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@ Radical expansion/retraction truss structures.

@) A loop-assembly is disclosed which is com-
prised of at least three scissors-pairs (210),(220),~
(230), at least two of the pairs comprising:

two essentially identical rigid angulated sirut ele-
ments (211),(212), each having a central and two
terminal pivot points (213) which do not lie in a
straight line, each strut being pivotally joined to the
other of iis pair by their central pivot points,

each pair being pivotally joined by two terminal pivot
points (213),(214) to two terminal pivot poinis (223),-
(224) of another pair such that both scissors pairs lie
essentially in the same plane, or

each pair being pivotally joined by two terminal pivot
points (213),(214) to two terminal pivot points (223),-

Fig.7

(224) of another pair in that the ferminal points of a
scissors-pair are each pivotally joined to a hub ele-
ment {240),(245), and these hub slements are in turn
joined to the terminal pivot points of another
scissors-pair,

whereby a closed loop-assembly (200) is thus
formed of scissors pairs, and this loop-assembly can
fold and unfold, and

a line (270) that intersects and is perpendicular to
the axes of any two terminal pivot points is non-
paraliel with at least two other similarly formed lines
(280),(290) in the assembly,

the angles formed between said lines remaining con-
stant as the loop assembily is folded and unfolded.

Fig.8
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BACKGROUND OF THE INVENTION

Numerous folding truss-siructure systems ex-
ist. Most of these allow for either trusses with no
curvature, or single curvature (i.e. cylindrical).
Those that are specifically addressed to double
curvature, are in general limited to spherical geom-
efries and are complex in operation and construc-
tion. None allow for more varied geometries, such
as toruses, ellipsoids, helical surfaces, faceted
polyhedra and irregular three dimensional geome-
tries.

| have discovered a method for constructing
reversibly expandible truss- structures thai pro-
vides for an exiremely wide variety of geometries.
Trusses formed by this method will collapse and
expand in a controlled, smooth and synchronized
manner. Such structures require no complex joints.
Connections are limited to simple pivots.

A significant characteristic of previous systems
for folding truss-structures of curved geometry is
that the overall shape of the truss changes during
the folding process. Thus, a spherical or cylindrical
shape will tend to flatten as the truss is folded, or
change is some other manner.

As the overall shape changes, a high level of
complexity is introduced into the relations between
truss etements during folding. This will in general
lead to:

a. Bending and distortion of truss elements dur-
ing folding. The result of this bending is the
existence of 'hard points' in the folding process
where forces must be overcome to open or
close the structure. Thus the iruss must be
constructed from flexible materials, which is not
desired for most structures.
b. Requiring complex joints with more than one
degree of freedom, such as sliding joints, ball
joints, etc. These connections are more expen-
sive to manufacture than simple pivot connec-
tions and not as structurally sound.
c. The structure tends to be weak or ‘floppy’
when in a partially folded condition. The reason
is that the favorable strutural characteristics that
are possessed by the truss largely come from
its overall geometry. Since that geometry
changes during the folding process, it tends to
pass through configurations that are not structur-
ally sound.
d. Severe limitations exist on the types of overall
shapes that such systems can handle. Since
even relatively simple shapes (such as a
sphere) introduce high degrees of complexity,
more complex geometries become impractica-
ble.

Thus, it is an object of the present invention
to provide a three-dimensional folding truss
whose overall shape and geomeiry is constant
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and unchanging during the entire folding pro-

cess. The reasons are the converse of the

above:

e. Rigid materials may be employed, and a

smooth effortless deployment process occurs.

f. All joints are simple pivots which are simple,
compact, structurally favorable and inexpensive.

g- The structure retains its structural soundness

during folding or unfolding. All movement in the

struture is the actual deployment process, not
floppiness.

h. A virtually unlimited range of geometries may

be handled.

The net result of these characteristics is a
system that allows for a wide range of possible
uses, ranging from tents, pavilions, gazebos and
the like to novelty items, entertainment decor, etc.
to folding furniture, partitions and home furnishings.

Due to the combination of structural integrity
and smooth deployment, large structures are prac-
ticable and may be deployed automatically if de-
sired. Such applications may include stadium cov-
ers, temporary industrial warehouses, and tempo-
rary housing or shelters.

There are times when, rather than desiring a
poriable shelter, one wishes to have a structure
that remains fixed to a site, but that can open and
close. An example is a retractable roof over a
stadium, swimming pool, theater or pavilion.

