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Abstract

Dual-matrix composites are a promising approach to deployable high performance antennas for small
satellites. Several techniques exist for packaging large antenna apertures. Assemblies of rigid bars
and hinges obtain high deployed precision but are heavy and mechanically complex. Thin shell
structures deployed using stored strain energy are a lightweight alternative offering efficient pack-
aging but reduced surface precision. Moreover, elastomer composites shells attain even smaller fold
radii upon packaging but are limited by the deployed structure’s stiffness. Dual-matrix composites
combine the advantages of several of these approaches to enable larger antenna apertures. They
consist of a continuous woven fiber reinforcement with an elastomer matrix embedded in localized
hinge regions and a stiff epoxy resin elsewhere. Such structures can achieve small fold radii, are
strain energy deployable, and promise high deployed stiffness.

This research demonstrates the capabilities of the proposed dual-matrix structures through direct
comparison to existing antenna designs. Analytic scaling relations between structural and electro-
magnetic performance of various deployable antenna designs are developed. These are used to rapidly
predict achievable antenna performance as a function of a common set of antenna geometric param-
eters. Plotting of this data on a coordinated set of 2D design plots enables the direct comparison of
antenna concepts and the selection of specific designs meeting all requirements. This methodology
was used to design a deployable dual-matrix composite conical log spiral (CLS) antenna for use on
CubeSats which outperformed existing off-the-shelf designs through higher gain, higher bandwidth,
and more efficient packaging.

Starting from this initial design, the antenna is tuned to maximize performance and an assem-
bly including the CubeSat, dual-matrix antenna, dual-matrix hinge for antenna deployment, and
a flexible feeding network is developed. All portions of the assembly are prototyped and tested.
The antenna electromagnetic performance is predicted using ANSYS HFSS and verified by testing
in an anaechoic chamber with antenna gains predicted within 4% of measured values. Structural
stiffness is characterized through the antenna’s fundamental frequency with simulated performance
in the Abaqus finite element software within 6% of measured values. Comparison of antenna per-
formance before and after packaging and deployment shows the structural frequency, antenna gain,
and antenna bandwidth are unaffected by folding, demonstrating that dual-matrix composites are

appropriate for use as deployable structures.
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Techniques for the quasi-static deployment of dual-matrix composites are presented. An analytic
minimum energy method, which accounts for fiber microbuckling in regions of high curvature, is
used to predict the folded shape and deployment moments of a dual-matrix hinge. The model shows
excellent agreement with LS-Dyna finite element simulations for a variety of material properties.
Comparison with experimental characterization demonstrates the capability of the models to predict
folded radii and deployment moment of a prototype hinge withing 5% of measured values. The
developed analysis tool-set enables a design of deployment restraints and mechanisms.

The woven elastomer composites forming the fold regions in dual-matrix composites have been
the subject of very few studies. Existing methods for predicting the stiffness of woven epoxy com-
posites are applied to elastomer composites here and show poor agreement with measurements.
A novel approach is presented for the prediction of tow stiffness in elastomer composites using a
semi-empirical approach. The reinforcing efficiency parameter in the well-established Halpin-Tsai
model for tow homogenization is estimated using experimental measurements of stiffnesses of several
laminates. It is shown that for elastomer composites, the parameter values are orders of magnitude
higher than the heuristic values used for epoxy composites. The method is used to predict the
stiffness of woven epoxy and elastomer composites making up the dual-matrix structures studied in
this work showing agreement withing 15% of experimental measurements for arbitrary layups. The
method is extended to the prediction of viscoelastic behavior of dual-matrix structures to enable

investigation of deployment reliability after long storage times.
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Chapter 1

Introduction

1.1 Motivation

The recent growth in low-cost access to space through nanosatellites is providing the impetus for
increasing the capabilities of these platforms, for example by increasing the onboard power and
downlink rates for applications such as Earth imaging. CubeSats are a very popular platform,
available as commercial off-the-shelf (COTS) kits in sizes that are multiples of the 1U unit (10x 10X
10 cm?® cube) (Figure 1.1A). The limited size of CubeSats imposes strict volume limitations on all
subsystems, and particularly on low-frequency antennas, which have to be folded within the satellite
body and deployed after launch. Common choices for CubeSat antennas are the monopole/dipole
antenna and the non-deployable patch antenna, which are both available commercially (Figure 1.1B
and C). However, the dipole/monopole antennas cannot meet the bandwidth and gain requirements
imposed by high bit-rate applications and the patch antenna is of limited application as its size

grows prohibitively large at the UHF frequency typically used by amateur CubeSats.

(©)

Figure 1.1: (A) 1U CubeSat unit [1] (B) COTS CubeSat dipole antenna [2] (C) COTS CubeSat
patch antenna [3]

As with other deployable space structures, there exist several strategies for realizing deployable
antennas both at the conventional satellite and CubeSat scales. One approach is through the use of
stiff elements connected by mechanical hinges which are spring-loaded or driven by actuators such

as motors. A simple example is a metallic rod used for a monopole antenna deployed via a single



hinge (Figure 1.2A). A more complex example is that of deployable mesh reflector antennas such
as those developed by Lockheed Martin, Harris Corporation, and Astro Aerospace [22-24]. These
contain a circular truss connected with mechanical hinges that is deployed to tension a set of cables
supporting a metallic mesh radiating element (Figure 1.2B). Similarly, the Ultra-Compact Ka-Band
Parabolic Deployable Antenna is a mesh reflector that has been developed for CubeSats at the Jet
Propulsion Laboratory [5]. It consists of unfolding ribs which tension a metallic mesh when deployed
(Figure 1.2C). This approach to deployable structure yields high deployed shape accuracy but may

result in designs that are heavy and mechanically complex.

Figure 1.2: (A) CubeSat dipole antenna deployed using a mechanical hinge [2] (B) Astromesh
reflector [4] (C) Ultra-compact Ka-band parabolic deployable antenna [5]

An orthogonal approach to deployable antennas is through the use of high-strain thin shell
or wire elements, structures which can elastically achieve large configuration changes in order to
package and are deployed via stored elastic strain energy. This approach yields lightweight structures
without the need for heavy actuators to drive deployment but offers less precise deployed shapes.

A simple example is a monopole antenna made of a folded metallic or composite tape spring which



allows the antenna to be wrapped around the satellite and deployed via a burn wire [6,25] (Figure
1.3A). Furthermore, several designs using high-strain elements have been proposed for deployable
helical antennas including the Helios deployable antenna [7] (Figure 1.3B), and a composite helical
pantograph [14]. A reflector for a CubeSat where a conductive mesh is supported by coilable ribs
has also been proposed by BDS Phantom Works [8] (Figure 1.3C). A deployable Yagi-Uda antenna
from bistable tape springs has also been investigated [25]. This approach has also been used on
larger satellites as illustrated by the UHF antenna on Skynet [9] (Figure 1.3D) and the spring-back
reflector on TDRS [10] (Figure 1.3E).

(E)

Figure 1.3: (A) CubeSat tape-spring deployable antenna [6] (B) Helios UHF deployable antenna [7]
(C) Deployable CubeSat mesh reflector with compliant ribs [8] (D) Skynet 4 UHF antenna [9] (E)
Spring back reflector antenna [10)

The packaging achieved using the high-strain element approach is limited by moderate allowable
strains of a few percent (e.g., carbon fiber composites can achieve maximum strains of 1 — 1.5% [13]),
and so the fold radii of curvature which can be attained are limited. To address this issue researchers
have explored elastomer matrix composites which can achieve much higher strains as fibers on the
compression side of the fold can elastically microbuckle to avoid failure [11,26] (Figure 1.4). Elas-

tomer composites have been proposed for application in aerospace structures to realize deployable



reflectors [27] and morphing wings [28]. Their mechanical properties have been studied extensively

in [13,29].

Figure 1.4: Elastic fiber microbuckling on the compression side of a folded elastic memory compos-
ite [11]

Elastomer matrix composites have lower than desired stiffness for structural applications, thus
researchers at Caltech and L’Garde proposed that they are only used in localized areas where a
small fold radius is required to form dual-matrix composites [12,30,31]. These are structures with
a continuous woven fiber reinforcement, an elastomer matrix in localized hinge regions, and a stiff
matrix elsewhere (Figure 1.5A). Combined with an origami folding scheme traced out by the elas-
tomer hinges, these composites can be used to fold structures of complex geometries [12] (Figure
1.5B). A deployable conical antenna made of dual-matrix composites with an embedded metallic
mesh conductor has been proposed in [13,32] (Figure 1.5C). This concept is of interest for use in
deployable structures as it can accommodate a variety of antenna topologies. However, studies in
literature have been limited to proof-of-concept demonstrations of deployment capabilities [12,13]
and studies of material properties [11,29,31]. Little research exists regarding the performance of
dual-matrix composites as a structure. Furthermore, modeling has focused on unidirectional com-
posites and hence models for the prediction of the behavior of woven elastomeric composites are
limited.

Dual-matrix composites are a promising extension of high-strain composites already used in de-
ployable space structures with potential to achieve improved packaging and enable new antenna
concepts. However, there is no easy way to compare their performance to existing designs. A trend
with all of the antenna designs mentioned above is that they satisfy only specific mission require-
ments and cannot easily be scaled to other missions, in particular between large and small satellites.
Furthermore, scaling relations between electromagnetic metrics (e.g., antenna gain, bandwidth, po-
larization) and structural performance (e.g., stiffness, packaging efficiency) are rarely explored mak-
ing it difficult to adapt existing designs. Typically, when a deployable antenna is designed, its RF

performance and packaging schemes are considered as separate design problems which eventually
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Figure 1.5: (A) Schematic of folding of a dual-matrix composite hinge (B) Folding of an origami
crane using carbon fiber composite reinforced with epoxy and silicone [12] (C) Concept for a conical
antenna packaged using dual-matrix composites [13]

converge through many design iterations, resulting in lengthy design procedures. Designing simulta-
neously to meet electromagnetic and structural requirements from the preliminary design stages can
save significant cost and will allow new designs to be evaluated quickly through direct comparison

to existing solutions.

1.2 Research Goals and Outline

The first objective of this research is to address the existing gap in multidisciplinary antenna design
by developing scaling relations between an antenna’s physical dimensions and its resulting RF and
structural performance. This will allow to scale existing designs across many frequencies of operation
and satellite scales. Furthermore, this research aims to use these relations in conjunction with a
methodology to compare performance of various designs and select ones meeting RF and mechanical
mission requirements simultaneously.

The second objective is the design, fabrication, and testing of a dual-matrix composite antenna for
CubeSats. Verification of antenna structural and RF performance is critical to the proposed concept.

In particular, an investigation of the effects of folding on antenna performance is of interest.



The third goal is to develop modeling and experimental techniques for studying the quasi-static
deployment of dual-matrix composite structures, thus enabling the design of restraint mechanisms for
these structures. The simulation of high deformations due to packaging and deployment of thin-shell
deployable structures is a particular challenge associated with these techniques. While numerous
examples of high-strain composite deployment simulations exist in literature [33-36], techniques are
limited to explicit codes resulting in very high simulation times. Furthermore, accounting for fiber
microbuckling in the folded configuration is of special interest.

Lastly, this research aims to develop models for woven elastomer composites. Existing analytic
models for predicting material properties of woven composites significantly over-predict their stiff-
ness, in particular for bending [37]. Furthermore, existing finite element methods for predicting
these properties were tailored to traditional epoxy composites and are not accurate for elastomer
matrices [17,35]. Hence, renewed effort is focused on simulation techniques for modeling elastic and
viscoelastic properties of soft woven composites to enable the prediction of dual-matrix composite
behavior in cases where experimental measurements are time consuming.

This work begins by proposing a methodology for antenna selection and preliminary design in
Chapter 2. Existing antenna topologies and packaging schemes are parametrized in terms of their
geometry and their performance is predicted using analytic expressions or experimental data. This
approach yields a rapid way to predict antenna RF and mechanical performance across a wide set
of dimensions. A graphical representation of the data is presented which allows direct comparison
to mission requirements and allows one to easily compare concepts to each other and select design
which can meet all requirements. Specific designs can be selected for further optimization using
traditional finite element techniques. The proposed methodology is demonstrated for the design of
two CubeSat antennas, one operating at UHF and one in the Ka-band.

The remainder of the thesis focuses on characterization of a specific deployable dual-matrix
antenna selected through the case study in Chapter 2. Chapter 3 describes this design in detail.
Follow-on optimization to the preliminary design is presented and its electromagnetic and structural
performance is compared to simulated values'. It is demonstrated that this multi-functional design
can operate both as an antenna and a structure. Furthermore, a design for integration of this
antenna into the CubeSat is addressed, including a deployment strategy and antenna feeding.

Chapter 4 provides a summary of the fabrication procedures and material properties of the
constituent composites of the antenna. The composites are characterized in tension and bending
and results are compared to analytic models. Micrographs are used to investigate the composite
micro-structure and the interface between the elastomeric and stiff matrices.

Chapter 5 presents analytic and simulation techniques for modeling the quasi-static deployment

of dual-matrix structures. The specific case of a dual-matrix hinge used to separate the antenna

1This work was done in collaboration with Dr. Joseph Costantine at the University of New Mexico



from the satellite is studied using a minimum energy formulation and in the LS-Dyna finite element
commercial software. Both explicit and implicit models are presented, and the numerical advantages
of each are discussed. The results are compared to an experimental characterization of the structure
for model validation.

Chapter 6 presents simulation techniques for modeling the behavior of the woven composites.
Application of existing models for woven composites show poor agreement with measurements of
the elastomer composites studied here. Homogenization techniques in Abaqus are adapted from
existing literature and a novel homogenization technique for the woven composite tows is presented
to account for the elastomer resin. Chapter 7 extends the proposed models for woven composites to
prediction of viscoelastic properties. Master curves for the constituent matrices are constructed and
used to predict the homogenized viscoelastic ABD stiffness matrix of the composites.

Finally, Chapter 8 concludes the work and discusses future research directions.



Chapter 2

Rapid Design of Deployable
Antennas for Small Satellites

Sections 2.3, 2.4, and 2.5.1 have been reprinted with permission, from:

M. Sakovsky, S. Pellegrino, J. Costantine, Rapid Design of Deployable Antennas for CubeSats, IEEE
Antennas and Propagation Magazine, DOIL: 10.1109/MAP.2017.2655531, April 2017.

(© 2017 IEEE

2.1 Introduction

In general, the design of deployable antennas requires optimization of performance subject to both
electromagnetic and structural constraints. The estimation of electromagnetic performance is usu-
ally carried out with numerical simulators, such as Ansys Electronics Desktop [38], CST [39], and
Feko [40]. Designer interfaces including a catalog of various antenna structures have been added to
several simulation tools, such as the Antenna Magus tool [41], an add-on interface to CST and Feko,
and the Ansys HFSS Antenna Design Kit [38]. Even with these aids, electromagnetic performance
optimization and concept comparison must still be carried out manually.

