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Title
Active Reconfigurable Stretch Forming

Technical Field

In a first aspect the invention is an active reconfigurable stretch forming tool,
and in another aspect the invention is a method of stretch forming. The tool and
method are useful in the forming of three dimensional shapes in solid sheet metal or
mesh, to produce panels for reflector antennas.

Background Art
The manufacture of accurate antenna panels remains one of the most difficult
and labour intensive aspects of large-scale reflector antenna manufacture, and one that

has a significant impact on antenna performance.

A number of methods have been employed in the manufacture of antenna
panels. Some of these methods aim for high-accuracy construction at the expense of
speed and cost, while others are more suited to mass manufacture of less accurate parts.
Some of the more widely used methods are outlined below:

Bed of Bolts

The “bed of bolts” methods involves laying sheetmetal strips over an array of
adjustable bolts attached to a large flat table. The bolts are adjusted in height to
represent the curvature required.

Strips of sheetmetal sufficiently narrow to take the required curvature with only
elastic deformation are laid across the tops of the bolts and are then pulled down by
vacuum bagging. Whilst the strips are held in shape by a modest vacuum, a rigid
backing structure is bonded to the open side, to hold the strips permanently in the
formed shape. |

While this method produces highly accurate panels of any desired shape, the
presence of elastic deformation stresses in the material requires a closely spaced array
of backing members to hold the panel in shape. The vacuum used to hold the panel can
lead to shallow regularly spaced dimples between the bolts, and the regular spacing of
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the backing members has been known to cause periodic ripples. Both of these issues
have caused problems with antenna grating lobes. The Bed of Bolts method is
described more fully in CSIRO's patent for rapidly setting the heights of the adjustable
bolts [1]. S

Press Forming '

Press forming involves compressing a sheet of material between shaped dies.
The material is deformed plastically so that it permanently retains the pressed shape.
Depending on the shape being produced, the material may be either plastically
stretched or compressed, or both, during forming. Some spring back or “recovery”
occurs after the pressing forces are removed, so the shape of the forming dies is not
necessarily the same as the shape of the completed pénel.

Forming an accurate shape free from wrinkles and buckles is complex and may involve
a large number of iterations to the shape and details of the forming dies. The dies are
typically made from hardened tool steel, are large and expensive, and may only
produce one shape each, Large presses up to many hundreds of tonnes in capacity are

required to operate the dies. However, once the dies have been proven, production of

repetition parts is extremely fast.

Hydroforming

Hydroforming involves stretching a flat panel into a shaped die under hydraulic
pressure. The material then retains the shape of the die. Like press forming, the
material will recover to some degree after forming. The hydroforming process for
manufacture of antenna dishes has been put to commercial use by Anderson
Manufacturing Inc. in the United States.

Hydroforming dies are large, but simple in comparison to press form dies, and
may be made from soft materials or backed with polymer filling compounds to simplify
shaping. No large press is required. Extremely large panels may be produced, but the
die, once corrected and proven, will only produce parts of one shape, and variations in
the properties of the workpiece material may affect the repeatability of the recovery
after forming,.

Recent efforts in the United States aimed at developing antenna solutions for
radioastronomy have resulted in the successful hydroforming of numerous 6 metre
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dishes for the Allan Telescope Array, and investigations into hydroforming reflectors
with a diameter of 12 metres are continuing, '

Stretch Forming

The term Stretch Forming covers a number of areas of metal forming, fromthe
shaping of curved beams to the shaping of panels for aircraft and automotive bodies.
Like press forming and hydroforming, a shaped die or stretch form tool is required.

In the case of stretch forming of sheet material, the sheet is strongly gripped
along two opposing edges and supported above a shaped form block. The form block
is then driven up underneath the tightly stretched sheet (or the grippers move
downwards), until the shape of the form tool is reproduced in the material, in a manner
similar to stretching a sheet of thin rubber over, say, a football. This is illustrated in
Fig. 1. In Fig. 1(a) a sheet of material is shown gripped above a form block for
stretching. In Fig. 1(b) stretching load is applied by the grippers and the form block is
moved relative to the sheet to the point of contact. In Fig. 1(c) forming is complete.

