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simulation are shown in Figure 8.4. As M = 3, there is some freedom in the choice
of unfolding path, but this simulation follows a particularly simple path. The un-
folding is completely strain-free. All possible unfolding paths for Design (a) are
similar to the one shown in the simulation results in Figure 8.4. The unfolding
starts from the wing whose final panel is not connected by a spherical joint, and
proceeds in a wave around the antenna, with the wings unfolding sequentially.

Unfortunately, problems occurred trying to extend these early, successful, re-
sults to a parabolic surface. The main problem is the packing of panels in the
folded configuration, when these panels are curved. Schematically, the problem
is shown in Figure 8.5. The curved panels fold back-to-back, which causes two
problems. Not only does it lead to a very poor packing efficiency, but it is also dif-
ficult to position the fold lines so the panels can actually fold in this way, because
the panels are so far apart. Even if this problem could be overcome, this design
could only lead to a structure with a poor packing efficiency, and so Design (a)
was taken no further.

The remaining concepts described in this section all have one common feature,
which shows a major departure from the wrapping fold pattern: all wings fold in
the same direction, in contrast with Design (a), where alternate wings fold up
and down. This is to ensure that the curved panels, when folded, can neatly nest
inside one another, and give a good packing efficiency.

8.1.2. Design (b)

Design (b) was the first design considered where all of the wings fold in the same
direction, and because of this, there are no points on adjacent panels which are
coincident before and after folding. Compare this with Design (a) where the
points on adjacent wings that are coincident with a spherical joint are obviously
coincident before and after folding.

In order to reduce the mobility of the system, connecting bars are added be-
tween panels at the end of adjacent wings. Design (b) is again based on the
arrangement of panels shown in Figure 8.2, i.e. each wing having three panels.
Adjacent wings are connected together by a connecting bar which has a revolute
joint at one end, and a spherical joint at the other. One possible arrangement for
this bar is shown in Figure 8.6.

Consider the mobility of Design (b). For a design based on an n-sided hub,
there are 1 4+ 4n bodies (including the connecting bars), 4n revolute joints, and n
spherical joints. Hence, from equation 8.1

=(l+4n—-1)x6—-4nx5—-nx3=n

Therefore, the design shown in Figure 8.6, where n = 6, has a mobility of 6.
However this can be easily reduced to a mobility of 1 by a symmetry constraint. If
all the wings are forced to unfold concurrently, then this adds five extra constraints
to the system, and leaves it with a mobility of 1. These constraints could be added,
for instance, by coupling the motion of the revolute joints at the hub. All of designs
(b), (c), (d), assume this symmetry constraint, in contrast with the asymmetric

folding of Design (a).
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Figure 8.4. Simulated unfolding sequence for Design(a), assuming thin,
flat panels.
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panel 3

panel 2

panel 1

hub

Figure 8.5. Cross-section through a curved surface packaged according to
Design (a). Note the panels are folded back-to-back.

Part of the design process is to decide the position of the connecting bar. This
is done by ensuring that the system is strain-free both when folded and when
deployed. This process is described in detail for the selected design in Section 8.3.
Deciding the position of the connecting bar leaves some freedom for both the
position and orientation of the revolute hinge at its end. The plan was to choose
values for these parameters which allowed strain-free folding. However, a brief
investigation of the folding process for some of the various possibilities did not
show a strain-free path between the folded and the deployed configurations.

Because of the problems with finding a strain-free path, and more particu-
larly because, even if a solution were found, the antenna would not show a great
reduction in diameter during folding, this design was not developed further.

8.1.3. Design (c)

Design (c) is similar to Design (b), but makes use of a connecting bar which
has revolute joints at both of its ends. Because of the extra constraints that
such a connecting bar provides, five panels per wing can be used. This is shown
schematically in Figure 8.7. Note that Design (c) again has a mobility, M = n (for
an n-sided hub), which is reduced to M = 1 by cnsuring a symmctrical folding
path. Also, note that because five panels per wing are used, this system will
potentially show a large reduction in diameter during folding.

Again, one of the steps in the design process is to make sure the system is
strain-free both when folded and when deployed, and this again leaves freedom in
the positioning of the connecting bar. A brief investigation of the folding process -
for some of the possible positions of the connecting bar again did not show a
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Figure 8.6. Design (b): (i) Fully deployed, top view. (ii) Fully folded,
side view.
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Figure 8.7. Desigu (¢): fully deployed, top view.
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Figure 8.8. Two-bar model of one wing of the SSDA.

strain-free path between the folded and deployed configuration. However, it was
found that the strains induced during folding are much smaller than for Design (b).
Because of this, and also because of the potentially large packing efficiency, it is
this design that is developed further in Sections 8.2 and 8.3.

8.1.4. Design (d)

Design (d), on which very little work was done, was intended as a back-up to
Design (c). In Design (d), as in Design (c), the connecting bar has revolute joints
at each end, but Design (d) also has an additional revolute joint somewhere along
the bar. Because of this, and to keep the mobility during symmetric unfolding
equal to one, Design (d) has four panels per wing.

Because Design (d) has an additional hinge in the connecting bar, there is a
great deal of freedom during the design process, giving more potential for finding
designs which have suitable folding properties. However, the design does not have
as good potential packing efficiency as Design (c), and was not developed further.

8.2. Analytical Modelling of Design (c)

The SSDA is modelled using dual quaternions, based on the theory described in
Chapter 7. The first step in this analysis is to replace each body in the actual
system with its two-bar equivalent. As a symmetric folding mode is being consid-
ered, only one wing need be considered. The two-bar model for one wing of a flat
version of the chosen design of SSDA is shown in Figure 8.8. It shows an open
chain of bodies which connects the origin of coordinates at O to a point on the
end of the connecting bar at P.
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An important difference between this system and the robot arm modelled as
an example in Section 7.6 is that the SSDA consists of kinematically closed loops
of rigid bodies. The hinges shown in Figure 8.8 do not have complete freedom of
movement. Constraints must be imposed that the revolute joint at the end of the
connecting bar (at P) must be connected to the next wing. Because a symmetric
folding mode is being considered, the axis of the revolute joint on the next wing
is simply the equivalent axis on this wing rotated.

