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Abstract

Dual-matrix composite structures with localized elastomer composite hinges have been proposed to enable
packaging with much smaller fold radii than allowed by traditional resin-based fiber reinforced composites.
Previous studies have been limited to proof-of-concept of folding capabilities and constitutive modeling of
elastomer composites. A novel closed cross-section dual-matrix deployable hinge is studied here to develop
the tools for studying the deployment of general dual-matrix structures. A set of tools for the analysis of
deployment of this simple structure is developed: an analytic model that minimizes the strain energy in
the folded configuration, experimental characterization, and finite element techniques using the LS-Dyna
commercial software. The three models are used to predict the packaged shape and deployment moments,
and are shown to be in good agreement amongst themselves. The analytic model is used to demonstrate
control of the folded shape of the hinge using the stiffness of the elastomer composite. This behavior is
verified using finite element models developed in the LS-Dyna commercial code. The simulations are used to
predict the localized fold radius of the hinge within 3% and deployment moments within 5% by accounting
for the microbuckled stiffness of the elastomer composite.

Keywords: Deployable structures, Space structures, Elastomer composites

1. Introduction

Future spacecraft antennas, solar arrays, and telescopes will require deployable structures with high
packaging ratios to fit into the fairing of launch vehicles. Previous solutions have used assemblies of rigid
rods with mechanical hinges, as in the Astromesh reflector [I], commercial-off-the-shelf deployable solar
panels including those from Clyde Space [2], and the James Webb space telescope [3]. These hinges are
driven by motors or are spring loaded, resulting in high precision yet heavy and mechanically complex
structures. A simpler, alternative approach uses high-strain thin-shell structures which achieve deployment
by releasing elastic strain energy stored during packaging. These structures have relatively low mass and
can attain high packaging ratios, but can only meet less stringent requirements on deployment precision.

The fold radii of high-strain elements are constrained by the elastic limits of their constituent materials, to
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ensure that no permanent damage occurs during folding. Examples of such structures include various types
of booms to deploy and support satellite payloads, such as the storable tubular extensible member (STEM)
boom [4, [5], the triangular rollable and collapsible (TRAC) boom [6], and the coillable tubular mast (CTM)
[7,18]. Initially these booms were made of metal but more recently they have been fabricated using composite
materials.

A newer development is the use of composite materials with an elastomer matrix to allow higher elastic
strain limits and hence smaller fold radii in the packaged configuration. This approach is exemplified by the
SMART deployable antenna made of a carbon fiber reinforced silicone [9], and the application of elastomer
composites to morphing wings [I0]. In such structures, an external rigid frame may be required to achieve
the desired deployed stiffness and dimensional stability.

Dual-matrix composite shells have been proposed by Caltech and I’Garde as a means of improving
the stiffness of elastomer composite structures [I1]. Dual-matrix composites consist of a continuous fiber
reinforcement impregnated with an elastomer matrix in localized hinge regions and a stiff epoxy matrix
elsewhere. These shells are packaged by folding along the hinges and have been used to fold flat sheets with
creases forming a Miura-Ori pattern [I1], a complex origami crane [12], and conical antenna structures [13].

Previous research on dual-matrix composites has focused on material characterization, especially of the
elastomer composites. Francis et al. [I4] showed that elastomer composites can be folded elastically to
high strains with hinge fold angles as high as 180° because fiber microbuckling on the compression side of
the fold has the effect of decreasing the strain in the fibers. Murphy et al. [I5] have studied the elastic
strain limits of elastomer composite. Maqueda et al. [T, [I6] have examined techniques for predicting
homogenized properties of elastomer composites, characterized them experimentally, and studied in detail
their microstructure. Lopez-Jimenez et al. [I7] have characterized damage in elastomer composites, in
particular due to fiber-matrix debonding.

In this paper, a novel dual-matrix composite hinge is used to study the behavior of these materials
in a deployable structure. The hinge under study is a short epoxy composite cylindrical shell with two
diametrically opposite, length-wise elastomer composite strips that allow, through the formation of localized
folds, transverse flattening and longitudinal folding of the cylinder. This study examines the quasi-static
deployment behavior of the proposed dual-matrix hinge to demonstrate that dual-matrix composites can
be used as deployable structures and to enable design of deployment mechanisms. The study will allow
the analysis of more complex structures such as booms, truss frames, and antenna structures as proposed
in [I3]. In particular, the analysis enables the design of deployment mechanisms for dual-matrix composites
by developing the tools to predict the deployment moments and folded shapes.