Structural simulations are also necessary, usually carried out with finite element software such as
Abaqus [42]. In the structures and materials community, existing databases of material properties al-
low mechanical engineers to quickly compare material performance. An example is the CES selector
which compares materials by graphically representing their performance according to different met-
rics [43,44]. However, no existing tools consider deployment concepts, which is a parameter critical
to the present application. Furthermore, considering electromagnetic and structural requirements
separately results in many iterations to complete the design.

These research gaps are the focus of the first research objective outlined in Section 1.2 and are
addressed here through a novel methodology for coupled electromagnetic and structural design of

deployable antennas, for the specific case of CubeSats. A technique for graphical representation



of antenna performance as a function of geometry using a set of two-dimensional plots is proposed
which allows many antenna concepts to be directly compared. These plots allow designers to quickly
narrow down the design space to antenna geometries that meet all requirements.

This methodology can be used to evaluate the performance of the proposed dual-matrix antenna
concept relative to existing designs to demonstrate dual-matrix composites’ ability to achieve efficient

packaging, high stiffness, and good antenna performance.

2.2 Overview of Antenna Performance Metrics

Antennas capable of downlinking high amounts of data are desired for CubeSats to keep up with
ambitious mission requirements. A 2D slice of a generic antenna radiation pattern is shown in Fig-
ure 2.1 to illustrate the parameters of interest to high-performance antennas. An isotropic antenna
will distribute the radiated power equally in all directions. However, most antennas deviate from
this behavior with power radiated directionally in lobes. A high performance antenna will typically
have one narrow main lobe, with a good design minimizing side lobes, in order to achieve a high

gain.

main lobe

Figure 2.1: Generic antenna radiation pattern 2D slice

Another parameter of importance to maximizing bit rates is a high bandwidth — the range of
frequencies over which the antenna is matched. This value is expressed as the fractional bandwidth

given by,
_Jumfi
Jfe

where f,, fi, f. are the highest, lowest, and center frequencies of operation, respectively. The

BW (2.1)

impedance matching of an antenna is measured using its reflection coefficient, s11, which is a measure

of how much power gets reflected at the antenna feed. The reflection coefficient can be computed as



follows,
_Zr-Z

S11 = 57—~
Zr + 72y

(2.2)

where Z; is the characteristic impedance of the transmission line used to feed the antenna and Zj,
is the antenna impedance. A general guideline is to achieve s1; < —10 dB to result in acceptable
matching.

Finally, polarization is a parameter critical to CubeSat antennas. Antenna polarization is a
measure of the direction of its electric field. To minimize losses during transmission the polarizations
at the satellite end and the ground station should match. However, as CubeSats often have low
pointing accuracy, it is advantageous to instead select an antenna with circular polarization to

minimize losses.

2.3 Design Methodology

The proposed rapid design methodology consists of the following steps:
1. Identifying a set of antenna topologies relevant to the particular application of interest.
2. For each antenna type, identifying one or more structural architectures and packaging schemes.

3. Obtaining, for each antenna concept, design relationships between the geometry of the antenna

and corresponding electromagnetic and structural performance parameters.

4. Generating graphical representations of the design space, through plots of each geometric

design parameter vs. all performance parameters, including all considered antenna concepts.

5. Searching for a range of geometric design parameters that allows all requirements to be met,

for each of the selected antenna concepts.

This methodology is presented for the specific case of antenna types and packaging schemes

proposed for CubeSats, but can be extended beyond this application.

2.3.1 Antenna Types

The antenna types selected for demonstrating the methodology are schematically shown in Figure 2.2.
The half-wavelength dipole has been selected for performance comparison, as it is already a widely
used antenna on CubeSats [2,6] and can be considered as the fundamental antenna. The fixed patch
antenna is a non-deployable reference also available commercially [3]. The helical and conical log

spiral (CLS) antennas have been identified as potential concepts for CubeSats in [7,14] and exhibit
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Figure 2.2: Geometry of antennas chosen for the present study

good electromagnetic and structural performance as shown in [13,15]. The conical horn and Yagi-
Uda antennas have been chosen for operation beyond the UHF frequency bands typically used on
amateur CubeSats [45].

The space for the antenna design problem is defined here as the set of antenna geometries that
result in acceptable electromagnetic performance at the desired operating wavelength, A. Constraints
on the design space are written as a function of antenna height, i, and diameter, D, as defined in
Figure 2.2 for each antenna in this study. For the half-wavelength dipole, there is a unique design

for each wavelength, A, with the height, h, given by,

h = (2.3)

pl
2
The length of the dipole is referred to here as the dipole height, for consistency with other antenna

types.

For the patch antenna, operation as a broad-side radiator requires that,

P! Pl
{0.0031 < 1 < 0.052} N {§ <h< 5} (2.4)

where t is the patch thickness. Equivalent constraints on D result in a more complex expression.
For the CLS there are no explicit equations that define the range of acceptable geometries.

Hence, the experimental data in [46], presented in terms of the cone angle, 6, and wrap angle of

11



the conductors around the cone, @, is used. Typical constraints on these parameters, to achieve a

directional radiation pattern, are,
{2° <20 < 45°} N {45° < @ < 90°} (2.5)

Given 6 and «, the upper and lower radii of the cone, and its height can then be interpolated from
experimental data.

Constraints for the helix are derived from desired operation in the end-fire mode with circular
polarization [47]. Operation at a given wavelength depends on the diameter, conductor pitch, and

number of turns of the helix, which can be re-expressed in terms of the diameter and height only,
A A
{D = —} N {3? tan 12° < h < 204 tan 14°} (2.6)
g

Geometries for the conical horn antenna and the parabolic reflector are defined to minimize

antenna losses [47]. For the horn,
D p*\* (D)?
{tan 5% < ﬂ < tan 300} N {h2 = (3—/1) - (E) } (27)

{0.65 < €4 < 0.80} N {21 < D < 501} (2.8)

For the reflector,

where €, is the aperture efficiency, used here as explicit constraints on reflector height are too
complex.
Finally, to achieve a directional radiation pattern, the Yagi-Uda array is typically designed such
that [48],
{0.454 < D < 0.492} N {0.31 < h < 64} (2.9)

2.3.2 Structural Architectures and Packaging Schemes

Structural architectures that allow efficient packaging exist for all of the above antennas as described
in Section 1.1. Here, we focus on several schemes developed specifically for CubeSats in order to
demonstrate the methodology. A simple architecture, suitable for the dipole antenna, is a single
mechanical hinge supporting a stiff conducting element (Figure 2.3(A)). The hinge allows the con-
ducting element to be folded parallel to the wall of the CubeSat. A simpler and popular alternative
is the metallic tape-spring (i.e., a structure similar to a tape measure) that is elastically bent near
the root to fold the rest of the tape spring parallel to the CubeSat, as in [25] (Figure 2.3(B)). Tape
springs can also be used to fold linear arrays including Yagi-Uda antennas [49].

A more complex architecture, suitable for the helix antenna, is a cylindrical lattice of non-

12



conducting structural helices connected to conducting helices by scissor joints. This structure
behaves as a helical pantograph [14], and hence has a soft deformation mode that allows axial
compaction (Figure 2.3(C)). Alternatively, helical conductors can be supported at the base and
compacted axially via rotation, resulting in coiling of the conductors around the base, as in [7,50]
(Figure 2.3(D)). Another approach uses dual-matriz composite shells, made from laminated thin
sheets of continuous quartz fibers embedded in two different plastic materials — a stiff epoxy resin
and a soft elastomer — that support a set of embedded conducting elements [15]. The regions with
soft elastomer matrix form hinges arranged according to an origami fold pattern that allows the
shells to be folded tightly without damaging the fibers. Compaction in a single direction can be
achieved using the z-folding pattern (Figure 2.3(E)) and compaction in two directions using the
Miura-Ori origami pattern.

Parabolic reflector antennas require unique packaging schemes due to the doubly curved surface
of the main dish. Typically these consist of a mesh conductor shaped by supporting curved ribs.
The ribs can be rigid with several hinges allowing them to fold alongside a central hub supporting
the antenna feed (Figure 2.3(F)) [5]. Alternatively, the ribs can be elastic, allowing the mesh to
wrap around the central hub using an origami packaging scheme (Figure 2.3(G)) [8].

Table 2.1 summarizes the antenna concepts used in the present study.

aﬁ \ & \® 2> 3
< NP &Q
& @’ *2& W %‘” CRRSEN

Dipole | X | X
Helix X[ X|X|X
CLS
Horn X | X
Patch
Reflector X | X
Yagi-Uda X

b
>

Table 2.1: Summary of antenna and deployment architectures (©) 2017 IEEE

2.3.3 Predicting Antenna Performance

Having parametrized the geometry of the chosen antennas in terms of two common parameters,
h and D, the performance of each antenna can be predicted. The electromagnetic performance
is characterized by three metrics, as described in Section 2.2: maximum antenna gain, fractional

bandwidth, and polarization. These metrics can be computed from analytic equations [47] and
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Figure 2.3: Packaging schemes for CubeSat antennas (A) Dipole packaged using mechanical hinge [2]
(B) Dipole packaged using tape springs [6] (C) Helix packaged using helical pantograph [14] (D) Helix
packaged using coilable conductors [7] (E) CLS packaged using dual-matrix composite shell [15] (F)
Reflector packaged using hinged ribs [5] (F) Reflector packaged using mesh wrapping [8]

experimental data [46]. The fractional bandwidth for the horn is derived from the performance
range of commercially available antennas. The results are summarized in Table A.1 in Appendix A.

It is important to note that the electromagnetic performance of the chosen antennas depends
also on non-geometric parameters, including material properties, feeding technique, and various other
factors. However, in an initial design it is acceptable to predict performance based only on geometry;
making specific, although preliminary, assumptions about these various effects is sufficient.

The key metric for structural performance of a deployable antenna is its ability to achieve and
maintain its deployed configuration, which is best captured by the stiffness of the deployed struc-
ture in its softest mode of deformation. The fundamental frequency of vibration in the deployed
configuration captures this effect and hence is a key design metric. Furthermore, the packaging per-
formance associated with a given folding scheme, is characterized by the dimensions of the envelope

of the folded structure. In addition, a packaging ratio is introduced to measure the ratio of enclosed
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volumes in the deployed and folded configurations.

A summary of the equations used to compute structural performance is presented in Table A.2
in Appendix A. The fundamental frequency of vibration of each antenna has been approximated
using analytic equations available in [51]. The packaged lengths and packaging ratios have been
derived from [14], or computed directly. The structural metrics depend on the geometry as well
as material parameters for which specific assumptions have been made based on existing antenna
prototypes. These include the Young’s modulus, E, Poisson’s ratio, v, linear/areal density, p, the
number of panels in the origami packaging schemes, i and j, along the axis and the circumference of
the antenna, and the Miura-Ori panel angle, ¢, the conductor diameter, D,,;., and the central hub

diameter, Dpyp.

2.3.4 Plots of Performance Metrics

The design problem is formulated as follows. Given a desired operating frequency for the antenna
one calculates the corresponding wavelength. Then a set of n antenna concepts is selected, and m
performance metrics of interest are computed for them within nested for loops as a function of &
and D, as illustrated in Figure 2.4. The limits hpin, Mmax, Dmin, and Dy,qy are computed for each
antenna concept using constraints in Section 2.3.1, and the metrics are evaluated using equations in
Tables A.1 and A.2. Note that this is a brute-force approach, which can be sped up only through
coarser discretization of the range of & and D for each antenna. A more efficient algorithm can be

developed in the future to accommodate larger design spaces.

\ 4 \ 4
for for for Compute Plot
concepts metrics h h metrlc metric vs.
I_ 1I'l ]_ 1m min"" "max m/n max h andD
f {

Figure 2.4: Algorithm for estimating antenna performance

The algorithm in Figure 2.4 generates the set of plots following the schematic shown in Figure
2.5; the layout of which is inspired by Ashby’s quad-charts [43]. The plots in the top row show the
range of each performance metric that can be achieved, for each antenna, by varying the antenna
height. Similarly, the plots in the bottom row show the effects of varying the antenna diameter. For
each antenna concept, the locus of performance is shown as an ellipse, although the region may be
non-convex or disjoint.

Moving across Figure 2.5, the y-axis value remains constant, whereas moving down, the x-axis
remains constant. This allows tracking a particular design of a chosen antenna across the whole

chart, as illustrated by means of red stars in Figure 2.5. In each plot, shaded rectangles identify the

15



meets requirements

—

h‘ h
A concept 1

&

A
concept 2 concept 1

1
1
1
e - -- ! concept 2
1 ! i
1 ! |
[ - ! 1 -
' metric 1 | metric m
| 1
D ! D '
A concept1 | | o A : ]
! p ! 1 concept 1
! ]

: concept 3 A
: concept 2 : concept 2
metric 1 metric m

Figure 2.5: Schematic of design charts for comparing antenna performance

region of antenna performance that satisfies requirements prescribed for that metric. Those parts
of the elliptical loci that lie within the shaded region represent design geometries that satisfy the
requirements for that metric. By looking across several plots, as well as up and down, designers can
find subsets of the design space that meet the requirements on all metrics. Thus, the final result
is a set of antenna geometries, parameterized in terms of & and D, that are capable of meeting all
requirements. This set can be used for a follow-on, detailed optimization. Furthermore, the design
charts can be used to compare the performance of various antenna concepts to each other across a

wide range of metrics.

2.4 Preliminary Design Tool

A design interface has been developed in order to implement the proposed methodology in Matlab.
The tool allows one to enter the requirements for the design problem and the antenna concepts
to be compared, as shown in Figure 2.6, and automatically generates a design chart. The user
can compare different antenna types or a single antenna packaged using several schemes, for an
arbitrary number of parameters. The tool allows designers to select and compare various antenna
topologies against multiple deployment approaches, before selecting an optimal solution that will

then be modeled using any of the numerical simulators available for detailed radiation characteristic
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and electromagnetic performance evaluation. Thus, the tool reduces the selection and comparison

time in the preliminary design stages.
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Figure 2.6: Concept selection tool input screen (© 2017 IEEE

2.5 Case Studies

Several case studies of the design of deployable CubeSat antennas are presented here to demonstrate

the advantages of the proposed methodology.