The simultaneous application of stretching and forming forces significantly
reduces, and can almost eliminate, the shape recovery of the material after forming.
The mechanism through which this is achieved is illustrated in Fig. 2.

In Fig. 2(a), a piece of material has been deformed by application of a bending
load. Tensile and compressive stresses are generated within the material as it is bent.
These stresses increase in magnitude towards the outside faces of the material and there

is a neutral axis in the centre where no tensile or compressive stresses exist.

All materials will recover elastically to some degree after plastic deformation, in
a direction opposing that of the applied deformation stresses. In this case the uneven
distribution of stresses will cause the material to straighten slightly after the bending
load is removed, and the final curvature will be noticeably less than intended.

In Fig. 2b, the material has been both bent and stretched along its own axis. If
the stretching load is sufficient to cause yielding or slight plastic deformation in this
direction, the stresses within the material will change to an even distribution of tensile
stress. Later, when the stretching load is removed, the elastic recovery occurs along the
centreline of the material, with little or no change in overall shape.
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An hydraulically powered machine, called a stretch former, is used to carry out
this process. It consists of a base or table on which the stretch form tool is mounted,
and an array of grippers on two sides that hold the edges of the workpiece while it is
being stretched over the form block. The grippers simultaneously apply a sufficiently
large stretching load to cause the workpiece material to yield across its full width.
Stretch formers are relatively common in industrial use.

Stretch forming has traditionally been performed over solid form blocks, made
from metal, hard plastics and occasionally wood where shapes are modest and accuracy

is not critical.

Stretch forming is a fairly fast process, but the need for manufactured form tools
and the limitations imposed by form blocks with fixed shapes, have prompted
development of reconfigurable tools consisting of an array of adjustable elements that
can be set to form an approximation to a continuous curved surface, in a manner similar
to the Bed of Bolts described above.

A representation of a reconfigurable stretch form tool with a 6 x 6 array of
adjustable elements is shown in Fig, 3. In practice the elements are typically domed on

their working faces, rather than flat-ended as shown.

As the surface of the reconfigurable form block is composed of individual facets
rather than a continuous surface, a layer of conformable material such as a sheet of
polymer rubber is laid over the top of the form tool to prevent dimpling of the
workpiece. This layer is known as an interpolator.

A number of papers have been published detailing the development and
application of this technique to the manufacture of repair parts for aircraft, from both
sheet metal and composite materials. [2], [3], [4].

Of these papers, [2] and [3] discuss aspects-of the actuation and control of the
elements of a reconfigurable stretch form tool, using 2688 individual moveable
elements with servo motor and lead screw control, to set the positions of the adjustable
‘elements before locking them into place and using the tool as a conventional fixed form
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tool. A number of patents exist covering aspects of construction and control of this type
of system. [5], [6], [7], [8].

In [4], Walczyk notes that where composite materials are concerned, automatic
lay-up machines can be used to prepare composite parts over the top of reconfigurable
tools in the flat state, with subsequent active driving of the reconfigurable tool from
below the part to form the required curvature.

A number of drawbacks are apparent in these methods:

Where large tools with many elements are concerned, the task of controlling
thousands of individual elements is difficult. Each element is subject to a proportion of
the total force applied by the stretch forming machine, so the elements must be robust
or they are likely to be unreliable in positioning or repeatability.

Where panels of non-uniform curvature are involved, the effective pressure
between the interpolator and the workpiece material can vary, resulting in differing
degrees of compression of the interpolator over the top of the form tool elements. This
results in a departure of the shape of the formed. part from the nominal surface defined
by the tool elements. |

And lastly, as the entire forming load is supported by the structure of the form
tool and its elements, any deformation of the tool structure under load will be replicated
in the shape of the workpiece.

