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Abstract

In-space manufacturing (ISM) is a candidate approach for constructing next-generation
space structures with larger dimensions than modern deployable systems. While many
ISM approaches have been proposed, analysis of their performance for building preci-
sion structures on orbit, such as large-diameter reflectors, is scarce. In this thesis, we
present a quantitative comparison of materials and processes for ISM, using perfor-
mance metrics for suitable feedstock materials and a fast and accurate manufacturing
method. Our analysis finds that deformation processes are a promising [ISM approach
due to their low specific energy consumption, almost an order of magnitude lower than
melt-based and extrusion processes which rely on heating of the feedstock. This low
specific energy consumption potentially enables deformation processes to fabricate
100-meter diameter structures on orbit in less than a day, whereas melt-based pro-
cesses may take more than a month and be limited to inferior feedstock materials.

Motivated by this comparison of ISM processes, we present an exemplar defor-
mation process, termed Bend-Forming, for fabricating truss structures in space. The
method relies on the combination of CNC wire bending with mechanical joints to form
trusses from raw feedstock via plastic deformation. We demonstrate the method with
exemplar structures on the order of 1 meter and provide a framework for fabricating
arbitrary geometries with Bend-Forming, including reticulated columns, shells, and
trusses. To guide the design of Bend-Formed structures for space applications, we
next investigate the compressive behavior of Bend-Formed isogrid columns through
experiments, finding that the structures undergo a smooth formation of buckling de-
formations. Finite element analyses accurately predict the maximum loads observed
experimentally, highlighting the imperfection-insensitive nature of the Bend-Formed
columns. Finally, we present a potential space application of Bend-Forming, namely
the fabrication of support structure for an electrostatically-actuated reflector antenna.
To demonstrate the concept, we design and fabricate a 1-meter diameter antenna pro-
totype with Bend-Forming.

Overall, this research adds to the growing field of ISM by 1) providing a frame-
work for assessing materials and processes suitable for ISM; and 2) introducing a
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novel approach for constructing truss structures, called Bend-Forming, with potential
application to ISM.
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Chapter 1

Introduction

Large space structures have been of interest for decades due to the performance
benefits they offer for various space missions: communications [1, 2|, remote sensing
[3], astronomy [4], power generation [5], and propulsion [6]. A prime example of the
enabling capabilities of large space structures is in remote sensing, where reflectors
with diameter greater than 100 meters could enhance the gain, sensitivity, and spatial
resolution of existing systems as well as enable new sensing applications, such as
microwave radiometry in geostationary orbit for continuous climate monitoring [7].
Performance benefits are also expected in communications, where larger reflectors
could enable higher data rates and smaller ground station antennas [1]; in power
generation, where larger support structure could enable MW-scale space solar power
stations [8]; and in propulsion, where kilometer-scale membranes could enable solar
sails to reach previously inaccessible orbits [6].

Given the performance benefits offered by large space structures, various ap-
proaches have been explored for achieving such systems in space. Today, the state-of-
the-art approach for achieving large space structures is through deployable systems,
which are tightly packaged before launch and unfurl into a larger volume on orbit.
For instance, deployable booms made of high-strain composites are routinely used to
deploy optics, solar arrays, and solar sails |9, 10, 11]. Further, deployable antennas
such as the AstroMesh have decades of flight heritage for comminucation and radar

satellites [12].
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While such deployable systems have been used extensively in space, they do have
limitations, especially as their size increases. For instance, deployable structures are
generally designed to withstand launch loads, which adds weight to the spacecraft;
they are costly, due to the testing and integration required to ensure successful de-
ployment; and their size is limited by the packaging and precision constraints of the
deployed shape. Indeed, modern deployable reflector antennas exhibit a trade-off be-
tween surface precision and diameter, which has limited their practical size to tens
of meters [13]. Additionally, composite deployable booms undergo stress relaxation

during stowage [14], which affects their precision and decreases reliability.

Given these challenges, there is growing interest in a new paradigm for construct-
ing large structures on orbit, called in-space manufacturing (ISM). ISM refers to
launching raw feedstock to space along with a robotic system which manufactures
the desired structure using power on orbit. The key advantages of this approach are
that it allows fabrication of structures optimized for the space environment; it enables
mission flexibility through on-demand fabrication; and with enough feedstock, it can

construct larger structures than can be deployed with systems today.

A wide range of feedstock materials and processing methods have been proposed
for ISM. Some examples include: additive manufacturing of structures from metallic
and fiber-reinforced composite feedstocks |15, 16]; extrusion of fiber-reinforced plas-
tics with high specific stiffness and strength [17, 18]; and deformation processing of
complex structures through plastic deformation [19, 20]. However, there has been no
systematic comparison of the relative benefits of each approach, making it difficult
to determine the optimal ISM approach for a given application. Hence in this thesis,
we contribute to the growing field of ISM by 1) providing an engineering framework
for assessing materials and processes suitable for ISM; and 2) introducing a novel
approach for constructing truss structures called Bend-Forming, with potential ap-

plication to ISM.

The work is organized as follows. Chapter 2 summarizes previous work relevant
to both large space structures and in-space manufacturing. Chapter 3 presents a

quantitative comparison of materials and processes for ISM, using performance met-
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rics for suitable feedstock materials and a fast and accurate manufacturing method.
This analysis highlights specific materials suited for ISM and finds that deformation
processing is a promising ISM approach due to its low specific energy consumption.

Motivated by this analysis, Chapter 4 presents a deformation process for fabricat-
ing truss structures from a spool of raw feedstock, with potential application to ISM.
The method, called Bend-Forming, relies on CNC wire bending and mechanical joints
to form trusses via plastic deformation. We demonstrate the method with exemplar
structures on the order of 1 meter and provide a framework for fabricating arbitrary
geometries with Bend-Forming, including reticulated columns, shells, and trusses.

To guide the design of Bend-Formed structures for space applications, Chapter
5 investigates the mechanical behavior of columns fabricated with Bend-Forming.
In particular, we conduct compressive tests on Bend-Formed isogrid columns with
varying geometries to understand their buckling and post-buckling behavior. These
experiments show that the structures undergo a smooth formation of buckling defor-
mations, and that contrary to thin cylindrical shells, they do not exhibit an abrupt
destabilization past their first bifurcation. With finite element models, we accurately
predict the maximum loads the columns can withstand, highlighting the imperfection-
insensitive nature of the Bend-Formed columns.

Next, Chapter 6 introduces a potential space application of Bend-Forming, namely
the fabrication of support structure for an electrostatically-actuated reflector antenna.
We demonstrate a structural concept for this application by fabricating a 1-meter di-
ameter antenna prototype with Bend-Forming. We also verify the structural design
with finite element simulations and a preliminary experiment for applying radial com-
pression to the structure. Finally, Chapter 7 concludes the thesis with a summary

and recommendations for future work.
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Chapter 2

Background

2.1 Historical Perspective on Large Space Structures

Large space structures have been of interest for decades, and various approaches
have been studied in the past. Of the many applications of large space structures,
large-diameter reflector antennas have received the most interest because of their
practical significance for communication and sensing satellites. Multiple structural
designs have been proposed and tested for this application, including designs which
rely on inflatable structures |21, 22|, orbital assembly [23, 24|, in-space manufacturing
[19, 20|, and deployable structures |25, 26, 27|.

The first large inflatable designs to be tested were metallized balloon satellites
launched as part of Project Echo in the 1960s [21]. These balloons expanded to a
diameter of up to 40 meters on orbit and served as passive antennas, successfully
reflecting microwave transmissions across the United States. Later, the Space Shut-
tle was used as a platform for demonstrating concepts for in-space assembly (ISA).
One such concept proposed using the manipulator arm to assemble small truss mod-
ules into a large curved aperture [23|, while another concept relied on astronauts
assembling struts into a large mast during extravehicular activities (EVAs). In 1985,
in-space manual assembly was first demonstrated when two astronauts assembled a
14-meter long truss outside the Shuttle bay in 25 minutes [24]. Research into such

ISA concepts culminated in the assembly of the largest space structure to date, the
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International Space Station.

Other approaches, known as in-space manufacturing (ISM), considered the use of
a robot in space to form feedstock into desired shapes. At the end of the 1970s, two
such concepts culminated in ground demonstrations: the Grumman Beam Builder
which constructed long metallic trusses by forming and spot-welding thin strips of
aluminum [19]; and SCAFEDS which constructed trusses out of a graphite fiber-
reinforced plastic by roll forming and ultrasonic welding [20]. Both these systems were
envisioned to manufacture trusses up to 300 meters in length on orbit, for applications

such as large solar arrays and antennas.

Finally, many deployable designs for large antenna reflectors have also been de-
veloped. Some examples include the radial-rib antenna, which unfurls similar to an
umbrella [25]; the wrap-rib antenna, which deploys by unraveling thin ribs wrapped
around a central hub [26]; and the tension truss antenna, which supports a faceted
parabolic mesh with tensioned ties [27]. As systems lending themselves to meaning-
ful ground-based demonstrations, these concepts have matured significantly, enabling

the largest antennas on orbit today.

Despite decades of research on these various approaches to large structures in
space, today there are only a few examples of structures with dimensions greater
than 35 meters, due to challenges with high costs, complex designs, and decreas-
ing performance. For instance, concepts for manual assembly of large trusses were
abandoned due to the costs and risks of extended EVAs, such as astronaut fatigue
during assembly [24]. Concepts for robotic assembly were not realized due to the
low technology readiness level for assembling hierarchical struts and joints [24]. Like-
wise, concepts for in-space manufacturing were hampered due to the unreliability of
manufacturing processes, high energy consumption of operations like welding, and
concerns of thermally induced strains during fabrication [24, 28]. While some early
deployable and inflatable designs have been adapted for modern reflector antennas,
original designs for 100-meter scale structures have also been difficult to implement
because of issues with the accuracy and reliability of deployment mechanisms [14], ex-

cessive support structure required to survive launch loads, and thermal distortions in
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the space environment, which cause unwanted surface error and degrade performance.
Indeed, modern deployable reflectors exhibit a trade-off between surface precision and

diameter, which has limited their practical size to tens of meters [13].

2.2 Relevant Work on ISM

With this historical backdrop in view, rapidly decreasing launch costs and recent ad-
vances in controls and robotics have given rise to resurgent interest in constructing
large space structures, especially via in-space manufacturing (ISM). This approach
offers the unique opportunity for on-demand fabrication of structures optimized for
the space environment. Recent analytical models [29, 30, 31] have found three spe-
cific applications of ISM which could offer significant mass and cost savings for cur-
rent mission architectures: on-demand spares manufacturing, large external structure
manufacturing, and planetary surface infrastructure manufacturing. The first refers
to the fabrication of spare parts and tools for long-duration missions, for which ISM
approaches offer large mass savings by eliminating the need to carry spares during
launch [29]. The second refers to the fabrication of large support structures in space,
for which ISM offers the largest cost savings by enabling the construction of large-
diameter antennas in geostationary orbit [30]. Finally, the third application of ISM
refers to the in-situ fabrication of infrastructure on planetary surfaces, which can
enable long-duration missions for human spaceflight and planetary exploration [31].
These promising applications have stimulated both government and commercial
interest in developing technologies for ISM. Guided by the national strategy for in-
space servicing, assembly, and manufacturing [32], NASA is currently pursuing two
missions, termed OSAM-1 and OSAM-2, to demonstrate manufacturing in space.
These spacecraft, set to launch in 2025, will test the robotic assembly of a 3-meter
diameter reflector antenna, as well as extrusion of a 10-meter long composite boom on
orbit [33, 34]. The European Space Agency (ESA) has developed its own strategy for
ISM, pursuing projects through the “Out of Earth Manufacturing” initiative, such as

additive manufacturing of metals in microgravity and construction of infrastructure
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from lunar regolith [35, 36]. The China National Space Administration (CNSA) is
also investigating methods for constructing large structures on orbit, for space-based

solar power stations and human spaceflight missions [37].

In industry, various companies are pursuing ISM concepts for fabrication of on-
demand spares, large support structures, and planetary surface infrastructure. For
manufacturing of on-demand spares, Redwire Space (formerly Made In Space) has
developed the Additive Manufacturing Facility, which is capable of 3D printing poly-
mer parts via fused deposition modeling. Commercially operating since 2016 aboard
the International Space Station (ISS), the facility has produced over 200 components
for both government and commercial customers [38]. The same company has also
developed the Ceramics Manufacturing Module aboard the ISS for manufacturing ce-
ramic components using stereolithography [39], as well the BioFabrication Facility for
manufacturing human tissue in microgravity [40]. Future plans seek to increase the
build volumes of these systems and to achieve multi-material additive manufacturing

in space, with combined metal, composite, and polymer feedstocks [41].

For construction of large space structures, many approaches have been proposed
since the original NASA beam builders developed in 1979. Tethers Unlimited, for
instance, has developed a robotic system for extrusion of composite trusses from
comingled yarn of carbon fiber and polyether ether ketone (PEEK) [17], demon-
strated on the ground in 2017. Redwire Space has also developed a system for fused
deposition modeling of beams from carbon fiber-reinforced thermoplastic polymers
[16]. This process will soon be demonstrated in space with the fabrication of two 10-
meter long beams, as part of the NASA OSAM-2 mission [34]. Other recent concepts
for constructing large space structures include robotic assembly of metal beams for
commercial space stations [42, 43|, as well as self-assembling tiles which reconfigure
into large apertures using electromagnetic forces [44].

Finally, given the recent emphasis on human planetary exploration of the Moon
and Mars, technologies are under development for in-situ fabrication of infrastructure
on planetary surfaces. For instance, the Zero Launch Mass 3D Printer developed by

KSC Swamp Works fabricates structures from regolith simulant and a thermoplastic
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binder, using big area additive manufacturing (BAAM) [45]. Another concept, the
MARSHA prototype developed by Al SpaceFactory [46], uses a similar BAAM process
with basalt fiber and polylactic acid (PLA) and won first place at the NASA 3D
Printed Habitat Centennial Challenge in 2019. Yet another concept, the MIRA3D,
envisions additive layer manufacturing of lunar regolith using a robotic arm which

directly heats the feedstock material [47].

2.3 Summary

In summary, constructing large structures in space has been of interest since the
beginning of the space age, but early concepts for 100-meter scale structures were
abandoned due to technical challenges with fabrication in the space environment, as
well as the maturing technology of deployable structures. Today, there is a resurgent
interest in in-space manufacturing (ISM), particularly for the applications of fabri-
cating on-demand spares, large support structures on orbit, and infrastructure on
planetary surfaces. Numerous approaches have been proposed for these applications,
with varying levels of maturity and technological readiness for fabrication in space.
Given this burgeoning field of ISM, in this thesis we provide guidelines for assessing
feedstock materials and processes for ISM, as well as introduce a new approach for
fabricating truss structures from raw feedstock, particularly for the construction of

large support structures on orbit.
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Chapter 3

Engineering Framework for Assessing

Materials and Processes for ISM

3.1 Introduction

While many approaches have been proposed for manufacturing structures in space,
there has been no comparison of the various potential feedstock materials and manu-
facturing processes, making it difficult to select an optimal ISM approach for a given
application. Hence, in this chapter we pursue a system-level comparison of materials
and processes suitable for ISM, using relevant performance metrics for precision space
structures such as the examples shown in Fig. 3-1. By using material indices for ther-
mal stability, resistance to disturbance loads, and minimal-mass buckling strength,
we identify specific metals, composites, and polymers as candidate construction mate-
rials for ISM of such structures. Correspondingly, using the process metrics of energy
consumption and accuracy, we compare manufacturing processes amenable to ISM.
We then apply these material and process considerations in a case study on ISM of
a large tetrahedral truss supporting a reflector surface. This analysis highlights de-
formation processing as a promising ISM method which has low energy consumption
and limited thermal distortion during forming. Note that this chapter is adapted
from the published article in [48|.

29



(b)

Figure 3-1: Exemplar space structures: (a) truss boom supporting the solar panels
of the International Space Station (credit: NASA); (b) artist concept of the NISAR
spacecraft supporting a large microwave reflector antenna (credit: NASA)

3.2 Material Considerations for ISM

We first identify candidate construction materials for ISM of an exemplar structure:
a large curved reflector like the one shown in Fig. 3-1b. For such an application, the
key design objective is to maintain a specified gain and resolution during the lifetime
of the mission. In the space environment, however, there are many sources of inac-
curacy which can degrade antenna performance. There are surface distortions from
thermal gradients during orbit, which become amplified for larger apertures [49|; there
is unwanted deformation from quasi-static and periodic loads, such as from slewing
and attitude control [4]; and there are local compressive loads which cause buckling
of individual struts [50]. Given these challenges, the optimal design for a reflector
antenna would be one in which (1) surface errors from thermal distortion are mini-
mized; (2) surface errors from inertial and periodic disturbances are minimized; and
(3) individual members have maximum buckling strength per unit mass. To identify
construction materials which satisfy these performance requirements, we use group-
ings of material properties, termed material indices, originally developed by Ashby
and co-workers [51]. These indices serve as quantitative guides in material selection
for engineering design, as optimal materials for a given application are generally those

which achieve extremal values of a cost function whose inputs are material indices. In
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what follows, we use material indices to determine which materials are most suitable
for ISM feedstock. Of course, the native performance of structures made from these
materials could be enhanced via coatings, active control, and other complementary

methods.

3.2.1 Thermal Stability

Thermal distortions in a large space structure generally result from through-thickness
temperature gradients during orbit [49, 52|. To mitigate such distortions, materials
must be chosen which have minimal distortion in the presence of a temperature gradi-
ent. The relevant material index can be determined by considering a simple conduc-
tion model of a simply-supported beam of length L and thickness h, heated on one
side with a fluctuating heat flux of magnitude ¢g. Assuming the period of fluctuations
is greater than the thermal response time of the beam, a steady-state temperature
distribution 7T'(y) will develop through the beam thickness. For an unconstrained
beam, this will cause a curvature to develop, with magnitude [53]
dl'  «

= a— = —q. 3.1
L (31)

Here « is the coefficient of thermal expansion, and Fourier’s Law is used to rewrite
the temperature gradient in terms of the incoming heat flux ¢ and the beam ther-
mal conductivity A. By integrating the curvature twice and using simply-supported
boundary conditions, the central transverse deflection of the beam is obtained as

1 o

Omaz = quZ(/\). (3.2)

From Eq. 3.2, minimizing the thermal distortion requires maximizing the material

index

A
Mlz—.
«

(3.3)
We seek materials which maximize this performance metric for thermal stability.
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To this end, Fig. 3-2 shows the relevant material property diagram, which plots the
thermal conductivity A against the thermal expansion coefficient « for a wide range of
ferrous and non-ferrous metals, polymer and metal-matrix composites, and unfilled
thermoplastics and thermosets. Figure 3-2 shows a contour line for the material index
M; with slope of 1. This line serves as a guide for selecting materials with minimal
thermal distortion, and it can be shifted across the plot to identify materials which
have the same value of M;. To select materials which perform best, a line is picked
which isolates a search area containing a small number of candidates, as depicted
in Fig. 3-2. Inspection of Fig. 3-2 shows that among metals, copper alloys, beryl-
lium, and Invar are attractive feedstock materials with minimal thermal distortion.
Among composites, the metal-matrix composite of carbon fiber /aluminum is an op-
timal choice, given its remarkably high thermal conductivity. Other good feedstock
candidates are SiC/aluminum, carbon fiber/PEEK, and carbon fiber/epoxy. Com-
paratively all unfilled polymers have low thermal stability, but among thermoplas-
tics, polyetherketoneketone (PEKK) and self-reinforced polyphenylene (SRP) perform

best; and among thermosets, polyimides (PI) perform best.

