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ABSTRACT

This thesis first presents a novel architecture for robotically assembled optical
telescopes with apertures between 20 m and 100 m, that utilizes only currently
available technology. In this architecture, the primary mirror consists of two layers:
a reflective layer and a truss backplane layer. The reflective layer is divided into
mirror modules, or groups of mirror segments and actuators. The truss backplane
layer is divided into truss modules that fold compactly for launch and are deployed in
space by the robot. In this thesis, the design methodology of the mirror modules and
truss modules is detailed. The ability of the designed truss layer to maintain precision

requirements in the presence of typical space environment loads is demonstrated.

This architecture requires the deployment of many truss modules, and thus the
deployment must be reliable despite errors introduced during manufacturing. In
this thesis, a new simulation-based toolkit for estimating deployment reliability is
described, including the experimental validation of the deployment simulation and
the Monte Carlo-style method for repeating deployment simulations with different
distributions of random fabrication errors to statistically estimate reliability. Using
the toolkit, a set of reliability trade studies are then presented, revealing how different
types of errors and design parameters affect reliability. Finally, the manufacturing

tolerances and design modifications required to ensure high reliability are proposed.

Even if all modules deploy successfully, fabrication errors will still be present
and may affect the assembly process. In this thesis, a new simulation method is
presented that can model the step-by-step assembly of flexible modules with errors.
The method is used to reveal that overall shape errors grow with the number of
connections, resulting in significantly decreased surface precision and large-scale
deformations from the nominal backplane shape as the size of the backplane in-
creases. The misalignment at each individual connection does not increase as the
backplane increases, but can still be much larger than the applied manufacturing
tolerances simply due to random combinations. A simple design for the intercon-
nects between modules is then tested, with simulation results demonstrating that it is
unlikely to fully engage when the expected errors are present. With this information,
arequirement on the complexity of the interconnect design is inferred, and potential

modifications that may increase its efficacy are suggested.
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coincident nodes, all effectively merged with a joining connector. . . 102
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Chapter 1

INTRODUCTION

1.1 Motivation, Background, and Research Goals

The future of astronomy may rely on extremely large optical telescopes to study
the first stars or image Earth-sized exoplanets. Such small and faint targets, previ-
ously invisible, may then be revealed with the light collecting area and resolution
enabled by larger aperture sizes. Already, ground-based telescopes are reaching new
extremes. Currently in operation are the Hobby-Everly Telescope (HET), Southern
African Large Telescope (SALT), and the Keck Telescope, all 10-m class [1][2][3].
The 25-m Giant Magellan Telescope is now under construction, while the Thirty
Meter Telescope and the 40-m European Extremely Large Telescope are planned
for first light in the early 2020s [4][5][6]. All of these telescopes have in common
a segmented aperture design, which divides the primary mirror into many precisely
shaped mirror segments. This sharply reduces the cost of mirror fabrication and

enables aperture sizes not possible with a single monolithic mirror.

Ground-based telescopes do have limitations. Atmospheric turbulence unavoid-
ably degrades the image at even the clearest locations, unless corrected by an active
optics system. Strong structures are required to support the mirror segments and
prevent gravity sag from distorting the image. These structures also limit the sep-
aration distance between the primary and secondary mirrors, necessitating shorter
focal lengths which often translate to tighter positioning tolerances of the down-
stream optics. In space, these problems are mitigated or non-existent. Of course,
space-based telescopes also have limitations, with the largest currently in operation
being the 2.4-m Hubble Space Telescope [7]. Even without considering the cost
of the launch vehicle, with conventional architectures, a fundamental limit on the
aperture is set by the size of the payload fairing. The upcoming James Webb Space
Telescope is designed to bypass this limit by folding up for launch and deploying
autonomously in space, allowing an aperture 6.5 m across to fit inside a payload
fairing with a diameter of only 4.5 m [8]. The upcoming SLS launch vehicle, with
an 8-m fairing diameter, is enabling new concepts for deployable telescopes up to
16 meters [9][10]. However, even with these architectures, the fairing constraint is

still present, and certainly an aperture size exists at which the required packaging
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efficiency, or compactness after folding, is either impractical or impossible. At
present, this size limit is believed to be around 20 m. Ground-based telescopes are
obviously not constrained to the size of one truck, because they can be brought to the
location in pieces on many trucks and constructed by a crew on-site. The same can
be true for space telescopes using the concept of on-orbit assembly. By launching
the telescope in pieces and assembling it in space, the fairing constraint is removed

entirely, and the aperture size can theoretically be as large as the budget allows.

Mirror segments

\ Truss backplane
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Figure 1.1: Illustration of a typical large optical reflector with mirror segments
forming the reflective surface and an underlying truss backplane structure to support
those segments.

A significant body of preliminary concept studies for large space-based tele-
scopes assembled on-orbit has been produced over the last four decades, especially
in the early 1980s with the beginning of the Space Shuttle program [11][12]. In
all of these concepts, attention was almost entirely directed to the primary mirror
(PM), the largest component and thus presumably the most difficult to assemble.
The primary mirror typically consists of two layers: the reflector surface, composed
of mirror segments that may be backed by actuators, and the truss support structure,
or backplane, as illustrated in Figure 1.1. In the late 1980s through early 1990s,
NASA Langley developed a method for assembling the backplane by connecting
each strut or member individually, working outward from a central hub on a rotat-
ing platform [13][14][15][16]. Each mirror segment would be then attached after
a sufficient portion of the backplane was completed. The assembly process was
adapted for both human and robotic construction. This concept was matured to the
point of neutral buoyancy testing with a 14-m aperture, proving the feasibility of
the assembly method. However, for larger aperture sizes, strut-by-strut assembly
may be needlessly time consuming. Other concepts instead used a modular ap-

proach, dividing not just the reflector surface but also the backplane into a series
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of repeating cells that could be easily packaged for launch and assembled on-orbit
[171[18][19][20][21][22][23][24]. A selection of these concepts is shown in Figure
1.2. To increase packaging efliciency, the backplane units were typically deployable
and could be folded compactly. On orbit, a central robot or crew would deploy and

connect each unit.

(a) (b) ©

Figure 1.2: Illustrations of large modular antenna concepts constructed on-orbit.
Each of these concepts used the Space Shuttle robotic arm as the construction robot.
Sources: (a) from [23], (b) from [20], and (¢) from [17].

Until recently, these proposed telescopes were confined to radio and infrared
wavelengths, as the precision required for optical observations was not thought to be
achievable with such large assembled structures. However, significant technological
advancements have been made in active and adaptive optics, which can greatly relax
the tolerances on the telescope structure itself [25][26][27][28][29][30]. Previous
proposals also typically relied on astronauts or primitive robots with astronaut su-
pervision to assemble the structure. Yet, current robots are now capable of complex
autonomous tasks with only ground-based human interaction, eliminating the need
for astronauts and thus significantly reducing the cost of the mission [31][32]. With
these advancements, large robotically-assembled optical space telescopes are feasi-
ble, as suggested by more recent proposals [33][34][35]. In one such proposal, the
primary mirror is composed of individual cubesats, each equipped with a deformable
mirror segment [36]. The cubesats would be unconnected for launch, then navigate
into position and dock together to form the backplane. The mirror segments would
then deform to the right shape based on their location, creating the full aperture.
A flight demonstration of this concept, including docking of the cubesats and de-
forming of the mirrors, is scheduled for launch in 2018. The use of autonomous
cubesats is a departure from the previous modular concepts, in which relatively pas-

sive modules would be assembled by a centralized robot or crew. Equipping each
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module with a propulsion and guidance system may severely and unnecessarily in-
crease mass and complexity. Keats Wilkie et. al. proposed a concept for an optical
PM composed of passive deployable modules, each with a pre-attached blank mirror
facet. On orbit, a crawling robot would connect these modules and machine the facet
surface to the correct shape [37]. While this concept belongs to the current state
of the art for large optical space telescopes assembled from passive modules, it still
has limitations. For instance, rather than employing deformable mirror technology,
a complex micromachining process would be required to obtain the correct shape
of each mirror segment, with actuators in the truss structure maintaining precision
during operation. Furthermore, since the truss module and mirror segment would
be attached before launch, the deployment scheme must maintain the face of the
segment, eliminating schemes that may have greater packaging efficiency. Thus, an
open research area is identified: the development of a novel, feasible architecture
for an optical space telescope that is sufficiently too large to be deployed and must
be assembled on-orbit. The architecture should draw from the current body of re-
search, yet also incorporate currently existing but recently developed technologies,

establishing an innovative framework suitable for future flight missions.

The literature survey of previous assembled space telescope concepts reveals
one common, well-established architecture that is easily adapted for current tech-
nologies: the use of many deployable modules assembled by a centralized robot
or crew. Larger modules divide the structure into fewer assembly steps and thus
reduce assembly time, and folding those modules for launch increases packaging
efficiency. Within this common theme, the design of the modules varies widely
among the proposals. Some modules deploy purely by spring action, while others
require complex motor systems that are either self-deployable or are partially actu-
ated by the assembly robot. Entirely passive deployable concepts are ideal, avoiding
the power consumption, mass, and complexity of motors. However, there is anec-
dotal evidence that spring-actuated deployable structures are difficult to control and
unreliable, with even small fabrication and assembly errors causing unpredictable
hinge latching sequences that hinder deployment. Little work has been done to
quantify the reliability of these deployment schemes, defined in this context as the
likelihood that a given module with a random set of errors will deploy successfully.
In previous literature, reliability is typically a mere qualitative description with no
analytical backing. If analysis is presented, it is often limited to the ground-based
or in-orbit testing of one module or simple kinematic numerical models [38][39].

Some higher fidelity models have been developed specifically to obtain reliability
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estimates, but these models only consider errors in the driving torques of the ac-
tuating mechanisms, not in the geometry of the structure [40]. Depending on the
size of the primary mirror, hundreds of these modules may be required, all likely
manufactured in bulk with standard precision levels to remain within budget. Even if
the deployment of each module is then tested before launch, an assuredly expensive
endeavor, the entire structure may need to be redesigned if the deployment scheme
proves unreliable, resulting in severe setbacks late in the mission development time-
line. Thus reliability is an important mission constraint that must be quantified early
in the design process, identifying another open research area. First, exactly how
the errors affect the deployment must be understood, requiring the development of
new high-fidelity simulation modeling techniques. Then these simulations should
be used to optimize the module design and set the manufacturing tolerances needed

to meet reliability requirements.

After a module is deployed, the next task is connect it to other modules and
assemble the backplane. According to Ribble and Woods, the module assembly
"will probably provide the largest single challenge to the construction of large space
structures" [17]. The challenge is in part due to the same fabrication errors, which
will still be present even if the deployment was successful. As the backplane is
assembled, these errors may compound and amplify, requiring large forces to com-
plete the structure and potentially yielding a final shape that does not meet precision
requirements. In the early 1980s, John Hedgepeth developed a back-of-the-envelope
analytical expression for computing the ratio of the final precision of a truss back-
plane to the precision of its components, a measure of how much errors are magnified
after assembly [41]. In this expression, precision is inversely proportional to the
backplane diameter, suggesting that errors grow during assembly. While this ratio is
certainly an important metric, the simple analytical approach cannot provide other
critical information, such as the stresses in the truss members after assembly. This
information was obtained with a statistical approach by Hedgepeth later in 1989 [42].
A finite element model of a nearly completed structure with random fabrication er-
rors was created, from which the equilibrium shape was obtained. From the shape,
the distance between the final connection points and the force required to bring the
points together was calculated. While this approach yields more information about
the final structure, it loses any information about the assembly history. Recently, a
new algorithm has been developed using robotic mapping principles and techniques
to predict errors during assembly [43][44]. This algorithm does predict that errors

grow with the number of connections. However, it can only be used to analyze
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truss-like rigid elements, and it is possible that the inclusion of realistic material
properties and flexibility in the truss members may yield a different result. No
matter what error magnitudes are encountered during assembly, the interconnects
between modules must form a precise and stiff connection. As with the module
designs, the interconnect designs vary widely in style and complexity among previ-
ous proposals. One more common design features a relatively simple interlocking
cup/cone system [37][36][23]. Yet, limited or no analysis has been performed to
demonstrate successful coupling of these interconnects despite fabrication errors.
Thus, a third research area is identified. How the errors interact and grow during
assembly must be understood, requiring the development of a new technique to sim-
ulate the step-by-step connection of truss modules with realistic material behavior.
This technique can then be used to determine the maximum expected error at any
connection point in the backplane given a general assembly plan. The interconnect
design must ensure that a full connection can be made even with this maximum
error. The complexity and style of interconnect needed to meet this requirement

must be investigated.

In summary, three research goals have been established. First, a new concept for
on-orbit assembled large optical space telescopes must be proposed that effectively
modernizes modular deployable schemes of the past with current robotics and adap-
tive optics technology. Second, a method for quantifying deployment reliability is
required to inform the truss module design, propose a set of manufacturing toler-
ances, and prove that the deployment is unhindered by fabrication errors. Finally,
a technique for simulating the assembly of flexible truss modules with fabrication
errors must be developed to investigate the feasibly of simple interconnect concepts
and propose a new set of manufacturing tolerances if the assembly proves more con-
straining than the deployment. This thesis addresses each of these research goals
and therefore delivers a comprehensive and demonstrated feasible architecture for

future generations of space telescope missions.

1.2 Thesis Outline

Chapter 2 of this thesis introduces the In-Space Telescope Assembly Robotics
(ISTAR) architecture for L2-orbiting optical telescopes with aperture diameters
ranging from 20 m to 100 m. In this architecture, the primary mirror is assembled
by a six-limbed robot with significant on-board autonomy, modeled after JPL’s
RoboSimian [31]. Like ground-based telescopes HET and SALT, the primary

mirror is spherically curved and composed of identical mirror segments. Each
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segment is backed by a rigid body actuator to correct any large, quasistatic errors,
while small, dynamic errors are corrected by the deformable mirror segments that
comprise the secondary optics. The primary mirror is uniquely divided into two
types of modules: mirror modules, or groups of mirror segments, actuators, and
electronics; and deployable truss modules. The mirror modules and truss modules
are initially unconnected and launched separately, allowing greater freedom in the
truss module design. The truss geometry is a modified version of the PACTRUSS,
selected for its packaging efficiency, and uses a combination of Rolamite tape spring
hinges and control from the assembly robot to actuate a smooth deployment. The
specific truss module design is chosen to maintain the precision requirements set by
the capabilities of the wavefront control system. The design methodology is similar
to those found in previous proposals, employing simple analytical techniques for
estimating the magnitudes of relevant space environment loads and their effect on
the structure [45][37][46][47]. On orbit, the robot first constructs the backplane by
deploying and connecting the truss modules, then mounts the mirror modules onto

the supporting backplane to safely and efficiently complete the primary mirror.

Chapter 3 presents the deployment reliability estimation toolkit designed to es-
timate deployment reliability. While the toolkit was developed in the context of
the ISTAR module, it can easily be adapted for any truss geometry or deployment
scheme. At the core of the toolkit is the detailed deployment simulation of one
specific truss module, performed using the finite element software Abaqus [48]. At
the next level is a Python shell that rapidly performs many deployment simulations,
each of the same nominal truss module but with a different set of randomly chosen
fabrication errors with specified manufacturing tolerances. The number of success-
ful deployments out of the total then provides an estimate for the reliability of that
design with those tolerances. At the highest level of the toolkit is another Python
shell that allows one module design parameter or manufacturing tolerance to be
varied, determining the effect of that parameter on reliability. Thus, the toolkit is
capable of producing a thorough set of trade studies, which can be used to optimize
the truss module design and determine the required manufacturing tolerances for
100% reliability.

The experimental validation of the deployment simulation is described in Chap-
ter 4. A 1/6th representative section of the ISTAR truss module was physically
constructed and its final shape was carefully measured. The module was then de-

ployed several times, while tracking select nodal displacements and hinge rotations.
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Using the shape measurements, the module was reconstructed as closely as possible
in the simulation model, and the same nodal displacements and hinge rotations were
obtained. The results showed satisfactory agreement between the simulated and ex-
perimental quantities, suggesting that the simulation accurately models deployment

behavior.

As described in Chapter 5, the fully developed toolkit was finally applied to the
ISTAR truss module. The individual effects of different types of errors were first
investigated and the tolerance required to achieve 100% reliability was determined
for each error type. The relative difficulty of achieving each tolerance was compared,
giving insight into which error is most detrimental for reliability and what parts of
the module need to be manufactured most precisely. Next, using these tolerances,
all of these error types were applied simultaneously, which drastically reduced
the reliability to far below acceptable limits. From this baseline, selected design
parameters, including the truss member outer diameter, member wall thickness, and
Rolamite hinge moment, were varied and their effect on reliability was recorded.
The results of these trade studies showed that the most effective way to achieve 100%
reliability without impacting other structural properties and mass was to simply to
increase the hinge moment. With this information, a final set of manufacturing
tolerances were proposed, all within the capabilities of standard manufacturing

processes.

Chapter 6 focuses on the detailed assembly of the modules given that fabrication
errors will still be present after deployment. In the ISTAR architecture, the modules
are assembled in concentric rings around a central hub, which is connected to
the spacecraft that drives the primary mirror. In each assembly step, the module
currently held by the robot may connect to one, two, or three adjacent modules,
depending on its location in the backplane. A new simulation technique is presented
that sequentially adds modules, each with a unique set of fabrication errors, to
the backplane. In each assembly step, the module currently being added is forced
into alignment with the adjacent modules. Then physical connections are made,
the alignment constraints are relaxed, and the structure is allowed to reach an
equilibrium state. The technique was applied to the ISTAR assembly, and three
quantities were tracked: the final surface precision of the backplane, the stresses in
the members, the initial distance between each interconnect half before alignment.
The results clearly showed that surface precision decreased as the backplane size

increased. Furthermore, to maintain safe stress levels and precision requirements,
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the manufacturing tolerances had to be greatly reduced from the levels suggested
based on deployment reliability. This information was then used to investigate the
viability of a simple interconnect concept featuring a magnetic interlocking cup and
cone system. The assembly of one module with fabrication errors was simulated
using detailed models of the interconnects. In this simulation, the cups and cones
could not fully engage, with unacceptably large residual distances caused by bending
in the structure. To improve the result, a two-stage locking system was proposed.
In the first stage, called the "soft capture”, the interconnects would be allowed
some movement in relation to the module, facilitating contact between the cups and
cones. In the second stage, once the cups and cones have fully engaged, all further
movement would be restricted and the structure would become rigid. The soft
capture was modeled by adding appropriate springs to the simulation. The results
showed that, while the residual distances between the cups and cones were greatly
reduced, they were still non-zero. The conclusion is that the system is possibly too
overconstrained. To ensure full engagement, the interconnect will likely need to
be much more complex, relaxing degrees of freedom entirely during assembly and

becoming rigid after the connections have been made.
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Chapter 2

THE ISTAR ARCHITECTURE

This chapter presents the ISTAR architecture for robotically-assembled optical
space telescopes with aperture diameters between 20 m and 100 m, initially proposed
by members of the JPL and Caltech community in an effort to explore a possible
application for newly developed robotics technology. The architecture is entirely
modular, cost effective, easily assembled, and can even be expanded to sequentially
increase the aperture size over a series of mission stages as budget and technology
readiness allows. In this chapter, the overall optical scheme and components of the
telescope are first presented. Focus is then shifted to the concept of the primary
mirror, the largest component of the system. The modules that comprise the primary
mirror and the plan for robotically assembling those modules is outlined. The
module design process is then detailed, using structural and thermal analyses to
ensure that precision requirements are met under expected loads given currently

existing wavefront sensing and control technology.

Some of the content in this chapter has been adapted from: Kristina Hogstrom et
al. "A Robotically Assembled 100-meter Space Telescope." In: 65th International
Astronautical Congress. 2014. The contributions of specific authors are clarified in
Section 2.6.

2.1 Optical Scheme

The ISTAR concept is a segmented, steerable, UV to near IR telescope robot-
ically assembled in space. Figure 2.1 shows the basic layout of the telescope and
its four main components: the sunshade, primary mirror (PM), spherical aberration
corrector (SAC), and metrology system. In the figure, D,,, is the effective aperture
"diameter," approximately the vertex-to-vertex dimension of the hexagonal PM, and
Ry is the radius of curvature of the PM. Given the large size of the telescope,
each of these components is structurally separate and formation flown, with its own

power, thermal control, and propulsion system that maintains formation.

The optical design borrows from that of the ground-based Hobby-Eberly Tele-
scope (HET) and Southern African Large Telescope (SALT) by utilizing a spherical

curvature primary mirror [1][2]. The PM acts as a “precision light bucket,” and
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Figure 2.1: Illustration of the ISTAR telescope and its components.

is phased into a diffraction-limited telescope at the exit pupil inside the SAC using
a technique described by Meinel et. al [49]. One key advantage of this design is
that the majority of the wavefront sensing and control (WFSC) and the only active
deformable mirrors are offloaded from the PM to the much smaller optics in the
SAC. The PM segments are identical, manufactured in bulk, and only require tip-tilt
control, sharply reducing mirror fabrication costs, which is one of the most signif-
icant cost drivers in observatories. The SAC mirror segments have the same basic
characteristics, but are deformable with um-level actuation range and can correct
down to nm-level. The baseline mirror segments are drawn from currently available
technology, and are assumed to have a hexagonal shape with vertex-to-vertex length
of 1.35 m.