Disclosure of the Invention

A first aspect of the invention is an active reconfigurable stretch forming tool for
forming a three dimensional shape in a solid sheet metal or mesh workpiece, to produce
a panel for a reflector antenna. The tool comprises:

An array of extensible shape forming elements which are driven in
extension to produce the same force per unit area across a workpiece during shape
forming.
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And an array of limit switches located in front of the array of shape
forming elements, such that each shape forming element is driven in extension towards
a respective limit switch during shape forming.

Wherein, in use, each limit switch is activated by the workpiece as it is
shaped and each switch, upon activation, prevents further extension of the respective
driven element.

The array of limit switches defines the shape to be imparted to the workpiece.
The active reconfigurable tool achieves shape control of the workpiece by directly
measuring the workpiece during shaping. The tool also permits variation of the shape
produced, and facilitates correction of systematic shape-forming errors, such as
deformation of the tool structure or compression of an interpolator. Further, the tool
may incorporate shape-control feedback or error correction as shaping proceeds.

The tool may be used in a conventional industrial stretch forming machine, with
no significant modifications to the machine’s usual set-up or operation. For instance,
the conventional opposing sets of workpiece grippers may be used.

The shape forming elements may comprise hydraulic cylinders and rams each of
which is powered from a single hydraulic power supply. Since the hydraulically
powered elements are connected via hydraulic lines to a single power supply, the
hydraulic pressure in the cylinders will be equalised. This prevents any one cylinder
causing localised excessive deformation of the workpiece.

Each ram may be surmounted by a tilting pad and each tilting pad may be
interlocked with its adjacent pads to form a continuous articulated surface. As a result
of using the tilted pads the array of elements may be sparse compared to a conventional
reconfigurable stretch forming tool. The tiltihg pads may be provided with a spherical
seat to fit spherical ends on the hydraulic cylinder rams.

An interpolator may be located on the articulated surface to receive the
workpiece. ' )

The rams will generally be arranged below the workpiece to produce concave
workpieces. An extension of the invention is to place an array of rams both above and
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below the workpiece. This will allow the production of panels with both concave and

convex curvature,

The limit switches may be aligned vertically over respective tilting pads. Other
locations for the limit switches may be used, provided they can be actuated by the
movement of the workpiece, interpolator, or ram, as the formation of the workpiece
shape proceeds. Each switch may be connected to a simple solenoid valve in the
hydraulic line leading to its respective cylinder. As the workpiece is shaped it will
contact one or more of the limit switches, and as soon as this occurs the switch operates
to close the solenoid valve and prevent further movement of the respective tilting pad.

The switches themselves may be simple On-Off mechanical switches.
Alternatively, the switches may be constant-contact analogue deviceé, and they may be -
programmed or set to trigger at the appropriate height. As a result it may be possible to
implement multi-staged forming, where a panel is formed to initial,-intermediate-final,
or roughing-finishing stages. This graduated approach may be beneficial where deep
shapes or high accuracy, or both, are required, by avoiding excessive stretching or the
possibility of buckling in any one stage.

To further approximate a continuously curved surface the shaping surfaces of
the tilting pads may be formed with a spherical radius approximating the curvature of
the required panel.

A number of sets of tilting pads with a range of spherical radii may be provided
for the tool. Alternatively, the top of each tilting pad could be made flat, with provision
for clipping inserts of varying spherical radius into place.

Where an individual panel has areas of high and low curvature, a set of pads
with appropriate incrementally different radii could be clipped to the stretch form tool
to accommodate such variations.

Another aspect of the invention is a method for forming three dimensional
shapes in a solid sheet metal or mesh workpiece, to produce a panel for a large reflector
antenna. The method comprises:

Stretching a metal workpiece in a flat state in front of an array of
extensible shape forming elements.
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Driving each shape forming element of the array in extension to produce
the same force per unit area across the workpiece, to form a shape in the workpiece.

Extending each shape forming element towards a respective limit switch
during shape forming until the workpiece activates the limit switch.

Preventing further extension of a shape forming element upon activation
of the respective limit switch.