3.2.2 Resistance to Disturbance Loads

Next consider the objective of minimizing distortion of a fabricated space structure
from disturbance loads. For a large space antenna, unwanted surface error can result
when the structure accelerates in response to slewing, attitude control, or gravity
gradient loads. If such loads are harmonic, Lake et al. showed that the upper bound

on rms surface error (z,,s) of a passive structure is given by [4]

a’rms (34)

Trms < FQfgy
where a,.,,s; is the rms magnitude of the accelerations, and f, is the fundamental
natural frequency of the structure. Equation 3.4 shows that minimizing surface error
from disturbance loads requires maximizing the fundamental natural frequency of the

structure. Modeling the aperture of a space antenna as a flat, isotropic circular plate
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Figure 3-2: Material property diagram for selecting ISM feedstock with thermal sta-
bility, plotted for three material classes — metals, polymer/metal-matrix composites,
and unfilled plastics [54|. Materials toward the upper left corner are thermally stable
and undergo the least distortion in the presence of a through-thickness temperature
gradient. Note all material properties are at room temperature.
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with fixed diameter and bending stiffness but varying depth, the relevant material

index which maximizes its natural frequency is [53]

M, = ( ) . (3.5)
p

The above material index, a function of the Young’s modulus £ and density p,
does not consider damping, as it assumes the harmonic loads do not excite the natural
frequencies of the structure. However, if the excitation covers a wide frequency range
which includes the resonant frequencies of the structure, damping becomes important.
In that case, a relevant material index can be derived by considering the passive
damping of the feedstock through the material loss coefficient 1 [53]. The resulting

material index is

My =My, (3.6)

where the constant k (typically greater than 2) describes the power spectral density
of the excitation. In particular, k& = 2 represents a disturbance with constant input
velocity and finite power; k > 2 represents an excitation more concentrated at low
frequencies; and k£ — oo represents a disturbance that does not excite any resonant
frequencies. In this way, the constant k represents the relative importance of the
material damping 7 to the material index M, for maximizing natural frequency. The
smaller the value of k, the closer the excitation to the resonant frequencies and the
more important the inherent damping. Note that Eq. 3.6 only considers passive
damping of the feedstock. For a large structure, the damping from mechanical inter-
faces and the resulting interface friction will ultimately contribute greater damping
which is not considered by this simplified material index. Nonetheless, a larger value
of k can represent the increased importance of maximizing natural frequency in such

cases.

To identify materials which maximize this performance metric for minimal distor-
tion, we plot the relevant material property diagram in Fig. 3-3. Here the material

index M,, which represents the maximum natural frequency achievable for a flat
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plate, is plotted against the material loss coefficient 7, a measure of energy dissipated
per loading cycle. To guide material selection, a contour line for M, with a slope
of 1/(1 — k) is overlaid. Here we use a value of k = 2, corresponding to a distur-
bance with finite power and a scenario where material damping is as important as

maximizing the natural frequency.
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Figure 3-3: Material property diagram for selecting ISM feedstock with minimal
distortion from harmonic disturbance loads, plotted for the same materials as Fig.
3-2 [54]. Structures fabricated with materials toward the upper right corner have
minimal distortion due to both high damping and high natural frequency. A trade-off
between damping and stiffness is observed.

In Fig. 3-3, optimal feedstock materials are located near the upper right corner,
as they offer great damping as well as a high natural frequency which minimizes dis-
tortion. The chart shows an inverse trend between loss coefficient n and the material
index M,. Thus, identifying an ISM feedstock material which minimizes distortion
from disturbances represents a trade-off between damping and stiffness. Compliant
plastics like polyvinyl chloride (PVC) and ethylene ethyl acrylate (EEA) offer great
passive damping but lack stiffness, while stiff composites like carbon fiber/cyanate

ester and carbon fiber/PEEK create structures with high natural frequency but poor
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damping. This contrast is magnified by the thermal stability considerations of the pre-
vious subsection: Monolithic plastics have high thermal expansion and temperature-
sensitive damping, while high-performance composites are thermally stable. Given
these trends, maximizing the material index for resistance to disturbances suggests
selecting feedstock materials which have relatively high values of both n and M,,
such as the thermoplastic polylactic acid (PLA), the thermoset vinyl ester (VE), or
300-series aluminum alloys. However, if the chief concern is disturbances at low fre-
quencies where damping is not vital, using a composite material like CFRP is an

optimal choice.

3.2.3 Minimal-Mass Buckling Strength

Lastly consider the objective of selecting ISM feedstock which maximizes buckling
strength per unit mass of a space structure. Assuming the structure comprises slender
members which support fixed compressive loads without buckling, the mass of each

member is minimized if the selected material maximizes the index [51]

<¢mazE>1/2

M, = (3.7)

Here F is the Young’s modulus, p the density, and ¢,,,, the maximum achievable

shape factor of the cross section, approximated as [51]

1/2
s~ 2.3 <£> | (3.8)

of
where o is the tensile strength of the material. Note that Eq. 3.8 assumes that each
member has a cross section optimized for buckling with matching local and global
buckling loads.

Figure 3-4 shows the relevant material property diagram for this index, where
Young’s modulus is multiplied by the dimensionless shape factor given in Eq. 3.8 and
plotted against density for the same three material classes as above. A contour line
for M3 with a slope of 2 is overlaid to guide material selection for this index. Among

metals, beryllium and its alloys are optimal ISM feedstock materials for minimal-mass

36



buckling, due to their high specific stiffness and strength. Among composites, car-
bon fiber-reinforced thermosets and aluminum-matrix composites offer similar perfor-
mance. While unfilled plastics are generally less efficient for buckling, thermoplastics
like self-reinforced polyphenylene (SRP) and thermosets like polyurethane (PUR)

appear to be fair feedstock candidates.
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Figure 3-4: Material property diagram for selecting ISM feedstock with minimal-
mass buckling strength, plotted for the same materials as Fig. 3-2 [54]. Materials in
the upper left corner are optimal for buckling due to their superior combination of
Young’s modulus, tensile strength, and density.

3.2.4 Summary

Figures 3-2, 3-3 and 3-4 suggest selecting different feedstock materials for in-space
manufacturing of a large structure based on its performance objectives: high-\ metals
and low-a composites for thermal stability; plastics and composites for minimizing
surface error from disturbances; and metals and composites for minimal-mass buck-
ling strength. To better understand which materials are optimal for each objective,
material index values for promising feedstock candidates from each material class are

listed in Table 3.1.
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Table 3.1: Candidate ISM feedstock materials for optimizing performance of a large
space structure, particularly thermal stability, resistance to disturbance loads, and
minimal-mass buckling strength. Materials which maximize the listed material indices
are highlighted in bold.
Thermal Resistance to Minimal-Mass
Stability Disturbance Loads Buckling
My=Ma M= (EV[p)'* M= (¢E)"/p
[MW/m] [107%] [Pal/¢ m*/2 kg='/?] [kPa/? m® kg™!|

Al alloys 10.7 2 1.25 20

Beryllium 20.6 1 1.92 82

Metals Cu alloys 23.6 1 0.75 9
Invar 26.9 0.5 0.8 9.1

CF/Al 1230 3 1.69 41

Composites CF /cyanate ester 0.163 3.3 2.1 59
p CF /epoxy 5.1 3.3 1.85 34
CF/PEEK 10.3 3.3 1.85 33

PI 0.018 16.4 0.95 3.2

Plast PLA 0.0013 80 1.11 6.1
AsHes PVC 0.0016 1600 0.35 0.1
SRP 0.01 9.2 1.3 9.1

The above analysis highlights the following takeaways. First, no one feedstock
material is optimal for all performance objectives of a large space structure. While
carbon fiber-reinforced aluminum and Invar have excellent thermal stability, they are
not optimal for minimal distortion or buckling strength. This suggests that the ideal
ISM process is one which can fabricate structural members from all three material
classes, thereby leveraging the unique properties of each. Second, Figs. 3-2, 3-3
and 3-4 highlight the tradeoff between material properties of stiffness and damping.
While CFRPs have great specific stiffness and result in structures with high natu-
ral frequency, a large structure built from such a material would be vulnerable to
disturbances due to relatively low passive damping. Hence, selecting and developing
ISM feedstocks with damping are important, particularly for large space structures.
Lastly, we verify our simple analysis by noting that the material candidates in Table
3.1 are indeed used in space applications today. The hexagonal mirror segments of
the James Webb Space Telescope, for instance, are constructed from beryllium due

to its high flexural stiffness and stability at cryogenic temperatures [55]. Deployable
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booms, routinely used for deploying optics, solar arrays, and solar sails [9, 10, 11],
are constructed from CFRPs due to their high specific stiffness. And metal-matrix
composites such as SiC/aluminum are used to fabricate precision space optics due
to their damping properties and stiffness at elevated temperatures [56]. In this way,
the three presented material indices serve as guidelines when selecting feedstock for
manufacturing precision space structures. Additionally, this analysis guides future
development of ISM feedstocks, such as high-performance composites with larger loss

coefficients which are better suited to handle disturbance loads in space.

3.3 Process Considerations for ISM

Having identified candidate feedstock materials for ISM in Section 3.2, we now com-
pare several processes, amenable to these different materials, which have shown
promise as potential manufacturing methods in space. These include: melt-based
additive manufacturing (AM) of metals and plastics, extrusion of fiber-reinforced
polymers, and deformation processing of metals. These processing approaches have
been pursued to varying levels of maturity [15, 16, 17, 18]. NASA, for instance, has
developed a metal AM process which melts wire feedstock onto a substrate via an
electron beam [15|. This process has been demonstrated via groundtesting with Al-,
Ti-, Ni-, and Fe-based alloys and in microgravity with an Al alloy, at a build rate
of 4.5 kg/h and a nominal power draw of 10 kW. Another example of melt-based
AM is the process reported by Redwire Space, which uses fused-deposition modeling
to fabricate beams from carbon fiber-reinforced thermoplastic polymers [16]. This
process will soon be demonstrated in space with the fabrication of two 10-m-long
beams, as part of the NASA OSAM-2 mission [34]|. Additionally, Tethers Unlimited
has developed an extrusion-based process which fabricates trusses from comingled
yarn of carbon fiber and PEEK. During a ground demonstration in 2018, this process
fabricated a 10-m-long triangular boom at a build rate of 0.1 kg/h and nominal power
draw of 100 W [17]. Finally, Kleos Space has reported a pultrusion-based process to

construct beams from a thermoset plastic reinforced by continuous carbon fibers [18].
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To compare these various ISM processes, we use two performance metrics impor-
tant for constructing precision space structures, namely the specific energy consump-
tion and the achievable accuracy. Given power constraints, the energy consumption
is directly tied to the build rate: For a spacecraft with fixed power output P, the

build rate 7 of an arbitrary structure is

m = P/u, (3.9)

where u is the specific energy consumption of the manufacturing process. Hence,
ISM processes with lower energy consumption can achieve faster build rates, thereby
mitigating issues with stability and thermal management during fabrication on orbit.
The second metric for comparison is the process accuracy, which affects the perfor-
mance of space structures through fabrication tolerances of each member. If an ISM
process can maximize accuracy, fabricated structures such as curved reflectors and

truss booms can achieve maximal gain and tip accuracy.

3.3.1 Energy Required

Given that energy consumption varies greatly with machine parameters and process
details, we present here an order-of-magnitude comparison of the minimum energy
required for the three ISM processes identified above—melt-based additive manufac-
turing, extrusion of fiber-reinforced composites, and deformation processing—based
on the physics of their primary shaping mechanisms. This discussion follows closely
that presented by Ashby in [51] on energy-efficient material processing.

The first process, melt-based processing of metals and plastics, requires melting
of feedstock before depositing onto a build platform. In extrusion methods like fused
deposition modeling (FDM), melting is achieved through heating of the nozzle, while
for directed energy deposition (DED) and powder bed fusion (PBF) methods, it is
achieved by a laser or electron beam. Given the common processing step of melting,
we estimate the minimum energy per unit mass as the sum of the energy required to

reach the melting temperature and the latent heat of melting, expressed as [51]
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Umelt = Cp(Tm - TO) + Lm7 (310)

where C), is the specific heat, T}, the melting temperature, 7j the ambient tempera-
ture, and L,, the latent heat of fusion. Assuming the feedstock material is heated in
space from a low ambient temperature, T,, >> T,. Furthermore, using the approxi-
mate correlation L,, ~ 0.4C,T,, and an overall process efficiency of 15% to account

for heat losses [51, 57], the required process energy per kilogram is approximately

why ~ 9.3C, . (3.11)

Note that Eq. 3.11 only considers the energy required for melting, as it is the pri-
mary shaping mechanism of melt-based AM. We do not include the energy required
for secondary processing steps, such as feeding material into the nozzle/build tray
or moving the nozzle around the build platform, as these steps generally require a

relatively small fraction of the total energy [58].

Similar to melt-based processes, extrusion of fiber-reinforced polymers in space
requires heating of feedstock close to its melting point. However, in this case the

feedstock is heterogenous, and its specific heat (Crgp) is given by the rule of mixtures,

CFRP = waf + (1 - wf)C'm, (312)

where wy is the weight fraction of the fiber, and C, C,, are the specific heats of the
fiber and matrix, respectively [59]. Additionally, the processing energy differs between
thermoplastic and thermoset matrices. Extrusion of fiber-reinforced thermoplastics
relies on heating the matrix beyond its glass transition temperature before it is cooled
in the desired shape, while extrusion of fiber-reinforced thermosets relies on a chemical
curing reaction which causes permanent polymerization and cross-linking. Hence, we
consider each scenario separately. In the case of a thermoplastic matrix, we estimate
the energy required to heat the polymer matrix to its melting temperature, with a

process efficiency of 15%,
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U*FRP—TP = 9-3CFRPTm- (313)

Here, C'rrp is the specific heat of the composite, and T,,, is the melting temperature

of the thermoplastic matrix.

For thermoset matrices, we derive a different expression based on the curing re-
action. While the curing is generally exothermic, it requires an activation energy
input in the form of heat or pressure. For extrusion of complex shapes, the thermoset
matrix is also heated to allow its flow into a shaping tool and proper wetting of the
fibers. While these steps do not require complete melting of the matrix, they require,
in most cases, heating of the matrix to its glass transition temperature, 7,. Thus, we
estimate the process energy per unit mass as the energy required to heat the com-
posite to the glass transition temperature of the matrix. Using a process efficiency of

15%, we obtain

uppp_rs = 6.7CrrpTy, (3.14)

Equations 3.13 and 3.14 do not consider secondary shaping steps specific to ex-
trusion of composites, such as pulling of the feedstock through a die to achieve the
desired cross section. The mechanical work per unit mass for such a step can be

approximated as

I
Umechanical ~= —€, (315)
P

where g is the dynamic viscosity of the matrix near its melting temperature, p the
density of the composite, and € the strain rate during deformation. To compare the
relative magnitude of this mechanical work with the energy required for heating the
feedstock, we consider an exemplar extrusion process which uses a conical die to
decrease the cross-sectional area of the heated material. In this case, the strain rate

is approximated as [60)]
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where v is the velocity of extrusion and d,, ds are the initial and final diameters of
the extrudate, respectively. Using representative values of d, = 5 cm, dy = 2.5 cm,

and v = 5 cm/min, the strain rate is approximately ¢ ~ 0.16 s~!

. Then, assuming a
15% process efficiency and using a typical melt viscosity of 4 = 3 x 10* Pa - s and a
density of p = 1600 kg/m3, for PEEK reinforced with 60% carbon fibers by volume

[61], we obtain the following estimate of the mechanical work per kilogram:

Umechanical, CF/PEEK =~ 20.1 J/kg

We can compare this value with the energy required for heating the CF/PEEK com-
posite to the melting point of the matrix, obtained from Eq. 3.13, using wy = 0.6,
Cy="7157J/(kg - K), C), = 1340 J/(kg - K), and T,,, = 380°C:

Uheating, CF/PEEK = 3.4 MJ /kg.

The energy required for heating the CF/PEEK composite is thus orders of magni-
tudes larger than the mechanical work during extrusion. This result also holds for a
composite with a thermoset matrix. The above calculation supports our assumption
that the majority of energy required for extrusion of fiber-reinforced plastics goes into
heating the feedstock, which can be approximated with Eqs. 3.13 and 3.14.

The third ISM processing technique, deformation processing, does not rely on
heating of feedstock but instead on plastic deformation to achieve the desired shape.
To estimate the energy required for this process, we assume an average flow stress
of (6, + outs)/2 and a strain of order 1. Dividing the resulting strain energy by the
density of the material, and using an efficiency of 15%, the energy required to deform

a material per unit mass is given by [51]

* Uy + Outs

37 (3.17)

Up ~
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By only considering the mechanical work from plastic deformation, Eq. 3.17 does not
consider the energy for any secondary processing steps, such as feeding or straighten-

ing the material.

