics are limited, as high-fidelity models lack computational

efficiency.

Given these challenges, this chapter focuses on developing simplified analysis
methods that allow for quick estimation of key parameters for deployable reflec-
tors. This approach is not intended to replace more detailed design methods that
have been presented elsewhere but serves as a foundation for scaling studies. It
extends existing data for deployable mesh reflectors, offering a basis for comparison
with reflectors designed for ISA. A general design framework is established for
faceted mesh reflector antennas, utilizing a simplified geometric approximation to
estimate the maximum facet size and a fundamental approach for designing the facet

geometry.

The study then addresses the required connectivity between the edges of the
faceted surface and the deployable perimeter truss to ensure that the front cable
net can be uniquely prestressed (i.e., to form a statically determinate structure) and
maintain a unique (i.e., a kinematically determinate) shape. Once the structure’s
geometry is determined, the prestress distribution is optimized by adjusting the
tension in the ties, and the structural components are sized to provide sufficient

safety margins against relevant failure modes.

This design methodology is applied to create deployable center-fed mesh reflec-
tors with an operational frequency of 10 GHz and apertures up to 200 meters in
diameter. Scaling laws for mass, stowed volume, and natural vibration frequency
are derived, considering various boundary conditions that determine the behavior of
reflectors on spacecraft with inertia that is either comparable or much smaller than
the reflector. A semi-analytical model is used to significantly reduce computational

complexity of numerical analysis compared to fully detailed models.
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2.2 Geometry, Connectivity, and Prestress
2.2.1 Geometry and Design for Kinematic and Static Determinacy

A paraboloidal reflective surface is used for maximizing antenna directivity [56]. Fig-
ure 2.2 illustrates a circular paraboloid defined by its axis z, aperture diameter D,

focal length F', and z-offset sg. The equation for the surface is:

(** +y%)
S0+ =2 (2.1)

which depends on the key geometric parameter, the F'/D ratio, with higher values
corresponding to shallower reflectors. This study considers reflector designs with
three different values, F/D = 0.5,0.7, and 1.0.

z4

Focus Za

Focal \ \
length, F \ \ )/ z=s,

Aperture diameter, D

x

Figure 2.2: Geometry of paraboloidal reflector.

For designing a faceted surface, it is convenient to approximate the paraboloid
with a surface of uniform curvature, a sphere. The spherical cap that aligns with the

apex and edge of the paraboloid has a radius R as described in [57] and is given by:

D2
R=2F+— 2.2)

32F°
The required size of the triangles for smooth approximation of the reflector
surface is then estimated by analyzing the geometric deviation between a spherical
surface of radius R and an equilateral triangle of side length L, whose vertices lie

on the curved surface. This RMS error of the facet, described in [58] is given by:

LZ
6 Cc =
facet 8\/BR

(2.3)

and is used to calculate the appropriate facet size for a given R and F'/D.
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When a tessellation of equilateral triangles of side length L in the x — y plane
is vertically projected onto a paraboloid, the facets increasingly elongate as they
move away from the z-axis. However, this elongation is minimal for relatively flat

reflectors and small L/D ratios.

In this study, geometric faceting is considered the only source of error, neglecting
other potential error sources, such as thermal distortions, spillover, aperture taper,
cross polarization, etc. The RMS surface error is therefore set equal to the faceting
error in Eq. 2.3, i.e., 0rms = O faces- For a reflector operating at 10 GHz, with
an error limit of /50 = 0.6 mm, the maximum allowable facet size is calculated
using Egs. 2.2 and 2.3. It is important to note that the lengths in Eq. 2.3 are not the
unstressed lengths of the cable net elements, but account for the elastic stretching

caused by prestress.

Figure 2.3(a) shows how the facet size varies with different F'/D ratios. Larger
facets are feasible for higher /D values as they correspond to shallower reflectors
for the same aperture size. As a general rule, the maximum facet size increases pro-
portionally to VD. Figure 2.3(b) shows the net configuration, where, after selecting
a facet size for the given aperture and F /D, the number of subdivisions n in the

hexagonal tessellation is calculated using the relationship:

=0.5D/L. (2.4)
(a) (b)
4 —F/D=05
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Figure 2.3: Faceting of paraboloidal surface: a) variation of facet size with diameter
and b) schematic layout of net.

The front and rear reflector nets consist of inner net cables forming the regular
hexagonal tessellation, indicated by black solid lines in Fig. 2.3(b) and boundary net
cables connecting the triangles to the perimeter truss, indicated by red solid lines in

Fig. 2.3(b). The inner net consists of free nodes connected by tension ties between
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the front and rear nets. Although the inner net geometry is unique for a given facet
size, the boundary net design can vary based on the number of bays in the perimeter
truss and the number of connection points between the perimeter truss and the inner
net. Figure 2.4 presents three different boundary net designs with identical number
of edge subdivisions (n = 7), but varying connections between perimeter truss nodes
and free nodes. It is important to note that in the design of the boundary cables, it is
assumed that each node of the perimeter truss is connected to an equal number of
free nodes, denoted as n.. The number of subdivisions in one-sixth of the perimeter
truss is denoted by n;. A similar approach was previously adopted in [59].
(a) (b) (c)
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Figure 2.4: Three different net configurations with a) non-triangular facets, b) cross
wires, and ¢) complete triangular tessellation.
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Figure 2.5: Pin-jointed bar model of front net for n = 3,n, = 2,n, = 2.

To ensure that the reflector has a unique shape and prestress distribution, the
degrees of kinematic and static determinacy are analyzed using the pin-jointed bar

model of each cable net, as depicted in Fig. 2.5. This analysis, based on Maxwell’s
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extended equation and equilibrium matrix rank [4], [60], [61], shows that these prop-
erties depend on the net geometry. For example, non-triangular facets (Fig. 2.4(a))
result in a kinematically indeterminate structure, while cross-wired boundary nets
(Fig. 2.4(b)) lead to static indeterminacy. Only configurations with triangular facets
and no cross-wires (Fig. 2.4(c)) are both kinematically and statically determinate,

making them the preferred choice for the structural architecture of the reflector.

For reflectors designed in this manner, the number of subdivisions of the hexag-
onal tessellation is related to the number of free nodes connected to each node of

the perimeter truss and the subdivision of the perimeter truss by the relationship:

n—-2=m—-1)(n.—1). (2.5)

In this study, the perimeter truss is designed to have half the density of the net,
with each batten supporting three free nodes through boundary cables (i.e., n. = 3
in Eq. (2.5)). The lengths of the truss members; longerons, battens, and diagonals,

are determined based on the designed net geometry.

2.2.2 Prestress Optimization of Cable Nets

Optimizing the prestress of the reflector is crucial since the prestress directly
impacts the structural mass. A higher prestress leads to increased loading on the
structural elements, which in turn requires them to be larger and therefore heav-
ier. This effect is particularly pronounced in the elements of the perimeter truss
that experience compression due to prestress. It will be demonstrated that, for
large-diameter reflectors, designs utilizing optimal prestress are substantially lighter

compared to those with non-optimized prestress.

Given the structure’s statically determinate design, the prestress distribution is
uniquely defined by the equilibrium equations for the nodes once the tension tie
forces are applied. For example, the equilibrium equation in the x-direction for each

free node, i, connected to N nodes, j, is (see [4] for more details) given by:

N

X[—Xj .
E Pij = tt,x (26)
7 L

where,

L;; is the length of cable ij, and hence L;; = \/(xl- - xj)2 + (yi — yj)2 +(zi - Zj)z;

pij is the tension in cable ij;

tix 1s the component of the tension tie force applied to node 7, in the x-direction.
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The simplest approach involves computing the prestress for a single tension tie
force value at all free nodes. However, this method results in several cables near
the transition between the inner and boundary nets being under compression (and
in practice, slack). To achieve a purely tensile prestress distribution, the tie forces at
the free nodes in the transition region must be increased by a suitable factor, @ > 1,

from their nominal value.

Figure 2.6(a) illustrates the prestress distribution in the cable net for D =
200 m, F/D = 1.0, and @ = 1.7. This value was determined through trial and
error. This approach of applying two distinct tie forces led to a reduction in overall
structural mass, suggesting that further mass reduction could be achieved through a
more formal optimization of general prestress distributions.
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Figure 2.6: Comparison of cable prestress distributions for D =200 m, F/D = 1.0
corresponding to (a) 2 distinct tension tie forces, and (b) (n + 1) rings of tension tie
forces.

Theoretically, varying the tie forces at each free node could be explored, but this
is impractical. To simplify practical implementation, six-fold rotational symmetry of
the hexagonal tessellation was assumed. Therefore, the number of distinct tension tie
forces was set to the number of rings (see Fig. 2.7) in the tessellation, i.e., n+ 1. This
approach can be extended to offset reflectors, for which the assumption of six-fold
symmetry is not valid, by considering larger sets of cable tensions for each ring of

tension tie forces.

A basis for independent tension tie forces, 7', was considered by computing the
distribution T* that corresponds to unit tension tie forces at all free nodes on ring k

and zero forces at all other free nodes. Denoting the resulting prestress distribution
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in equilibrium with 7% as P*, the following two matrices were defined:

. T (2.7a)
P (2.7b)

Ring n
Ring (n-1)

Figure 2.7: Definition of rings in inner net.

A general tie force distribution is Ta, with corresponding cable tensions p;;
given by Pa, where the coefficients a; > 0 to ensure that all tension tie forces are

positive.

An additional constraint is that a sufficient level of pretension must be applied to
all cables to keep them both under tension and sufficiently straight when loaded by

the prestressed metallic mesh. The minimum required tension is [62]:
pij = 100 Lyax (2.8)

where,
o is the biaxial prestress in the metallic mesh;

Lqx 1s the maximum cable length in the net.

Different objective functions were evaluated for optimization using MATLAB’s

fmincon function, focusing on two metrics: the maximum compressive forces in

the perimeter truss and the range of cable tensions, (( P))'”"" Both metrics contribute
directly to the overall structural mass, as discussed in Sections 2.3 and 2.4. The
results, presented in Table 2.1, show that all variants considered improve both
metrics. Remarkably, five out of seven different objective functions resulted in a
32% reduction in mass and a 41% reduction in the range of cable tensions. Among
these, the average batten force in the perimeter truss was chosen as the objective

function for prestress optimization.
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Visual comparison of the cable force distribution for the initial two-tension tie
force solution, Fig. 2.6(a), with the optimal distribution obtained in this manner,
Fig. 2.6(b), for o = 5 N/m is interesting. It reveals that the optimal solution results

in significantly lower cable tensions.

Table 2.1: Comparison of Objective Functions for D =200 m, F/D = 1.0

Objective Function % Maximum Compressive Mass (kg)
Force (kN)
RMS Deviation of cable tensions 10.546 145.25 13,259
Range of cable tensions 10.027 138.71 13,039
Maximum longeron force 12.816 138.42 13,030
Average longeron force 12.816 138.42 13,030
Maximum batten force 12.816 138.42 13,030
Average batten force 12.816 138.42 13,030
Sum of tension tie forces 12.816 138.42 13,030
Solution with two distinct 21.775 379.47 19,061

tension tie forces

2.2.3 Potential Modifications to the Minimum Tension Requirement

In Eq. 2.8, the minimum tension requirement for the cable elements is governed
by the maximum cable length in the net, L,,,,, for a given 0. Examining the original
net configuration for D = 100 m in Fig. 2.8(a) reveals that L,,,, is predominantly
determined by the boundary cable elements, regardless of the subdivision n of the

central hexagon.

One possible modification to address this issue is to shift the outermost rings of
the central hexagon outward (see [63] for similar approaches). This was attempted,
as shown in Fig. 2.8(b), by positioning the centers of the two outermost (n + 1 and
n) cable rings at one-third of the maximum radial distance between the n — 1"
ring and the perimeter truss, while distributing the remaining nodes equally in the
radial direction. Mapping the tessellation in this manner preserves the original con-
figuration of the perimeter truss, along with its static and kinematic determinacy,
while maintaining the surface accuracy dictated by the subdivision » in the cen-
tral hexagon. At the same time, it enhances the surface accuracy in the boundary
net. However, if all cable net rings are shifted outward, as shown in Fig. 2.8(c), the
surface accuracy at the center is compromised, and the fabrication of the cable net
becomes more complex due to the lack of straight cable elements running across the
entire diameter, unlike the nets in Figs. 2.8(a) and (b).
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Figure 2.8: Cable net configuration for D = 100 m, n; = 13,n, = 3: a) original
configuration, b) mapped configuration 1, and c) mapped configuration 2.

Table 2.2 presents the optimization results for the prestress distributions, com-
paring the original cable net configuration with the mapped version shown in
Fig. 2.8(b). The objective function used for this comparison is the average bat-
ten force, as chosen in Section 2.2.2. The results demonstrate that reducing L4y,
and consequently lowering the minimum tension requirement, leads to a substantial
reduction in key metrics of interest, including structural mass. Although this map-
ping approach offers no advantages for smaller apertures, the benefits are significant

for larger apertures, as shown in the results for D = 200 m.

Table 2.2: Comparison of cable net configurations for D = 100,200 m, F/D = 1.0

Cable net Radius of % Maximum Compressive Mass (kg)
configuration Longeron (mm) Force (kN)

D=10m

Original 6.145 3.308 1.07 22.5
Mapped 6.297 4.338 1.15 22.9
D =100 m

Original 45.434 6.060 29.18 2,479
Mapped 38.956 6.598 18.40 2,184
D =200 m

Original 94.102 12.816 138.42 13,030
Mapped 68.742 10.060 53.96 9,815

However, the original cable net configuration was chosen for the rest of the
analysis presented in this thesis due to its much simpler fabrication of the inner net

using only straight cable elements, compared to the complex mapped version.
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2.3 Structural Design
2.3.1 Metallic Mesh and Cable Net Design

For the reflector design, a knitted gold-plated molybdenum wire mesh with
an areal density pesn = 0.025 kg/rn2 was chosen, with a biaxial prestress o =
5 N/m. The front and rear nets are composed of thin CFRP (carbon fiber reinforced
polymer) strips made from M55J carbon fiber in a thermoplastic matrix [64]. This
composite material has a density p, = 1,786 kg/m> and a longitudinal modulus
E, = 325.4 GPa. A rectangular cross section of 6 mm width and 150 um thickness
was selected for all reflector apertures. The smallest separation between the front
and rear nets (denoted 2s() was kept constant at 0.1 m across all reflector designs
considered in this study, as larger separations would increase the batten lengths. The
pretension in the cable nets was derived from the optimization process described
in Section 2.2.2. Using the net prestress, the resulting compression forces in the
perimeter truss were determined through the equilibrium equations of the truss
joints. The prestress analysis results for reflectors with apertures D = 10 m, 100 m,

and 200 m are presented in Table 2.3.

Table 2.3: Prestress range (Nets: tension; Truss: compression), for F/D = 1.0

Nets (kN) Truss (kN)
D (m) Inner net Boundary net Longerons Battens

10 0.042 ~0.114 0.045 ~ 0.139 0.947 ~ 1.072 0.046 ~ 0.052
100  0.357 ~2.160 0.357 ~ 1.838  25.794 ~29.182  0.484 ~ 0.567
200 0.700 ~ 8.967 0.700 ~7.000 120.220 ~ 138.420 1.545 ~ 1.859

2.3.2 Perimeter Truss Design
Due to the significant compressive forces acting on the perimeter truss, tubes
with circular cross sections were selected for all structural members. A minimum

diameter of 5 mm was chosen to avoid impractically small tube sizes.