The paper is organized as follows. Section 2 describes the geometry of the hinge, its fabrication, and
material properties. Section 3 presents a characterization of the hinge’s deployment mechanics using an ana-
lytic model and experimental measurements. Section 4 describes finite element techniques for a deployment

model of the hinge in the LS-Dyna commercial software. Section 5 discusses the finite element model results



as compared to analytic and experimental characterization. Section 6 concludes the paper.

2. Dual-Matrix Hinge

2.1. Hinge Geometry

50 A schematic of the hinge is shown in Figure [I] 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, 6, as
illustrated in Figure [IB. Slots of length, wy, are introduced into the elastomer composite strips to alleviate
stresses in the fold region where high changes of Gaussian curvature are introduced in the small region where

the longitudinal folds meet with the transverse fold.

A B

fiber reinforced
Z/|\ polymer composite

fiber reinforced
elastomer strips

Figure 1: Geometry of dual-matrix hinges (A) definition of hinge geometric parameters (B) illustration of hinge folding.

55

2.2. Hinge Prototypes

The geometry of the particular hinge prototypes that were built in this study is summarized in Table

The hinges were fabricated from dry Astroquartz II (AQ) plain-weave fabric reinforcement (style 525 from
JPS Composites [I8]) with a UV-cure silicone (LOCTITE 5055 [19]) for the elastomer strips and an epoxy

o matrix (PMT-F4B from Patz Materials and Technologies [20]) elsewhere. The hinges have a 3-ply quasi-
isotropic layup of [45/0/45]p,, where the pw subscript indicates that each ply is a plain-weave fabric. A
woven reinforcement was selected for the prototypes to ease handling of the dry fibers and to limit fiber-
matrix debonding due to loads transverse to the fibers [I7]. Tables [2| and [3| summarize the constituent

material properties.

L D he hg Ws

Value 250 254 8 2 0,10, 40, 50

Table 1: Values for hinge geometric parameters, units are mm.

65 The fabrication process of the hinge prototypes is illustrated in Figure The hinge was fabricated

starting with dry AQ fabric using a wet layup process. The epoxy resin was transferred to the fabric by
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Astroquartz II Fibers

Modulus, Ef (GPa) 72
Poisson’s Ratio, vy 0.16
Tensile Strength (GPa) 6.0
Density, pr (g/cm?) 2.2
Fiber Diameter, D¢ (um) 9.0

Style 525 Fabric

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

Table 2: Material properties of Astroquartz II fibers and style 525 fabric [18].

Epoxy  Silicone

Modulus, E,, (GPa) 339 0.004

Tensile Strength (MPa)  65.5 9.3
Density, pm (g/cm?) 1.23 0.98
Poisson’s Ratio, v, 0.35 0.48

Table 3: Material properties of F4-B epoxy [20] and LOCTITE 5055 silicone [19].

applying heat using an electric iron while the silicone strip regions were masked with Kapton. The plies
were stacked and the silicone was transferred to the fabric by injecting small amounts with a syringe in the
previously masked regions and allowing the silicone to flow until the fabric is fully impregnated. The layup
was debulked under vacuum for 30 mins to evacuate any air bubbles from the silicone and to consolidate
the layup. This ensured a good cure of the silicone as its cure is inhibited in the presence of oxygen. The
silicone was 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?, held at a distance of 35 mm. The layup was wrapped around a
cylindrical mold and vacuum bagged. Heat-shrink tubing was applied to the layup underneath the vacuum
bagging to prevent wrinkles from printing through to the composite. The epoxy was cured in a standard
autoclave cure at 120°C for 2 hours. The slots were cut into the cured hinges using a rotary tool. Figure
shows the fabricated prototypes.

The silicone 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.



Figure 2: Fabrication process of dual-matrix hinge (A) dry AQ plies (B) application of epoxy resin with silicone regions masked
(C) application of silicone (D) layup debulking (E) UV-curing of silicone resin (F) layup wrapped around cylindrical mold (G)

application of heat-shrink around layup (H) autoclave cure of epoxy resin.