Using the expressions developed above, Fig. 3-5 compares the energy requirements
for melt-based processing, extrusion of fiber-reinforced plastics, and deformation pro-
cessing for a range of possible ISM feedstock materials. The energies required for
melt-based and deformation processing, given by Eqs. 3.11 and 3.17, are plotted
for unfilled plastics and ferrous/nonferrous metals. The energies required for extru-
sion of fiber-reinforced plastics, given by Eqs. 3.13 and 3.14, are plotted for both

thermoplastic and thermoset matrices reinforced with 50% carbon fibers by weight.
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Figure 3-5: A comparison of specific energy consumption for three ISM process-
ing methods: melt-based processing, extrusion of carbon fiber-reinforced thermoplas-
tics/thermosets (with 50% fiber weight fraction), and deformation processing [54].
Each process is represented by a different color, and its specific energy consumption
is plotted for relevant feedstock materials, including composites, metals, and plastics.
For many materials, the energy consumption of deformation processing is the lowest.
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Figure 3-5 shows that, out of the three processes under consideration, melt-based
processes require the greatest energy per unit mass, around 8 MJ/kg for most metals
and between 5 and 8 MJ/kg for most plastics. Extrusion of carbon fiber-reinforced
thermoplastics and thermosets requires less energy, between 3 and 6 MJ/kg, due to
the lower specific heat of the composite feedstock and lower heating requirements.
Comparatively, deformation processing of metals and plastics requires the least spe-
cific energy, between 0.1-2 MJ/kg for metals and 0.05-1 MJ/kg for plastics, which
is expended only on plastic deformation. This comparison of approximate energy
consumption is directly tied to the maximum build rates of the ISM processes, given
by Eq. 3.9. Using the specific energies of Fig. 3-5 and assuming a medium-sized
spacecraft with 1 kW power output (i.e., from commercially available solar panels),
we find that an ISM process which melts metals or plastics can achieve build rates up
to 0.72 kg/h; one which extrudes fiber-reinforced plastics can achieve up to 1.2 kg/h;
and one which deforms metals or plastics can achieve up to 36 kg/h. This comparison
highlights the relatively low energy requirements of deformation processing compared
to other processes which rely on material heating. While the assumed efficiencies of
15% may differ in actual processes, it suggests that if limited by energy consumption,

the fastest ISM process relies on deformation processing for shaping feedstock.

While the above analysis is approximate, the calculated process energies of Fig. 3-5
compare favorably with the energy consumption of prototype ISM systems which have
been ground-tested. The metal AM system developed by NASA [15], for instance,
has fabricated aluminum parts at a build rate of 4.5 kg/h and power draw of 10
kW, yielding a specific energy of 7.9 MJ/kg, a value which matches the energy for
melt-based processing in Fig. 3-5. Similarly, the extrusion-based process reported
by Tethers Unlimited [17] has constructed trusses from CF/PEEK at a build rate of
0.1 kg/h and power draw of 100 W, placing it at 3.6 MJ/kg, a value which matches
the calculated energy range for extrusion of thermoplastics. Lastly, the exemplar
deformation process of Bend-Forming (as described in this thesis) can achieve a build
rate of a 0.27 kg/h and power draw of 25 W, placing it at 0.33 MJ/kg, which too

matches the calculated energy range in Fig. 3-5.
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The above comparison motivates deformation processing as a relatively low-energy
and fast manufacturing method, but it does not consider material compatibility with
the process. One such issue is the tendency of brittle feedstock to fracture during
forming, which prevents the use of metals like beryllium or composites like CF /PEEK
and SiC/aluminum, which have low strain to failure (around 1%). Ductile metals and
polymers, such as steels, aluminum alloys, and polyesters, are more suitable to plastic
deformation as they can achieve greater than 10% strain to failure. Furthermore,
hybrid feedstock materials in which ductile and brittle constituents are selectively
patterned to achieve functionally graded ductility may be amenable to processes with

localized plastic deformation.

3.3.2 Accuracy

A second key performance metric for an ISM process is accuracy, which is of critical
importance for fabrication of structures such as curved reflectors for space antennas
and telescopes, whose performance requires minimal surface error [49]. While the
accuracy of different manufacturing processes can be difficult to compare as it depends
on the tolerances of individual steps and the geometry of the final structure, in this
section we highlight factors which limit the accuracy of the three ISM processes under
consideration, focusing on factors unique to the space environment. We also suggest
strategies to minimize distortion in space, without considering a particular structural
geometry. Note that for specific space structures such as a truss-supported reflector,
frameworks exist for predicting surface distortion from fabrication errors like member
length deviations [62].

For terrestrial structures fabricated with AM, key factors which limit the dimen-
sional accuracy include layer heights, residual thermal stresses, and positional tol-
erances of the nozzle and laser/electron beam [63, 64]. In the space environment,
additional considerations are necessary. For instance, the lack of convective cooling
and the presence of solar heating may magnify thermal stresses during fabrication
and cause degradation of mechanical properties. While in terrestrial manufacturing,

the volumetric shrinkage during solidification may be mitigated by stress relief an-
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nealing of the part and build plate, it is unclear how to accomplish something similar
in space. Furthermore, microgravity will affect the adhesion of feedstock to previ-
ously built layers by eliminating body forces and increasing the dominance of surface
tension-driven capillary forces. Indeed, aluminum prototypes built in microgravity by
the metal AM system developed by NASA have shown uneven layer heights due to
such adhesion issues [65]. The experiments also showed issues like balling of molten
material at the end of the wire feedstock, which inhibited metal transfer and resulted
in an uneven build surface. Such challenges, unique to the space environment, need

to be considered for an ISM process which relies on melt-based AM.

For extrusion of fiber-reinforced plastics under gravity, inaccuracies can result from
non-uniformity of heating, viscous flow under gravitational body forces, and positional
tolerances of the nozzle and die [66, 67|. In space, microgravity might alleviate some
challenges, such as distortion of the extrudate during curing [68|. However, achieving
uniform heating in space may be difficult given varying solar heat fluxes and thermal
radiation. For thermoset polymer matrices, this thermal environment can give rise
to distortion from nonuniform shrinkage during curing, particularly if the structure
has not fully cured before exiting the nozzle. To illustrate this challenge, we present
a thermomechanical finite element model of a fiber-reinforced thermosetting beam

extruded into space.

The model setup is shown in Fig. 3-6: A tube of length L = 1 m, with outer
radius R = 0.02 m and wall thickness ¢ = 0.001 m, is extruded with velocity v into
the space environment. The extrusion is simulated with moving temperature and
displacement boundary conditions on the outer surface of the tube. Inside the nozzle,
the tube is held rigid and at an initial temperature Tj; after extrusion, the tube is
free to deform, radiates to an ambient temperature of 3 K, and is subject to solar
heating of 1360 W/m? on its top surface. The model, implemented in the COMSOL
Multiphysics software [69], accounts for curing kinetics of the thermoset matrix, heat
transfer, and solid mechanics, following the analytical model presented in [70] for
curing shrinkage of a carbon fiber-reinforced epoxy composite (CYCOM 5320-1). In

our model, we assume that the tube is made of the same material, with stacked unidi-
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Figure 3-6: Model setup of a thermomechanical simulation of an extruding CF /epoxy
tube in space. Extrusion is simulated with a moving temperature boundary on a
fixed-length beam. On the one side of the boundary, the tube is rigid and at fixed
temperature; on the other side, it is subject to temperature boundary conditions
which simulate the space environment.

rectional plies along the extrusion axis. Hence, we use expressions for the orthotropic
elastic constants, thermal expansion coefficients, and chemical shrinkage coefficients
obtained for a unidirectional ply in [70]. Other material properties used in the model
are listed in Table 3.2. Note that while the model presented in [70] was derived for a
curing cycle at constant temperature, we use the same model to calculate deformation
under varying heat flux and radiative boundary conditions which simulate the space

environment.

Table 3.2: Material properties used for the exemplar CF /epoxy composite CYCOM
5320-1. The density (p), specific heat (C,), and longitudinal, transverse thermal
conductivities (kj, kz) are obtained via rule of mixtures. The heat of the reaction
(H,) is used as an exothermic heat source during curing. All other orthotropic elastic
constants are obtained from [70].

P Cp k71 k2 Hr
[kg/m?] [kJ/(kg - K)] [W/(m-K)| [W/(m K)] [kJ/kg]
1588 0.871 .88 0.46 500

Each simulation starts with the tube at a uniform temperature of T and a uniform

degree of cure (£) of £, = 0.38, which represents the gelation point of the epoxy resin.
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Then, the moving temperature boundary condition is implemented at velocity v =5
mm /s, and the governing differential equations are solved for the temperature, degree
of cure, and displacement at each node along the tube. With a simulation time of
800 s, the tube is fully extruded in the first 200 s and subsequently subject to only
the temperature boundary conditions of the space environment.
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Figure 3-7: Simulation results for extrusion of a partially cured CF /epoxy tube into
space, modeled with COMSOL Multiphysics [69]. The extrusion velocity, nozzle
temperature, and initial degree of cure are v = 5 mm/s, Ty, = 450 K, and &, = 0.38,
respectively. The extrusion is modeled for the first 200 s; afterward, the tube is subject
to solar heat flux on its top surface and radiation to a low ambient temperature. (a)-
(c) plot the average surface temperature, average surface degree of cure, and tip
deflection as a function of time, while (d)-(f) show their distributions along the tube
at the end of the simulation. Gradients in temperature and degree of cure across the
cross section cause deflection at the tip.

Figure 3-7(a)-(c) plots the evolution of the average surface temperature, average
surface degree of cure, and tip displacement as functions of time for an initial nozzle
temperature of T, = 450 K. We see that during and after extrusion, the mean and
maximum temperatures of the tube increase due to solar heating, while the minimum
temperature decreases due to radiation into space. The resulting temperature and
degree of cure distributions are non-uniform across the cross section and give rise

to transverse deflection of up to 4 mm via both thermal expansion and chemical
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shrinkage. Figure 3-7(d)-(f) plots the temperature, degree of cure, and displacement
of the tube at the end of the simulation. Although none of the three dependent
variables reach steady-state values after 800 s, the top surface fully cures and reaches
a temperature of 650 K, while the bottom surface only cures to & = 0.46 and is
roughly 280 K cooler. The lower temperature on the bottom surface causes slower

curing kinetics, ultimately giving rise to distortion from uneven curing.

To deconvolute the effects of non-uniform cure and temperature gradients across
the cross section, Fig. 3-8 shows the average curvature of the tube from thermal
expansion and chemical shrinkage separately. For comparison, we also overlay ap-

proximate expressions for the two curvatures, given by

1
RTp = %{al(ﬂ — Tb)], (318)

os = 7 [A(& ~ &) (319

Here h is the thickness of the extruded profile (i.e., tube diameter); «q, f; are the
coefficients of thermal expansion and chemical shrinkage along the extrusion direction
(i.e., coincident with fiber direction); T}, T, are the average temperatures of the top
and bottom surfaces; and &;, &, are the average degrees of cure of the top and bottom
surfaces, respectively. In Fig. 3-8, we plot Egs. 3.18 and 3.19 as functions of time by
substituting the average surface temperatures and degrees of cure of the CF/epoxy
tube from Fig. 3-7(a)-(b) and the approximate values a; = —0.96 x 1076 K1,
f1 = —25 x 107°% obtained for a unidirectional ply in Ref [70].

Figure 3-8 shows that the majority of the tube curvature is due to the thermal
expansion of the CF/epoxy material, almost an order of magnitude greater than
that from chemical shrinkage. Nonetheless, for different composite materials with
larger chemical shrinkage coefficients, the distortion due to chemical shrinkage may
become significant and impact the accuracy. For instance, while the epoxy modeled
here has a chemical shrinkage coefficient of § = 0.022, other bisphenol epoxies have

been measured to have shrinkage coefficients of § = 0.095 [71], a difference which
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Figure 3-8: Evolution of curvature in an extruding CF/epoxy tube from thermal
expansion and chemical shrinkage, separately.

would increase the magnitude of chemical shrinkage strains. In addition, while our
model considered a CF /epoxy tube with circular cross section, chemical shrinkage may
dominate distortion for laminates with L-cross section [72], as there are additional
couplings between in-plane and out-of-plane strains. Hence, Fig. 3-8 suggests that
both thermal expansion and chemical shrinkage are important sources of distortion
during extrusion in space, and their magnitudes can be approximated well with Eqs.
3.18 and 3.19. From these expressions, we see that the distortion can be minimized
by choosing feedstock with high transverse thermal conductivity and low longitudinal
thermal expansion/chemical shrinkage coefficients. Given the difference in thermal
properties of the carbon fibers and polymer matrix, this suggests selecting feedstock

material with high fiber volume fraction and aligning fibers with the extrusion axis.

The evolution of degree of cure after the tube exits the nozzle suggests that dis-
tortion can be minimized by tailoring extrusion rate and nozzle temperature such
that the degree of cure of the cold surface is close to that of the hot surface. To
understand the effect of the nozzle temperature 7y on the extrusion of the tube, we
conduct identical simulations with v = 5 mm/s and & = 0.38, but for the range of
nozzle temperatures: Ty = 450 K; 475 K; 500 K. The resulting changes in average

surface temperatures, surface degrees of cure, and curvature of the CF /epoxy tube
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are shown in Fig. 3-9. The plots show that increasing 7, decreases the gradient
in £ across the cross section of the tube, resulting in smaller curvature after 800 s.
These simulations suggest that ISM processes with higher nozzle temperatures may

minimize distortion from thermal expansion and uneven curing in space.
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Figure 3-9: Effect of the nozzle temperature Ty on (a) the average surface temperature,
(b) average surface degree of cure, and (c) curvature of an extruding CF /epoxy tube
in space. Generally, a higher nozzle temperature decreases curvature after extrusion.

The discussion above highlights challenges with maintaining accuracy in ISM tech-
niques which rely on large thermal excursions, as in melt-based processing of metals,
or precisely controlled thermal environments, as in extrusion processing of thermoset
materials. Importantly, since deformation processing of certain ductile materials does
not require elevated temperatures, this process might be less sensitive to the unique
thermal environment of space. The primary source of inaccuracy in deformation pro-
cessing is elastic springback, which is controlled by the shape, stiffness, and strength
of the feedstock as well as the bend radius of the tool [73|. In conventional deforma-
tion processing, springback is mitigated through calibration experiments or through
process modifications which give more spatially uniform plastic strains (e.g., stretch
forming). Because stiffness and strength can vary with temperature, achieving high
accuracy via deformation processing in space would require calibrating springback

over the thermal cycle expected on orbit.
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3.4 Material and Process Selection Case Study: ISM
of a Tetrahedral Truss

We next synthesize the material and process selection considerations of Sections 3.2
and 3.3 with a case study: in-space manufacturing of a tetrahedral truss supporting
a reflector surface, as illustrated in Fig. 3-10. We contrast various materials and
ISM processes for constructing this truss structure with three performance metrics,
namely the truss mass M;, the truss fundamental natural frequency fj, and the total
build time t. For applications such as support structure for a space telescope, a
small truss mass, high natural frequency, and fast build times are generally desired,
to maximize structural efficiency of the truss and minimize thermal effects during
fabrication. Here we focus on a specific truss geometry with a depth-to-diameter
ratio of 0.2 and derive expressions for M;, fy, and ¢t as a function of diameter for
various strut feedstock materials and processing methods. We choose this particular
depth-to-diameter ratio as it results in an efficient truss geometry with minimal truss
mass fraction. We assume a reflector surface with an areal density of ps = 18 kg/m?

which corresponds to the beryllium mirrors of the James Webb Space Telescope |74].

Figure 3-10: Tetrahedral truss geometry, adapted from [4]. This layered truss struc-
ture is made of equal-length struts and is formed by repeating a tetrahedral unit
cell to create rings. The resulting structure is hexagonal and supports a flat, faceted
reflector.

Following the analysis of Lake et al. [4], summarized in Appendix A, we compute
the mass and fundamental frequency of a tetrahedral truss with a strut radius of r =

5 mm. Figure 3-11 plots the two variables as a function of truss diameter between
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10 m and 100 m, for five candidate feedstock materials selected from Table 3.1. Note
that here we assume the strut radius remains constant as the truss diameter increases;

other strut radii may be considered for specific applications.
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Figure 3-11: (a) Approximate mass of a tetrahedral truss as a function of diameter
between 10 m and 100 m, plotted for five candidate ISM feedstock materials. CFRP
feedstocks yield the lowest truss mass, followed by aluminum-matrix composites and
metals. (b) Truss fundamental frequency as a function of diameter. CFRP feedstocks
yield the highest natural frequencies.

We see from Fig. 3-11(a) that using CFRP feedstocks yields tetrahedral trusses
with the lowest mass, ranging between 25 kg and 250 kg for the range of diameters
considered. Trusses constructed from carbon fiber-reinforced aluminum are second in
performance, as their mass stays between 45 kg and 460 kg. Comparatively, heavier
feedstock materials like aluminum alloys and Invar yield masses are approximately an
order of magnitude larger, up to almost 1700 kg for the largest structures considered.
This material comparison is also reflected in the evolution of fundamental natural
frequency in Fig. 3-11(b): composite feedstock materials yield trusses with higher
natural frequency than metals. Note that the comparative performance of Invar and
aluminum alloys is reversed for the frequency metric, as the higher Young’s modulus
of Invar compensates for its higher density.

The third performance metric, total build time, relates to the specific energies

discussed in Section 3.3 and differs for the type of process used to fabricate the
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tetrahedral truss. For melt-based AM and extrusion processes, the total build time
tm,e is directly proportional to the truss mass since all the struts are melted or cured
during fabrication. Hence, inverting the build rate given by Eq. 3.9 and multiplying

by the truss mass M; , the total build time for melt-based and extrusion processes is

" . UMt
m,e — P

(3.20)

where u is the specific process energy and P is the power delivered by the spacecraft.
Equation 3.20 assumes that the build rate is only limited by the power available on
orbit.

For processes which feed and deform continuous feedstock into truss structures
(such the Bend-Forming process described in this thesis), the build time t4 depends
on the machine feed rate vy, the total arclength of feedstock Ly, and the total mass
of deformed material My, which is concentrated at the truss nodes. In this case, the
build time can be approximated as

. uMg Lot

tyg = . 3.21
d 2 + v ( )

For the given tetrahedral truss, expressions for My and L;,; are derived in Appendix
A. Since the tetrahedral truss has straight members, the amount of deformed material
is a small fraction of the truss mass (My >> M, ), and most of the building time
comes from feeding the material to the machine.

By evaluating Eqs. 3.20 and 3.21, we now compare build times as a function
of truss diameter, for various materials and manufacturing processes. We assume a
constant strut radius of » = 5 mm and a fixed output of P = 1 kW, which corresponds
to the solar panel output of a medium-sized spacecraft. Additionally, for deformation
processes, we use a feeding velocity of vy = 1.5 m/min, a typical feeding velocity
for an exemplar CNC wire bending machine [76]. With these parameters, we plot in
Fig. 3-12 the total build time as a function of reflector diameter, for the same five
candidate materials and their corresponding ISM processes.