Assuming pin-ended conditions, the global critical buckling load, P, for a thin-
walled circular tube with length /, cross-sectional radius r, and thickness ¢ is given

by:
3r3tE
P = 12 (2.9)

where E is the longitudinal modulus.

The longerons, which experience the highest compressive forces, were sized

first. Their thickness was set to 1.0 mm, and the radius was calculated using Eq. 2.9,
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with a safety margin of 2. The battens and diagonals were then designed with the
same cross-sectional radius as the longerons to simplify and lighten the joints of the
perimeter truss. The minimum thickness for the battens was set at 1.25 mm, and it
was confirmed that the buckling load from Eq. 2.9 exceeded the compressive forces

acting on them.

Although the diagonals theoretically do not experience compression, they are
loaded in bending during deployment. Thus, their size was simply set to match the

longerons, but with a thickness of 0.75 mm.

The radius and thickness values for the longerons, battens, and diagonals for

reflectors with apertures D = 10 m, 100 m, 200 m are presented in Table 2.4.

Table 2.4: Size of perimeter truss members, for F/D = 1.0

D(m) Radius of Longeron/ Thickness of ~ Thickness of = Thickness of
Batten/Diagonal (mm) Longeron (mm) Batten (mm) Diagonal (mm)

10 6.15 1.00 1.25 0.75
100 45.43 1.00 1.25 0.75
200 94.10 1.00 1.25 0.75

2.3.3 Joint Design

The mass of the perimeter truss joints was estimated for a general aperture D
and varying values of F'/D using a parametric design process based purely on
geometry. The structure consists of two types of joints: Type-1, which connects
five structural elements (longeron, diagonal, batten, diagonal, and longeron), and
Type-2, which connects three structural elements (longeron, batten, and longeron),
as illustrated in Fig. 2.9(a).

The general configuration of both joint types is depicted in Figs. 2.9 and 2.10. The
design features two parallel plates made of CFRP (with the same material properties
as the struts and cable net elements) connected centrally to a plate made of 6061
aluminum alloy (p4; = 2700 kg/m3, E4; = 69 GPa). This central plate is securely
fastened to the batten, while the longerons and diagonals are attached to appropriate
locations on the side plates via 6061 aluminum alloy sleeves and steel pins and bolts
(ps = 7800 kg/m?, Eg = 210 GPa). These connections allow rotational movement,

facilitating stowage and deployment.

Once the diameter of the longerons was determined, as discussed in Section 2.3.2,

the positions of the pins attaching the longerons and diagonals to the plates were
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meticulously planned to ensure adequate clearance, allowing the members to rotate
freely around the pins. Note that the battens are rigidly connected to the joints. The
thicknesses of the plates and sleeves were selected based on allowable margins for
hole bearing failure at the pin attachments (~thickness > 3 hole diameter [65]).

(b)

(@)
Joint Type 1 Joint Type 2 33 e w

-2 I i [
= ° . j H 1
 E = 1o
e L1

\ ) 1S | - = =« Longeron

:v "y H | Batten
5 tubes 3tubes et 5 1 B O Diagonal

Stowed

Deployed

Figure 2.9: Perimeter truss: a) fully deployed and stowed configurations, and b)
relative position of members in stowed configuration.

Both joints were designed with the CAD software SolidWorks and the mass of
each joint type was obtained from SolidWorks. Figure 2.10 shows the Type-1 and

Type-2 joints and the end sleeves that stiffen the tubular elements.

(@ (c)

(b) (d)

Figure 2.10: CAD images of a) Type-1 joint with 5 struts, b) Type-1 joint strut
sleeves, ¢) Type-2 joint with 3 struts, and d) Type-2 joint strut sleeves.
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The mass of the joints for apertures of D = 1 m, 10 m, 100 m, and 200 m, and
F/D = 1.0, is presented in Table 2.5.

Table 2.5: Joint masses for F/D = 1.0

Joint Mass (g)
D(m) Type-1 Type-2
1 18.0 10.3
10 45.2 23.2
100 2,272 1,076
200 10,780 5,284

2.4 Scaling of Mass and Volume
24.1 Estimating Mass and Stowed Volume

The total mass of the reflector was estimated by summing the contributions from
the cable nets (m,), metallic mesh (m,,.5,), perimeter truss (m;,,ss), tension ties

(my;), joints (m;), and deployment actuators (m4.p):

Miotal = Mp + Mypesh + Mypyss T My M5+ Myep. (2.10)

The mass of each component was calculated based on the structural design
described in Section 2.3. The mass of the cable net was determined from the cross-
sectional area of the strips, multiplied by their total length and material density. The
metallic mesh mass was calculated assuming full coverage of the front net’s surface,
where the area of the paraboloid was multiplied by the mesh’s areal density. The
perimeter truss mass was derived from the design of the longeron, batten, and
diagonal members, as detailed in Section 2.3.2. The mass of the joints was estimated
by linear interpolation of the values in Table 2.5. For the tension ties and seams in the
mesh, m,,, it was assumed to be twice the mass of the metallic mesh (2 X m,;,¢51). The

mass of the deployment actuators was assumed to be 10% of the total reflector mass.

The stowed envelope of the reflector was assumed to be of cylindrical shape, as
illustrated in Fig. 2.9(a). The diameter of this cylinder is determined by the perimeter
of the stowed configuration, where adjacent joints are in contact. The height of
the cylinder is defined by the lengths of the battens and longerons. Figure 2.9(b)
presents a schematic showing the relative positions of the truss members at the
joints and the design parameters influencing the stowed dimensions. In Fig. 2.9(b),
H represents the total height of the fully deployed perimeter truss, while /4 defines
the distance between the bottom edges of the Type-1 and Type-2 joints in the folded
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configuration. The length of a Type-1 joint, the distance between the center of
the hinge of the longeron and the edge of the joint, and the distance between the
centers of the hinges of the longerons in a Type-2 joint are defined as W, e, and S,

respectively. The perimeter of the stowed reflector P4 1S then calculated as:

Psiowed = (W + S —2e) x (3n) (2.11)

and then the diameter in the stowed configuration is given by Dgowed = Psrowed /-

The height of the stowed configuration is Hyoyweq = H + h.

2.4.2 Mass and Stowed Dimensions Results

The variation in the equivalent areal density of different reflector components is
plotted in Fig. 2.11 against the aperture size, for /D = 1.0. A comparison of the two
graphs highlights the superior mass efficiency achieved with the optimal prestress
distribution. For the design with two distinct tension tie forces (Fig. 2.11(a)), the
areal density increases nonlinearly as the reflector diameter grows. This is mainly
due to the rapidly rising mass of the battens and diagonals in the perimeter truss. In
contrast, the design with the optimal prestress distribution, shown in Fig. 2.11(b),
results in smaller compressive forces in the perimeter truss compared to the two-
tension design. The difference between the two approaches is minimal for apertures
below 50 m but, as the diameter increases, the lower prestress in the truss leads to
smaller member sizes and nearly a one-third reduction in areal density for apertures

around 200 m.
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Figure 2.11: Areal density of reflector components (F/D = 1.0): a) non-optimal
prestress design, and b) optimal prestress design.
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Figure 2.12 presents the overall mass, stowed diameter, and height of the reflector

for F/D = 1.0 across a diameter range of 10 m to 200 m.

Two launch vehicles, Falcon Heavy [66] and Starship [67], were selected to
assess the feasibility of launching large-aperture mesh reflectors. In Fig. 2.12(b) and
(c), the pink and blue solid lines represent the payload capacity limits for Falcon
Heavy and Starship, respectively. According to the respective Users’ Guides, the
maximum payload mass limits to geostationary transfer orbit (GTO) are 26, 700 kg
for the Falcon Heavy and 21,000 kg for the Starship. Even the largest reflectors
considered in this study remain well within these mass limits. However, launch
envelope constraints, particularly the stowed diameter, are much stricter. Reflectors
with apertures larger than 70 m exceed Falcon Heavy’s payload capacity, while

100 m is the maximum aperture limit for launch aboard Starship.
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Figure 2.12: Scaling of deployable reflectors for /D = 1.0: a) total mass, b)
stowed diameter, and c) stowed height.

This scaling analysis provides valuable insights into the challenges of launching
large-scale deployable mesh reflectors, showing that launch feasibility is primarily
constrained by the stowed diameter of the reflector, followed by its height. The
launch mass limit, in contrast, is not as restrictive. Given that extremely large space-
borne deployable reflectors are impractical within current launch vehicle limitations,
there is a clear need to explore alternative strategies, such as on-orbit assembly, to

overcome these volumetric payload constraints.

2.4.3 Analytical Scaling Laws
The results presented in Section 2.4.2 can be used to establish analytical scaling
laws for the mass and stowed envelope of deployable mesh reflectors designed with

the optimized prestress distribution described in Section 2.2.2.
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To derive a mass scaling equation, the reflector components were categorized
into three groups that scale similarly according to the structural design procedure;
the mass of the perimeter truss including the joints, the mass of the cable net, and the
mass of the mesh and tension ties. Each mass category was expressed as a separate
power function of the aperture diameter D, as illustrated in Fig. 2.13. The mass
data of each category were fitted to this power law using MATLAB’s curve fitting
algorithm, ensuring a 95% confidence interval for the results. The coefficients of the
power law terms, c1, c3 and cs, were scaled to reflect the mass of the deployment
actuators, which was set at 10% of the total mass. The resulting scaling law for the
mass (in kg) of reflectors with F/D = 1.0 is:

Myprar = 0.022D%%2 +0.054D 42 +0.067D>. (2.12)

[ Total Mass (Reflector) J

“ ' ~

[ Perimeter truss ] [ Net ] [ Mesh + Tension ties ]

"""" Vo e ding T

{ Scaling law of the mass J

2 2
m,., =c¢D?+c;D% +c,D

total

Figure 2.13: Process of establishing a scaling law for the total mass.

The perimeter truss is clearly the largest contributor to the mass, with ¢, > 2,
followed by the mesh and tension ties, and finally the cable net. Figure 2.12(a) plots
the detailed mass of reflectors with F/D = 1.0 alongside this analytical expression,

demonstrating that Eq. 2.12 closely follows the total mass of the reflector.

When considering the stowed diameter and height of the deployable reflector,
the contributions from the cable nets, mesh, and tension ties are negligible, see
Fig. 2.9. Instead, the stowed envelope size is primarily influenced by the perimeter
truss members and joints. Consequently, single-term power functions were used to

derive the following analytical expressions for the diameter and height:
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Diowed = 0.011D 1464 (2.13)

Hyoweq = 0.286D°%877 (2.14)

which have been plotted in Fig. 2.12(b) and (c).

2.4.4 Scaling Studies for Deeper Reflectors

Mass and stowed volume scaling plots for F//D = 0.5,0.7, generated using the
same overall design methodology, are presented in Fig. 2.14. The corresponding
joint masses for apertures of D = 1 m, 10 m, 100 m, and 200 m are listed in

Table 2.6. In the plots, black circular dots and red crosses represent the quantities

calculated for F//D = 0.5 and F'/D = 0.7 reflectors, respectively.
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Figure 2.14: Scaling of deployable reflectors for F'/D = 0.5 and 0.7: a) total mass,
b) stowed diameter, and c¢) stowed height.

Table 2.6: Joint masses for F/D = 0.5,0.7

Joint Mass (g)

F/D=05 F/D=0.7
D(m) Type-1 Type-2 Type-1 Type-2
1 18.0 10.3 18.0 10.3
10 40.5 21.2 45.2 23.2
100 2,343 1,107 2,217 1,051
200 18,448 9,290 15,381 7,687

These plots show that both the mass and stowed envelope increase as the reflectors
become deeper, i.e., as F/D decreases. Reflectors with F/D = 0.5 and aperture
diameters greater than 140 m are constrained by the payload mass capability of
the launchers. As with the F/D = 1.0 case, the primary challenge is not the mass,
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but the launch envelope restrictions. However, for F/D = 0.5 and F/D = 0.7,
the stowed height becomes the most restrictive factor, as opposed to the stowed
diameter, due to the increased depth of the cable nets. For reflectors with F/D = 0.5,
an aperture diameter of 50 m is the limit for the Falcon Heavy, while the Starship
can accommodate up to 60 m. For F'//D = 0.7, the aperture limit increases to 60 m

for the Falcon Heavy and 80 m for the Starship.

Analytical scaling laws for the mass and stowed envelope of reflectors with
F/D = 0.5 and F/D = 0.7 were established using a similar approach to that used
for F/D = 1.0, which involves grouping reflector components into three distinct
categories. However, it was observed that reflectors with n > 32 exhibit different
trends compared to those with n < 32. As a result, separate analytical expressions
were formulated for each case, and are plotted on Figs. 2.14(a-c). Specifically, for
F/D = 0.5, reflectors with D > 110 m have n > 32, while for F/D = 0.7, reflectors

with D > 150 m have n > 32.

The analytical expressions for the total mass (71;4¢47), stowed diameter (D sspyed),
and stowed height (Hyyeq) for F/D = 0.5 are as follows:

| 0.014x D*7%7 +0.064 x D' +0.063 x D* (n < 32)
01971 0.003 x D372 +0.064 x D5 +0.063 x D2 (n > 32)

_ | 0.0097 x D37 (n < 32) (2.15)
stowed = { 0.0006 x D215 (n > 32)

_ | 0.370x D938 (< 32)
stowed = { 0.363 x DO (1 > 32).

The analytical expressions for the total mass (71,4;4;), stowed diameter (D gy ),
and stowed height (Hyyeq) for F/D = 0.7 are as follows:

0.024 x D*°% £ 0.059 x D'*8 +0.061 x D?> (n < 32)
m =
910,002 x D352 40,059 x D145 +.0.061 x D2 (1 > 32)

0.00004 x D%633 (n > 32)
o | 0319x D10 (n < 32)
stowed = 0.294 x DO (5 > 32).

0.00922 x D331 (n < 32) (2.16)
Dstawed =
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2.5 Scaling of Natural Frequencies of Vibration
2.5.1 Finite Element Model and Boundary Conditions

A geometrically nonlinear, high-fidelity finite element model was developed in
ABAQUS/CAE 2017 to analyze the natural frequencies of vibration for deployable
mesh reflectors. The model incorporated all structural components, each individually

represented, as described below.

The front and rear nets were modeled using truss elements (T3D2), where each
edge of a triangular facet consisted of a single truss element. The perimeter truss
members—longerons, battens, and diagonals—were modeled with 20 beam ele-
ments (B31). Pin joints, allowing relative rotation, were used to connect adjacent
elements. The metallic mesh was represented as point masses distributed across the
nodes of the front net. Additionally, the mass of the joints and deployment actua-
tors was modeled as point masses connected to the joints of the perimeter truss. A
PREDEFINED STRESS FIELD was assigned, corresponding to the prestress levels
for each structural component, as determined in the optimization process in Sec-
tion 2.2.2. Tension tie forces were applied to the inner nodes of both the front and
rear nets. The model was set up in the operational geometric configuration of the
reflector, with the prestress applied, ensuring minimal geometry changes during the

geometrically nonlinear iteration to reach the prestressed equilibrium configuration.

The first step involved performing a static equilibrium analysis under the pre-
defined stress field and tension tie forces. This provided the deformed geometry and
stiffness of the reflector. A subsequent modal analysis was then carried out for the
structure under the boundary conditions of interest and at equilibrium, to determine

the natural frequencies and their corresponding mode shapes.