Since the segments are hexagonal, the PM is also approximately hexagonal,
with discrete allowable values of D, as determined by the number of mirror
segments and how they are packed. The exact definition of D,,, will be explained
in Section 2.4, but the largest value considered in this architecture is 105 m. The
radius of curvature R, is set to 8D,,. The resulting focal length of 4D,,, is
significantly longer than that of most telescopes, because typically it is limited by
the structural connection between the PM and secondary optics. In this architecture,
these components are formation flown, and so the structural limit is not applicable.
Longer focal lengths are more desirable, since they afford better optical tolerances

and smaller secondary optics.
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Figure 2.2: Ray trace diagram of the SAC. Light from the primary mirror enters
through the opening on the left and is reflected by flat surface 1 onto clamshell
mirror 2. The ray then reaches clamshell mirror 3 and is reflected to flat surface 4
and finally to the detector at location 5.

The SAC is located at the focal point of the PM, for a separation distance of
4Dpy. It includes two clamshell aspheric mirrors, with diameter and separation
distance dependent on the size of the PM. For the largest design, these values are 8.6
m and 24.4 m respectively. This size is assumed to be within the range of deployable
methods and so the SAC is not robotically assembled in this architecture. A ray trace
diagram is shown in Figure 2.2. Another major advantage of the spherical aperture
is that the SAC can be moved relative to the PM to observe a new target within a
certain field of regard, without having to slew the whole telescope. This enables
rapid transition to a new observation, saving time and fuel. For the largest design,
the field of regard ¢ f;c;q is 7.16°. The locus of motion of the SAC with respect to
the PM is a spherical surface with half the radius of curvature and half the span as
the PM, as shown in Figure 2.3. In the nominal position, the SAC is centered and
the entire PM is visible. However, when the SAC is positioned at the limit of its

range of motion, only about 40% of the PM can be seen, as shown in Figure 2.4.

The metrology system is located at the center of curvature of the mirror. It
contains a Zernike wavefront sensor and an Array Hetroydyne Interferometer to

precisely measure the shape and phase of the primary mirror segments.

The sun shade design borrows from deployable solar sails like Sunjammer [50].
Four deployable masts extend from a central hub radially outward, carrying the
corners of a lightweight membrane until it is taut. In order to fully shield the
primary mirror, each of the masts must extend to at least \/§me/2, or 75 m for
D, = 105 m. The Shuttle Radar Topology Mission, launched in 2000, used a 60-m
mast built by ATK [51]. Thus, a 75-m mast is conceivable with currently existing
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Figure 2.3: Sketch highlighting the SAC motion required to point to a new target
without slewing the primary mirror.

technology. The membrane material and surface properties must be chosen based

on thermal constraints that will be described in Section 2.5.

2.2 Primary Mirror Assembly

The primary mirror is the largest component of the telescope and thus the focus
of robotic assembly. A representation of the ISTAR robot needed to assemble the
mirror is shown in Figure 2.5. The robot will be commanded from Earth, but
with significant on-board autonomy to minimize the bandwidth of communications
to a human operator. The resulting supervised autonomy system will enable the
Earth-based operator to specify high-level commands, while the robot performs all

sensor-based motion and complex tasks autonomously.

Drawing upon the development of the Lemur and RoboSimian robots at JPL,
the ISTAR robot is anticipated to have six appendages [31][32]. During assembly,
two of these appendages can be used for dexterous manipulation while the other
appendages remain attached to the structure. All six appendages can be used to
walk on the structure. Perception and dexterous manipulation technologies that will
be needed have been demonstrated in a laboratory environment at JPL [52]. The

robot is battery powered and can be charged from the PM power grid.

The PM consists of two layers: the mirror layer, which includes rigid body

actuators and electronics, and a truss backplane structure that supports the mirrors.
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Figure 2.4: Diagram of what portion of the primary mirror is visible to the SAC
when it is centered (top) and ¢ f;.;4/2 from center in two different directions (middle
and bottom, respectively). A side view of the telescope is shown left and a top view
is shown right.

Because the PM is spherical, all mirror segments can be identical, enabling a highly
modular structure. Groups of segments and their actuators are hexagonally packed
into a cluster called a mirror module. Each mirror module is backed by a rigid plate
which features structural and power connectors. Given the complexity and fragility
of the segments and associated electronics, mirror modules are assembled on the

ground by humans and launched as a package.

The truss backplane layer is divided into hexagonal truss modules, which are
deployable structures sized to match one mirror module when fully deployed but
can stow compactly for launch using internal hinges. An assembled mirror module
and truss module are shown in Figure 2.6. Each truss module is equipped with
structural and power connectors located at the ends of each vertical member, with
internal wiring throughout the members to transmit power. These connectors are

structurally adjustable by the robot to ensure proper alignment between modules.
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Figure 2.5: Depiction of a ISTAR robot with six appendages. In this image, the
robot uses two appendages to deploy a truss module, while the remaining four are
fixed to the structure.

The vertices on the top surface of each module are equipped with ball-like features

which the robot can grasp while walking.

Mirror module

Truss module

Figure 2.6: Depiction of a mirror module and truss module as one unit of the primary
mirror.

In space, the robot retrieves the first folded truss module from a central canister
and deploys it so that the internal hinges lock. The robot then attaches the truss
module at the connection points to a central hub that is rigidly mounted and wired to
the spacecraft that drives the PM. The robot then continues to assemble truss modules
in concentric rings around the central hub. Once the backplane is complete, the

robot begins assembling mirror modules, interfacing only with the rigid plate to
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avoid the sensitive mirror segments. In the same concentric ring pattern, the mirror
modules are attached to the backplane, not to other mirror modules, to avoid stress

build-up. The module assembly process is summarized in Figure 2.7.

Stowed configuration

Mirror modules
Truss module Truss modules

deployment
A

Truss module assembly
Mirror module attachment

Assembled
primary mirror

Figure 2.7: Illustration of the ISTAR assembly process.

It is unlikely that the truss modules will need to be serviced. However, mirror
segments are sensitive and may encounter issues (e.g. meteoroid hits). Servicing
of individual segments may be too complex for the robot, so instead the entire
mirror module can be replaced. The connectors that attach the mirror module to the

backplane will also be able to detach as needed.
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2.3 Mission Requirements

The wavefront sensing and control system has two levels of correction, with
ranges consistent with the current state-of-the-art. First, the primary mirror segments
are backed by rigid body actuators for removing quasistatic errors due to inertial
loads, such as thermal gradients. These actuators can correct errors up to 10 mm
and bring the system to um-level precision. Then the active mirrors in the SAC
can remove any dynamic errors up to um -level, correcting down to nm-level. The

telescope design must ensure that errors remain within these ranges of correction.

Along with the precision requirements, the following other functional require-

ments must be met:

* The telescope shall be operable no more than three minutes after a slew

maneuver.
* The telescope shall operate at temperatures between 240 K and 300 K.

* The primary mirror shall have an areal density less than 30 kg/m?. The areal
density of the mirror segments and actuators is estimated to be 25 kg/m?; thus,

5 kg/m? is allotted to the truss structure.

* Mirror segments shall have a gap of 100+10 mm to facilitate the ball-like

features that the robot uses to walk on the mirror surface.

* The telescope shall nominally operate in an orbit around the second Lagrange
point (L2).

The most customized parts of the architecture are the truss and mirror modules. Their

design, described in the remainder of the chapter, is based on these requirements.

2.4 Mirror Module Design
The mirror modules are all identical. Their geometry is based on the following

key considerations:

* The module contains ng,, identical, spherical mirror segments arranged ac-

cording to a hexagonal tessellation.

* The value of ny,, is chosen to be as large as possible to maximize launch

capacity, so that the modules can be stacked inside a payload fairing.
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* The gaps between the mirror segments are 100+10 mm to facilitate robotic

mobility, as stated in Section 2.3.

* The gap size between segments must vary to allow the hexagonal segments to

lie on a spherical surface.

Figure 2.8 shows three choices for ng,,: 7, 19, and 37 segments. With the nomi-
nal 100-mm gap between segments, these designs yield maximum mirror module
dimensions of 3.77 m, 6.28 m, and 8.81 m respectively. Since the proposed SLS
launch vehicle will have a payload fairing with an outer diameter of 8.4 m, the

ngm = 19 design was chosen [9].

Figure 2.8: Choices of number of mirror segments per mirror module.

The mirror module size dictates the possible values of the approximate aperture
diameter D,,,. Given n,,, the number of modules on a side of the full hexagon, D),
is defined as the distance between the vertices of the two outermost segments, as
shown in Figure 2.9. With a nominal 100-mm gap, Table 2.1 gives the value of D,

as a function of n,,.

N 3 4 5 6 7 8 9 10
D,y [m] | 279 389 500 61.0 72.1 83.2 943 105.3

Table 2.1: Values of D, possible with the mirror module design.

Generally, close-packed hexagons cannot be tiled onto a spherical surface. Thus,

the curvature of the mirror requires variable gap sizes between the mirror segments.
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Figure 2.9: Definition of the aperture diameter based on the number of mirror
modules on a side of the hexagon. A design with four modules on a side (n,, = 4) is
shown.
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The distribution of the gap size is a design parameter that has been studied in detail.
An algorithm to place the segments on a spherical surface while imposing different
constraints on the gap variations was developed by Lee et. al [53]. A solution was
obtained in which the gap sizes between mirror segments within a mirror module
vary by no more than 1.7 um, with the distribution being identical for all mirror
modules. The gaps between one mirror module and another mirror module were
also minimized with this solution, with values ranging from 98 mm to 101.3 mm.

This result is well within the required tolerance of + 10 mm.

The mirror modules will be assembled on the ground, incorporating the variable
gap distribution that has been calculated. The variation in the larger gaps between
modules must be created during assembly. To accomplish this, the interconnects
between modules will be adjustable by the robot, with a range up to 1 cm. Note
that the gaps between the modules increase linearly with depth through the truss
thickness, and hence will be larger on the back side of the truss than on the front.
However, because the radius of curvature is much larger than the depth of the truss,
the difference is still well within the range of the adjustable connectors. These gaps

will necessarily lead to eccentricities in the structure, such that member center lines



20

between neighboring modules will not intersect at the joint. The effect of these gaps

on the structural integrity will be addressed in Section 2.5.

2.5 Truss Module Design

Figure 2.10: Truss module deployment. The points at which the robot holds the
module are marked with the orange circles in the final deployment stage.

The truss geometry must facilitate a compact storage profile and a smooth de-
ployment. The overall shape must also be hexagonal to match the shape of the mirror
module. A modified version of the PACTRUSS deployment scheme was selected
over the more traditional tetrahedral geometry, because of its improved packaging
efficiency. PACTRUSS was developed by Aerospace Corporation specifically for
large precision telescope structures [54]. It was originally intended to provide an
entirely deployable telescope backplane, consisting of many hexagonal unit cells
simultaneously unfolding. This design was analyzed to show that it could maintain
sub-micron precision under operational loads when fully deployed. However, de-
ployment simulations revealed difficulties in controlling the order in which the many
hinges latched [54]. The ISTAR concept removes this uncertainty, because only one
hexagonal unit cell is required for the truss module, greatly reducing the number
of hinges that must act simultaneously. The module and deployment scheme are

shown in Figure 2.10. The unit cell consists of 39 members: the 12 longerons that
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make the hexagonal face on each side (24 total), seven verticals, four face diagonals,
and four internal diagonals. The diagonals and eight longerons are hinged in the
center. In the compact state, the truss module folds like a bundle of rods, and thus
the stowage footprint is determined by the hinge offsets and the outer diameter of

the members.

Figure 2.11: Rolamite hinge shown deployed (top), deployed with one cam set cut
away to see the detail of the tape pair (middle), and folded (bottom). The tensioning
wire is sketched in red.

Each of the eight mid-member folds are equipped with Rolamite tape spring
hinges. These hinges are composed of two ordinary measuring tape sections and

two sets of two cams constrained to roll on each other about one axis, as shown in
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Figure 2.11. A pretensioned wire wraps around the two separate cam sets, holding
them together and further constraining the degrees of freedom for smooth unfolding.
The wire wrapping and tensioning mechanism are diagrammed in Figure 2.12. The
hinges can fold such that the attached members are parallel, self-deploy, and firmly
latch in the fully open position with high bending stiffness. The behavior of these
hinges has been studied extensively and is discussed in Section 3.1 [55]. The hinges
are sized so that the truss module can deploy purely by spring force. However,
during deployment, the robot holds the centers of opposing vertical members, con-
trolling their displacements and working against the hinges for a slow, quasistatic
deployment. This is to mitigate the uncertainty and fluctuations in reaction forces
and internal stresses that may be associated with dynamic effects and vibrations.
The centers of the vertical members are controlled to minimize the reaction forces
caused by the Rolamite hinges and avoid eccentricities that may result in stress

concentrations. These control points are marked in Figure 2.10.

The truss module dimensions are defined in Figure 2.13. In order to reduce the
number of redundant members, the truss modules are rotated with respect to the
mirror modules, rather than hexagonally packed, as shown in Figure 2.14. The value
of the side length L must match this tessellation pattern, governed by the mirror

module size. For ng,, = 19 as chosen, L = 2.76 m.

MS55]J carbon fiber composite (CFC) has been selected for the truss material,
because of its high stiffness and low density [56]. It has an elastic modulus E,, of
340 GPa, a density p,, of 1620 kg/m?, a coefficient of thermal expansion a,, of
1.1 x 107%/°C, and a thermal conductivity k,, of 156 W/m. The remaining design
variables are the truss depth H, the member outer diameter d,, and the member
wall thickness 7. These variables control the structural response to external loads,
and must be chosen to ensure that all of the precision requirements for the PM are
met. The loads at L2 are benign compared to low Earth orbits; there is no gravity
gradient or air drag, and the thermal environment is relatively stable. Furthermore,
since the telescope is expected to always point away from the Sun, solar pressure
will be approximately uniform across the back of the PM, and so any resulting
torques or elastic deformations are negligible. The two major external loads are
thus time-invariant temperature gradients and dynamic disturbances due to reaction

wheels, slewing, and other random vibrations.

The magnitudes of these loads and their effect on the PM generally vary with the

aperture diameter. In order to simplify the architecture and allow for an expandable
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Figure 2.12: Diagram of the Rolamite wire wrapping. The start of the wire is
clamped at location 1 on the front surface and is immediately threaded through a
hole to the back surface, emerging at location 2. It runs along the back of the hinge
in the outer channel until location 3, where it is pulled through to the front surface
between the cam sets at location 4. It then runs along the circular surface of the
cam to location 5, where it wraps around to the back side at location 6. The wire
then crosses over to the inner channel and is once again pulled through to the front
at location 7, emerging at location 8. Finally, at location 9, it is threaded through a
hole in the cam section and then through a vented screw. As shown in the side view,
the screw is initially threaded through a nut, such that the nut is flush against the
cam surface and the screw is flush against the nut. The end of the wire is clamped
firmly in this position at location 10. The nut is then turned to extend the screw
away from the cam surface, thereby applying tension to the wire.

mission as previously described, only one module design is proposed that meets

the precision requirements for any aperture diameter within the range. The selected
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Figure 2.13: Geometric variables of the truss module, with the member cross-section

shown right.

Figure 2.14: Depiction of mirror module tiling (green outline) vs. truss module
tiling (purple outline).

design has adepth H of 2.76 m, a member outer diameter d,, of 35 mm, and a member
wall thickness # of 3 mm. The areal density of the truss alone is approximately 3
kg/m?, leaving 2 kg/m? for connectors and hinges. Setting the depth equal to
the side length L not only satisfies the precision requirements, but also avoids

complications in deployment and manufacturing caused by significantly varying
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member lengths. The following subsections describe the analyses performed to
estimate the magnitudes of the loads and the response of the backplane. The results
were compared to the capabilities of the control system, and the process iterated to

select the truss module design.

2.5.1 Thermal Effects

For the thermal analysis, the design variables include not only the truss module
geometry, but also the coating on the underside of the mirror surface and the amount
of solar radiation blocked by the sun shade, all of which may vary to ensure that
requirements are met. The bulk thermal requirement is that the primary mirror
must operate at 270+30 K. However, one of the most detrimental thermal effects
is a change in curvature of the primary mirror, which arises from a temperature
difference through the PM thickness, or from the mirror surface to the bottom of the
truss backplane. The rigid body actuators, with a range of 10 mm, can correct for

this type of error.

Figure 2.15: Definition of the sag value x. D,,, is the arclength defined by twice
the angle ¢ on the circle of radius R,,,.

When the curvature changes, the sag of the mirror changes. The sag x is the
height difference between the mirror edge and mirror center, as shown in Figure
2.15. In this case, the aperture diameter D), is defined as an arc length on the
circle of radius R, that subtends angle ¢. This is to ensure that, as R, changes,
the length of the mirror neutral axis stays constant. Since ¢ is small (approximately
3.5°), the sag x is approximately (D, /2)?/ (2Rpp). The rigid body actuators can
account for a change in sag Ax,,,, of 10 mm. The corresponding maximum change

in curvature AK,, . is given by

1 2AX max
AK e = A( ) al

Rom)  (Dpm/2)? @1
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The curvature is then related to the temperature differential by the truss depth H

and material expansion coefficient a,,:

AK,oxH
ATy = ————. (2.2)
097
Substituting Equation 2.1 into Equation 2.2 yields the maximum allowable
temperature difference in terms of the truss depth H, given that dx,,,, @,,, and

Dy, are known:
8AX ax

ATmax = )
D pm@m

H. (2.3)

Clearly, AT, decreases and the requirement becomes more stringent as D), in-
creases. For the largest design (n,, = 10) with H =2.76 m, a,,, = 1.1 X 107%/°C and
dxpax = 10 mm, ATy, = 15 K.

As seen
from sun
shade
top
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Figure 2.16: Thermal model of one module of the primary mirror. Surface 1 is the
mirror surface and surface 2 is the bottom of the truss backplane.

shade

The temperature gradient was estimated using an energy balance approach on a
simple thermal model. Figure 2.16 shows one module of the model, where surface
1 is the mirror surface and surface 2 is the bottom surface of the truss backplane,
consisting of a triangular tessellation of members with large gaps in between them.
At L2, surface 1 is assumed to always face empty space, while surface 2 faces the
sun shade. Surface 2 receives heat from the Sun that leaks through the shade, while
surface 1 receives heat from the Sun that both leaks through the sun shade and

through the gaps in surface 2. Both surfaces are assumed to exchange heat through
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radiation and conduction. The energy balance equations for surface 1 and surface 2
are as follows:
Ql,ss - Qcond,l—)Z - Qrud,l—)Z - Ql,out =0, (24)

QZ,ss + Qcond,1—>2 + Qrad,1—>2 - Q2,out =0. (25)

Table 2.2 defines each of the parameters in Equations 2.4 and 2.5.

O1,s5s Solar heat leaking through the shade and incident upon surface 1
Qa5 Solar heat leaking through the shade and incident upon surface 2
and’l_,z Heat conducted from surface 1 to surface 2

de,l_,z Heat radiated from surface 1 to surface 2

Ol.our Heat radiating from surface 1 to space

Q'z,(,m Heat radiating from surface 2 to space

Table 2.2: Explanation of terms in Equations 2.4 and 2.5.

Each surface i has area A;, with top and bottom emissivity and absorptivity of
Eitops Eipottom> itop> AN a; porrom TESPECtively. The total area of the mirror surface
A1 is equal to the total number of modules n,,;,; multiplied by the number of mirror
segments per module 7 ,, and the area of one hexagonal mirror segment with side
length /5. Note that n,,;,; = ?»n%1 - 3n,, + 1, where n,, is the number of modules
along one side of the PM. The area of surface 2 is only the projected area of the
truss members arranged in the triangular pattern shown left in Figure 2.16. Each
module has 12 surface members with outer diameter d, and length L. A; and A;

are given by

3v3

Al = nm,tat”s,mTlf, (26)
Ay = Ny (12d,L) . (2.7)
Given this geometry, the external heat fluxes are
Ql,ss = (1 - 7)4solar(A1 - A2)a1,b0ltoma (2.8)
Q2,ss = (1 - 7)4solarA2a2,b0tt0m’ (29)
Ql,out = O-Al(gl,top + Sl,bottom)T4a (2.10)
O2.0u = T A2(E210p + E200110m) T3 » (2.11)

where ¢/, is the heat flux from the Sun, vy is the fraction of solar heat not blocked
by the shade, o is the Stefan-Boltzmann constant, and 77 and 7; are the temperatures

of surface 1 and surface 2 respectively.
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Conduction between the surfaces is carried through the seven verticals of length
H and eight diagonals of length VL2 + H? in each module. Given the truss material
conductivity k,,, member outer diameter d,, and inner diameter d; = d, — 2t, the

total conduction term is given by

Ocond 12 = nm,m,km%(cli —d)(Ti =) (% + vﬁ) : (2.12)

The last term to define is the radiation between the two surfaces. Surface 2 can

be treated as three arrays of parallel cylinders separated by s = V3/2L. The arrays
are oriented at 30° angles to each other to comprise the full triangular grid. It is
assumed that the surfaces are large enough with respect to the individual cylinders
to be treated as infinite. From Reference [57], the view factor from an infinite plate

to an infinite array of parallel cylinders is given by

n1/2 2 »
ﬂﬁ2:1—(1—(ﬂj> y do gt [S =90 (2.13)

s s d?

o

The total projected area of each array is 4n,,;,:d,L, because each module has four
members of length L in each direction. The total radiation heat transfer from surface

1 to the three arrays in surface 2 is then given by:

30(T} - T))

. _ 2.14
Qrad,1—>2 1-&210p 1 1-€1 potrom ( )

+
4nm,r0td0L52,tnp A1Fio Algl,borzom

Substituting Equations 2.6 through 2.14 into Equations 2.4 and 2.5 yields the
full energy balance for the system, which can be solved to obtain 77 and 7>. The
temperature difference 71 — 7, can then be compared to that in Equation 2.3 to ensure
requirements are met. A quick inspection (particularly noting that A; o« n,,;. in the
radiation term) will prove that n,, ., appears in every term in the energy balance and
thus can be canceled, meaning that the temperature difference between the surfaces
is independent of aperture diameter. This is expected, because boundary effects are
assumed to be negligible. Given the point design described in this section and the
thermal properties in Table 2.3, 71 = 273 K and 7, = 267 K, satisfying both the bulk
temperature requirement of 270 + 15 K and the temperature gradient requirement of
15 K derived from Equation 2.3. The table shows that the underside of the mirror
surface should be coated with colored paint (e.g. red or green), and that the sun
shade should only block 36% of solar radiation. The material and thickness of the

sun shade should be chosen accordingly.