Figure 3-12 highlights the large differences in build time between melting/extrusion
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Figure 3-12: Approximate build times of a tetrahedral truss as a function of diameter,
for various candidate ISM materials and processes. Deformation processes (denoted
by def) generally achieve faster build times than extrusion (ext) or melting (melt)
processes due to lower specific energy consumption. Note that while the specific
energies required to deform Invar and CF /Al are different, their build time is similar

since it is dominated by the time spent feeding material, which we model in Eq. 3.21
as independent of the feedstock material.
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and deformation processes. The total build time of the tetrahedral truss with defor-
mation processing of Invar is between several hours and a day, whereas it increases to
about 10 days for extrusion of CF/PEEK and up to 50 days for melt-based processing
of aluminum alloys. In practice, however, many factors may decrease the build rate
for deformation processes. This simple calculation, for instance, does not consider the
time required to connect structural components, or the effects of orbital mechanics
during fabrication in space.

The above analysis, specific to the tetrahedral truss architecture shown in Fig.
3-10, suggests that deformation processing can enable dramatically faster build times
than extrusion and melt-based processes. However, the current materials compat-
ible with deformation processes yield structures which have lower mass efficiency
than those made from carbon fiber-reinforced plastics. Given this tradeoff and the
high thermal stability required for precision, deformation processing of carbon fiber-
reinforced aluminum appears to be a promising approach for constructing trusses in
space. Since carbon fibers have low strain to failure, the feedstock and process would

need to be carefully designed to avoid failure during forming.

3.5 Summary

The analysis presented in this chapter suggests specific materials and approaches for
in-space manufacturing as well as key opportunities for further research and develop-
ment. Material selection for ISM based on three performance metrics important for a
large space structure—thermal stability, resistance to disturbances, and minimal-mass
buckling strength—highlights several candidate feedstock materials, such as carbon
fiber-reinforced aluminum for high thermal stability, carbon fiber-reinforced plastics
for minimizing distortion, and beryllium for minimal-mass buckling. However, there
is no one material which maximizes all three metrics, motivating the development
of hybrid feedstock materials and multi-material ISM to achieve greater structural
performance.

The performance of proposed ISM processes (i.e., melt-based processing, extru-
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sion processing, and deformation processing) for constructing structures from these
feedstock materials was assessed through a comparison of their respective energy con-
sumption and potential sources of inaccuracies, two important metrics for a fast and
accurate ISM approach. Approximate expressions for the specific energy consumption
of each process showed that deformation processing requires between 5 and 10 times
less energy than both melt-based and extrusion processing (i.e., <1 MJ/kg compared
to 5-10 MJ /kg). Therefore, for the same amount of power available on orbit, deforma-
tion processing allows for dramatically faster build times. Furthermore, consideration
of the unique challenges particular to the space environment illustrates potential issues
with achieving accurate structures via processes involving large thermal excursions.
For melt-based processes, solar heating and microgravity complicate material deposi-
tion, while for extrusion processes, thermomechanical effects such as uneven chemical
shrinkage may cause curvature to develop during curing, as demonstrated with a fi-
nite element model of an extruding CF /epoxy tube. Since deformation processes do
not require heating of feedstock, their accuracy may be less sensitive to temperature

variations and instead depend purely on mechanical sources (e.g., elastic springback).

The relative advantages of these different processes and materials were empha-
sized through a case study, presented in Section 3.4, on in-space manufacturing of
a tetrahedral truss supporting a reflector surface. Comparing candidate feedstock
materials and manufacturing processes for this application showed that deformation
processing can achieve build times as low as a day for a 100 m truss, while extrusion
processes require build times close to a week. However, feedstock materials amenable
to extrusion processes result in higher structural efficiencies, reducing the total truss

mass by a factor of three compared to deformation processes.

These results, considered together, show that deformation processing is a promis-
ing method of construction in space due to its low energy consumption and potential
for high accuracy. While early concepts for deformation processing [19, 20] have not
been implemented on orbit due to challenges with achieving robust joints and geomet-
rically complex structures, with resurgent interest in ISM today and advancements in

controls and robotics, deformation processes are worth revisiting. For their successful
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application in space, automated processes need to be developed which are amenable
to forming multi-material feedstock and to the varying thermal environment of space.
In addition, an understanding is needed of the orbital mechanics during fabrication,
as large changes in center of mass and moment of inertia during forming may affect

the attitude and stability of the spacecraft.
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Chapter 4

Bend-Forming: A Deformation

Process for ISM of Truss Structures

4.1 Introduction

The system-level comparison of ISM approaches presented in Chapter 3 motivates
deformation processing as a promising method for fabricating large structures on
orbit, as it has relatively low energy consumption, offers fast build times, and has
low sensitivity to thermal effects. In this chapter, we introduce a novel deformation
process, termed Bend-Forming, for fabricating truss structures from a spool for raw
feedstock, with application to ISM. As a low-power and low-temperature process,
Bend-Forming can quickly fabricate large reticulated structures on-demand to support
various mission needs. Given the relatively low loads in the space environment [50],
Bend-Forming can fabricate spare parts and support structure for applications such as
solar arrays, space telescopes, and antenna apertures. Additionally, although Bend-
Forming relies on only a few degrees of freedom, it can create arbitrarily complex
geometries, such as reticulated columns, curved gridshells, and tetrahedral trusses.
In this chapter, we describe the Bend-Forming process, including fabrication algo-
rithms, joining methods, and exemplar structures. The chapter is organized into three
sections. Section 4.2 presents fabrication algorithms for arbitrary truss geometries, as

well as joining techniques for stiff structures. The psuedocode for these algorithms is
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summarized in Appendix B and can also be found in [75]. Then Section 4.3 presents
exemplar structures fabricated with the process, including reticulated columns, shells,
and trusses. Finally Section 4.4 summarizes the chapter and provides context for the

application of Bend-Forming in space.

4.2 Bend-Forming Process

Bend-Forming uses CNC wire bending to form ductile feedstock into complex truss
shapes. The unit process of Bend-Forming is illustrated in Fig. 4-1, which shows a
CNC wire bender plastically deforming a straight wire into a pentagon. Depending
on the degrees of freedom imparted to the machine, the process can form feedstock

in two or three dimensions.

Feeding Bend Head
Straightener Actuator (1 or 2-DOF)

e (|7 \ A
; O

FEEDING BENDING TRUSS SEGMENT

Figure 4-1: The Bend-Forming unit process, illustrated for a pentagon. With a single
degree-of-freedom (DOF) bend head, planar trusses can be fabricated; if an additional
out-of-plane rotational DOF is added to the bend head, 3D trusses can be fabricated.
Note that this illustration is based off the D.I. Wire Pro machine [76].

To fabricate larger trusses, a sequence of straight sections and bends, called a
bend path, is prescribed to the machine, such that the straight sections serve as
truss members and the bends serve as truss nodes. A robust joining method (either
mechanical or solid-state) is then used to hold the feedstock at each node. The final
result is a stiff truss made from a continuous strand of wire feedstock. By combining
different truss geometries, Bend-Forming can fabricate stiff, lightweight structures
from wire feedstock, including Al alloys, Ti alloys, steels, Invar, and other ductile

materials.
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Below we summarize the process of fabricating arbitrary truss structures with
Bend-Forming. The process consists of two steps, summarized in the block diagram
in Fig. 4-2. The first step (in yellow) is to find a bend path which traverses the desired
truss geometry such that it can be fabricated from continuous feedstock. Classical
algorithms from graph theory can be used to find such paths for any 2D or 3D truss
geometry, as described in Section 4.2.1. The second step (in orange) is to convert
the bend path into instructions for a CNC wire bender, namely a list of feed, bend,
and rotate instructions which can be inputted into the machine for fabrication. A
geometric algorithm which uses the truss nodal coordinates is implemented in this
step to generate the machine instructions, as described in Section 4.2.2. The machine
instructions are then used to fabricate the desired truss with a CNC wire bender and

with the joining methods described in Section 4.2.3.

Desired Truss N Route Inspection N Continuous
(2D or 3D) Algorithm Bend Path

v
Geometric Machine Bend-Formed
Algorithm Instructions Truss

Figure 4-2: Block diagram for fabricating 2D or 3D truss structures with Bend-
Forming. The first step (in yellow) is to find a continuous bend path through the
desired truss geometry. This is achieved using the route inspection algorithm from
graph theory. The second step (in orange) is to convert the bend path into instructions
for a CNC wire bending machine. This is achieved via a geometric algorithm which
uses the truss nodal coordinates.

4.2.1 Finding Bend Paths

To fabricate trusses with Bend-Forming, the first step is to find a bend path which
traverses the desired geometry, such that it can be fabricated from continuous feed-
stock. To minimize mass, we seek bend paths with the shortest length. This problem
is a version of the route inspection problem from graph theory (also known as the

Chinese postman problem), which seeks the shortest closed path which visits each
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edge of a graph [77|. As any truss geometry can be represented as a graph with nodes
and edges, the algorithm which solves this problem is directly applicable to finding
bend paths for truss structures fabricated with Bend-Forming. Thus, here we describe
the route inspection algorithm (as outlined in [77]), but specifically for application
to Bend-Forming. Note that this methodology is similar to that presented in [78],
where the route inspection algorithm is used to program minimal-time tool paths for

3D printing with fused deposition molding.

Route Inspection Algorithm

The goal of the route inspection algorithm to compute a continuous bend path for
an arbitrary truss geometry. To achieve this, the algorithm relies on Euler’s theorem,
which holds that there exists a continuous bend path which traverses each edge of a
truss if and only if there are no more than two nodes with an odd number of connec-
tions [77]. Therefore to find continuous bend paths (also called Euler paths), we first
check whether the desired geometry satisfies this condition. If not, we add the mini-
mum number of doubled struts to the graph until this condition is satisfied and the
graph is made Eulerian. Then, we find a continuous bend path which fully traverses
the truss geometry using an algorithm from graph theory called Hierholzer. These
two steps of the route inspection algorithm, further described below, are illustrated

in Fig. 4-3 for an exemplar 2D and 3D truss.
Make Eulerian:

The first step in the route inspection algorithm is to add the minimum number of
edges to the desired truss geometry until it satisfies Euler’s theorem. Physically, these
added edges represent doubled struts in the truss which are necessary to fabricate
it from a continuous strand of feedstock. To do this, we use the Make Eulerian
algorithm (Fig. 4-3). This algorithm works by identifying nodes in the desired truss
with odd connectivity (highlighted in red) and connecting them to each other with
the shortest paths. These shortest paths are superimposed onto the original truss

geometry, resulting in doubled struts at certain locations.
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Desired Truss Eulerian Truss Continuous Bend Path

Figure 4-3: The first step of the Bend-Forming process, illustrated for a 2D circular
truss and a 3D bunny truss. Here the route inspection algorithm is used to find a
continuous bend path for the desired truss. First the Make Eulerian algorithm adds
doubled struts to the geometry until only two nodes remain with odd connectivity
(highlighted in red). These doubled struts are visualized as curved black edges super-
imposed on the original geometry. Then the Hierholzer algorithm finds a continuous
bend path which traverses each edge of the truss. Note the path found by this al-
gorithm is not unique as many exist for the same geometry. Here one bend path is
visualized with green arrows between the start and end nodes. The code for these
algorithms can be found in Appendix B and in [75].
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The minimum number of paths to add to satisfy Euler’s theorem is given by

Npathstaadd = ]\/vodd/2 - 17 (41)

where N,q4q is the number of nodes with odd connectivity in the original geometry. To
find the paths to add, we loop through every pair of nodes with odd connectivity and
calculate the shortest path between them, using breadth-first search [77]. Then, we
sort these paths using their total length, resulting in a list of paths between all odd
nodes with the minimum number of doubled struts. Finally, we select from this list
the Npatnstoada shortest paths (making sure not to double count odd nodes) and add
them to the original truss geometry. The resulting truss has only two nodes with odd
connectivity and the minimum number of doubled struts to satisfy Euler’s theorem.
Formally, the resulting truss contains a minimum-weight perfect matching between
all but two nodes with odd degree, where the length of each edge is used as its weight
[79].

The pseudocode for Make Eulerian is summarized in Appendix B, Algorithm 1. It
runs with complexity O(|V|?), where V' is the number of nodes in the truss geometry
[77]. The input to the function is the nodal coordinates (pos) and connectivity matrix
(g) of the original truss geometry, and the output is an updated connectivity matrix
(9EButerian) Which contains the minimum number of doubled struts to satisfy Euler’s

theorem.
Hierholzer:

Once the desired truss has been made Eulerian, we compute a continuous bend
path through it, which represents a sequence of struts to be fabricated with the CNC
wire bender to achieve the desired geometry. While many such bend paths exist for
an arbitrary truss which satisfies Euler’s theorem, here we compute one at random,
using the Hierholzer algorithm (Fig. 4-3). This algorithm is efficient at computing
bend paths and runs with linear complexity O(|E|), where E is the number of struts

7).

The Hierholzer algorithm works by finding closed loops in the truss geometry and
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combining them into one continuous path which traverses each edge. Specifically,
for trusses which satisfy Euler’s theorem, the path starts at either a random node
in the geometry (if the truss is Eulerian) or at a node with odd degree (if the truss
is semi-Eulerian). Next, a neighboring node is selected at random and added to the
path. Then the edge connecting the two nodes is deleted, and the process is repeated
with the neighboring node. This continues until a node is reached with no neighbors,
which results in a closed loop. Then the algorithm backtracks to the last node with
neighbors and continues the same process from there, resulting in another closed
loop. By repeating this process until all edges have been covered and concatenating
the closed loops, the algorithm finds a continuous path with traverses the entire truss

geometry.

The psuedocode for Hierholzer is summarized in Appendix B, Algorithm 2. The
input to the function is the connectivity matrix of a truss which satisfies Euler’s the-
orem (Gguierian), and the output is a sequence of nodes which represents a continuous
bend path through the truss (bendpath). Since the Hierholzer algorithm picks neigh-
boring nodes at random, this bend path is not unique and different paths are obtained

each time the algorithm is run.

In this way, by using both the Make Fulerian and Hierholzer algorithms, the route
inspection algorithm computes a continuous bend path for any 2D or 3D truss geom-
etry. Due to Euler’s theorem, such bend paths require an even number of connections
(Z) at a majority of nodes in the truss. Since the necessary condition for rigidity
of large pin-jointed trusses also requires even connectivity at each node (Z = 6 in
2D and Z = 12 in 3D) [80], continuous bend paths generated with this process can
potentially fabricate rigid trusses with zero mechanisms and zero states of self-stress.
Moreover, while the process described above gives only one of many possible bend
paths for an arbitrary truss structure, additional algorithms, such as those described
in [81, 82|, can be implemented to compute bend paths which optimize for specific

criteria, such as the stiffness of the intermediate structure during fabrication.
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4.2.2 Converting to Machine Instructions

After finding a continuous bend path with the route inspection algorithm, the next
step in fabricating a truss structure with Bend-Forming is to convert the bend path
into instructions for a CNC wire bender. These instructions can be divided into three
categories which represent the degrees of freedom (DOFs) of the machine: feeding,
bending, and rotating the wire feedstock, as depicted in Fig. 4-4. Here we assume the
machine has a 2-DOF bend head which can form the feedstock out-of-plane. Hence
to construct the desired truss with a CNC wire bender, we convert the sequence
of nodal coordinates which represent the bend path into a list of feed, bend, and
rotate instructions which can be used to fabricate the truss. Below, we describe the
algorithm used to calculate these machine instructions (Fig. 4-5), which uses solely
the geometry of the bend path. While this algorithm is specific to the D.I. Wire Pro
machine [76] used to fabricate the prototype structures in this chapter, it is general

enough to be applied to any CNC wire bender.

FEED BEND ROTATE
Lfeed[ T “Bene 6,0
@ Gl
& e
rotate
A
| Feed- \ _______ .
/
stock >-DOF—1
) @ bend

y
LX head X4_I

Figure 4-4: Typical degrees of freedom for a CNC wire bender. Assuming a 2-
DOF bend head, the machine can feed along the wire axis (L fecq), bend clockwise or
counterclockwise in the xy-plane (£6pe,q), and rotate out-of-plane about the feeding
axis (Orotate). To avoid collision with the feedstock and the fabrication plane of the
machine, the bend angle and rotation angle are restricted to 0 < Gpeng, Orotate < 180°.
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Geometric Algorithm

The goal of the geometric algorithm (Fig. 4-5) is to compute a list of machine
instructions for fabricating the desired truss, using the continuous bend path found

by the route inspection algorithm.
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Continuous Bend Path Machine Instructions Bend-Formed Truss

Figure 4-5: The second step of the Bend-Forming process, illustrated for a 2D cir-
cular truss and a 3D bunny truss. Here a geometric algorithm is used to convert a
continuous bend path into a series of feed, bend, and rotate instructions for a typical
CNC wire bender. These instructions are then used to fabricate the desired truss
from a spool of raw feedstock. The code for this algorithm can be found in Appendix
B and in [75].

The input to the geometric algorithm is a sequence of nodes which represent the
bend path and their coordinates. From this we calculate a list of feed, bend, and
rotate instructions at each node of the path. An illustration of the algorithm for a
simple bend path geometry is shown in Fig. 4-6. Starting with the initial node of the
bend path, we determine the feed length Ly..q by computing the Euclidean distance
between the first two neighboring nodes. Then, we determine the bend angle 6;.,,4 by
computing the angle between the first three nodes in the path, using the definition
of the dot product. Next, we keep track of the normal vector to the plane made by
the first three nodes of the path (ficyment). For subsequent nodes in the path, we
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compare this vector to the normal vector made by the next three coordinates (f,ezt)-
If the vectors differ, we calculate the angle between them, which corresponds to the
complement of the rotation angle 6,.,;41. At the same time, to avoid collision with the
fabrication plane of the machine, we ensure that the required rotation between the
two normal planes is aligned with the allowed rotation axis of the machine (U otqzis)-
If not, we calculate the rotation angle using the opposite normal vector to the current
plane and change the bend angle sign for future bends. In this way, we keep track of
both the sign of each bend and the normal vector to every three nodes in the path.
This allows the algorithm to calculate the required bend angle 6,4 and rotation
angle 6,4 at each step of the bend path, while also handling edge cases like doubled
struts for which |6penq| = 180°.

B,0na = 180°- 0,

bend (i

6 =180°-anglebtw(n
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rotaxis

Lfeed (3) ;

Continuous Bend Path Machine Instructions

Figure 4-6: Illustration of the geometric algorithm for converting a simple bend path
with four nodes (z1-z4) into a series of machine instructions. The feed length Lyc.q is
computed as the Euclidean distance between subsequent nodes. The bend angle 0,4
is computed using the angle between every three nodes in the bend path («;). Finally
the rotation angle 0,4 is computed using normal vectors to the current and next
planes of the path (Neurrent and Mipeqre). Note that the black arrows show the progress
of the fabricated truss as the machine instructions are implemented.