AQ/epoxy AQ/silicone
tape springs strips

AQ/epqu AQ/silicone
tape springs strips

Figure 3: Fabricated dual-matrix hinges (A) hinge with no slot (ws =0 mm) (B) hinge with a wy = 50 mm slot.

2.3. Material Characterization

Accurate values of the composite thickness and fiber volume fractions are required for good estimates
of the stiffness of the composites. These were obtained from optical micrographs. Figures [@JA and B show
micrographs of flat test coupons of the AQ/epoxy and AQ/silicone composites, respectively. The average

s thicknesses of the two composites were 190 um and 267 pum. The silicone composite is thicker as less

pressure was applied during the cure. At high bending curvatures, the silicone composite undergoes fiber



microbuckling on the compression side of the fold, locally increasing the material thickness to 570 ym. The
areal densities of the two composites were 0.033 g/mm? and 0.037 g¢/mm?. The fiber volume fractions of the

two composites were 54% and 40%.

Figure 4: Micrographs of constituent composites (A) AQ/epoxy (B) AQ/silicone.

The deployment of dual-matrix composites is driven by the strain energy stored upon folding of the struc-
ture. Hence, an accurate constitutive model for the composites used is required for predicting deployment
moments of the hinge. The model considered is a linear elastic laminated plate model with the force and

moment resultants given by [21],

N A Bjle
= (1)
M B D |«

where N and M are the force and moment per unit width of the composite plate, respectively, A is the
in-plane stiffness, B is the stretching-bending coupling, D is the out-of-plane stiffness, and & and « are
the mid-plane strains and curvatures, respectively. The stiffness matrices of the composite laminates are

computed using Classical Lamination Theory (CLT) as follows,

A= Z 0i(zir1 — %) (2)
i=1
1 -
B=§;Qi(zi2+1—zi2) (3)
1w -
LEEONUEEE g

where Q; is the transversely isotropic stiffness matrix of a single ply containing information on the fiber
orientation, and z;41 and z; are the locations of the upper and lower surfaces of the i-th ply. The mosaic
model is used to account for the plain weave of the fabric [22], where the lamina stiffness matrices Q; are

computed by averaging the stiffness of warp, ;" , and weft, 0;" , tows in the weave,

Qi = % (Qioo + Qigoo) (5)



o Note that this model does not account for the effects of undulations in the fibers.
Following this method, the axial stiffness matrix, A, in the local coordinate frame defined by the longi-

tudinal axis 1 and the circumferential axis 2 in Figure [TJA are given by,

3696 1228 0
A =11228 3696 0 | N/mm (6)
0 0 1332

1867 866 0
Ag =866 1867 0 | N/mm (7)
0 0 860

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

It is known that the mosaic model can result in large inaccuracies in the bending stiffness, D, particularly
when applied to one- or two-ply laminates [22]. For low ply count composites, the undulations in the weave
are on the same order of magnitude as the overall thickness of the laminate. The tows are hence subjected

o5 to both tensile and bending loads in response to an applied curvature, which has a significant impact on the
bending stiffness. To improve the accuracy of the model, the stiffness coefficient in the axial direction of the
hinge, D11, was measured experimentally using four-point bending tests of AQ/epoxy and AQ/silicone flat
rectangular coupons. It was found that the mosaic model overpredicted the bending stiffness by 74% for the
silicone composite and by 68% for the epoxy composite.

100 Furthermore, experimental studies of the bending of silicone reinforced laminates have shown a signifi-
cant decrease in the bending stiffness when the laminates are bent to large curvatures, as a result of fiber
microbuckling [I6]. Here, it was found that the bending stiffness of the AQ/silicone composite at high cur-
vatures is only 40% of the initial stiffness. As a result, the bending stiffness of the silicone composite in
the circumferential direction of the hinge, Dss, was reduced compared to that in the axial direction, D11, to

s account for the high curvature of the material in that direction (illustrated in Figure[IB).

The remaining coefficients of the bending stiffness matrices could not be measured experimentally. Their
values 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. In conclusion, the bending stiffness

for the two laminates that made up the hinge is given by,

12.31 5.25 0

D,=|525 1231 0 | N-mm (8)
0 0 17.30
361 135 0

Dy=|134 145 0 | N-mm (9)
0 0 246
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Due to the symmetric layup of the composite, the stretch-bending coupling matrix, B, is assumed to be

zero.