29

Property Value Description

El,top 0.3 polished aluminum
E1bortom 0.87  colored paint

£210p 0.88  matte black CFC
&2 potrom  0.88  matte black CFC
altop 0.02  polished aluminum
atportom 0.6 colored paint

aztop 0.96  matte black CFC
@2 portom  0.96  matte black CFC

0% 0.36

Table 2.3: Thermal surface properties of primary mirror and sun shade.

2.5.2 Dynamic Disturbances

The fundamental frequency is perhaps the most important factor controlling
the response of the PM backplane structure to external loads. There is a sizable
body of literature delineating methods for estimating the minimum fundamental
frequency required to reject disturbances given a maximum allowable deformation.
With these methods, the precision requirement of 1 um under dynamic loads can
be translated into a fundamental frequency requirement on the truss backplane

structure, a parameter that is generally simple to compute.

One of the major sources of vibrations are reaction wheels. From Reference [47],
the requirement on the fundamental frequency to reject reaction wheel disturbances
is given by

3 fC\/vc——l e > 1
fo_{ 1. v < 1 (2.15)

v = —IRwaUs
¢ 2§Mlnlalémax ’

where fj is the backplane fundamental frequency, f. is the cut-off frequency of the
isolation system, ngw4 is the number of reaction wheels, Uy is the static reaction
wheel imbalance, ¢ is the damping coeflicient, M;,,; is the total mass of the
telescope and spacecraft, and 6,,,, is the maximum allowable deformation. In the
present case, 0,,,x = 1um, and the damping coefficient is conservatively estimated
as 0.005. Reference [47] states that a typical value for Uy is 5 x 1076 kg-m. Thus,
Ve = 500ngrwA/M;ora1, which is less than 2 given the large mass of the PM. The
fundamental frequency of the structure then only needs to exceed the isolation cut-
off frequency in order to maintain precision under reaction wheel imbalance loads.

Isolation systems can achieve cut-off frequencies on the order of 0.1 Hz [37].

There are many other possible sources of vibrations on the spacecraft, such as the
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mirror actuators and joint settling. Control moment gyros may also be used instead
of reaction wheels, which will have different vibration characteristics. Rather than
addressing each source individually, it is practical to assume a spectrum of random

vibrations. The minimum fundamental frequency to reject random disturbances is

1 Gy 173
1 , 2.16
0% om (856%1ax) (210

where Gy is the RMS amplitude of the disturbance power spectral density over the

given by

bandwidth of their frequencies [37]. Assuming a 1ug amplitude and a 0-100 Hz
bandwidth, Go = (9.8 x 107 m4?)?)/(100 Hz) = 9.6 x 10~'3 m%43 , which yields

a minimum fundamental frequency of the telescope of 0.459 Hz.

Finally, one functional requirement is that the telescope shall be usable no more
than three minutes after a slew maneuver. The exact response of the structure to
a slew maneuver depends on the torque profile, the propulsion system, and other
parameters not specified at this design stage. However, the settling time 7§ required
for structural distortions to fall below 2% of the initial distortion amplitude can be
estimated by considering a single-degree-of-freedom system: 75 = 3.9/{wy, where
wo = 2n fo. Again assuming { = 0.005 and requiring that 75 < 3 minutes implies
that the fundamental frequency must be larger than 0.69 Hz, which is the most

stringent dynamic requirement.

To estimate the vibration response of large truss structures, it is often assumed
that the members are pin-jointed at both ends and can only carry axial loads, and
the member center lines coming into a joint all meet at a single point. With
these assumptions, obtaining the stiffness matrix K and mass matrix M is relatively
straightforward using the direct stiffness method for truss analysis. The fundamental
frequency is then the inverse of the smallest eigenvalue of M~'K. Furthermore, if
the depth of the truss is less than 20% of the span, the structure can be treated as a
flat plate with equivalent areal density, and thus the fundamental frequency can be

easily obtained from plate theory [58].

In the ISTAR architecture, the variable gaps between the modules necessarily
create eccentricities, violating the first assumption that center lines meet at a point.
One might immediately conclude that such a design would result in a significant loss
in structural integrity. However, the actual members are not simple truss elements,
but beams capable of carrying bending loads and rigidly fixed to each other at the

joints. Thus, the actual affect of the gaps was investigated before conclusions were
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drawn. Three finite element models were constructed, as sketched in Figure 2.17.
In the first model, the members were pin-jointed truss elements. A module with
side length equivalent to the design side length plus half the nominal gap size (2.81
m) was tessellated to form an initially flat backplane. The nodes at the connection
points were merged, yielding two coincident vertical members from the two adjacent
modules. The curvature was approximated by projecting the top surface nodes onto
a sphere of radius R, and the bottom surface nodes onto a sphere of radius R,,,, + H.
A lumped mass was applied to each of the nodes on the top surface, to represent the
mirror module areal density of 25 kg/m?. The second model was the same as the first
model, except each member was a beam (capable of carrying bending loads) with
10 elements along the length. Only the nodes at the endpoints of the members were
projected to create the curvature, so that the members remained straight. The third
model was the same as the second model, except the modules had the design side
length, so that the nominal gaps were present. The connections between modules

were created with rigid beam elements.

The design member cross-section and module depth were applied to the three
models. For the first model, the frequencies of the first ten modes were computed as
a function of D, using the direct stiffness method. For the second and third models,
the frequencies were computed using the finite element software package Abaqus
[48]. The variation of the fundamental frequency fo with D,,, is given in Table 2.4
for the three models. Figure 2.18 plots the frequencies of the first ten modes for
the three models with D,,, = 105.3 m. As expected, the first and second models
yielded extremely close results, indicating that the simple truss structure was a good
approximation of the equivalent beam structure. The presence of gaps did result in
about a 20% decrease in fundamental frequency. However, even for D, = 105.3
m, the fj value of 0.81 Hz still meets the minimum requirement of 0.69 Hz with a
17% margin of error. Even if the connections are not rigid, but instead aluminum
rectangular beams with 2 cm by 2 cm cross-section, the fundamental frequency is

only reduced to 0.76 Hz for the largest value of D,,, and the requirement is still met.

Finally, one general design rule is that the member slenderness ratio, or the
ratio of the length to the radius of gyration, should be above 200 so that the elastic
modulus, rather than the compression strength, dominates behavior. However, the
fundamental frequency of each individual member should be at least three times

that of the full structure, effectively placing an upper bound on the slenderness
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Figure 2.17: Three different models with varying levels of fidelity used to estimate
the fundamental frequency of the PM backplane. On the left, a global top view and
side view of the backplane (for n,, = 4) is shown. The spherical curvature is evident
in the side view. The differences between the three models are not visible at this
scale. On the right, the backplane is enlarged to show the detail of one module for
each of the models. In the first model, each module has a side length of 2.81 m. The
members are 2-node truss elements. There are no gaps between the modules, and
thus the connecting nodes are coincident. The connections are created by merging
these nodes. In the second model, the module side length is again 2.81 m. The
members are divided into many beam elements, with nodes as shown. As in the
first model, there are no gaps between the modules, and the connections are created
by merging the coincident nodes. In the third model, the module side length is the
design value of 2.76 m, yielding approximately 10 mm gaps between the modules.
The connections between modules are made with rigid beams.

[45]. The resulting constraints on the member outer diameter d,, and inner diameter
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m
3
4
5
6
7
8
9

10

me[m]
279
38.9
50.0
61.0
72.1
83.2
94.3

105.3

Model 1 f [Hz]

10.59
6.15
3.97
2.76
2.02
1.54
1.21
0.98

10.60
6.16
3.97
2.76
2.02
1.54
1.21
0.98

Model 2 fy [Hz] Model 3 f; [Hz]

8.81
5.10
3.29
2.28
1.67
1.27
1.00
0.81
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Table 2.4: Variation of fundamental frequency with aperture diameter for the three
models.

Frequency [Hz]
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Figure 2.18: Frequencies of modes 1-10 for the three models with n,, = 10. Mode
1 is the fundamental mode with frequency f.
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For the properties of M55] CFC (E = 340 GPa and p = 1620 kg/m?), the design

dimensions of d, = 35 mm and ¢ = 3 mm yield a slenderness ratio of 343 and a

member fundamental frequency of 38 Hz, which satisfies the requirements for all

Dpm.
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2.6 Chapter Conclusions

This chapter outlined an architecture for a robotically-assembled telescope with
an aperture diameter between approximately 20 m and 100 m. The concept breaks
the cost curve by utilizing an optical design with a spherical primary mirror, allowing
each of the segments to be identical for a high degree of modularity. The assembly
process of the primary mirror efficiently balances deployable structures with robotic
operations. The primary mirror is broken down into groups of mirror segments
called mirror modules, backed by separate deployable truss modules. The truss
modules provide stiffness and support to the mirror surface. Structural and thermal
analyses have been performed to design the basic dimensions of the truss module
and demonstrate that it can provide precision levels within the range of the wavefront
correction system to yield diffraction-limited images. Some important parameters

of the telescope are summarized by Table 2.5.

For any D,

Mirror segment vertex-to-vertex length 1.35m
Number of segments in mirror module (7;,,) 19

Mirror module vertex-to-vertex length 6.28 m

Truss module vertex-to-vertex length (2L) 552 m

Truss module depth (H) 2.76 m

Truss module member outer diameter (d,,) 35 mm

Truss module member wall thickness (¢) 3 mm

Truss material MS55J CFC
Truss areal density 3 kg/m?

Total PM areal density (without connectors and hinges) 28 kg/m?
Sun shade blockage factor (y) 0.36
Operating temperature 240-300 K
Mirror module underside coating Colored paint
Focal ratio 4

For Dy, = 105 m

Radius of curvature (R),,) 840 m
Secondary clamshell mirror diameter 8.6 m
Secondary clamshell mirror separation 244 m

Sun shade mast length 75 m

Total mass of PM backing structure 19,000 kg (21 tons)
Total mass of PM 183,000 kg (202 tons)

Table 2.5: Key design parameters of the ISTAR telescope concept.

As previously mentioned, some of the work in this chapter has been adapted

from a paper with many co-authors. Backes, Burdick, and Pellegrino proposed the
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study. The optical scheme was designed by Wu. The mirror module design and gap
analysis were performed by Lee. Backes, Mukherjee, and Kim were responsible
for the robotic operations and design. The truss module design and analysis were

performed by Hogstrom. Hogstrom was also the primary author of the paper.



36
Chapter 3

THE RELIABILITY ESTIMATION TOOLKIT

As described in the introduction, the deployment reliability in the presence of
fabrication errors is an important parameter that must be quantified to establish the
feasibility of the ISTAR mission. In this context, the reliability is defined as the
percentage of modules, each with a unique set of errors, that deploy completely
without any kind of failure. Failure criteria may include any hinges not latching,
any nodes largely out of place, or any reaction forces higher than a tolerable level. A
comprehensive deployment reliability estimation toolkit has been developed using
a combination of Abaqus Standard and Abaqus’s native Python build [48]. The

toolkit performs the following levels of analysis:

1. Create a detailed simulation model of a module and accurately reproduce the

deployment behavior.

2. For a model with a certain nominal geometry, repeatedly apply a unique set
of random errors, chosen from a distribution with given bounds, and repeat
step 1. Categorize each deployment as a success or failure and return the

estimated reliability for that model.

3. Repeatedly alter the model and repeat step 2, establishing the effect of the

model change on reliability.

Thus, the toolkit is capable of rapidly producing reliability trade studies to aid in
optimizing the module design. While it was developed in the context of the ISTAR
truss module, the toolkit is general to any geometry and deployment scheme. This
chapter discusses the models and methods of the toolkit in detail. In the first section,
the simulation model is defined, using a simplified version of the PACTRUSS as an
example. The second section outlines the method for simulating the deployment of
a general model. Finally, the third section outlines the method for performing many

simulations to obtain reliability estimates and trade studies.

Some of the content in this chapter has been adapted from: Kristina Hogstrom et
al. “Methods for Characterizing and Increasing the Reliability of Deployable Mod-
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ules for Large Optical Reflectors.” In: 3rd AIAA Spacecraft Structures Conference,
AIAA Science and Technology Forum and Exposition. 2016.

3.1 Simulation Model

The full hexagonal PACTRUSS module can be divided into six identical trian-
gular prisms, or wedges, tessellated as shown in Figure 3.1. The figure explains
that wedges with dashed outlines are mirrored with respect to the horizontal plane,
with the diagonal members adjusted so that the unfolding behavior is consistent.
The wedge provides a representative but simpler example for the development and
description of the toolkit compared to the full module. The wedge can also be easily
deployed by simply moving the two verticals attached to the unbraced face apart,
an important feature for the experimental validation discussed in Chapter 4. In this
section, the components of the simulation model are presented using the wedge as
an example. However, a model of any geometry can be constructed from the same

components.

3.1.1 Overall Geometry and Truss Members

A sketch of the wedge in both the unfolded and folded positions is given in
Figure 3.2. The key overall dimensions are L, the side length of the module when
deployed, g, the side length of the module when stowed, and H, the depth. Figure
3.3 is a more detailed depiction of the two unique faces in the wedge. Offsets in
the joints are necessary to allow each of the members to be vertical in the stowed
position. Choosing the offset variable /; shown in the figure is sufficient to uniquely
determine the offsets at every location in the structure. The magnitude of /; must
be at least equal to the outer diameter of the members, in order to ensure that they
do not interfere when folded. The design of the Rolamite hinge determines the
distance u between the centerlines of the attached members when folded. Like /;,

the magnitude of u must be at least equal to the outer diameter of the members.

Figure 3.4 shows a more detailed simulation model of the wedge, with node
markers and element labels. Each member is composed of beam elements (B31)
with pipe cross-section defined by the outer diameter d,, and the wall thickness
t. The member material is treated as isotropic and linearly elastic, with elastic
modulus E,,, Poisson’s ratio v,,, and density p,,. Beam elements were chosen
over truss elements to increase fidelity substantially by including bending stiffness.
The model with the highest fidelity would exactly replicate the member geometry

with shell or solid elements. However, beam elements can accurately approximate
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Figure 3.1: (Upper left) The base wedge that comprises the full hexagonal module
is shown in the deployed configuration. One diagonal face of the wedge is shown
partially deployed to illustrate how the diagonals unfold upward. (Upper right) This
sketch shows the base module mirrored about the horizontal plane. If the diagonals
were also mirrored, their fold direction would be downward. To be consistent with
the base module, the diagonals have been adjusted to also fold upward. (Bottom)
This image shows how the base module and the mirrored base module are tessellated
to recreate the full hexagonal module. The colored circles indicate how the modules
are rotated.

this geometry while reducing the total number of required elements by orders of
magnitude. This in turn drastically reduces simulation complexity and run-time
without significant losses in accuracy, making beam elements the most practical

choice.

All connections between members are modeled with connector elements (CONN3D?2).

The basic function of these elements is to impose kinematic constraints between
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Figure 3.2: Sketch of the wedge model in the stowed (left) and deployed (right)
positions.

two nodes, coupling displacement, velocity, or acceleration in any degree of free-
dom. However, these elements can also include complex behavior, such as elasticity,
damping, and friction. The connectors in this model typically behave as nonlinear
elastic hinges. To define this type of connector, the following information must be

provided:

¢ the indices of the two nodes to be connected,

* the local coordinate system of the connector with respect to the global coor-

dinate system,

* and the moment-rotation profile or the stiffness of the connector.

Generally, bulk rotation occurs about the x axis of the local coordinate system. The
specific behavior of each connector is described more thoroughly in the following

sections.

3.1.2 Joints and Pinned Hinges
In general, joints connect the vertical members to longerons and diagonals. Each
joint is modeled as a single 2-node beam element. As shown in Figure 3.5, node 1

of the joint is shared with the appropriate end of the vertical member, providing a
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Figure 3.3: Detailed drawing of the two unique faces in the wedge model: the

folding longeron face (top) and the diagonal face (bottom). The wedge has two

diagonal faces and one folding longeron face. All dimensions required to uniquely

define the model are shown.
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Figure 3.4: Simulation model of the wedge with node markers and element labels.
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Figure 3.5: Model of a joint connecting a vertical member to a diagonal or longeron
member. Node 1 is located at the end of the vertical member and node 3 is located at
the end of the other member. Though shown with an offset for graphical purposes,
node 2 is coincident with node 3. A beam element connects nodes 1 and 2, and a
connector element with hinge-like properties connects nodes 2 and 3.

fixed connection. Node 2 is coincident with but unique to the node at the end of the
other member, node 3. A connector element links nodes 2 and 3. The connector
is effectively a pinned hinge, providing free rotation about the local x axis in the
deployment direction. However, the pinned hinges in this model have a “soft stop”
that mitigates rotation in the opposite direction by applying a high moment when

the rotation angle has reached a certain critical overextension 6y,,. The behavior
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is illustrated in Figure 3.60 and f. The pinned hinges can also have translational
compliance and slack, the combined effect of which is modeled by applying non-
linear elastic behavior in each of the translational directions. When the displacement
of node 3 with respect to node 2 is small, the connector behaves like a spring with
low stiffness, allowing node 3 to move somewhat freely. When the displacement
reaches a certain threshold 6., the stiffness becomes high, providing a restoring
force that pushes node 3 back toward node 2. The behavior is illustrated in Figure
3.6b-e.

klow ?‘stop estop

Figure 3.6: Illustration of the behavior of a pinned hinge that connects a joint to a
diagonal or longeron member. In (a), the coordinate system of the pinned hinge is
defined, showing how rotation occurs about the x axis. In this case, the nominal
direction of rotation for the hinge is clockwise. In (c)-(e), the connection points of
the hinge undergo some relative displacement ¢; in the direction i. The restoring
force F;(0;) is shown, where F;(9;) is defined in (b). In (f), the hinge rotates counter-
clockwise, opposite of its nominal rotation direction. The restoring moment M (8)
is shown, where M (0) is defined in ().

The joint beam element has a rectangular cross-section, with width and height
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a; and b; respectively. The joint material is treated as isotropic and linearly elastic,
with elastic modulus E; and Poisson’s ratio v;. The density p; of the joint can also
be applied to the beam element. However, since realistic joints may have substantial
parasitic mass beyond the beams that connect the members, p; can be set to 0 and

the exact mass of the joint modeled as a lumped mass located at node 1.

3.1.3 Rolamite Hinges

As previously discussed in Section 2.5, a Rolamite tape spring hinge consists of a
pair of steel measuring tape sections and two sets of circular cams that are constrained
to roll on each other, allowing only one rotational degree of freedom. The cam sets
are held together with a pretensioned wire. The tape sections have a circular arc
cross-section and are attached to the cam sets by end clamps. These clamps are
designed to match the curvatures of the upper and lower tape surfaces. The hinges
can fold compactly and then snap into a stiff configuration upon unfolding. Figure
3.7 shows the key dimensions of the tape sections and Rolamite hinge design. A
verbal description of each variable in Figure 3.7 and other key variables not shown

are given in Table 3.1.

t Thickness of tape spring

a Opening angle of the tape spring arc
T Radius of curvature of the tape spring
e Distance between the centroid of the tape spring arc and the centroid of

the upper clamp arc

L,,; Distance between member attachment points, or total length of Rolamite
hinge

L, Unclamped length of tape spring

hy Maximum distance between the two tape springs

d; Distance between the centerline of the cams and the centerline between
the tape springs

p Distance between the cam centers, or twice the cam radius of curvature
E; Elastic modulus of the tape spring material
I Area moment of inertia of the tape spring cross-section

A;  Cross-sectional area of the tape spring

Table 3.1: Explanation of tape spring and Rolamite variables.

The approximate moment-rotation profile of a Rolamite hinge is shown in Figure
3.8. It is divided into two regions: deployment and latching. The rotation angle 6
is defined to be 0 when the hinge is completely folded and 7 when it is completely
unfolded. As the hinge unfolds and 6 increases, the moment follows the curve

defined by the deployment region. When the critical angle 6. is reached, where 6. is
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Figure 3.7: Dimensions of tape spring cross-section and Rolamite hinge.

a close to m, the moment jumps to a much higher value (~1-2 orders of magnitude)
then decreases along a line to zero when 6 = n radians. Kinetic energy may rotate
the hinge beyond 6 = n, at which point the moment becomes increasingly negative,
driving the hinge back to the unfolded state. The hinge may continue to oscillate
around € = m, but the moment will still follow the linear profile that defines the

latching region until any remaining kinetic energy is damped [55].