The method used to impose this constraint is best explained by considering
how it works if the connection between one wing and the next is by means of a
spherical joint (this method was first developed for the analysis of Design (a)).
The position of the point at the centre of the spherical joint is calculated in
terms of the angles rotated by the hinges connecting the six bodies that make up
the wing. The position of the point at the centre of the same spherical joint is
also calculated by similarly considering the next wing, but this time the point is
located on a panel, rather than at the end of the connecting bar. For a general set
of hinge angles, these two positions will be different, and it is possible to measure
a distance d between them. The hinge angles are varied until this d is reduced to
zero, when the two wings will be properly connected.

A revolute joint can be similarly modelled, except that it is now necessary to
specify a point and a direction on the two halves of the joint. It would be possible
to find a measure of the lack of fit between the two halves of the joint, and minimise
this. However, computer code had already been written for the connection of a
spherical joint. Therefore, a revolute joint is modelled as two spherical joints a
fixed distance apart (100 mm in this case), by ensuring that both spherical joints
are connected.

For the SSDA the above process was implemented by writing a FORTRAN
routine. This routine is passed fwesﬁsrameters, the hinge angles between every
panel on the wing, and also between the final panel and the connecting bar. The
routine returns the error in alignment at the revolute joint at the end of the
connecting bar, where it is connected to the next wing. The alignment error is
quantified as the mean square of the connection errors of the two spherical joints
used to model the revolute joint. The error that this routine returns is minimised
using the NAG routine E04JAF (NAG, 1990).

The SSDA has a mobility of one, and so only one angle on the wing can be
specified: the remaining five will be fixed by the above process. For a strain-free
motion, the minimum found should be zero. However, if the mechanism is being
forced through an impossible configuration, the minimum will be greater than

Z€ro.

8.3. Design Process

The previous sections have described how a general design was selected, and how
it was modelled analytically. This section describes in more detail how the final
detailed design of the SSDA, whose manufacture is described in Chapter 9, was

arrived at.
The SSDA model is made from glass-fibre. It was manufactured by being
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moulded over a parabolic aluminium antenna, which therefore fixed its dimensions.
The final SSDA model has a radius of 0.73m, and its shape is defined by the

equation
z = 0.405r2

where z is the height above the centre of the antenna, and r is the diameter,
both measured in metres. This gives the antenna a focal length/diameter ratio of
0.42. The outer edge of the antenna is 0.22m above its centre. The antenna is on

average 3 mm thick.
An early decision was made to design an SSDA having six wings.

8.3.1. Shape of Panels -

The first part of the design process is to consider the shape of the panels which
make up the antenna, i.e. how the parabolic surface should be cut up. The panels
are initially designed to ensure that the antenna has a compact folded shape,
without any consideration of the folding mode or the position of the connecting
bar. This initial design, however, is later modified to take account of these factors.
A number of design rules are used to determine the shape of the panels.

The first design rule is that the revolute hinge line between adjacent panels
should pass through the corners of the panels. If the hinge line passes above any
part of the panel, it requires either part of the hinge mechanism to protrude above
the surface of the antenna, or a complex hinge design. If the hinge line passes
through the panels some distance in from the corners, the parts of the panels
that are beyond these points would have to be specially shaped to avoid clashing,
which would interfere with the packing arrangement described below.

The second design rule is that all hinges between panels should be vertical
in the folded configuration, thus implying that all the hinges on one wing must
be parallel. This is a similar consideration to that used in Part II to design the
wrapping fold pattern. It would be possible to design an antenna where some or
all the hinge lines are not vertical when folded, but it would be difficult to achieve
a good folded shape.

Using the second design rule it becomes easy to consider the antenna in the
folded configuration. Allowing an equal spacing between panels, the folded con-
figuration is shown schematically in Figure 8.9. (Note that the panels are shown
as flat, to simplify the diagram.) From this configuration, the distance between
adjacent hinges on one wing, i.e. the width of the panels, is determined. These
widths are shown in Figure 8,11, In the final design the radial distance between
adjacent hinges in the folded configuration, the parameter u in Figure 8.9, was
3.5mm. This may seem small, but as the panels are curved, and actually nest
inside one another, it is actually fairly conservative. This spacing was modified to
allow a gap of 14 mm between the first and second hinge lines, to prevent collisions
between panels during unfolding. This spacing was decided in the light of results
from the unfolding simulations explained in Section 8.3.3. Also, the spacing was
modified to allow a much larger gap of 220 mm between the final hinge line and
the edge of the last panel, to leave room for the connecting bar.

Taking these considerations into account, and ensuring that the outside of the
antenna coincides with the edge of the last panel, the radius of the hub in the
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Figure 8.9. Schematic of folded SSDA, top view.

final design

original
hexagonal
hub
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Figure 8.10. (a) Final design of hub. (b) Detail around a corner

final design was 0.143 m, and the panels have widths of 0.143 m, 0.149 m, 0.158 m,
0.162m, and 0.201 m.

The hub has to be carefully designed to avoid problems at its verlices. If
the hub was simply a hexagon, the thickness of the antenna would cause a clash
between the first panel on one wing, and the second panel on the next in the
folded configuration. This is avoided by re-designing the hub to allow space for
the thickness of the first panel, as shown in Figure 8.10.