Unlike other implementations of reconfigurable stretch forming tools,
simultaneous position control of very large numbers of driven elements is not required.
In this invention the shape forming elements are driven to produce the same force per
unit area across the workpiece, and the distribution of power and the element positions
during stretching is controlled by the natural behaviour of the workpiece material.

The shape forming elements may comprise hydraulic rams, and the method may
produce panels of any curvature within the travel available in the hydraulic rams.

The final position of the shape forming elements, and therefore the panel shape,
though accurately controlled by the array of limit switches, is “dumb” and requires no
active intervention by a control system. It is anticipated that the setting of the limit
switch array will be performed according to the method described in [1].

Variations between measured and theoretical panel shapes may be
accommodated in the settings of the limit switch array. If the limit switch array is also
used for shape measurement, it may be possible to implement an automatic process
with closed-loop shape control. '

Using the invention, large sections of panel may be formed from one piece of
material, eliminating the time and labour involved in laying up the numerous individual
strips required by the bed of bolts method.

The use of one-piece panels rigidly formed to an accurate shape eliminates the
need for multiple pre-formed backing ribs to hold the panel’s shape, and the need for
the ribs to be aligned with the joints between individual strips. This will allow the
backing structure to be designed for stiffness and economy without constraints imposed
by the layout or curvature of the panel.
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The method makes use of existing metal forming machinery and techniques, off
the shelf parts, and a simple control system.

The method proposed offers significant improvements in terms of cost and
versatility while maintaining equivalent surface accuracy to the best methods currently
available,

Brief Description of the Drawings

The prior art has been described above with reference the following drawings in
which:

Fig. 1 is a series of schematic diagram illustrating stretch forming. In Fig.
1(a) a sheet of material is shown gripped above a form block for stretching. In Fig,
1(b) stretching load is applied by the grippers and the form block is moved relative to
the sheet, to the point of contact. In Fig. 1(c) forming is complete.

Fig. 2(a) is a diagram showing the distribution of tensile and compressive
stresses during bending of a piece of material.

Fig. 2(b) is a diagram showing the distribution of tensile-only stresses
during stretch forming,.

Fig. 3 is a diagram showing a reconfigurable stretch-form tool witha 6 x 6
array of adjustable elements.

An example of the invention will now be described with reference to the

following drawings, in which:

Fig. 4 is a series of diagrams illustrating the principle of operation of an
active stretch forming tool. Fig. 4(a) shows a reconfigurable stretch tool in an
industrial stretch forming machine before stretching commences Fig. 4(b) shows the
reconfigurable stretch tool at an intermediate point of stretching. Fig. 4(c) shows the
tool when stretching is completed.
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Fig. 5(a) is a diagram showing a tilting pad for the tool of Fig. 4. Fig. 5(b)
is the pad of Fig. 5(a) inverted.

Fig. 6 is a diagram showing three interlocking pads forming an articulated
surface.

Fig. 7(a) illustrates a model of an array of rams and tilting pads below an
array of stops. Fig, 7(b) shows how the array of pads tilt and orient to form the curve
defined by the stops when they are brought into contact with each other.

Best Modes of the Invention

Referring now to Fig. 4(a) reconfigurable stretch forming tool 10 involves a
sparsely populated array of elements 12, Each element 12 comprises an hydraulic
cylinder 14 all of which are powered from a single hydraulic power supply 16. An
hydraulic ram 18 may be driven upwards by each cylinder 14. The tool may be used in
a conventional industrial stretch forming machine, with no significant modifications to
the machine’s usual set-up or operation.

The span between elements 12 is much larger than that in the reconfigurable
tools previously described, and each ram 18 is surmounted by a tilting pad 20. Each
tilting pad 20 is interlocked with its adjacent pads to form a continuous articulated
surface indicated generally at 22. A polymer interpolator 24 is placed between the pads
20 and the workpiece 26 which is held by grippers 28 and 30.

Rather than providing a fixed, pre-set surface over which a sheet or workpiece
material is stretched, as in a stretch forming machine, the material 26 is held stretched
in the flat state while the rams 18 of the reconfigurable tool are driven upwards, so
forming a three dimensional shape in the panel.