The maximum latching moment and the minimum deployment moment of the
Rolamite hinge can be estimated analytically using techniques developed by Watt

[55]. He gives the maximum moment as

— 2
Muax = Per (ht/2 +d; + M) ’

(h¢/2 +d;)

where P, is the compression load in one tape section, solved iteratively from the
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Figure 3.8: Sketch of the general moment-rotation profile of Rolamite hinges. The
blue line defines the deployment curve and the orange line defines the latching curve.
The hinge follows the deployment curve until the critical angle 6, is reached. It then
permanently switches to the latching curve for any rotation thereafter.

following equation:

0.6t,E; 1 e?

=Py | —+—————

re A PorL?
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Watt gives the minimum deployment moment for two tape sections as

a E;t?

Figure 3.9 shows the kinematic model of the Rolamite hinge. Nodes a; and b; are
located where the member centerlines attach to the Rolamite cam sets. Coincident
nodes a» and a’2 are located at the center of one cam set and b, and b’2 are at the
center of the other cam set. Two hinge connectors with the Rolamite moment-
rotation profile link a» to a) and b, to b), respectively, constraining all degrees
of freedom except rotation about the defined local x axis. The rotations of the
connectors are defined to be equal in magnitude and opposite in sign. Rigid beams

connect ay to az, a; to b, and b, to bs.

The moment-rotation behavior of the hinge connectors can be described as a
piecewise function based on a switch variable s;4,, such that the deployment
portion of the profile is followed when s;,:.5 is equal to O and the latching portion

is followed when s;,.; is equal to 1. The switch in s;4; occurs the first time
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Figure 3.9: Kinematic model of Rolamite hinge. Nodes a; and b; are located at
the attachment points between the members and the hinge. Nodes a; and @), are
coincident and located at the circular center of one cam set. Similarly, nodes b,
and b), are coincident and located at the circular center of the other cam set. Rigid
beams connect a; to as, aé to b’z, and b’2 to b,. Connectors with hinge-like behavior
link a, to a} and b; to b),.

the rotation in the connector exceeds the critical angle 6. and remains unchanged
thereafter. This behavior is simulated in Abaqus by creating a table that defines
the moment as a function of the field variable s;,.., and the rotation angle 6/2,
accounting for the fact that each of the two connectors rotates half the full rotation
of the Rolamite hinge. Two customized user subroutines that run in parallel to
Abaqus are required to set the value of s;4,: URDFIL and UFIELD. At the
beginning of the simulation, s, is initialized to 0. After every time increment,
URDFIL extracts the rotation of each connector and feeds it to UFIELD, which
determines whether 8 > .. Once this criterion is true, UFIELD sets s;4:.; to 1, and
Abaqus is signaled to follow that section of the moment table for the remainder of

the simulation.
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3.1.4 Types of Errors

Three types of errors can be applied to the simulation model:

* member length errors, which can be introduced by imprecisely cutting the

members,

* member alignment errors, which can be introduced by imprecisely attaching
or gluing the members to the joints or if the members are not straight after

manufacturing,

* and hinge axis errors, which can be introduced by misaligning the holes for the
pins that create the pinned hinges or by creating some relative twist between

the Rolamite cam sets with the tensioning wire.

Figure 3.10 illustrates each error type. More detail describing how these errors are
applied will be given in Section 3.2.

Figure 3.10: Illustration of the three different types of errors that can be introduced
into the simulation model: (a) member length errors, (b) member alignment errors,
and (c) hinge axis errors in pinned hinges (left) and Rolamite hinges (right).

3.2 Single Deployment Simulation Method
This section describes the computational methods used to simulate the deploy-
ment of a general module. The PACTRUSS module is presented as an example

when necessary.
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3.2.1 Constructing the Model and Applying Errors

To construct any geometric model, the toolkit requires only two sets of informa-
tion. The first is a matrix providing the coordinates of the endpoints of each member
in the stowed position. Specifically, the i’ row of this matrix contains the (x, y, z)
coordinates of the first endpoint and the (x, y, z) of the second endpoint of member
i. The second set of information needed is a matrix describing the connectivity
between the members. For connection k between members i and j, the k' row of

the matrix has the following information:
i, endpoint 1 or 2 of 7, j, endpoint 1 or 2 of j, type, orientation, direction.

The "type" flag indicates the type of connection to be made. In the PACTRUSS
model, the two types are pinned hinges and Rolamite hinges. However, other types
are available, such as a pinned hinge that captures the Rolamite moment-rotation
profile but not the kinematics. The orientation is defined by two vectors: the first
sets the x axis and the second sets the x-y plane. The direction is a flag indicating

whether the hinge nominally rotates clockwise or counterclockwise about the x axis.

The connectivity matrix, endpoint matrix, and all other required input are passed
to the toolkit using the model variables file. This file must contain the following

information:

* Member material information (E,;, v;;, pm)-
e Member cross-section dimensions (d,, t).

* Rolamite hinge dimensions not inherently defined in the endpoints matrix (p,
Lyop).

* Number of beam elements to create along each member.
* Joint material and properties (E;, v;, pj, a;j, bj).
* Flags to include or neglect gravity or joint masses.

* Path to a file containing a table of 6 and M, defining the Rolamite moment-

rotation curve. The last entry in this file should define M,,,, and 6,.

* Path to connectivity matrix.
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* (Optional) Path to endpoints matrix. If this option is not included, then
a PACTRUSS geometry is assumed and the following dimensions must be
provided: L, H, g, lj, and p. The endpoints matrix is then generated auto-

matically.

Errors in the model can be introduced in two ways. A known set of errors can be
included directly in the endpoint and connectivity matrices. Otherwise, a maximum

value for each error type can be included in the model variables file as follows:

* dL,,,x: maximum member length error
* dP,,: maximum member alignment error

* dO,,4: maximum hinge axis error

In this case, the toolkit automatically applies random errors within those bounds to
the appropriate locations in the geometry using the following methodology. For each
member in the model, a length error dL between —dL,,,x and +dL,,,, is randomly

selected. For member endpoints e and e;, the unit vector axis along the member
e)—eq
llex—erll”

ey + (dL/2)i. This is illustrated in Figure 3.11a. Once any length error is applied,

isi = To include the error, e¢; becomes e¢; — (dL/2)&i and e, becomes
then a unit vector perpendicular to i, uj, and another unit vector perpendicular to
both 7 and w1, uj, are computed. Each member endpoint is then translated by a
random amount dPyi within the bounds of +dP,,,, along u},; and by dP, along u)y,
as shown in Figure 3.11b. Finally, for each hinge axis h, a unit vector perpendicular
to ﬁ hA,, is computed. The vector s obtained, such that W=h+ tan(d@)ﬁp, where
d@ is arandom angle within the bounds of +d6,,,. The final misaligned hinge axis
is then the vector /2’ rotated by ¢ about h, where ¢ is a random angle between 0
and 2nr. The process is illustrated in Figure 3.11c. Whether the errors are directly
specified in the endpoint and connectivity matrices or applied randomly using the
above process, the simulation retains no knowledge of a "nominal" configuration.

The errors are simply part of the geometry definition.

From this information, the toolkit automatically creates joint beam elements,
pinned hinges, and Rolamite hinges where they are located in the structure. One
key result of this is that the joints are automatically sized to fit between the member
endpoints that they connect, regardless of whether errors are included. In other

words, there is no reference to a "nominal" joint length. This means that there are
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Figure 3.11: Method for applying (a) member length errors, (b) member alignment
errors, and (c¢) hinge axis errors.

no conflicting dimensions to cause pre-stress. It was found that minimal force was
required to construct the experimental module (discussed in Chapter 4), suggesting
that stresses due to errors were negligible and can thus be reasonably ignored in the
simulation model. Since the basis for this assumption is experimental observation,
it may not be valid for other geometries besides the PACTRUSS.
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3.2.2 Running Abaqus

At the core of the toolkit is the simulation of one deployment. This is performed
using the stabilized static analysis procedure in Abaqus. To illustrate the effect of
stabilization, consider the case of an uncontrolled deployment, or one that actuates
purely by spring force. In a general static procedure, an equilibrium solution is

sought after each time increment, subject to the equation

Fexternat = Finternal = Oa

where F,,;ernai 18 the vector of external loads on the nodes and F;;.;1q1 1S the vector
of internal loads on the nodes. For the spring-actuated case, the only equilibrium
solution is the fully deployed configuration. The nodes must undergo large dis-
placements to reach this solution from the initial configuration, and so the solution
is almost certainly outside the radius of convergence for the solver. Thus, this type
of analysis is not possible with a static procedure. Now consider a controlled de-
ployment, in which the bulk displacements in each time increment are kept small
by applying a displacement boundary condition, such that the analysis steps slowly
toward the solution. Ordinarily, this would be possible with a static procedure.
However, large displacements may still occur, particularly due to the discontinuity
in the Rolamite hinge moment-rotation profile. Thus, a purely static analysis is not

recommended for simulating deployments of this nature.

To allow for large displacements, stabilization in Abaqus introduces artificial

viscous damping forces, such that the fundamental equation becomes
Fexternat = Finternal — CAM/At =0,

where c is the damping factor, Au is the vector of nodal displacements, and At is the
time increment. Unlike a static analysis, a stabilized static analysis does have time
dependence, even if time has no meaning in the simulation. The damping factor
¢ must be chosen so that Au is kept sufficiently small in each time increment. By
default, Abaqus automatically sets the value of ¢ to be some small fraction of the

extrapolated strain energy. The effect of this fraction is discussed in Section 4.6.

A stabilized static analysis is thus similar to a dynamic analysis, in that it
allows for large displacements and has some time dependence. Indeed, it will be
shown in Section 4.6 that bulk displacements computed dynamically or statically
with stabilization are identical. The key difference is that the dynamic analysis

will capture vibrations, whereas the stabilized static analysis is effectively infinitely
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damped. Thus, the stabilized static analysis may run significantly faster than the
equivalent dynamic analysis, and is a good option when vibrations can be reasonably

ignored and time has no bearing on the result.

To deploy the module, zero-displacement or zero-velocity boundary conditions
are applied to prevent any rigid body motion. Then, one or several nodes are
chosen to be controlled. A fixed velocity is applied to these nodes. This velocity
is sufficiently small, such that the control is working against the spring forces and
restraining the module. The user subroutine UAMP tracks the reaction forces at the
bounded nodes after each time increment, particularly in the direction of control.
UAMP sets the velocity to 0 once the controlled node(s) has either reached a set
displacement or the reaction forces in the bounded nodes indicate that the control
has started pulling on the module. At this point, it is possible that some hinges
still have not latched and are continuing to apply forces on the module, meaning
that an equilibrium state has not yet been reached. The simulation continues for
some time after control ceases to allow the structure to equilibrate. Again, purely
spring-actuated displacements with no external control are possible because of the
stabilization effect.

A suite of Python code is used to rapidly generate models and simulate their
deployment in Abaqus. The model variables file is written and passed to the set of
functions defined in create_model . py. If the endpoints matrix is provided as a file,
then that file is read and stored. If only the PACTRUSS dimensions are provided, then
the PACTRUSS endpoints matrix is generated using those dimensions and stored. A
number of equally spaced 2-node beam elements are created to model each member,
with the number defined in the model variables file. The coordinates of the nodes
and the node indices that connect each element are stored. The connectivity matrix
is also read and stored. The model variables file, beam nodes, beam elements,
and connectivity matrix are then passed to the function write_input_file.py.
This purpose of this function is to generate an Abaqus input file, written in the
Abaqus keywords language. It first writes the beam nodes and elements. Then it
steps through each entry in the connectivity matrix, calling subfunctions to write
the nodes and elements required to create the type of connection, as well as the
behavior of that connection. The Abaqus model is completed by defining materials
and lumped masses where necessary. write_input_file.py then calls another
function, write_fortran.py, to write the Fortran-based user subroutines that are

necessary to define the Rolamite behavior.
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The next action for write_input_file.py is to write the Abaqus simulation
procedure, including the boundary conditions and the control method. The function
write_fortran.py also writes the user subroutine UAMP to track reaction forces
and set the controlled node velocity. Once the input file and Fortran code are written,
another function is called to pass these files to Abaqus. The key Python functions

required to run one deployment simulation are graphically depicted in Figure 3.12.

Model
variables
file

create_model.py

Beam nodes and
elements; parsed
connectivity
matrix

write_input_file.py write_fotran.py

\ 4 \ 4

Fortran
code

Abaqus
input file

3

run_deployment. py

Figure 3.12: Flow chart of the high-level process for running a single deployment
simulation. The box components are Python functions and the circle components
are inputs and outputs to those functions.

3.3 Monte Carlo Simulation Method to Estimate Reliability
This section describes the Monte Carlo analysis used to simulate the deploy-

ment of many models with unique error distributions and compute an estimate for
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reliability. Two basic assumptions are made about the deployment behavior:

* For a model of nominal geometry, the simulated deployment will meet the

imposed success criteria.

* If the model has errors that sufficiently alter it from the nominal geometry,

the simulated deployment may not meet the imposed success criteria.

The success criteria can be any deployment characteristics; in the case of the
PACTRUSS model, the criterion is that all of the Rolamite hinges latch. The
reliability of the deployment is the likelihood of success for a model with errors below
some maximum level. Estimating the reliability requires rapidly simulating the
deployment of many models, each with a unique error distribution, and concurrently
determining whether each deployment was successful. A suite of Python functions

was developed to perform this task.

At the lowest level of the Monte Carlo analysis is the method for simulating a
single deployment, described in Section 3.2. Again, this method can automatically
generate a unique and random set of errors given the maximum error levels. The next
level is the get_odb_data.py function. For one deployment simulation, Abaqus
writes 10 job files, each with the same file name but a different extension. Each
of these files contains a different set of information, but the one containing all of
the simulation results is the output database (ODB) file. When passed an ODB file,
get_odb_data.py uses Abaqus’s native Python environment to open the file and
extract the data necessary to determine if the deployment was a success or failure.
In the case of the PACTRUSS model, this includes the rotations of the Rolamite
hinges for each time increment. The data set is then stored and returned for later
use. A result flag reading either SUCCESS or FAIL is also returned.

The next level of code is the main.py function, which calls the deployment
method and get_odb_data.py n times, where n is the number of trials. For each
trial, the model variables file is unchanged; the nominal model remains the same,
but the error distribution changes based on the random sampling. The process is as

follows:

1. main.py is provided the number of trials and the path to the data storage
folder.
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2. The data storage folder is checked for any existing ODB files. If the op-
tion to append existing data is set, then each existing ODB file is passed to

get_odb_data.py. The outputted data and the result flag are stored.
3. Fori in n trials:

a) The deployment method is called, which generates an input file and
passes this to Abaqus. Abaqus outputs 10 job files, each starting with the
file name file. Any existing job files with that file name are overwritten.

b) The ODB file is passed to get_odb_data.py. The outputted data set

and result flag are stored.

¢) The ODB is copied, renamed as file_i.odb, and moved to the data storage
folder. This is the only job file that is kept and not overwritten by the

next simulation.

4. After n trials, the stored data for each trial is compiled and pickled for later
use!. The pickled file is moved to the data storage folder. A log file containing
all information from the model variables file and the result flags from each trial
is written. The result flags labeled SUCCESS are counted and the percentage

of successful trials is outputted.

The result is an estimate of the deployment reliability for the given model with the
given maximum error levels. At the highest level of the Python suite is the ability
to estimate how reliability is affected by changing the model. This is performed
by the function wrapper.py, which overwrites the model variables file with new
parameters. For instance, to study how the member outer diameter d, affects
reliability, a vector of d, values to be tested is generated. For each d, value,
wrapper.py changes the model variables file to reflect the new value and calls
main.py to obtain a reliability estimate for the current model. The entire Monte

Carlo analysis process is illustrated in Figure 3.13.

3.4 Chapter Conclusions
In this chapter, the reliability estimation toolkit was described in detail. While
the wedge and PACTRUSS modules were used as examples, the generality of the

toolkit to any deployable structure was emphasized. Intended to be used in the

IPickling is a Python function that can compile data structures and save them to a file. That file
can later be "unpickled" to retrieve the data.
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Figure 3.13: Flow chart of the high-level process for running a Monte Carlo analysis
to estimate reliability. The box components are Python functions and the oval
components are inputs and outputs to those functions. The triangle component is
a switch based on the number of iterations i, where n is the maximum number of
iterations.

Deployment
simuTation

early stages of mission formulation and design, this toolkit can rapidly estimate
deployment reliability and produce trade studies for the module design. It is thus a
powerful resource for design optimization and the establishment of a key criterion

for the feasibility of any mission that requires the deployment of many modules.
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Chapter 4

EXPERIMENTAL VALIDATION OF DEPLOYMENT
SIMULATION

Critical to the development of the toolkit is experimental validation, necessary to
ensure that the deployment simulation results are realistic. Specifically, the toolkit
should accurately predict whether a deployment has failed, which would largely
be due to any Rolamite hinge not latching. To perform this validation, a physical
wedge module was constructed and recreated in the simulation model. Figure 4.1
shows an image of the wedge and experimental setup. The wedge was chosen over
the full PACTRUSS module because it could be easily manufactured and deployed
simply by moving two vertical members apart in one direction. Two key quantities
were used as comparison measures between simulations and experiments: nodal
displacements and Rolamite hinge rotations. In this chapter, the first two sections
describe the experimental module and equivalent simulation model. Then the ex-
perimental equipment and measurement systems and the corresponding simulation
boundary conditions and analysis properties are outlined. Finally, the results from

the experiment and simulation are presented and compared.

Some of the content in this chapter has been adapted from: Kristina Hogstrom et
al. “Methods for Characterizing and Increasing the Reliability of Deployable Mod-
ules for Large Optical Reflectors.” In: 3rd AIAA Spacecraft Structures Conference,
ATAA Science and Technology Forum and Exposition. 2016.

4.1 Experimental Module Geometry

This section describes the overall design and construction of the experimental
module. Specific attention will be given to the Rolamite hinges in Section 4.2. The
nominal design dimensions of the module are given in Table 4.1. Refer to Section
3.1 for a description of the variables. A CAD image of the module is shown in Figure
4.2. The members were fabric weave carbon fiber composite tubing obtained from
RockWest Composites. The joints were 3D-printed with ABS plastic on a Stratasys
printer. The vertical members were attached to the joints by gluing them to a joint
shaft that seated into the member internally, as shown in Figure 4.2. Similarly, each
longeron and diagonal member was glued to 3D-printed member attachments on

both ends. Custom jigs were used to mitigate length errors and misalignments while
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Figure 4.1: Photograph taken of the experimental wedge and setup.

Property Value Source
50 cm

H 50 cm

q 13 cm

l; 4 cm

d, 1.1303 cm

t 0.0889 cm

E, 142 GPa [59]

Om 1820 kg/m>  [59]

Vin 0.1 [60]

Table 4.1: Experimental geometry and member properties. Sources cited where
applicable.

gluing. The member attachments were hinged to the joints with a single machine

screw; the screw holes were slightly oversized to allow free rotation over the threads.

In the simulation model, the member material is assumed to be isotropic. Hence
the material properties given in Table 4.1 are approximated global properties of the
CFC material. Also in the model, the joints are treated as single beam elements

with uniform rectangular cross-section. These joint beams share a node with each
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Member
attachment

Pin screws

Figure 4.2: (Left) Rendering of the experimental module. (Right) Detail of a joint.
The dashed outlines show the inner shafts that are glued to the members.

other and with the end of the vertical member, but otherwise do not interact. The
joint model is shown superimposed on the actual experimental joint in Figure 4.3.
Clearly, the experimental joints do not have uniform cross-section, and so the model
cannot exactly replicate the joint behavior. The cross-section is approximated in the
model by setting b; equal to the average height of the protruding part of the joints
and a; equal to twice the width of the tabs that surround the member attachment.
Rather than provide a joint density and allow the model to automatically compute
the mass, the actual mass of each joint was measured and applied to the model as a
lumped mass, located at the shared node shown in Figure 4.3. Reasonable estimates
of the joint compliance properties were obtained by simply pushing and pulling
on the module after construction in various locations and observing how much it
moved. The value of k;,,, was obtained by estimating that the force exerted by the
finger to push the joint to the end of the slack region was 25 N. The joint properties

are given in Table 4.2.
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Figure 4.3: Model of a joint superimposed on the actual joint to illustrate the
approximations made.

Property Value Source
E; 22GPa [61]

4 0.35 [62]

a; 1.25 cm

b; 1.45 cm

Ostop 750 um

Kiow 10* N/m

Knigh 10° N/m

Qslop 2°

Table 4.2: Experimental joint properties. Sources cited where applicable.

4.2 Experimental Rolamite Hinges

Each of the four Rolamite hinges were constructed with the same nominal
dimensions, given in Table 4.3. The tape sections were cut from standard tape
measure obtained at a hardware store. The cam sets were 3D-printed with ABS
plastic.