The next step in the design process is to decide, having fixed the hub design
and the widths of the panels, the exact position of the panels on the antenna. This
is done by numbering the ends of the hinge lines, as shown in Figure 8.11. The
numbering scheme seems strange, but allows for the definition of the connecting
bar in Section 8.3.2. These numbered points are then consecutively fixed in po-
sition as follows. Note that all of these points must lie on the parabolic antenna
surface.
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W =W, widths of panels &

11

panel 4

Figure 8.11. Numbering scheme for the points defining panels.

1. Points 1 and 2 are already fixed. Point 3 must lie on a line that passes
through the vertical when rotated about 1-2, i.e. line 2-3 must be perpen-
dicular to line 1-2. The distance of point 3 along this line is a variable

2. Point 4 is fixed on a line which is both parallel to 2-3, and at a distance w;
away from it. w; is the width of panel 2. The position of point 4 along this
line is a variable

3. Point 5 is now completely fixed as it must lie at the point of intersection
between a line parallel to 2-3 and passing through point 4, and the surface
of the paraboloid.

4. Points 6 and 7, and 10 and 11, and point 16, are fixed in the same way as
points 4 and 5.

It may appear that there is a great deal of freedom in the SSDA design, as the
position of a number of points can be varied. However, it must be remembered
that this is one of six identical wings, which together must cover the antenna
surface. Therefore the variable parameters must be optimised to give a design
where adjacent wings come close to matching. The whole process was encoded as
a MATLAB (MathWorks, 1992) routine, where these parameters could be varied,
and a plot of thc panel design produced. This was run a number of times to
achieve a good match between adjacent panels. The final design is shown in
Figure 8.12. This shows that, where gaps between adjacent wings would have
occurred, material has been added to one or other of the wings. This gives panels
with more than four sides, but does not affect the folding in any way. The position
of the points is given later in Table 8.1, which also gives the position of the
connecting bar.
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Figure 8.12. Final panel design.
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Figure 8.13. Joint numbering for connecting bar.

-

8.3.2. Positioning of the Connecting Bar

Having configured the panels of the SSDA, the next step is to fit the connecting
bar. One end of the connecting bar is fixed, by a revolute joint, to panel 5 on one
wing. The other end of the bar is connected, by a revolute joint, to panel 4 on the
next wing. While it is feasible to connect the other end of the bar to panels 3 or
5 on the next wing, difficulties occurred with both of these choices. A schematic
diagram of the numbering scheme used to define the position of the connecting bar
is shown in Figure 8.13. The coordinate system used for the analysis is also shown
in the figure. The position of points 1-7, 10, 11 and 16 have already been defined
in the previous section. Points 12 and 13 define the revolute joint connecting
panel 5 to the connecting bar. Points 14 and 15 define the revolute joint at the
other end of the connecting bar. Points 8 and 9 define the revolute joint where the
connecting bar from the previous wing is attached. As a symmetric mechanism is
being considered, points 14 and 15 are simply points 8 and 9 rotated about the
centre of the hub by «/3 radians.

Points 8 and 9, and 12 and 13, cannot be placed with complete freedom. A
number of conditions must be fulfilled. Firstly, it is essential that the connecting
bar should fit the antenna, both when open and when folded. Secondly, it is
desirable that the points do not lic far from the antcnna surface, so that the
connecting bar should not hinder the efficient packaging of the panels. To fulfil
this, both points 8 and 12 were defined to coincide with the antenna surface.
Thirdly, point 12 must be placed so that the connecting bar can rotate from its
open to its closed configuration without interfering with panel 5. This can be
done by ensuring that point 12 is on the outer edge of the antenna.

The positioning of the connecting bar was analysed by means of a FORTRAN
routine, design.f. The routine is passed information about the antenna surface
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and 15 parameters which can be varied. It returns 15 parameters which are
measures of constraint violation; the 15 constraints are derived from thc conditions
the antenna has to fulfil. When all of these output parameters return zero, an

acceptable design has been calculated.
design.f can be ‘solved’ by the NAG routine COSNJF (NAG, 1990). COSNJF is

designed to simultaneously solve a number of non-linear equations. COSNJF varies
the 15 inputs to design.f until the 15 conditions return zero.
The 15 variable parameters passed to design.f are:

1-5 The rotation of the 5 hinges between panels, from the open to the folded
configuration.

6 The rotation of the hinge between panel 5 and the connecting bar, from the
open to the folded configuration.

7-9 The cartesian coordinates of point 8 in the open configuration.
10-12 The cartesian coordinates of point 9 in the open configuration.
13-15 The cartesian coordinates of point 13 in the open configuration.

A number of constants are also passed to design.f. They include the coor-
dinates of points 1-7, 10, 11, and 16, which are already known, and a number
of design parameters. The design parameters are the coordinates of point 12,
the angle at which hinge 12-13 lies from the z-y plane, ¢, and the z-coordinate
of point 8, 8z. Different values of these parameters produce different designs of
antenna.

The routine design.f calculates the position of all points after folding, and
returns 15 values, such that when these 15 values are zero, the 15 parameters
which have been passed specify a satisfactory design. This is an antenna that not
only fits together when folded, in the way shown in Figure 8.9, but also satisfies
the design parameters (e.g. the z-coordinate of point 8).

The 15 values which design.f returns are given below.

1 Distance from point 3, when folded, to a radial plane through the vertex of
the hub. This distance is zero if the folded shape is as-shown in Figure 8.9.