The hydraulically powered elements 12 are not individually controlled. As they
are connected via hydraulic lines to a single power supply 16, the hydraulic pressure in
the cylinders will be equalised. This prevents any one cylinder causing localised
excessive deformation of the workpiece 26. ' | '
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Above the workpiece 26 is suspended an array of limit switches 32, aligned
vertically over each active element 12. Each switch 32 is connected to a simple
solenoid valve 34 in the hydraulic line leading to its relevant cylinder 14. The switches
32 themselves may be simple On-Off mechanical limit switches of the types often used
in industrial machinery, where switching occurs on contact. Alternatively, the switches
may be constant-contact analogue devices like linear voltage differential transducers
(LVDTs), programmed or set to trigger at the appropriate height.

If such a programmable device is used in place of an On-Off switch, it may be
possible to implement multi-staged forming, where a panel is formed to initial,-
intermediate-final, or roughing-finishing stages. This graduated approach may be
beneficial where deep shapes or high accuracy, or both, are required, by avoiding

. excessive stretching or the possibility of buckling in any one stage.

As the workpiece 26 rises, areas of the workpiece will make contact with some
of the limit switches 32, as shown in Fig. 4(b), closing off the solenoid valve for the
cylinder at that point and preventing further movement. When all the solenoid valves
have been closed in this way, as shown in Fig. 4(c), the forming process is complete.

Final stretching of the workpiece after all active elements have contacted their
respective limit switches, will equalise internal stresses within the workpiece material,
and ensure that its formed shape is retained after relaxation of all forming forces, and
removal of the workpiece from the stretch forming machine.

The positions of the array of limit switches defines the shape of the workpiece
that will be produced. It is anticipated that the setting of the limit switch array will be
performed according to the method described in [1].

Tooling Details. ‘

The array of tilting pads 20 used on the ends of the hydraulic cylinder rams 18, -
interlock with each other. In this way a continuous articulated forming surface 22 is
created. The interpolator sits on the relatively continuous surface 22, and the combined
effect is to prevent localised high-spots that could dimple the workpiece 26 between
points measured by the limit switch array.
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The 'tilting pads 20 are provided with a spherical seat 36 on one side to fit
spherical ends 38 on the hydraulic cylinder rams 18. A simple wire circlip can be used
to retain the pads on the rams after forming, when the hydraulic cylinders retract to
their rest position. ' '

To further approximate a continuously curved surface and to assist the
interpolator 24 to produce smooth workpiece curvature, the upper surfaces of the tilting
pads 20 are formed with a spherical radius approximating the curvature of the required

panel.

If the range of panels to be stretch formed requires widely varying radii of
curvature, a number of sets of tilting pads with a range of spherical radii, differing by,
say, lm increments, could be fitted to the tool as required. '

Alternately, the top of each tilting pad could be made flat, with provision for
clipping inserts of varying spherical radius into place.

Where an individual panel has areas of high and low curvature, a set of pads
with appropriate incrementally different radii could be clipped to the stretch form tool
to accommodate such variations.

Fig. 5 shows a possible design of tilting pad 20, and illustrates the features 38
and 40 that interlock with adjacent pads to form an articulated surface, and the socket
for mounting the pad on the hydraulic ram. Fig. 6 illustrates the interlocking of a
number of pads 20.

Fig. 7(a) illustrates a model of an array of rams and tilting pads 42 below an
array of stops 44. Fig. 7(b) shows how the array of pads 42 tilt and orient to form the
curve defined by the stops 44 when they are brought into contact with each other.

Stresses developed in reconfigurable tools.

In one example, an antenna of 15m diameter with an f/d of 0.4 gives a focal
length of 6m. As a the minimum instantaneous radius of a parabola equals twice the
focal length, it is necessary to stretch form of a section of a spherical surface with a
radius of 12m, from aluminium sheet with a thickness of 1.2mm. The material
considered is grade 5005-H34, which has a yield stress of 138 MPa [9].
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This stretch forming process is analogous to hydroforming, where hydraulic
pressure is used to deform a flat sheet. If allowed to proceed unrestrained, both
processes will tend to produce a spherical radius. As the tensile stresses in the wall of a
spherical vessel subject to internal hydraulic pressure are equal in all directions, and the
tensile stresses are proportional to the pressure, treatment of stretch forming as a
hydraulic pressure problem is sufficiently valid to check the viability of the proposed
stretch forming process.