Given these dimensions, the analytical equations given in Section 3.1 predict
that the maximum latching moment and minimum deployment moment for this
hinge design are 12.96 Nm and 0.065 Nm respectively. In order to obtain a more

detailed moment-rotation profile, an experiment was performed using a test hinge
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Property Value Source
p 42 mm

Jii 26 mm

Lo 110 mm

t; 0.1 mm [55]
a 1.7 radians [55]
r; 15 mm [55]
e; 1.35 mm [55]
L, 70 mm

hy 16.7 mm

d; 8 mm

E, 210 GPa [55]
I, 4.67 mm*  [55]
A 2.55mm?  [55]

Table 4.3: Experimental Rolamite hinge dimensions. Since the same tape was used
by Watt, many of the values are taken from that source.

with the same nominal dimensions. The experimental setup is shown in Figure 4.4.
The cams on the test hinge were printed with large attachments that each screwed
onto a gear. The gears were equipped with strain gauges to measure the torques M
and M, imparted by the hinge. Starting from the fully folded position, each gear
was rotated independently by turning the knobs until the total rotation in the hinge
was approximately A6, such that 8, = 6, and A9 = Af;| + Af,. At this point, 6 was
adjusted so that the readings of M; and M, were approximately equal. The final
values of 61, 8, My, and M, were recorded. The process was repeated with small
rotation increments until the hinge was fully open. The entire test was then repeated

three times.

The results of the experiment are shown in Figure 4.5. The markers represent
the measured values of 6 = 6; + 6, vs. M = (M| + M,)/2. Because the torques
were matched, rather than the angles, the value of A@ was not exactly equal for each
increment. The blue line was obtained by averaging both 8 and M over the three
tests. The average standard deviation of the three rotation measurements across all
increments was 0.45°, which gives a sense of the resolution of the measurement.
Similarly, the average standard deviation in the moment was 0.03 Nm. The figure
shows that the predicted value of the minimum deployment moment is well matched
with the experiments. However, this experimental method did not have the resolution
required to capture the peak of the latching region. In the simulation model, 6, is set

to the rotation corresponding to the peak of the blue curve, 176.5°. The Rolamite
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(b)

Figure 4.4: Sketch (upper) and photograph (lower) of the Rolamite hinge experiment.

hinges follow the experimentally determined moment-rotation curve until 6 = 6..

At this point, the analytically determined latching curve is followed.

4.3 Experiment Design and Measurements
4.3.1 Actuating Deployment

As previously mentioned, the wedge can be deployed simply by displacing one
of the verticals attached to the folding longeron face along a line perpendicular to

its axis. The frame and motor system used to actuate the deployment is shown in
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Figure 4.5: Moment vs. rotation curve as measured by the experiment and computed
with analytical techniques.

Figure 4.6. The back left vertical was rigidly attached to the frame, with load cells
located at the attachment points to measure reaction forces in the y direction. The
back right vertical was attached to a carriage with threaded hole. A lead screw was
placed through the carriage hole and attached to a motor. When the motor was
powered, the lead screw turned and the carriage moved linearly along the frame in

the y direction, thereby opening the module.

The motor system was designed to stop automatically when the net reaction force
registered by the load cells was in tension. Figure 4.7 illustrates the components
of the motor system. The main driving function was written in MATLAB. An
Arduino was programmed to send and receive signals from MATLAB. To start the
deployment, MATLAB instructed the Arduino to drive the motor. The forces in
the load cells were computed using a Vishay P3 strain indicator, which streamed
the data to MATLAB. During the deployment, MATLAB monitored the load cell
readings. Once the sum of the forces reached some tolerance in tension, MATLAB
signaled the Arduino to stop the motor. The tolerance was not set to be the exact
switch between net compression and net tension (0 N), but rather a small force of

10 N to account for any minor errors and instabilities.

4.3.2 Measuring Displacements
Markers were placed on the structure and their displacements tracked with a

stereo camera pair, as shown in Figure 4.8. Marker 1 was attached to the point on



64

Load cell Carriage .
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/
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Figure 4.6: Image of the experiment frame. One vertical member of the module is
attached to load cells that are rigidly attached to the frame. Another vertical member
is connected to a carriage that is threaded onto a lead screw. The motor turns the
lead screw, which then moves the carriage linearly along the frame.

the structure used for comparison to simulations; the selection is discussed in more
detail in Section 4.5. Marker 2 was attached to the carriage, and was therefore used
to track the controlled displacement. Markers 3 and 4 remained stationary during
deployment and were used to establish the coordinate system, with marker 4 as the

origin, the vector from 4 to 2 as y axis, and markers 2-4 establishing the y — z plane.
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Figure 4.8: Photograph taken by one of the cameras in the stereo pair. The locations
of the tracking markers are highlighted.

4.3.3 Measuring Hinge Rotations
Simple iPhone cameras were used to record each of the four Rolamite hinges,

the visible bottom edges of which were painted red to increase visibility. When the
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deployment was approximately 80% complete, the motor was paused and each of
the cameras started recording. A bright light was flashed to create a common time
marker and align the separate videos. After the flash, the motor was restarted and
the deployment completed. Only the last 20% of the deployment was captured by
the 2D iPhone cameras in order to keep rigid body out-of-plane motions minimal. In
MATLAB, each of the videos were split into separate frames. An automatic routine
was written to identify the red edges in each frame using the Hough transform.
However, this procedure often found more than just the two edges. In order to
make sure that the right edges were recorded, the endpoints of the edges were
selected manually for a small set of frames at even intervals in time. The slopes
of the edges were computed from the estimated endpoints, and the results were
interpolated to obtain slope estimates for each frame. Then the slopes of the edges
computed by the Hough transform were compared to the estimated slopes and only
the close matches were kept. The angle between the edges, or the rotation of the
hinge, was then computed and stored for each frame. An example of the manual
endpoint selection and automatic edge detection is shown in Figure 4.9. To estimate
the precision associated with this process, each hinge was observed at a constant
angle for some time. The angle was computed for each frame, yielding a mean
and standard deviation. For the four angles and four tests, the maximum standard

deviation was 0.91°.

During the experiment, the time at which the motor paused was recorded. The
stereo camera data was aligned with the hinge data by matching this time with the

approximate time at which the hinges began rotating in the videos.

4.4 Equivalent Simulation Boundary Conditions and Step Properties

Figure 4.10 shows the global coordinate system and boundary conditions applied
to the simulated wedge deployment, chosen to recreate those in the experiment. The
nodes marked with squares are constrained to have zero displacement in all six
degrees of freedom. The node marked with a triangle is the controlled node,
constrained in all rotations and in x and z. During deployment, the controlled node
moves along the y axis with a constant velocity. For the bulk of the deployment, the
control node constrains the structure against the springs, and so the reaction forces
at the fixed nodes in the y direction are net positive. When these reaction forces
sum to -10 N, or 10 N in tension, the control velocity is set to 0. In this case, once
the control stops, the simulation also stops. The baseline step parameters are given

in Table 4.4. For the model without any errors, the controlled node moves a total of
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Figure 4.9: (Top) One frame from a video of the Rolamite hinge. The markers
represent the endpoints manually estimated and selected. (Bottom) The same frame
after using the Hough transform to detect edges. Note the unwanted edge at the
bottom of the frame. This edge is disregarded, because its slope does not match
either of the slopes estimated from the manual endpoint process.

Initial time step 0ls
Maximum time step .01 s
Control velocity 1 m/s

Stabilization fraction 35 x 1077

Table 4.4: Baseline step properties for the stabilized static analysis procedure.

L — g = 37 cm. Given the control velocity of 1 m/s, the total step time is about 0.37
s. The step time may be slightly longer or shorter if errors are applied, depending
on when the reaction force stop criterion is met. The choice of stabilization fraction

will be discussed in Section 4.6.
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Figure 4.10: Boundary conditions applied to the wedge deployment simulation. The
nodes marked with squares are fixed in space. The node marked with a triangle is
the controlled node, which moves along the y axis with a constant velocity until the
net y reaction forces in the fixed nodes are in tension.
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Figure 4.11: Stages of the simulated deployment of a perfect wedge model.

(P17 N /[
\/k

|

—————

VI

4.5 Results for a Perfect Module

To illustrate the deployment behavior and key characteristics that can be used
as comparison measures between models, this section considers the perfect wedge
model, such that the geometry is nominal and no errors are applied. Figure 4.11
shows stages of the simulated deployment. Figure 4.12 plots the rotations of each of
the Rolamite hinges plotted against the displacement of the controlled node. Here,
upper, lower, right, and left refer to the orientation shown in Figure 4.2. It is evident
from the inset that the two diagonal hinges latch at the same time, followed by the

bottom folding longeron and the top folding longeron in close succession.

Figure 4.13 shows the displacement of the node marked with a circle in Figure

4.11, which corresponds to marker 1 tracked by the stereo camera pair. This node is
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Figure 4.12: Stages of the simulated deployment of a perfect wedge model.

particularly useful for visualizing deployment behavior, because it has bulk motion
in all three directions. The figure shows how the node becomes fixed, particularly in
the z direction, toward the end of the deployment. This is due to the diagonal hinges
latching first and holding the node in z. Since the longeron hinges latch after the
diagonal hinges, there is still forced displacement in the y direction that corresponds
to the control. Thus, the displacement in x must decrease in order to maintain the

lengths of the members, as is evident in the figure.

4.6 Effect of Stabilization Fraction

As previously discussed in Section 3.2, Abaqus automatically sets the stabiliza-
tion damping coefficient to be some fraction of the extrapolated strain energy. The
default value for this fraction is 2 x 10~*. It was found by trial and error that a value
of 5% 1077 is sufficient to complete the deployment simulations. If the fraction is too
low, then the solver cannot find a solution. In this section, the effect on the solution
of increasing the fraction beyond the minimum value is investigated. Consider the
case of the perfect wedge model with no velocity control, meaning that deploy-

ment is purely spring-actuated. Figure 4.14 plots the hinge rotations for various
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Figure 4.13: Displacement of the node marked in Figure 4.11 vs. y displacement
of controlled node.

stabilization fractions as well as the hinge rotations that result from the equivalent
undamped dynamic analysis. The rotations are plotted against the y displacement
of the node that would otherwise be controlled, but is left free in this case. The
figure suggests that changing the stabilization fraction has no effect on the overall
deployment behavior. What does change is the artificial time required to complete
the deployment. Increasing the fraction increases the magnitude of the energy lost
to static dissipation, which decreases the nodal velocities. Thus, smaller fractions

lead to shorter deployment times and thus shorter simulation run times.

4.7 Experimental Module Shape Measurements

In order to fairly compare the simulated deployment to the experimental de-

ployment, the shape of the experimental module must be reproduced as closely as



71

Rolamite Hinge Rotations
200

180 |

]
i
i
|

160

140

—

N

o
T

Diagonal hinges

N\

Rotation [deg]
©® o
o o

[e)]
o

4

Longeron hinges

S
o

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Node Displacement [m]

Dynamic analysis

X Static stabilized analyses with
varying stabilization fractions

Figure 4.14: Effect of stabilization fraction on Rolamite hinge rotations. The
following stabilization fractions were tested: 1 X 1076,5%x107%, 1x1075,5x 1072,
1x107%,5x107%, and 1 x 1073, The hinge rotations in each case are identical, and
so all of the stabilized static results are plotted with the blue markers. The result of
the equivalent dynamic analysis is shown in orange. The dynamic analysis clearly
includes vibrations; however, the bulk rotations between the dynamic analysis and
the stabilized static analyses are the same.

possible in the simulation model, including any errors that were introduced during
manufacturing. This requires determining the locations of all joint nodes (points
at which member centerlines nominally meet), locations of all pinned hinges, loca-
tions of Rolamite hinge member attachment points, all pinned hinge axes, and all
Rolamite hinge axes. Unfortunately, the experimental module was not designed to
obtain these measurements directly. For instance, the joint node is a point located
within the solid 3D-printed joints and thus cannot be immediately accessed. How-

ever, all necessary information that cannot be measured directly can be estimated
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indirectly from the measurements shown in Figure 4.15. A coordinate measuring
device called a FaroArm, shown in Figure 4.16, was used to obtain these measure-
ments while the module was stowed and attached to the experiment frame. Each of

the required information sets were obtained as follows:

I:l Rolamite member attachment planes

O Pin circle

- \\lember axis

Figure 4.15: Map of measurements taken with the FaroArm. All shown mea-
surements are made for each instance of that feature in the structure. Planes and
associated normals are fitted to points measured on the surface. Member axes are
fitted to points measured on the outer surface of the member along the length. Pin
circles are fitted to points measured on the outer surface of the screw heads where
they contact the joints.

* Pinned hinge locations: From the pin circles surrounding the screw heads,
the pinned hinge locations were obtained by translating the center of the circle
-1 cm (a;/2) along the vector normal to the outward pin face, as shown in
Figure 4.17.

* Joint nodes: For each joint, there are two pinned hinges that attach to

longerons. These pinned hinges nominally lie in a plane perpendicular to
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Figure 4.16: Image of a FaroArm courtesy of Faro.

Line parallel to
pin plane normal

Pin plane
and normal

Location of
pinned hinge Center of

pin circle

Figure 4.17: Illustration of how the pinned hinge location is determined from the
measured pin circle and pin plane.

the axis of the vertical member attached to the joint. The joint node is then
nominally the point at which the member axis intersects this plane. In the
physical module, errors may alter this alignment. To obtain the joint node, the
locations of the two longeron pinned hinges were projected perpendicularly
onto the vertical member axis. The joint node was then set as the average

between the two projected points, as shown in Figure 4.18.

* Rolamite hinge member attachment points: Each member attachment point
was obtained by finding the intersection between the member and the associ-

ated Rolamite member attachment plane.

* Pinned hinge axes: Each pinned hinge axis was assumed to be equal to the

outward normal of the associated pin plane.
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Figure 4.18: Illustration of how the location of the joint node is derived from the
axis of the vertical member and the two longeron pinned hinges. For a nominal
geometry, the joint node is the location of the perpendicular projection of pinned
hinges onto the axis. The inset shows that, when the geometry has errors, the two
pinned hinge projections may not align. In this case, the joint node is taken to be
the average location of the two projections along the member axis.

* Rolamite hinge axes: Each Rolamite hinge axis was assumed to be the average

of the two normals associated with the Rolamite cam planes.

Figure 4.19 shows the measured shape of the experimental module superimposed
onto nominal shape. It is evident from the figure that the dominating source of error
was not the manufacturing process directly but gravity sag enabled by compliance in
the joints. Unlike random errors, these errors were relatively consistent throughout
the structure and did not significantly hinder the deployment. The FaroArm was
used to obtain the shape of the deployed module, and found that, once the structure

was stiffened, these errors were reduced to a maximum of 3 mm.

The connectivity and endpoint matrices were created from the FaroArm mea-
surements and fed into the simulation model. It is evident in Figure 4.19 that some
of the Rolamite hinges started in a partially open state, with an initial angle of up
to 2°. The toolkit accounted for this effect automatically by computing the initial
angle between the attached member axes and shifting the moment-rotation curve

accordingly.
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Figure 4.19: Results of FaroArm measurements. The measured members are in
blue and measured joints in orange. The nominal shape is plotted with red dashed
lines.

4.8 Results and Comparison to Simulations

The entire experiment was repeated four times, from fully stowed to fully de-
ployed. Figure 4.20 shows photos of the deployment at various stages. The sequence
reveals the order in which the Rolamite hinges latched. Between stages 5 and 6,
the diagonal hinges latched. Between stages 6 and 7, the bottom longeron hinge

latched. Finally, in stage 8, the upper longeron hinge latched.

Figure 4.21 plots the hinge rotations extracted from the videos. The independent
variable is the displacement of the carriage (marker 2) tracked by the stereo camera
pair. Each of the plots corresponds to one of the four tests. The hinges are latched
when the rotation reaches approximately 180° and becomes constant. The plot
shows that the two diagonal hinges generally followed the same path until just
before latching. However, the left diagonal hinge latched first. Unexpectedly, this
action temporarily jammed the right hinge, holding it at an intermediate rotation
value for a short time, as highlighted by the red oval in the first plot. For the
four tests, this value was 168° + 1°. Eventually the right diagonal hinge did latch,
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Figure 4.20: Stages of deployment experiment.

followed by the lower longeron hinge and then the upper longeron hinge.

In Figure 4.22, the rotation of each hinge is plotted for all four tests, as well as two
simulations. The first simulation is that of the actual module, such that the model
was recreated from the FaroArm measurement data. The second simulation is that of
the perfect module, the same results presented in Section 4.5. The first observation
to note from the figure is that the four tests were very consistent with each other for
the bulk of the deployment, with less than 3 mm spreads in the independent variable,
as indicated on the fourth plot. The second observation is that the two simulations
did yield different results, emphasizing the importance of studying the effect of
these errors. As expected, the actual module simulation results generally matched
more closely with the experimental results than the perfect module simulation. This
is especially evident in the rotation of the lower longeron hinge. There was a
discrepancy in the timing of the upper longeron hinge; the simulation of the actual
module predicted that it would latch earlier than the lower longeron hinge, and thus
the order of latching was different than that observed in experiments. However, the
temporary jamming behavior of the right diagonal hinge was precisely predicted by

the simulation of the actual module; the simulated intermediate constant rotation of
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Figure 4.21: Measured hinge rotations for each test. The rotations are plotted against
the displacement of the controlled node, as measured by the stereo camera pair.

167.2° was within the error bounds of the experimental results (168° + 1°). This

unexpected behavior was not captured by the simulation of the perfect module.

Figure 4.23 shows the displacement of marker 1 plotted against the displacement
of marker 2 for all four tests. The displacement of the equivalent node is also plotted
for the simulation of the actual module and the simulation of the perfect module.
As with the hinge rotations, the two simulations produced different results. In the
experiment and the simulation of the actual module, the total displacement of the
controlled node was about the same, indicating that the reaction force stop criterion
was met at the same point in the deployment. In the simulation of the perfect
module, however, the controlled node moved further before the stop criterion was

met. At the end of the deployment, the simulation of the actual module predicted
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Figure 4.22: Rotations of each hinge, as measured in all four tests and as predicted
in the two simulations. The rotations are plotted against the displacement of the
controlled node, as measured by the stereo camera pair.

the experimental displacement of the tracked node in any direction to within 4.1%.
For the perfect module simulation, this discrepancy was 9.4%. Thus, applying the

FaroArm measurements to the simulation model reduced the discrepancy by more
than half.

4.9 Chapter Conclusions

In this chapter, the experiments performed to validate the deployment simulation
were described. The experimental results were compared to two simulations: one
with the shape of the experimental module with fabrication errors accurately repro-
duced, and one with just the nominal shape. The results of the comparison showed

firstly that the two simulations produced different deployment behavior, demonstrat-
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Figure 4.23: (Left) From top to bottom, the displacement of marker 1 in x, y, and
z as measured by the stereo camera pair, plotted against the displacement of marker
2, or the controlled node. (Right) Identical to the left plot, except the x axis range
has been narrowed to focus on the end of the deployment.

ing that small errors in geometry do have an effect. Secondly, the simulation of
the experimental module did accurately predict the experimental results, with one
notable discrepancy in the order of latching. This discrepancy may be due to a

number of factors, including:

e errors in the shape measurements while using the FaroArm, caused by the

structure moving slightly when touched with the arm,

errors in the estimated compliance properties,

» differences in the moment-rotation curves among the Rolamite hinges,

oversimplified model of the joints,
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* difference in boundary conditions due to loose connections at the load cells

and improper alignments in the frame,

* and lack of friction in the simulated hinges.

Further work may attempt to improve this discrepancy. However, the primary
objective of the deployment simulation is to determine whether or not a deployment
has failed. In this respect, the relative timing of the hinges is inconsequential. A
potentially jammed hinge, however, is an important result. The simulation accurately
predicted the jamming behavior observed in experiments. Another important result
may be the final shape and precision of the module. The simulation was able to
predict the measured location of marker 1 at the end of the deployment to within
5%. Thus, the deployment simulation is assumed to sufficiently model deployment
behavior and will be used to produce reliability trade studies for the full ISTAR truss
module in Chapter 5.
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Chapter 5

RELIABILITY TRADE STUDIES

The previous two chapters discussed the development and experimental valida-
tion of the reliability estimation toolkit. The toolkit’s generality to many deployable
modules was emphasized. However, its primary purpose in this research is to es-
timate the deployment reliability of the ISTAR truss module. In the event of a
deployment failure, there are two recovery options possible with the ISTAR archi-
tecture. Either the robot must have enough complexity and mobility to identify and
correct the cause of the failure (e.g. a jammed Rolamite hinge), or the failed module
is abandoned and additional back-up modules must be launched. Thus, the potential
for failed deployments requires either significant additional complexity in the robot
design or wasted launch mass, and thus the number of failures must be minimized
and the deployment reliability maximized. To do this, two critical questions should

be answered:

* Which type of fabrication error is most detrimental to reliability?

* How do the truss module design parameters affect reliability?

The answer to the first question informs the required tolerances of the manufactur-
ing process and determines what part of the module must be manufactured most
precisely. The answer to the second question informs the design process and how

the truss module can be optimized to maximize reliability.

In this chapter, the design of the ISTAR truss module is first presented in
sufficient detail to be accurately modeled by the toolkit. Then, the specific criteria for
deployment failure are stated, specifying how reliability is defined in this research.
Using this criteria, the toolkit is used to first estimate the reliability of the truss
module as designed, identifying the effects of the different error types individually.
Then, a set of potentially relevant design parameters are identified. Each design
parameter is varied independently to establish its effect on reliability. Based on these
results, improvements to the truss module design and reasonable manufacturing

tolerances are suggested.
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5.1 Detailed ISTAR Truss Module Design

Some basic dimensions of the ISTAR truss module were chosen in Chapter 2.
However, in order to build the simulation model as described in Chapter 3 and
accurately predict the deployment reliability, a more detailed design is required.
Table 5.1 gives a comprehensive list of all the parameters required to fully define the
truss module. Refer to Section 3.1 for a more detailed description of each parameter.
The values marked with an asterisk were set in Chapter 2 and are reiterated here.
The methods and justification for choosing each of the remaining variables is the
subject of this section. Note that some of these parameters will be adjusted based
on their effect on reliability; what is given here is only an initial design. A CAD

model of this design is shown in Figure 5.1.