The detailed psuedocode for the geometric algorithm is shown in Appendix B,
Algorithm 3. The function input is a continuous bend path through the desired
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truss (i.e., a nodal sequence bendpath and nodal coordinates pos), and its out-
put is a text file which contains a series of feed, bend, and rotate instructions
(MachinelInstructions). Note that the additional functions “proj(a, b)” and
“anglebtw(d, l;)” in the psuedocode correspond to a vector projection of @ onto b and
the angle between @ and l;, respectively.

Once a series of machine instructions is generated for the desired truss, it is in-
putted into a CNC wire bender for fabrication. For a machine such as the D.I. Wire
Pro, this corresponds to inputting the instructions into software compatible with
the machine. The software converts the feed and bend instructions into appropriate
movements of the feeding actuator and bend head, which are calibrated for springback
of the feedstock material. The rotate instructions, however, are not automated on
machines such as the D.I. Wire Pro with a 1-DOF bend head. Instead, they can be
implemented manually after pausing the machine before each wire rotation. On more
advanced CNC wire benders with multiple-DOF bend heads (such as the iX-S Wire
Former [83]), these rotate instructions can be automated as well. For future applica-
tion of Bend-Forming in space, all machine instructions would need to be automated

and calibrated to the space environment.

4.2.3 Joints

The algorithms presented in Sections 4.2.1 and 4.2.2 can be used to fabricate arbi-
trary 2D or 3D trusses from continuous feedback. The final step in achieving a stiff
truss with Bend-Forming is to place rigid joints at the nodes to transfer load between
adjacent struts. Various joining methods can be implemented, but for space applica-
tions with limited power availability, low-energy joining processes are preferred. Here
we describe two such joining methods compatible with Bend-Forming: interference
snap-fit joints and soldered joints.

The first joining method relies on snap-fit joints to mechanically stiffen the nodal
region. An example of such a joint is shown in Fig. 4-7a. This joint contains two
parts: a bottom part with grooves which position the feedstock inside the joint and

a top part with pins which snap into holes in the bottom part via an interference
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fit. When compressed, the two pieces snap together around the feedstock at each
node. The key advantages of this joining method are that it is simple to implement,
easy to automate, and requires no heating. However, for complex 3D trusses, unique
joint geometries are needed which conform to the strut orientations at each joint. In
addition, the joints may lead to anisotropic load transfer between struts, as dictated
by the continuous bend path used to fabricate the truss. Since the joints are mated

through an interference fit, they may also be susceptible to fracture during application

AV

if they are made from brittle materials.

[
| X

Exploded view Attached joint

Grooves Interfering
for Feedstock Pins

R

(a) Interference snap-fit joint (b) Soldered joint

Figure 4-7: Examples of low-power joining methods compatible with Bend-Forming;:
(a) snap-fit joints which rely on interference and (b) soldered joints. Here the snap-fit
joints are made of plastic and 3D printed using a stereolithography (SLA) printer
[84].

The second joining method uses brazing or soldering to connect neighboring struts.
An example of a soldered joint is shown in Fig. 4-7b. By using a filler metal with
a lower melting point than the feedstock material, the energy required for joining
adjacent struts remains low with this method. Other key advantages of soldering
are that it can create stronger bonds than mechanical joints, is amenable to complex
geometries, and is easy to automate. At the same time, accurately positioning the
struts around each joint is difficult, and heating the feedstock may lead to thermal
distortion and unwanted self-stress in the truss.

Other low-power joining methods which are compatible with Bend-Forming in-

clude: resistance spot welding [85, 86, 87|, friction stir welding [88, 89|, ultrasonic
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welding (90, 91, 92|, and cold welding [93]. Previous deformation processes proposed
for in-space manufacturing have used spot welding to connect thin-gauge metal feed-
stock [19] and ultrasonic welding to join composite feedstock [20]. Other on-orbit
assembly concepts have considered quick-attachment joints which snap together be-
tween adjacent struts [24]. Similar joining processes can be developed for Bend-
Forming which are low-power, automatic, and amenable to the space environment.
In this thesis, we demonstrate Bend-Forming with snap-fit and soldered joints; other

joining methods will be the subject of future work.

4.3 Exemplar Structures

Using the fabrication and joining processes outlined in Section 4.2, Fig. 4-8 presents
exemplar structures fabricated with Bend-Forming, with dimensions on the order of 1
meter. Here the feedstock was 1-mm diameter steel wire and bending was performed
with the D.I. Wire Pro machine [76]. Although this machine has a 1-DOF bend
head, the required out-of-plane rotations for 3D trusses were implemented manually,
simulating a second degree of freedom. Both snap-fit joints and soldered joints were
used to fabricate these structures, as shown in the inset images. For each prototype,
Table 4.1 lists the total length of feedstock used, the number of bends and joints, and
its mass. Further details regarding the geometry, bend path, and fabrication of each

structure are presented below.

Table 4.1: Fabrication details for exemplar structures fabricated with Bend-Forming
shown in Figure 4-8. Note that the listed mass includes both the wire and the joints.

Prototype Fi:::;fk # Bends # Joints Mass
Isogrid Column 27.4 m 271 136 218 g
Curved Gridshell 28.5 m 241 90 183 g
Truss Hoop 22.7 m 215 72 114 g
Tetrahedral Truss 5.6 m 79 24 29 ¢g
Bunny 11.9 m 176 57 60 g
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Figure 4-8: Exemplar 3D truss structures fabricated with Bend-Forming: (a) 1-m
long isogrid column, (b) 1-m diameter curved gridshell, (¢) 1-m diameter truss hoop,
(d) 0.2-m wide tetrahedral truss, and (e) 0.3-m tall bunny. Each prototype is made
from a single, continuous steel wire using a desktop CNC wire bending machine [76].
The nodes consist of either soldered joints or 3D-printed joints which snap together
with interfering pins (see inset images).
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4.3.1 Isogrid Column

The geometry and bend path of the isogrid column are depicted in Fig. 4-9. The
column is parameterized by the diameter D, height H, and triangle side length L.
To fabricate the column with a 1-DOF wire bender such as the D.I. Wire Pro,
the geometry is first unrolled about a spiral edge of the cylinder (Fig. 4-9b). Then a
continuous bend path is found through the resulting truss and converted to machine
instructions using the algorithms presented in Section 4.2. In particular, a zigzag bend
path is computed (Fig. 4-9¢) which traverses each longeron of the column separately
to avoid wire overlaps. The 2D unrolled geometry is fabricated with this bend path,
and joints are placed at each node to form a stiff truss. For the prototype shown in
Fig. 4-8, plastic snap-fit joints were used to clamp adjacent struts at each node, as
described in Section 4.2.3. Finally, the 3D isogrid column is achieved by rolling the

2D truss about the axis of the cylinder until the leftmost and rightmost nodes merge.
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Figure 4-9: Geometry and bend path for an isogrid column fabricated with Bend-
Forming. The 3D geometry is first unrolled about a spiral edge (in red). Then
a zig-zag bend path is computed (illustrated with green arrows) and converted to
machine instructions. Once fabricated, the 2D geometry is rolled about the cylinder
axis to obtain an isogrid column.

While this fabrication process uses a 2D bend path and results in isogrid columns
with curved struts, the process can be altered to fabricate isogrid columns with

straight struts, by using a 3D bend path. In particular, the first step of unrolling
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the column can be omitted and a 3D bend path can be directly computed for the
original column geometry. This bend path can then be converted to machine instruc-

tions for a 2-DOF CNC wire bender, using the same algorithms of Section 4.2.

4.3.2 Curved Gridshell

The geometry and bend path of the curved gridshell are depicted in Fig. 4-10. The
gridshell is parameterized by the diameter D, approximate triangle sidelength L, and
focal length-to-diameter ratio F'/D. The triangular mesh on the gridshell is obtained
with Delaunay triangulation [94].

To fabricate the gridshell, the 3D geometry is first flattened to a plane. This is
achieved with local angular defects, denoted by f;, which are added between sections
of the original geometry at specific radii (Fig. 4-10b). The magnitude of angular

defects is related to the gridshell curvature through the approximate relation [95]

where k; is the Gaussian curvature of the gridshell at radius r; and A is the area
of the faceted surface between r € [0,r;]. Thus, Eq. 4.2 is used to calculate the
required angular defect at each ring of the geometry (i = 1,2,3) such that when
the angular defects are closed, the resulting gridshell achieves the desired curvature.
After computing the 2D geometry with angular defects, a continuous bend path is
found and converted to machine instructions for a 1-DOF CNC wire bender, using
the algorithms of Section 4.2. The 2D geometry is fabricated with this bend path,
and joints are placed at each node. For the prototype in Fig. 4-8, plastic snap-fit
joints were used, as described in Section 4.2.3. Finally, the angular defects are closed
with additional joints to achieved the desired curvature of the gridshell.

Note that similar to the fabrication of isogrid columns, the above process relies
on computing a 2D bend path for the gridshell, which is then fabricated with a 1-
DOF CNC wire bender. However, for machines with a 2-DOF bend head, the curved
gridshell can be directly fabricated with a 3D bend path using out-of-plane rotations
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Figure 4-10: Geometry and bend path for a curved gridshell fabricated with Bend-
Forming. First the 3D geometry is flattened using angular defects (5;). Then a
continuous bend path is computed through the 2D geometry and converted to machine
instructions for fabrication.

of the feedstock. Such bend paths and the corresponding machine instructions can

be computed via the same algorithms presented in Section 4.2.

4.3.3 Truss Hoop

The geometry and bend path of the truss hoop are depicted in Fig. 4-11. The hoop
is defined with five geometrical parameters: the inner diameter (D;pne), the cross
section diameter (D¢g), the number of polygonal sides of the cross section (N¢g), the
number of polygonal sides of the hoop (Npep), and the number of bays per side (Ngige)-
Note that the total number of bays in the hoop is given by Nysy = Npoop X Naide-

To fabricate the truss hoop, a continuous bend path is found through the 3D
geometry and converted to machine instructions using the algorithms of Section 4.2.
In particular, a bend path is found which completely traverses each bay before moving
onto the next (Fig. 4-11b). No additional steps are taken to flatten the geometry.
Instead, the machine instructions for the 3D bend path are implemented on the D.I.
Wire Pro machine by manually rotating the feedstock out-of-plane, thereby simulating

a 2-DOF bend head. Once fabricated, joints are placed at each node to form a stiff
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truss. For the prototype in Fig. 4-8, adjacent struts were soldered together at each

joint, as described in Section 4.2.3.

(a) Truss hoop (b) Continuous bend path

Figure 4-11: Geometry and bend path for a truss hoop fabricated with Bend-Forming.
A 3D bend path is computed for the hoop which completely traverses each bay be-
fore moving to the next. The continuous bend path is then converted to machine
instructions for fabrication.

4.3.4 Tetrahedral Truss

The geometry and bend path of the tetrahedral truss are depicted in Fig. 4-12. The
tetrahedral truss is parameterized by the corner-to-corner diameter D and depth H.
The depth H is related to the triangle sidelength L as H = L\/%.

To fabricate the tetrahedral truss, a continuous bend path is found through the
3D geometry (Fig. 4-12b) and converted to machine instructions using the algorithms
of Section 4.2. Again no additional steps are taken to flatten the geometry. Instead,
the machine instructions for the 3D bend path are implemented on the D.I. Wire
Pro machine by manually rotating the wire out-of-plane. Finally, soldered joints are

placed at each node, resulting in the prototype in Fig. 4-8.

4.3.5 Bunny

The geometry and bend path of the bunny truss are depicted in Fig. 4-13. This
geometry is based off the Stanford bunny, a common 3D test model in computer

graphics [96]. Here the bunny is parameterized by the height H and approximate
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(a) Tetrahedral truss (b) Continuous bend path

Figure 4-12: Geometry and bend path for a tetrahedral truss fabricated with Bend-
Forming. A 3D bend path is computed for the truss and converted to machine
instructions for fabrication.

triangle size L.

To fabricate the bunny, a continuous bend path is found through the 3D geometry
(Fig. 4-13b) and converted to machine instructions using the algorithms of Section
4.2. The machine instructions for the 3D bend path are implemented on the D.I. Wire
Pro machine with manual out-of-plane rotations, resulting in the prototype shown in

Fig. 4-8.

(a) Bunny (b) Continuous bend path

Figure 4-13: Geometry and bend path for a bunny fabricated with Bend-Forming. A
3D bend path is computed for the truss and converted to machine instructions for
fabrication.

As illustrated by these five exemplar structures, Bend-Forming can fabricate com-
plex 3D truss geometries via plastic deformation of continuous feedstock. Although
the process uses a forming machine with only a few degrees of freedom, by convert-

ing the desired truss geometries into simple machine instructions, Bend-Forming can
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fabricate arbitrarily complex reticulated shapes.

4.4 Summary

Bend-Forming is a low-power method for fabricating truss structures from continu-
ous feedstock. It relies on CNC wire bending and low-power joining methods to form
complex truss shapes using plastic deformation. This chapter provided a method-
ology for fabricating 2D and 3D truss geometries with Bend-Forming. Specifically,
we described the process of finding a continuous bend path, converting it to machine
instructions for a CNC wire bender, and fabricating the desired truss with stiff joints.
This process relies on geometric algorithms which find an Euler path through the de-
sired truss and convert it to machine instructions using the three degrees of freedom of
the CNC wire bender: feeding, bending, and rotating. In this way, Bend-Forming can
fabricate arbitrarily complex truss geometries from a spool of continuous feedstock,
as demonstrated with exemplar isogrid columns, reticulated shells, and tetrahedral
trusses.

As a low-power manufacturing method, Bend-Forming can potentially fabricate
large structures in space with minimal energy. However, the fabrication process needs
to be improved for application on orbit. The first area of improvement is to fully
automate the Bend-Forming process. All the prototypes presented in this chapter
were fabricated by manually attaching joints to the truss nodes; in space, the joints
would need to be attached to the truss simultaneously during forming. This would
add stiffness to the truss at each step of fabrication, resulting in a more accurate
geometry. Second, the process for computing continuous bend paths as described in
this chapter needs to be improved to optimize for fabrication in space. For instance,
bend paths should be selected to minimize wire rotation and to avoid collision of
the intermediate structure with the machine during fabrication, thereby increasing
robustness of the process. Third, for precision space applications, a model needs to
be developed for predicting the accuracy of Bend-Formed structures based on the

tolerance of individual steps. This model can be used to predict the RMS error
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of Bend-Formed trusses and to understand which tolerances result in the largest
deviations from the desired geometry. Each of these areas of improvement will be the

subject of future work.
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Chapter 5

Compressive Behavior of Isogrid
Columns Fabricated with

Bend-Forming

5.1 Introduction

The Bend-Forming process described in Chapter 4 can fabricate arbitrary truss struc-
tures from continuous feedstock. However, for optimal design of trusses for specific
space applications such as support structure for solar arrays and antennas, an un-
derstanding is needed of their mechanical behavior. As structures formed via plastic
deformation and mechanical joints, Bend-Formed trusses may exhibit constitutive be-
havior different from pin-jointed trusses studied in the past [97|. Hence understanding
their response to various loading scenarios is a necessary step before their implemen-
tation in space. Although the loading on orbit is generally low compared to that
on the ground, space structures are subject to disturbance loads from solar pressure,
slewing, attitude control, and gravity gradients [4]. For Bend-Formed trusses made
of thin struts, these loads can lead to buckling, an often unpredictable failure mode
for large space structures. To investigate this potential failure mode, in this chapter

we study the compressive behavior of isogrid columns fabricated with Bend-Forming,
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via both experimental and numerical analyses. We chose this geometry in particular

due to its relevance to space applications such as deployable masts [98].

Isogrid columns have been studied previously, both theoretically [50, 99, 100, 101]
and experimentally [102]. Generally the accepted approach is to use the continuum
properties of a flat lattice to predict the stiffnesses of the column (axial, flexural,
and torsional) as well as its buckling load [50]. Other studies have investigated the
validity of this approach by comparing it with a discrete model for each strut. These
studies found that the continuum analysis overpredicts the buckling load when the
characteristic buckling wavelength is on the order of the strut length, or when the
axial load in the struts is on the order of their Euler buckling load [99]. In addition,
the continuum properties accurately predict the stiffnesses of isogrid columns with a
triangular lattice, but they result in an overprediction for other geometries like the
Kagome lattice [100]. While the majority of previous work has focused on reticulated
columns made of straight struts, one experimental study [102] derived a relationship
between initial strut imperfections and the resulting reduction in column stiffnesses,

using experiments in compression, bending, and torsion.

Compared to these previous analyses, Bend-Formed isogrid columns are fabricated
with a different manufacturing process which complicates their mechanical behavior.
As described in Section 4.3.1, the Bend-Formed isogrid columns are manufactured
by rolling a flat triangular lattice made of a continuous strand of feedstock. Dur-
ing rolling, each strut of the lattice undergoes 3D deformations which result in both
curvature and prestress, affecting the global buckling behavior of the column. To
study these effects, here we conduct compressive tests on Bend-Formed columns and
characterize their buckling and post-buckling behaviors. We further analyze the ex-
perimental responses through finite element simulations which include the initial cur-
vature and prestress of the struts. Through this work, we generate a framework for
predicting the strength of Bend-Formed isogrid columns, and identify future research
avenues to improve their design and analysis. Note that this chapter is adapted from

the published article in [103].
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5.2 Methods

In this section, we describe the fabrication of Bend-Formed isogrid columns, the

experimental setup for compression tests, and the finite element analysis setup.

5.2.1 Fabrication of Isogrid Columns

To fabricate isogrid columns with Bend-Forming, we use the process outlined in Sec-
tion 4.3.1. In particular, we unroll the desired column geometry about a spiral edge,
compute a continuous bend path through the resulting triangular lattice, and fabri-
cate the lattice from continuous feedstock with a CNC wire bender. We then add
snap-fit joints to stiffen the truss at each node and finally roll the geometry about
the cylinder axis to achieve the isogrid column.

Using this process, we fabricated four isogrid columns with varying diameter (D),
height (H), and triangle sidelength (L). Fig. 5-1 shows images of the fabricated
columns, and Table 5.1 lists the geometric parameters, total feedstock length, and
number of bends for each prototype. All columns were fabricated with 1-mm diameter
steel wire and the plastic snap-fit joints described in Section 4.2.3. CNC wire bending
was implemented with the D.I. Wire Pro machine [76] and the joints were 3D printed
from clear resin using the Form 3 SLA printer [84]. Note that for each column, the
joints were manually attached to the 2D lattice before rolling it to achieve the final
cylindrical geometry. After fabrication, the baseline column was spray-painted white
and scanned with a white light 3D scanner (the Creaform GoScan 50 [104]) to obtain

a shape measurement of the initial geometry.

