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Deployable Tensegrity Reflectors for Small Satellites

A. G. Tibert* and S. Pellegrino
University of Cambridge, Cambridge, England CB2 1PZ, United Kingdom

Future small satellite missions require low-cost, precision reflector structures with large aperture that can be
packaged in a small envelope. Existing furlable reflectors form a compact package which, although narrow, is
too tall for many applications. An alternative approach is proposed, consisting of a deployable “tensegrity” prism
forming a ring structure that deploys two identical cable nets (front and rear nets) interconnected by tension ties;
the reflecting mesh is attached to the front net. The geometric configuration of the structure has been optimized to
reduce the compression in the struts of the tensegrity prism. A small-scale physical model has been constructed to
demonstrate the proposed concept. A preliminary design of a 3-m-diam, 10-GHz reflector with a focal-length-to-
diameter ratio of 0.4 that can be packaged within an envelope of 0.1 X 0.2 X 0.8 m? is presented.

Nomenclature

area, m>

radius of tube cross section, m
number of bars

aperture diameter, m

Young’s modulus, GN/m?

focal length, m

depth, m

number of joints

triangle side length, m

effective length, m

number of independentmechanisms
mesh tension per unit length, N/m
radius of approximating sphere, m
radius of gyration, m

number of independentstates of self-stress
tension, N

root-mean-square surface error, mm
relative rotation between nets, deg

= density, kg/m®
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Introduction

HERE is currently a growing interest in low-cost deployable
appendages for small satellites. The work presentedin this pa-
per was motivated by an applicationrequiring a 3-m-diam parabolic
reflector to be launched alongside a 0.6 x 0.6 x 0.8 m* bus, pack-
aged within an envelope of 0.1 x 0.2 x 0.8 m®. This reflector has a
focallengthto diameterratio /D = 0.4 and operates at a frequency
of 10 GHz. When inflatables are excluded, which still cannot be
regarded as a mature technology, none of the existing deployable
reflector concepts can meet these requirements. It was considered
that the greatest potential for meeting the requirements with a low-
cost system would be offered by an adaptation of the AstroMesh
concept.!2
In the AstroMesh (Fig. 1), the reflective mesh is attached to a
network of thin cables, or tapes, with high axial stiffness that ap-
proximatesto a paraboloid; the cables are prestressedto form a stiff
and accurate structure. The size of the triangles forming the cable
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network is chosen sufficiently small to achieve the required accu-
racy. This concept is known as a tension truss and was invented by
Miura.? The forces required to prestress the cable net are provided
by a series of springs, called tension ties in Fig. 1, connecting the
network to an identical rear net. Both nets are connected around the
edge to a deployablering truss with telescopic diagonals.

Note that the height of the ring truss is given by the depth of the
two nets plus their separation. Although the rear net can be made less
deep, for example, half the depth of the front net, by acceptinglarger
forces on the ring, a reflector with small '/ D requires a higher ring.
For example, for depth H =0.46 m and D =3 m, an AstroMesh-
type truss divided into 18 segments would have a packaged height
of more than 1.2 m. An alternative ring configuration based on a
pantograph with, again, 18 bays would have a height of 0.9 m.
However, this requires a much larger number of joints.

A new concept that meets these requirements is presented in the
next section; then a detailed analysis of the prestress distribution
in the reflector structure is carried out, considering the effects of
several design parameters. This leads to a preferred configuration
of the reflector, whose feasibility has been demonstrated by con-
structing a physical model. A preliminary design of a 3-m reflector
that would meet all of the requirements of the particularapplication
that motivated the present study is then presented.

New Concept

The proposed reflector structure is based on the tension truss
concept. Like the AstroMesh, it is composed of three main parts:
a deployablering structure, two identical cable nets (front and rear
nets) connected by tension ties, and the reflecting mesh, attached to
the front net.

Although the concept is a general one, for clarity it will be ex-
plained with reference to the particular example shown in Fig. 2.
Here, every member is a cable element, apart from six struts, drawn
with thick lines in Fig. 2a and a series of constant-tensionsprings,
called tension ties in Fig. 2d.

Figure 2a highlights the 18 cable elements and 6 struts that
form the deployable ring structure. This well-known “tensegrity
structure” belongs to a family invented in 1948 by Snelson and
Buckminster Fuller. The potential usefulness of deployabletenseg-
rity structures for spacecraft applications has been pointed out sev-
eral times, most recently in Ref. 4. Two important features of tenseg-
rity structures are that there is no connection between compression
elements and that the connections between compression and ten-
sion members are simple to manufacture. Also, their joints are not
affected by friction or dead bands and, hence, behave linearly.