3. Mechanics of Hinge Folding and Deployment

The parameters of interest are the natural radius of the localized fold and the deployment moment as a
function of the folded angle. Prediction of these parameters allows for the design of deployment restraints

and mechanisms.

3.1. 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 folding and deployment behavior of the dual-matrix hinge. A single
tape-spring has the geometry in Figure [JJA. The tape-spring can be folded either in equal- or opposite-sense

bending, as illustrated in Figure [fB and C, respectively.

A B . c

Figure 5: (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 [23] [24]. This behavior is illustrated in Figure @A, 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 [6B.
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Figure 6: Predicted reaction moments (A) single tape-spring (B) combination of two tape-springs.

The mechanics of tape-springs can be analyzed using an energy approach as was done by Schulgasser
[25] to obtain the natural fold radius of a single tape spring. Here, the analysis is extended to consider the
130 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.
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Section A-A
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strip tape springs strip
1l

Figure 7: Cross-section of fold area of dual-matrix hinge.

The folded shape of the dual-matrix hinge has been sketched in Figure[7] 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

s 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
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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,

T | (10)

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

Mxe Dllere+D12eKze
[M.] = = (11)
Mz,e D12,er,e + D22,eKz,e

The total strain energy in the two AQ/epoxy tape-springs (region 1) is therefore,

U, = Roar[k.]" [M,] = 6a

1Le + 2D12,e + 22.e (12)
r

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
Furthermore, these tubes 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
Ay =|——— 13
o= (2% (13)

The energy contribution from this deformation is,

1 1)
U3,Z = QHFCVQDQQ’S (Z - E) (14)

The AQ/silicone cylindrical shell in region 3 undergoes the same curvature change along the x-axis as
the AQ/epoxy tape-springs,

1
Aky s = - (15)

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

1201 - vkl

Mx,s = Dll,s (16)

2rretd
where I = n/4[(rc + t;)* — r}] is the area moment of inertia for a hollow circular tube, t; is the thickness of
the AQ/silicone composite, and vy 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)01D11
3,X = 3
rty

(17)

Adding the three energy contributions in Equations and [I7] and minimizing with respect to the fold

radius, r,

(18)

RaDiye + [12(1 = v /13]1D11
[a/R]D22,e + 27'”'0(1/7'0 - 1/R)2D22,s

10
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This equation is valid only for Dq1,s = Das s due to the assumption of a quasi-isotropic AQ/silicone layup.
The use of this equation when Dji s # Dagy, for example to account for fiber microbuckling, can only be
used to predict trends in the fold radius.

There are several insights to draw from Equation 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 [25],

R (19)

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 [25],

r=R (20)

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 on the
basis of the overall required 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 = Dag s, 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 20}

The steady-state moment, M*, for the dual-matrix hinge can be obtained by substituting Equations
and [18] into the x-component of Equation 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*.

3.2. Quasi-static Deployment Ezperiments

The hinge deployment was characterized experimentally by measuring the quasi-static reaction moment
for varying fold angles, 8, with the experimental setup in Figure[8, 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 6 = 120°, and then
deployed in small steps. The moment was measured every 5° 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 [9] for several slot
widths, wy. The experimental error stemming from the resolution of the strain gages is shown only for the
case of wy = 40 mm, for clarity. Qualitatively, the response for all wy matches well the theoretical prediction

illustrated in Figure[6B. Instead of the two distinct deployment peaks a broad region of increased moment for

11
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Figure 8: Experimental setup used to measure the moment response of the hinge during deployment.

0 < 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 8 indicating that the hinge can self-deploy.

No correlation between the slot width 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 50-70 N-mm, a good agreement with
M* = 63.7 N-mm predicted using Equations and the experimentally predicted fold radius (shown
in Figure [11). 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 in
steady state moments 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 9: Experimentally measured moment response during deployment of hinges with various slot lengths.

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 A pair of Grasshopper 50S5M-C cameras from Point-Grey Research with Xenoplan {/1.9-35 mm

12
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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 [26]. A narrow /16 aperture was used to achieve a focused image across all 8. The strains and

curvatures during deployment were computed using the Vic3D software from Correlated Solutions.

\ l
v 1

20° \ 30 cm N 20°
/! ™\

deployment
rig

Figure 10: Experimental DIC setup for metrology of folded hinge shape.