2 Distance from point 4, when folded, to a radial plane through the vertex of
the hub, see (1).

3 Distance from point 6, when folded, to a radial plane through the vertex of
the hub, see (1).

4 Distance from point 10, when folded, to a radial plane through the vertex
of the hub, see (1).

5 Distance from point 16, when folded, to a radial planc through the vertex
of the hub, see (1).

6 Difference between the z-coordinate of point 8, and that specified by the
design parameter.

123




SSDA DESIGN

7 Distance from point 8 to the antenna surface, which should be zero

8 Distance from point 9 to point 8 minus 100mm. This difference should
be zero, because the distance bétween the two spherical joints defining a
revolute joint is defined to be 100 mm. This condition also includes a penalty
formulation to ensure that 9z > 8z else there would be two possible positions
for point 9.

9 Distance from point 13 to point 12 minus 100 mm, see (8). This condition
also includes a penalty formulation to ensure that 13z > 12z.

10 Difference between the angle of line 12-13 and the z-y plane when the an-
tenna is open, and that specified by the design parameter, ¢. This difference
should be zero.

11-13 Differences in the cartesian coordinates of point 8 when folded, and rotated
about the hub by 7 /3 radians, and the cartesian coordinates of point 14 when
folded. This difference should be zero, as the points should coincide.

14-15 Differences in the coordinates of point 9 when folded, and rotated about
the hub by 7 /3 radians, and the coordinates of point 15 when folded. Only
two conditions need be fulfilled for this, as points 8 and 9, and points 14
and 15, must be the same distance apart.

Thus the routine design.f and the NAG routine COSNJF calculate a design
for the antenna which fits together both when open, and when folded. It is
possible to vary the design using three design parameters. These are, in the open
configuration:

1. How far round the circumference of the antenna point 12 is placed, which
can be defined by its y-coordinate, 12y.

2. The z-coordinate of point 8, 8z.
3. The angle of the hinge-line 12-13 from the z-y plane, ¢.

For any sensible choice of these three parameters, a design can be produced.
However, the design is guaranteed to fit together only when open and when folded.
It is necessary to simulate the folding process to consider what happens between
these two extremes.

8.3.3. Unfolding Simulation

The SSDA has a mobility of one. Therefore, performing a simulation of the
folding process requires that, at each stage, the angle of one revolute joint is
fixed. It should then be possible to calculate the other five angles to ensure that
the mechanism still fits together. For all the simulations described here, the angle
fixed is the angle between panel 5 and the connecting bar. This is for two reasons.
The first is that this choice produced successful results for the simulation. The
second reason is that, in the manufactured antenna described in Chapter 9, it is
this hinge that is motorised.
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The simulations were performed using a F ORTRAN routine, unfold.f. This
routine is passed six parameters, #,—0¢, which are respectively the 5 angles between
panels, and the angle between panel 5 and the connecting bar . unfold.f returns a
single value which is the sum of the squares of the errors at the two spherical joints
used to simulate the revolute joint at the end of the connecting bar (as described
in Section 8.2). This value takes into account both positional and angular errors.

At each step during the simulation, the value of 6, is fixed, and the other values
0,-05 are found. This is done by the NAG routine E04JAF, a minimisatioh routine.
It varies the angles 6;—05 to find a minimum in the error returned by unfold.f.
If the antenna fits together at all stages, and thus remains a mechanism, this
minimum will be zero.

Unfortunately, none of the designs tried remained a mechanism during the
folding process. This destroys many of the assumptions used to set up the simula-
tions. The antenna is required to deform during folding, and correctly modelling
this would be much more complex. Despite this, the method is still useful, and
was used to design the prototype antenna described in Chapter 9. However, the
emphasis on what is being done now changes. It is no longer a correct simulation
of the kinematics of deployment. It is now an attempt to prove that a path ex-
ists between the folded and deployed configuration which does not require large
deformations. The system is effectively being modelled as rigid apart from the
hinge between the connecting bar, and panel 4 on the next wing, where an er-
ror is allowed, as explained above. This error is minimised at each stage of the
folding process. Thus, during folding, a plot of error is produced. The various
design parameters mentioned in the previous section can be varied to produce new
plots. The next section explains how these parameters were varied to produce an
optimum design.

Each simulation in fact models the antenna unfolding. Each of the angles,
0,—0¢, starts at their folded values (found from design.f). 6; is reduced to zero
in steps, and at each stage the best set of angles 6,~0s is calculated. None of
the angles are allowed to become less than zero, as this is not allowed on the
manufactured antenna. Also, a ratchet mechanism is simulated so that each angle
can only go towards zero, to aid convergence. This may not occur in practice, but
the aim is to show the existence of a low-deformation path between the folded and
deployed configurations. If necessary a practical antenna could be guided towards
such a path by spring-loaded joints.

8.3.4. Optimisation

From the sections above, it is possible to design a number of SSDAs by varying
the position of the correcting bar. However, none of the designs investigated fit
the ideal of a strain-free folding. Given this, the best approach is to design an
SSDA which undergoes the smallest possible deformation during folding.

What is required is an optimisation process. Three parameters can be varied:
12y, the y-coordinate of point 12; 8x, the z-coordinate of point 8; &, the angle
hinge 12-13 makes with the z-y plane (¢ is positive above the plane). The 3
parameters are defined in the configuration when the antenna is deployed.

Specifying the parameters 12y, 8z, and ¢ fixes the design of the antenna.
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By varying 8z, 12y, and ¢, an antéenna must be designed which undergoes the
minimum deformation during folding. Deformation is measured in the sense of
the previous section, i.e. as if it were all concentrated at one joint. Although this
is obviously unrealistic to obtain the exact folding process, an antenna showing
small deformations by this measure will only have to undergo small, distributed
deformations in practice. This approach is validated by the antenna manufactured
in Chapter 9.

The optimisation technique was was fairly crude. A grid of the variables 12y
and 8z was generated. At each point on this grid, the value of ¢ was varied to find
the value which gave the smallest deformation during unfolding. The deformation
was measured by the simulation process described in the previous section, with ¢
being reduced to zero in 20 steps. This resulted in a grid of values of maximum
deformation during unfolding, for varying coordinates 8z and 12y. From this grid
the lowest value of deformation was chosen.