These features make them particularly attractive for applications
requiring low-weight, low-cost deployables that can be packaged
very compactly. A disadvantage of standard tensegrity structures is
that they are very flexible, due to the existence of internal mecha-
nisms of inextensionaldeformation,as will be shownnext. However,
the solution then presented avoids this problem.
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Fig. 1 AstroMesh concept (from Thomson!).

Truss

Consider the pin-jointed structure shown in Fig. 3, whose layout
is identical to the ring structure in Fig. 2. The top six joints lie at
the corners of a regular hexagon, and the bottom six joints lie at
the corners of an identical hexagon. Consider a joint in the bottom
hexagon; it is connected by bars to the two neighboring joints in the
same hexagon as well as to two joints of the top hexagon. Note that
itis not connected to the jointdirectly above, but to the next and the
second next joints, in an anticlockwise sense.

This structure has j = 12 joints and b = 24 bars. The static and
kinematic properties of a general pin-jointed structure can be anal-
ysed using the extended Maxwell’s rule (see Ref. 5),

3j—b=m—s €8

where m is the number of independent inextensional mechanisms
and s is the number of independent states of self-stress.
Substituting the values of j and b into Eq. (1), we obtain

m—s=12 2)

It can be shown, for example, by computing all nontrivial so-
lutions of the system of equations of joint equilibrium, that this
structure has one state of self-stress, s =1, where the six longer
bars connecting the two hexagons are in compression and all other
members are in tension. Therefore, from Eq. (2), we conclude that
m =13 and, because 6 mechanisms will involverigid-body motions
of the whole structure, this leaves 7 internal mechanisms. These
mechanisms can be stiffened by prestressing the structure, but this
will provide only a relatively small stiffness.

Because this structure can be prestressed, as explained earlier, a
deployableversioncould be made quite easily: The state of prestress
requires only six members to carry compressive forces, all other
members are in tension, and therefore, instead of using bars, cables
can be used. Then, if the struts are collapsible, the whole structure
can be folded.

This structure, however, has seven internal mechanisms, which
would resultin seven independent “soft” modes of deformation. An
alternative configuration that is practically more useful is shown in
Fig. 4. This structure is obtained by connecting the nodes of the
top and bottom hexagons to two interconnected,central joints. Note
that these internal joints are not coplanar with the hexagons, thus
forming two triangulated surfaces that coarsely approximate to a
curved surface. This structure is a simplified version of the new
concept shown in Fig. 2.
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Fig. 2 New furlable reflector concept.

The number of joints and bars are, respectively, j = 14 and b = 37.
Hence, Eq. (1) gives

m—s=>5 3)

and, because the same state of self-stress of the structure in Fig. 3
exists also for this structure and there is no other independent state
of self-stress, s =1 as before. Hence, m = 6, and so this structure
has only six rigid-body mechanisms. Because it is internally rigid,
this structure is potentially useful for high-precision applications.
However, the triangulatedsurfacesin this example are far too coarse
to support a reflective mesh that approximates to a paraboloid.
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a) Three-dimensional view

b) Top view

Fig. 3 Hexagonal tensegrity module.

Fig. 4 Hexagonal tensegrity module with interconnected front and
rear triangulated structures.

Fig. 5 Layout of front and rear nets.

Hence, these simple triangulated surfaces will be replaced with the
net shown in Fig. 5.

The layout of a triangulatednet can be defined in many different
ways; for example, it could be optimized such that all triangles have
equal areas and are as close as possible to equilateral. The particular
layoutthat was chosenis based on a simple two-dimensional,regular
tessellationof equilateral triangles that is obtained by dividing each
side of a hexagon into three. Then, the outermost triangles were
distorted to form a catenarylike edge for the net, to improve the
force distribution. Finally, all of the nodes were projected onto a
paraboloid. Further details are given in the Appendix.