Plots of the longitudinal radius of curvature at different fold angles are shown in Figure [L1| 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 [[2). It can be seen that a steady-state fold radius of 10.0 mm
is approached at high angles. As predicted by Equation 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 . The effects of the AQ/silicone strip bending stiffness are further

studied via finite element simulations in Section

4. LS-Dyna Finite Element Simulations

The application of dual-matrix composites to space structures requires reliable and efficient simulation
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 [27, 28], booms with cutouts in the fold region to make localized hinges [29] [30], and booms
with a fully closed cross-section [8][31]. Explicit solvers have been used to avoid convergence issues associated
with modeling large deformation in thin shells using 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 finite
element code in [31] B2]. 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

13
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Figure 11: Longitudinal radius of curvature of outer tape-spring of dual-matrix hinge with wg = 0 mm, for several deployment

angles.
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Figure 12: Longitudinal fold radius for dual-matrix hinge with wg = 0 mm.
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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 [32]. Furthermore,
high frequency oscillations were observed in the reaction moments despite numerical damping and required
filtering [311, [32].

In this study, LS-Dyna was chosen for modeling the deployment of the dual-matrix hinge because 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 modeling 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 [5.1

4.1. Finite Element Model Description

The hinge was modeled with the type 16 shell element in LS-Dyna, a 4 node fully integrated element
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 [2.3] This avoids inaccuracies associated with CLT when predicting out-of-plane stiffness of woven
composite materials. Furthermore, this facilitates an investigation of the effect of the material properties
of the hinge on the deployment. The material thickness and density were defined as measured in Sec-
tion [2.3] 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 [13]

nchi rigid patch
pinching
pressure

iy A

Astroquartz/Epoxy

tape springs
rigid patch pesping

D
N
fine mesh
z

Figure 13: LS-Dyna model of the dual-matrix hinge.
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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 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.

4.2. Quasi-Static Stimulations 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 [30]. 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 vis-
cosity. 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(Fext _ Fint _ Fdamp) — M—l(Fext _Fint _ Dsmv) (21)

where a is the nodal acceleration, M is the mass matrix, F¢¥', F™ and F4“™P are the external, internal, and
damping force vectors, respectively, and Dy is the damping constant [33]. 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,

pl(Q11e7, — Q2aérx) Exx <0
q= (22)
0 Exk 20
where Q1 and Q- are the quadratic and linear bulk viscosity coefficients, &g is the rate of change of the
volumetric strain, [ is the characteristic length of the element, and a is the speed of sound [33].
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,

Atcril‘ =

(Vv -¢) (23)

S|~
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where ¢ is the wave speed, and ¢ = Dy/(2mw) is the fraction of critical damping [33]. It can be seen that

increasing damping will reduce the stable time increment.

4.8. Explicit Model Parameter Selection

Viscous Time
Simulation damping  period Boundary Conditions
phase Dy (rad/s) (s) A B C D E
Folding 5 0.6 uxy =uy =u; =0 uxy =0 ux=0 0y = —1.5 rad 6, = 1.5 rad
Uy =uy =uz; =0 uy =uy =0
Stabilization 75 0.25 uy =0 none none
dOx/dt =0 dOy/dt =0
Uy =uy =uz; =0 uy =uy =0
Deployment 50 4 ux =0 none none

dOx/dt =1.5 rad dfy/dt =-1.5 rad

Table 4: 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[3.2l The model boundary conditions and parameters are summarized
in Table [4] where the boundary condition regions correspond to those defined in Figure

Global mass damping and bulk viscosity are used to stabilize all steps of the simulation. The fundamental
frequency of vibration of the hinge is 1281 rad/s and hence the recommended damping constant is Dy =
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 [30]. 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 df = 7.9 x 107% s to

satisfy the Courant condition.

4.4. 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 simulations, although artificial
stabilization can be used to improve convergence [33]. 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 No restarts were required and the hinge was folded and deployed in a single analysis
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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 = 5.0x 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 ) Selecting 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 ) 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 [T4(C).

5. Finite Element Results and Discussion

5.1. Comparison of Models

A 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 df = 7.9x 1078 s whereas the implicit model had an
average increment of df = 5.0 x 107° s, three orders of magnitude larger. 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 wy = 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.

Moreover, a difference in the resulting folded shape was observed between the two models. It was found
that the explicit model produced the smooth folded shapes observed experimentally, whereas the implicit
model produced sharp kinks in the AQ/silicone connections (Figure . This effect was localized to a small
portion of the AQ/silicone connections and had small effects on the fold radius. The deployment moments
predicted by the two models agreed well despite the differences in folded shape.