2.5.1 UHF Antenna Design

A case study of a UHF antenna operating at 450 MHz is presented to demonstrate the methodology.
Furthermore, this case study is used to compare the performance of several concepts packaged using

dual-matrix composites against COTS antennas. The antenna concepts compared are:
1. Dipole packaged using a mechanical hinge
2. Helix packaged using coiling of conductors
3. CLS packaged using z-folding of dual-matrix shells
4. Horn packaged using z-folding of dual-matrix shells
The following requirements are prescribed on the design:

1. Gain in excess of 5 dB
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2. Fundamental structural frequency higher than 0.1 Hz
3. Packaged antenna fitting in a  3U CubeSat volume (30 x 10 x 5 cm®)
4. Maximized bandwidth

The requirements define a coupled electromagnetic and structural design problem appropriate for
the methodology presented above. The geometric constraints on height and diameter are calculated
from Equations 2.3, 2.6, 2.7, and 2.5, respectively, for the four antennas and are given in column 2
of Table 2.2. The gain, fractional bandwidth, fundamental frequency, and packaged dimensions are
computed from the equations in Tables A.1 and A.2 for this range of geometric parameters. These
metrics are plotted against the antenna geometry as described in Section 2.3.4 and the result is

shown in Figure 2.7.

Concept Original Design Space (m) Optimization Space (m)

Dipole h =0.33 and D = 0.025 Does not meet requirements

Single Helix 0.012 < h <3.32 and D =0.21 0.22 < h<0.27 and D =0.21
Conical Horn 1.73 < h < 65.53 and 2.00 < D < 11.47 Does not meet requirements

CLS 0.18 < h < 23.40 and 0.13 < D < 2.27 0.18 < h < 0.27 and 0.20 < D < 0.30

Table 2.2: Design and optimization spaces for UHF case study (©) 2017 IEEE

To select specific antenna architectures that meet all requirements, one starts from plot Al,
top-left in Figure 2.7. This plot identifies designs meeting the gain requirement; hence the region
with gain higher than 5 dB (3.16 dimensionless) is shaded gray in the plot. The locus for the dipole
antenna (which is a single point) falls outside the shaded area, indicating that it does not meet the
gain requirement. Note also that the entire locus for the conical horn antenna falls inside the shaded
area, hence it meets the gain requirement. Regarding the loci for the single helix and the CLS, only
subsets fall within the shaded area. The height ranges corresponding to these subsets identify viable
CLS antennas, with any height, and helical antennas with 0.22 < & < 3.32 m.

Moving to the right from plot A1, the same process can be repeated for plots A2-6. Plot A2
imposes no new constraints on the design as no requirement is specified for the bandwidth. However,
it can be seen that the CLS maximizes the fractional bandwidth. In plot A3, it is found that only
conical horn antenna heights in the range 1.4 < & < 3.2 m meet the structural frequency requirement,
whereas there is no limitation on the helical and CLS antennas. Proceeding to plot A4, introducing
a constraint on the largest packaged length of 0.3 m, eliminates the conical horn antenna (indicating
that the chosen packaging scheme is not acceptable). Of the remaining two viable concepts, the
length requirement is met by helical antennas with 0.012 < & < 0.27 m and CLS antennas with

0.18 < h < 0.27 m. Similarly plot A5 imposes that 0.18 < & < 10.0 m for the CLS. No additional
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constraints are given by plot A6.

Analysis of the first row of plots in Figure 2.7 has led to the conclusion that the dipole and conical
horn cannot meet all requirements. At this point, an analysis similar to that described above, but
using the bottom row of plots in Figure 2.7, provides the range of viable diameters for the helix
and CLS. The outcome of the analysis is the & and D ranges meeting all requirements, presented in
column 3 of Table 2.2. It can be observed that these ranges are orders of magnitude smaller than the
original design space. At this point detailed simulations can be carried out to complete the design
optimization.

Antenna designs generated independently via numerical simulations in ANSYS HFSS for this
case study are denoted by red and black markers in Figure 2.7 for the helix and CLS antennas,
respectively. A good agreement is seen between the performance of these and the designs that are
proposed by the methodology here.

This case study has demonstrated that dual-matrix composites can enable the packaging of a CLS
antenna in small CubeSat volumes, a concept not previously implemented. Furthermore, plots A2
and B2 in Figure 2.7 show that the CLS packaged using dual-matrix composites can achieve higher
bandwidths. Therefore, it has been shown that dual-matrix composites can outperform existing

concepts and should be studied further.

2.5.2 Ka-Band Case Study

A second case study demonstrating the preliminary design of a deployable antenna operating at
30 GHz (Ka-band) is shown here. The Ka-band has the potential for higher bit rates and smaller
antenna sizes and would be appropriate for deep space CubeSats [5]. However, it is also known to
be susceptible to rain attenuation and requires higher surface accuracy than antennas designed for
the commonly used UHF-band for low earth orbit CubeSats. The case study illustrates the use of
the proposed concept selection methodology to explore a new design space and identify constraint

satisfying concepts. The antenna concepts compared are:
1. Helix packaged using helical pantographs
2. CLS packaged using z-folding of dual-matrix shells
3. Horn packaged using z-folding of dual-matrix shells
4. Parabolic reflector packaged using hinged ribs

The following constraints are placed on the design:
1. Maximum gain above 20 dB

2. Fundamental frequency higher than 0.1 Hz
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3. Packaged antenna fits in a 1/2 1U CubeSat volume (10 X 10 x 5 cm?)
4. Design maximizes bandwidth

Following the methodology described in Section 2.3, design space limits are computed using Equa-
tions 2.5 — 2.8 and the performance is estimated using Tables A.1 and A.2. The results of the case
study are generated using the tool in Section 2.4 and are plotted in Figure 2.8. Starting from the
top left corner of the chart (plot Al), one can select antenna heights for each concept which meet
the gain requirement (i.e., ones in the shaded region with gain greater than 20 dB). It is evident that
the entire loci of performance for both the helix and CLS antennas lie outside this region and hence
cannot meet the gain requirements. However, from the performance loci for the horn and reflector
one can see that there are designs that achieve the desired gain. In particular, horn antennas with
h > 6.0 cm and reflectors with 2 > 1.1 cm meet the requirement.

Moving to the right, one can repeat the same process for plots A2—-A6, obtaining designs that
meet the bandwidth, frequency, and packaged volume requirements. As no quantitative requirement
has been specified on the bandwidth, no new constraints can be derived from plot A2. However,
out of the remaining concepts, it can be seen that the horn maximizes bandwidth. From plot A3,
it is evident that all concepts lie in the shaded region and can meet the fundamental frequency
requirements. Plots A4 — A6 show that not all horn and reflector designs can be packaged in the
required volume. From plot A4, one can get that & < 9.5 cm for the horn and & < 16.0 cm for the
reflector. Plot A6 imposes a further constraint that 2 < 14.5 cm for the reflector. A similar process
is repeated with the bottom row of the chart (plots B1 — B6) to find antenna diameters that meet
all requirements. This results is a narrow set of constraint-satisfying geometries as summarized in
Table 2.3. The initial design space has been reduced by at least an order of magnitude and the helix

and CLS antennas have been ruled out as possible concepts as they cannot meet gain requirements.

Concept Initial Design Space (cm) Optimization Space (cm)

Helix 0.2<h<40and D=0.3 Does not meet requirements

CLS 0.3<h<352and 0.2<D <34 Does not meet requirements
Horn 26 <h<983and 3.0<D <172 6.0<h<9b5and44<D<54
Reflector 0.6 <h<31l0and20<D <999 1.1<h<14.5and 4.0<D <50.0

Table 2.3: Initial design and optimization spaces for Ka band case study

A horn antenna operating at the Ka-band has not previously been proposed in literature for
deployment from CubeSats. However, Figure 2.8 shows that it is a feasible concept for this design
problem. The horn has less structural complexity than the reflector but can still achieve very high

gains over a good bandwidth.
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Figure 2.8: Case study at f = 30 GHz. From left to right, the plots shows antenna height /diameter
as a function of gain, bandwidth, structural frequency, and the packaged antenna dimensions. The
shaded regions represent areas of the plots that meet imposed requirements.
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The next step in the design would involve detailed numerical simulations of the horn and reflector
designs in the optimization space in Table 2.3. This would be a much shorter process than if one
started simulations from the initial design space without knowing if a particular concept could meet

all requirements.

2.6 Conclusion

A methodology for the rapid preliminary design of deployable antennas for CubeSats aimed at reduc-
ing design times of deployable antenna problems was proposed. Using a novel visual representation
method of antenna performance consisting of a coordinated set of plots of antenna performance
metrics against the antenna geometric parameters, it can easily address coupled electromagnetic
and structural design problems. This approach enables direct comparison of antenna concepts and
allows the designer to rapidly identify concepts which meet requirements and to narrow down the
design space, before tackling the problem with detailed numerical simulations.

The design of an antenna operating at 450 MHz and another operating at 30 GHz is used to
demonstrate the method. The technique eliminates antenna designs unable to meet requirements,
thus achieving a reduction of the original design space by several orders of magnitude. The results
agree well with antenna designs optimized using numerical simulations. Furthermore, this tool is
capable of identifying concepts not previously considered for use on CubeSats — the CLS and horn
antennas packaged using dual-matrix composites for the UHF and Ka-band, respectively.

The methodology is demonstrated using a relatively small number of antenna types, packaging
schemes, and performance metrics. However, the method itself is quite general and can be extended
further. For example, an antenna mass performance metric and material selection can be incorpo-
rated in the tool. The software tool that has been developed could also be combined with existing
databases of antenna and structural performances, to provide rapid comparison over much larger

design spaces.
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Chapter 3

Dual-Matrix Composite Antenna
Prototype

3.1 Introduction

The design strategy devised in the last chapter allowed the preliminary evaluation of dual-matrix
composites as a packaging scheme for CubeSat antennas. It was shown that, at least theoretically,
these materials can be used to design very high gain, broadband antennas capable of fitting into
small CubeSat volumes. Moreover, the versatility of the packaging scheme was demonstrated. Dual-
matrix composites can be used to package a variety of antenna topologies — from the helix to the
conical horn — and appeared to scale well from one operating frequency (UHF) to another (Ka-band).
These are promising results, however, the functionality of a prototype antenna must be verified to
validate these results in practice.

To demonstrate functionality, this thesis focuses on a dual-matrix antenna operating at UHF
with its design subject to the requirements in the case study in Section 2.5.1. The UHF band was
chosen as it is the predominant choice for amateur CubeSats in low Earth orbit. Furthermore,
working at higher frequencies would require the fabrication of very small antennas. The UHF case
study in the previous chapter identified the CLS as an antenna topology capable of meeting the
specified requirements and at the same time maximizing bandwidth over the helix. The design chart
in Figure 2.7 placed the following constraints on the CLS geometry such that all requirements are
met,

0.18 < hers <0.27m N 0.20 < Ders < 0.30 m (3.1)

For a more rigorous follow-on analysis to the preliminary design tool, finite element simulations of
the antenna performance were done for several designs around this geometry range in order to select
an optimal constraint satisfying design. Furthermore, the design of the antenna to CubeSat interface

was considered as it affects antenna performance.
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In order to validate the dual-matrix approach as applied to the deployable antenna problem, the
following chapter demonstrates antenna RF and structural functionality. Furthermore, experimental
results are compared to simulations to enhance the accuracy of numerical models to be used for design
of such structures in the future. Most importantly, the antenna’s capability to meet requirements

prior to and after folding and instantaneous deployment is assessed.

3.2 Antenna-CubeSat Assembly

An assembly of the prototype antenna with a 6U CubeSat structure in which it can be stowed is
shown in Figure 3.1. The antenna consists of a shell with Astroquartz II (AQ)/epoxy panels and
AQ/silicone hinges. The antenna functionality is achieved by embedding a thin phosphor bronze
mesh in the composites shell. The composites laminates are made of a 6 ply [+30/0], pw layup,
where the pw subscript indicates that each ply is plain-weave. A detailed overview of material
properties is given in Chapter 4. When deployed, the antenna is supported outside of the CubeSat
by a dual-matrix hinge (studied in detail in Chapter 5). The feeding network for the antenna is
also shown with a balun circuit used to split the 50 Q input to two 100 Q feeds attached to the
two arms of the antenna. Furthermore, traditional co-axial cables have been replaced by custom-
designed flexible microstrip lines to enable folding of the feed cables within the antenna. The feed
lines are soldered to the conductors at the apex of the cone and then clamped between 3D printed
plastic parts conforming to the curvature of the antenna. Likewise, the antenna is attached to the

deployable hinge via screws with curved 3D printed washers.

3D printed feed
line connection

Dual-matrix composite
—— CLS antenna

3D printed antenna
support connection 6U CubeSat structure

‘-.-

Flexible microstrip 'f
feed lines

Dual-matrix composite

/ deployable hinge

Balun feed
circuit

Figure 3.1: CubeSat assembly with deployed antenna and feeding network
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1. Stowed Configuration

J

2. Hinge Deployed

3. Antenna Deployed

Figure 3.2: Steps in antenna deployment from CubeSat

Figure 3.3: Folding of dual-matrix antenna by flattening and z-folding

A schematic illustrating the antenna deployment is shown in Figure 3.2. It can be seen that the
antenna deployment has been decoupled from the hinge deployment for simplicity and to improve
the reliability of antenna deployment without jamming.

Figure 3.3 shows the folding process of the antenna prototype. The cone is folded using 12
AQ/silicone hinges running along its height. The antenna is first flattened and the z-folded to
package inside of the CubeSat.

3.3 Prototype RF Performance

The work in this section was done in collaboration with Dr. Joseph Costantine at the University of

New Mexico.
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3.3.1 Antenna Geometry Optimization

A parametric study was conducted using the ANSYS HFSS finite element software to optimize
antenna performance independent of the CubeSat. The parameters of interest of the CLS geometry
are illustrated in Figure 3.4, where h is the height of the cone, D and Dy are the lower and upper
diameters of the cone, respectively, 6 is the cone angle, and « is the conductor wrap angle. The CLS
antenna has two identical conductors rotated 180° with respect to the cone central axis. For clarity,

only a single conductor is shown in the figure.

Figure 3.4: Geometry parameters of interest in the design of a CLS antenna

In Chapter 2, the geometry has been parameterized in terms of & and D only, and this is
sufficient to describe the geometry. For a given h and D, the upper diameter (or equivalently 6)
and conductor wrap angle are selected to minimize loses [46]. The cone geometry and conductor

geometry are related by,

D = Dyexp (ﬂ In EF) (3.2)
2
where % is the number of conductor turns and the expansion factor for the conductor, EF, is defined
as,
2mr sin 0
EF =exp ( ) (3.3)
tan @

The expansion factor was kept constant in this study at EF = 1.75, selected using design data
in [46]. A parametric study varying & and D was done independently of the preliminary design given
in Section 2.5.1. Table 3.1 summarizes the geometry of a few of the designs considered.