5.2.2 Experimental Setup

A displacement-controlled compression test was conducted on each Bend-Formed iso-
grid column, using an Instron 5565 electromechanical load frame. For compatibility
with the compression platens of the load frame, flat endcaps which replicate clamped
boundary conditions were attached to each end of the column. The endcaps con-

sisted of a circular plate with an outer ring of epoxy to hold the wire, as depicted in
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Table 5.1: Geometric parameters of four Bend-Formed isogrid columns tested in
compression. Note some values are expressed as ranges due to tolerance stack-up
during fabrication.

Diameter Height Sidelength Feedstock

Column [mm] [mm] [mm] Length # Bends
Baseline 210 £3 562 + 2 82.5 16.5 m 143
Small sidelength 206 =3 569 £ 2 65 20.2 m 219
Wide 259 £3 562 £ 2 82.5 20.5 m 179
Long 206 £3 850 £ 2 82.5 24.75 m 207

Baseline Wide

Figure 5-1: Four isogrid columns fabricated with Bend-Forming, using 1-mm diameter
steel wire and plastic snap-fit joints. Each column was tested in compression, with
only one geometric parameter varied between columns: diameter, height, or triangle
sidelength. The baseline column was spray-painted white for shape measurement with
a white light 3D scanner.
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Fig. 5-2a. To keep the loading axis perpendicular to the endcaps, the columns were
vertically lowered into the epoxy-filled endcaps. In addition, to minimize the effects
of misalignment between the top and bottom endcaps, a marble was placed between
the top compression platen and the top endcap, as shown in Fig. 5-2b. The marble
rested in a small hole at the center of the top endcap and permitted rotation of the
endcap during the compression test. This resulted in purely vertical load applica-
tion and minimized the effect of tilt misalignment between the endcaps. During each
compression test, a displacement of 10 mm was applied to the top endcap at a rate

of 0.01 mm/s, and a video was taken of the column to characterize its deformation.

R—L\ 4 e vudRWR &=

(a) Epoxy-filled endcap (b) Load application with marble

Figure 5-2: Boundary conditions for compression of Bend-Formed isogrid columns.
(a) Both sides of the column are embedded in epoxy-filled endcaps. (b) Load is
applied with a marble to minimize effects of any tilt misalignment.

5.2.3 Finite Element Analysis

The columns shown in Fig. 5-1 were modeled using the finite element software Abaqus
to investigate their compressive behavior. In particular, we captured the effect of
rolling the triangular lattice during fabrication on the buckling and post-buckling
behavior of the column. To this end, the 2D unrolled geometry depicted in Fig. 4-
9b was imported into Abaqus and meshed using linear beam elements (B31). Each
element was 6.35 mm long and assigned a circular cross-section with 0.9 mm diameter,
matching the cross section of the wire used to fabricate the prototypes. The elements

were assigned isotropic elastic properties of steel wire, with Young’s modulus £ = 200
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GPa and Poisson ratio v = 0.29. To simplify modeling of the joints, each strut was
fully connected to adjacent struts at the truss nodes, with kinematic coupling of all
six degrees of freedom. The implications of this modeling choice are discussed further

in the next sections.
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(b) Kinematic

(a) Rolling Constraints

(c) Compression

Figure 5-3: Illustration of the finite element analysis for compression of Bend-Formed
isogrid columns. (a) Rotational boundary conditions are applied to roll the 2D tri-
angular lattice into a cylinder. (b) Kinematic constraints are applied to merge the
leftmost and rightmost nodes and compute the equilibrium state of the column. (c)
A compressive force is applied at the top of the column.

The analysis follows multiple steps, as illustrated in Fig. 5-3. In the first step
(Fig. 5-3a), the initially flat triangular lattice is rolled into a cylinder via rotational
boundary conditions applied to its leftmost and rightmost nodes. During this step,
all edges parallel to the z-axis are constrained from moving vertically, and a series of
nodes which form the centerline of the lattice are fully clamped. The simulation is
quasi-static, considers nonlinear changes in geometry, and uses the Newton-Raphson
solver of Abaqus Standard. As rotations are applied to the boundary nodes, curvature
and prestress develop in the struts, and the analysis step is completed when the
leftmost and rightmost nodes become coincident.

In the second analysis step (Fig. 5-3b), all degrees of freedom of the leftmost and

rightmost nodes are coupled through kinematic constraints to maintain the rolled
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shape of the column. Physically, this corresponds to the final attachment of mechani-
cal joints during fabrication of the column to achieve the cylindrical geometry. In our
simulation, these kinematic constraints are implemented with a Fortran subroutine
which defines multi-point constraints (MPCs) after the rolling step. In addition, the
same type of constraints are used to couple the top and bottom boundaries of the col-
umn to reference points along the column axis, thereby replicating the attachment of
the column to the epoxy-filled endcaps. Once these additional constraints are added,
the rotational boundary conditions used in the rolling step are released and the stress
and deformation states are recomputed to ensure that the column is in equilibrium.
Finally, in the last analysis step (Fig. 5-3c), a compressive force is applied to
the top reference point, which is allowed to rotate similar to the marble in the ex-
periment. A buckling eigenvalue analysis is performed and the full post-buckling
response is computed using a Riks solver. The Riks solver computes the load and
displacement of the column simultaneously by incrementing the arclength along the
static equilibrium path, enabling the resolution of unstable responses. Generally for
such thin shell structures, multiple post-buckling responses can compete in what is
referred to as “spatial chaos” [105]. To guide the solver towards specific post-buckling
paths, geometric perturbations based on the eigenmodes of the column are seeded in

the initial geometry. More details about this procedure are given in Section 5.4.

5.3 Results

The experimental load-displacement curves for compression of the four Bend-Formed
isogrid columns are plotted in Fig. 5-4, along with images of the columns at various
points during the test. Table 5.2 lists the measured axial stiffness and maximum
load of the Bend-Formed columns. For each column, we observed an initially linear
response, followed by nonlinear softening, a local maximum in load, and a region of
negative stiffness. Comparing the initially linear responses of the four columns, we
see that the columns with smaller side length and larger diameter (Fig. 5-4b, 5-4c)

achieved both a higher axial stiffness and maximum load than the baseline column
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(Fig. 5-4a). Comparatively, the longer column (Fig. 5-4d) achieved both a lower
axial stiffness and maximum load. These trends match with analytical expressions
for axial stiffness and buckling load of isogrid columns, as derived in [50] using the

effective properties of a planar triangular lattice.

After the maximum load was reached in the experiments, there was a gradual
decrease in load-carrying capability of each column as the compressive displacement
was increased. This region of negative stiffness corresponded to the formation of lo-
calized buckling deformations (i.e., “dimples”) at various locations along the height
of the column. For the smaller sidelength and wide columns Fig. (5-4b, 5-4c), asym-
metric localized deformations formed on one side of the cylinder, near the center and
top bays, respectively. These deformations resulted in a large rotation of the top
endcap at a displacement of 8 mm, as well as a sharp drop in load. This sharp drop
corresponded to the conversion of strain energy to kinetic energy, an unstable behav-
ior similar to that observed during compression of thin cylindrical shells [106]. In
contrast, the baseline column showed the formation of a symmetric localized defor-
mations at a central bay, which grew in amplitude with increasing displacement (Fig.
5-4a). Finally the long column showed the simultaneous formation of two localized

deformations near the top and bottom bays (Fig. 5-4d).

Table 5.2: Experimentally measured axial stiffness and maximum compressive load
of four Bend-Formed isogrid columns.

ka:m'a,l P, max

Column
[N/mm]  [N]
Baseline 68.6 187
Small sidelength 182 324
Wide 98.6 221
Long 47.5 170

88



200 T

350 T T

k=182 N/mm

‘axial

180 P =324N

300 A

250

g g
T 100F B R4
o o o
- - 150 F
80
Localized
60F 100 F deformation J
401
50
20
0 0 - L L L
2 4 6 8 10 2 4 6 8 10
Displacement [mm] Displacement [mm]
(a) Baseline column (b) Small sidelength column
250 T T T 200 T T T T
K, i = 98.6 N'mm K, o= 47.5 N/mm
Po=221N 1eor P_=170N 1
200 1 160 4 1
140 s J
_150F E 120t aTs E
z z
- T 100F 1
o o
- -
100 1 80 1
60 1
501 E 401 1
20 1
0 . - ! . 0 L L L L
2 4 6 8 10 2 4 6 8 10
Displacement [mm] Displacement [mm]
(c) Wide column (d) Long column

Figure 5-4: FExperimental results for compression of four Bend-Formed isogrid
columns. The load-displacement curve is plotted for each column with images at
three points during the test. The locations of the largest-amplitude deformations are
highlighted with red arrows. All four columns display an initially linear response,
followed by nonlinear softening, and a gradual decrease of the load which corresponds
the formation of localized deformations along the height of the column.
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5.4 Discussion

5.4.1 Initial Geometry

As buckling of thin cylindrical columns is generally sensitive to geometrical imperfec-
tions [109], we first assessed the magnitude of imperfections in the experimentally-
tested prototypes. Specifically, we compared the geometry of the baseline column
predicted by the rolling step of the finite element analysis (Fig. 5-3a) to the physical
shape of the fabricated column, obtained as a point cloud via a white light 3D scanner
[104]. Fig. 5-5 shows deviations between the predicted and actual column geometries.
Here the two column geometries are aligned using circles fitted to the middle plane

of the column (i.e., at a height of 281 mm).
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Figure 5-5: Shape deviations between the simulated and actual shape of a Bend-
Formed isogrid column. The simulated shape is calculated through a finite element
analysis while the actual shape is measured using a white light 3D scanner [104]. The
maximum deviations occur near the top of the column.

In the immediate vicinity of the middle plane, we see that deviations between the

predicted and actual shape are below 1 mm. Farther from the middle plane, however,
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the deviations increase and reach a maximum of 1 cm at the top end of the column.
To understand these deviations, experimental and simulated shapes are superimposed
in Fig. 5-5, which highlights a global twist in the structure. From this comparison, we
see that most of the deviations result from a rotation of the struts along the cylinder
axis, rather than a mismatch in curvature of each strut. In addition, a top view of the
experimental column, shown in Fig. 5-5, reveals an ovalization of the cross-section.
These two global imperfections, twist and ovalization, may arise from the last step of
the fabrication process, when joints are applied to the boundary nodes of the column
after rolling. This process requires local flattening and clamping of the struts near the
boundary nodes, which potentially introduces inaccuracies and angular variations in
the adjacent struts. This manufacturing step may thus be responsible for the observed

deviations in shape.

5.4.2 Buckling and Post-Buckling Response

To understand the experimental results, we simulated compression of Bend-Formed
isogrid columns with buckling analyses in Abaqus. In particular, we performed lin-
ear eigenvalue analyses and computed various post-buckling responses with the Riks
solver by seeding the initial geometry with eigenmodes. We then compared the sim-
ulated load-displacement curves and deformed shapes with the experimental results.
Below we describe this process for the baseline column and present comparisons be-
tween simulation and experiment for all four isogrid columns.

First a buckling eigenvalue analysis is preformed for the undeformed baseline col-
umn, including the prestress resulting from the rolling step. The analysis computed
three buckling eigenvalues under 200 N (the maximum load observed in the exper-
iment), for which the corresponding eigenmodes are shown in Fig. 5-6a. The first
buckling eigenvalue, F1 = 168.7 N, corresponds to an axisymmetric eigenmode with
sinusoidal deformations at a wavelength equal to twice the bay height. By contrast,
the second and third eigenvalues, F2 = 181.9 N and F3 = 182.3 N, correspond to
antisymmetric eigenmodes rotated by 90° about the column axis.

In order to simulate the load-displacement response of the baseline column past
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F1=168.7 N F2=1819N F3=182.3N F4 =187.5N

(a) Baseline column primary eigenmodes (b) Secondary eigenmode

Figure 5-6: Buckling eigenmodes of the baseline isogrid column, computed using a
linear buckling analysis in Abaqus. (a) Primary eigenmodes of the baseline column,
only one of which is axisymmetric. (b) Secondary eigenmode calculated using an
iterative solver.

the first bifurcation, a geometric imperfection based on the first eigenmode (F1)
is seeded into the initial geometry. This imperfection is a numerical perturbation
which biases the Abaqus solver at the bifurcation, rather than a representation of
the actual geometrical imperfections of the column [107, 108]. Several analyses are
performed with different amplitudes of the first eigenmode, to determine the smallest
imperfection amplitude for which the load-displacement curve transitions from the
perfect response to the post-buckling response. For the baseline column, this critical
amplitude was found to be 27% of the wire radius, and the resulting post-buckling

response is shown in Fig. 5-7 in blue, together with the experimental response.

As depicted in Fig. 5-7, the simulation predicts an initially linear load-displacement
path for the baseline column. However, a discrepancy in stiffness is observed between
experiment and simulation. This discrepancy may be explained by our modeling
setup of the joints, as we assumed perfect load transfer by kinematically coupling all
adjacent struts. In reality, the fabricated columns contain snap-fit joints at each node

which are made of a softer plastic than the metallic feedstock (as depicted in Fig.
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Figure 5-7: Comparison of the load-displacement curve for the baseline column, ob-
tained via experiment (dotted) and simulation (red and blue). Here F1 - F4 corre-
spond to the various buckling eigenvalues of the structure. The blue path is obtained
by seeding the initial geometry with the first eigenmode (F1) while the red path is ob-
tained by using the secondary eigenmode (F4) as the imperfection. Deformed shapes
at the end of the simulation are shown in (b) and (c).

4-7). Hence, certain adjacent struts transfer load through the softer joint material,

which may explain the lower axial stiffness of the fabricated column.

After the first bifurcation (F1), the simulation predicts a stable, nonlinear post-
buckling response, as deformations characteristic of the first eigenmode appear in the
structure. Given the shape of the first eigenmode, we suspect that the post-buckling
stiffness of the column depends mostly on the local bending stiffness of the truss
unit cell. Past the second eigenvalue (F2), deformations become antisymmetric and
uniformly distributed along the column height, until the maximum load is reached.
This maximum load matches well between experiment and simulation, as depicted in
Fig. 5-7. In addition, the simulation showed that the maximum load does not depend
on the imperfection amplitude, once the critical amplitude used to trigger bifurcation
is used. This behavior differs significantly from the high imperfection sensitivity
observed in thin cylindrical shells [109], therefore enabling a robust prediction of the
maximum load the Bend-Formed column can withstand. Past the maximum load,

the simulation predicts a reduction in load-carrying capability which corresponds to
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a localization of deformations at two separate locations in the structure, as seen in
Fig. 5-7b. At a displacement of 8.2 mm, a snap-back instability is encountered and

the simulation is stopped.

By seeding the initial geometry with the first eigenmode, we observe a mismatch
between the experimental and simulated post-buckling responses. In addition, the
deformed shape obtained at the end of the blue path, shown in Fig. 5-7b, is signifi-
cantly different from the shape observed in the experiment. This difference suggests
that there may be additional bifurcations on the primary post-buckling path. To find
them, we iteratively solve the buckling eigenvalue problem [110, 111], between the
first eigenvalue and the maximum load. With this process, we found a secondary
bifurcation at a critical load of F4 = 187.5 N, the corresponding eigenmode of which
is shown in Fig. 5-6b. To trace the secondary post-buckling path stemming from
this secondary bifurcation, the corresponding eigenmode is seeded in the initial col-
umn geometry, in addition to the first mode imperfection considered previously. A
parametric study showed that a minimum imperfection amplitude of 46% of the wire
radius is needed for the solver to bifurcate when the load reaches F4 = 187.5 N. For
this value of imperfection, we obtain the secondary post-buckling path shown in red
in Fig. 5-7a.

The red path follows a similar shape as the primary post-buckling path in blue,
up to the second bifurcation (F2). After that, it becomes unstable and restabilizes
at a load of 171 N, followed by a plateau in load. At a displacement of 5.9 mm,
the load starts decreasing again and the post-buckling path follows the experimental
response closely. At the end of path, the deformed shape, shown in Fig. 5-7c, features
symmetric deformations which localize below the column mid-plane, very close to that
observed experimentally. However, while the simulated response exhibits a snap-back
instability after the second bifurcation (F2), a gradual decrease in load is observed
in the experiment. This difference in behavior may be a result of real imperfections
in the structure such as the global cross-section ovalization mentioned in Section
5.4.1. Indeed, the post-buckling shape also features a local ovalization of the cross-

section, and therefore the initial imperfection is most likely the seed for this type of
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deformation. Since the onset of the mode is already present in the structure, the
post-buckling regime consists in the amplitude growth and localization of the initial
imperfection, rather than an unstable bifurcation and kinetic energy release which
would be observed for a perfect structure. This reasoning also offers an explanation to
why the structure would bifurcate at the secondary bifurcation rather than following
the primary post-buckling path.

A similar simulation procedure to that outlined above was implemented for the
other three Bend-Formed columns-small sidelength, wide, long-to obtain their buck-
ling and post-buckling responses. In particular, an eigenvalue analysis was carried
out about the undeformed shape, and the first buckling eigenmode was seeded as
an imperfection in the initial shape to trace the post-buckling response. For these
analyses, we did not search for additional bifurcations along the post-buckling path
and traced only the primary path (i.e., blue path in Fig. 5-7). The resulting post-
buckling responses are shown in Fig. 5-8, and the relative errors in initial stiffness

and maximum load between simulation and experiment are reported in Table 5.3.

Table 5.3: Relative error between experimental and simulated values of axial stiffness
and maximum load for Bend-Formed isogrid columns tested in compression. The
simulation consistently overpredicts the axial stiffness but accurately predicts the
maximum load.

kozia relative P,,.. relative

Column error [%] error |%]
Baseline 56.3 0.6
Small sidelength 54.8 4.6
Wide 107 2.4
Long 47.9 3.9

Fig. 5-8 shows a close match between load-displacment curves from experiment
and simulation. The simulations predict initially linear paths which quickly become
nonlinear as they approach the maximum load, which match well with experimental
results. Beyond the maximum load, the simulations predict interesting phenomenon,
such as a series of destabilizations and restabilizations for the small sidelength and

wide columns. This phenomenon, referred to as “snaking”, is commonly observed in
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Figure 5-8: Comparison of load-displacement curves for three Bend-Formed isogrid
columns, obtained via experiment (dotted) and simulation (solid). The simulated
post-buckling paths match well with experimental results, as do the maximum loads.
Deformed shapes at the end of the simulations are shown in (d)-(f).
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thin cylindrical shells [105] and physically corresponds to the sequential formation of
buckles in the columns. In the experiments, these instabilities are likely overshadowed
by geometerical imperfections which result in a smooth formation of localized defor-
mations. The simulated post-buckling responses terminate by folding of the path,
which coincides with the drop in load observed in experiment when deformations

localize on one side of the column.