Previous attempts by the authors to model this problem with the Abaqus/Explicit code revealed strong
dependence of the simulation results with numerical damping [32]. The explicit model here was significantly

more stable and required less tuning of the damping parameters. No filtering of the reaction moments
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Figure 14: Effects of contact penalty on deployed shape at 8 = 60° of the hinge with ws = 50 mm (A) LS-Dyna defaults - ‘sticky’
contact (B) IGAP =2 — ‘sticky’ contact disabled (C) SPS = 0.01 — contact penalty reduced to 1%.

A B

Figure 15: Comparison of folded shape (A) Implicit model (B) Explicit model.

was required to remove high-frequency oscillations. Convergence using implicit solvers in Abaqus was not

a5 successful for this problem, but it was achieved without stabilization in the LS-Dyna simulations.

5.2. Folded Hinge Shape

From the analytical prediction with Equation it is expected that, for fixed AQ/epoxy material prop-
erties, the bending stiffness of the AQ/silicone strips will have a significant impact on the overall fold radius

of the dual-matrix hinge, r. Hence, an investigation was conducted on the hinge with wy = 0 mm where
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the bending stiffness of the AQ/silicone composite was varied through numerical simulations. Figure [16]2
illustrates the resulting steady-state fold radii, simulated using the explicit solver, for several values of the
stiffness, assuming a quasi-isotropic layup where D11 s = Dags. The explicit simulations show good agree-
ment with the analytical predictions (using r. = 0.57 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 con-
nections can be used to tune the fold radius even for quasi-isotropic layups for both composites, as predicted

in Section B.1l
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Figure 16: Comparison of analytic prediction of dual-matrix hinge fold radius and explicit simulations (A) Dependence on
silicone composite bending stiffness (B) Predicted folded shape using measured silicone composite bending stiffness; contour

shows the longitudinal radius of curvature.

In Figure , 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 In this
case, the fold radius of 10.3 mm obtained through simulation is in excellent agreement with the value
r = 10.0 mm measured experimentally (3% error). Applying the model in Equation a fold radius of
r = 6.7 mm is predicted for the case of D1 # Daa. Comparing this value to the r = 5.0 mm prediction
for the quasi-isotropic case D1,y = Dags = 3.61 N-mm, it can be seen that the model predicts the increase

in fold radius due to microbuckling observed experimentally. However, the model results in an 33% error
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from the experimental value of r = 10.0 mm. This is to be expected as the model assumes quasi-isotropic

properties.

5.3. Deployment Moments

Figure [I7] shows the deployment moments for implicit and explicit simulations compared to experimental
results for the hinge with wy = 40 mm. Furthermore, Table [5| summarizes key deployment moment values
for the three cases. Both implicit and explicit solvers predict the experimental behavior well, with the
steady state moments within experimental error. The simulations show two distinct peaks corresponding
to the deployment of the two tape springs as predicted in Figure in Section [3.1} The peak moments
predicted in simulation are larger than measured. Experimentally, the hinge tends to self deploy and hence
a lower peak moment is measured. Furthermore, the significant difference between peak moments from the
two simulations is due to the smaller time step, and hence finer load increments, of the explicit simulation

allowing it to provide a finer angular resolution.

1000 T T T T T
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800 F — — Experimental | |
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0 20 40 60 80 100 120
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Figure 17: Comparison of finite element simulation and experimental results for a hinge with a 40 mm slot.

Implicit Solver Explicit Solver Measurement

M* (N-mm) 67 75 69
M} (N-mm) 843 910 639
0, (deg) 6.4 7.0 5.2

Table 5: Summary of key values of deployment response of hinge with wg = 40 mm.

Figure [18|shows the dependence of the deployment moment on w; in the implicit simulations. The same
trend is seen for the explicit simulations. A comparison with Figure [9] reveals that the simulations predict
a much higher dependence of the moment on the slot length than is observed experimentally. Reducing the
mesh size in the fold region, or reducing the transverse bending stiffness of the silicone composite, D2y, does

not resolve the discrepancy. The higher moments seen in simulation are attributed to the fully integrated
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elements used being too stiff when doubly curved. An investigation of the dependence on element type is
beyond the scope of the present study. Since experimentally there is little dependence on wy, the model with
wg = 40 mm can be used to predict the deployment moments of hinges without slots. This is the model with

the smallest slot which removes the effects of doubly curved elements from the results.
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Figure 18: Dependence of deployment moment on the slot length in simulation - implicit model.