Figures 8.14-8.19 show typical values obtained during the optimisation pro-
cess. Figure 8.14 shows the deformation, and Figure 8.15 the folding angles, during
the unfolding simulation when 8z = 0.500m, 12y = 0.000m, and ¢ = 0.02rad.
This is not the optimum value for 8z and 12y, but is the optimum ¢ for this par-
ticular value of 8z and 12y. The deformation plot consists of two peaks. The end
of the first peak corresponds to a jump in the value of some of the hinge angles,
particularly 6,. This peak appears to correspond to the mechanism being forced
through an impossible position. The second peak occurs when a number of the
hinges have been reduced to their minimum value of zero, and hence have reduced
the mobility of the mechanism.

Figure 8.16 shows the deformation, and Figure 8.17 the folding angles, during
the unfolding simulation when 8z = 0.382m, 12y = 0.251m, and ¢ = 0.10rad.
This is the optimum value found for 8z and 12y, but not for ¢. Note that this
design has point 8 on the edge of panel 4, and point 12 corresponding with point
16. The deformation plot again consists of two peaks. Now, however, the first
peak has almost disappeared.

Figure 8.18 shows the deformation, and Figure 8.19 the folding angles, during
the unfolding simulation when 8z = 0.382m, 12y = 0.251 m, and ¢ = 0.34rad.
This is the optimum value found for all parameters. The deformation plot again
consists of two peaks. These peaks are now, however, very much reduced. The
maximum value of deformation of 0.0005 m? corresponds to an error at the con-
necting bar hinge of 22 mm, compared with the overall diameter of the antenna
of 1.46 m. This amount of deformation should easily be accommodated within
the panels, and it was on this design that the final SSDA design was based, as

described in the next section.

8.4. Final Design

This section describes the final design of SSDA, the mannfactnre of which is
described in Chapter 9. Table 8.1 gives the position of all of the design points,
shown in Figure 8.13, for this design. The design was arrived at by using the
design process described in Sectlion 8.3.
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Figure 8.14. Deformation of SSDA where 8z = 0.500m, 12y = 0.090 m,
# = 0.02rad, during unfolding.
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Figure 8.16. Deformation of SSDA where 8z = 0.382m, 12y = 0.251m,
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4 r y T

unfolding

8, (rad)
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Figure 8.18. Deformation of SSDA where 8z = 0.382m, 12y = 0.251 m,
¢ = 0.34 rad, during unfolding.
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¢ = 0.34rad, during unfolding. 129
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Table 8.1. Position of all points (all dimensions in m)

| Point no. || z-coordinate | y-coordinate | z-coordinate |

1 -0.042 -6:117 0.006
2 0.081 -0.117 0.008
3 0.083 -0.219 0.022
4 0.228 -0.044 0.022
5 0.231 -0.287 0.055
6 0.376 0.059 0.059
7 0.382 -0.386 0.120
8 0.426 -0.132 0.073
9 0.526 -0.134 0.069
10 0.522 0.131 0.117
11 0.530 -0.455 0.198
12 0.686 0.251 0.216
13 0.767 0.304 0.241
14 0.327 0.303 0.073
15 0.379 0.388 0.069
16 0.686 0.251 0.216

-

The design described here is slightly different from the optimum described in
Section 8.3.4. This is because, in order to prevent the connecting bar from colliding
with panels during folding, it is necessary for the hinge axis to be some distance
below the the antenna surface. Therefore, the hinge was initially placed further
along the same hinge axis, which placed it on the other side of the panel (next
to panel 5), 40mm below the antenna surface. The design was finally changed
slightly from this to allow a little extra space, and the hinge is in fact 50 mm below
the antenna surface.

A more detailed simulation was performed to check for collisions between pan-
els, and between panels and the connecting bar. Obviously, this simulation is
subject to the errors inherent in a model where the deformation is concentrated
in one place. However, as the deformation in the chosen design is small, this
should make little difference. This is verified by comparing the final simulation
results with the actual deployment, as shown in the next chapter.

The position of a large number of points on the antenna, both on the front and
the back face, were calculated as the antenna unfolded. The antenna was then
displayed using a MATLAB routine, and by looking at the antenna from various
positions in space, collisions between panels were checked for. ‘I'he design followed
an iterative process. Larger gaps between the folded panels were introduced, as
mentioned in Section 8.3.1, to avoid collisions. Also, a non-straight connecting
bar was introduced, also to avoid collisions.

Four views from the simulation of the final design of the SSDA unfolding are
shown in Figures 8.20-8.23.
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Figure 8.20. Simulation of the deployment of the SSDA: fully folded.
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Figure 8.21. Simulation of the deployment of the SSDA: one-third de-
ployed.
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Figure 8.22. Simulation of the deployment of the SSDA: two-thirds de-
ployed.
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8.5. Concluding Remarks

This chapter has explained how the SSDA, whose manufacture is described in the
next chapter, was designed. The design process relies heavily on the tools based
on dual quaternions described in Chapter 7.

Dual quaternions were used in the design process in two ways. Firstly, they
were used to design the position of the connecting bar, and to determine how the
antenna fitted together when folded. For this they were entirely successful. It was
necessary to have a method where the position of the parts of the system could
be calculated, for an arbitrary position of the hinges of the system.

The second use of dual quaternions was to simulate the folding process, and
here the method is less suitable. For a purely kinematic simulation there is no
problem with the method, although the solution process for a closed chain could be
considerably improved. The method is much less suitable for simulations where
the system does not remain a strain-free mechanism, but requires deformation
of panels. The method was not designed for this purpose. However, although
the method of simulating the folding process was greatly simplified, this has the
advantage of reaching a solution quickly, which is particularly important in an
optimisation setting.