Comparing the deformed shapes between experiment (Fig. 5-4b-d) and simulation
(Fig. 5-8d-f), we observe a good match for the wide and small sidelength columns.
However, for the long column, the simulated deformed shape differs from that ob-
served experimentally. In particular, two symmetric localized deformations form in
the simulation whereas antisymmetric deformations are observed in experiment. This
observation suggests a competition between buckling modes and post-buckling re-
sponses, similar to the two paths highlighted for the baseline column (blue and red
paths in Fig. 5-7). To fully capture the post-buckling response and deformed shape
of each column, an additional search for secondary bifurcations would have to be
performed, as presented for the baseline column. Note that the post-buckling load-
displacement path is primarily driven by the number of localized buckles rather than

their locations, which explains the good match between the two curves in Fig. 5-8c.

From Table 5.3, we observe that the simulation consistently overpredicts the ini-
tial axial stiffness of the Bend-Formed columns. This discrepancy is likely due to our
assumption of rigid joints in the model, which does not consider the axial compliance
of the joints. Nevertheless, an excellent match is observed between the computed and
experimental maximum loads (with relative error lower than 5%), suggesting that
the buckling behavior of Bend-Formed isogrid columns is imperfection insensitive.
This may be a result of the geometry and fabrication process of the Bend-Formed
columns, which results in initially curved struts which behave as beam-columns. Con-
sequently, they do not experience Euler buckling and instead follow a nonlinear load-
displacement behavior which is less sensitive to imperfections. Conversely, if straight
struts were present in the isogrid columns, their buckling behavior would be different

and the response would likely be more sensitive to imperfections.
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5.5 Summary

In this chapter, mechanical tests and finite element analyses were performed on iso-
grid columns fabricated via Bend-Forming, to guide their design for structural appli-
cations. In particular, four column prototypes, each with one geometric parameter
independently varied, were axially loaded using an electromechanical load frame to
characterize their buckling and post-buckling responses. For all columns, we observed
an initially linear load-displacement response, followed by nonlinear softening, a max-
imum in load, and a gradual decrease in load as the displacement was increased. This
region of negative stiffness physically corresponded to the localization of buckling
deformations at specific locations along the height of the column.

The corresponding finite element simulations revealed a series of bifurcations on
the pre-buckling and post-buckling paths. As multiple post-buckling paths can orig-
inate from each bifurcation, we seeded the initial geometries with a series of imper-
fections based on the buckling eigenmodes to trace the full post-buckling response.
The simulations consistently overpredicted the initial stiffness due to the axial com-
pliance of the joints in the experimental specimens, which was not considered in our
simulations. However, the simulations accurately predicted the maximum load for all
columns before the onset of buckling localization. The simulations showed that these
specific columns are imperfection-insensitive beyond the critical imperfection ampli-
tude threshold required to numerically trigger the post-buckling response. Therefore,
simulating the compression experiments with near-perfect column models enabled the
accurate prediction of maximum load, as well as the full post-buckling response and
deformed shape. Considered together, these results provide a simulation framework
for accurately predicting the maximum compressive strength of Bend-Formed isogrid

columns, for various structural applications.
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Chapter 6

Application of Bend-Forming for
Fabricating Support Structure for an

Electrostatically-Actuated Reflector

Antenna

6.1 Introduction

Having described the Bend-Forming process and investigated the mechanical behavior
of columns fabricated with the process, we now present a potential application of
Bend-Forming as an ISM approach. Specifically, we study the concept of fabricating
supporting structure for a large electrostatically-actuated reflector antenna in space.
This antenna concept, originally pioneered in 1980 [112], relies on using electrostatic
forces to contour a conductive membrane into a reflector surface. The shape of the
membrane can be precisely controlled with a distributed power supply and various

electrodes on a command surface below, as depicted in Fig. 6-1.

This concept has been previously ground-tested for antenna and mirror applica-
tions. In 2006, for instance, Northrop Grumman successfully retrofitted an AstroMesh

antenna with thin film electrodes, demonstrating electrostatic actuation on a 5-m di-

99



Initial configuration of thin Thin membrane target

membrane surface
Membrane
clectrode spacing /
L »
N — T+ —
N _ - -
Y -

-

-— \

-— Y

Distributed Power Supply
System

Figure 6-1: Illustration of an electrostatically-actuated reflector antenna. The curved
reflector surface is achieved via distributed electrodes on a command surface, which
deforms a thin membrane into the target shape. Note this illustration is adapted
from [113].

ameter mesh reflector antenna [114]. In addition, electrostatic actuation has been
demonstrated for correction of wavefront error in membrane mirrors [115]. These
concepts were not pursued further for flight demonstrations, due to lack of funding

and technical challenges of electrostatic actuation in the space environment.

As a deformation process which fabricates trusses from continuous feedstock,
Bend-Forming can potentially enable such a concept by constructing support struc-
ture for the antenna on orbit. To investigate this application, in this chapter we
present a structural concept for an electrostatically-actuated reflector antenna, fabri-
cated with Bend-Forming. Below we describe its design and demonstrate the concept
with a 1-m diameter prototype, using the fabrication algorithms from Chapter 4 and
the understanding of mechanical behavior from Chapter 5. This prototype serves
as a demonstration of Bend-Forming for fabricating useful truss structures in space,
as well as of electrostatic actuation for antenna applications. Here we focus on the
support structure fabricated with Bend-Forming; the description of electrostatic ac-
tuation and its control will be summarized in future work. The performance of the

prototype as an antenna will also be detailed in future work, after experiments in an
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anechoic chamber.

6.2 Structural Concept

The key design requirements for support structure of an electrostatically-actuated re-
flector antenna are based on the dimensions and loads of the membrane and command
surface. The first requirement is the aperture size of the antenna, which we assume
to be circular with diameter D. Hence, to support both the membrane and command
surface, the surrounding truss structure must at least encompass the dimension D.

The second requirement relates to the required deflection of the conductive mem-
brane. Since the electrostatically-actuated antenna works by deflecting a thin mem-
brane into a curved shape, the supporting truss structure must be designed to offset
the membrane from the command surface by a distance §, which is greater than or
equal to the necessary deflection of the membrane. Assuming an initially flat mem-
brane and a parabolic target shape with focal length-to-diameter ratio £’/ D, this offset
is given by the height of the parabola, § = D?/(16F). Thus, the supporting structure
must offset the membrane from the command surface by a distance H > D?/(16F).

The third requirement of the support structure is to withstand the tension in the
membrane and the electrostatic force as it deflects downwards. Initially, the tension
in the membrane acts radially inward, but it develops a vertical component balanced
by the electrostatic force as the membrane deflects downwards. Hence the structure
must be designed to support these loads in equilibrium without buckling and excessive
deflection.

Considering these design requirements, we present in Fig. 6-2 a structural concept
for an electrostatically-actuated reflector antenna fabricated with Bend-Forming. The
support structure consists of a truss hoop attached to an inner triangular grid. The
truss hoop is defined by its inner diameter D, .., triangular cross section of height
H, and number of attachment points Nj,ep,. This truss hoop geometry is similar to
that presented in Section 4.3 (i.e., with Nog = 3, Ny = 1, and Dog = 4/3H), but

here the cross section has been rotated such that one plane coincides with the inner
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triangular grid. This triangular grid is meshed with Delaunay triangulation using an
approximate sidelength L [94], and boundary nodes are adjusted to align with the

truss hoop.

conductive
membrane

command
surface

Figure 6-2: Structural concept for an electrostatically-actuated reflector antenna fab-
ricated with Bend-Forming. On the left, an illustration of the conductive membrane
and command surface attached to the support structure. On the right, a perspective
and side view of the supporting truss structure fabricated with Bend-Forming.

To serve as a reflector antenna, a conductive membrane is connected to the attach-
ment points on the top plane of the truss hoop, and the electrodes of the command
surface are attached to the triangular grid below. The gap between the two planes is
given by the cross-section height H, which is designed to be larger than the vertical
deflection ¢ required to achieve the desired focal length-to-diameter ratio of the re-
flector. Additionally, the dimensions of the truss hoop and triangular grid are chosen
such that the structure does not buckle due to the tension of the membrane.

Below we present a 1-m diameter prototype of this structural concept, fabricated
with Bend-Forming. We verify its design with finite element modeling and a prelim-
inary experiment, demonstrating a potential application of Bend-Formed trusses in

space.

6.3 Antenna Prototype

For our prototype of the structural concept presented in Fig. 6-2, we targeted an

aperture size of D = 1 m and focal length-to-diameter of F/D = 1, corresponding

102



to a vertical deflection of = 6.25 cm for the conductive membrane. To account for
tolerance stack-up during fabrication of the structure, we selected D, = 1.04 m for
the inner diameter of the truss hoop and H = 7 cm for height of the triangular cross
section. Additionally, we chose Nj,,, = 24 attachment points and an approximate
triangle sidelength of L = 13 cm.

For the conductive membrane, we selected a 40 OPI (openings per inch) gold-
molybdenum mesh, a material commonly used in mesh reflector antennas such as
the AstroMesh [12]. This mesh must be tensioned within an acceptable range for
reflective properties at the desired operation frequency of the antenna. Hence for
our prototype, we targeted an X-band application and attached the mesh with an
appropriate flat pretension, such that when it deflected to the desired curvature, the

tension remained within the acceptable range.

6.3.1 Fabrication

To fabricate the support structure for the antenna prototype with Bend-Forming, we
used the fabrication algorithms of Chapter 4. Specifically, we computed 3D bend
paths for both the truss hoop and triangular grid, and combined them into a single
bend path which traversed the entire geometry, as illustrated in Fig. 6-3a. We
converted the resulting bend path into a series of machine instructions and fabricated
the structure using the D.I. Wire Pro machine, manually implementing the out-of-
plane rotations required for the 3D structure. Finally we added soldered joints at

each node, resulting in the prototype shown in Fig. 6-3b.

6.3.2 Finite Element Analysis

To verify that the support structure of our antenna prototype would not buckle under
the mesh tension and electrostatic forces, we conducted finite element simulations
on the truss geometry. Specifically, we imported the geometry into Abaqus and
meshed it with linear beam elements (B31), following an identical procedure to that

presented for compression of isogrid columns in Chapter 5. However, in this case, we
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(b) Bend-Formed support structure

Figure 6-3: Fabrication process for Bend-Formed support structure of an
electrostatically-actuated reflector antenna. A continuous bend path (a) which tra-
verses both the truss hoop and inner triangular grid is converted to machine instruc-
tions for a CNC wire bender, resulting in the fabricated prototype shown in (b). Here
soldered joints are used at each node.
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simulated tension of the mesh by applying concentrated compressive loads at each
attachment point. To account for both the radial and vertical components of the
mesh tension, we simulated two loadings: one with forces pointed radially inward
and another with forces pointed vertically downwards, as depicted in Fig. 6-4. For
both loading scenarios, we implemented simply supported boundary conditions at the

outer nodes of the truss hoop.

(a) Radial loading (b) Vertical loading

Figure 6-4: Finite element model for compression of the Bend-Formed support struc-
ture, with both radial and vertical components of the mesh tension. The load is
applied at each attachment point, and simply supported boundary conditions are ap-
plied at the outer nodes of the truss hoop. The buckling eigenvalues are found via a
linear analysis about the undeformed structure, and a post-buckling path is obtained
with the Riks solver by seeding the initial geometry with the first buckling eigenmode.

The goal of the simulation is to understand the buckling behavior of the support
structure and verify that the mesh tension will not cause structural failure. To this
end, we implemented a buckling eigenvalue analysis linearized about the undeformed
geometry, to determine the critical load for both radial and vertical loading. The
results, presented in Fig. 6-5, show a radial eigenvalue of 2.11 N and a vertical
eigenvalue of 3.70 N at each attachment point, equivalent to a mesh tension of 14.4
N/m and 25.3 N/m, respectively. The corresponding eigenmodes, depicted in Fig. 6-
5, are identical and consist of axisymmetric deformations of the circumferential struts.
The critical mesh tension of 14.4 N/m is larger than that expected for our mesh at
the desired curvature of our antenna prototype, and hence the structure satisfies the
design requirement.

To further understand the buckling behavior of the Bend-Formed support struc-
ture, we simulated its post-buckling path with the Riks solver, by seeding the initial
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(a) Radial eigenvalue: P_ =211 N (b) Vertical eigenvalue: P_ =3.70 N

Figure 6-5: Buckling eigenvalues for radial and vertical loading on the Bend-Formed
support structure. Here the eigenvalue is the load applied at each attachment point
of the perfect structure to cause a bifurcation.

geometry with an imperfection in the shape of the first buckling eigenmode (following
a similar procedure as in Chapter 5). We implemented this for radial loading of the
structure using the eigenmode shown in Fig. 6-5 and an imperfection amplitude of
10% of the wire radius. The resulting load-displacment curve at one attachment point
is plotted in Fig. 6-6, along with the deformed shape at the end of the simulation. We
see in Fig. 6-6 that the radial load causes large deformations of the circumferential
struts as well as struts in the triangular cross section of the truss hoop. Nonetheless,
the simulation predicts a stable post-buckling path, as the stiffness of the structure
increases after the first bifurcation. This suggests that the Bend-Formed support
structure does not fail catastrophically and continues to support the mesh tension

after initial buckling.

6.3.3 Experiment

To validate the finite element analysis presented in Section 6.3.2, we conducted a
compression experiment on a similar truss geometry to the support structure of the
1l-meter diameter antenna prototype. Specifically, we tested the radial compression
of a truss hoop fabricated with Bend-Forming on an Instron load frame, in order to
compare with the buckling and post-buckling behaviors predicted by simulation.
The truss hoop geometry we tested is depicted in Fig. 6-7 with labeled dimensions
and was fabricated with the bend path presented in Section 4.3.3. Soldered joints were

used at each node. Note that this truss hoop has a triangular cross section which has
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Figure 6-6: Simulated load-displacement curve for radial loading of the Bend-Formed
support structure, measured at the labeled node. Here the y-axis represents the radial
load applied at each attachment point of the truss hoop. The deformed shape depicts
buckling of the circumferential struts as well as struts in the triangular cross section
of the truss hoop.

been rotated compared to the structural concept presented in Section 6.2.

To simulate the mesh tension on the truss hoop, we loaded the structure radially at
each attachment point. Experimentally, we achieved this via a whiffle tree setup which
redirected the vertical displacement of the Instron crosshead to radial displacement at
each attachment point. The whiffle tree consisted of six pulleys, two levels of spreader
bars, and 1-mm diameter steel wire rope between each level, as depicted in Fig. 6-8a.
During the test, we measured the crosshead displacement at the top of the whiffle
tree and filmed the structure from above to infer the radial displacement at one of the
attachment points. In the simulation, we used the same modeling setup as in Section
6.3.2 to apply concentrated radial loads at each attachment point. The simulation

setup is depicted in Fig. 6-8b.

The experimental results are illustrated in Fig. 6-9. Initially we saw a gradual
increase in stiffness of the structure, as the steel wire rope used in the whiffle tree

became taut. Afterwards, the structure exhibited a relatively linear response with

107



Figure 6-7: Truss hoop fabricated with Bend-Forming, experimentally tested for ra-
dial compression with a whiffle tree experimental setup.

whiffle tree setup

(b) FEM setup

(a) Experimental setup

Figure 6-8: Experimental and simulation setups for radial compression of a truss hoop
fabricated with Bend-Forming. A whiffle tree setup with pulleys and spreader bars is
used to translate the vertical displacement of the crosshead into radial displacement
at each attachment point. In the simulation, we apply concentrated radial loads
at each attachment point and use simply support boundary conditions at the outer
nodes of the truss hoop.
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stiffness ke,p = 31.5 N/mm, followed by a maximum in load at P, = 189 N. Then,
large deformations formed on the right side of the truss hoop as two circumferential
struts buckled inward, corresponding to sudden drops in the load. Finally, a soldered

joint broke near the buckled struts, causing a larger drop in load and structural failure.
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Figure 6-9: Experimental results for radial compression of a truss hoop fabricated
with Bend-Forming. The structure achieves a maximum load of P,,,, = 189 N before
sequential buckles form on the right side of the hoop (highlighted with red arrows).
The final drop in load occurs when a soldered joint breaks (highlighted with the red
circle).

To compare these experimental results with simulation, we implemented a buck-
ling eigenvalue analysis about the undeformed truss geometry, following the simula-
tion setup shown in Fig. 6-8b. The resulting buckling eigenmode is depicted in Fig.
6-10a. To simulate the load-displacement curve after the first bifurcation, we seeded
this buckling eigenmode as an imperfection on the initial geometry, with varying am-
plitudes as a function of the wire radius. The resulting post-buckling paths, shown
in Fig. 6-10b, feature an initially linear region with stiffness krgy = 12 kN/mm,
followed by a large decrease in stiffness and an asymptotic response. As the imperfec-
tion amplitude increases, the maximum load of the structure decreases and the path
becomes more nonlinear. The simulated deformed shape consists of circumferential

struts buckled both in-plane and out-of-plane, as depicted in in Fig. 6-10b.
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Figure 6-10: Simulation results for radial compression of a truss hoop fabricated with
Bend-Forming. On the left, the first buckling eigenmode of the perfect structure. On
the right, five simulated post-buckling paths, using the first buckling eigenmode as
an imperfection on the initial geometry with varying amplitudes, and images of the
deformed shape.

We observe that the simulated response is quite different from that observed exper-
imentally. First, the maximum load from the experiment is 65% lower than the first
buckling eigenvalue, likely due to geometric imperfections in the Bend-Formed struc-
ture. For instance, inaccuracies during fabrication caused some struts in the truss
hoop to be initially curved and some nodes in the inner circumference to deviate from
the central plane of the cross section. These imperfections cause a knockdown in the
buckling load of the structure as well as a more nonlinear response, as predicted by
the simulated post-buckling paths with large imperfection amplitudes. Second, the
simulation predicts a stable post-buckling path while the experiment showed large
drops after the maximum load as sequential buckles formed in the structure. This
discrepancy could be the result of variations in strength of the soldered joints. In the
model we used simplified joints with kinematic coupling, while in reality, the soldered
joints have imperfections which cause stress concentrations and failure at some joints
before others. Third, it is difficult to directly compare the simulated and experi-
mental load-displacement curves because the experimentally-measured displacement

includes the imperfections of the whiffle tree setup (e.g., stretching of the steel wire
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rope and bending of the pulleys/spreader bars), which the radial displacement in the
simulation does not consider. Hence, to achieve a better match between simulation
and experiment, a stiffer whiffle tree setup should be used.