Now, consider the structure consisting of the original ring struc-
ture plus the two triangulatednets;its static and kinematic properties
are investigatedas follows. First, there are six jointsin the symmetry
unit of each net; hence, in total

j=2x(14+6x6)=74 )

Second, there are 15 bars in the symmetry unit of each net, plus the
24 bars of the ring structure; hence, in total

b=2x (15x6)+24 =204 )
Substituting Egs. (4) and (5) into Eq. (1), we obtain
m—s =18 (6)

Becausethe state of self-stressdescribedearlieris still statically pos-
sible, but no additional states of self-stresshave been created, s = 1.
Hence, m = 19, of which 6 mechanisms are rigid-body motions and
13 are internal mechanisms. The 13 internal mechanisms can be
removed by adding 13 bars to the structure, as shown in Fig. 2c.
The resulting structure has m = 6, and, hence, all mechanisms are
rigid-body mechanisms, and s = 1.

To transform this pin-jointed structural concept into an efficient
deployable structure made from cable elements, we need to find a
way of prestressing the two nets once they have taken up their fully
deployed shape. An obvious approach, based on the AstroMesh,
mightbe to connectcorrespondingnodes of the two nets with tension
ties, but it turns out that this is not an ideal solution because large
compressive forces are induced in the cables of the ring structure,
which need to be counteractedby increasing the level of prestress of
the ring. This would further increase the compression in the struts;
also, 12 of the 13 additional members shown in Fig. 2¢ are not
pretensioned.

Both of these issues can be resolved by modifying the configura-
tion of the ring structure. Instead of using the original configuration,
where the two hexagons are directly one above the other, as high-
lighted by Fig. 3b, one hexagon is rotated through a small angle
0, as shown in Fig. 6. Note that § is defined to be positive if the
upper hexagon is rotated anticlockwise with respect to the bottom
hexagon.

By itself, the resultingring structure can no longer be prestressed,
as s =0, and hence, from Eq. (2), m = 12. However, when the com-
plete reflector structure is considered, including the prestressing
forces applied by the tension ties, it is found that there are only 12
internal mechanisms, and hence, the additional member connecting
the centers of the two nets can be replaced with a tension tie. Also,
for 6 =+10deg, as shownin Fig. 6, all of the cables are in a state of
tension. Note that the forces in the outer ties have been set to twice
the value of the internal ties.
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Fig. 6 Complete structure, but without additional 12 members: y
front net; - - -, rear net; , tension ties; , struts; and , ring
cords.
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Fig. 7 Forces in the two nets due to tension tie loads of 1 N on the inner
nodes and 2 N on the edge nodes.

Figure 7 shows the force distribution in the two nets: The cor-
responding forces in the ring structure are —68.8 N in the struts,
425.9 N in the cables forming the hexagons,and +39.5 N in the six
cables linking the hexagons. Hence, the ratio between the smallest
and largest force in the structure is 0.54/68.8 =0.78%.

Configuration of Tensegrity Reflector

In addition to studying the statical and kinematical properties of
the reflector structure, it is necessary to analyze the effect of dif-
ferent design parameters on the magnitude and distribution of the
forces within the structure. The aim of this study is to obtain a fairly
uniform distribution of forces in the front net and to avoid large
forces in the supporting structure, particularly the struts. Hence,
the configuration study presented in this section is divided into
two parts. First, the influences of the sag of the edges of the net
and of the tension tie forces on the force distribution are investi-
gated, without considering the rest of the structure. Then, for some
particular values of the forces in the tension ties and a particular
sag-to-spanratio, the effect of the relative rotation of the hexagons
on the forces in the nets and the ring structure is investigated. A
detailed description of the procedure used for generating the trian-
gular net and a definition of the sag-to-span ratio are given in the
Appendix.

Sag-to-Span Ratio and Tension Tie Forces

Consider the cable net shown in Fig. 8, where the tension ties are
represented by vertical loads applied to the joints.

First, its statical and kinematical properties will be checked. The
number of joints is (see the Appendix)

Jj=1+6x3(1+3)/2=37 @)
and the number of bars is
b=6x3(1+3x3)/2=90 (8)
hence, Eq. (1) yields
m—s =21 ®)

Because the net has synclastic shape, that is, principal curvatures
of equal signs, it is obvious that no state of self-stress is possible;
hence, s =0. As shown in Fig. 8, 21 constraints are added, 18 by
fixing completely 6 joints around the edge of the net. The remaining
three constraints fix one edge joint both radially and tangentially,
that is, in two perpendicular directions, and an adjacent edge joint
radially. The arrangement of these constraintsis such that the three
mechanisms of the structure shown in Fig. 8 are removed; these

Fig. 8 Loads applied to cable net.
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Fig. 9 Forces in a net with 5% sag-to-span ratio; loads on inner nodes
1 N and loads on edge nodes as shown.

mechanisms were computed from the equilibrium matrix of the
structure

This produced a statically and kinematically determinate struc-
ture, thatis, s = 0 and m = 0, that was analyzed for three sag-to-span
ratios: 5, 10 and 15%. For eachratio, the tension tie forces were ini-
tially setto 1 N everywhere;this would be easy to realize in practice,
with identical constant-tensionsprings in all of the tension ties.