Figure 5.1: The ISTAR Truss Module Design shown stowed (left) and deployed
(right).
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Truss Geometry

L Deployed side length 2.76 m*
H Depth 2.76 m*
q Folded side length 140 mm
¥ Joint offset 35 mm
u Distance between folding member center lines when stowed 35 mm
Member Cross Section and Material Properties
d, Member outer diameter 35 mm*
t Member wall thickness 3 mm*
E,, Member material elastic modulus 340 GPa*
Vin Member material Poisson’s ratio 0.3*
Om Member material density 1620 kg/m?*
Joint Cross Section and Material Properties
aj Width of rectangular joint cross section 15 mm
b; Height of rectangular joint cross section 30 mm
E; Joint material elastic modulus 70 GPa
4 Joint material Poisson’s ratio 0.33
pj Joint material density 2700 kg/m?
Compliance Properties
Ostop Compliance/slack threshold 750 pum
kiow  Compliance/slack stiffness 10* N/m
kpign Wall stiffness 10° N/m
B50p Rotation overextension threshold 2°

Table 5.1: ISTAR truss module properties. The values marked with an asterisk were
set in Chapter 2 and are reiterated here.

The folded side length, joint offset, and folded distance between the center lines

of the members attached to the Rolamite hinges are the minimum allowable, so that
the module can be folded as compactly as possible, with all members completely
vertical and tangent to each other where applicable. As discussed in Section 3.1, the
minimum values of ¢, /;, and p are 4d,, d,,, and d, respectively. The Rolamite hinges
are assumed to use the same tape section and material as those of the experimental
wedge module described in Section 4.2. However, u in the experimental module was
only 26 mm, less than the minimum of 35 mm set by d,,. Thus, all cam dimensions

have been scaled from the experimental design by a factor 35/26.

The analytical equations in Section 3.1 state that the minimum deployment
moment is only a function of the tape cross section and material. Similarly, the
maximum latching moment is generally governed by the tape cross section and
material and only a weak function of the cam dimensions. Indeed, the values of the

minimum deployment moment and maximum latching moment for the ISTAR hinges
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are 0.065 Nm and 11.96 Nm respectively, mostly unchanged from the experimental
hinge values given in Section 4.2. Thus, it can also be assumed that the critical angle
is unchanged from the value of 176.5°. However, the deviations from the minimum
deployment moment shown in Section 4.5 are known to be dependent on the detailed
cam geometry. Thus, the full moment-rotation curve of the experimental hinges
generally cannot be applied to the ISTAR hinges with different cam dimensions.
Rather than build a hinge with the ISTAR dimensions and repeat the moment-
rotation experiment, the deployment moment is conservatively assumed to remain

constant at the minimum analytical value of 0.065 Nm.

The joint material is assumed to be aluminum, though future iterations may
instead use titanium for improved stiffness if mass constraints allow. The joint
design was selected after reviewing a number of joint designs for similar structures
[63][64][65][54]1[23]. Figure 5.2 shows a detailed view of a joint, with cross-section

dimensions a; and b;.

Figure 5.2: Illustration of a joint with rectangular cross-section in the ISTAR truss
module.

The compliance properties are assumed to be the same as those of the experi-

mental wedge module described in Section 4.1.

Initially, the robot is assumed to hold the centers of the two opposing verticals

connected to the interior folding longeron face, as shown in Figure 5.3. The geometry
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of this face is emphasized in Figure 5.4. As with the wedge model, moving these
two verticals apart in the direction perpendicular to their axis is sufficient to deploy
the module. The robot applies a constant velocity of 1 m/s in the y direction to
the two nodes shown with circles in Figure 5.3, until the reaction forces in these
nodes reaches a threshold of 5 N in tension. At that point, the control stops and
the simulation continues for a short time to allow the model to equilibrate. The
stabilization factor is set to 5.5x 1077, with an initial and maximum time step of .05

s and a total simulation time of 5 s.

L

Figure 5.3: The boundary conditions applied to the deployment simulation of the
ISTAR truss module. The two nodes marked with squares are fixed in space, while
the two nodes marked with circles are moved apart until the reaction force in those
nodes reaches a certain tolerance.

5.2 Failure Criteria

Again, reliability is estimated as the number of modules, each with a unique set
of errors, that deploy without failure. In this research, a deployment has failed if any
one of the Rolamite hinges has not latched or the reaction forces at the controlled
nodes have exceeded 500 N in any direction. A typical example of a latching failure
is shown in Figure 5.5. In practice, this is the only failure mode for all studies
presented in this chapter. The reaction forces required to constrain the Rolamite
hinges are small, because the hinge moments are benign (12 Nm maximum). Even
with errors, these reaction forces do not increase substantially during deployment.
However, large force spikes do occasionally occur just after control stops and the
robot begins simply holding the controlled nodes in place. Some Rolamite hinges
may continue to latch, pushing the nodes outward against the robot and causing

large reaction forces. Even if these forces exceed the limit, this is not considered a
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Figure 5.4: Diagram of the deployed wedge model emphasizing the folding longeron
face, shown with dashed lines. This face does not have any diagonals. During
deployment, the three verticals in this face only move apart in the y direction
relative to each other.

failure, since deployment control has already completed; in the actual mission, the

robot would be allowed to move to accommodate these forces.

As discussed in Section 2.3, rigid body actuators can account for errors up
to 10 mm on the top surface of the truss, much smaller than the errors that are
considered in these deployment studies. Thus, the precision requirement is not
included in the deployment failure criteria. However, for the assembly process, it is
necessary to know the magnitudes of errors that may be present after deployment.

This investigation will be briefly discussed in Section 5.11.
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Successful latching

Failed latching

Figure 5.5: (Upper) Example of a deployed module with all hinges successfully
latched. One longeron face is shown for detail. (Lower) Example of a deployed
module with some hinges unlatched. One longeron face is shown to contrast the
unlatched upper hinge from the latched lower hinge.

5.3 Reliability of ISTAR Design and Effect of Error Type

The first step in this research is to estimate the reliability of the above truss
module design with fabrication errors. As explained in Section 3.1, the three
types of errors are member length errors, member alignment errors, and hinge axis
errors. In a single deployment simulation, the error applied to a relevant location
in the model is randomly drawn from a uniform distribution. The bounds of the
distributions are +dL,,,, for member length errors, +dP,,,, for member alignment
errors, and +d#@,,,, for axis errors. A uniform distribution is used over a normal
distribution, since tolerances are often quoted with guaranteed definitive bounds,
rather than means and standard deviations. Uniform distributions have also yielded
more realistic results in previous literature [42]. Furthermore, in the FaroArm
measurements of the experimental module described in Section 4.7, most errors
were close to 0, but large outlying errors were measured that may not be captured

in a normal distribution. Still, the effect of using a normal distribution will be
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discussed briefly in Section 5.4.

The individual effect of length errors on reliability was first investigated by
setting dP,,, and d6,,,, to 0 and varying dL,,,,. For each value of dL,,, tested,
the deployment simulation was run for n = 50 trials, meaning that 50 models with
unique random error distributions were deployed. The number of successes out of
50, or the estimated reliability, was recorded, and the results are given in Figure
5.6. The error bars on the plot are the binomial 95% confidence interval on the
proportion, defined by the Clopper-Pearson method [66]. Unless otherwise stated,
all quoted confidence intervals and error bars use this method. The plot shows that,
for length errors less than 1 mm (dL,,,, = 1 mm), the deployment is expected to
be 100% reliable. The same process was repeated for member alignment errors
and axis errors, and the results are given in Figure 5.7 and Figure 5.8 respectively.
Reliability estimates of nearly 100% were achieved for member misalignment errors

less than 1 mm and for hinge axis errors less than 1°.
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Figure 5.6: Reliability vs. maximum length error (dL,,4).

The above results yield tolerances for nearly 100% reliability for each error type.
Comparing the relative difficulty of achieving these tolerances gives insight into
which error is most detrimental for reliability and what needs to be manufactured
most precisely. Rods can routinely be cut to within 0.1 mm, so the 1 mm tolerance
on length errors should be easily obtained. Member alignment errors are most
likely caused by the members not being straight. Commercial rods can achieve a

quoted straightness of 0.25 mm over 1.5 m; assuming that it extends linearly to the
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Figure 5.7: Reliability vs. maximum member misalignment (dP,,,.).
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Figure 5.8: Reliability vs. maximum hinge axis error (d6,,,y)-

maximum length in the ISTAR truss module of about 3.9 m (a diagonal member),
this yields a straightness of 0.65 mm, within the 1 mm tolerance [67]. An axis error
in a pinned hinge may be caused by offsets in the positions of the holes that hold
the pin. A tolerance of 1° for the pinned hinges across the 15 mm joint implies a
tolerance of 0.26 mm in the relative position of the holes. A standard CNC tolerance
is 0.1 mm, so 0.26 mm should be achievable. Alignment errors in the Rolamite
hinges may be caused by a relative twist in the cam sets introduced by a tension

difference in the two wires. For the experimental module described in Section 4.7,
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the plane of each cam set was measured with the FaroArm for the four Rolamite
hinges. It was found that the normals of these planes, or the hinge axes, differed
from the nominal design by up to 5°. Certainly, the hinges were not carefully
manufactured for the experiment and the twist can be greatly reduced by simply
measuring and controlling the tension in the wires. However, a tolerance of 1° may
be still be difficult to achieve. Thus, the hinge axis error is the most detrimental to
the reliability, and the focus of the manufacturing efforts should be on the Rolamite

hinges.

In the actual module, all three error types may be present. The deployment
simulation was run 100 times with the bounds dL,,,, = 1 mm, dP,,,, = 1 mm, and
dO,,qx = 1°. The resulting reliability was estimated to be only 77% (between 67%
and 85% within 95% confidence). This is a sharp decrease from the reliability esti-
mates for any single error type, suggesting that the error types are not independent
in their effect on the deployment behavior. A reliability of 77% is unacceptably
low; however, as just discussed, these bounds are unnecessarily high given standard
manufacturing capabilities. The remainder of this chapter presents the effect of
various design parameters on reliability. In each investigation, these error bounds
were applied, providing a low reliability baseline that allows for significant improve-
ments. Keeping all other design parameters nominal, one selected parameter was
varied and the reliability for each value was estimated after 50 trials. In many of the
investigations, some tested values were not feasible or within mission requirements.

The range of values was simply chosen to clearly show any effect on reliability.

5.4 Effect of Distribution Choice

As previously mentioned, a uniform error distribution was chosen for the ISTAR
module over a normal distribution, because it is easily derived from commonly
quoted tolerances, has been demonstrated to be more realistic in literature, and more
closely represents the experimental module measurements. However, depending
on the manufacturing process, a normal distribution may be more applicable for
other missions. To investigate the effect of the choice of distribution on reliability, a
normal distribution of errors was instead applied to the model. Each of the three error
types were drawn from normal distributions with means of 0 and standard deviations
equal to half the equivalent uniform distribution bound, so that approximately 95%
of the errors would be less than that bound. For instance, the member length errors
were drawn from a distribution with mean of 0 and a standard deviation of 0.5 mm.

As expected, this significantly increased the reliability to >93% after 100 trials,
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since the individual errors tended to be closer to O than in a uniform distribution.
Next, the standard deviation for each error type was set to twice the equivalent
uniform distribution bound, such that only approximately 68% of individual errors
would be less than that bound. As expected, the reliability was drastically reduced to
50%=+14.5% after 50 trials. This suggests that the reliability resulting from a uniform
error distribution with bound +o is between the reliability values resulting from
normal error distributions with standard deviations o- and o-/2. Which distribution is
more realistic and which bounding values to use again depend on the specifications
from the manufacturer and the type of manufacturing process. However, it can be
said that the uniform distribution yields intermediate reliability values and thus can

be used as a good benchmark for any distribution choice.

5.5 Effect of Hinge Moment

Intuitively, increasing the deployment moment of the Rolamite hinges would
decrease their sensitivity to errors and facilitate latching, therefore increasing relia-
bility. Higher moments can be achieved by simply stacking additional tape sections
together on both sides of the hinge; the moment is then proportional to the total
number of tape sections, according to the equations given in Section 3.1. To test
this hypothesis, the hinge moment in the simulation model was multiplied by factors
of 2, 4, and 6, equivalent to having 2, 3, and 4 tape pairs respectively. The results,
plotted in Figure 5.9, suggest that an increase in moment does have a significant
positive effect on reliability, and that a reliability greater than 98% may be achieved

with just three tape pairs total.
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Figure 5.9: Reliability vs. number of tape section pairs.
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5.6 Effect of Joint Stiffness

It was hypothesized that stiffer joints, or joints with larger cross-sections, would
prevent the structure from accommodating errors, leading to higher stresses and
lower reliability. This hypothesis was tested by multiplying the nominal values of
a; and b; by the same factor. The results, plotted in Figure 5.10, suggest that in fact
the joint cross-section has no statistically significant effect on the reliability for this

structure.
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Figure 5.10: Reliability vs. joint cross-section factor multiplying the width a; and
height b;.

5.7 Effect of Member Properties

The member wall thickness determines the stiffness and mass of the members.
As with the joints, it was hypothesized that stiffer members may lower reliability.
However, Figure 5.11 shows that, for the majority of the range tested, the reliability
is statistically unaffected by the wall thickness, with very thin members possibly

leading to lower reliability.

The member outer diameter affects not only the stiffness and mass of the mem-
bers, but also the length of the hinge offsets, the folded side length, and thus the
entire geometry of the structure. The effect of diameter on the reliability is plotted
in Figure 5.12. The results show that reliability sharply decreased for diameters
larger than 5 cm, with no successful deployments achieved with a diameter of 10

cm.
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Figure 5.11: Reliability vs. member wall thickness.
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Figure 5.12: Reliability vs. member outer diameter.

5.8 Effect of Compliance Properties

Without any compliance, the structure would not be able to accommodate any
errors without stressing the members. Thus, reliability was expected to be a strong
function of the compliance. As described in Section 3.1, the compliance is defined
by the threshold 6,,,, which separates a region of low stiffness kj,, from high
stiffness kpigp,. In the initial design, the value of kj,,, is not directly specified; rather,
the force at the threshold is set to 25 N. For this investigation, 6, was varied while
keeping the force at the threshold constant, such that k;,,, also varied proportionally.

The results, plotted in 5.13, support the hypothesis, showing that reliability increases
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as the compliance threshold increases.
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Figure 5.13: Reliability vs. compliance threshold.

5.9 Effect of Module Depth

In the initial design, the ratio of the module depth H to the side length L is
set to 1. This decision was made to not only satisfy the precision requirements as
outlined in Section 2.5, but also to avoid eccentricities during the deployment that
were assumed to reduce reliability. The ratio of H/L was varied from 0.25 (H =
0.69 m) to 2 (H = 5.52 m), and the reliability values are plotted in Figure 5.14. The
results show that very low truss depths lead to very low reliability, but for ratios

greater than 1, the reliability is statistically unaffected.

5.10 Effect of Control Location

Nominally, the controlled nodes are located at the midpoints of the two vertical
members, as shown in Figure 5.3, rather than the top or bottom. It was hypothesized
that controlling the deployment from different points along the vertical members
would lead to eccentricities that raise stresses and lower reliability. Yet, no sta-
tistical difference in reliability was found between controlling the midpoints, tops,
or bottoms of the two vertical members. However, the spike in reaction forces at
the end of the deployment significantly increased when the tops or bottoms were
controlled, reaching up to 16 kN in some trials. Again, these spikes were not offi-
cially included in the failure criteria, because the robot can move after deployment

to mitigate residual forces, but even the potential for such large reaction forces may
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Figure 5.14: Reliability vs. truss depth.

be undesirable for the control system. Thus, controlling from the midpoints is still

considered more reliable.

5.11 Chapter Conclusions

In this chapter, the deployment reliability of the ISTAR truss module with
fabrication errors was investigated using the reliability estimation toolkit. The
trade studies found that reliability is most strongly affected by the hinge moment,
compliance threshold, member outer diameter, and module depth. The member
outer diameter and module depth were previously chosen in Section 2.5 to satisfy
mass and precision requirements, and thus changes to these parameters may have
significant effects on the structure beyond reliability. While increasing compliance
also increases reliability, it may weaken the structure’s ability to carry loads. High
reliability can still be achieved with the same diameter, depth, and compliance by
simply adding two more tape pairs (three total) to each Rolamite hinge, a design

change that has minimal impact on the mission as a whole.

All of the trade studies were performed using the error bounds dL,,,, = 1 mm,
dPpax = 1 mm, and df,,,, = 1°. Individually, these bounds resulted in reliability
values close to 100% for the initial design. These results suggested that hinge
axis errors, particularly in the Rolamite hinges, are the most detrimental error type
to reliability, in that the tolerance required for nearly 100% would be the most
difficult to achieve. The member length and alignment tolerances were actually

unnecessarily high given standard machining practices. However, combining the
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errors compounded their effect on the reliability, reducing it to only 77%. While
unacceptable for the final design, this initial reference point was low enough to

clearly see improvements in the trade studies.

Given the results presented in this chapter, for the final ISTAR truss module
design, the Rolamite hinge moments should be increased by a factor of 4. The
manufacturing tolerance on the member length and alignment should be set to
0.5 mm, within the conceivable range of ordinary manufacturing processes and
commercially available parts. The hinge axis tolerance should be defined separately
for the Rolamite hinges and pinned hinges: set to 2.5° and 1° respectively. The
Rolamite hinge axis is a more relaxed tolerance than initially employed, but may
still require careful construction, particularly to avoid twisting the cam sections by
unevenly tensioning the wires. With these parameters and all others unchanged
from the initial design presented in this chapter, the toolkit predicts a reliability of
>96.3% after 100 trials.

For each of the 100 trials performed to obtain the above reliability estimate, the
final positions of the major nodes (center vertices of the top and bottom hexagon face)
were recorded and compared to the nominal positions. Recall from the experimental
validation that these positions can be assumed accurate to within 5%. On average,
the difference was 0.5 mm in any direction, with a maximum difference of up to
4.5 mm. This result suggests that, even though the applied member length and
alignment errors are only 0.5 mm, they compound with hinge alignment errors to

reduce the final precision by almost a factor of 10.



97
Chapter 6

ASSEMBLY ANALYSIS AND INTERCONNECT CONCEPT

As described in the introduction, the precise connection of many modules is
likely the most difficult aspect of the ISTAR architecture. After deployment, each
module has a certain set of geometric errors from its nominal shape due to im-
perfections introduced during fabrication. In Section 5.11, a set of manufacturing
tolerances were proposed that yield the desired deployment reliability. With these
tolerances, the module errors, or residual errors from the nominal shape after de-
ployment, may be up to 4.5 mm in any direction. The connection points on any
two adjacent modules have some nominal locations (distance and direction) with
respect to each other, defined by the required inter-module gaps in the backplane.
If module errors are present, the connection points will be misaligned. Connection
misalignments are defined in this context as the initial distance of one connection
point to its nominal position with respect to the other connection point before an
actual connection is made. A connection misalignment is illustrated in Figure 6.1.
The interconnects, or the mechanisms that make the physical connections between
connection points, must have a sufficient capture range to accommodate connection
misalignments. As an interconnect engages, the connection points may be forced
into alignment, stressing the structure. Once all interconnects are fully engaged, the
backplane will reach an equilibrium shape and stress state. The resulting stresses
cannot exceed the strength of the member material, which is 1300 MPa axially and
50 MPa in shear [60]. The equilibrium shape of the backplane will have surface
errors, defined as the out-of-plane distance of each major node (module vertex or
center) on the top surface of the backplane to its nominal position. The maximum
surface error, or the total surface precision, must not exceed 10 mm, as required by
the wavefront control system described in Section 2.3. The following questions are

thus posed in this research:

* What bounds on the module errors maintain safe stress levels in the backplane
throughout the assembly process? What bounds on the module errors main-
tain the required surface precision of the completed backplane, and do the
surface errors increase with the size of the backplane? Are the corresponding

manufacturing tolerances more or less constraining than those required for
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successful deployment?

* How do module errors contribute to connection misalignments? Given a
module error distribution, do connection misalignments grow with the number
of assembled modules? What is the maximum connection misalignment that

can be expected at any given point in the assembly?

* What level of complexity is required of the interconnect design to accommo-

date the maximum expected connection misalignment?

\ Connection //
A \ \ misalignment/ B
\ /
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/ \
/ 10 cm \
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Figure 6.1: Illustration of a connection misalignment between two modules. The
erred shapes of the modules are shown with solid orange lines, whereas the nominal
shapes are shown with blue dashed lines. Assume that module A is already part
of the structure, and module B is currently being assembled. If both modules were
perfectly constructed, their connection points would be in the locations of the white
circles. However, since errors are present, the connection point on module A is
actually in the location of the blue circle. The red circle marks the nominal location
of connection point B with respect to the actual location of connection point A,
which is 10 cm from the blue circle along a line from the center of module A.
The green circle marks the current location of connection point B. To engage the
interconnects, the green circle will have to become coincident with the red circle.
Thus the connection misalignment is defined as the distance between the green circle
and the red circle.