Despite these discrepancies, the above experiment demonstrates the load-carrying
capability of the Bend-Formed truss hoop for applications such as supporting a mesh
reflector antenna. Future work will exploring modeling the soldered joints in greater
detail to account for variations in their strength; implementing a more robust exper-
imental setup for testing radial compression of the structure; and testing different
hoop geometries with larger diameters and varying cross sections. This will lead to a
framework for designing optimized truss hoop geometries, for application as support

structure for large antennas in space.

6.4 Summary

In this chapter, we explored a potential application of Bend-Forming in space: the
fabrication of support structure for an electrostatically-actuated reflector antenna. To
this end, we presented a structural concept for this application, consisting of a circular
truss hoop connected to an inner triangular grid (Fig. 6-2). We demonstrated this
structural concept with a 1-meter diameter antenna prototype, fabricated with Bend-
Forming. Additionally, we conducted finite element analyses to verify the strength
of the design for supporting a curved reflector membrane. We further validated the
finite element models with a preliminary experiment which replicated the tension of
the membrane on the Bend-Formed support structure with a whiffle tree setup, and
highlighted possible discrepancies between simulation and experiment. Considered
together, these results demonstrate the potential of Bend-Forming for fabricating a
large electrostatically-actuated reflector antenna in space, for various sensing and
communication applications.

While this chapter focused primarily on the structural design of the Bend-Formed
support structure, future work will research the electrostatic actuation and control

required to deform the membrane into the curved reflector shape of the antenna.
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Additionally, the performance of the antenna prototype presented in Section 6.3 will

be determined via measurements of its radiation pattern in an anechoic chamber.
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Chapter 7

Conclusions and Recommendations

7.1 Summary and Conclusions

Motivated by the applications of large space structures and the opportunities offered
by manufacturing in space, this thesis presented four research contributions to the
growing field of in-space manufacturing (ISM).

In Chapter 3 (adapted from the published article in [48]), we presented an engi-
neering framework for comparing potential feedstock materials and processes for ISM.
By using quantitative performance metrics such as thermal stability and specific en-
ergy consumption, we highlighted feedstock materials and manufacturing approaches
particularly suitable to space. Among metals, composites, and plastics, we found
that carbon fiber-aluminum, beryllium, and PLA offer the greatest thermal stability,
minimal-mass buckling strength, and resistance to disturbance loads, respectively.
However, there is no one material which maximizes all performance metrics, motivat-
ing the development of multi-material feedstock which combine the strengths of each
material class. Additionally, our comparison of ISM approaches using specific energy
consumption found that deformation processes require the least energy per kilogram
of feedstock, as they do not require any heating of the material. With simplified
analyses, we found that deformation processes are 5 to 10 times less energy intensive
than melt-based or extrusion-based processes, potentially enabling the fabrication of

100-meter diameter structures in less than a day.
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Motivated by this comparison of ISM approaches, in Chapter 4, we introduced
a deformation process called Bend-Forming, with potential application to manufac-
turing truss structures in space. The method relies on the combination of CNC wire
bending with mechanical joints to create trusses from a continuous strand of feed-
stock, via plastic deformation. We presented algorithms for fabricating arbitrary 2D
and 3D trusses with Bend-Forming, which are summarized in Appendix B and can
also be downloaded from [75]. These algorithms rely on the solution to the route in-
spection problem for finding continuous bend paths, as well as a geometric algorithm
for converting the bend paths into machine instructions for a CNC wire bender. Us-
ing this framework, we presented exemplar structures fabricated with Bend-Forming,
including reticulated columns, curved gridshells, tetrahedral trusses, and the Stanford

bunny.

To guide the design of Bend-Formed trusses for useful applications, in Chapter 5
(adapted from the published article in [103]), we investigated the compressive behavior
of isogrid columns fabricated with Bend-Forming. Here we conducted displacement-
controlled compression tests on four columns with varying geometries and compared
the experimental responses with finite element analyses. We found that for each
column, the load-displacement curve is initially linear, becomes nonlinear near the
maximum load, and subsequently shows a decrease in load as localized deformations
form along the height of the column. With finite element analyses, we accurately
predicted the maximum load and localized deformations in the deformed shape of
each column, using beam elements and a simplified model of the joints. However,
our analyses consistently overpredicted the stiffness of each column, likely due to our

modeling choice of the snap-fit joints used to fabricated the physical columns.

Finally, in Chapter 6, we described a potential space application of Bend-Forming:
the fabrication of support structure for an electrostatically-actuated reflector antenna.
We presented a structural concept for this application, consisting of a truss hoop and
an inner triangular grid, and fabricated a 1-meter diameter prototype with Bend-
Forming. We verified the strength of the design with finite element simulations and a

preliminary experiment which tested radial compression of the truss hoop. From these
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analyses we found that the Bend-Formed support structure is capable of holding a
thin reflector surface in tension, thereby demonstrating the feasibility of the structural
concept.

The various conclusions and lessons from this research are summarized below:

e Three important considerations for choosing feedstock materials for ISM are
thermal stability, resistance to disturbance loads, and minimal-mass buckling
strength. These considerations can be quantified with three separate material
indices as a function of relevant material properties, which can then be used to

compare various feedstock materials using property diagrams.

e For thermal stability, the relevant material index is M; = 3, where A is the

thermal conductivity and « the coefficient of thermal expansion. For resistance

pi/3\ (k=12
-)

to disturbance loads, the material index is My =7 < , where 7 is the
material loss coefficient, E' the Young’s modulus, p the density, and k a constant
which represents the power spectral density of the disturbance loading. For
minimal-mass buckling strength, the material index is M3 = w, where

Omaz 18 the maximum shape factor of the relevant cross section.

e For thermal stability, promising feedstock materials are Invar and carbon fiber-
aluminum composites; for resistance to disturbance loads, carbon fiber-reinforced
polymers like CF/PEEK and neat polymers like PLA; and for minimal-mass
buckling strength, metals like beryllium and composites like CF /cyanate ester.
However, no optimum feedstock materials exist which maximize all three ma-
terial indices, motivating the development of multi-material feedstocks which

leverage the unique properties of each material class.

e Two important considerations for choosing processing methods for ISM are the
energy required and the achievable accuracy. These considerations can be quan-
tified with the specific energy consumption per kilogram of feedstock and factors

which limit accuracy in the space environment.

e The specific energy consumption of various ISM processes can be estimated us-
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ing the physics of their primary shaping mechanisms. For melt-based processes
like fused deposition molding and and directed energy deposition, the specific
energy consumption is a function of the specific heat and melting temperature
of the feedstock material. For extrusion processes like pultrusion of carbon
fiber-reinforced polymers, the specific energy consumption is a function of the
composite specific heat and melting/glass transition temperatures of the poly-
mer matrix. For deformation processes, the specific energy consumption is a

function of the strength and density of the feedstock material.

By comparing the specific energy consumption of melt-based, extrusion, and
deformation processes for various feedstock materials, it becomes clear that de-
formation processes require the least energy per kilogram of feedstock, almost
an order of magnitude less than melt-based and extrusion processes. For geome-
tries like the tetrahedral truss, this low energy consumption enables deformation

processing of 100-meter diameter structures in less than a day.

The achievable accuracy of various ISM processes can be compared via limiting
factors unique to the space environment. For melt-based AM processes, the lack
of convective cooling and the presence of solar heating may magnify thermal
stresses during fabrication and cause degradation of mechanical properties. For
composite extrusion processes, achieving uniform heating and curing in space
may be difficult given varying heat fluxes and thermal radiation. For deforma-
tion processes, the primary source of inaccuracy is springback, which may be
affected by the varying thermal environment of space, but to a lesser extent

than other processes.

An exemplar deformation process for ISM of truss structures is Bend-Forming,
which uses CNC wire bending and mechanical joints to form trusses from a spool
of raw feedstock via plastic deformation. With classical algorithms from graph
theory and geometry, Bend-Forming can fabricate arbitrary 2D and 3D trusses
from a continuous strand of feedstock, such as reticulated columns, curved grid-

shells, and tetrahedral trusses. The joining methods of interference snap-fits
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and soldering show promise for fabricating stiff trusses with Bend-Forming. For
implementation in space, other low-power joining methods can be considered,

including spot welding, friction stir welding, and ultrasonic welding.

Before Bend-Formed trusses can be used for space applications, an understand-
ing is needed of their mechanical behavior. To this end, compression experi-
ments on four Bend-Formed isogrid columns reveal a constitutive response dif-
ferent from thin cylindrical shells, with a smooth formation of localized defor-
mations after the maximum load. Finite element analyses with beam elements
accurately predict the maximum load of these structures, but consistently over-
estimate their axial stiffness, likely due to the simplified model of joints used in

the analyses.

One potential application of Bend-Forming is the fabrication of large support
structures on orbit, such as for an electrostatically-actuated reflector antenna.
A structural concept for this application, consisting of a truss hoop and an inner
triangular grid, shows promise for supporting a thin membrane in tension, which
deflects downward in response to electrostatic forces to form a reflector surface.
Preliminary finite element analyses and experiments show that preventing radial
buckling of the truss hoop is a primary structural requirement which is sensitive

to geometrical imperfections.

7.2 Recommendations for Future Work

The Bend-Forming process described in this thesis is nascent technology in the concept

phase. To move to higher technological readiness levels (i.e., TRL 4-6) for Bend-

Forming as a manufacturing method in space, further research needs to be conducted.

The future research directions can be divided into four main categories: process

improvements; feedstock development; considerations for the space environment; and

multidisciplinary optimization.

The first category refers to research on improving the Bend-Forming process it-
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self. In this category, one task would be to automate all degrees of freedom of the
CNC wire bender to enable automatic fabrication. In particular, the out-of-plane
rotations of the feedstock for fabricating 3D trusses need to be automated for end-
to-end robotic fabrication in space. Second, robust and low-power joining methods
need to be implemented simultaneously with the Bend-Forming process, to achieve
stiff trusses at each step of the fabrication. For all prototypes presented in this thesis,
the joints were manually attached to the truss after fabrication; whereas in space, a
robotic system for attaching the joints would need to be integrated with the CNC
wire bender. Third, to increase the accuracy of Bend-Formed trusses, an accuracy
model of the fabrication process can be developed, incorporating the tolerances of
each step. For instance, by using the tolerances of the feed lengths, bend angles,
and out-of-plane rotations, the fabrication instructions can be modeled in reverse to
determine which tolerances most affect the accuracy of the final structure, as well as

the magnitude of the tolerance stack-up.

The second category of future research relates to development of novel feedstock
materials compatible with Bend-Forming. As discussed in Chapter 3, the ideal feed-
stock for ISM applications leverages the unique properties of multiple material classes.
This principle can be applied to Bend-Forming, motivating the development of multi-
material feedstock such as a spool of carbon fiber-aluminum with high thermal sta-
bility. While the plastic deformation required for Bend-Forming restricts potential
feedstock options to ductile materials, novel material architectures can be developed
which are amenable to both the Bend-Forming process and to the space environ-
ment. For instance, high-strain composite tape springs, currently used as deployable
booms for spacecraft, can be integrated with metallic wire feedstock to achieve both
thermal stability and minimal-mass buckling strength with each Bend-Formed strut.
Another concept is to design functionally-graded feedstock with brittle and ductile
materials, which are purposefully aligned with regions of plastic deformation during

Bend-Forming.

The third research category relates to considerations of Bend-Forming in the space

environment, particularly microgravity and temperature variations during orbit. As
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the process of CNC wire bending has not been previously tested in space, it is unclear
how the space environment affects important process parameters such as springback
of the feedstock. Additionally, a machine with forms feedstock via plastic deforma-
tion would likely undergo changes in center of mass and moment of inertia during
fabrication in microgravity, affecting the attitude and stability of the spacecraft. To
study these various effects of the space environment on Bend-Forming, experiments
and modeling are needed in representative environments, such as in thermal-vacuum
chambers and on parabolic flights.

The final research direction is to pursue multidisciplinary optimization of Bend-
Forming in space. Various aspects of the fabrication approach can be optimized
for space, such as the algorithms for finding bend paths and the truss geometries
themselves. By incorporating additional constraints, bend paths can be found which
avoid collision of the fabricated structure with the machine; and with structural
optimization, trusses can be designed for specific applications while optimizing for
criteria like natural frequency and stiffness. Principles from the established fields
of multidisciplinary design optimization and truss topological optimization can be
implemented with Bend-Forming, guiding a comprehensive optimization framework
for fabrication in space.

With future work in the above research directions, Bend-Forming has potential to
enable a new generation of large space structures with increased sensing, communi-

cation, and power capabilities.
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Appendix A

ISM Case Study Expressions

Here we present relevant expressions to the case study in Chapter 3.4 on the in-space
manufacturing of a tetrahedral truss supporting a reflector surface. For this truss,
each member is assumed to be a straight strut with circular cross section, and the
nodal joints are assumed to be massless pin connections. Below we present expressions
for the truss mass M;, fundamental natural frequency fy, mass of deformed material
My, and arclength of feedstock Ly, (for deformation processes). Note that some of
these expressions are results from an earlier study by Lake et al. on an identical truss

geometry [4].

The mass of a tetrahedral truss with corner-to-corner diameter D and depth h is

3
M, = W\/;hpTQNstmts, (A.1)

where p is the strut density, r the strut radius, and Ng.;s the total number of struts,

given by [4]
13 /(D\*
Neputs =~ — | — | . A2
o~y (7) (r2)

The fundamental free-free vibration frequency of the tetrahedral truss is approximated

as [4]
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fo=0.852— [n—, (A.3)
p
where FE is the strut Young’s modulus and 7 is the truss mass fraction, defined as

_ truss mass M,
= Yotal mass M, + M,

(A4)

Here M, is the truss mass given in Eq. A.1 and M, is the hexagonal reflector mass,

approximated with areal density p4 as

M, = =25, D2, (A.5)

For fixed D and fy, Eq. A.3 shows that an increase in depth-to-diameter ratio de-
creases the mass fraction, resulting in increased efficiency. However, above the critical
ratio of 0.2, the truss can no longer be modeled as a thin plate and Eq. A.3 becomes
invalid [4]. Hence, for simplicity, we choose geometries with a fixed depth-to-diameter
ratio of 0.2. With this chosen ratio and the areal density of p4 = 18 kg/m? specified
in Section 3.4, Eqgs. A.1 and A.3 can be expressed as functions of diameter for various
feedstock materials of interest.

Next, for deformation processes, assuming the length of deformed material at each

node is equal to the strut diameter, the mass of deformed material is given by:

Md = 2’/Tp7"3N5truts. (A6)

Finally, assuming the total arclength of feedstock for deformation processes equals

the total length of struts,

3
Liot = Ntruts \/;h (A7)
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Appendix B

Bend-Forming Algorithms

Here we present psuedocode for the fabrication algorithms of Bend-Forming. These
algorithms can be used to fabricate arbitrary 2D and 3D truss structures with a CNC
wire bender, as described in Chapter 4. Working code for these algorithms can be

downloaded from [75].

Algorithm 1
function MAKEEULERIAN(g, pos)

1:

2 9Eulerian — g

3 oddnodes = nodes in g with odd connectivity
4: Noaa < length(oddnodes)

ot Npathstoadd — Nodd/2 —1
6

7

8

9

alloddpairs = all possible pairings of oddnodes

for oddpair in alloddpairs do
oddpath = list of edges in shortest path between oddpair in g
oddpathlength = total length of edges in oddpath using pos

10: Sort oddpaths by oddpathlength

11: for 1 to Npathstoada do

12: Add edges in shortest oddpath to gguierian as doubled struts
13: Remove oddpaths which contain nodes in the added oddpath
14: return gpulerian
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Algorithm 2

1:
2
3
4:
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:

19:
20:

function HIERHOLZER(gpuierian)

bendpath < 0
oddnodes = nodes in ggyierian With odd connectivity
if oddnodes empty then
firstnode < random node in ggyierian
else
firstnode < random node in oddnodes
closedpath <« [firstnode]
repeat
currentnode = closedpath(end)
neighbors = neighbors of currentnode
if neighbors empty then
Append currentnode to bendpath
Remove currentnode from closedpath
else
randneighbor = random member of neighbors
Append randneighbor to closedpath
Remove edge between currentnode and randneighbor from gguicrian

until closedpath empty
return bendpath
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Algorithm 3

1: function GEOMETRICALGORITHM (bendpath, pos)

2 MachinelInstructions < ()

3 for node in first node to second to last node of bendpath do

4 if node = second to last node then > Edge case: last nodes
5: 71 = coords of node

6 2y = coords of last node

7 Liceqd = T2 — &1 > Calculate Lyeeq
8 Add "FEED Lyc.q" to Machinelnstructions

9 else

10: 21 = coords of node

11: Ty = coords of next node

12: 23 = coords of next next node

13: doubledwire = 0

14: if node = first node then > Edge case: first nodes
15: sign(&bend) =1

16: ﬁcurrent = ((f3 - f2) X (fl - f2))

17: else if 7} = 73 then > Edge case: doubled wire
18: doubledwire = 1

19: sigh(Fpena) = —sign(Opena)
20: else > All other nodes
21: Tonext = (X3 — Tg) X (¥ — Z3)) * sign(Opena)
22: if N,00¢ parallel to Neypren: then
23: erotate = 0°
24: if N, in opposite direction as Neypren: then
25: sigh(Gpend) = —sign(Gpend)
26: else
27: Urotazis = (T2 — T1) * sign(Gpena) > Allowed rotation axis
28: 177"otvec = proj (ﬁnemt X Teurrent 17rotazis)

29: if Uorpee In same direction as ¥yoqzis then
30: Orotate = 180°— anglebtw(Neyrrent, Tnext) > Calculate 0,ppate
31: ﬁcurrent = ﬁne:vt
32: else
33: Orotate = 180°— anglebtw(—Tcyrrent, Tnext)
34: Neurrent = —Mnext
35: sign(Opena) = —sign(Gpena)
36: if 0,0tate # 0° then
37 Add "ROTATE 6, ,i4:" to Machinelnstructions
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38:
39:
40:
41:
42:
43:

44:
45:

46:

Liceqd = Ty — 71 > Calculate L feeq
Add "FEED Lyeq" to Machinelnstructions
if doubledwire then

|Openal = 180° > Edge case: doubled wire
else

|Opend| = 180°— anglebtw (& — Ty, &'y — Z3) > Calculate Gpepng

Hbend - |9bend| *Sign<0bend)
Add "BEND 6y.,,q" to Machinelnstructions

return Machinelnstructions
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