Two boundary conditions were considered. The first assumed that the reflector
was attached to a massive spacecraft via a prime batten, designed to avoid inter-
ference with the perimeter truss deployment. This batten, shown in Fig. 2.15(a),
was connected to the perimeter truss at three joints in the upper truss layer and one
joint in the lower layer. In ABAQUS, this batten-supported boundary condition was
implemented by restricting the six degrees of freedom (DoFs) at these four joints,
as depicted in Fig. 2.15(b).

The second boundary condition assumed a free-free scenario, capturing the
increasing dominance of the reflector’s dynamics relative to the spacecraft as its size

increases.
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(b)

Prime batten

Figure 2.15: Batten-supported boundary condition: a) prime batten, and b) bound-
ary conditions in finite element model.

2.5.2 Natural Frequencies and Mode Shapes

Key results from the finite element modal analysis for reflectors with /D = 1.0
are presented in Fig. 2.16. The log-log trend for the lowest natural frequencies,
shown in Fig. 2.16(a), forms a straight line with a negative slope, indicating that the
frequencies follow a negative power law as the reflector diameter increases. Typical
mode shapes are illustrated in Fig. 2.16(b) and Fig. 2.16(c), respectively, for the

batten-supported and free-free boundary conditions.

For the batten-supported boundary condition, two dominant mode shapes emerge:
a lateral mode, where the structure rotates around the prime batten, and a vertical
mode, where the structure behaves as a cantilever, moving primarily in the z-direction
as it vibrates up and down. The natural frequencies of these modes are rather close
to each other, with the vertical mode being dominant for reflectors with D < 25 m,

while the lateral mode becomes dominant for D > 25 m.

Under the free-free boundary condition, the fundamental mode exhibits a saddle-
like shape, as depicted in Fig. 2.16(c). Notably, the fundamental frequency in the
free-free case is significantly higher—about an order of magnitude—than in the

batten-supported scenario.

The modal analysis results were fitted to power laws, as shown in Fig. 2.16(a),
with RMS errors of 0.014, 0.003, and 0.116 Hz for the lateral, vertical, and saddle
modes, respectively. The analytical expressions for the natural frequencies (in Hz)
for F/D = 1.0 are as follows:

flateral =217.2 % D_1-699
Svertical = 88.43 X p—1419 2.17)
Fraddle = 138.1 x D™1:357,
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Figure 2.16: Natural frequencies and mode shapes for F/D = 1.0: a) frequency
trends, b) first two mode shapes for prime-batten support condition, and c) first
mode shape for free-free condition.

The prestressed modal analysis for mesh reflectors with /D = 0.5 and F/D =
0.7 followed a similar procedure as the one used for F'//D = 1.0. The corresponding

scaling laws for natural frequencies were derived and are presented in Fig. 2.17.

For the batten-supported boundary condition, the first two natural frequencies
correspond to the lateral and vertical modes, respectively. Unlike the F/D = 1.0
case, the lateral mode is the fundamental mode across all aperture diameters for
both F/D = 0.5 and F/D = 0.7. Under the free-free boundary condition, the
fundamental vibration mode is saddle-like, with frequencies significantly higher

than those observed under batten-supported conditions.

In log-log space, all natural frequencies form straight lines with negative slopes,
indicating a similar power-law relationship as for the case of F/D = 1.0 where the

natural frequencies decrease as the reflector diameter increases. The results from
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the modal analysis have been fitted to power laws as before, and the corresponding

analytical expressions for reflectors with F'/D = 0.5 is as follows:

Siateral = 218.1 X p—1839
fvertical = 158.3 x D_1~477 (218)
Fraddie = 1005 x D147,
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Figure 2.17: Natural frequency trends: a) /D =0.5,and b) F/D =0.7.

For reflectors with F/D = (.7, the analytical expressions are:

flateral =241.6 X D—1~780
Foerticar = 114.0 x D71:425 (2.19)
fraddie = 933.4 x D71377,

2.5.3 Semi-Analytical Models for Fundamental Frequencies
While the high-fidelity modal analysis provides precise estimates of natural

frequencies and mode shapes for reflectors of various apertures, the computational
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demands become substantial for larger reflectors due to the increasing number of
structural elements. For instance, the high-fidelity models for D = 100 m and D =
200 m contain approximately 15000 and 32000 structural elements, respectively. A
semi-analytical model offers a faster yet accurate alternative for estimating these

modal parameters.

Figure 2.18 illustrates the semi-analytical approach. The concept is to homoge-
nize the mesh reflector to an edge-stiffened circular elastic plate. The cable nets are
modeled by a flat continuum disk with equivalent stiffness, while the perimeter truss
is represented as an equivalent hoop attached to the disk’s outer edge. This approach
can be applied to all mode shapes, though the model details vary. Here, the semi-
analytical model for the lateral mode (the lowest frequency mode for larger apertures

under batten-supported boundary condition) and the saddle mode are presented.
-,
Equivalent disk
Homogenization @
>

, Edge-stiffened
circular plate

Reflector \
(A

Equivalent hoop

Figure 2.18: Semi-analytical modeling scheme.

For the batten-supported boundary condition, the lateral mode corresponds to
an in-plane vibration where the reflector rotates about the three fixed joints in the
perimeter truss that are constrained by the prime batten. This mode can be modeled
as a 1-DoF mass-spring system, as shown in Fig. 2.19(a), where m,, is the total
mass, and /., is the moment of inertia of the reflector around a horizontal axis
through its center of mass. The equivalent torsional stiffness, k., of the torsional
spring attached to the rigid bar of length D /2 is derived from an elastic analysis
of the equivalent edge-stiffened continuum disk subjected to the same boundary
conditions as the reflector, and loaded by an external couple, as shown. The three
supports of the disk represent the constraints imposed by the prime batten on the

upper ring of longerons.

Figure 2.19(b) illustrates the homogenization of the front net’s stiffness. The rear

net is not considered, as the lower ring of longerons is effectively free to rotate. The
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truss elements of the front net are assumed to be coplanar, with a uniform tessellation
of equilateral triangles, with edge length L. The equivalent homogenized stiffness
matrix for a single-layer truss tessellation, Agy, is calculated by superposition of

three parallel trusses [4], Fig. 2.19(b), with modulus E,, and cross-sectional area A,,:

3V3E,A,
AsL = 2.20
SL 1L (2.20)
(b)
Unit area
N
FANVAN /\
\
{ Superposition \
mq‘ Il’q .
k, -
Equivalent 1-DoF system _ 60° 1200

Figure 2.19: Semi-analytical model to estimate lateral mode: a) 1-DoF model, and
b) homogenization of the net.

The equivalent continuum Young’s modulus, £*, and Poisson’s ratio, v*, are (see
Appendix A for details):

2NBE A,
E*= 2V3E Ay L

1
. 221
3L 0 3 2.21)

To complete the semi-analytical model of the edge-stiffened disk, a circular hoop,
representing the longerons positioned along the perimeter of the front net and match-
ing their cross-section, is attached to the disk’s edge. As illustrated in Fig. 2.19(a),
the equivalent torsional stiffness of the complete model, k.4, is estimated by evalu-
ating the rotation of this model under a given moment. The moment of inertia is the
sum of /., and the parallel axis contribution, and the natural frequency is calculated

from this system as follows:

Jraterar = 2”\/ . (2.22)
MegD? [4 + 1,4
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Figure 2.20 compares the natural frequencies computed from the finite element
analysis with those obtained from the semi-analytical approach. The results, also
presented in Table 2.7, show that the lateral mode frequencies align well with the
high-fidelity model, with errors reaching up to 22.27% for the largest diameters. This
error is primarily due to differences between the actual cable net stiffness and the
homogenized disk model. It is important to note, however, that Eq. 2.22 is applicable
for all values of F'/ D, unlike the high-fidelity approach, which necessitates a separate

model (and the associated computational costs) for each variation in F'/D.
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Figure 2.20: Natural frequency corresponding to lateral mode.

Table 2.7: Natural frequency of lateral mode (high-fidelity model vs. semi-analytical
model)

Natural frequency (Hz)

D(m) High-fidelity model Semi-analytical model Error (%)
10 4.346 4.371 0.58
50 0.276 0.294 6.54
100 0.086 0.095 10.30
150 0.041 0.046 12.39
200 0.022 0.027 22.27

As opposed to the lateral vibration mode, the saddle mode involves an out-of-
plane motion under free-free boundary conditions, requiring the bending stiffness
of the equivalent model to estimate k.,. The semi-analytical model is therefore
modified to estimate the bending stiffness of the prestressed nets and the perimeter
truss’s contribution. The bending and torsional stiffnesses of the continuum model
are calculated by multiplying the in-plane continuum stiffness of each net by the

square of the local distance between the nets [4].
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This model can be further refined by accounting for the fact that the x, y plane
projections of the triangles connecting the inner net to the perimeter truss are
not equilateral. The in-plane stiffness of the central hexagonal region, composed
of identical equilateral triangles, remains Ag; as before. The area between the
perimeter truss and the central hexagon features a coarser cable pattern, as illustrated
in Fig. 2.21(a). The equivalent material properties of the disk were derived by
considering these distinct cable patterns, allowing for differences in angles and
distances between the cables in the boundary region. The angle between the cables,

B, is expressed as:

. 4(2+V3) L
B=tan!|=|=tan! | ———|. (2.23)
g D
(a) S 5 (b)
X AN
R
a
||
L
Boundary region
B |
i‘ﬁj‘ Truss bay Equivalent I-beam

Figure 2.21: Semi-analytical model for free-free saddle mode: homogenization of
a) net, and b) perimeter truss.

The ABD stiffness matrix for the equivalent disk was then obtained following
the derivation for double-layer space frames outlined in [4]. Since the front and rear
nets are identical, A ~ 2Ag; and D ~ A SL(2z)2, where z is the distance between
the two nets. Substituting Eq. 2.1 and using 7> = x> + y, the ABD matrix at a radial

distance r from the axis of the paraboloid is expressed as:

2ASL 0
0 (2S0 + %) ASL

A B
BT D (r)

ABD (r) = (2.24)

where the B matrix is zero, for symmetry.
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The perimeter truss consists of identical bays, as shown in Fig. 2.21(b). In the
proposed semi-analytical model for the saddle vibration mode, the perimeter truss
was homogenized to an equivalent I-beam, having the same second moment of area
as a bay for all axes. This equivalent hoop was again attached to the edge of the
equivalent disk, and a modal analysis was performed on the continuum model using
ABAQUS/CAE 2017.

Figure 2.22(a) compares the saddle mode frequencies obtained from the high-
fidelity simulations with those from the semi-analytical model. The mode shape
produced by the semi-analytical approach shows good qualitative agreement, as
illustrated in Fig. 2.22(b), and the corresponding numerical values are provided in
Table 2.8.
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Figure 2.22: Natural frequency of free-free saddle mode: a) frequency comparison,
and b) mode shape comparison.

Table 2.8: Natural frequency of saddle mode (high-fidelity model vs. semi-analytical
model)

Natural frequency (Hz)
D(m) High-fidelity model Semi-analytical model Error (%)

10 32.473 26.153 19.85
50 3.702 3.535 5.56
100 1.430 1.393 3.26
150 0.764 0.875 13.93
200 0.452 0.579 28.10

2.6 Chapter Conclusions
This chapter has presented the design and analysis of deployable mesh reflectors,

spanning aperture sizes from 10 to 200 meters. The reflector geometry is tailored to
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meet the stringent surface accuracy requirement of 0.6 mm, necessary for operation
at a 10 GHz RF frequency. Through a comprehensive investigation of the reflector’s
kinematic and static properties, it was determined that a design composed entirely
of triangular facets—without cross-wires—ensures both kinematic and static deter-
minacy. This approach guarantees a unique shape and unique equilibrium solution
under prestress. The prestress distribution across the structural elements is optimized
by adjusting the tension tie forces applied to the net. Across all aperture sizes, the
optimized designs exhibit a lower standard deviation in cable tension and reduced

compressive forces on the perimeter truss compared to non-optimized designs.

The structural design methodology has been detailed, with mass and volume
analyzed at the component level. For optimized designs, the areal density remains
nearly constant as the reflector diameter increases, while non-optimized designs
display a rising areal density with increasing size. Scaling laws for mass and volume
are derived as functions of aperture diameter. The study concludes that the designed
reflectors are feasible for launch with diameters up to approximately 70-100 meters
using commercially available launch vehicles. More importantly, the findings em-
phasize that stowed volume, rather than mass, poses the primary constraint on the
launch envelope, underscoring the necessity for innovative design approaches for

ultra-large space structures.

Additionally, the natural frequencies of the reflector have been examined un-
der two boundary conditions: batten-supported and free-free. Scaling laws for the
fundamental frequencies are proposed based on high-fidelity simulations. A semi-
analytical model has been developed for both boundary conditions, utilizing a ho-
mogenization technique that approximates the net and perimeter truss as equivalent
continua. The semi-analytical model’s predictions closely align with high-fidelity
simulations while offering a substantial reduction in computational time (from about

48 hours to just a few minutes), with its validity extending to all F'/D ratios.

This study has achieved its overall aim of providing practical insights into the
design and scaling of deployable mesh reflectors, evaluating existing design ap-
proaches, and advancing the understanding of key metrics for assessing these struc-
tures for future applications. Moreover, this study has extended key metric data
beyond the 25 m aperture presented in previous studies, thereby establishing a base-
line for comparing large deployable mesh reflectors with ISA concepts, as discussed
in Chapter 3.
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Chapter 3

ISA CONCEPT FOR RING-LIKE
STRUCTURES

This chapter incorporates work that has been published in the following

proceedings:

J. Suh, S. P. Dassanayake, M. Thomson, and S. Pellegrino, “Scalable Concept for
Reflector Antenna Assembled in Space,” in ATIAA SCITECH 2024 Forum, 2024, p.
0823. por: 10.2514/6.2024-0823.

J. Suh, S. P. Dassanayake, M. Thomson, and S. Pellegrino, “In-Space Assembly
of Large Mesh Reflector Antennas,” in Aerospace Structures, Structural Dynamics,
and Materials Conference, SSDM 2024 [Technical Presentation], 2024, p. 137 740.

J. Suh, S. Dassanayake, M. Thomson, and S. Pellegrino, “Concept for In-Space
Assembly of Large Reflector Antennas,” in 41st ESA Antenna Workshop ESTEC,
2023.
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3.1 Motivation

As discussed in Chapter 2, large deployable reflectors present several challenges,
including constraints imposed by the size of launch vehicles, the risks associated
with folding and unfolding delicate components, and the difficulty in maintaining
surface accuracy under these conditions. While deployable reflector systems have
proven very effective for current missions, they will struggle to deliver the structural
integrity and precision required for apertures spanning hundreds of meters. These
limitations have driven studies of ISA, which enables the construction of large re-
flectors directly in orbit. This method not only offers the possibility of removing the
restrictions of launch vehicle dimensions but also mitigates the risks of deployment
mechanisms. Additionally, ISA provides the flexibility to build and assemble com-
plex structures with enhanced surface accuracy and improved resilience to in-orbit

conditions.