The results for a 5% sag-to-spanratio are shown in Fig. 9. When
the tension tie forces are all equal to 1 N (Fig. 9a), some mem-
bers are in compression. When the edge tie forces are increased,
the compressive forces gradually become smaller and then tensile
(Figs. 9b—-9d). An almost uniform force distributionis obtained for
edge forces of 4 N; however, the largest force in the edge cable is
now over 15 N.

When the sag-to-span ratio is increased to 10%, there is still
compression for tension tie forces of 1 N (Fig. 10a). However, as
the edge tie forces are increased to 2 N, an acceptabledistributionof
forces is obtained, and the edge cable forces are smaller than for the
5% sag-to-spanratio (Fig. 10b). The range of the inner net forces is
0.75-2.69 N.

Increasing the sag-to-spanratio further, to 15%, yields no com-
pressed elements even for the case of uniform 1-N tension tie loads
(Fig. 11a). When increased to 2 N, the forces in the edge ties give a
very uniform force pattern, in the range 1.27-2.08 N, and the edge
cable forces are slightly smaller than in the precedingcase. Although
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Fig. 10 Forces in a net with 10% sag-to-span ratio; loads on inner
nodes 1 N and loads on edge nodes as shown.

4.00 7 3.5 : :
2.56 )/ 0 5 10 15 20 25 30
Angle of relative rotation, 6 (deg)
/ 3
22 57 As7 N2,
1.58 1.88 Fig. 13 Variation of forces in edge cables.
/
1.49 123
1.23 /
/ /
1.30 1.27 200 — 0455
/ /
29/ 129 150 | . 0450
/ /
4 v 100 F .4 0.445
a)1N b)2N
50 1 0.440
Fig. 11 Forces in a net with 15% sag-to-span ratio; loads on inner z z
nodes 1 N and loads on edge nodes as shown. 8 o : : i 5 0435 £
h : : : : 2
Q
-
-50 0.430
3 T T T T T
-100 0.425
25 J :
-150 0.420
2 -200 i ; ? w i 0.415
5 10 15 20 25 30
Angle of relative rotation, 6 (deg)
£ 15 . s S
g Fig. 14 Variation of forces in ring structure.
5
w

4
@

05 i L A
15 20
Angle of relative rotation, 8 (deg)

Fig. 12 Variation of forces in net cables.

a sag-to-span ratio of 15% gives a better force pattern than the
10% ratio, the further reduction in the surface area of the net, and
hence of the reflecting surface of the reflector, is not justified; thus,
a value of 10% was selected.

Rotation of Hexagons

The effect of a relative rotation € between the hexagons of the
ring structure was analyzed, for cable nets with a sag-to-spanratio of
10%. The tension tie forces were taken to be 1 N on the inner joints
and 2 N on the edge joints. The corresponding force distribution
for § =0 degis shown in Fig. 10b. When the hexagons are rotated,
the force distribution in a symmetry unit of the net is no longer
symmetric; see Figs. 12 and 13.

Net Forces

Figure 12 is a plot of the variationin the forces of the inner cables
with the rotation of the hexagons. The forcesin the radial cables 1, 3,
and 8 are approximately constant for the range of 6 displayed. The
other cable forces, except for cables 9 and 10, are in the range 0.5—
1.5 N. Most important, cable 9 becomes compressed at  ~ 28 deg,

giving an upper limit on 6 for the particular reflector configuration
studied here.

Figure 13 is a plot of the variation in the forces of the edge
elements. The force in edge cable 13 initially increases and then
decreases. Edge forces 14 and 15 decrease when 6 is increased.
This is due to the change in the direction of the tension tie forces.

Ring Forces

The forcesin the ring structure vary exponentiallywith 6 (Fig. 14).
For small 6, the forces are very large, especially in the struts, but
decrease to acceptable levels for 6 ~ 10 deg. Further rotation leads
to a slow decrease in force magnitudes, and for the practical limit
0 =28 deg discussed earlier, the force in the lateral cablesis 3.9 N.