In this case, the yield stresses generated in the workpiece by the stretch forming
grippers are equivalent to the tensile stresses in the walls of a pressure vessel.
Therefore the contact pressure on any of the tilting pads is equivalent to the internal
pressure in a vessel of the same radius with the same tensile wall stress.

Tensile stress in a thin-walled spherical pressure vessel equals:
f="Pr/2t

Where:
f=stress (MPa);
P = internal pressure (MPa);
r =radius of vessel (m) and
t = wall thickness (m).

For a vessel of radius 12m, with a wall thickness of 1.2mm and a tensile wall
stress of 138 MPa, the equivalent internal pressure is therefore 0.276 MPa. This is the
nominal surface pressure that would be present on a tilting pad to stretch form a panel
to a radius of 12m.

A model of a possible tilting pad design subject to this load was studied using a
linear mechanical finite element analysis package, COSMOSXpress, and the results
show the maximum stress developed in this part is approximately 8.5 MPa. If the pad
is made from mild steel with a yield stress of 250 MPa, this represents a factor of safety
in the design of at least 29. *
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The load carried by the tilting pad will also be supported by the hydraulic
cylinder. If a cylinder with a piston diameter of 75mm is assumed, the hydraulic
pressure required can be found.

The pressure load of 0.276 MPa on the top of the tilting pad, together with the
top face area, 0.019m2, indicates a normal load on one ram of 5.25 kN. The hydraulic
pressure necessary to produce this load on a 75 mm piston is 1.19 MPa. When
allowances for losses are considered, a minimum system pressure of approximately 2.5
MPa is required. Industrial hydraulic systems built from off-the-shelf parts typically '
operate at system pressures ranging from 20 MPa to 60 MPa, so the hydraulic pressure
requirements are very modest.

Another area considered was the bending stress applied laterally to the rams of
the hydraulic cylinders by frictional resistance as the workpiece and or interpolator
slides across the tops of the pads during stretching. It is anticipated that the interpolator
would be a type of urethane rubber, These materials are available in a wide range of
compounds with varying degrees of hardness. Manufacturers of polyurethanes for
‘coatings on conveyer rollers claim the coefficient of friction (u) for these materials can
be tailored to suit the application, with u = 0.4 being a minimum value.

7 To cover all eventualities, a worst case coefficient of friction of p = 1.0 was
assumed, as was a cylinder ram with a diameter of 50mm, cantilevered with a free
length of 250mm.

As before, an axial load on one tilting pad of 5.25 kN is assumed. When p =
1.0, the lateral load at the tip of the ram will also be 5.25 kN, applied simultaneously
with the axial cylinder load. Analysis of a model representing an allow steel ram from
a hydraulic cylinder under this combined load gives a factor of safety around 6. Whilst
the factor of safety in the ram is lower than that in the tilting pad, this brief analysis
demonstrates that the stresses generated in the major components of a tool to
implement this concept are modest, and that implementation is feasible. Optimisation
of the design and selection of appropriate hydraulic components will lead to a reliable a
robust system.
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Although the invention has been described with reference to a particular
example, it will be understood that it may be extended to place an array of rams is both
above and below the workpiece. This will allow the production of panels with both
concave and convex curvature. Alternatively, the invention may also be used with
designs that locate panel joints along lines of inflection between concave and convex

arcas.