In this chapter, the ISTAR architecture assembly plan is first outlined in greater
detail, including the order of assembly and how many connections are required for
each module. Then, a new Abaqus-based step-by-step assembly simulation method

is described and used to answer the first two sets of questions. With this information,
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a simple interconnect design is initially proposed and a detailed simulation model
of one module with interconnects is developed. The model is used to determine if
the simple interconnects can fully engage when the maximum expected connection

misalignment is present, or if greater complexity in the design is required.

6.1 Step-by-step Assembly Simulation

First Second
connection connection

Sixth
connection

Seventh

Figure 6.2: Assembly of the first ring of modules and the start of the second ring.
The module in red is the hub. Modules in orange are connected along one edge
when assembled. Modules in blue are connected along two edges, and in green
along three edges. The first module in the second ring can either be connected along
one edge or two.

Section 2.2 briefly outlined the assembly plan proposed in the ISTAR architec-
ture. In this plan, the truss modules are assembled in rings around a central hub
that is rigidly connected to the spacecraft driving the primary mirror. The hub is
essentially a non-deployable version of the truss module. The modules are tiled
edge-to-edge, rather than face-to-face, and connection points are located at the top
and bottom of each edge vertical member. Thus, each edge connection between
two modules involves four connection points (two per module), joined by two in-
terconnects that are engaged simultaneously. Figure 6.2 illustrates the assembly of
the first ring of modules. The first module is connected to the hub along one edge.
Modules 2-5 are connected along two edges: one to the hub and one to the previous
module. The final module in the ring must be connected along three edges, meaning
six interconnects must engage simultaneously. The first module in the next ring can

be connected to the previous ring along one edge or two. Since a connection along
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a single edge provides minimal resistance to rotations about the horizontal plane,
the two-edge connection is more desirable. A full map of connections is illustrated
in Figure 6.3.

A_A A A
a7 v 46 v 45 v 44
A A A
v 26 v 25 v 24 v
A A A A
12 v 11 v 10 v 23
A_A A
V.V .V VY
A_A A A
4 v 0 v 1 v 8
A_A A
V.V V VY
A_A A _A
16 v 17 v 18 v 19
A A A
v 34 v 35 v 36 v
A A A A
57 v 58 v 59 v 60
A A A
v 87 v 88 v 89 v

Figure 6.3: Map of assembly connections. The module in red is the hub. Modules
in orange are connected along one edge when first assembled. Modules in blue are
connected along two edges, and in green along three edges.

This basic assembly process is translated into a general simulation methodology
as follows. In the first assembly step, two modules are placed in the model space,
each with a unique set of module errors that result in connection misalignments.
To mimic the interconnects engaging, the connection points along one edge of the
second module are forced into alignment with those on the first module. The fully
engaged interconnects are then added between the connection points to form the
connection. This allows the stresses in the second module caused by the forced
alignment to dissipate through the first module until the intermediate structure is in

equilibrium. Then another module is added and the process is repeated until the
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entire backplane is assembled.

6.1.1 Simple Example and Analytical Verification

In order to develop and illustrate the assembly process in Abaqus, a simpler
example of assembling pin-jointed truss members in a 2D geometry is initially
considered, as shown in Figure 6.4. In the initial model, the entire truss is created.
Joining connectors, represented as orange lines, effectively merge nodes 2 and 4; 3,
6,and 9; 5,7, and 10; and 8 and 12. The nominal locations of the nodes are set by the
1-m square geometry, but each node is randomly displaced in x and y by up to 1 cm,
meaning that each truss element has some associated length error. The connected
nodes are therefore not initially coincident, as illustrated, but exaggerated in the
figure. In the first analysis step in Abaqus, all elements are removed except those
shown using the "model change" tool. In the next analysis step, or the first alignment
step, node 6 is then displaced to be exactly coincident with node 3, and node 4 is
displaced to be exactly coincident with node 2. The truss elements connecting nodes
4 and 5 and nodes 5 and 6 become stressed as a result. However, there is no physical
connection between nodes 3 and 6 and nodes 2 and 4, and so the other members
remain unstressed. In the first equilibrium step, the connectors joining these nodes
are reinstated, and the structure reaches an equilibrium stress state. In the second
alignment step, nodes 7, 8, and 9 and associated truss elements are added back to the
model. Node 9 is displaced to be exactly coincident with nodes 3 and 6, and node
7 is displaced to be exactly coincident with node 5. The truss elements connecting
nodes 7 and 8 and nodes 8 and 9 become stressed as a result. All other truss elements
remain in the same stress state that resulted from the first equilibrium step. In the
second equilibrium step, the connectors joining these nodes are reinstated, and the
structure reaches a new equilibrium stress state. Each subsequent alignment step
adds a section of the truss and aligns the nodes to be connected, and each following
equilibrium step adds a physical connection between those nodes and allows the

structure to reach an equilibrium stress state.

All alignment and equilibrium steps are nonlinear, stabilized, static analysis steps
in Abaqus. Much like the deployment simulation, the Abaqus input file for the entire
simulation is written by a Python shell. Since each step is part of the same simulation,
one input file must be written to describe every step. However, the coordinates of
the nodes necessarily change throughout the simulation as the structure reaches
equilibrium. These coordinates are thus unknown when the input file is written,

and the displacements in any given alignment step cannot be prescribed directly.
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Instead, they must be automatically computed by Abaqus during the simulation with
the user subroutine UAMP.

Initial model
1 3 6 9 8 12
2 4 5 7 10 11
Alignment step Equilibrium step
1 3 6 1 3,6
1
2 4 5 2,4 5
1 36 9 8 1 3,6,9 8
2
2,4 5 7 2,4 5,7
1 3,6,9 8 12 1 3,6,9 8,12
3
2,4 5,7 10 11 2,4 5,7,10 11

Figure 6.4: Method for simulating the assembly of a structure in Abaqus, illustrated
with a simple 2D truss. Connectors are shown with orange lines in the initial model.
In the steps, green circles mark the locations of single nodes. Orange circles mark
the locations of multiple coincident nodes, all effectively merged with a joining
connector.

In the simple 2D example, the final structure is simply a pin-jointed truss,
with members linked by shared nodes. Theoretically, the equilibrium stresses and

displacements can be obtained analytically by applying the length errors as initial
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strains in the nominal geometry and using the singular value decomposition (SVD)
method developed by Pellegrino [68]. Figure 6.5 compares the equilibrium shape
of the structure as computed by Abaqus and the SVD method with the same set of
length errors. The results are nearly identical for the two approaches, even when
the displacements from the nominal geometry are magnified five times. Since the
lengths are compatible and there are no external loads, the stresses should be zero.
Indeed, the analytical solution computes exactly zero stresses, while the Abaqus
solution computes stresses on the order of 107> Pa. The small discrepancies in the
shapes are likely coupled to the small but non-zero stresses outputted by Abaqus,

which are presumably the effect of numerical approximations.

Figure 6.5: (Upper) Result of assembling a 2D erred truss structure with Abaqus
(orange) and with SVD (blue). (Lower) the same result, with the displacements
from the nominal geometry magnified five times.

6.1.2 Simulation with Modules
The procedure for assembling the ISTAR truss modules in Abaqus is very similar
to that just outlined. The modules are modeled with beam elements, using the same

overall geometry, member material and cross-section, joint material and cross-
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section and all other relevant parameters described in Section 5.1. However, each
module is constructed in the deployed position, and all hinges are replaced with rigid
beams. Module errors are introduced by offsetting the endpoints of each member
from their nominal positions in any translational direction. Again, these errors
represent the residual effect of length errors, member alignment errors, and hinge
axis errors post-deployment. Each endpoint offset in each direction is randomly
drawn from a uniform distribution with bounds +dE,,,,. In the initial model, all
modules are created such that their centroids align with the nominal tessellation of
the backplane with 10 cm inter-module gaps. The backplane curvature is ignored for
the purposes of this simulation. The connection points on each module are simply
the nodes located at the vertices. The interconnects linking the connection points
are modeled as single beam elements, assumed to have the same cross-section and

material as the module joints.

At the start of the simulation, all elements are removed, except for those compris-
ing two modules. The first module represents the hub, and is fixed at three vertices
on the bottom surface. This module is said to be the affixed module in this step, or
one that is already part of the assembled structure. The second module is the free
module, or that currently being assembled by the robot. In the first alignment step,
the connection points on the free module are displaced to their nominal location
with respect to the connection points on the affixed module, as shown in Figure 6.6.
This location is 10 cm from the affixed module connection point along a line from
the center of the affixed module. The forced displacement causes stresses in the free
module, but since they are not yet physically connected, the affixed module remains
unstressed. In the first equilibrium step, the interconnects between the modules are
restored in a strain-free state, since they are necessarily the nominal length of 10 cm
after alignment. The stresses in the free module dissipate through the interconnects

into the affixed module as the structure reaches equilibrium.

In the second alignment step, a third module is added, as shown in Figure 6.7.
This new module is now the free module, while the first two modules are now both
affixed modules. The user subroutine UAMP obtains the current coordinates of
each connection point. From this information, the connection points on the free
module are forced into alignment with the corresponding connection points on the
affixed modules. Again, the forced displacement causes stresses in the free module,
but since they are not yet physically connected, these stresses do not equilibrate

with the affixed modules. In the second equilibrium step, the interconnects between
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Figure 6.6: Illustration of the structure after the first alignment and equilibrium steps
have been completed. The stresses are color-coded, with red being the highest and
blue being the lowest. (Upper) In the first alignment step, the connection point on the
free module is displaced to its nominal position 10 cm from the affixed connection
point along a line from the affixed module center, as shown in the inset. Members
in the free module become stressed as a result of the alignment, with stresses clearly
concentrated in the red vertical member. (Lower) In the first equilibrium step, the
beam element representing the interconnect is replaced in a strain-free state, and the
structure reaches an equilibrium shape and stress distribution.
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the modules are restored and the entire structure reaches an equilibrium stress state.
Each subsequent alignment step adds a new free module and aligns it with the affixed
modules, and each equilibrium step adds the interconnects and allows the structure

to reach equilibrium.

6.1.3 Results

The assembly was initially simulated with dE,,,, set to 4.5 mm, corresponding
to the manufacturing tolerances suggested in Section 5.11 for 100% deployment
reliability. With these module errors, the shear strength of 50 MPa in the members
was exceeded after just five modules were assembled. dE,,,, was then reduced
to just I mm. With this bound, safe stress levels were maintained for up to 217
modules, corresponding to the n, =9, D,, = 94.3 m design described in Section
2.4. Unfortunately, the largest design could not be assembled with this simulation
method, as the Fortran code for the user subroutine UAMP was too large to compile.
Figure 6.8 plots the surface errors for the n,, = 9 design with dE,,,, = 1 mm. This
plot shows that the surface precision was nearly 20 mm, exceeding the maximum
requirement of 10 mm. Furthermore, the surface error clearly increased radially from
the center, indicating that the precision would worsen for the largest design. This
trend is further emphasized in Figure 6.9, which plots the maximum surface error
within each ring around the hub. The figure suggests that, for small aperture sizes,
the growth of surface errors is less rapid. However, as the aperture size increases,
the relationship to the maximum surface error becomes approximately linear, as
predicted analytically by Hedgepeth[41]. This is a critical result, providing answers
to the first set of questions posed at the beginning of this chapter. To maintain safe
stress levels and 10 mm surface precision, the module errors will have to be less
than 1 mm, meaning that the manufacturing tolerances required for a successful
assembly are far more restricting than those required for a successful deployment.
Increasing the range of the rigid body actuators may in fact be simpler and more
cost effective than restricting the manufacturing tolerances to this level. Thus, a 1
mm module error bound that maintains safe stress levels but stretches the surface

precision requirement is still considered a possibility for this mission.

In each assembly step, the free module was initially placed with its centroid in the
nominal location and connected to adjacent modules at either 2, 4, or 6 connection
points. Figure 6.10 plots the initial connection misalignments for each module in
the n,, = 9 design. An upward linear trend is clearly visible, with misalignments

on the edge of the backplane reaching up to 20 mm. However, even the minimum
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Figure 6.7: Illustration of the second alignment and equilibrium steps. At the start
of the second alignment step, a new free module is added and its connection points
aligned with those on the affixed (first and second) modules. The affixed modules
still have the same stress distribution resulting from the first equilibrium step, but
the stresses are much lower than those in the free module after the second alignment
step. In the second equilibrium step, the interconnects are replaced, and the structure
reaches a new equilibrium state as shown.
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Figure 6.8: Surface errors for the n,, =9 design.
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Figure 6.9: Maximum surface error within each ring around the hub. The secondary
x axis translates the number of rings to the aperture diameter.

connection misalignment for each module clearly follows the same slope, suggesting
that the entire module may have been offset as arigid body from neighboring modules
in its initial placement. This effect is clearly evident in Figure 6.11, which plots
the mean in-plane direction of the connection misalignments for each module. This

plot shows that the entire backplane was twisted about the center, with the amount



109

of twist increasing radially. Thus, module errors may lead to rigid body offsets that
grow with the size of the backplane. However, these offsets can easily be removed
during assembly by adjusting the initial position of the module accordingly and do
not contribute to the stress in the structure. Thus, the interconnects only need to
accommodate the residual connection misalignments after rigid body components
are removed. With this correction, no upward trend with module number is evident,
as shown in Figure 6.12. In fact, the combined module error distribution between any
two modules, which is independent of the assembly process, is logically recovered,
with the mean misalignment of 1.73 mm corresponding to a 1 mm error in all three
directions. This result does exhibit how the applied module errors combined to yield
connection misalignments up to 5 mm, even though the error at any one member
endpoint in each module was less than 1 mm. Thus, the second set of questions
posed at the beginning of this chapter is answered. In summary, module errors may
cause bulk displacements in the backplane, such that the initial placement of each
free module is increasingly offset from neighboring modules as the backplane size
increases. However, the connection misalignments do not grow with the number
of connections, but merely reflect the combination of random module errors at the
connection points. Yet, these combinations may significantly amplify errors at any
given connection point, yielding misalignments of up to five times the applied error

level.

6.2 Interconnect Design and Prototype

With the above information, concepts for the interconnect between modules can
be investigated. The direction from which each module approaches the partially
completed backplane during assembly determines how the interconnects must be
designed. For the three-edge connection, the approach is limited to two directions,
illustrated in Figure 6.13: purely horizontal and purely vertical. The module cannot
make one edge connection then rotate to make another. Rather, all three edges
(six interconnects total) must be connected simultaneously. With the horizontal
approach, the specific direction of each interconnect is not consistent; some must
be oriented tangentially to the module and others radially. This significantly com-
plicates either the interconnect design or the assembly process, forcing the robot to
correctly orient the modules. With the vertical approach, all edge connections can

be identical.

Following the vertical assembly approach, one simple concept for the intercon-

nect is sketched in Figure 6.14. It draws upon similar concepts found in literature
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Figure 6.10: Initial connection misalignments for each module. Note that each
module has between two and six connection points. The misalignment at each point
is plotted with a circle, and every circle corresponding to points on a specific module
are connected by a line. The linear regression trendline is shown in black.

and uses a magnetic interlocking cup and cone [37][36]. Again, the module cur-
rently being held by the robot and attached to the assembled structure is described
as free, whereas the module that is already part of the structure is described as
affixed. To make an edge connection, the free module must have the cup on the top
connection point and the cone on the bottom connection point. This arrangement is
described as a free edge, and a top cup or bottom cone is called a free interconnect
half. Conversely, the affixed module must have the cone on the top connection
point and the cup on the bottom connection point. This arrangement is described
as an affixed edge, and a top cone or bottom cup is called an affixed interconnect
half. Each module must have the correct number of free edges that attach to the
assembled structure when that module is placed, and affixed edges to which other
modules may attach as assembly progresses. According to the connection map in
Figure 6.3, blue modules must have two free and four affixed edges, green modules
must have three free edges, etc. The robot does have to orient each module correctly
to align the free edges with the affixed edges. However, the vertical approach is still
desirable over the horizontal approach, because the number of unique orientations

and interconnect types is still reduced.
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Figure 6.11: Illustration of the mean in-plane directions of the initial connection
misalignments. The vectors can be interpreted as the rigid body displacement of the
module from its initial location, or nominal location in the backplane, to its location
just after alignment. Its final position in the backplane may still change once an
equilibrium state is reached. The lengths of the vectors are simply scaled to show
relative magnitudes, and do not have any quantitative meaning.

The diameter of each cup/cone base is set to 6 cm. For convenience, the cup/cone
height is set to be equal to the radius. Again, the nominal gap between modules is 10
cm, which must be spanned by the gap spacer that holds the cup interconnects (see
Figure 6.14). Furthermore, this spacer must be adjustable to create the curvature of
the mirror, with a range up to 10 mm. Large adjustments may be made with a simple
screw system, while fine adjustments may be made with a piezo actuator; the details
of the mechanism are beyond the scope of this research. It should be noted, however,
that the gap on the bottom of the modules must necessarily be larger than the gap
on the top to create the curvature. Thus, the gap spacer must also allow for an angle
between the connected edges. The geometry is shown greatly exaggerated in Figure
6.15. The smallest value of R, enabled in the ISTAR architecture is 222.4 m,
corresponding to the smallest value of D,,, of 27.8 m (see Section 2.4). The design
value of H is again 2.76 m. This yields an angle § of only 0.13°. The kink angle
in the bottom interconnect is only /2, making x only 5.62 um. Furthermore, the
difference between the gap lengths at the top and bottom of the module is only 1.2
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Figure 6.12: Initial connection misalignments for each module with rigid body
components removed. Note that each module has between two and six connection
points. The misalignment at each point is plotted with a circle, and every circle
corresponding to points on a specific module is connected by a line. The linear
regression trendline is shown in black.

Figure 6.13: Illustration of approaching a connection horizontally (left) and verti-
cally (right). The arrows show that, with the horizontal approach, two of the edge
connections must be oriented tangentially to the modules, and the third must be
oriented radially.

mm. Thus, while the angle is necessary, it should not be difficult for the mechanism

to provide, and the kink should not significantly affect the structural integrity.
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Figure 6.14: Sketch of two interconnects linking a free edge and to an affixed edge.
Affixed edges have a cone on the top surface of the module and a cup on the bottom
surface of the module. Free edges have a cup on the top surface of the module and
a cone on the bottom surface of the module. The cups are held by adjustable gap
spacers with lengths set by the robot to create the required gap between the modules.
The nominal gap distance is 10 cm, with variations determined by the curvature of
the backplane structure.

To better visualize the process of connecting modules, a mock-up of the hub

and each module in the first ring was designed and 3D printed, as shown in Figure
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Figure 6.15: Diagram of the gap variation from the top to bottom surfaces of the
backplane structure. R, is the radius of curvature of the top surface and H is the
module depth. The nominal gap between the centers of the modules is 10 cm. The
curvature is shown greatly exaggerated for clarity; R, is actually much larger than
H, and thus the angle g is close to zero.

6.16. Each cup and cone were equipped with small but strong magnets to model the

interconnect behavior.

6.3 Interconnect Simulation

This simple interconnect design is not feasible unless the interconnects are
demonstrated to fully engage despite module errors. As determined by the assembly
investigation, the module error bound dE,,, is set to 1 mm. This section describes
the Abaqus simulation model and technique developed to predict the performance

of the interconnects with these error levels and determine their feasibility.

6.3.1 Simulation Building Blocks

In Abaqus, each cone is modeled with a combination of hexahedral (C3D8R)
and tetrahedral (C3D6) elements, seeded such that nodes are concentrated near
the tip, as shown in Figure 6.17a. Cones are assumed to be aluminum, with
corresponding material properties. Each cup is modeled as a conical analytical

rigid surface. Numerical problems resulting from the discontinuity at the tip of the
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Figure 6.16: Photos of the 3D-printed mock-ups of the first seven modules. The
inset shows the detail of one edge connection.

cup are avoided by placing a secondary flat rigid surface at this point, as shown
in Figure 6.17b. The size of the secondary surface can be arbitrarily small for the
simulation to run smoothly, but it is set to have the same radius as the base of the cup
for convenience. Again, the base radius and height of each cup and cone are both 3
cm. The cup surfaces (conical and flat) are defined to interact with the outer nodes
on the cone, acting as a hard boundary with sliding friction. The friction coefficient
is set to 0.04, assuming that all surfaces are coated with Teflon [69]. The magnetic
force between the cups and cones is not modeled, but rather it is assumed that the
magnets will hold the interconnects together once fully engaged, or the cups and

cones are in complete contact with each other.

To verify that the interconnect model behaves realistically, three simple tests

were performed. In the first and simplest test, a cone and much larger cup were
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(a) (b)

Figure 6.17: Abaqus models of the cup, composed of solid elements, and the cone,
composed of two analytical rigid surfaces.

‘. § }

Figure 6.18: Diagram of the simple test performed to verify that the cup acts as a
hard boundary. The cone is connected to a tripod of rigid beams at three points
around the edge of its base. The tip of the tripod is linearly displaced downward
until the cone touches the cup, slides down to the bottom, and is held in place. At
this point, the interconnect is fully engaged.

constructed. The top surface of the cone was linearly displaced toward the cup. As
expected, once the tip of the cone touched the cup surface, the displacement was
deflected such that the cone moved along the cup until it was held in place at the

bottom, or the interconnect was fully engaged, as shown in Figure 6.18.