Figure 3.5 shows the variation of the reflection coefficient as well as a slice of the radiation pattern
(y-z plane) with the geometry of the antenna. Table 3.2 summarizes the key RF performance metrics
for these designs. It can be seen that as the antenna diameter increases for a fixed height, higher
gains and bandwidths are seen. This occurs as the antenna becomes more directional and the back
lobe is minimized. Antenna design 4 was the final design selected for the prototype as its geometry

was within the range given by Equation 3.1 and so the antenna would violate packaging constraints.
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Parameter Antenna 1 Antenna 2 Antenna 3 Antenna 4

h (cm) 19.0 19.0 17.5 18.5
D (cm) 32.2 33.2 35.5 28.2
Dy (cm) 16.0 16.0 16.0 14.0
¢/2n 1.25 1.3 1.5 1.5

s 20.7 20.6 20 19.6

Table 3.1: Antenna geometries in parametric study

w o ®
O — Antenna 1
NN\ — —Antenna 2
A\ —-—Antenna 3
SE NN\ e Antenna 4 |
k -60 60
5
~ -10
- -90 )
-15 e
-120 ——Antenna 1 120
——-Antenna 2
N --—--Antenna 3
20 : : : : f : P O Antenna 4
200 250 300 350 400 450 500 550 600 -150 - 150

Frequency (MHz)

Figure 3.5: (A) Reflection coefficient of select antenna designs (B) Cut in the y-z plane of radiation
pattern at 450 MHz

Parameter Antenna 1 Antenna 2 Antenna 3 Antenna 4

BW(%) 79 81 65 69
G (dB) 6.78 7.15 6.88 5.36

Table 3.2: Summary of key performance metrics for antenna geometries in parametric study

3.3.2 Antenna Position Optimization

Having optimized antenna performance, the interaction of the antenna with the metallic CubeSat
was investigated. The following parameters were investigated, illustrated schematically in Figure 3.2,
to determine their effects of the antenna gain, backlobe radiation, and axial ratio (a measure of
polarization): the angle of the antenna axis with respect to the satellite, @, the overlap length of
the antenna and the hinge, d, and the presence of solar panels on the CubeSat. A summary of the
variable dependences observed in simulations is shown in Table 3.3.

Using the simulation data a specific design for the interface was selected. An angle of @ = 22°
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Parameter Range Axial Ratio  Gain Backlobe Radiation

d 2cm <d < 6cm  Proportional Inverse Inverse
a 10? < a < 50° Inverse Proportional Inverse
Solar Panels N/A Proportional Inverse Inverse

Table 3.3: Correlation observed between antenna position and performance metrics

was selected such that the antenna cone generator is parallel to the CubeSat edge. In order to
maximize gain and reduce backlobe radiation, an overlap of d = 2 cm was selected. Furthermore, a

boom length of I = 20 cm was selected to fit the antenna into the CubeSat.

3.4 Antenna Feeding Network

The feeding network consists of a 50/200 Q Anaren B0205F50200AHF surface mountable balun, to
balance a 50 Q input into the two arms of the CLS antennas, and two 100 Q transmission lines. The
micrstrip lines have been designed to have 100 Q impedance over the entire antenna bandwidth.
This was achieved by using a Chebishev tapering pattern for the microstrip conductor and ground
lines. The geometry of the design is shown in Figure 3.6. The feed lines were manufactured by San
Francisco Circuits. A 1 oz. copper conductor was patterned onto both sides of a 125 pm Kapton
layer to function as the ground plane and conductive strip. Both sides were then covered by a 25 um

polyimide coverlay to prevent oxidation of the copper.

(A)
54.36 108.72 .
mm mm Kapton insulator
1 1t 1 1t 1t 1 and ground layer
14 mm 18 mm 05 03
7 mm
5mm mm mm
i 15 11 83| 341 19 " 0
mm mm mm| mm mm T 1
Copper conductor
122 mm 57 mm 116 mm 171 mm
(B)
conductor
Kapton layer
— —
|
coverlay \

— ground

Figure 3.6: Geometry of flexible microstrip lines (A) Chebishev tapering (B) cross-section

The reflection coefficient of both the balun circuit and the flexible feed lines was measured to
ensure operation of the feeding network over the antenna bandwidth. The measurements are shown

in Figure 3.7. The balun shows good operation with s1; < —10 dB over the entire antenna bandwidth
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Figure 3.7: Reflection coefficient of feed network

while the cables have a slightly narrower bandwidth of 360 - 650 MHz, and may impede antenna

operation at the lower frequencies.

3.4.1 RF Testing

The electromagnetic performance of the antenna prototype was measured at the Antennas and RF
Lab facilities at the University of New Mexico. The reflection coefficient was measured using the
PNA-X 5247A vector network analyzer from Keysight. Radiation pattern cuts and gain measure-
ments were done in a 5.33x2.59x2.13 m? anechoic chamber. A photograph of the CubeSat assembly
under test in this chamber is shown in Figure 3.8. Unfortunately, the existing chamber was designed
for measurements above 1 GHz and is too small for UHF applications. As a result, the radiation
pattern measurements are not entirely in the farfield of the antenna but are sufficient to verify
performance with small error.

Figure 3.9 compares the measured reflection coefficient and radiation patterns to those predicted
in finite element simulations. When the antenna is fed using co-axial cables, the reflection coefficient
shows good agreement with simulations and it can be seen that antenna operation is achieved
between 300-650 MHz. No change in s1; was observed after folding and deploying the antenna. Also
shown is the reflection coefficient when the antenna is fed with the flexible microstrip lines. The
reflection coefficient curve is significantly impacted and as predicted antenna operation is lost at
lower frequencies. However, the antenna still shows good operation between 354 - 407 MHz and 425
- 650 MHz.

The measured 2D radiation pattern cuts in the y-z plane (measured with co-axial cables) show
that the antenna achieves a maximum gain of 5.57 dB at 450 MHz, comparable to the predicted gain
of 5.36 dB. Furthermore, Figure 3.9 shows the measured maximum gain as a function of antenna

frequency, illustrating that the prototype meets the 5 dB gain requirement across its entire band-
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Figure 3.8: CLS antenna and CubeSat assembly mounted in anechoic chamber at the University of
New Mexico for radiation pattern measurements

width. No change in performance was observed after the antenna was folded and instantaneously

deployed.

3.5 Prototype Structural Performance

3.5.1 Prediction of Vibration Modes

One of the first steps of spacecraft structural design is to investigate the natural frequencies of
vibration of the structure to ensure that the natural modes of vibration are away from environmental
forcing frequencies. Hence, a requirement that the fundamental frequency of the antenna must be
higher than 0.1 Hz has been specified to prevent excitation of the structure by spacecraft maneuvers.

The natural frequencies of the selected antenna designed in Section 3.3 have been computed us-
ing ABAQUS/Standard with free boundary conditions. Reduced integration quadrilateral elements
(S4R) have been used with a mesh size of 1 mm in the hinge regions and 5 mm elsewhere, for a
total of ~19,000 elements (Figure 3.10). A linear elastic laminated plate material model was im-
plemented using the *Shell General Section keyword which allows direct input of the composite

shell properties for a given shell thickness. The in-plane stiffness matrices of the two composites are
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Figure 3.9: RF measurements of antenna prototype (A) reflection coefficient (B) radiation pattern
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Figure 3.10: ABAQUS model of dual-matrix conical shell with free boundary conditions.

32



given by, ) )
7356 2502 O

A, =12502 7356 0 | N/mm (3.4)

4460 1491 0
Ag = (1491 4460 0 | N/mm (3.5)
0 0 149

where N = Ag, N are the force resultants per unit width of the composite, & are the mid-plane
strains, and the e and s subscripts refer to the epoxy and silicone composites respectively. The

out-of-plane bending stiffness of the composites is given by,

110 44 0

D,=[44 110 0| N/mm (3.6)
0 0 44
79 45 0

Ds= (45 79 0| N/mm (3.7)
0 0 45

where M = Dk, M are the moment resultants per unit width of the composites, and « are the
mid-plane strains. The values are predicted using classical lamination theory in combination with
the mosaic model as described in Section 4.6. The areal density of the composites is specified to
ensure an accurate mass for the model. The eigenfrequencies of the antenna are obtained using a
linear perturbation step with the Lanczos eigensolver. The conductor is not included in the analysis
as its effects on the stiffness of the structure are negligible.

The effect of a folding and instantaneous deployment cycle on the antenna performance is modeled
through a reduction of bending stiffness of the silicone composite to 40% of its original value.
After folding and deployment some fibers may show residual deformation. Hence, the next time
the antenna is folded the fibers microbuckle at lower curvatures, resulting in reduced stiffness.
Experimental measurements illustrating this effect are given in Section 4.8.1. It is not expected that
forced vibration of the antenna will be enough to induce this microbuckling, however, the softer
material properties can give a lower bound for the fundamental frequency of the antenna.

Table 3.4 summarizes the results of the simulations. Frequencies are quoted for the unfolded
hinges, where the full bending stiffness of the AQ/silicone composite is used, as well as for hinge
bending stiffness of 40% of the original. The corresponding mode shapes for the full and reduced

stiffness are shown in Figure 3.11.
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fo (Hz) A (Hz)  fo (Hz)

Unfolded 11.54 12.09 29.73
40% Stiffness 6.44 6.54 17.86

Table 3.4: Summary of vibration frequencies of antenna for unfolded and folded hinges

(B)

Mode 0

Figure 3.11: Mode shapes for the 3 first natural frequencies of the antenna (A) hinges unfolded (B)

hinges with 40% of original stiffness

Simulations show that the antenna has significantly higher fundamental frequency than the 0.1 Hz
requirement. With a hinge stiffness of 40% of the pre-fold stiffness, the frequencies are reduced to
~60% of their original values as the antenna is much softer transverse to the shell surface. From the
mode shapes in Figure 3.11, it can be seen that the first three modes are all bending modes with an
increasing number of waves across the circumference and hence a reduced bending stiffness of the

hinges results in a large knockdown in frequencies. However, even with this worst-case lower-bound
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on the frequencies, the stiffness requirement is still met.

3.5.2 Measured Vibration Modes

A vibration test on the manufactured antenna prototype was conducted to verify the vibration
frequency simulations and to confirm that the stiffness meets requirements. The experimental setup
used is photographed in Figure 3.12. The setup was placed on a granite table to reduce vibrations
from the environment with the antenna suspended using strings made of Spectra fibers to simulate
free boundary conditions. The suspension resembled a double pendulum with string lengths adjusted
such that the natural frequency of the suspension was well below the expected frequencies of the
antenna. The chosen lengths were 32 cm for the upper suspension and 12 cm for the lower suspension,

resulting in a frequency of 1.5 Hz.

antenna suspension

laser displacement sensors
force sensor
e
electromagnetic shaker

antenna
prototype DAQ
laser controller

signal granite table

generator

power = e ‘. 3 3 I
amplifier . ;

; F
Wi

Figure 3.12: Experimental setup for vibration analysis

Matlab

45098
a3

The excitation was provided by a Labworks Inc. ET-132 electromagnetic shaker. A sinusoidal
sweep ranging from 3-30 Hz over 450 s was produced using an Agilent 33250A waveform generator
and was routed through a Labworks Inc. pa-138 power amplifier to the shaker. The shaker trans-
mitted the excitation to the antenna using a 19.5 cm long stinger. The force applied to the antenna
was measured using a PCB Piezotronics ICP 208C01 force sensor attached to the end of the stinger
at one end and to the prototype using wax at the other end.

The output response of the antenna was measured by two laser displacement sensors. A Keyence

LK G157 laser measured the displacement at the top of the prototype opposite the applied excitation,
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Figure 3.13: Experimental setup for vibration analysis

and a Keyence LK G087 laser measured the displacement at the bottom of the prototype. The
displacements were measured at multiple points in order to capture the different vibration modes.
All analog signals were wired as differential inputs into an NI USB 6210 data acquisition system and
the data was collected and analyzed using the Matlab software. Figure 3.13 shows a schematic of
the instrumentation with all connections.

The measured force and displacement signals were filtered using a high pass Butterworth filter
(stopband frequency of 2.8 Hz, passband frequency of 3 Hz, stopband attenuation of 60 dB, and
1 dB of ripple allowed in the passband) to eliminate low frequency oscillations observed in the force
sensor data. Welch’s method was used to determine the power spectral density of each signal. In
this scheme, the signal is divided into overlapping sections, each of which is windowed, and a discrete
Fourier transform of each is performed. This method has the advantage of significantly reducing
noise in the signal at the cost of reduced frequency resolution. Here, 30 sections with 50% overlap
were used with a resolution of 0.01 Hz achieved. The ratio of antenna displacement to input force was
used as the frequency response function used to extract the natural frequencies of the system [52].

The measured frequency response functions of the antenna prior to folding and after folding and
instantaneous deployment are shown in Figures 3.14. The peaks in the response corresponding to the
first three natural frequencies can be seen clearly in both laser readings. However, as the bottom laser
measures larger displacements, a cleaner signal is seen, in particular for the fundamental frequency.

A summary of the measured natural frequencies and their comparison to simulation predictions
is given in Table 3.5. Note that the simulated frequencies quoted here account for the mass of the
force sensor using the *Mass keyword in ABAQUS. The mass of the force sensor is 26 g, a significant
fraction of the antenna mass of 79 g, and hence becomes a part of the excited system.

The experimentally measured frequencies agree with simulations within 6% for the fundamental

frequency and within 20% for higher frequencies. Any discrepancies are likely due to the fabrication
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Figure 3.14: Frequency response function of antenna (A) top laser reading (B) bottom laser reading

Jo (Hz) /i (Hz)  fa (Hz)

Pre-folded Antenna 8.24 14.41 28.09
Post-folded Antenna 8.23 14.77 27.37
Simulation 8.74 11.06 23.43

Table 3.5: Experimentally measured natural frequencies of antenna prototype

process which resulted in imperfections such as wrinkles and non-uniform thickness distribution. In
addition, errors can result from inaccuracies in prediction of composite stiffness given in Equations 3.4
— 3.7. Most importantly, the post-fold frequencies show little change from the shell as manufactured,
with the fundamental frequency changing by only 0.1%. As predicted in Section 3.5.1, the forced
vibration is not enough to trigger early microbuckling after a folding cycle and hence the bending
stiffness of the hinge regions remains unchanged. The slight shift in higher frequencies is likely a
result of the antenna having to be re-suspended after folding, resulting in a shift of the symmetry-

breaking imperfections relative to the setup.
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3.6 Conclusion

Although, the design methodology in Chapter 2 showed dual-matrix composites to be a promising,
versatile packaging scheme for CubeSat antennas, no experimental data existed to demonstrate this
in practice. Hence a specific prototype was designed and tested here. A specific point design for
a dual-matrix composite CLS antenna was optimized for RF performance starting from the design
derived from the preliminary design tool in Chapter 2.