5.4. Torsional Behavior

The closed cross-section of the dual-matrix hinges can provide superior torsional behavior compared to
open cross-section booms such as the TRAC and STEM booms. However, the introduction of small slots in
the AQ/silicone fold region, to remove the doubly-curved region and alleviate stresses, can have a significant
effect on the torsional stiffness. The torsional behavior of the hinge was simulated in LS-Dyna implicit with
the Ricks and Wempner arc-length method to capture the post-buckling response. The same hinge model
as for folding was used. The hinge was clamped at one end and a rotation, ¢, was applied around the z-axis
of the hinge at the other.

Figure [I9) shows the dependence of the torsional stiffness on wy, where G is the shear modulus and J is
the torsion constant. It can be seen that introducing small slots has a negligible effect, with wy = 10 mm
reducing the torsional stiffness by only 8%. However, for longer slots the torsional stiffness decreases more
quickly. Hence, introducing a small 10 mm slot is a good way of alleviating stresses in dual-matrix hinges

while maintaining their superior torsional behavior.

6. Conclusion

Dual-matrix composite shells have been proposed as a means of realizing stiff, lightweight structures
capable of accommodating packaging schemes with small fold radii through the use of localized elastomer
composite hinges. Previous research has focused on the elastomer composite constitutive modeling or on

proof-of-concept studies of folding of dual-matrix structures. This paper presented a more detailed look at
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Figure 19: Simulated torsional stiffness of hinges with various slot widths.

the deployment mechanics of a simple closed cross-section dual-matrix hinge which can be used as a building
block for more complex deployable structures. The proposed hinge can be used to stow instruments for
launch to be deployed from a spacecraft once on orbit. In addition, the hinge building block can be extended
to construct deployable space structures such as booms, space frames, and large area thin shells including
antennas, solar panels, and telescope support structures. Furthermore, terrestrial applications requiring
lightweight, self-deployable structures with multiple stowage and deployment cycles can benefit from this
work, including portable communications antennas, and support structures for tents.

This study focused on characterizing the quasi-static deployment behavior of the proposed building block
in terms of its folded shape and deployment moments. These parameters are critical to the design of de-
ployment mechanisms for dual-matrix structures. The hinge was studied using an analytic minimum energy
approach, experimental deployment tests, and finite element simulations — with good agreement between all
models. The radii of the localized fold in the hinge could be predicted within 3% of experimental measure-
ments while the steady-state reaction moments of the hinge could be predicted within 5% of measurements.
This suite of analysis tools can be used to investigate the engineering applications described above.

In addition to the development of analysis techniques for deployment of dual-matrix shells, this work also
identified several interesting aspects of the behavior of these composites. As these structures rely on stored
strain energy for deployment, the importance of using accurate material properties was demonstrated. In
particular, the bending stiffness of the shells has a large impact on deployment moments and folded shape.
It was found that the transverse bending stiffness of the elastomer composite must be reduced by as much as
60% to experimentally measured stiffnesses at high laminate curvatures to account for fiber microbuckling.
Furthermore, the use of the elastomer composites to tailor the fold radius of the hinge was demonstrated, a
behavior not possible with simple quasi-isotropic tape springs. It was shown that the addition of elastomer
hinges reduces the localized fold radius from that of unconnected tape-springs. This shows the versatility

of the hinge building block to meet various packaging requirements independent of the overall stiffness of
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the structure. Finally, techniques for simulation of this deployment problem using the LS-Dyna commercial
software were developed, taking advantage of the robust restart capabilities and the stabilization of the
contact algorithms to improve computational times. The implicit solver showed a reduction in run times by
a factor of 30 over the more commonly used explicit solver.

Although the finite element simulation techniques presented here proved very accurate for predicting the
deployment moment for dual-matrix hinges with small slots, issues with the shell elements were highlighted
when used for simulating doubly curved regions. A study of element types appropriate for high Gaussian
curvatures is suggested as a follow-on study to this work. Of particular interest is the application of continuum

shells with thickness stretch and multiple through-thickness integration points to this problem.
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