The increasing demand for larger and more precise space structures, which sur-
pass the physical and technical limitations of traditional deployable systems, has
therefore heightened the need to develop ISA concepts for reflectors. As space
missions require higher-resolution imaging, improved communication capabilities,
and more advanced scientific instruments, the necessary aperture sizes for reflec-
tors have grown substantially. ISA leverages advances in robotic technologies and
on-orbit servicing, allowing for the construction, maintenance, and potential up-
grades of space-based reflectors. This approach not only extends mission lifespans
but also facilitates the deployment of structures that are too large or complex to be
pre-assembled and launched from Earth. By enabling the ISA of ultra-large reflec-
tors, new opportunities are unlocked for next-generation space missions, such as
deep-space exploration and advanced communication systems, where the size and

precision of reflectors are crucial to mission success.

In this chapter, an ISA concept is proposed for mesh reflectors and similar ring-
like structures with a cable-based interior. The reflector design closely follows that
of the deployable AstroMesh, but with a key distinction: the concept shifts from
deployment to ISA. By transitioning to an in-space approach, the constraints tied
to launching fully stowed configurations are bypassed. First, the mass and stowed
volume of the ISA reflectors are calculated for apertures reaching up to 200 meters,
utilizing the generalized design methodology developed in Chapter 2. This step is
crucial for evaluating the launch feasibility of the proposed reflector within current

vehicle limits. The analysis not only takes into account the physical dimensions of
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the reflector but also assesses how these factors influence the viability of launching
the components for ISA. Next, a detailed assembly scheme is introduced, focusing
on the practical implementation of the concept. Central to this process is the use
of a robotic system capable of autonomously constructing the large reflector in
space. The centralized robotic system would handle the sequential assembly of the
reflector’s components, allowing for precise alignment and tensioning of the cables
and facets to achieve the required surface accuracy. This method provides flexibility
in scaling up the structure, enabling the creation of reflectors far larger than what
could traditionally be deployed from Earth. The proposed approach offers a solution
for building highly accurate, large-aperture reflectors, making it an ideal strategy
for future space missions requiring enhanced performance and larger structural

footprints.

3.2 Scaling of Mass and Stowed Volume for ISA Reflectors

ISA reflectors are designed with the same structural architecture as the deployable
reflectors discussed in Chapter 2, featuring two cable nets and a perimeter truss. The
same dimensions and material properties are assumed. However, all components are

assumed to be modularly designed and stored separately as described next.

Both the front and rear cable nets, along with tension ties and metallic mesh,
are fabricated and pre-assembled, then simply estimated to be compacted to one-
twentieth of their original volume for stowage. The perimeter truss struts are assumed
to be manufactured by cutting deployable omega beams, which are flattened and
coiled onto a mandrel for compact storage. The strut spool dimensions are estimated
as follows (see Fig. 3.1): the height of the core mandrel, H,,,. matches the flattened
width of the strut, while the core diameter, D, is set equal to the core height. As
the flattened strut is coiled around the mandrel, the spool diameter increases, with
the maximum diameter, D0, limited to four times the core diameter. The spool
height, Hy,,,; remains the same as the core height. The total number of strut spools
required is calculated based on the total length of the struts. The volume of the
joint stack is determined based on its envelope. Once the total volume of the truss
components is calculated based on these assumptions, the overall diameter and
height are determined by assuming the components are packed compactly within
a cylindrical envelope, where the height is twice the diameter, i.e., Hgopea =
2D iowed-

The mass of the ISA reflectors can be readily calculated following the approach
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introduced in Sections 2.3 and 2.4, and accounting for the lack of deployment

actuators in Eq. 2.10.
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Figure 3.1: Coiled strut volume estimation: a) core mandrel, b) cross section of the
strut, c) flattened strut, and d) strut spool.

Figure 3.2 shows the overall mass, stowed diameter, and height of the ISA reflector
for an F'/D ratio of 1.0 across a diameter range from 10 m to 200 m. The black
dots represent the data points for deployable reflectors, while the red dots denote
the data points for ISA reflectors. The pink and blue solid lines indicate the payload

capacity limits for Falcon Heavy and Starship launchers, respectively, as previously

discussed.
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Figure 3.2: Scaling of ISA vs. deployable reflectors for F'/D = 1.0: a) total mass,
b) stowed diameter, and c¢) stowed height.

The total mass and stowed volume of the ISA reflectors were found to scale
approximately quadratically with diameter. For deployable reflectors, the mass was

not the primary constraint. However, as expected, ISA reflectors are lighter than their
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deployable counterparts across all relevant aperture sizes. Volume, on the other hand,
posed a constraint for deployable reflectors. In contrast, the stowed diameter and
height of ISA reflector components fit comfortably within the fairing’s limits, even
for diameters up to 200 m. As a result, a single launch can accommodate an ISA

reflector with a diameter exceeding 200 m, demonstrating remarkable potential.

3.3 In-Space Assembly Concept
3.3.1 General Overview

A linear in-space assembled truss concept has been proposed [9], where a three-
dimensional truss is constructed as follows: three SpiderFab “Trusselator” heads
extrude continuous 1st-order trusses to serve as longerons, while a fourth robotic
head with 6 DoF fabricates and attaches cross-members and tension lines, creating
a truss support structure with a 2nd-order hierarchy. As the structure extends, it
simultaneously tensions and deploys a pre-built z-folded solar array blanket, as
depicted in Fig. 3.3(a).
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Figure 3.3: ISA concepts: (a) linear ISA trusses [9], and (b) proposed two-
dimensional ISA for ring-like structures with a cable interior.

A defining characteristic of the mesh reflector architecture we are focusing
on is its prismatic, ring-like perimeter truss. This allows for a similar, but two-
dimensional, assembly concept compared to the Trusselator approach. In this con-
cept (see Fig. 3.3(b)), a truss ring is constructed and extended from an assembly

facility, gradually expanding as additional components are added. The cable interior,
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initially slack, becomes tensioned during the deployment process, ensuring that the

required structural stiffness and precision are achieved upon completion.

The core principle of the ISA concept thus developed for mesh reflectors is to
design reflector components as modular units, or “Lego bricks,” allowing them to
be efficiently stored and transported within a specialized assembly facility, known
as the Truss Builder. This facility, shown in Fig. 3.4, serves as the central hub for

the entire construction process once the components reach their target orbit.

(a) IZ
Truss Builder ¥

E

Assembly plate axis

A E Truss support axis

Figure 3.4: Schematic drawing of in-space polygonal ring assembly with cable
interior: (a) truss assembly, and (b) cable net deployment.

The assembly process is highly streamlined and relies on simple, repetitive
operations. Upon arriving in orbit, the truss builder begins assembling the structure
by constructing a single bay of the perimeter truss. After each bay is completed,
the corresponding node of the pre-folded cable net is connected to it (Fig. 3.4(b))
prior to bay release. The sequence is repeated—constructing and releasing each bay
one at a time—until the entire reflector is fully assembled. The process is complete
when the final bay is released from the truss builder, resulting in a fully deployed

reflector.

The significance of this concept lies in the use of a single, stationary robot—the
truss builder—for the autonomous assembly of large, polygonal, ring-like structures

with a cable interior. By utilizing a stationary robot that remains in place throughout
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the construction, the planning complexity of the assembly process can be signif-
icantly reduced. This design eliminates the need for multiple mobile robots, long
challenging traverses or complex coordination between moving parts, which would
otherwise increase the risk of failure and add to the overall system cost. Moreover, the
modular nature of the components and the repetitive nature of the assembly process
make this method highly scalable. The same approach can be applied to reflectors of
various sizes, from small-scale to ultra-large structures, without significant changes

to the assembly strategy.

3.3.2 Operations of the Truss Builder

In the proposed assembly scheme, the truss builder, along with all structural
components (i.e., struts, joints, and the cable net), is folded and stowed during
launch. On reaching the target orbit, the truss builder is deployed, making the
reflector ready for assembly. The proposed truss builder is equipped with a metrology
system for precise shape accuracy and vibration measurements. It also features
multiple robotic subsystems designed to facilitate the construction and release of
each bay of the perimeter truss, a central element of this assembly concept. The
assembly plate, crucial to the process, serves as the platform where each bay is
constructed. It is designed to slide in and out of the truss builder to release the
completed bays, increasing the diameter of the ring-like structure. Joint and strut
dispensers are located behind the assembly plate, holding the modules required for
bay assembly. A gantry robot, acting as the Manipulator with three translational
and one rotational DoF, is responsible for picking up and connecting the structural
components. During the assembly, two truss supports, labeled S| and S,, hold the
ends of the perimeter truss. The edge of the truss builder in between serves as the
bay that completes the truss ring. The folded cable net, stowed along this truss
support axis (see Fig. 3.4(b)), has its net joints C,q4q.,; secured by net attachment
devices. As each bay is constructed, the slack net nodes C,qq.,; are attached to
the corresponding truss nodes N;. As the cables tighten, the interior net nodes C;
adjust accordingly. The reflective surface (i.e., the metallic mesh), is pre-attached
to the front net and folded together with it. Consequently, the antenna assembly is

completed once the truss builder releases the final bay and secures the net.

Figure 3.5 shows a two-dimensional view of the steps involved in the proposed
assembly operation. As described, the truss bays B; are sequentially assembled
and released outward from the truss builder. Key components include the sliding

assembly plate, the manipulator, and the net attachment device.
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Figure 3.5: Two-dimensional view of truss assembly process: first, second, third,
and final bay assembly.

At the start, two pre-built bays, B on the outer wall and B, on the assembly
plate, are connected to the truss builder, with their truss nodes N; and N, attached
to the corresponding net nodes Cegge;1 and Cegqe2. The process begins with the
assembly plate pushing out the pre-built bay B,, after which the net attachment
device connects net node C,4g. 3 to the truss joint N3, and the assembly plate retracts,
deploying B;. The remaining bays are similarly constructed. The manipulator picks
up the joints and struts from storage, assembling each bay on the plate (indicated by
red lines in Fig. 3.5), and the net attachment device connects the net nodes to the

truss (indicated by orange dots in Fig. 3.5). Once a bay is completed, the assembly
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plate pushes it out (released bays are indicated by green lines in Fig. 3.5) and retracts
to prepare for the next bay. This process continues until all bays are assembled, with
the push-out of the final bay, B,,—; (where m represents the number of sides in the
final polygonal ring), and the application of a state of prestress to the fully assembled
reflector. To ensure the structural stability of the partially complete structure during
assembly, the joints are designed to be elastically deformable in torsion, with angle

stops that maintain a polygonal shape for the released bays.

3.4 Chapter Conclusions

This chapter has introduced a novel scheme for robotically assembling large
reflectors, based on the AstroMesh reflector architecture. The approach to the struc-
tural design of the reflector has been described, including the determination of mass
and stowed volume for apertures up to 200 meters in diameter. The findings high-
light the significant advantages of ISA reflectors over traditional deployable designs,

particularly in terms of reducing the required launch envelope.

The proposed ISA scheme utilizes a centralized truss builder facility, launched
into orbit with all necessary structural components and a simple robotic system. The
truss builder automates the reflector assembly through a sequence of simple opera-
tions: constructing a bay of the perimeter truss, attaching the corresponding outer
node of the cable net to the bay, and then pushing the completed bay out of the truss
builder. The chapter outlines and discusses the detailed operations of the assembly

facility for bay construction and release.

The flexibility of the proposed ISA concept is crucial for future space missions,
which will require large reflectors for their applications in high-resolution imaging,
advanced communications, and scientific observations. By simplifying the assembly
process and enabling the construction of high-precision reflectors directly in space,
the truss builder represents a significant advancement. This method offers a practical
and scalable solution for building large, complex structures that would be challenging

or infeasible with conventional deployable systems.
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Chapter 4

SIMULATION OF ISA CONCEPT

This chapter includes both published work from the following proceedings and

new, unpublished sections:

J. Suh, S. P. Dassanayake, and S. Pellegrino, “In-Space Assembly of Large Mesh
Reflectors,” in AIAA SCITECH 2025 Forum [Accepted], 2025.

J. Suh, S. P. Dassanayake, M. Thomson, and S. Pellegrino, “In-Space Assembly
of Large Mesh Reflector Antennas,” in Aerospace Structures, Structural Dynamics,
and Materials Conference, SSDM 2024 [Technical Presentation], 2024, p. 137 740.
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4.1 Motivation

ISA poses significant challenges, particularly as the number of structural com-
ponents increases and different assumptions about the assembly sequence come
into play. As outlined in Section 1.4, a critical issue is ensuring that the assembly
process proceeds smoothly, avoiding potential snags, jams, or misalignments that
can occur when components interact unexpectedly. The complexity increases with
larger structures, making it difficult to predict how different parts will behave during
assembly. As the structure grows, the risk of interference between components rises,

leading to potential delays or complications that may hinder the overall process.

Another challenge lies in the order of assembly, which directly affects both the
ease of construction and the structural integrity of the final design. A poorly planned
sequence can introduce unnecessary stresses or misalignments. This necessitates
careful planning, with each step of the assembly process thoroughly considered to

maintain stability and functionality as new components are integrated.

To manage these issues effectively, advanced numerical simulations become
essential, accurately modeling the entire assembly process and tracking the evolution
of the structure as it grows. This not only helps predict how components will interact
but also allows for optimization of the assembly sequence to avoid potential issues
such as interference or instability. As space missions demand larger and more
complex structures, robust simulation tools will be key to developing reliable ISA
concepts, ensuring that structures are built efficiently and remain stable throughout

their assembly and during operation in orbit.

In this work, a two-dimensional finite element model is introduced to predict
the kinematics of large polygonal ring-like structures with a cable interior during
the assembly process by a single stationary robot. This model is based on the ISA
concept presented in Chapter 3 and is developed using commercial finite element
software. The focus of this chapter is on the numerical model setup and the novel
simulation techniques designed to capture the complexities of sequential assembly

for large-scale structures.

The example structure used in this study consists of six bays, providing a practical
scenario to refine the simulation technique and gain an accurate understanding of the
evolving assembly process. This example aids in evaluating the structural behavior
during each phase of the assembly, including the tensioning of the cables and the
formation of the polygonal perimeter truss. Along with simulating the kinematics

of the assembly, the study focuses on identifying and modeling critical design
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considerations for the stationary robot. These considerations, aimed at optimizing
the robot’s performance to ensure a robust and efficient assembly process, are further

explored in Chapter 5.

4.2 Numerical Simulation Setup

The proposed assembly concept involves sequentially constructing and releasing
each truss bay, leading to intermediate configurations that are challenging to predict
analytically. As each truss bay is pushed out perpendicular to the truss support axis,
it rotates upon release due to elastic reactions in the joints, as shown in the third
column of Fig. 3.5. This rotation causes vibrations with each released bay, potentially
impacting the structural stability during the assembly process. Additionally, the
simulation must handle tensioned cables throughout the process. These cables,
critical for preserving the truss’s structural integrity and final shape, exert forces
that may induce oscillations and interfere with the assembly as they are secured to
the truss joints. Disruptions can also arise from the locking of truss joints during
assembly. This can lead to misalignments or increased stress in the structure, which

may compromise the overall functionality.

In addition, achieving the desired final configuration of the structure is of utmost
importance, as any deviations could affect the precision and functionality of the
reflector. Lastly, adequate prestressing of the structure at the conclusion of the
assembly process is critical, as it ensures that the truss remains rigid and stable under
operational conditions. Without sufficient prestress, the structure may experience

deformation or instability, undermining its performance.

Accurately predicting these dynamic responses is crucial to ensuring the overall
reliability and precision of the assembly process, particularly in space, where even

small deviations can compromise the structure’s operational performance.