A more realistic simulation would require additions to the theory outlined in
the previous chapter. Dual quaternions could be included in the simulation to
describe the deformation of the panels, which could lead to a more realistic sim-
ulation. An alternative solution would be to use commercially available software
for the simulation, such as MECANO (Geradin et al., 1989). An improved sim-
ulation could then be used to give a much better measure of the deformation
of the antenna, e.g. the maximum strain energy during the unfolding, and this
could form the basis of an optimisation, but the computational cost is likely to be
prohibitive.
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9. MANUFACTURE AND TESTING OF SSDA

A model was made of the SSDA whose final design is described in Section 8.4. A
photograph of the final model is shown in Figure 9.1. This model is meant to prove
the viability of the concept discussed, and not to be a development prototype for
space hardware. There are a number of features which would not be acceptable
for a real antenna; these areas would of course be changed in a better prototype.
Sections 9.1-9.4 describe different aspects of the model, and also mention how
each aspect may be changed on actual flight hardware. Section 9.5 briefly describes
the simple testing that has taken place, and Section 9.6 concludes the work on

the SSDA.

9.1. Antenna Surface

The antenna surface is made of 3 mm thick glass-fibre. It was made by moulding
the glass fibre over an existing aluminium antenna. A base was added, in the
form of an aluminium annulus, to what would eventually become the hub. It was
fastened to the centre of the rear of the antenna using an epoxy, Araldite.

A large number of points were marked onto the glass-fibre surface. These
points not only included the corners of each of the panels, the coordinates of which
are given in Table 8.1. They also included the positions where other hardware was
bolted to the surface, e.g. hinges and hinge stops (see Section 9.2). The points
were marked on the surface using a pen fitted to an arm on a Kearns Horizontal
Boring Machine in the Cambridge University Engineering Department workshops.
This machine could accurately position the pen in space, and so mark the correct
coordinates.

The hinges which connect the panels together (described in more detail in
Section 9.2) were accurately bolted to the uncut surface. The surface was then
cut into panels using a woodworking jigsaw. The cuts between panels were not
made accurately, as they are neither important to the kinematics of deployment,
nor to the way the antenna fits together when folded. These properties depend
on the positions of the hinges.

In practice, of course, the antenna surface would not be made from glass-fibre.
It would probably be made using a honeycomb material of e.g. aluminium or
Kevlar, with the front face metallised to form a reflective surface. This would
give a much lighter structure for a given required stiffness.
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Figure 9.1. Model of SSDA, showing anti-gravity system.
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Figure 9.2. Typical hinges between panels.

9.2. Hinges Between Panels

The hinges between panels are simple brass hinges which were bought in a local
hardware shop. These hinges are bolted on to the front of the antenna. Typical
hinges on the antenna surface are shown in Figure 9.2. ’

The hinges could not simply be bolted directly to the antenna surface. All con-
nections between panels, except between the first and second panel, were made
using two revolute hinges. The axes of these hinges must coincide with the as-
sumed hinge axis, which passes through the corners of the panels. This is shown
schematically in Figure 9.3. In order for this to be achieved, appropriately sized
wedges of Al-alloy were manufactured to fit beneath the hinges.

The hinges were positioned on the antenna surface by accurately marking the
positions where the bolts holding the hinge to the surface pass through the surface.
This was done as mentioned in the previous section. These holes were drilled, and
the hinges positioned, before the antenna was cut into individual panels.

It was found that for the hinges near the hub it was not possible for the hinge
axis of the brass hinges to lie on a hinge line passing through the corners of the
hub. This was because the offset of the axis of the brass hinges was too great for
it to be hidden by the curvature, as it is in Figure 9.3. To avoid this problem,
all hinge axes on the surface were raised by 3mm. This avoids any change in
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Figure 9.3. Hinges lying on the hinge line.
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the kinematics or the folded shape of the structutre, and is equivalent to having a
surface 3 mm thicker. The change was accounted for in the simulations by making
the antenna 3 mm thicker, so the back face of the computer model and the back
face of the practical model coincide.

Hinge stops were also added to the modél. These are small lengths of alu-
minium angle which are bolted to the rear of the panels at hinge lines. They were
added to the surface before it was cut into panels, and they prevent the hinge
from rotating past its deployed configuration.

In practice it would be necessary for the hinge mechanism not to interrupt the
antenna surface. A simple way of achieving this would be for the hinges to consist
of two spherical joints, one at each end of the hinge line. This would require
minimal protrusion onto the antenna surface, and would eliminate any potential
problem in aligning two revolute hinges.

9.3. Connecting Bar

The connecting bar connects panel 5 on one wing to panel 4 on the next. It is
connected via a motorised revolute joint to panel 5, and a passive revolute joint to
panel 4. The connecting bar is made of aluminium tube with an outside diameter
of 16mm, and a wall thickness of 0.5mm. It can be seen in both the photograph
of the passive joint in Figure 9.4, and of the motorised joint in Figure 9.5.

The passive revolute joint connecting the bar to panel 4 is again a simple brass
hinge. The hinge is connected to panel 4 by an aluminium bracket. This bracket
was carefully manufactured to ensure that the axis of the hinge is where it was
designed to be. The bracket is connected to the panel by carefully positioned holes
on the surface, which were marked as described earlier. The hinge is connected to
the connecting bar through a rectangular aluminium block, in which a hole had
been drilled to correctly orient the connecting bar. A photograph of the complete
passive hinge mechanism is shown in Figure 9.4.