A summary of the predicted and measured antenna performance, both before and after a folding
and deployment cycle, is given in Table 3.6. It can be seen that the prototype antenna meets
all requirements, its performance agrees with predictions from numerical simulations, and most
significantly its performance is unaffected by packaging indication that after deployment the antenna
has sufficient shape accuracy. Note that the packaged dimensions were predicted using equations in

Table A.2 and measured experimentally by folding the antenna prototype.

Performance Requirement Predicted Measured Before Measured After
Metric cquireme ediete Folding Folding

Gain (dB) >5 5.36 5.57 5.57
Bandwidth ..

(MHz) Maximize 318 - 650 300 - 650 300 - 650
Packaged 5 <30x10%5 19.6x74x1.2  197x82x1.5  N/A
Dimensions (cm?)

Fundamental > 0.1 8.74 8.24 8.23

Frequency (Hz)

Table 3.6: Performance summary of antenna prototype RF and structural metrics

The antenna was deployed instantaneously in this study to detect damage during folding. How-
ever, another factor which can have an effect on antenna performance is viscoelasticity of the polymer
matrices. To gage the effects of viscoelasticity, the antenna should be folded and stored for long

times or at elevated temperatures. This is investigated further in Chapter 7.
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Chapter 4

Fabrication and Material
Characterization

4.1 Introduction

For any composite material, the microstructure is of interest for modeling the homogenized macro-
scopic material behavior. This is true in the case of the dual-matrix composites studied in this work
as well. Many investigations have been conducted to study the microstructure of unidirectional
elastomeric composites by Francis [11], Maqueda [13,31], and Lopez-Jimenez [29,53]. In addition,
these studies have looked at macroscopic behavior and damage mechanism. However, there exist
little research on woven elastomeric composites which have advantages in terms of fabrication and
damage mitigation. Such studies are of particular importance to deployable structures which use
stored strain energy as the deployment mechanism. Knowledge of the macroscopic stiffness of the
composites is required for accurate prediction of the deployment behavior.

In this chapter, the experimental aspects of composite material characterization are addressed.
The constituent material properties of the composites studied are presented. Fabrication techniques
for dual-matrix composites are outlined and an investigation of the interface region between the
epoxy and the silicone composites is presented. The microstructure of the dual-matrix composites is
studied using optical microscopy, focusing on the differences between epoxy and silicone composites.
Furthermore, the homogenized material properties of the composites are measured experimentally
and compared to predictions from the mosaic model, a popular analytic tool. Information about the
homogenized stiffness of the composites is used for deployment studies in Chapter 5. Furthermore,
knowledge of the microstructure is used to develop finite element homogenization models in Chapters

6 and 7.
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4.2 Constituent Materials

The selection of constituent materials used for all prototypes and modeling in this thesis was driven
by the antenna application in Chapter 3 as well as fabrication considerations. The conical shell must
act as a dielectric with conductivity only in the regions specified by Equation 3.2. Astroquartz II
(AQ) fibers were selected as the reinforcement material over the much stiffer carbon fiber due to their
superior dielectric properties. The AQ was procured as a dry plain-weave fabric from JPS composites
(style 525) [18]. A woven fabric was selected for the reinforcement for ease of handling. Another
advantage of a woven reinforcement is mitigation of damage due to fiber and matrix debonding from
loads transverse to the fibers, as observed in [53]. The properties of the quartz fibers are listed in
Table 4.1. The fibers are of high purity, with a silica content of 99.9% [18], resulting in high tensile

strength as well as a low dielectric constant.

Astroquartz II Fibers

Modulus, E1 s = Ey ¢ (GPa) 72
Poisson’s Ratio, vy 0.16
Tensile Strength (GPa) 6.0
Density, pr (g/cm?) 2.2
Fiber Diameter, Dy (um) 9.0
Dielectric Constant (at 1 MHz) 3.7

Style 525 Fabric

Areal Density (g/m?) 68
Warp Count (fibers per in.) 50
Fill Count (fibers per in.) 50
Thickness (um) 65

Table 4.1: Material properties of Astroquartz II fibers and style 525 fabric [18]

The F4-B epoxy resin from Patz Material Technologies [19] was used to form the stiff composite
panels. The resin was provided on a paper backing to be transferred to the fabric using heat. The
LOCTITE 5055 UV-cure silicone [20] was selected for the flexible hinge areas. The chosen silicone
can achieve strains up to 300% before yielding. The AQ fibers are UV transparent, enabling the use
of this silicone here instead of addition-cure silicones which require long cure times. However, the
UV-cure silicone cannot easily be cured under pressure resulting in a thicker composite with lower
fiber volume fractions. The particular silicone was chosen for its low viscosity, allowing it to fully
infiltrate the AQ fabric during fabrication. A summary of the mechanical properties of the matrices
are given in Table 4.2.

A thin phosphor bronze mesh from TWP Inc. was embedded [21] in the conductive regions of the

40



Epoxy  Silicone

Modulus, E,, (GPa) 3.39 0.002 - 0.004
Tensile Strength (MPa)  65.5 9.3

Density, p,, (g/cm?) 1.23 0.98
Poisson’s Ratio, v,, 0.35 0.48

Table 4.2: Material properties of epoxy F4-B [19] and silicone LOCTITE 5055 [20] matrices

shell. Table 4.3 provides a summary of the mesh properties. The mesh was selected to be sufficiently
thin and flexible for embedding within the composite shell and not breaking/kinking when folded.
However, the mesh thickness must be greater than 56, where § is the skin depth of the conductor

at the lowest frequency of operation. The skin depth was computed using,

_ 14
0= N 7 fuopr @)

where p is the conductor resistivity, f is the lowest frequency of operation, ug is the relative per-
meability, and pg = 47 - 1077 Vs/Am is the vacuum permeability. For this material, the skin depth
at 250 MHz is 6 = 4.1 um and hence the mesh wire diameter of 35.6 wm meets this requirement.
Furthermore, in order for the gaps in the mesh to have a negligible impact on performance, their size
must be less than 4/10 at the highest frequency of operation. The mesh has a gap size of 0.04 mm
which is significantly less than a tenth of the wavelength at 650 MHz of 4.6 cm.

Phosphor Bronze Mesh

Wire diameter (um) 35.6
Wires per in. 325
Opening size (mm) 0.04
Areal density (g/m?) 290

Table 4.3: Material properties of phosphor bronze mesh [21]

4.3 Dual-Matrix Composite Fabrication Techniques

The fabrication of dual-matrix composites is described for the antenna prototype presented in Chap-
ter 3. The prototype was fabricated starting with dry AQ fabric which was impregnated with each
resin in the desired locations. The epoxy resin was transferred to the fabric using heat while the hinge
regions were masked with Kapton (Figure 4.1(A)). The composite plies were stacked by aligning the

hinges and the mesh conductor was embedded at the mid-plane of the composite (Figure 4.1(B)).

41



The inner plies of the antenna were cut at the apex of the antenna to expose the conductor for
connecting the feed lines. The silicone was then transferred to the hinge regions by injecting small
amounts with a syringe and allowing the resin to flow until the fabric is fully impregnated. A cotton
swab was used to spread the silicone evenly and remove any excess, if required (Figure 4.1 (C)). The
silicone layup was debulked under vacuum for 15 mins to evacuate the air bubbles from the silicone
and consolidate the layup. This ensures a good cure of the silicone resin as it is inhibited by oxygen.
The silicone was prevented from spreading past the hinge areas by the epoxy resin already in place.
The silicone was then degassed and cured between two acrylic plates under a UV lamp (Spectroline
UV Lamp XX-15A operating at 365 nm) with an irradiance of 40 mW /cm? at a distance of 35 mm
(Figure 4.1(D)). The layup was wrapped around a conical mold, with a cone angle matching that
of the antenna, and vacuum bagged. The epoxy was cured in a traditional autoclave cure at 120°C

for 2 hours (Figure 4.1(E)).

(A)

T

Figure 4.1: Fabrication of a dual-matrix composite antenna (A) Masking of silicone hinges and
epoxy transfer via heat (B) Stacking of plies and embedding of conductor (C) Impregnation of hinge
regions with silicone (D) UV-cure of silicone (E) Epoxy cure in autoclave

The silicone used undergoes a condensation cure producing water and methanol as byproducts
which diffuse out of the composite over time. A heat-treatment of 48 hrs at 140°C under vacuum
was found to be sufficient to bake-out these byproducts and stabilize the mass of the composite.
This step prevents the volatiles from diffusing out of samples during testing, causing the silicone to

shrink and affect test results.
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4.4 Interface Characterization

The interface region between the AQ/epoxy and AQ/silicone composites is shown in Figure 4.2. A
non-planar interface approximately 0.5 mm across is seen between the two composites, resulting from
flow of the silicone resin before cure due to its low viscosity. The extent of the region is limited by
impregnating the fabric with the epoxy resin first. The modulus of the matrices across this interface

was measured to determine the presence of uncured resin.

epoxy matrix silicone matrix

AQ/epoxy tow AQ/silicone tow

Figure 4.2: Micrograph of the interface region between the AQ/epoxy and AQ/silicone composites

The moduli were measured at precise distances from the interface using the nanoindentation
technique, with measurements carried out using the Hysitron TT 950 Triboindenter from Burker [54].
This instrument precisely measures the load, P, as a function of the indent depth, /, at the nanoscale.
Nanoindentation tests were required to avoid indenting the AQ fibers. A typical indentation profile
consists of a displacement applied linearly, held constant, and then removed. The modulus of the
material can then be computed from,

1 1-»2 1=

= + (4.2)
E, E E;

where E is the Young’s modulus of the matrix, v is the Poisson’s ratio of the matrix, and the subscript
i indicates indenter properties [55]. The reduced modulus, E,, is computed from the unloading slope

and the indenter geometry,
_dP 1 |n

Y 4.3
dh 2B\ A (43)

where 3 is a geometric factor obtained from finite element analysis, and A is the area of the inden-

ter [55]. The analysis presented here is valid for bulk materials and can be applied to the composites

in this case as the indentation depth is much smaller than the ~200 pm composite thickness and the

matrices are indented far away from the fibers.
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For the tests here, a Berkovich indenter was used, a three sided pyramid with a half-angle of
65.27°. For this indenter, 8 = 1.034 and for an ideal indenter, A(h) = 24.5h% [55]. In practice, the

area function is calibrated using,
A(h) = Coh® + C1h + CoVh (4.4)

where the constants have been measured to be Cy = 23.7501, C; = 1.515% 103, and Cs = 2.1513 x 103

by indenting a fused silica sample with known properties.
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Figure 4.3: Indentation load curves with unloading slopes indicated for (A) epoxy (B) silicone

Several values of dwell time and indent depth were investigated. A dwell time that is too
short would show results significantly impacted by the initial viscoelastic relaxation of the matrices.
Selecting an indent depth too shallow would yield inaccurate results but a depth too large may
be affected by AQ fibers. The final profile selected was an indent depth of 1 um applied at a
loading/unloading rate of 33.3 nm/s, and a dwell time of 2 mins. The measured loads, with the
unloading slopes marked in red, for the epoxy and silicone are shown in Figure 4.3.

In order to obtain accurate readings, the rms surface roughness must be an order of magnitude
less than indent depth. In this case, the composite was embedded in potting epoxy and polished to a
target rms roughness of 50 — 100 nm. The surface was successively polished with 600 grit sandpaper,
9/6/3/1 wm Buehler MetaDi diamond polishing paste, and 0.05 um Buehler MicroPolish Aluminua

suspension. The achieved surface roughness was 0.30 nm rms for the epoxy and 0.55 nm rms for the

silicone.

Distance to Interface (mm) 0.03 2.0 5.0
Epoxy Modulus (GPa) 3.30 3.49 3.74
Silicone Modulus (MPa) 1.42 1.61 1.60

Table 4.4: Measured matrix moduli as a function of distance from the interface
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The measured moduli for the epoxy and silicone matrices as a function of distance from the
interface are summarized in Table 4.4. It can be seen that the modulus changes sharply across the
interface, with the modulus of the epoxy and silicone rising 12% and 15% away from the interface,
respectively. The measured values compare well with the datasheet values of 3.39 GPa for the
epoxy and 2 MPa for the silicone. The lower measured value of the silicone is due to viscoelastic
relaxation of the material during the dwell period. Overall, these results show that both matrices

are sufficiently cured at the interface and are not inhibited by each other’s presence.

4.5 Microstructure Characterization

Investigating the microstructure of the AQ/epoxy and AQ/silicone composites can give insight into
modeling these materials and may give clues on whether existing models for traditional composites
are appropriate for the silicone composites. Previous literature has investigated microstructure
only for unidirectional elastomeric composites [13,29,31,53]. Extending the study to woven silicone
composites adds levels of complexity: including two levels of microstructure (the tow and the weave),

and accurate prediction of out-of-plane properties of the tow for successful modeling of the 3D weave.

4.5.1 Micrographs

Micrographs of the plain-weave microstructure of the AQ/epoxy and the AQ/silicone composites
are shown in Figures 4.4 and 4.5, respectively. These were obtained using a Nikon Eclipse LV150N
optical microscope by potting samples in epoxy and polishing them flat. The micrographs show the
fibers are contained in lenticularly shaped tows. The undulation of these tows in the fiber direction
can be observed by looking at the in-plane tows. It is also observed that the tows can be in-phase
or out-of-phase with those of the neighboring plies. This effect is observed in both composites and
may have a significant effect on bending stiffness as suggested by Soykasap [37]. Finally, a variation

is observed in the composite thickness, following the shape of the tows.

Figure 4.4: Micrograph at 10X magnification of the microstructure of a [03],. AQ/epoxy composite

Figure 4.6 shows a micrograph of the [+30/0], ,w layup used for the antenna prototype in Chap-

ter 3. The conductive mesh can be seen embedded at the mid-plane of the composite. It can be

45



Figure 4.5: Micrograph at 10X magnification of the microstructure of a [03],, AQ/silicone composite

observed that there are no voids surrounding the conductor and that the epoxy resin impregnated

the mesh fully during cure.

Figure 4.6: Micrograph at 20X magnification of the microstructure of a [+30/0]s,,w AQ/epoxy
composite with embedded conductor

4.5.2 Plain-Weave Geometry

The geometry of the plain-weave can be described using the parameters indicated in Figures 4.4 and
4.5, namely the wavelength of the unit cell, L, the tow width, w, the tow height, &, the tow spacing,
g, and the composite thickness, . The wavelength, tow width, and tow spacing are not independent

with L = 2(w + g).