Given the prismatic geometry of the structure (see Fig. 2.1), the assembly process
can be effectively modeled in two dimensions, as shown in Fig. 4.1. This two-
dimensional model focuses solely on the truss elements forming a single perimeter
ring of the polygonal truss in the horizontal plane (i.e., longerons) and is supported
at one bay, incorporating a single integrated cable net. The forces exerted by the

reflective metallic mesh on the cable net are not included in the model.
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Perimeter ring of truss Flat cable net

Bay

Figure 4.1: Simulation approach: perimeter ring and a single cable net.

4.2.1 Model Definition

This simulation aims to investigate the kinematics of polygonal ring-like struc-
tures with a cable interior, during assembly. Starting from the initial configuration
of the truss supports which represent the truss builder, the assembly process se-
quentially adds each bay to the structure. As each bay is incorporated, cables are
systematically attached to the corresponding truss nodes and tensioned, ensuring the
structure maintains its geometric configuration and contributing to the truss’ overall
stiffness. The truss supports ensure precise positioning and securing of each bay,
allowing the assembly to progress smoothly and ensuring that the final structure
meets its intended shape and functionality.

A geometrically nonlinear finite element analysis was performed using ABAQUS/
CAE 2020. The finite element model was established by modeling each perime-
ter truss bay as a two-dimensional rod, with a length matching the longeron of
the lab-scale prototype (Lp = 0.3624 m) described in Chapter 6, and discretized
into 10 two-node beam elements (B33). The joints between adjacent bays were
modeled as pinned connections with Multi-Point Constraints (MPCs), allowing
relative rotational DoF. Torsional stiffness at the joints was provided by defining
ROTATION connector elements (see Fig. 4.2(b)), with the stiffness value set at
k = 0.018 Nm/rad. Angular velocity-proportional damping (¢ = 50 Nms/rad) was
applied at the joints, and joint masses were modeled as equivalent point masses at
the corresponding truss nodes (V;). The cross-sectional dimensions were selected to
ensure that the stiffness of each bay was preserved. The following material properties
for the bays were defined: high-modulus CFRP with Ecrrp = 325.4 GPa, Poisson’s
ratio v = 0.3, and density pcrrp = 1786 kg/m3, similar to the structural design

outlined in Section 2.3. Since all perimeter truss joints have identical rotational



54

stiffness, and the two end joints at the truss builder (N and Nj,) are disconnected
in the final configuration (see Fig. 4.2(a)), short rods (b1, b,) of 10% the bay length,
with the same material, cross-section, and mesh characteristics, were modeled at
the ends. These short rods enable the definition of rotational springs at the joints
between bi-B1 and b,-Bpj, but do not influence the kinematics of the structure

during assembly.

(b)

(a)
Truss Truss

supportS, N, C, By N, supports,
/77. / 7 b

1

B ol :
2 ¢ s 1
1

1

1

Truss bay PR
R Truss

Torsional
spring

Figure 4.2: Finite element model definition for a) an example polygonal ring geom-
etry, and b) corresponding initial configuration where rods and cables are modeled

with their final connectivity.

4.2.2 Modeling the Cable Net
The two-dimensional cable net obtained by flattening the three-dimensional ca-

ble net does not not yield a unique equilibrium solution, which is essential for the
design. To ensure that the structure is adequately prestressed and achieves its func-

tional configuration, all truss members must be in compression, and all cable net

elements must be in tension.

The cable net configuration was simplified as follows: consider a linear combina-
tion of the N, equilibrium solutions [F.]; that exist for a simplified two-dimensional
cable net configuration. The coefficients a; are optimized to minimize the average

cable force F 44, using MATLAB’s fmincon function, while ensuring that all N,
cable net elements remain in tension and exceed a specified minimum force F . If
real and bounded coefficients a; are found, the desired prestress state exists for this

simplified cable net configuration, and it is used in the model.



55

The mathematical formulation of this linear program is:

- ajlFclj| =Fc i > Fec minforalli (4.1a)
j=1 ,.
Alower < Aj < Qupper (41b)
(Zf\icl Fc, i)
FC, avg = T (41C)

For this study, the linear programming coeflicients a; were assigned lower and
upper bounds of [-500, 500] to ensure sufficient flexibility, and F,_,,;, was set to
0.01 N. Figure 4.3(a) shows the adopted cable net configuration for the six-sided
structure, featuring a prestress state in which all cables are under tension as desired,
and all bays are under compression. In evaluating the self-stress states of the twelve-
sided structure, the cable net simplification in Fig.4.3(b) led to slack cables, while
the simplification in Fig.4.3(c) achieved the desired prestress distribution.

DOE

® Truss joints == Perimeter truss — Cable net|

Figure 4.3: Simplification of cable net: (a) six-sided structure, and twelve-sided
structure: (b) simplification-1, and (c) simplification-2.

Each cable is modeled using an AXIAL connector element with a specified
nonlinear penalty function for stiffness, represented by the blue solid line in Fig. 4.4

and described by:

FL max

Fe= T et

;¢ = 8000, ug = 0.5uim, Fe, max = 2000 N. 4.2)

This behavior reflects the properties of a high-modulus CFRP cable element
(Ecrrp = 325.4 GPa) with a cross-sectional area of 6 mm x 150 um, as specified in
Section 2.3.1, under maximum tensile load, F, 4. The unstressed reference length

lrer, ij for each cable element ij is set to match the final flat configuration, i.e., at
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the end of assembly, u ~ 0 and the cables experience minimal forces. In ABAQUS,
the material stiffness is defined to maintain constant y-values beyond user-specified
x-value limits. Hence the cable axial force, F,, is defined to increase smoothly
to F. max at the limiting extension uy;,, approaching a strain of approximately

0.7%. The extension u defines the midpoint of F,.’s transition from zero to Fi_ax.

F max = 2000

1500

1000 f==== == e e e e m ===
Non-zero stiffness

Force, F_[N]

500 f

Zero-stiffness

2 A 0 1 Yo 3 4 5 x 10°
Extension, u [m]

Figure 4.4: Specified nonlinear penalty function for cable stiffness in the finite
element model.

The implicit direct-integration method used in ABAQUS/Standard is the Hilber-
Hughes-Taylor (HHT) operator, an extension of the trapezoidal rule that solves
dynamic equilibrium equations iteratively via Newton’s method. Artificial damping
is controlled by a numerical parameter, o, which influences the damping effect de-
pending on the time increment and mode’s oscillation period. The analysis described
here focuses on two-dimensional motion using this Dynamic, Implicit integrator with
maximum damping (@ = —0.33), providing up to 6% damping when the time incre-
ment is 40% of the oscillation period of the mode. Additionally, in the simulation,
point masses are assigned at the intersecting nodes C;, applying mass-proportional
damping to account for material damping effects throughout the model.

It is important to note that the damping parameters in this simulation are selected
primarily to ensure that the simulation steps can progress smoothly, rather than to
achieve a specific damping ratio for the structure. The choice of damping is more fo-
cused on facilitating numerical stability and convergence during the analysis, rather

than accurately reflecting physical damping characteristics of the actual system.

4.2.3 Simulation Steps
ABAQUS does not permit adding constraints or connector elements after the

initial model setup, posing a challenge for simulating the sequential addition of
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truss bays and the attachment of cable net nodes to truss joints, both essential
for modeling the step-by-step assembly process. To overcome this, a simulation
approach was developed where all truss bays were initially modeled as a series of
connected rods with springs. Displacement and rotation boundary conditions were
applied to simulate the ‘push-out’ and ‘release’ of each bay. A similar approach was
utilized for attaching the cable net nodes. Initially, all cables were modeled with zero
stiffness (represented by the red dashed line in Fig. 4.4) to prevent large fictitious
extensions from imposing excessive forces on the structure. This initial modeling
accounted for the significant extensions that occur when the cables are connected
to the truss joints at the start of assembly, instead of connecting them just before
pushing out the corresponding bay. These cables, shown by black dashed lines in
Fig.4.2(b), are required to stretch by larger amounts. As the truss joints connected
to the cables are pushed out, the cable stiffness is modified to its intended value
(represented by the blue solid line in Fig. 4.4), effectively activating the cable and
allowing it to become a part of and exert forces on the structure. Active cables are
indicated by black solid lines in Fig. 4.2(b). Note that this approach fundamentally
differs from the physical process, as it simulates a change in cable stiffness rather

than the physical attachment of slack cables (see Appendix B for details).

The simulation sequence involved repeating bay translation, activating or mod-
ifying cable stiffness, and releasing the translated bay to simulate the ‘bay push-

% ¢

out,” ‘cable attachment,” and ‘intermediate polygonal truss formation,” as shown in

Fig. 4.5. The bays were pushed out at a speed of 10 mm/s.

Dynamic, Implicit Analysis

B, and B, are pre-built, B, attached to S,
Cables attached to N, and N, are active

.

Translation of B, ; i = 2,3,..., m-1

4

Activation of cables connected
toN,,;i=23,..., m-1

No
Isi>2?
i=i+1
Yes
i=i+1

B, release

Figure 4.5: Framework of simulation steps.
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The initial configuration of the bays and cables for the polygonal ring geome-
try shown in Fig. 4.2(a) is depicted in Fig. 4.2(b). Points S| and S, simulate the
fixed supports of the truss builder in two-dimensional space. Figure 4.6 shows the
boundary conditions used to simulate the assembly process. Truss node N; and bay
element b are fixed in translation at Sy (U; = U, = 0 1n Fig. 4.6(a)), while bay B is
free to rotate throughout the simulation (UR3 # 0 for Ny). As bay B, is pushed out
via the translational DoF (Uy, U;) of node N3, node N, is allowed to rotate in-plane,
forming the first intermediate polygon, a triangle (see Figs. 4.6(a) and (b)). Once B;
is pushed out, node Nj is fixed in translation at S, while the cables connected to N3
are activated. The modified DoFs during this activation step have been highlighted

in red in Fig. 4.6(b).

(a) (b)

Truss
! Buildery

1
1 1
1
1

Truss : (KA. Truss :
Buildery A Builder
Ny ? [

\ 1

Figure 4.6: Boundary conditions when a) pushing-out bays B and B>, b) activating
cables connected to N3, ¢) pushing out bay B3, and d) activating cables connected

to Ny.



59

For subsequent bays (i > 2), the process repeats: bay B; is pushed out while
constrained to the assembly plate (not modeled) by controlling the translational
DoFs of nodes N; and N, (highlighted in red in Fig. 4.6(c)). As the corresponding
cables are activated, node N, is fixed in translation at S, while node N; is also fixed
(see Uy and U, in Fig. 4.6(d)). The translational DoF in 1-direction, U; at node N;
is released to simulate the retraction of the assembly plate, forming an intermediate
polygon with 7 sides (Fig. 3.5, third column). Throughout, bay element 5, moves
with By, and at end of the assembly, node N, remains fixed at S, alongside b,. The
free nodes of cable net C; are initially placed at even spacing between S1 and >,
and they are free to rotate and translate in the plane as the cables are ‘attached’ to

the perimeter truss during assembly.

4.3 Tuning the Simulation for a Six-Sided Structure

The assembly process simulation involves the interaction of multiple parame-
ters. To ensure accurate results, it was necessary to fine-tune the parameters of the
simulation technique. The tuning process used a six-sided structure with six cables
and a single interior cable node C; (see Fig. 4.7). We begin by identifying the
associated parameters.

Figure 4.7: Geometry of six-sided structure.

4.3.1 Angle Stops

Figure 4.8(a) shows a section of a typical ring-like truss, with the perimeter truss
shown in green and the cables in black. The cable connecting nodes N;_; and N;;;
is designed to be shorter than the sum of the lengths of bays B;_; and B;, as dictated

by the cable net configuration:
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Nit1N; + NiN;—1 > Cedge, [+1Cj + CjCedge, i-1- (43)

In the proposed assembly scheme, before bay B; is pushed out, the edge cable
node Cegge, i+1 1s held at the front of the truss builder (see Fig. 4.8(b)). As the truss
builder pushes out bay B; mounted on the assembly plate, the cable between nodes
Cedge, i+1 and Cegge, -1 transitions from slack to tensioned. If node N; is pushed
outward relative to the assembly plate, this tensioned cable could potentially jam
the plate or become damaged. Hence, to ensure a smooth assembly, the intermediate
perimeter truss configurations are required to be convex polygons (see Fig. 3.5, sec-
ond column), by introducing angle stops at each joint with a torsional spring. Since
all bays are defined as a series of co-linear rods in the initial step of the simulation, the
angle stop range, «, is limited to a maximum of n radians (see Fig. 4.8(c)), thereby
preventing outward kinking of the truss nodes. However, no angle stops are applied
at nodes Ny and N,, (m = 6), allowing them to bend outward as needed to achieve
the intermediate polygonal shapes and final truss configuration (see Fig. 4.7). This

angle stop definition was applied consistently throughout the simulation study.

(b) (c)

C C. slack

edge,i+1 7]

C taut

edge,i+1 )

B Cedge,\+1| 1
1

i 7 N : Truss : Truss

| . Builder |, Builder

Figure 4.8: Angle stops: a) geometry of the structure, b) cables transitioning from
slack to taut during bay push out, and c) definition of angle stop.

4.3.2 Assembly Plate Orientation
The orientation of the assembly plate, i.e., the angle 6 at which each truss bay is

pushed out with respect to the face of the truss builder is a crucial parameter in the
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truss builder design. It imposes a constraint on the range of motion of the structure
during assembly. As illustrated in Fig. 4.9(a), pushing out each assembled bay
perpendicular to the truss face, as initially proposed, forces the structure to become
heavily distorted. Tilting the assembly plate provides more space and allows a more
uniform shape (see Fig. 4.9(b)). The angle of the assembly plate, 6, plays a significant
role in the process: a distorted shape increases the tension in the cable net and requires
additional corrections to align the ring to its intended configuration. Consequently, it
is essential to evaluate how the assembly plate angle affects shape distortion to ensure
efficient assembly. For the six-sided structure, three assembly plate orientations were
selected: 8 = 90°, 80°, 60°.

(a) (b)

Assembled bays Assembled bays

Restricted
space

Truss
Yy
Builder

Figure 4.9: Two assembly plate orientations: a) perpendicular to the truss builder
face: 8 = 90°, and b) tilted at angle 6 < 90°.

space

4.3.3 Damping Coeflicients

Since the simulation involves a dynamic integration of the motion of the structure,
mass-proportional damping was applied to the moving nodes, particularly C;. For a
given nodal mass, the Rayleigh damping coeflicient ag was selected to be sufficiently
high to avoid numerical instabilities. To understand the effect of different damping
coeflicients, a sensitivity study was conducted for ag = 0.5,5.0,7.5,10, with a
nodal mass of 0.020 kg.

Table 4.1 summarizes this sensitivity study, highlighting the effects of different
assembly plate orientations and damping factors. The maximum and root-sum-of-

squares (RSS) variation of the final axial extensions u; of the cables from their
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expected final values (set at u; ¢xpecrea = 0; 1 = 1,2,...,6 by design) was used as
the metric for comparison. Only simulations that successfully achieved the desired
final shape with an RSS error less than or equal to 12 mm were considered. The table
shows that all assembly plate orientations produced the desired shape for certain
damping factors. While the magnitudes of the variation in extensions change with 6,
the smallest variations, approximately one-third lower compared to other angles, and
thus the most favorable results, are observed for 6 = 60°. The effect of the damping
factor magnitude on the variations for a given 6 is minimal, as evidenced by the small
changes in the corresponding extensions. Therefore, the lowest damping coeflicients
which allowed for successful completion of the simulations were adopted for each

assembly plate orientation.