Because the structure is kinematically determinate, its stiffness
depends on the elastic properties of its members and is independent
of the prestress level. However, the cable pretensions must be suf-
ficiently high that all cables remain in tension under the action of
any compressive loads induced by the loads.

Also shown in Fig. 14 is the variation of the strut length, which is
much smaller than the variationof the forces in the struts. Of course,
shorter struts are preferable, to avoid buckling.

Additional Members

The 12 additional members have the function of removing all in-
ternal mechanisms, as explained in the section “New Concept.” To
use cableelementsinstead of solid bars, it must be ensured that these
elements are pretensioned. Here an advantage of the configuration
shown in Fig. 2c is that the additional elements are in tension for
any 0 > 0 deg (Fig. 15), and the magnitude of the tension increases
almost linearly up to about 10 deg. If the additional members were
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Fig. 15 Variation of forces in additional members.

rearranged, to turn in the opposite sense about the axis of the reflec-
tor, they would be in compression for 6 > 0 deg, instead.

Other Issues

Anotherimportantissue,notconcerned with the force distribution
within the structure, is that the struts move closer to the center
of the reflector when 6 is increased. Hence, the struts are more
likely to interfere with the tension ties, which would complicate the
deployment procedure. Therefore, it is important to keep 6 small.

Demonstration Model

To verify the feasibility of the proposed concept, a small-scale
physical model was constructed, with a diameter of 0.47 m. The
triangulated nets were constructed on paraboloidalmolds of PETG
(athermoplasticmaterial with the trade name of Vivak) with diame-
ter D = 0.45 m and focallength F = 0.134 m, on which the position
of the nodes of the net had been marked with a three-axis computer-
controlled machine. The net was made from 0.8-mm-diam Kevlar®
cords, which had been pretensionedbefore being taped to the mold;
the cords were joined with nylon loops at all crossover points and
bonded with epoxy resin. Correspondingnodes of the two nets were
connected with steel springs.

Identical Al-alloy, 30-mm-long joint fittings, of cylindrical shape
with a diameter of 15 mm, were attached to the six corners of each
net. Holes with 2.0 mm diam in the direction of each cord had been
drilledin the jointfittings, and all connections were made with epoxy
resin. The cords of the ring structure, consisting of 1.0-mm Kevlar
cord, were connected to the same joint fittings.

The telescopic struts, 0.46 m long, were made by cutting off the
sticks of six identical foldable umbrellas. The umbrella sticks were
inserted into 20-mm-long, 6.4-mm-diam holes at the bottom of the
joint fittings; these holes are coaxial with the joints. Grub screws
hold the joints on the umbrella sticks.

This proof-of-conceptmodel works well, considering that it was
the first time that a structure of this kind had been constructedin our
laboratory. The model can be easily folded and deployed by hand,
as shown in Figs. 16-18. However, some of the cables in the two
nets remain slack after deployment, and there is some interference
between the nets and the struts, because the diameter of the net,
as manufactured, turned out to be bigger than expected. Correcting
these problems should be possible in a second-generationmodel.

Figure 18 shows the very compact, packaged configuration of
the reflector; note the elongated shape of the package, which would
permit its stowage alongside the small satellite described in the
Introduction.

Preliminary Design of 3-m Reflector

The main characteristics of a reflector to meet the requirements
D=3 m, F=1.2 m, and operation at 10 GHz are determined in

b)
Fig. 16 Model structure, expanded: view of a) top and b) bottom.

Fig. 17 Side view of model structure, expanded.
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Table1 Mass estimates for 3-m-diam reflector

Element Quantity ~ Unitmass  Mass, kg
Net cables 300m  0.0087 kg/m 1.04
Struts 17.3m  0.170kg/m 2.94
Ring cables 29.8m  0.0066 kg/m 0.19
Motors and latches 6 0.20 kgfitem 1.20
Connections 12 0.050 kg/item  0.60
Mesh 7.07m?>  0.050 kg/m? 0.35
Total 6.32

Fig. 18 Model structure, folded.

this section. In particular, an estimate of the mass of the reflector,
summarized in Table 1, is obtained.

Network Density

The surface error of the reflector originates from a number of dif-
ferent sources, such as thermal distortion of the structure, etc. Only
one contributionto the overall error budget can be considered at this
stage, namely, the effect of approximating the required paraboloid
with a polyhedral surface. Therefore, it will be conservatively re-
quired that the root-mean-squareerror é,ys shouldbe less than about
1/100 of the wavelength.