It will be appreciated by persons skilled in the art that numerous variations
and/or modifications may be made to the invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects as
illustrative and not restrictive. |
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Claims

1. An active reconfigurable stretch forming tool for forming a three dimensional
shape in a solid sheet metal or mesh workpiece, to produce a panel for a reflector
antenna; the tool comprising:

an array of extensible shape forming elements which are driven in extension to
produce the same force per unit area across a workpiece during shape forming; and,

an array of limit switches located in front of the array of shape forming
elements, such that each shape forming element is driven in extension towards a
respective limit switch during shape forming;

wherein, in use, each limit switch is activated by the workpiece as it is shaped
and each switch, upon activation, prevents further extension of the respective driven

element,

2. An active reconfigurable stretch forming tool according to claim 1, wherein, the
array of limit switches defines the shape to be imparted to the workpiece.

3 An active reconfigurable stretch forming tool according to claim 1 or 2,

wherein, the tool incorporates shape-control feedback or error correction as shaping
proceeds.

4, An active reconfigurable stretch forming tool according to claim 1, 2 or 3

~ wherein the shape forming elements comprise hydraulic cylinders and rams each of

which is powered from a single hydraulic power supply.

5. An active reconfigurable stretch forming tool according to claim 4, wherein
each ram is surmounted by a tilting pad and each tilting pad is interlocked with its
adjacent pads to form a continuous articulated surface.

6. An active reconﬁgﬁrable stretch forming tool according to claim 5, wherein the
tilting pads are provided with a spherical seat to fit spherical ends on the hydraulic
cylinder rams,

7. An active reconfigurable stretch forming tool according to any preceding claim,
wherein an interpolator is located on the articulated surface to receive the workpiece.
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8. An active reconfigurable stretch forming tool according to any one of claims 4
to 7, wherein the rams are arranged below the workpiece to produce concave
workpieces.

9. An active reconfigurable stretch forming tool according to any one of claims 4
to 8, wherein there is an array of rams both above and below the workpiece.

~10.  An active reconfigurable stretch forming tool according to claim 5, wherein the

limit switches are aligned vertically over respective tilting pads.

11.  An active reconfigurable stretch forming tool according to any preceding claim,
wherein each limit switch is connected to a simple solenoid valve in the hydraulic line
leading to its respective cylinder such that, as the workpiece is shaped it will contact
one or more of the limit switches, and as soon as this occurs the switch operates to
close the solenoid valve and prevent further movement of the respective tilting pad.

12.  An active reconfigurable stretch forming tool according to any preceding claim,
wherein the limit switches are constant-contact analogue devices.

13.  An active reconfigurable stretch forming tool according to claim 12, wherein,
the limit switches are programmed or set to trigger at a predetermined height.

14.  An active reconfigurable stretch forming tool according to any one of claims 4
to 13, wherein the shaping surfaces of the tilting pads are formed with a spherical
radius approximating the curvature of the required panel.

15.  An active reconfigurable stretch forming tool according to claim 14 wherein a
number of sets of tilting pads with a range of spherical radii are provided for the tool.

16.  An active reconfigurable stretch forming tool according to claim 14 wherein the
top of each tilting pad is made flat, with provision for clipping inserts of varying
spherical radius into place.
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17. A method for forming three dimensional shapes in a solid sheet metal or mesh
workpiece, to produce a panel for a large reflector antenna, the method comprising:
stretching a metal workpiece in a flat state in front of an array of extensible
shape forming elements; ’
driving each shape forming element of the array in extension to produce the
same force per unit area across the workpiece, to form a shape in the workpiece;
extending each shape forming element towards a respective limit switch during
shape forming until the workpiece activates the limit switch; and,
preventing further extension of a shape forming element upon activation of the
respective limit switch. ‘

18. A method according to claim 17, comprising the further step of applying shape-
control feedback or error correction as shaping proceeds.

19. A method according to claim 17 or 18, wherein each limit switch is connected to
a simple solenoid valve in the hydraulic line leading to its respective cylinder such that,
as the workpiece is shaped it will contact one or more of the limit switches, and as soon
as this occurs the switch operates to close the solenoid valve and prevent further
movement of the respective tilting pad.

20. A method according to claim 17, 18 or 19, wherein, the limit switches are
programmed or set to trigger at a predetermined height.
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