Parameter L w g h t

St. St. St. St. St.
Dev. Mean Dev. Mean Dev. Mean Dev. Mean Dev.

Mean

AQ/epoxy (um) 1032 28 364 16 152 15 42.1 3.2 75.2 3.9
AQ/silicone (um) 1068 38 374 21 106 24 471 4.5 92.8 5.1

Table 4.5: Measured plain-weave geometry for the AQ/epoxy and AQ /silicone composites

Table 4.5 summarizes the mean values for these parameters each averaged over 80 measurements

from 4 different samples. It can be seen that the silicone composite has a looser weave and larger tow
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heights, as it was not cured under pressure like the epoxy composite. This is particularly evident by
the large difference in composite ply thickness, where the epoxy plies are only 81% as thick as the
silicone ones. Furthermore, for the epoxy composite t << 2h as the tows are not stacked directly on
top of each other, particularly when neighboring plies are out-of-phase. For the silicone composite
t = 2h due to the lack of pressure during cure. This difference of thickness relative to the tow height
is critical to capture in homogenization models as the thickness significantly impacts fiber volume

fraction and stiffness.

4.5.3 Composite Fiber Volume Fraction

The composite fiber volume fraction is critical to the homogenized stiffness of the composite and
was computed here by measuring the dry fabric mass, my, and the final composite mass, m;,,. The
mass of the matrix is then,

Ny = Moy — My (45)

The fiber volume fraction cannot be computed directly as only the areal and not volumetric density

of the AQ is known. Instead, the matrix volume fraction is computed using,

Vi = o] P (4.6)
Vt()t

where p,, is the volumetric density of the matrix, and V;,; is the volume of the composite, with the
thickness obtained from micrographs. The fiber volume fraction, neglecting the effects of fiber sizing
and voids, is given by,

Vi=1-V, (4.7)

The fiber volume fractions of the AQ/epoxy and AQ/silicone composites are summarized in Table 4.6
for 1-ply and 3-ply composites. It can be observed that the volume fraction of the 3-ply composites is
higher than that of the 1-ply composites by as much as 40%. This difference is especially noticeable
for the epoxy composite as the autoclave pressure causes tows from upper plies to fill the resin
pockets of lower plies, pushing out excess resin. In the case of the silicone, this effect is not as
noticeable as there is only the vacuum pressure applied during degassing. Overall, the fiber volume
fraction of the 3-ply epoxy composite is 35% higher than that of the 3-ply silicone composite, as

reflected in the thickness disparity between the two composites.

Ply Count 1 3
AQ/epoxy 0.38 0.54
AQ/silicone 0.37 0.40

Table 4.6: Fiber volume fractions of the AQ/epoxy and AQ/silicone composites
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4.5.4 Tow Fiber Volume Fraction

From the micrographs, it can be observed that the volume fraction of the tows is much higher than
than of the composite. The tow fiber volume fraction was computed by examining 0.7x 0.18 mm?
sections of the tows and counting the number of fibers with a known fiber diameter of 9 pm using
the Matlab function imfindcircles. The tow fiber volume fraction is given by,

nD?n

o (4.8)

Vf,tow =

where D is the fiber diameter, n is the number of fibers in the section, and A is the total area of the
section. The volume fraction was measured in 5 sections for the epoxy composite and averaged.

For the silicone composite, polishing causes the matrix to shear and cover the fibers. Hence, the
use of the circle detection algorithm in Matlab was not possible. Instead, it was assumed that the
silicone tows contain the same amount of fibers as the epoxy tows, since the dry fabric is the same.
The fiber tow volume fraction was then computed from the ratio of areas of the two tows,

weh¢
V;,tow = er,tow WS B

(4.9)

where the e and s superscripts refer to the epoxy and silicone composite properties respectively.

The resulting tow fiber volume fractions are,

VE 1o = 0.75 (4.10)
VE o = 0.65 (4.11)

It can be seen that the tow fiber volume fractions are significantly larger than those of the composite
itself reported in Table 4.6. Accurate values for both volume fractions are required to representatively

model the distribution of fibers and matrix in the composites.
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4.6 Analytic Predictions of Stiffness

The stiffness of a composite laminated plate is generally characterized through its ABD matrix [56],

N A Bl |e
= (4.12)
M B Dj| |k
where N are the force resultants, M are the moment resultants, A is the in-plane stiffness, B is the

in-plane/flexural coupling stiffness, D is the out-of-plane stiffness, & are the mid-plane strains, and

k are the mid-plane curvatures. The resultant directions are defined in Figure 4.7.

Figure 4.7: Notation for force and moment resultants in CLT

The stiffness matrices for a laminate of n plies are defined in terms of the ply stiffness, @, which

includes information about the fiber orientation in the ply,

A= 0z -2) (4.13)
i=1
B=3 Y 0 - D) (1.14)
=1
1<~
D=5 ) 0 =2 (4.15)

In Classical Lamination Theory (CLT), it is assumed that each ply is orthotropic with respect to
the fiber direction and homogeneous through thickness and hence the ply stiffness can be calculated
from in-plane properties. However, for woven composites, the ply is no longer homogeneous through
thickness and this approach cannot be used. The mosaic model [37] proposes a modification to CLT
to account for the plain-weave. It is proposed that each ply is modeled as a repeating unit cell

consisting of two layers of alternating tiles of warp and weft yarns as illustrated in Figure 4.8.
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Figure 4.8: Unit cell used to approximate a plain-weave in the mosaic model

The ABD stiffness matrices can be computed as follows for the unit cell,

A=Y 2 (07 +0™ ) Gin - ) (116)
i=1
B=0 (4.17)
11 /=00 =900
D= 3243 (Qi0 +0." )(Z?H -z (4.18)

i=1
where B = 0 due to symmetry. By comparison with Equations 4.13 — 4.15, it can be seen that the
lamina stiffness, Q, is given by the average of the warp and weft tile stiffnesses.
This approximation neglects the undulation in the yarns and introduces discontinuities i the
fibers. It is generally found that the in-plane stiffness is approximated well by this theory, particularly

for thicker layups, whereas the bending stiffness can have errors as large as 100% [37].

4.7 Experimental Techniques for Stiffness Measurement

4.7.1 Tension Tests

Tension tests were conducted on 10 X 1 in.2 composite samples to determine their extensional stiff-
ness, A. The samples were clamped between grips mounted to an Instron 5569 load frame, with
sandpaper between the samples and grips to prevent slipping. An extension was applied to the
samples at 1 mm/min. The force, Fy, was measured using Instron 2525 series static load cells, and
the displacements parallel and perpendicular to the load direction, dx and d,, were measured us-
ing LE-01 and LE-05 laser extensometers from Electronic Instrument Research using reflective tape

strips mounted on the samples. The test setup is illustrated in Figure 4.9.
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Figure 4.9: Setup used to measure in-plane stiffness

The components of the inverse of the in-plane stiffness matrix, a = A™!, can be computed directly

from the data,

Ny Fe/w
a1 = — = —7=r 4.19
M Ex (dx - dx,O)/dx,O ( )
N F
ap= o Elw (4.20)

Ey (dy - dy,O)/dy,O
where dy o and dy o are the initial distances between the reflective tapes.
If the layup is quasi-isotropic, then ase = aj;. Otherwise, a tension test in a perpendicular
direction must be run to compute ass,
Ny Fy/w

Aoy = — = —— 2~ 4.21
2= T W —dyo)d (421)

The in-plane stiffness is found by inversion of a.

4.7.2 Four-Point Bending Tests

The bending stiffness of the composite samples was measured by performing four-point bending tests
on rectangular 2x1/2 in.2 samples. Four-point bending grips were configured according to the setup
shown in Figure 4.10. The bottom grip was the CU-FL-96 4 point bending test grip from Wyoming

Test Fixtures and the top grip was 3D printed to reduce mass and accommodate load measurement
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with the Instron 2525 series 10 N load cell to reduce noise in measured data. The displacement at

the middle of the sample, d, was measured with the laser extensometer.

F/2
F/2

. L/2 composite sample
reflective tapes

S

L4 F2

Fro L/4

Figure 4.10: Setup used to measure bending stiffness

The four-point bending test results in a constant moment in the center section. This moment

per unit width is given by,

FL
M=—
8w
The corresponding curvature is,
M FL

_ M _ 4.22
K= EI ™ REIw (4.22)

where E is the modulus of the material, and I is the second moment of area of the sample. The
maximum deflection of the sample, § = d — dy, where dj is the initial distance between the tapes,
can be calculated by treating the middle section as a cantilever beam with an applied moment,

FL3 L2

_ _ L 42
0= 35xsEl - 3¢ (4.23)

where the second equality is obtained by substituting Equation 4.22. The bending stiffness in the

test direction is,

DM _ FL?
U T 256ws

(4.24)

4.8 Comparison of Experimental and Analytic Stiffness

Tension and bending tests were conducted for several layups and the results are summarized here
and compared to mosaic model predictions.

Figures 4.11 and 4.12 show tension test of 1- and 3-ply AQ/epoxy and AQ/silicone samples with
the weave oriented at 0° and 45° to the loading direction. The load curves of the epoxy composite
are linear, with the initial non-linearity when loading in the 45° direction associated with flattening

of the undulations of the weave. The load curves of the silicone in Figure 4.12 are also linear when
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loading in the weave direction. Although silicone is often modeled as hyperelastic with the Gent
model [13,53], the homogenized composite behavior is linear. However, loading at 45° to the weave
shows softening behavior, likely caused by fiber-matrix debonding. This effect was also observed
in tests by Lopez-Jimenez and Pellegrino [53] on unidirectional silicone composites when loading

transverse to the fibers.
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Figure 4.11: Tension test data of AQ/epoxy composite (A) [0],w (B) [45]pw (C) [03]pw (D) [453]pw

The extensional stiffness, A1, is extracted from the slopes and summarized in the second row of
Tables 4.7 and 4.8 for the AQ/epoxy and AQ/silicone composites, respectively. The silicone 1-ply
composite stiffness in the 45° direction is taken as the initial slope (up to 0.1% strain). Mosaic model
predictions are given in the third rows. There is excellent agreement at 0° between measurements
and theory, within 10% for both epoxy and silicone composites. The stiffness at 45° is over-predicted
by the mosaic model for both composites. The prediction is reasonable (~20% error), and results
from an over-prediction of the in-plane shear stiffness of a single 0° ply, Q33, which is then propagated
through CLT. The error is significantly higher for the 1-ply silicone composite due to damage in
the samples. This is reflected in the softening behavior in the data and the relatively high standard
deviation in the tests. These results show that in-plane stiffness is predicted sufficiently well by the
mosaic model in the absence of damage. However, improvement could be made to the shear stiffness

predictions.
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Figure 4.12: Tensions test data of AQ/silicone composite (A) [0]py (B) [45]pw (C) [03]pw (D) [453] pw

Figures 4.13 and 4.14 show bending data of AQ/epoxy and AQ/silicone samples with the weave
oriented at 0° and 45° to the applied curvature direction. The bending tests are also shown for a
[45/0/45] ., composite used to construct the dual-matrix hinge in Chapter 5. All behavior in bending
is linear, with initial non-linearities associated with slight misalignments of the sample in the test
grips. Unloading curves are also shown for the case of the [45/0/45],, AQ/silicone composite,
demonstrating significant hysteresis due to viscoelasticity. This effect will be further explored in
Chapter 7.

Comparison to mosaic model predictions to measured values in Tables 4.7 and 4.8 shows that
in-plane stiffness predictions are quite accurate but bending stiffness differs significantly from ex-
perimental values. For the AQ/epoxy composite the largest error of 38% in bending stiffness occurs
for the [453]py laminate. For the AQ/silicone composite, the largest error of 98% occurs also for the
[453]pw laminate. This highlights the need for more accurate analytic or finite element techniques

to predict bending stiffness of woven composites. A more detailed study is presented in Chapter 6.
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Figure 4.13: Four-point bending test data of AQ/epoxy composite (A) [03]pw (B) [453]pw (C)
[45/0/45] pw

Layup [O]pw [45]pw [OSLDW [453]pw [45/0/45]pw
Std. Std. Std. Std. Std.
Mean Dev. Mean Dev. Mean Dev. Mean Dev. Mean Dev.
An Experimental 1001 g2 200 114 4350 75 2727 134 - -
(N/mm)
A11 Mosaic

Theory (N/mm) 1304 N/A 951 N/A 4473 N/A 3308 N/A 3696 N/A

Dy Experimental i . - 152 14 121 05 123 1.3
(N-mm)

D11 Mosaic

Theory (N-mm) 049 N/A 036 N/A 101 N/A 75 N/A 7.6 N/A

Table 4.7: Summary of measured and predicted stiffness for various layups of AQ/epoxy composite
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Figure 4.14: Four-point bending test data of AQ/silicone composite (A) [03]pw (B) [453]pw (C)
[45/0/45] pw

Layup [0]pw [45]pw [03] pw [453] pw [45/0/45] pw
Std. Std. Std. Std. Std.
Mean Dev. Mean Dev. Mean Dev. Mean Dev. Mean Dev.
Au Experimental 000 on ug g oas3 76 1419 182 - -
(N/mm)
A11 Mosaic

Theory (N/mm) 933 N/A 467 N/A - 2799 N/A 1401 N/A 1867 N/A

Dy Experimental ] ; ; 571 08 257 01 361 04
(N-mm)

D11 Mosaic

Theory (N-mm) 038 N/A 019 N/A 103 N/A 51 N/A 5.3 N/A

Table 4.8: Summary of measured and predicted stiffness for various layups of AQ/silicone composite
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4.8.1 Effects of Fiber Microbuckling

Research by Maqueda [13] has shown that the bending stiffness of silicone composites can be sig-
nificantly reduced after folding of the sample to high curvatures. A similar test is executed in this
study to measure the reduction for the [45/0/45] AQ/silicone composite which is used for deployment
studies in Chapter 5. The samples are subjected to a four-point bending test, then are folded to
180° and instantaneously unfolded, and the bending tests are repeated. The bending data is shown
for samples before and after folding to 180° in Figure 4.15, in dashed and solid lines respectively. It
can be seen that the post-fold curves follow the pre-fold curves initially, but then show significant
softening, associated with early onset of fiber microbuckling in the composite. This occurs as after
folding, a small amount of the fibers remain deformed triggering microbuckling at lower curvatures
that next time the sample is folded. The prefold stiffness is D11 = 3.61 N-mm, while the postfold
stiffness is D13 = 1.45 N-mm, only 40% of the original. This reduction must be accounted for in
deployment studies as will be demonstrated in Chapter 5. However, as shown in Section 3.5.2, this
softening does not influence the stiffness of deployed dual-matrix composite structures as the initial

stiffness is unaffected.
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Figure 4.15: Bending stiffness of [45/0/45],, AQ/silicone composite before folding (dashed lines)
and after folding to 180° (solid lines)

4.9 Conclusion

This chapter outlined fabrication techniques used for dual-matrix composites. It was demonstrated
that to prevent the flow of the low viscosity silicone past the hinges, it is critical to embed the
epoxy matrix first which has a high viscosity at room temperature. Analysis of the matrix interface
using nanoindentation tests revealed 0.5 mm transition regions and showed sharp changes of matrix

stiffness across the interface, indicating that all polymers have been fully cured.
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Furthermore, a detailed study of the microstructure of the AQ/epoxy and AQ /silicone composites
was conducted using optical microscopy. The use of UV-cure silicone made it difficult for the silicone
composite to be cured under very high pressures, resulting in a thicker composite with a looser weave.
Most significantly, the ratio of thickness to the tow height of the silicone composite was much higher
than the ratio for epoxy composites. This is a critical aspect to consider when modeling woven
elastomer composites.