At 10 GHz, the wavelengthis 30 mm and so the allowable error is
0.3 mm. For a spherical surface of radius R, in Ref. 7, the following
relationship is obtained between &,y and the side length L of the
triangles:

Sms = L? [8V/15R (10)

For a shallow paraboloid, the radius of curvature is approximately
twice the focal length F’; thus,

R~2F (11)

For D=3.0mand F =0.4 x D=1.2m, Eq. (10) can be solved for
L and yields

L=0.15m

Thus, the number of triangles across a 3 m diagonal of the hexagon
will be 20, which means that the net will consist of 10 concentric
rings of equilateral triangles. (Note that the net of Fig. 5 is formed
by three concentric rings.) The corresponding total length of the
cables to make up both nets is ~300 m. When it is assumed that the
members of the cable nets are made from graphite composite tape
(p = 1740 kg/m®) with a rectangularcross section of 5.0 by 0.2 mm
and that the weight of the joints in the net and of the tension ties
can be accounted for by doubling the density of the tapes, the total
mass of the two nets and tension ties is 1.04 kg.

Mesh
The reflective mesh is knitted gold-plated molybdenum wire with
a surface density of 0.025 kg/m?. This value is doubled to account

Fig. 19a Loads on cable.

L/R

Ttie

Fig. 19b Equilibrium of a node.

for seams and surface treatment. Approximating the mesh area with
the area of a spherical cap, we have

A=2nrRH

where R is the radius of the sphere; hence, R=2F =2.4m. H is
the height of the cap; hence, H = 0.469 m. Thus, A =7.07 m2, and
the corresponding mass is 0.35 kg.

Force in Springs

The tension in the mesh applies a lateral loading on the cable
net to which it is attached because the mesh forms a small kink, of
angle L/R, at the crossover between adjacent triangles (Fig. 19a).
To prevent the sides of the triangles from becoming significantly
distorted, the tension 7" in the cables of the net must be significantly
larger than the transverse load.

For a preliminary estimate, T will be set equal to 10 times the
mesh tension N multiplied by the triangle side length L. With
N =2.0 N/m, the required tension in the net cablesis 7 =3.0 N.
The force in the tension ties that is required to obtain the specified
tension 7' in the cables is

Ty =3TL/R =3x3.0x0.150/24=0.56N  (12)

(See Fig. 19b, but note that only two of the six cables connected
to this node are shown.) Note that the average pressure on the net,
given by T}, over the correspondingarea of mesh is 29 N/m? (when
it is assumed that the surface associated with one node is twice
the area of a triangle). This pressure is considerably larger than the
self-weight of the mesh under gravity.

Ring Structure

The cable net analyzed in the section “Configuration of Tenseg-
rity Reflector” consisted of only three rings of triangles, whereas a
3-m reflector requires 10 rings. A preliminary estimate of the loads
transmitted to the ring structure by the full-size net can be obtained
by assuming that each cablein the 3-ring reflector represents 3.3 ca-
blesin a 10-ringreflector. Thus, the forcesin the supportingstructure
can be calculated by scaling the forces applied by the three-ringnet,
which gives equivalentforces of 8 N in the tension ties. Table 2 lists
the forces and lengths of the members of the ring structure.

Design of Struts

The struts are designed to resist Euler buckling, subject to a mini-
mum slenderness L, /r =200. Here, L, is the effectivelength of the
strut and r the radius of gyration. For a thin-walled tube of radius a

r=+1/A=/nat)2nat = a2 (13)
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Table2 Forces and lengths
of elements of ring structure

Element Force, N Length, m
Horizontal cable 310 1.50
Lateral cable 376 1.96
Strut 712 2.88

When it is assumed that the struts are pin jointed at both ends, L,
is the actual length, given in Table 2. Hence, L, =2.88 m, which
yields a > 0.0204 m.

Graphite fiber tubes (E =227.5 GN/m? and p = 1740 kg/m®)
with an outer diameter of 42 mm and wall thickness of 0.5 mm were
selected. Their buckling load is 3.8 kN, well above the actual load.
The total length of these struts is 17.3 m and the total mass 1.96 kg.