Table 4.1: Sensitivity to assembly plate orientation and damping coefficient

0(°) agr(s™h Final shape achieved |Au;|;;qx (mm) \/Z?ZIAu,-z(mm)

90 0.5 v 6.84 7.48
5.0 v 6.84 7.48
7.5 v 6.84 7.48
10.0 v 6.84 7.48

80 0.5 X
5.0 v 6.88 7.52
7.5 v 6.87 7.51
10.0 v 6.87 7.52

60 0.5 v 4.60 5.09
5.0 v 4.56 5.06
7.5 v 4.49 5.00
10.0 v 4.59 5.09

4.4 Simulation Results for the Six-Sided Structure

Figure 4.10 presents the simulation results for the progression of cable extension
during the assembly of the six-sided structure with § = 90°, alongside snapshots
of the intermediate shapes of the structure. Cables are color-coded for clarity. Each
snapshot shows only the active cables, while the graph distinguishes between active
cables and inactive cables with solid and dotted lines, respectively. At the start of the
assembly, By and B, are pre-assembled, and cables 1 and 2 are active according to the
ISA concept. Vertical lines on the graph mark transitions between different assembly
phases: from ‘bay translation’ to ‘cable activation’ and then to ‘bay release.” The

greyed-out region in the graph indicates slack cables (u; < 0).
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The results show that all cables successfully reach their unstressed length by the
the 100% assembly point, as required. The graph illustrates the evolution of cable
net extensions, providing insight into the intermediate shapes of the structure during
assembly and confirming whether the final configuration meets expectations. As
expected, cables 3-6 experience positive extension at the start of assembly since they
are modeled with their final connectivity. However, they are inactive, as indicated
by dotted lines, and hence do not exert forces on the structure until activated. This

is reflected in the snapshots of the intermediate shapes.
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Figure 4.10: Cable extension results for the six-sided structure; 6 = 90°.

Another important detail is that each cable is activated when it is near or within

the slack region, which in the simulation helps to minimize the dynamic forces
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applied to the structure during the activation steps. Throughout the process, at least
one active cable remains slack until the final cable is activated and the last bay is

released, marking the desired end of the assembly.

Close observation of the intermediate shapes reveals that regular polygons are
not achieved upon releasing the respective bays. This is due to the angle stops at
the joints, which restrict the anti-clockwise rotation of the truss node at S, (see
the next bay ready for assembly in the snapshots). The intermediate rings tend to
rotate anti-clockwise at S;, but the angle stops prevent them from going beyond the
assembly plate angle. Taut cables may also be responsible for the non-regularity
observed in the intermediate polygons. The final polygonal configuration is regular,

as intended, with all cables active and nearly prestressed.

Figure 4.11 presents the simulation results for the assembly with 8 = 60°. Al-
though the final configuration—a regular hexagon—is achieved also in this case, it
is evident that the intermediate shapes vary depending on the value of 6, as empha-
sized in Fig. 4.12. This variation highlights the significance of the assembly plate

orientation to the assembly process.

The effect of the more symmetric structure deployment on the cable interior is
particularly evident from the comparison of cable extensions in Figs. 4.10 and 4.11
during the translation of Bs. For the 8 = 60° case, the cable extensions exhibit a
smoother transition and reach the desired prestress level more rapidly compared to
the 6 = 90° case. This results in a more controlled and gradual activation of the
final set of cables, facilitating a more stable and precise completion of the assembly

process.

This variability in intermediate shapes is expected to be more pronounced in
larger polygonal rings, where the assembly plate angle significantly impacts the ge-
ometry and stability of the structure during assembly. The influence of the assembly
plate angle on these intermediate shapes and its implications for the assembly of

larger structures are discussed in Chapter 5.
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Figure 4.11: Cable extension results for the six-sided structure; 6 = 60°.

4.5 Chapter Conclusions

This chapter has introduced the numerical simulation setup for the proposed
ISA concept for large polygonal ring-like structures using a two-dimensional finite
element model. This model, implemented in ABAQUS/CAE 2020, simulates the
kinematics of a six-sided structure with a cable net interior assembled by a single
stationary robot. The focus was on modeling the sequential assembly of the truss bays
and the attachment of the cable net and ensuring that accurate final configurations
could be achieved.

The simulation revealed that achieving the final desired shape—specifically, a
regular hexagon—was successful for various assembly plate orientations. However,

the intermediate shapes differed significantly depending on the assembly plate orien-
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tation, an effect that is expected to be more pronounced in larger polygonal rings. A
sensitivity study of damping coefficients demonstrated that varying these values
has minimal impact on the magnitude of cable extension variations for a given as-
sembly plate orientation. The lowest damping coeflicients that permitted successful
simulation completion were adopted for the study. This approach ensured that the

simulations accurately reflected the assembly process without numerical instability.
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Figure 4.12: Intermediate polygonal shapes: (a) 8 = 90°, (b) 6 = 80°, and (c)
6 = 60°.

The innovative simulation techniques developed offer sufficient confidence at this
stage to evaluate the feasibility of the proposed ISA concept for larger ring-like struc-
tures. Chapter 5 further explores this by identifying key design considerations and
potential improvements to the stationary robot to enhance efficiency and robustness

of assembly.
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Chapter 5

SIMULATION OF TWELVE-SIDED
REFLECTOR

5.1 Motivation

To evaluate the feasibility of the proposed ISA concept for larger structures, a
twelve-sided polygonal ring structure with forty eight cable elements was selected as
the baseline model (see Fig. 5.1). Using the simulation techniques outlined in Chapter
4, this study aims to explore the inherent challenges of assembling ring-like struc-
tures with a cable net interior. Key issues such as potential snags, misalignments,
and the critical importance of the assembly sequence are analyzed. Additionally,
the approach to prestressing the structure is analyzed to assess its effects on overall
structural integrity and efficiency, offering insights into optimizing the ISA process

for future large-scale applications.

Figure 5.1: Geometry of twelve-sided reflector.

The dimensions and number of bays for the twelve-sided polygonal ring structure
were chosen to match the 1.4-meter lab-scale prototype of the ISA concept currently
under development, as described in Chapter 6. The original cable net configuration
designed for D = 1.4 m, using the generalized design method detailed in Chapter
2 was simplified while adhering to the constraints specified in Section 4.2.2. This

approach ensures that the simulation accurately reflects the prestress requirements of
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the design and remains consistent with the characteristics of the prototype, allowing

for a meaningful comparison and assessment of the proposed ISA concept.

5.2 Effect of Assembly Plate Orientation

While the orientation of the assembly plate did not impact the final shape for
the six-sided structure, this finding does not hold for larger structures. An intuitive
observation is that orienting the assembly plate at the supplementary angle to the
interior angle of each i-sided intermediate polygon during assembly, 6., ;, could
help avoid distortions or bias in the shape of the ring (see Fig. 5.2). This approach
would ensure that the structure naturally forms the correct polygonal shape upon
release of the final bay. However, this approach would also require adjusting the plate
orientation at each B; push-out step, increasing process complexity. Therefore the

identification of a single effective orientation for the entire assembly is necessary.
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Figure 5.2: Relationship between critical assembly plate orientation, 6., and interior
angle of perimeter truss.

Numerical simulations were conducted using three distinct assembly plate orien-
tations: 8 = 90°, 60°, and 30°. These angles represent different scenarios: 8 = 90°
where the assembly plate is moved perpendicular to the truss support axis, 6 = 30°
corresponding to 6., for a twelve-sided polygon, and 8 = 60°, a midpoint between

the two. Figure 5.3 shows 11 snapshots of the intermediate shapes during assembly.

For 6 = 90°, the shape of the structure is consistently biased to the right as
bays are added (see Fig. 5.3(a)), due to the constraint imposed on the left side
by the assembly plate. This results in excessive tension on the final set of cables,
ultimately jamming the process and preventing the structure from achieving the
intended dodecagonal shape upon release of the last bay. In contrast, for 6 = 30°, the

intermediate polygons are flatter and a clear leftward bias can be seen, with the final
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set of bays aligning closely to the desired shape (see Fig. 5.3(c)), as anticipated for
0 = 0., 12. However, this configuration still introduces distortions in the first half of

the ring structure, i.e., in bays B to Bs.
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Figure 5.3: Effect of assembly plate orientation: (a) # = 90°, (b) 6 = 60°, and (c)
6 =30°.

The intermediate case 8 = 60°, produced the most balanced result (see Fig. 5.3(b)),
achieving a configuration that is closest to the target polygonal shape while main-
taining relatively symmetric deployment throughout the assembly process. Although
determining an angle that achieves the final desired shape while maintaining sym-
metric intermediate shapes is not straightforward, these results demonstrate that the
proposed ISA concept is highly sensitive to the assembly plate orientation. Further
optimization of the angle will be important to ensure both precision and efficiency

in larger-scale deployments.
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5.3 Effect of Prestressing Method

The proposed ISA concept depends on releasing the final bay of the ring to
trigger the formation of the desired final configuration and to apply prestress to
the structure. However, as discussed in Chapter 4 and Section 5.2, some cables may
become excessively tensioned, which can disrupt the remaining assembly process. To
address this issue, alternative methods for applying prestress at various stages of

assembly were investigated.

A novel approach was developed, yielding promising experimental results with
the lab-scale prototype by successfully achieving the intended final shape and ef-
fectively prestressing the structure. This method of prestressing is as follows (see
Fig. 5.4): after deploying the first two pre-built bays (B; and B,), the edge cable
Cedge,3 1s connected to node N3, and the assembly plate is retracted. At this point,
truss support S; is moved closer to the assembly plate along the truss support
axis. The remaining bays are then assembled and released while S stays stationary
in this position, and this is key to ensuring that the cables remain slack during as-
sembly, thereby preventing any disruptions to the assembly process. Once the final
bay (B,,-1) is released, prestressing is carried out by moving S back to its original
position. This has the effect of stretching the cable net and applying the necessary

tension to the structure.

Itis important to emphasize that initiating the prestressing process of the structure
requires the movement of a component at the final stage of assembly. In the original
concept, this component was the final bay, whereas in the modified concept, it
is the truss support S;. Regardless of the approach, effective prestressing of the
structure can only be achieved if the cables are also sufficiently tensioned by the
end of assembly. Essentially, cables must fulfill conflicting requirements at different
stages of assembly: they need to remain slack during the assembly process to ensure
smooth progression, but they must be tensioned at the end to achieve the correct

shape and structural stiffness.

As detailed in Section 4.2.2, the simulation setup is such that cables are inten-
tionally modeled to be nearly slack at the end of assembly, with # ~ 0, meaning the
final shape is not prestressed. Modifying the prestressing method—from moving
the last bay to moving the truss support—only allows the cables to remain slack
during assembly, facilitating a smoother assembly process and helping the structure
approach the desired final shape more effectively. The process of attaining final

prestress will be further examined in Section 5.5.3.
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Figure 5.4: Two-dimensional view of the modified prestressing method: moving
truss support, i’ bay assembly and prestressing the structure.

Figure 5.5 shows the simulation results for both methods of prestressing, with
the assembly plate set at & = 60°. The deployment of the ring for the moving
truss support case (see Fig. 5.5(b)), remains relatively symmetric and similar to the
case of the moving last bay (see Fig. 5.5(a)), though the former is stretched along
the y-direction due to the truss supports being positioned closer together. After
releasing the last bay, the polygonal shape for the moving truss support case closely
approximates the final shape achieved with the moving last bay case (see i = 12 in
Fig. 5.5(a)). However, the final adjustment of resetting the truss support triggers the
formation of precise polygonal shape of the truss, transforming the assembly from
its preliminary state into the desired configuration, as shown in Fig. 5.5(b). This
outcome confirms the effectiveness of the modification and underscores the critical
importance of considering not only the effect of the assembly plate orientation but

also the prestressing method in achieving the desired final shape.
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Figure 5.5: Effect of the prestressing method: 6 = 60°, (a) moving last bay: S is
fixed (b) moving truss support: S is moved by 0.1 m at the start and reset at the end
of assembly.

5.4 Effect of Cable Net Orientation

The ISA concept replaces one of the bays with the truss builder, that supports the
structure during and after assembly. While the six-sided structure’s cable net remains
symmetric relative to the truss support, regardless of the chosen bay, the twelve-
sided structure does not share this symmetry (see Figs. 4.7 and 5.1), indicating that
there are two options for placing the truss builder, as illustrated in Fig. 5.6. Hence
there are two possible orientations for the cable net relative to the truss builder. A
comparison of these orientations highlights a significant difference: orientation 2
includes a cable element connecting node Ny, to node Ny, while orientation 1 does
not. This difference is significant, particularly when relying on the release of the
last bay B,,— to trigger the final polygon formation, prestressing the structure. In

orientation 1, it may be more difficult to achieve the desired shape near node Ny;.
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(b)

Figure 5.6: Two configurations of the cable net: (a) orientation 1 (b) orientation 2.

Figure 5.7 illustrates this with simulation results for both orientations, prestress-
ing the structure by moving the last bay and at an assembly plate angle of § = 60°. The
final configurations are mirror images, with key differences during assembly empha-
sizing the importance of the cable net configuration near the nodes. In orientation
1, the last two bays are collinear at nodes Ny through Ny, as expected, while in

orientation 2, the first two bays are collinear at nodes N; through N3.
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Figure 5.7: Effect of cable net orientation relative to the truss support: prestressing
by moving last bay and at § = 60°, (a) orientation 1 (b) orientation 2.
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Examining the final configurations for the case of prestressing the structure by
moving the truss support (see Fig. 5.8) shows that both orientations achieve the
desired polygonal shape for this method of prestressing. A comparison of truss
shapes before prestressing shows similar differences between the two orientations as
observed when moving the last bay. This suggests that it is indeed this final step that
enables the structure to achieve the desired configuration, regardless of the cable net
orientation. Thus, the orientation of the cable net is considered more critical when

prestressing relies on the movement of the last bay.
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5.5 Further Considerations for Assembly Simulation
5.5.1 ‘Jamming’ Condition

In some instances, nodes became ‘jammed’ during assembly disrupting the pro-
cess. This led to the conjecture that this occurs when the active cables and the
truss form a “tensegrity” structure that self-locked and could not move. This issue
was resolved by introducing a disturbance into the structure, by applying small
displacements to affected truss nodes, which allowed the assembly to proceed as in-
tended. For example, Figure 5.9 shows a case where the assembly became jammed
during the activation of cables connected to node Njo indicated by black dotted
lines). Moving node No, as indicated by the red arrows (see Fig. 5.9(a)), prior to
the cable activation step allowed the cable activation step and therefore the overall

simulation to continue till completion, and obtain the final configuration indicated
in Fig. 5.7(b).

(b)

1 1
1 1
1 1
L Jd |

Figure 5.9: ‘Jamming’ condition for § = 60°, orientation 2 and prestressing by
moving last bay: (a) ‘jammed’ configuration, and (b) resolved configuration.