Finally, extensional and bending properties of the two composites were measured experimentally
and compared to mosaic model predictions. The analytic approach yielded excellent predictions for
in-plane stiffness of both composites. The agreement was best when loading in the fiber direction,
with larger errors loading at 45°. In contract, the predictions for bending stiffness showed error as
high as 100% relative to experimental measurements for both composites and highlight the need
for an accurate homogenization model for predicting out-of-plane properties when experimental
measurements are not feasible. The issue of softening in bending after folding to large curvatures

was also addressed experimentally.
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Chapter 5

Quasi-Static Deployment of
Dual-Matrix Composite Hinges

In this chapter, a closed cross-section dual-matrix composite hinge is used as a means to study the
quasi-static deployment mechanics of dual-matrix composites. This study develops a set of tools
to examine the quasi-static deployment behavior experimentally, analytically, and through finite
element simulations. The study is meant to enable the analysis of more complex structures such as
booms, trusses, and even the antenna structure in Chapter 3. In particular, the analysis enables
the design of deployment restraints for dual-matrix composites by developing the tools to predict

deployment moments and folded shapes.

5.1 Dual-Matrix Hinge

5.1.1 Hinge Geometry

A schematic of the hinge is shown in Figure 5.1. The hinge is composed of a cylindrical fiber
reinforced polymer composite tube of diameter, D, and length, L, with two diametrically opposite
elastomer composite strips of width, A, along the length. The hinge can be folded by means of a
single fold with an angle, 8, as illustrated in Figure 5.1B. Slots of length, wy, are introduced into
the elastomer composite strips to alleviate stresses in the fold region where high Gaussian curvature

are introduced in the small region where the longitudinal folds meet with the transverse fold.

5.1.2 Hinge Fabrication

The geometry of the particular hinge prototypes in this study is summarized in Table 5.1. The hinges
are fabricated from the same AQ fibers and epoxy and silicone matrices as outlined in Chapter 4.
Tables 4.1 and 4.2 summarize the constituent material properties. The hinge has a 3-ply quasi-

isotropic layup of [45/0/45] .
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fiber reinforced
Z,/J\ polymer composite

fiber reinforced
elastomer strips

Figure 5.1: Geometry of dual-matrix hinges (A) definition of hinge geometric parameters (B) illus-
tration of hinge folding

L D he  hg Ws
Value 250 254 8 2 0,10, 40, 50

Table 5.1: Values for hinge geometric parameters, units are mm

The fabrication process of the hinge prototypes is analogous to that of the antenna in Section 4.3.
The only change is the omission of a conductor at the midplane of the layup and the used of
heat shrink tubing over the hinge layup prior to vacuum bagging to prevent wrinkles in the hinge.

Figure 5.2 shows the fabricated hinge prototypes with various slot lengths.

AQ/epoxy AQ/silicone
tape springs strips

AQ/epqu AQ/silicone
tape springs strips

Figure 5.2: Fabricated dual-matrix hinges (A) hinge with no slot (wy = 0 mm) (B) hinge with a
wg = 50 mm slot

5.1.3 Composite Stiffness

Accurate values of the composite thickness and fiber volume fractions were obtained from optical
micrographs presented in Chapter 4. This ensured good estimates of the stiffness of the composites.

The deployment of dual-matrix composites is driven by the strain energy stored upon folding of
the structure. Hence, an accurate constitutive model for the composites used is required for predict-

ing deployment moments of the hinge. The composite stiffness is characterized by the ABD matrix
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(Equation 4.12), and can be computed for a woven reinforcement using CLT and the mosaic model
as described in Section 4.6. Comparison of these predictions to experimental data in Section 4.8 has
shown that prediction of the in-plane stiffness, A, is very accurate for woven composites, whereas
prediction of the out-of-plane stiffness, D, shows very large errors.

Hence, the axial stiffness matrix, A, in the local coordinate frame indicated by axes 1 and 2 in

Figure 5.1A are predicted using mosaic theory and are given by,

3696 1228 0
A, = (1228 3696 0 | N/mm (5.1)
0 0 1332

1867 866 0
As =866 1867 0 | N/mm (5.2)
0 0 860

where the e and s subscripts indicate AQ/epoxy and AQ/silicone composite properties, respectively.

The bending stiffness in the axial direction of the hinge was measured using four-point bending
tests in Section 4.8. Furthermore, experimental studies on the bending of silicone reinforced com-
posites have shown a significant decrease in the bending stiffness occurring when folding to large
curvatures as a result of fiber microbuckling [13]. The post-buckling stiffness was measured in Sec-
tion 4.8.1 for the hinge layup, showing that it is only 40% of the original. As a result, the bending
stiffness of the silicone composite in the circumferential direction of the hinge, Dos, is reduced com-
pared to that in the axial direction, D11, to account for the high curvature of the material in that
direction (illustrated in Figure 5.1B).

The remaining coefficients of the bending stiffness matrices not measured experimentally, were
predicted by the mosaic model and scaled by Di1,exp/D11,mm, Where the exp and mm subscripts
indicate measured values and mosaic model predictions, respectively. The bending stiffness for the

two composites is given by,
12.31 5.25 0

D,=1525 1231 0 [ N-mm (5.3)
0 0 7.30
3.61 1.34 0
Dg=1134 145 0 | N-mm (5.4)
0 0 2.46

Due to the symmetric layup of the composite, the stretch-bending coupling, B, is zero.
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5.1.4 Analytic Model

A simple model of two AQ/epoxy tape springs that are connected at the edges and are assumed
to bend together is used to gain insight into the deployment behavior of the dual-matrix hinge. A
single tape-spring has the geometry in Figure 5.3A. The tape-spring can be folded either in equal-

or opposite-sense bending, as illustrated in Figure 5.3B and C, respectively.

A B . c

W A

x
x

Figure 5.3: (A) single tape spring geometry (B) equal-sense bending (C) opposite-sense bending.

For small relative rotation angles, 6, the reaction moment, M, , increases linearly until the tape
spring buckles to form a localized fold. Past this angle, the tape-spring produces a constant reaction
moment. The response is similar for both equal- and opposite-sense bending, but equal-sense bending
results in lower reaction moments [57,58]. This behavior is illustrated in Figure 5.4A, where the es
and os subscripts indicate equal- and opposite- sense bending, respectively.

The mechanics of two connected tape-springs, one undergoing equal- and one opposite-sense
bending, are analogous and can be predicted through superposition of the separate cases considered
above. However, due to the connection between the two tape-springs, the folding angle of the outer
tape spring is less than that of the inner tape spring during folding. Therefore, two distinct moment
peaks are expected with the inner tape-spring buckling first upon folding. The response should be
identical in either direction of folding of the hinge. This behavior is illustrated in Figure 5.4B.

A M B M

M Lo M f---

M LL

Mos -- '\/l‘r L ST
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______ _M‘ e1 e2
- Y
o L

Figure 5.4: Predicted reaction moments (A) single tape-spring (B) combination of two tape-springs.
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The mechanics of tape-springs can be analyzed using an energy approach [59], for which the fold
radius of a single or two unconnected tape springs can be achieved. Here, the analysis is extended
to consider the energy contribution of the AQ/silicone strips. Only the bending energy in the fold

region of the hinge is considered, as the energies in the transition regions are independent of the fold

radius.
A
y 1
L., I
“r
>A
Section A-A

AQ/silicone  AQ/epoxy  AQ/silicone
strip tape springs strip
T l 1l 1
13120 1 121 31

¢ rc y

Lox

Figure 5.5: Cross-section of fold area of dual-matrix hinge.

The folded shape of the dual-matrix hinge has been sketched in Figure 5.5, with the cross-section
at the fold region shown in the lower part of the figure. This cross-section can be divided into 3
regions: the flattened AQ/epoxy tape springs, the flattened portions of the AQ/silicone strips, and
the approximately circular AQ/silicone connections at the end of radius r.. In region 3, we assume
that r. = 0.5¢ due to self-contact of the material, where ¢ is the thickness of the material. Due to
very high curvatures in the circumferential direction, the fibers microbuckle resulting in increased
material thickness in region 3, forming a circular cross-section. We consider contributions to the
bending strain energy from the deformation in regions 1 and 3. Region 2, as well as the transition
between regions 2 and 3, are comparatively small and their contribution to the energy is neglected.

The AQ/epoxy tape-springs in region 1 undergo the following principal curvature changes,
11
[Ke]T = [Akxe Akze] = [$; E] (5.5)

for opposite- and equal-sense bending respectively. The corresponding moments are given by,

[M ] _ Mx,e _ Dll,er,e + D12,eKz,e (5 6)
e] = = .
M, . D13 ekye + Dogekye
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The total strain energy in the two AQ/epoxy tape-springs (region 1) is therefore,

D11 rDas
ik + 2D12’e + i

U, = Rbar[k.)"[M,] = 6« R (5.7)

The AQ/silicone connections in region 3 undergo a large curvature change about the z-axis to
form two cylindrical tubes of radius r. connected to the edges of the AQ/epoxy tape-springs shown
in Figure 5.5. Furthermore, these beams are curved around the x-axis to form the dual-matrix
hinge fold region of radius r. For bending around the z-axis, the energy can be computed from the

curvature changes,

1 1
AKZ,S = (Z - ﬁ) (58)

The energy contribution from this deformation is,

2
1 1
Usz = 2nrerfDasg - TR (5.9)

The AQ/silicone cylindrical shell in region 3 undergoes the same curvature change along the
x-axis as the AQ/epoxy tape-springs,
1
AKx,s = - (510)
r

The moment per unit length of the fold can be computed from,

1201 - vkl

X5 =

Dy 5 5.11
2nretd 1 (5.11)

where I = 7/4[(r. + t5)* — r2] is the area moment of inertia for a hollow circular tube, ; is the
thickness of the AQ/silicone composite, and v, is the Poisson’s ratio of the AQ/silicone composite.
In computing the moments, the bending stiffness for a quasi-isotropic AQ/silicone composite plate
is used.

Hence, the total energy contribution from bending of the circular tube is,

12(1 = v2)01D1y
3,x = 3
rt;

(5.12)

Adding the three energy contributions in Equations 5.7, 5.9, and 5.12 and minimizing with respect

to the fold radius, r,

B \/[ RaDyy e + [12(1 = v)1/]Dyy5 (5.13)

~ \[a/RIDas + 2n7e(1/rc — 1/R)2Das,

This equation is valid only for D11 = Dag s due to the assumption of a quasi-isotropic AQ /silicone
layup. The use of this equation when Dy ¢ # Dag s, for example to account for fiber microbuckling,

can only be used to predict trends in the fold radius.
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There are several insights to draw from Equation 5.13. First, if the bending stiffness of the
AQ/silicone strips tends to zero (i.e., no connection between the two tape-springs), we recover the

fold radius expected for two tape springs given in [59],

fDu e
r= R 5.14
D2 (5.14)

For a quasi-isotropic tape-spring layup, where D11, = Dag,, as for the AQ/epoxy composite used

here, this simplifies to the well known result [59],

r=R (5.15)

Hence, for quasi-isotropic unconnected tape-springs the fold shape is entirely controlled by the tape-
spring geometry and is independent of material properties.

Second, if we assume the material properties of the AQ/epoxy tape-springs to be fixed, chosen
to control the overall stiffness of the structure, it is predicted that the fold radius of the dual-matrix
hinge can be controlled by modifying the bending stiffness of the AQ/silicone strips. Increasing the
bending stiffness, D115 = Daa, decreases the fold radius. Reducing the circumferential bending
stiffness to account for fiber microbuckling, will result in a larger fold radius compared to the quasi-
isotropic case. This is of significance, as the fold radius of the dual-matrix hinge can be controlled
even with a quasi-isotropic layup for both composites, which is not possible for two unconnected
tape springs as indicated by Equation 5.15.

The steady-state moment, M*, for the dual-matrix hinge can be obtained by substituting Equa-
tions 5.5 and 5.13 into the x-component of Equation 5.6. By superposition, M* is the sum of
moments from one tape-spring undergoing equal-sense bending and the other undergoing opposite-
sense bending. The moments imparted by the AQ/silicone connection have a negligible contribution

to M*.

5.1.5 Quasi-static Deployment Experiments

The hinge deployment was characterized experimentally by measuring the quasi-static reaction mo-
ment for varying fold angles, 6, with the experimental setup in Figure 5.6. A small section at each
end of the hinge was attached rigidly to a thick cylindrical hub whose rotation was controlled via
gears. One hub was fixed while the other was allowed to slide on a linear bearing. The moment
response was measured using strain gages attached to each hub. The hinge was pinched by hand at
the center, folded to 8 = 100°, and then deployed in small steps. The moment was measured every
52 for 40° < 6 < 100? and every 2¢ for 6 < 40° to capture the peak moments.

The dependence of the moment on the fold angle of the hinge is shown in Figure 5.7 for several
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Figure 5.6: Experimental setup used to measure the moment response of the hinge during deployment

slot lengths, wg. The experimental error stemming from the resolution of the strain gages is shown
only for the case of wy = 50 mm, for clarity. Qualitatively, the response for all wy matches well
the theoretical prediction illustrated in Figure 5.4B. Instead of the two distinct deployment peaks a
broad region of increased moment for 8 < 40° is observed. This is due to the tendency of the hinge
to self deploy, making it difficult to capture the exact moment peak experimentally. Furthermore,
M, > 0 for all 6 indicating that the hinge can self-deploy.