Each strut must be collapsed to less than a quarter of its length to
fitinto the launchenvelope. The simplestsolutionat this preliminary
stage is to assume that telescopic tubes will be used, for example,
the scheme developed in Ref. 8 could be adopted. Hence, the mass
estimated earlier is amplified by 50%, to allow for tube overlap
and the variation in the cross section of the tubes; the mass of the
deploymentmotor, latches, cables, and pulleysis estimated at 0.2 kg
per strut.

Cable Dimensions

Itis assumed that graphite composite tape, with a design strength
of 500 N/mm?, is used also for the cables of the ring structure. The
maximum cable force is 1880 N, assuming a factor of safety of 5.
Thus, the required cross-sectional area is 3.76 mm?, and, because
the total length of the cables in the ring structure is 29.8 m, their
mass is 0.19 kg.

Conclusions

The proposedreflector conceptmeets the requirementsof a partic-
ular small satellitemission, requiringa 3-maperturewith /D = 0.4
and operatingat 10 GHz, which can be packaged as a compact bun-
dle that is less than 0.8 m high. It was estimated that a surface
accuracy of 0.3 mm is required.

The proposed solution consists of a cable net forming triangles
with side length of 0.15 mm to which the reflective wire mesh is at-
tached. This cable net is prestressed againstan identicalcable net, as
in the AstroMesh reflector. However, there are two key differences
between the new concept and the AstroMesh reflector. First, by the
use of a tensegrity structure to deploy the cable nets, the need for
mechanical joints can be avoided, thus reducing the cost and poten-
tially increasing the geometric accuracy of the structure. Second,
the geometric configuration of the structure has been optimized by
rotating the two cable nets about the axis of the reflector, which
has the effect of substantially reducing the compression carried by
the struts of the tensegrity structure. Thus, it has been possible to
design a 3-m-diam precision structure with a mass conservatively
estimated at 6.3 kg.

The proposed concept has been shown to be feasible by con-
structing a simple demonstrator, but note that important issues,
such as the attachment of the reflector to the spacecraft, the deploy-
ment sequence of the reflector, and the feasibility of nonsymmetric
(e.g., offset configurations), were not addressed in this study.

More generally, it is noted that cable-and-strutdeployable struc-
tures, of which the reflector structure concept proposedin this paper
is an example, suffer a mass penalty in comparison with articulated
structures. The reason for this penalty is that they have to be pre-
stressed after deployment, which leads to an increase in the cross-
sectional dimensions of the compression members, but this penalty
is offset by the reduced cost and mass of the joints. Reducing the
additional compression in the struts to a minimum is essential for
the proposed approach to be competitive.

Appendix: Cable Net Generation
This Appendix describes the procedure used for generating the
two triangulated cable nets of paraboloidal shape. The procedure
is applicable to nets forming any regular, m-sided polygon and is
illustrated in Fig. Al. The symmetry unit is subdivided into n x n

m -1

a) m-sided polygon

¢) Vertical mapping onto paraboloid

Fig. A1 Generation of net.

triangles and all nodes are projected onto the required paraboloidal
surface, Fig. Alc.

The total number of triangles ¢, elements b, and joints j are,
respectively,

t =mn? (A1)
b=mn(l43n)/2 (A2)
j=14+mn(1+n)/2 (A3)

The subdivisionis defined by m, n, and the circumscribed radius
R. The edge sag-to-spanratio (Fig. A2) is defined as

8/2R, tana (Ad)

where § is the sag, o = /m, and Ry is the inscribed radius. Note
that the span used in the definition, 2R, tan«, is different from the
distance between the outer vertices, which is 2R tan «.

Given the sag-to-spanratio, R is calculated by subtracting from
R the following lengths (Fig. A2):

1 —cosa
Al = R—— (AS)

coso

(A6)
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R/n

" R/n

Fig. A2 Triangular subdivision of a sector, with n = 3.

From Egs. (A4-A6), the relation between R and R, is written as

R 1+4+2ptana

A7
Ry cosa (A7)

The radius R is divided into n equal parts, correspondingto n — 1
rings of identical triangles. In the outer ring, the triangles are dis-
torted along the edge. The edge joints are equidistantly positioned
on a circular arc with radius r and opening angle y (Fig. A2)

P+ R sin’ o
N 28

r

(A8)

r—=§

y = 2 arccos (A9)

The horizontal projection of the length of the edge elements
is 2rsin (y/2n). Note that for odd values of n the actual two-
dimensional sag of the edge elements will be slightly less than §, as
shown in Fig. A2 for n =3.
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