The connecting bar is attached to panel 5 by a motorised hinge. The connect-
ing bar is initially connected through a carefully oriented hole in a rectangular
aluminium block. This block can be rotated about the hinge axis by a heavily
geared-down electrical motor. The whole active hinge assembly is attached to
the panel by carefully positioned holes in the surface, which were marked as de-
scribed earlier. A photograph of the complete active hinge mechanism is shown
in Figure 9.5.

On a practical antenna, the connecting bar could be a very similar system,
although more carefully engineered. A more carefully designed connecting bar
could allow for a tighter packaging of the antenna when folded. The method
of driving the mechanism, having distributed motors around the circumference of
the antenna, is very similar to that utilised on the Hoop-Column Antenna (Camp-
bell et al., 1988). If required, the motorised hinges could easily be replaced by
some other driving mechanism, e.g. a spring-damper system, or a hinge driven
by memory-metal alloy. There is potential for considerable redundancy in this
wethod of driviug the antenna. If a symnnetric iechanisin was ensured passively,
e.g. by synchronising all of the revolute joints connected to the hub (this is done
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Figure 9.5. The connecting bar active hinge mechanism.
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on the TRW Sunflower), then it may not be necessary for all the connecting bars
to be driven by motors.

9.4. Anti-Gravity System

The model antenna surface is too flexible to retain a good parabolic shape when
cut into panels. In order to test the antenna, an anti-gravity system is required.

In order to correctly simulate zero-gravity, every body should be supported at
its centre of gravity. However, this would be too complex for this early model.
Instead, each wing has its own anti-gravity system. A wire is attached to the
surface, and runs over a pulley to an appropriate weight. The pulley itself is on a
rotating bar, to allow it to remain approximately above the point on the surface
where the wire is attached during deployment. The wire is attached to the surface
on panel 5, close to the motorised hinge assembly. This is because this assembly
represents a significant part of the weight each wing has to carry. The anti-gravity
system can be seen above the antenna in figure 9.1.

9.5. Testing

The only testing that has been performed on the model has been to show that
it can deploy and fold. The model is deployed and folded by simultaneously
turning all the motors connected to all six wings. This ensures a symmetric
folding/unfolding path. The model has been deployed and folded a number of
times without problems.

A single deployment can take as little as 30s. Four views from a deployment
are shown in Figures 9.6-9.9. These views are very similar to the ones produced
by the simulation of the final design, shown in Figures 8.20-8.23. This validates
the simplified modelling approach for this antenna.

During the deployment, there is some evidence of both the peaks in deforma-
tion predicted by the simulation, and shown in figure 8.18. During deployment,
when the antenna reaches the first peak, where the simulation predicts a jump in
the angle of the hinges connected to the hub, these hinges do in practice quickly
start to open. Also, where the simulation predicts a second peak in deformation,
the antenna shows a small snap-through to the final, deployed, configuration.

The model SSDA deploys entirely successfully, with no manual intervention
required. However, the antenna does not fold so well. During folding, when the
antenna teaches the last peak in deformation predicted by the simulation (i.e. the
first reached during deployment), the antenna starts to follow an incorrect path,
and manual intervention is required for it to fold correctly. No studies were done
on the retraction of the antcnna. If an antcnna was required which could both
deploy and retract, then some design changes would have to be made to ensure
that the correct path was followed during folding.

The final model antenna is 1.48 m in diameter (slightly larger than assumed in
the design). When folded, it fits into a cylindrical envelope, 0.55m in diamcter,
and 0.80m long. Defining the initial antenna diameter as D, and the final package
dimensions as diameter d and length [, this gives a d/D ratio of 0.37, and an [/ )
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Figure 9.6. Deployment of SSDA: fully folded.
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Figure 9.8. Deployment of SSDA: two-thirds deployed.

146



Dl

SSDA MANUFACTURE AND TESTIN

G

k)

Figure 9.9. Deployment of SSDA: Fully deployed.

147



SSDA MANUFACTURE AND TESTING

Table 9.1. Comparison of packaging for various deployable antennae.

| Concept | d/D|1/D |
SSDA (current model) 0.37 | 0.54
SSDA (with simple improvements) || 0.29 | 0.50
TRW Sunflower 0.44 | 0.37
TRW Extended Sunflower 0.29 | 0.43
ESA/Dornier DAISY/MEA 0.36 | 0.51

ratio of 0.54. With more careful design of the connecting bar, and less conservative
gaps between panels, a very similar antenna could fit into a cylindrical envelope
0.43m in diameter, and 0.74m long. This then reduces the packaging ratios to
d/D = 0.29, and /D = 0.50.

9.6. Conclusions

This chapter has shown a successful demonstration of the concept of the SSDA.
Table 9.1 compares the SSDA with other published concepts of deployable anten-
nae based on solid panels. Also included are figures for an improved SSDA, which
could now easily be manufactured with the experience of the making the original
model, by using less conservative design. The other concepts used for comparison
are the TRW Sunflower concept (Archer & Palmer, 1984), and the ESA/Dornier
DAISY/MEA concept (Specht, 1990). Also included are figures taken from a
drawing in Hedgepeth (1989) of the TRW Extended Sunflower. It is difficult to
make comparisons with this concept, as it is not clear how it works. It does,
however, rely on 55 panels, considerably more than any other concept.

The most critical dimension of a payload is generally its diameter, and hence
the parameter d/D is the most important packaging ratio. By this measure, the
SSDA, even in its present primitive form, packs as well as the DAISY/MEA
concept, and considerably better than the TRW Sunflower. With some sim-
ple improvements, the SSDA would show a much better packing ratio than the
DAISY/MEA, and be equal with the Extended Sunflower. Note, however, that the
DAISY/MEA concept has a much more complex deployment mechanism, while
the Extended Sunflower relies on a very large number of panels, and an unknown
-deploymen: mechanism.