5.5.2 Cable Activation and Bay Release Sequence

It was also observed that the sequence of steps towards the end of the assem-
bly—specifically the order of ‘cable activation’ and ‘bay release’—had a significant
impact on the process. This is caused by large tensions in the cables that develop
due to the constrained position of the last bay on the assembly plate, which in turn
disrupts the assembly. Specifically for the § = 60° case, releasing bay Bi; before
activating the cables connected to node Nj; enabled the assembly to be completed
successfully and achieve the desired final shape. This adjustment was effective even
when moving the last bay for prestressing, demonstrating the critical role of step

sequencing in overcoming tension-related issues and ensuring successful assembly.
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Referring to the case shown in Fig. 5.3(b), although the simulation did not ‘jam,’

the final shape is not fully correct, because node Ny is collinear with nodes Njg

and Np;. Upon examining the corresponding graph that tracks the evolution of

cable extensions, particularly during the last stage of the assembly (see the insert in

Fig. 5.10(a)), it is evident that some cables have become slack, which likely explains

the deviation in the final configuration.
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tation 1 and prestressing by moving last bay, (a) original cable stiffness definition,
and (b) modified cable stiffness definition to reflect prestress.



7

According to the cable stiffness definition discussed in Section 4.2.2, the cables
were initially designed to be unstressed at the end of assembly (i.e., atu =~ 0; F, ~ 0)
to allow for smooth continuation of the assembly process. However, if the stiffness
is redefined by adjusting the final length of the cable so that cables are prestressed
at the end of assembly (i.e., at u = 0; F. # 0), the cables will have to remain
under tension as intended, ensuring the correct shape is achieved. This is demon-
strated in Fig. 5.10(b), where the modified cable stiffness leads to the desired final

configuration, as shown in the inset.

In summary, the successful completion of the ring-like structure in the simulation,
along with its effective prestressing, relies on both the prestressing method and the
cable stiffness model used. The chosen prestressing approach ensures uninterrupted
assembly (see Fig. 5.5), while the stiffness model is crucial for reflecting the actual
prestress at the end. Maintaining cable tension with an appropriate stiffness model

enables the structure to achieve the desired configuration and stability.

5.6 Chapter Conclusions

This chapter has addressed, through simulations, the major challenges of as-
sembling and prestressing large polygonal-ring structures using the proposed ISA
concept. These difficulties are compounded by the challenge of accurately repre-
senting real-world conditions in simulations. However, it is essential to interpret
the simulations carefully, as robust simulations become increasingly important for
predicting intermediate assembly shapes and ensuring continuity as the structure

scales, given that full-scale models are impractical for optimizing ISA concepts.

Simulations of a twelve-sided polygonal ring revealed that the assembly plate
orientation and prestressing method are critical in ensuring successful assembly and
achieving the final desired configuration. Specifically, an assembly plate angle of
6 = 60° offered the best balance, avoiding excessive distortions during intermediate
stages. That said, the simulations suggest there may be multiple angles for successful

assembly, indicating a solution space rather than a single, unique solution.

The key to the success of the ISA concept is the method of prestressing, whether
by releasing the final bay or adjusting the truss support position. Both methods, albeit
novel, were shown to be effective, provided the cables are sufficiently tensioned at
the end of assembly. Additionally, ensuring smooth progression through assembly
required careful sequencing of steps, particularly during the final stages where

premature cable tension could cause disruptions.
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The numerical simulations have demonstrated the importance of a carefully-
defined cable stiffness model, where the correct application of tension ensures that
the final structure forms the desired polygonal shape per original design. Adjusting
the stiffness model to reflect actual prestress at the end of assembly played a crucial
role in maintaining the required structural integrity. Overall, this simulation study
captures key design features and provides a fundamental understanding of how dif-
ferent assembly sequences, assembly plate orientations, and cable net configurations
affect the process. It also underscores the need for further optimization of the assem-
bly parameters, including plate orientation and prestressing techniques, to achieve

precision and efficiency in future large-scale ISA applications.
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Chapter 6

EXPERIMENTAL DEMONSTRATION OF
ISA CONCEPT

This chapter includes both published work from the following proceedings and

new, unpublished sections:

J. Suh, S. P. Dassanayake, and S. Pellegrino, “In-Space Assembly of Large Mesh
Reflectors,” in AIAA SCITECH 2025 Forum [Accepted], 2025.
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p. 0823. por: 10.2514/6.2024-0823.
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6.1 Motivation

In parallel with the simulations described in Chapters 4 and 5, the DARPA
NOM4D team (Dr. Jong-Eun Suh, Alan Truong and Charles Sommer) at the Space
Structures Lab is constructing a lab-scale prototype to demonstrate the proposed
ISA concept in space by 2026. This prototype features a twelve-sided reflector with
a diameter of D = 1.4 meters. It is modularly designed and will be assembled using

a truss builder prototype.

These experiments are crucial for validating the findings of the simulations. Specif-
ically, these tests will help verify the accuracy of the two-dimensional simulation
model in predicting the kinematics of the three-dimensional assembly process and
evaluate whether the identified design considerations—such as assembly plate ori-
entation, method of prestressing, and cable net orientation—are broadly applica-
ble. This validation is particularly important given that future predictions about the

kinematics of larger structures will rely on two-dimensional simulations.

This chapter compares the results from the lab-scale experiments with those from
the simulations to evaluate the applicability and accuracy of the two-dimensional
model in predicting the behavior of larger, more complex structures. This comparison
will offer valuable insights into the reliability of the simulations and their potential

for scaling to full-sized applications.

6.2 Design of In-Space Assembly Facility

To evaluate the feasibility of the proposed ISA concept, prototypes of each
component, including the truss builder, have been manufactured and are currently
being demonstrated in the laboratory. Figure 6.1 shows a CAD illustration of the
target reflector. For an aperture size of 1.4 meters, the design outlined in Chapter
2 specifies n = 4 subdivisions of the reflective surface, which necessitates 12
bays for the perimeter truss. Since the truss builder substitutes the final bay of the
perimeter truss, a total of 45 struts—comprising 22 longerons, 12 battens, and 11
diagonals—along with 24 joints, are required. The dimensions for the longeron,
batten and diagonal (see Fig. 6.1(b)) are determined based on the geometry of a
reflector with an F'/D ratio of 1.0.

6.2.1 Lab-scale Reflector Prototype
Figure 6.2 illustrates the modular design of the reflector’s structural components,
intended for assembly by a simple robot, to minimize system complexity. A gen-

eral overview of the reflector prototype is as follows. The joints are 3-D printed
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using Polylactic Acid (PLA) with a CraftBot Plus Pro printer (see CAD image

in Fig. 6.2(a)) and include bearings and torsional springs to provide rotation and

stiffness.
(a) ’
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Figure 6.1: Lab-scale demonstration: a) target reflector, and b) dimensions of struts.

The initial prototype described here employs both permanent and electromagnets
to secure the joints to the assembly plate. Each joint features recessed surfaces with
permanent magnets to assist in aligning the struts. The struts, made from 6 mm
diameter pultruded composite tubes, are equipped with magnetized caps that fit
securely into these slots through a combination of friction and magnetic attraction,
see Figs. 6.2(a) and (b). A circular permanent magnet, along with guiding cones,
aids in mounting the joints on the assembly plate. The assembly plate is equipped
with electromagnets that activate during bay construction and deactivate during bay

release, enabling the connection between the joint and the assembly plate.

The cable net assembly for the mesh reflector includes a front and rear cable net
and tension ties. The nets are made from 50 pm thick Kapton film, patterned with the
design obtained for D = 1.4 mand F/D = 1.0, per Section 2.2.1. The front net has a
Nylon knitted mesh attached underneath, and a push-latch device connects the nets
to the perimeter truss joints, see Fig. 6.2(c). The tension ties, depicted in Fig. 6.2(d),
consist of extension springs and strings and are used to maintain the tension of the
net. The string length is specifically designed to achieve the necessary tension in the
cable net assembly when fully deployed. The springs are sealed in rubber tubes to
prevent tangling. The net prototype is stored in a fan-folded configuration within the
truss builder. Before each bay release, the push-latch devices at the cable net nodes

Cedge, i are sequentially attached to the corresponding truss joints.
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Figure 6.2: Reflector prototype, D = 1.4 m: a) CAD drawing of the joint and joint-
strut attachment, b) prototypes of the joint, strut, and a single bay, and prototype
of cable net with c) a push-latch device installed at the outer node of cable net and
attached to the truss, and d) a tension tie.

6.2.2 Truss Builder Prototype
The truss builder prototype (Fig. 6.3(a)) consists of the following key compo-
nents: the assembly plate, the strut storage, and the manipulator. It performs four

major robotic operations, each supported by specific mechanical devices.

The sliding assembly plate handles the ‘bay push-out and retraction,” while

the joint mounting plates, equipped with electromagnets, secure the joints during
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construction, facilitating the ‘bay hold and release.” The ‘bay construction’ involves
the joint and strut storage and is carried out by the manipulator, which has 4 DoF
(translation in x, y, and z axes, and rotation in Rz). The manipulator, which includes
two linear stages, a push actuator, and a rotator, positions the struts and joints
from the storage onto the assembly plate (Fig. 6.3(c)). The strut storage is arranged
around the perimeter of a circular drum, rotating to bring each strut to the pick-up
position. The manipulator’s electromagnet interacts with the permanent magnets in
the strut sleeves to secure and release the struts. The sleeves are designed to prevent

strut rotation during manipulation.

(a)

Strut storage Joint mounting

regions

Joint storage — |

Sliding assembly plate

g Truss supports

Net joint feeder
and attachment device

Manipulator — |

Figure 6.3: Truss builder prototype: a) schematic drawing of truss builder and
components, and prototypes of: b) truss builder and c) manipulator.

The ‘net attachment’ is accomplished by a net joint feeder and attachment device,
which organizes the push-latch devices in the order of truss assembly and attaches

them to the corresponding truss joints before the assembly plate retracts.

Once a bay is assembled, electromagnets mounted in end fixtures at the edge of
the truss builder (i.e., truss supports introduced in Chapter 4, see Fig. 6.3(a)) hold
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the released bay, providing sufficient clearance for the assembly plate to retract for
the next construction cycle. A prototype based on this design is shown in Figs. 6.3(b)
and (¢).

6.3 Design Considerations

Efforts were made to validate the design considerations identified from the two-
dimensional simulations in Chapter 5. Specifically, two assembly plate orientations,
6 = 90° and 6 = 60°, were tested, along with two prestressing methods: moving
the last bay and adjusting the truss support. It was quickly determined that the
cable net orientation 2 was the preferred option, as it effectively mitigated excessive
tension in the cables, reducing the risk of damage during the assembly process. This

orientation provided better control over the cable tension and structural integrity.

6.3.1 Angle Stops and Assembly Plate Orientation

In the first experiment with a 90° assembly plate, the structure was assembled
manually. One critical difference between this experiment and the simulation was
the absence of angle stops in this version of the prototype. Without these stops, the
structure had the freedom to form concave polygons during assembly, which posed
the risk of overstretching and potentially damaging the cables that support the struc-
ture, see Fig. 6.4(d). These kinks and deformations required manual intervention to
correct the shape and ensure that the assembly could continue. This manual correc-
tion process, while effective for this test, underscored the crucial role of angle stops
in automated operations. By constraining the structure’s movement and preventing
the formation of concave polygons, angle stops help to preserve the integrity of the
cables and streamline the assembly process, ensuring that the structure deploys with

greater precision and less risk of damage.

Figure 6.4(e) shows the final assembled reflector achieving the desired shape. How-
ever, it is important to note that this outcome is largely due to manual interventions,

and the shape might not have been achieved without them.

In the 6 = 60° experiment, the prototype featured angle stops and utilized a
minimal-interference gravity offload system, where supports hoisted the structure at
intermediate truss nodes using strings to ensure continuous vertical alignment. This
setup effectively simulated a zero-gravity environment and minimized external
forces that could distort the configuration. These enhancements significantly im-
proved the precision of the deployment. As expected, the angle stops played a key

role in controlling the structure’s movement, preventing the formation of unwanted
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kinks and concave polygons that were problematic in the 8 = 90° case. With these
mechanisms in place, the assembly process was smoother and more symmetrical
(see Figs. 6.5(a-c)), enabling a more controlled deployment of each bay. The de-
ployment was significantly more consistent and predictable compared to the earlier

tests as well.

(a) (b) (c)

* Assembly
plate

s g

(d)

Figure 6.4: Reflector assembly demonstration for # = 90°: a) initial state, b) i = 3,
¢)i=15,d)i =10 with kink formation, and e) i = 12: completed reflector.

While the final assembled structure did not achieve good accuracy, the experi-
mental results closely aligned with the expected configuration from the simulations,
particularly towards the end of the assembly process, see Figs. 6.5(b) and (c¢). This
agreement with the simulations confirmed the effectiveness of the design improve-
ments, enabling smoother, more reliable assembly process and demonstrating that

the structure could be successfully deployed with minimal intervention.

Simulations can be setup to follow any assembly plate angle between 0° and
90°. However, it is important to note that a smaller angle 6 results in a reduced
working space for the robotic manipulator, see Fig. 6.6. Therefore, a trial-and-error
approach was used to determine a suitable angle between 90° and 60° that would
offer more working space while ensuring an uninterrupted assembly process and

achieving a shape closest to the desired one, ultimately selecting 72°.
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Figure 6.5: Comparison of experimental and simulation results for 6 = 60°: a)
i=9,b)i=11,and c) i = 12: completed reflector.

—— Working space

Figure 6.6: Relationship between 6 and working space for the robotic manipulator.

6.3.2 Prestressing Method

The final configuration for the & = 72° and cable net orientation 2, with pre-
stressing achieved by moving the final bay as detailed in Section 5.3, shows that
the nodes Ni-N3 have become collinear (Fig. 6.7(a)), a result consistent with the
simulations. A closer inspection reveals that the cable net is stretched undesirably
due to the collinearity of the nodes when prestressing is achieved by moving the

last bay, see Fig. 6.7(b). This observation underscores that the assembly plate ori-
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entation is not the sole design consideration. The method of prestressing must also
be addressed in the experimental setup, with cables remaining slack until the final

stages of the assembly process to ensure smooth progression.

In the 8 = 72° case, with prestressing imposed by adjusting the truss support,
the assembly process starts with deploying the pre-built bays. After forming the
initial polygon, the support is repositioned (Figs. 6.8(a) and (b)). Despite noticeable
distortion, the assembly proceeds smoothly as more bays are added, causing the
reflector’s diameter to gradually increase. The shape of the truss becomes biased
away from the assembly plate (Fig. 6.8(c-e)). However, as the support is gradually
moved back at the end of the assembly, the shape of the reflector is corrected
(Fig. 6.8(f)), with the cable net near the first joint still exhibiting some sagging. The
final configuration, shown with an overlay of the simulation results, demonstrates a
good qualitative match, highlighting the effectiveness of the modification made to

the prestressing method.

- Assembly plate axis’

Top view Side view

(b)

Figure 6.7: Reflector prototype assembled at 6 = 72°, prestressed by moving the
last bay: a) collinear truss nodes, and b) undesirable stretching of cables.



88
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Builder axis . support
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Figure 6.8: Assembly demonstration for 8 = 72°, prestressed by moving the truss
support: a) i = 3, b) truss support S; moved, ¢) i =7,d) i = 10, e) i = 12: prior to
repositioning S, and f) i = 12: completed reflector, overlaid with the corresponding
simulation result.

Based on these observations, a 72° assembly plate orientation was selected for
future work on the prototype, with prestressing accomplished through adjustments

to the truss support and the use of cable net orientation 2.

6.4 Chapter Conclusions

This chapter has described the proof-of-concept demonstrator, which has suc-
cessfully verified the feasibility of the proposed ISA concept through a series of
experimental validations. The entire assembly process was carried out within the
truss builder, with each bay constructed and released as planned, and the folded net

deployed progressively as more bays were added.