No correlation between the slot length and the deployment moments is observed. This can be
expected as the deployment moment is driven mostly by the strain energy stored in the AQ/epoxy
tape springs as the AQ/silicone strips are much softer and smaller in extent. The measured steady
state moment, defined experimentally as the average moment for 40° < 6 < 100, is between 40—
50 N-mm, a good agreement with M* = 47.7 N-mm predicted using Equations 5.5, 5.6, and 5.13.
The 15% variation in peak moments between hinges with different slot lengths arises as it is difficult
to maintain the hinge in its configuration just before snap back. Any remaining deviations are due
to statistical variations in material properties and the fabrication process, as a similar variation was

observed during testing of multiple samples with the same slot length.
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Figure 5.7: Experimentally measured moment response during deployment of hinges with various
slot lengths
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To further characterize the deployment behavior, the folded shape was measured as a function
of the fold angle using digital image correlation (DIC) for the hinge with wy = 0 mm. The setup is
illustrated in Figure 5.8. A pair of Grasshopper 50S5M-C cameras from Point-Grey Research with
Xenoplan f/1.9-35 mm lenses from Schneider-Kreuznach were positioned 50 cm from the hinge to
measure the shape of the fold region in the outer tape spring. The stereo angle was set at 40° to
minimize the correlation error for a 35 mm lens [60]. A narrow f/16 aperture was used to achieve a
focused image across all . The strains and curvatures during deployment were computed using the

Vie3D software from Correlated Solutions.

\ I
1

20° Y\ 30 cm N 20°
[\
light”” T \Iight
50 cm H cameras
deployment
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Figure 5.8: Experimental DIC setup for metrology of folded hinge shape

Plots of the longitudinal radius of curvature at different fold angles are shown in Figure 5.9 for
the hinge with wy = 0 mm. The fold radius was computed by averaging the radius of curvature in
a 12x5 mm? region centered on the apex of the fold (Figure 5.10). It can be seen that a steady-
state fold radius of 10.0 mm is approached at high angles. As predicted by the model developed
in Equation 5.13, the addition of the silicone strips connecting the quasi-isotropic AQ/epoxy tape
springs lowers the fold radius from that for two unconnected AQ/epoxy tape-springs of r = 12.7 mm
(Equation 5.15). The effects of the AQ/silicone strip bending stiffness are further studied via finite

element simulations in Section 5.3.2.

5.2 LS-Dyna Finite Element Simulations

The application of dual-matrix composites to space structures requires reliable and efficient simula-
tion techniques for predicting the deployment behavior of these structures. In particular, quasi-static
simulations can yield deployment moments to be used in the design of the deployment restraints
for more complex structures. Previous studies have developed simulation techniques for deployable
composite booms with an open cross-section [36,61], booms with cutouts in the fold region to make
localized hinges [33,35], and booms with a fully closed cross-section [62,63]. Explicit solvers have

been used to avoid convergence issues associated with modeling large deformation in thin shells using
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Figure 5.9: Longitudinal radius of curvature of outer tape-spring of dual-matrix hinge with w; =
0 mm, for several deployment angles

100 T T T T

o
IS
T

IS o
o o

Fold Radius of Curvature (mm)
N
o

40 50 60 70 80 90 100

Figure 5.10: Longitudinal fold radius for dual-matrix hinge with wy = 0 mm

shell elements, resulting in high computational costs to obtain quasi-static solutions. Solutions via
implicit solvers for quasi-static deployment have been limited to boom geometries with large slots
or open cross-sections.

Preliminary studies of the deployment of dual-matrix hinges were done using the Abaqus/Explicit
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finite element code in [63,64]. However, a detailed investigation of the material properties of the
dual-matrix composites was not done during those studies, resulting in large discrepancies between
simulations and measurements. Previous work by the present authors found extreme sensitivity of
the solution to numerical parameters such as damping, making it difficult to obtain accurate quasi-
static results [64]. Furthermore, high frequency oscillations were observed in the reaction moments
despite numerical damping and required filtering [63,64].

In this study, LS-Dyna was chosen for modeling the deployment of the dual-matrix hinge be-
cause of its robust contact algorithms and good stability for highly non-linear problems. LS-Dyna
is primarily an explicit finite element code; recently implicit analysis capabilities were extended to
composite materials and thin shell elements. Explicit solvers are advantageous due to their ability to
handle non-linearities, such as contact and material non-linearities, without convergence problems
more easily than implicit solvers. However, care must be taken to ensure accuracy of the explicit
results as equilibrium is not enforced at each step of the solution. Both explicit and implicit mod-
eling techniques were investigated in the present study, as detailed in the rest of this section. The

respective advantages of the two techniques are compared in Section 5.3.1.

5.2.1 Finite Element Model Description

The hinge was modeled with the type 16 shell element in LS-Dyna, a 4 node fully integrated ele-
ment modeling the mid-plane of the material based on the Reissner-Mindlin kinematic assumption.
The element size was 0.75 mm in the fold region and 3 mm in the rest of the model, resulting
in approximately 15,000 elements. The stiffness of the two composite materials was defined via
a linear elastic laminated plate material model, *MAT_117-Composite Matrix, which allows direct
input of the ABD matrix as specified in Section 5.1.3. This avoids inaccuracies associated with
CLT when predicting out-of-plane stiffness of woven composite materials. Furthermore, this fa-
cilitates an investigation of the effect of the material properties of the hinge on the deployment.
Finally, frictionless contact between all surfaces in the simulation was defined using the keyword
*Contact_Automatic_Single Surface, a general 3D contact algorithm. This algorithm accounts
for the thickness of the shell and uses a penalty formulation to enforce contact constraints. The
model is shown in Figure 5.11.

The model included three steps: folding, stabilization, and deployment. To fold the hinge, a
pressure of 12.5 Pa was applied in the fold area to pinch the shell, followed by opposing rotations of
1.5 rad applied to rigid patches at the two ends of the hinge with the pressure gradually removed.
The rigid patches matched those in the experiments in Section 5.1.5, and are constrained using
the keyword *Constrained Nodal Rigid Body. The stabilization step, only required in the explicit
model, was used to obtain a static, stable folded configuration. In the deployment step, the rotations

at the rigid patches were reversed to slowly deploy the hinge.
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Figure 5.11: LS-Dyna model of the dual-matrix hinge
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5.2.2 Quasi-Static Simulations with an Explicit Solver

Explicit solvers use the full dynamic equations of motion and therefore, to carry out a quasi-static
analysis, the applied velocities must be kept as low as possible. As a general heuristic, the kinetic
energy is kept at < 1% of the internal energy for all parts of the simulation where a quasi-static
result is required [35]. In this study, the kinetic energy in the system was controlled through the
loading rates and numerical damping. More gradual loading rates and damping both result in lower
velocities while damping also smooths instabilities. The selection of these two parameters influences
the stable time increment used by the solver and hence directly impacts the overall computational
time.

In LS-Dyna Explicit, two forms of numerical damping can be applied: global damping and bulk
viscosity. Using global damping (*Damping_Global keyword), the accelerations at each node are

computed by introducing a mass, m, and velocity, v, proportional force to the force balance,
a= M—l(Fexl _ Fint _ Fdamp) — M—l(Fext _ Fint _ Dsmv) (516)

where a is the nodal acceleration, M is the mass matrix, F*', Fi" and F9“"P are the external,
internal, and damping force vectors, respectively, and Dj is the damping constant [65]. The LS-
Dyna manual recommends a damping constant close to twice the natural frequency, wg, to damp out
significant dynamic response at system resonance frequencies. In practice, the amount of damping
should be as small as required to prevent a dynamic response. Large values of Dy will result in an
over-damped response that is potentially inaccurate.

A second type of stabilization is achieved through bulk viscosity (*Control Bulk Viscosity

keyword) where a viscous pressure term, ¢, is added to smooth out discontinuities,

(01162, — Qsaé &k <0
g = pPlQ11E;, — Q2aékk)  Exk (5.17)
0 Sk =0
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where Q7 and Q5 are the quadratic and linear bulk viscosity coefficients, & is the rate of change of
the volumetric strain, [ is the characteristic length of the element, and a is the speed of sound [65].

The magnitude of numerical damping will influence the stable time increment for the simulation.
The Courant stability condition indicates that in explicit analysis the time step should not exceed

the time it takes for a wave to travel across an element,

(Virez-¢) (5.18)

S|~

Al‘crit =

where c¢ is the wave speed, and ¢ = Ds/(2mw) is the fraction of critical damping [65]. It can be seen

that increasing damping will reduce the stable time increment.

5.2.3 Explicit Model Parameter Selection

Simulation Dy Time Boundary Conditions
Phase (rad/s) (s) A B C D E
Folding 5 0.6 ZX - gy T =0 uy=0 6,=-15rad 0, = 1.5 rad
Y =

e . _ Uy =uy =u; =0 u,=u,=0and

Stabilization 75 0.25 uy=0 none none and di, /dt = 0 6y /dt = 0
Uy =ty =u; =0 o

Deployment 50 4 uy =0 none none and df,/dt =15 “xTH= 0 and

rad db/dt = —1.5 rad

Table 5.2: Simulation parameters for explicit model

The explicit model consisted of the folding, stabilization, and deployment steps with full restarts
between each simulation step. The restarts were required as the boundary conditions to obtain the
folded shape were selected to minimize numerical damping and hence reduce the computation times
but do not match those of the deployment experiments in Section 5.1.5. The model boundary con-
ditions and parameters are summarized Table 5.2, where the boundary condition regions correspond
to those defined in Figure 5.11.

Global mass damping and bulk viscosity are used to stabilize all steps of the simulation. The
fundamental frequency of the hinge is 1281 rad/s and hence the recommended damping constant is
D, = 2562 rad/s. However, in practice it was found that this value is orders of magnitude too high,
a common trend when running quasi-static simulations using explicit dynamics [35]. The damping
values were chosen such that the response of the hinge is critically damped and the kinetic energy
during deployment is < 1% of the internal energy. Furthermore, the time step chosen for explicit

analysis was set at dt = 7.9 x 1078 s to satisfy the Courant condition.

71



5.2.4 Implicit Model Parameter Selection

Implicit models solve the static force balance by inversion of the stiffness matrix and hence they
satisfy equilibrium at each increment. Instabilities and contact can cause singularities in the stiffness
matrix and make convergence difficult. There is no numerical damping required in these simula-
tions, although artificial stabilization can be used to improve convergence [65]. No stabilization was
required for this model. The stable increment in implicit analysis is several orders of magnitude
larger than in explicit analysis and is often limited by the contact algorithm.

The boundary conditions of the implicit model were identical to those of the deployment step (and
experiments) in Table 5.2. No restarts were required and the hinge was folded and deployed in a single
analysis step. Static implicit analysis was enabled by including the *Control_Implicit_General
keyword. Non-linear analysis is used to account for geometric non-linearities. The folding and
deployment was done over 4.85 s with the increment set to dt = 5.0 x 107 s, allowed to vary
automatically between dt/1000 < dt < 10dt. This increment was found to be the maximum for
which convergence could be achieved. Note that the times here have no physical significance and
are instead representative of the load increments used in the simulation.

Contact in implicit analysis in LS-Dyna is by default ‘sticky’ i.e., once contact has occurred, a
large penalty is applied to keep the parts in contact. This prevents the parts from coming in and
out of contact and causing instabilities in the analysis. This behavior is controlled by the IGAP
parameter of the contact algorithm and can be turned off by changing the parameter from 1 to 2 to
disable the contact penalty. Alternatively, the SFS parameter can be modified to scale the penalty.

The contact parameters were tuned to compute an accurate folded shape for the hinge. With the
default ‘sticky’ contact, the two tape springs remained in contact and would not deploy, resulting
in an inversion in the sign of longitudinal curvature in the outer tape spring (Figure 5.12A). Se-
lecting IGAP = 2 to disable the contact penalty resulted in contact constraint violations at the tape
spring edges unless the time increment was significantly reduced (Figure 5.12B). To enable larger
increments, the SFS parameter was scaled down to SFS = 0.01, reducing the contact penalty to 1%
of its original value. This setup prevented contact failure while allowing larger time increments and

reducing ‘sticky’ contact enough to allow tape spring deployment (Figure 5.12C).

5.3 Finite Element Results and Discussion

5.3.1 Comparison of Models

The most notable difference between the explicit and implicit models is the value of the stable
increment used in the simulations. The explicit model had an increment of dt = 7.9 x 1078 s whereas

the implicit model had an average increment of dt = 5.0 x 107 s, three orders of magnitude larger.

72



contact constraint
violation

Figure 5.12: Effects of contact penalty on deployed shape at 8 = 60°0of the hinge with wg = 50 mm
(A) LS-Dyna defaults - ‘sticky’ contact (B) IGAP = 2 — ‘sticky’ contact disabled (C) SPS = 0.01 —
contact penalty reduced to 1%

This resulted in a large difference in the runtime of the models. Despite using restarts to speed up
explicit analysis, the three analysis steps needed to fold and deploy the hinge with wg = 50 mm with
an explicit solver took 35.17 hours on 8 cores (Intel Xeon X5680 CPU) whereas the implicit solver
took only 1.01 hours on 8 cores.

Previous attempts by the authors to model this problem with the Abaqus/Explicit code revealed
strong dependence of the simulation results with numerical damping [64]. The explicit model here
was significantly more stable and required less tuning of the damping parameters. No filtering of the
reaction moments was required to remove high-frequency oscillations. Convergence using implicit
solvers in Abaqus was not successful for this problem but was achieved without stabilization in
LS-Dyna.

Unless otherwise stated, implicit model results are reported for the folded shape of the hinge and
the reaction moments during deployment. The explicit model results are in good agreement for all

cases.

5.3.2 Folded Hinge Shape

From the analytical prediction with Equation 5.13, it is expected that, for fixed AQ/epoxy material

properties, the bending stiffness of the AQ/silicone strips will have a significant impact on the overall
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fold radius of the dual-matrix hinge, r. Hence, an investigation was conducted on the hinge with
wy = 0 mm where the bending stiffness of the AQ/silicone composite was varied through numerical
simulations. Figure 5.13A illustrates the resulting steady-state fold radii for several values of the
stiffness, assuming a quasi-isotropic layup where Di1 ¢ = Da2 . The finite element simulations show
good agreement with the analytical predictions (using r. = 0.35 mm for the radius of the AQ/silicone
tubes formed during transverse flattening of the hinge). It can be seen that reducing the bending
stiffness of the connection between the tape springs increases the fold radius of the hinge. This
demonstrates that the AQ/silicone connections can be used to tune the fold radius even for quasi-

isotropic layups for both composites, as predicted in Section 5.1.4.
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Figure 5.13: Comparison of analytic prediction of dual-matrix hinge fold radius and finite element
simulation

In Figure 5.13B, the bending stiffness matches the experimental values where Dag ¢ = 1.45 N-mm
is reduced to 40% of D115 = 3.61 N-mm to account for microbuckling of the fibers, as discussed
in Section 5.1.3. This is the only case for which the hinge 