In terms of packaged length, the SSDA is similar to the DAISY/MEA, and
worse than both TRW Sunflowers. However, the SSDA has one important advan-
tage, because it allows for more usable space for other equipment when folded.
The other concepts fold entirely in front of the mechanism hub, and so all of the
space within their packaged envelopes cannot be used for other purposes. With
the SSDA, half of the antenna folds by wrapping around empty space at the rear
of the hub. This space could then be used for other equipment, e.g. the antenna
pointing mechanism, or other parts of the satellite. -
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10. CONCLUSION OF DISSERTATION

This dissertation has developed a number of new concepts for use as deployable
structures. Each concept has undergone some preliminary development and anal-
ysis to prove its viability. A common conceptual approach has been followed for
much of the dissertation. For the design of the SSDA, and for both the geo-
metric and computational modelling of foldable cylinders, no attempt was made
to develop a model which exactly reproduced the real behaviour of the system.
The approach was to find an appropriate simplified model which reproduced the
important aspects of the system.

Each concept has been developed as generally as possible, mostly without
reference to any specific end uses. The following three sections considers how
each of the concepts developed in this dissertation may be used, and how practical
issues relating to their use may be resolved. It is hoped that the lists of potential
applications are not complete. The concepts have been developed in a non-specific
way in the hope that this may inspire new applications.

10.1. Foldable Cylinders

Foldable cylinders are the most abstract of the new ideas developed in this dis-
sertation. There are a number of potential application for foldable cylinders, and
Chapter 5 took some steps in considering the practical issues relating to two of
them.

The first, and most obvious, application of foldable cylinders is as a protective
sheath around deployable booms. Such sheaths are necessary to protect thin
walled booms from the effects of thermal shock. For this, the concept has two
advantages over other systems. Firstly, a foldable cylinder is a developable surface.
This means that it can be made from an extruded tube which is folded in the
correct places. This eliminates one of the problems with a bellows type structure,
where a large number of joins have to be made by e.g. ultrasonic welding, in a
difficult and costly manufacturing process.

The second advantage of foldable cylinders is that they unfold, in an entirely
predictable way, into a structure with stiffness and strength. It is always an
advantage in deployable structures design to be able to predict what will happen
during deployment, to prevent potential problems of fouling during deployment
or retraction.

Another potential application of foldable cylinders is as a collapsible fuel tank.
The fuel tank collapses as fuel is used, so that the fuel within the tank is always
in a known place. This is an advantage for e.g. the attitude control of spacecraft.
The concept is particularly apt for hydrazine, a highly corrosive rocket fuel which
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reacts with rubber seals. It may also be possible, by varying cylinder parameters,
for the fuel tank to pressurise the fuel. This is discussed below.

A possible use of foldable cylinders further in the future is as deployable vol-
umes. These have a number of potential uses, such as living habitats for space
flight, or as space hangars (Cox & Nelson, 1982).

A number of further applications for foldable cylinders may be opened up
by some adjustment of the parameters defining the cylinders, so that they are
no longer strain-free both in the open and closed configurations. This alteration
was suggested by the geometry plots of Chapter 3. It may give the potential for
cylinders which release strain energy to open automatically, and thus become de-
ployable booms. These booms would have the potential to carry sensitive services,
such as gas pipes or data cables, within them, in a protected environment. It may
also be possible to have cylinders which automatically fold, and could be used to
pressurise fuel in a collapsible fuel tank, thereby eliminating the need for pumps.
If these cylinders folded by forming a transition zone, the pressure supplied to the
fuel would remain constant during collapse.

Another possible area of work is the application of the geometrical methods
developed in Chapter 3 to other systems, specifically coilable masts. The design of
coilable masts appears not to be well understood, and this method may give some
valuable insights into how coilable masts work, and how they may be designed.

10.2. Wrapping Fold Pattern

The obvious application of the wrapping fold pattern is as a solar sail. This is
how the present interest in this concept began. Many of the practical issues of
using the pattern as a solar sail have been considered by Cambridge Consultants
Ltd. (1989). The concept could also be used in other applications where a large
area in space is required, such as to provide solar power.

The work on the fold pattern itself is not complete. No consideration has
been given to the degenerate case mentioned in Section 6.2.2. This could lead to
fold patterns where the membrane is folded into a conical shape, which may be
useful to fit inside the nose cone of a launch vehicle. Another area that is worth
investigating is the use of the extra fold lines called minor folds by Scheel (1974),
and shown in Figure 2.3. These limit the packaged height of the membrane, and
thus may be useful in packaging a membrane within a certain fixed shape.

10.3. Solid Surface Deployable Antenna

This dissertation has developed a new type of deployable reflector, the SSDA. The
design philosophy behind this antenna is to keep the detailed mechanical design
as simple as possible. Thus, although the geometry and the overall design process
is complex, the final antenna relies only on simple revolute joints. To develop the
SSDA into a flight-ready mechanical design would not require new technology;
the level of technology would certainly be simpler than that required by, e.g., the
MEA reflector.
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The SSDA described in Chapter 9 is simply a proof of concept of the idea. A
number of elements could be changed, while still utilising the same basic design.
A more advanced optimisation may improve the positioning of the connecting bar,
and the packing could be improved with less conservative design. The actuators,
which would not have to be motors, could be placed elsewhere in the system. A
coupling of the joints at the hub would lead to a system with considerable re-
dundancy. The choice of six wings was completely arbitrary, and another number
may be found to be optimum.

Major changes could also be made to the SSDA. Examples include applying the
same concept to an offset parabola. There are no fundamental problems with this,
but the design process would become more complex due to the lack of symmetry.
Also the concept could be extended to larger reflectors by having more than five
panels and more than one connecting bar per wing. There is no fundamental limit
to how far this may be taken, theoretically allowing any packing efficiency to be
achieved. This contrasts with other, existing concepts.
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