The second test evaluated whether the interconnect would yield realistic dis-
placements and stresses in a simple system. An M55J CFC cantilever beam with a
length of 2.76 m and circular cross-section with diameter 3.5 cm was constructed.
The node at the free end of the beam, or the beam tip, was attached to a cone with

one rigid beam connector per each node on the cone base surface, as shown in Figure
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Figure 6.19: Diagram of the cantilever beam system with the cup/cone pair. The
beam is much longer than shown.

6.19. Three different simulations were performed. First, in a linear static step, the
tip was simply deflected in the z direction by 0.5 cm. All other degrees of freedom
at the tip were constrained. Second, again in a linear static step, the cup was moved
in the z direction by 0.5 cm starting from the point at which it met the cone. Thus,
the cone was deflected by approximately 0.5 cm, with some potential slip between
the surfaces. The third simulation was the same as the second, but the analysis was
nonlinear. For each simulation, the stresses and displacements along the length of

the beam were recorded.

The boundary condition at the tip in all three simulations can be approximated
as a clamped constraint. From Euler-Bernoulli beam theory, this is equivalent
to requiring that w(2.76 m) = 0.5 cm and w’(2.76 m) = 0, where w(x) is the
displacement of the beam in z at a distance x from the root. With the additional
constraints that w(0) = w’(0) = 0, the standard beam equation, w””(x) = 0, can be
integrated to yield w(x):

0.5cm

W) = D6 m)3

(3(2.76 m)x% — 2x3) :

The magnitude of the stress at the top and bottom of the beam is then ”%E Iw”(x),
where E is the elastic modulus of the beam and I = 7(3.5 cm)*/64 (circular cross-

section).

On the left, Figure 6.20 plots the displacements in z and stresses along the top
of the beam as computed by the three Abaqus tests and the analytical solution. The
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Figure 6.20: (Left) Displacement in the z direction and stress along the top of the
cantilever beam for the three simulation models and the analytical solution. (Right)
Differences in the displacement and stress from the analytical solution for the three
simulation models.

differences between the Abaqus simulations and the analytical solution are plotted
on the right. As expected, the first simulation in which the tip was deflected directly
and the other DOFs were constrained almost exactly matches the analytical solution.
The results of the second and third simulations show the effect of slip between the
cup and cone surfaces. Rather than remaining straight in the cup, the cone tilted
slightly back toward the beam, as shown in Figure 6.21. Thus, the slope near the
tip of the beam was non-zero, and the displacements in z were slightly decreased
(4% near the center), leading to lower stress magnitudes overall. The tilt also
compressed the beam in the x direction, relieving the tension stresses and adding
to the compression stresses, leading to a stress differential of about 2 MPa from the
bottom to the top of the beam that was constant along the length. This is in contrast
to the analytical solution and first simulation, in which the stresses along the top and
bottom of the beam were equal in magnitude. In a final simulation, a force in the —z
direction was applied to the tip. As expected, this pushed the cone further into the
cup, decreasing the tilt. The results of this test demonstrate that the cup and cone
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behave as expected; the cone acts as a hard boundary, but slip between the surfaces

is possible and may affect the connected structure.
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Figure 6.21: (Left) Displacement along the beam in the x direction. (Right) Image
of the cone tilt amplified 100 times.

Finally, the third simulation analyzed the effect of a slightly misaligned single
edge connection. To model the free edge, a vertical beam was constructed with the
same dimensions as the truss module vertical members: length of 2.76 m, outer
diameter of 3.5 cm, and wall thickness of 3 mm (pipe cross section). A single beam
element with the same material and cross-section as the ISTAR module joints was
attached to the top of the vertical beam on one end and to a cup on the other to
model the gap spacer, as shown in Figure 6.22. A cone was attached to the bottom
of the beam. Another cup and cone were fixed in space to mimic the affixed edge of
another module. First, the affixed interconnect halves were placed exactly below the
free interconnect halves. The top of the beam was pushed down in the z direction
until tips of the cones just touched the bottoms of the cups. As expected, the reaction
force at the control point and the stress in the beam were approximately zero. Then,
the affixed cone was offset by 1 mm in the —y direction and the affixed cup was
offset by 1 mm in the +y direction. The top of the beam was displaced by the same
distance. The stresses in the beam resulting from the misalignment were less than
2 MPa. However, the reaction forces required to displace the beam and push the
interconnects together were up to 2 kN in both the y and z directions. The results
of this test suggest the reaction forces computed in this model may be exaggerated,
because the cups are unrealistically rigid. However, the stresses in the beam are

likely realistic.
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Figure 6.22: Diagram of the simple misaligned edge connection test. The vertical
beam has the same length, material, and cross-section as those in the ISTAR truss
module. The beam is treated as a free edge, equipped with free interconnect halves.
The free cup is held by a spacer beam. Affixed interconnect halves are nominally
located just below the free interconnect halves, but a small offset in the y direction
is applied.

6.3.2 Full Model

Figure 6.23 shows the full model of the ISTAR truss module with three free
edges to be connected. The spacer beams holding the free cups are 10 cm long
and have the same material and cross-section as the joints. Each spacer is offset
from the structure in the z direction by b; to incorporate its width and the width
of the joint. As in the assembly simulation, the module is not deployable, with
rigid beams replacing the hinges. Endpoint errors within +dE,,,, may be applied
in each direction. Affixed interconnect halves are nominally placed just below the
free interconnect halves, but may be offset in any direction by a random error within
+dE,0x.
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affixed cone affixed cup

Figure 6.23: Diagram of the full module with three free edges equipped with free
interconnect halves. The free cups and affixed cones are highlighted with red circles
and the free cones and affixed cups are highlighted with green circles. The free
cones are offset from the module in the —z direction by a distance of b;/2, to model
the actual size of the joints to which they are connected. Each free cone is held by
rigid beams that connect every node on its top surface to two nodes on the module
as shown. The free cups on the top surface are offset from the module in the +z
direction by a distance b;, to model the actual size of the joints and the spacers to
which they are connected. The length of the spacer beam is set to 10 cm. Affixed
interconnect halves, representing those on other modules, are nominally placed in
line with the free halves in the z direction, such that the distances between the cone
tips and cup bottoms are all equal. The nodes controlled during the simulation are
labeled.

At the start of the simulation, for each interconnect, the tip of the cone and the
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bottom of the cup have some initial distance. In a nonlinear stabilized static step,
with a stabilization factor 5x10~7, an initial constant velocity of 1 m/s in the —z
direction is applied to the controlled nodes, with all other DOFs unconstrained. Note
that, because the analysis is static, the magnitude of the velocity has no affect on the
results. The user subroutine UAMP tracks the cup/cone distances after each time
step. When all distances are less than a given threshold, the control velocity is set
to zero and the simulation is concluded. The distance threshold will necessarily be
surpassed in the last time step, possibly leading to compression in the interconnects
if the time increment is too large. If this is the case, the results of the last time step

are ignored.

6.3.3 Results

|
A 2
e T € 9

Initial contact

Figure 6.24: Frames depicting an interconnect with a free cup and affixed cone.
Initially, the cup is displaced in the —z direction. When it contacts the cone, the
offset causes it to slide in the y direction until fully engaged.

As an initial test case, all errors were set to 0 and the control velocity was
applied until the distances between the interconnect halves were less than 0.1 mm.
As expected, the stresses in the module and reaction forces at the controlled nodes
were approximately zero throughout the simulation, since the interconnect halves
never came into contact. In a second test case, all of the affixed interconnect halves
were moved by 1 cm in the y direction. The initial distance was set to 5 cm and
the initial time increment was set to 1 ms. The same distance threshold of 0.1 mm
was applied. As expected, when the cones and cups came into contact, the entire
structure slid by 1 cm in the y direction, as shown in Figure 6.24. Figure 6.25 plots
the distances between the cups and cones for each of the six interconnects. The six
distances were all equal since the misalignment was uniform, and thus only one line
is apparent. The independent variable is the enforced displacement of the controlled

nodes in the —z direction. Of course, the distances in z decreased linearly from 5
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cm to 0, according to the applied control. The distances in y remained constant at
1 cm until contact was made, and then decreased linearly to 0. The distances in x
should have been zero for the entire simulation, but some small numerical errors
were evident after initial contact. As expected, the stresses in the module members
and the reaction forces at the controlled nodes were approximately zero throughout

the simulation.
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Figure 6.25: Plots of the cup/cone distances for each of the six interconnects in the

full model for the uniform misalignment test. While all six distances are plotted,
only one line is evident, since all of the distances are equal.

Then, dE,,, was set to 1 mm, the same module error bound that resulted from
the assembly investigation. The initial distance was decreased to 5 mm, and the
initial time increment again set to 0.01 ms. In this simulation, the distance threshold
was never reached, and the controlled nodes were displaced until too many iterations
were required to find an equilibrium solution. Figure 6.26 plots the interconnect
distances against the z displacement of the controlled nodes. The first vertical line
marks the point at which the reaction forces in the controlled nodes exceeded 0.01

N, or contact was first made between the interconnect halves. The second vertical
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line marks the point at which the reaction forces exceeded 300 N, or the maximum
the robot can apply. Again, these forces are likely overestimated, since the cups
and affixed interconnect halves are unrealistically rigid. The key result in the plot
is that, at a certain point, pushing downward on the structure did not decrease
the distances between the interconnect halves. Rather, for some interconnects, the
distance actually increased, caused by the spacer beam bending, as shown in Figure
6.27. The largest residual distance, or the minimum distance of the interconnect,
shown in blue in this case, was as high as 2.28 mm. Note that this is more than twice
the applied error bound, again demonstrating how errors can combine and amplify

in the module.
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Figure 6.26: Plots of the cup/cone distances for each of the six interconnects in the
full model for the random misalignment test. The first vertical line marks the point
at which the reaction forces at the controlled nodes exceed 0.01 N and the second
line marks the point at which the reaction forces exceed 300 N. These lines are
nearly coincident, and thus may appear as one line depending on the quality of the
image.

This is a critical result, suggesting that the proposed simple interconnect design

may be insufficient to ensure full engagement with these applied errors. One possible



125

Figure 6.27: Image of a spacer beam bending, which increases the distance between
the cup/cone pair despite the downward displacement.

modification involves a two-stage system: an initial "soft capture" stage and a locking
stage. In the soft capture stage, the interconnects are allowed some movement to
conform to misalignments. Once the interconnects are fully engaged, this motion
is constrained, locking them in place and making the assembled structure rigid.
Designing such a system is beyond the scope of this research. However, the soft
capture can be modeled by adding springs to the fixed interconnects, as shown in
Figure 6.28. The previous simulation was repeated with the same geometry and error
distribution, but with the addition of springs. The spring constants were 5 N/mm in
the x direction, 5.01 N/mm in the y direction, and 50 N/mm in the z direction. Note
that slightly different spring constants in each direction were necessary to provide a
preferential direction in the simulation; otherwise, Abaqus could not find a solution.
To avoid having too many unconstrained degrees of freedom, the controlled nodes
were fixed in all directions and rotations other than z, the direction of the controlled
velocity. The resulting distances between the cup/cone pairs are plotted against the z
displacement of the controlled nodes in Figure 6.29. Clearly, the residual distances
were greatly reduced, with the maximum among the interconnect pairs only 0.56
mm. Compared to the maximum residual of 2.28 mm for the model without the
springs, adding the springs improved the result by 75%. However, the residual

distances were still non-zero, and thus the interconnects did not fully engage.

6.4 Chapter Conclusions

This chapter first outlined the assembly plan in detail. In this plan, modules are
assembled in rings around a central hub. Each module is lowered into place by the
robot from the top of the backplane, to reduce the number of unique connection
types. Depending on its location in the backplane, a given module may be connected

to adjacent modules along one, two, or three edges. Each edge connection is created
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Figure 6.28: Affixed cup and cone with one attached spring in each direction. The
springs are connector elements linking the nodes marked with blue circles to the
node at the center of the cone base or the reference node of the cup analytical surface.
The blue nodes are fixed in space.

by two interconnects, one between connection points on the top of the modules and
one between connection points on the bottom of the modules. Thus, for modules

connected along three edges, six interconnects must engage simultaneously.

The effect of fabrication errors on the assembly process was then investigated.
A simulation technique was presented that sequentially adds modules with real-
istic material properties to a structure, allowing initial connection misalignments,
stresses, and surface errors to be tracked during assembly. Using this technique,
the assembly of the ISTAR modules was simulated, and the surface precision was
shown to decrease as the size of the backplane increased. One critical conclusion
was drawn from these results: the manufacturing tolerances are not limited by the
deployment reliability, but by the required surface precision and maximum allow-
able stresses during assembly. In fact, the manufacturing tolerances posed by the
assembly may be up to five times more restrictive, with subsequently soaring con-
struction costs. Further investigation is required to determine whether an increase in

capabilities of the wavefront sensing and control system would actually be simpler
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Figure 6.29: Plots of the distances between each of the six cup/cone pairs in the full
model with springs for the random misalignment test. The spring constants in this
case are 5 N/mm in the x direction, 5.01 N/mm in the y direction, and 50 N/mm in
the z direction. The first vertical dashed line marks the point at which the reaction
forces at the controlled nodes exceed 0.01 N and the second line marks the point at
which the reaction forces exceed 300 N.

and cheaper than increasing the precision of the manufacturing processes.

With the above information, a simple interconnect concept was proposed. This
design, drawn from previous literature, features a magnetic interlocking cup/cone
system. A detailed simulation model of one module with six interconnects was
created. Random errors with bounds determined from the assembly investigation
were applied. The simulation showed that the interconnects could not fully engage
with these errors, due in part to bending of the spacer beams that create the inter-
module gaps. A "soft capture" system was tested by allowing the interconnects some
freedom to move and accommodate these errors. This modification improved but did
not eliminate the problem. One conclusion may be that the module is just severely
overconstrained, with each of the six interconnects imposing a boundary condition

in each of the three translational directions and two rotational directions. Thus,
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engaging all six interconnects and constraining all of these degrees of freedom
simultaneously may be impossible. However, if all degrees of freedom are not
constrained after assembly, the stiffness and structural integrity of the completed
backplane may be severely reduced. Thus, some or all of the following modifications

to the interconnect design may be required:

* a more complex "soft-capture” system that strategically releases certain de-
grees of freedom entirely during assembly and constrains all degrees of free-

dom after engagement,

* a horizontal approach, rather than vertical approach, as shown in Figure 6.13,

that potentially reduces the effect of spacer beam bending,

* a greater range of robotic adjustment and control that allows the robot to

correct errors during assembly based on metrology measurements.
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Chapter 7

CONCLUSIONS AND FUTURE DIRECTIONS

In this research, the In-Space Telescope Assembly Robotics (ISTAR) architec-
ture for 20-m to 100-m robotically-assembled space telescopes was established.
Elements from previous reputable but outdated concepts were combined with cur-
rent state-of-the-art robotics and adaptive optics technologies to yield a modernized
and viable concept for future missions. In this architecture, the primary mirror is
uniquely divided into two types of modules: mirror modules, or groups of com-
mercially available mirror segments and actuators, and deployable truss modules
actuated by a combination of spring hinges and robotic control. In orbit, a crawling
robot first deploys and connects truss modules to build the primary mirror backplane
or supporting structure. The robot then attaches mirror modules to the completed
backplane. Both new and traditional feasibility analysis techniques were employed
to design the truss module and ensure that precision requirements can be met in the

presence of typical space environment loads.

One critical requirement of the architecture is that the truss module deployment
is reliable. The primary mirror may be composed of hundreds of modules, each
bulk manufactured with standard practices to reduce cost. Thus, depending on the
manufacturing tolerances, fabrication errors will be introduced that may hinder de-
ployment. In this research, a comprehensive simulation-based toolkit was developed
to quantify the reliability of a deployable truss module with any geometry given a
nominal design and set of tolerances. The toolkit can then be used to investigate the
effect of design parameters and tolerances on reliability, producing trade studies for
optimizing the design and manufacturing process. At the core of the toolkit is the
simulation of one deployment, performed using the finite element software Abaqus.
The simulation requires a high-fidelity model of the structure, including joint offsets,
compliance, and realistic spring hinge actuation. An experiment was performed to
verify that the simulation could accurately model deployment behavior. A 1/6th
section of the ISTAR truss module was constructed and its shape accurately mea-
sured. The experimental module was then deployed several times while tracking
select displacements and hinge rotations. Using the shape measurement data, a
simulation model was created, and the same displacements and hinge rotations were

obtained. The experimental and simulated results were in good agreement, and thus
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the deployment simulation was validated.

The validated toolkit was used to adjust the ISTAR truss module design and
set the manufacturing tolerances, ensuring that the deployment would be nearly
100% reliable with statistical confidence. First, an initial truss module design
was proposed. The individual effects of different error types on the reliability
of this design were investigated. Three error types were considered: member
length errors, member misalignment errors, and hinge axis errors. It was found that,
individually, the tolerances required for near-100% reliability were 1 mm, 1 mm, and
1° for the three error types respectively. After assessing the capabilities of standard
manufacturing processes, the hinge misalignment tolerance was determined to be
the most difficult to achieve and thus the most detrimental to reliability. The three
error types were then combined, yielding a reliability of only 77%, suggesting that
the error types are not independent in their effect on the deployment. From this
baseline, the following design parameters were varied: member outer diameter,
member wall thickness, module depth, joint cross section, compliance level, spring
moment, and robotic control points. It was found that increasing the spring moment
was the most effective method of increasing reliability without affecting the stiffness
or mass of the structure. The design of the truss module was adjusted accordingly,
and the final manufacturing tolerances were set to 0.5 mm, 0.5 mm, and 2.5° for the
three error types respectively, all reasonably achieved with standard manufacturing

practices.

The final effort in this research was to explore the effect of fabrication errors
on the assembly of the truss modules. An assembly plan was detailed in which
modules are assembled in rings around a central hub, each lowered into place from
the top by the robot. A simulation technique was developed to accurately model
the assembly process. The results showed that, as the backplane size increased,
the distance of any node from its nominal position increased, and thus the surface
precision decreased. However, in a given module, the errors were primarily con-
sistent with a rigid body offset. The initial connection misalignments encountered
in each assembly step did not increase substantially with backplane size when rigid
body components were ignored. However, in some assembly steps, the connection
misalignments were as much as five times higher than the applied fabrication errors,
a result of random unfortunate error combinations. With this information, a sim-
ple interconnect concept with interlocking magnetic cups and cones was initially

proposed. However, simulations showed that these interconnects could not fully
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engage with the misalignments observed in the assembly process, even with a "soft
capture”" modification that allowed for some accommodating compliance. Thus, it
was concluded that this interconnect design would not meet requirements. Though
further investigation was beyond the scope of this research, potential improvements

to the design were suggested.

In the future, the deployment reliability toolkit can be used to expand the body of
trade studies presented in this thesis, firstly adding more trials to the existing studies
to increase statistical confidence, then exploring other truss module geometries and
designs. The PACTRUSS was chosen in this research because of its heritage and
packaging efficiency. Similarly, Rolamite tape spring hinges were chosen because
of their heritage and thorough characterization. New deployable schemes and hinge
designs were not in the scope of this thesis, but are active areas of research. One
particularly interesting approach could be to replace the Rolamite hinges with simple
material hinges, in which some material of the CFC folding member is removed in a
strategic location, allowing the member to bend at that point. These hinges require
no additional mechanism that adds mass or complexity; rather a CFC tape spring
is effectively built directly into the member. One example of a material hinge is
shown in Figure 7.1. These kinds of hinges could not only replace the Rolamite
hinges, but even the pinned hinges in the module to potentially simplify the joint
design and further reduce mass. The resulting moment-rotation behavior is similar
to that of a Rolamite hinge, but the kinematics are different. The disadvantage is
that the degrees of freedom are not as well constrained, and the material hinges may
allow unwanted torsion in the member. The reliability estimation toolkit developed
in this thesis can easily be adapted to work with these types of hinges. The toolkit
can then be used to determine if the material hinges are more or less reliable than

the Rolamite hinges.

As with the deployment reliability toolkit, the assembly analysis and simulation
method can be used to explore other assembly plans or assess the effect of different
disturbances during assembly. For instance, thermal gradients were not considered
in this thesis but may significantly impact and increase the growth of errors. The
assembly method could easily be adapted to include thermal loads that may vary
spatially and transiently. Then, other assembly plans, like a linear pattern or as-
sembling in large groups, could be simulated to investigate whether they result in

reduced error growth and stresses.

Finally, the interconnect concept considered in this research will require sig-
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(a) Deployed configuration (b} Fully folded configuration

Figure 7.1: Image of an unfolded and folded material hinge in a carbon fiber
composite tube. The hinge is created by simply removing a section of material from
the tube. Source: [70].

nificant modifications in order to effectively engage despite fabrication errors, and
thus follow-up research may pursue entirely new concepts. It is possible that some
degrees of freedom must be unconstrained during assembly to accommodate er-
rors and constrained after assembly to rigidize the structure. The design of such a
locking mechanism is one potential area of research. Even for a perfect structure,
the interconnect must be variable in length to create the required curvature of the
mirror. Bulk adjustments may be accomplished with a screw mechanism operated
by the robot during assembly. If the precision of the screw mechanism cannot meet
requirements, then a piezoelectric system may be required for finer corrections. The
same mechanism can be used to reduce fabrication errors during assembly, with the
robot making corrections after each connection based on readings from the metrol-
ogy system. For any preliminary interconnect designs considered in future research,
the same principles and simulation techniques applied in this thesis can be used to
investigate the interconnect behavior and performance given the expected assembly
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