The experiments presented in this chapter have offered valuable insights into
the design considerations and their practical effects, serving as critical test cases
for comparing with the simulation results presented in Chapters 4 and 5. For the

6 = 90° assembly plate case, the lack of angle stops led to structural distortions and
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cable damage, underscoring their importance in maintaining precision. The 8 = 60°
case, which included angle stops and a minimal interference gravity offload system,
achieved a more controlled and symmetrical deployment, closely matching simula-
tion predictions. In the 8 = 72° case, selected to improve the working space through
trial and error, truss node collinearity matched simulation predictions. However,
the issue of undesirable stretching in the cable net, as predicted by the simulations
(for 6 = 90° and prestressing through movement of the last bay), was effectively
addressed by carefully selecting both the assembly plate orientation and prestressing
method.

The prototype reflector, designed for modular assembly by simple robots and
manufactured using additive techniques, successfully demonstrated bay construc-
tion and release operations. Although the proof-of-concept demonstration of the
assembly process is still in progress, the results confirm the viability of the pro-
posed ISA scheme for large mesh reflectors and affirms the qualitative predictions
made by two-dimensional simulations. It provides a robust basis for scaling the

concept to full-sized applications and future space missions.
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Chapter 7

SUMMARY AND PERSPECTIVES

7.1 Summary

This thesis has presented an in-depth exploration of mesh reflector design and
simulation for In-Space Assembly (ISA). It has introduced a generalized design
method to evaluate key performance measures, including mass, stowed volume, and
natural frequency. A two-dimensional finite element model has been developed to
predict the kinematics of large ring-like structures with a prestressed cable interior,

assembled by a stationary robot.

The first part of the thesis has presented a rapid design approach for deployable
mesh reflector antennas, based on the advanced AstroMesh architecture. It targets
key metrics—mass, stowed volume, and natural frequency—for reflectors up to 200
meters in diameter, with focal length-to-aperture (F'/D) ratios of 0.5, 0.7, and 1.0,
at an operational radio frequency of 10 GHz and adhering to a surface accuracy
requirement of 0.6 mm. The study has emphasized that optimizing prestress distri-
bution and reducing cable net tension requirements can lead to much lower structural
mass. Analytical scaling laws reveal that stowed volume, rather than mass, is the
primary constraint for deployable mesh reflectors, supporting feasibility for launch
diameters up to 70 - 100 meters with commercial launch vehicles. Additionally, a
high-fidelity model and a semi-analytical model have been introduced for estimat-
ing fundamental natural frequencies of reflectors, the latter offering computational

efficiency and validity for all /D ratios.

The next part of the study has explored the design and feasibility of mesh re-
flectors for ISA, emphasizing their stowage in current launch vehicles. Building on
the previously developed generalized design method, the research has examined
reflectors up to 200 meters in diameter and introduces a novel ISA concept featuring
a stationary robotic assembly facility. This facility, which remains compact during
launch, assembles a perimeter truss in space by sequentially adding unit cells and
attaching boundary nodes. The ISA method, leveraging the AstroMesh reflector ar-
chitecture, minimizes launch envelope requirements and offers substantial benefits
over traditional deployable designs. The truss builder’s straightforward and scalable

robotic operations provide a viable solution for constructing large, complex struc-
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tures essential for future space missions, including high-resolution imaging and

advanced communications.

A two-dimensional finite element model has been introduced for predicting the
kinematics of large ring-like structures with a prestressed cable interior during
assembly. This model, implemented in ABAQUS/CAE, refines the proposed ISA
concept by simulating a six-sided perimeter truss with a simple cable net, focusing
on improving computational efficiency and accuracy. The simulation uses a dynamic
time integration to capture the assembly process, including the sequential addition
of truss bays and cable net attachment, revealing successful achievement of the
desired regular hexagon shape for various assembly plate orientations. Sensitivity
studies of the damping coefficients indicated minimal impact on cable extension
variations, with lowest coeflicients that ensure stability chosen for the study. The
results emphasize the need for precise planning and simulation to achieve stable

final structures in space.

This numerical simulation setup lays the groundwork for improving assembly ef-
ficiency and robustness of the stationary robot. The thesis focused on a twelve-sided
truss structure with a complex internal cable network to understand its nonsymmet-
ric deployment in space. The study examines how assembly sequences, assembly
plate orientation (notably 8 = 60°), and prestressed cable management affect the
stability and desired final configuration. Key findings highlighted the need for pre-
cise prestressing and careful sequencing to prevent disruptions and emphasize the
importance of an accurate cable stiffness model to meet design specifications. These
insights are crucial for optimizing autonomous assembly systems and enhancing the

precision and efficiency of large-scale space structures.

A lab-scale prototype developed to validate the ISA concept features a twelve-
sided perimeter truss and a 1.4-meter diameter. Designed and tested by a team at
the Caltech Space Structures Lab, the prototype has confirmed the ISA concept
and verified the simulation approach. Experiments demonstrated that large, high-
precision ring-like structures can be assembled in space using the proposed robotic
system. Successful assembly, especially with a 60° plate orientation, confirmed
the qualitative predictions and highlighted the need for angle stops together with
the minimal interference gravity offload system to ensure accurate predictions. The
simulation techniques provide a solid foundation for identifying key design consid-

erations crucial for scaling to full-sized applications and future space missions.
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Overall, this research has advanced the design and deployment of large structures
in space, with significant implications for the future of space construction, potentially
leading to new space habitats, satellite systems, and critical infrastructure necessary

for extended space missions.

7.2 Future work

This thesis established the foundational background for designing mesh reflectors,
introduced an ISA concept to address current limitations, and developed simulation
techniques for evaluating the proposed concept and ISA of other large, ring-like

structures with a prestressed cable interior.

There are at least three significant research directions that stem directly from
the findings of this thesis. First, minimizing the cable element tension requirement
through alternative reflective surfaces such as corrugated Kapton films to reduce
structural mass, and shifting from magnet-based assembly systems to mechani-
cal latches to resolve performance issues in space. Second, developing strategies
to optimize the packaging of components and the assembly facility to accommo-
date increasingly large structures. Third, improving the accuracy of two-dimensional
simulation techniques by incorporating out-of-plane deformations, comparing quan-
titative simulation predictions with experimental data, and ensuring that the model

effectively captures mass and stiffness properties of the structure.

As described in Chapter 2, the minimum tension requirement of cable elements
is driven by the length of the cable elements, and the biaxial prestress of the re-
flective metallic mesh. This thesis explored methods to shorten cable elements,
but current metallic meshes necessitate high biaxial prestress. Reducing this pre-
stress is essential for decreasing the load on the perimeter truss, which can lead to
smaller component sizes, enhancing mass and volume efficiency. In collaboration
with the Bargatin Group at the University of Pennsylvania, alternative reflective sur-
faces are being investigated, including perforated Kapton films with an aluminized
side for enhanced reflectivity, see Fig. 7.1(a). These materials have shown the po-
tential to achieve lower prestress levels of about 0.1 - 0.2 N/m—approximately a
1/50 reduction—while significantly reducing the structural mass without sacrific-
ing performance. Figure 7.1(b) shows that as biaxial prestress decreases, the mass
of a 200-meter diameter structure is significantly reduced, decreasing from about
11,000 kg to approximately 2,200 kg. Future work will involve exploring the inte-
gration of perforated Kapton films with the cable net, focusing on their attachment
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methods and performance to ensure that the structural efficiency and reflectivity of

the system meets design specifications.

(b)

Mass [kg]

0 50 100 150 200
Diameter [m]

Figure 7.1: Perforated Kapton films, 25.4 um thick, with a 100 nm aluminized
coating on one side for reflectivity: a) a single facet of cable net, with a magnified
view of the perforation, patterned using a CO; laser, and b) achievable reduction of
mass with lowered biaxial prestress, o for /D = 1.0.

The current assembly system uses permanent and electromagnets for securing
and releasing components. However, permanent magnets pose several challenges
in space, including risks of radiation-induced and thermal demagnetization [68],
[69], oxidation in Low Earth Orbit (LEO) [70], and brittleness that can lead to frac-
turing [71]. These issues necessitate protective measures such as Alodine-coated
aluminum shielding and encapsulation with thermal epoxy to ensure mechanical
bonding and thermal conductivity. To address these challenges, the design should
evolve to potentially eliminate magnets altogether. Instead, mechanical latches could
be used for part handling and assembly mechanisms. If magnets are retained, they
must undergo rigorous qualification tests, including thermal vacuum cycling, vibra-

tion, shock testing, and CTE mismatch analysis.

As structures increase in size, the ISA concept will require a more efficient pack-
aging scheme to accommodate the growing number of struts and joints within the
truss builder. This includes optimizing the stowage configuration to compactly store
all components during launch and deploy them efficiently in space. Future advance-
ments could integrate deployable booms as struts and utilize in-space manufacturing
techniques, such as additive manufacturing [72], to construct and connect compo-

nents (see Fig. 7.2). An additional crucial development is the stowage of the truss
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builder itself. Strut length dictates bay size, directly impacting the overall dimen-
sions of the truss builder. For example, at D = 100 m, the truss builder size would
expand to around 6 X 6 x 14 m?, reaching the capacity of current commercial launch
vehicles. Therefore, it is essential to devise an efficient method for folding and de-
ploying the truss builder, ensuring that the components and assembly mechanisms

remain intact throughout the process.

Figure 7.2: Potential enhancements to improve packaging efficiency: (a) deploy-
able coilable Omega boom [73], and (b) additive manufacturing of components in
space [74].

The accuracy of the two-dimensional model’s quantitative predictions must be
evaluated, particularly in capturing assembly process effects that may require a three-
dimensional model. To achieve this, the simulation should be expanded to account for
out-of-plane deformations, such as misalignments between the top and bottom rings
of the perimeter truss. Comparing the two-dimensional and three-dimensional simu-
lation approaches with experimental results will help ensure whether such effects are
minimal and further validate the reliability of the two-dimensional model. Moreover,
analyzing the natural frequencies of the intermediate polygonal structures—which
lack stiffness due to absence of prestress—is crucial if assembly time scales are
longer than the vibration periods, as unaddressed vibrations could affect the conti-
nuity and accuracy of the assembly process. Future adaptations could also include
a three-dimensional model to measure the accuracy of the cable net’s paraboloid
surface at the end of assembly. This can be a direct extension of the two-dimensional

model and therefore more computationally efficient than a high-fidelity model.

This thesis presented a solution space for assembling ring-like structures with a
stationary robot. However, continued research is required to optimize various design

elements of the proposed ISA concept, including the orientations of the assembly
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plate and methods for prestressing. Identifying configurations that minimize dis-
tortions while maintaining stability and precision will be crucial for improving the
feasibility of space-based structures, particularly for future missions that require

large apertures.

7.3 Perspectives

The proposed ISA concept marks a pivotal shift in the design and construction
of large-scale space structures. Utilizing a stationary robot for scalable, simple,
and repetitive operations, this concept offers a versatile approach to assembling
extensive space infrastructure, paving the way for groundbreaking advancements in

space exploration and technology.

The core innovation of ISA lies in its departure from traditional deployable
systems, which often face limitations in scalability and complexity due to constraints
imposed by the launch vehicle’s payload envelope. This paradigm shift is particularly
significant for missions requiring vast infrastructure, such as space-based solar power
systems, where large solar arrays could be assembled in orbit. Such applications
not only advance space exploration but also hold promise for sustainable energy

solutions on Earth.

This research renews interest in ISA by addressing technical challenges and
exploring modular assembly techniques that have the potential to revolutionize the
construction of space-based structures. The successful demonstration of the ISA
concept through lab-scale prototype testing has validated the assembly process
for reflectors using stationary robotic systems, demonstrating the potential of ISA
to revolutionize large space-based infrastructure assembly and providing a robust

foundation for future developments.

The transformative impact of this research extends well beyond technical feasi-
bility, offering a new perspective on space construction and expanding possibilities
for future space missions. Structures assembled using ISA could significantly im-
prove imaging and communication technologies, enabling pioneering discoveries
and a deeper understanding of our solar system and the universe. This advancement

underscores the importance of continued research and development in this field.
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Appendix A

HOMOGENIZED STIFFNESS MATRIX OF
PARALLEL TESSELLATION

The equivalent in-plane stiffness matrix for equally spaced parallel truss elements

oriented at an angle « to the x-axis is given by the expression [4]:

N, cos*a sinfacos?a  sinacos’a &y
EA
N = — | sin®acos’a sin*a sin‘a cos a £ (A.1)
y Ji y
Nyy sinacos’a  sinffacosa sinacosia Yy

where E, A, and [ represent the Young’s modulus, cross-sectional area, and spacing
between the elements, respectively. The terms Ny, Ny, and N,, denote the force per
unit width stress resultants, while €,, €y, and y,, are the corresponding in-plane

strain components.

The homogenized in-plane stiffness matrix for the complete truss tessellation is

obtained by summing the stiffness matrices for each set of parallel trusses.

For instance, the truss tessellation composed of equilateral triangles, as shown in
Fig. 2.19(b), 1s divided into three sets of parallel trusses with inclination angles of
a = 0°,60°, and 120°. The spacing between two adjacent parallel trusses is V3L /2,
while the Young’s modulus and cross-sectional area of the trusses are denoted as
E, and A,, respectively. Applying Eq. (A.1), the constitutive equation for the truss

tessellation is expressed as:

N 13 0 [ e

| 3V3EA, / i
Ny [==7—| 13 1 0 ||e&] (A.2)
Nyy 0 0 1/3 Yy
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MODIFICATION OF CABLE STIFFNESS IN
ABAQUS/CAE

This method allows for independent control over the constitutive behavior of multiple
cables in the system, with each cable following its unique trajectory of material

transition.

Consider a system with a single cable and two different constitutive behaviors,
CB; and CB,. The transition is governed by field variables (FV), where the cable
is assigned its own FV to control the behavior shift. The cable material proper-
ties will change smoothly between CB; to CB; as the FV is ramped between the
corresponding values across all nodes, as shown in Table B.1.

Table B.1: Material definition for a single cable

Constitutive Behavior Field Variable Value

CB; Value 1
CB) Value 2

In this study, when the FV value of a cable with a specific extension is shifted
from O to 1, the cable force transitions from that corresponding to zero stiffness
behavior to non-zero stiffness behavior, described in Section 4.2.2 and depicted in
Fig. 4.4. This change reflects the activation of the cable, enabling it to contribute to

the structure’s overall stiffness.

As the number of cables increases, so do the dependencies on the FV, making
the system more complex and requiring precise control over the transitions between
constitutive behaviors. Table B.2 presents the material definition for cable i in a

system containing n cables, each exhibiting two distinct constitutive behaviors.

Table B.2: Material definition for cable i in a multi-cable system

Constitutive Behavior FV1 FV2 ... FVi

CB, 0 0 0 0
ChBy 1 1 1 1
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In this system, the dependencies on FV1 increase with the addition of each cable,
from cable 2 to cable n. Hence, each cable is assigned a unique FV (e.g., FVi for
cable i), enabling independent control over the transition of each cable between the

two behaviors.

A PREDEFINED FIELD is established for each cable at the initial simulation
step, where the FV number is assigned, and the magnitude is set to the value
corresponding to the desired behavior at the start of the simulation. The magnitude
of the FV defined in this manner can be modified to facilitate the transition between

behaviors at later specific simulation steps.
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