An alternate embodiment of the present inven-
tion provides reversibly reiractable structures than
open up from the center outwards, but maintain an
essentially fixed perimeter. The kind of motion ex-
hibited by such structures may be described as an
iris-type motion.

This embodiment is a truss consisting of links
joined by simple pivots. Coverings may be pro-
vided in various ways, such as attaching shingled
plates or a flexible membrane to the truss.

In addition to retractable roofs, numerous other
uses exist for this embodiment of the invention.
Nove!l window shades, toys and special irises for
lighting are examples.

BRIEF SUMMARY OF THE INVENTION

The present invention allows for self-supporting
structures that maintain their overall curved geome-
try as they expand or collapse in a synchronized
manner. An alternate embodiment of the invention
allows for iris-type retractable structures, where the
center of the structure retracts towards its perim-
eter. In this embodiment the perimeter maintains a
nearly constant size.

Structures of either embodiment are comprised
by special mechanisms hereinafter referred to as
loop-assemblies. These assemblies are in part
comprised by angulated strut elements that have
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been simply pivotally joined to other similar ele-
ments {o form scissors-pairs. These scissors-pairs
are in turn simply pivotally joined to other similar
pairs or to hub elements forming a closed loop.

When this loop is folded and unfolded certain
critical angles are constant and unchanging. These
unchanging angles allow for the overall geometry
of structure to remain constant as it expands or
collapses.

BRIEF DESCRIPTION OF THE DRAWING FIG-
URES

The invention will be further described with
reference to the accompanying drawings, wherein:

Fig. 1 is a plan view showing the basic an-
gulated strut element that largely comprises the
structure;
Figs. 1A-1C are plan views of aiternate configu-
rations of the basic element, also being an-
gulated with regards to their pivot points if not
their outer shape;
Fig. 2 is a plan view of iwo anguiated strut
elements pivotally joined intermediate to their
ends, also called a scissors-pair;
Fig. 2A is a perspective view of the scissors-
pair;

Fig. 3 is a view of the scissors pair in a different
position. Also illustrated is a critical angle that
remains constant for all positions of the
scissors-pair.

Fig. 4 is a plan view of an illustrative polygon;
Fig. 5§ is a plan view of a closed loop-assembly
of scissors-pairs that approximates the polygon
of Fig. 4;

Fig. 6 is a plan view of the closed loop-assem-
bly of Fig. 5 in a different position;
Fig. 7 is a perspective view of a different em-
bodiment of the invention, being a three-dimen-
sional loop-assembly comprised of three
scissors-pairs and six hub elements;

Fig. 8 is a perspective view of the loop-assem-
bly of Fig. 7 in a different position;

Figs. 9-10 are perspective views of a different
embodiment of the invention in two positions;
Figs. 11-12 are perspective views of a different
embodiment of the invention in two positions;
Figs. 13-16 show a sequence of perspective
views of a complete spherical structure which is
comprised of loop-assemblies, as it expands;
Figs. 17-20 show a sequence of perspective
views of a complete faceted icosahedral struc-
ture which is comprised of loop-assemblies, as
it expands;

Figs. 21-23 show a sequence of views of an
alternate embodiment of the invention which is a
planar retractable structure with an iris-type mo-
tion;
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Figs. 24-27 show a sequence of views of an-
other iris-type retractable structure that has a
domed form;

Figs. 28-30 show a sequence of views of the
structure illustrated in Figs. 24-27 with a cover-
ing attached to it, to be used as a reiraciable
roof;

Figs. 31-33 show a sequence of views of an iris-
type retractable structure having an oval-shaped
perimeter and a covering attached to it.

DETAILED DESCRIPTION

Referring now more particularly to the draw-
ings, in FIG. 1 there is shown an essentially planar
rigid strut element 10 which contains a central pivot
point 12 and two terminal pivot points 14 and 16
through which pass three parallel axes. The centers
of the aforesaid three pivot points do not lie in a
straight line; the element is angulated. The distance
between points 14,12 and the distance between
16,12 may be each be arbitrarily chosen. The an-
gle between the line joining points 14,12 and the
line joining points 16,12 may be arbitrarily chosen.
Said angle will hereinafter be referred to as the
strut-angle.

In Fig. 1A there is shown another configuration
17 of a basic strut element. It is similar in all
essential aspects to that shown in Fig. 1, save that
it has a triangular rather than angulated outer
shape. Figs. 1B and 1C show respeciively strut
elements 18 and 19. They are essentially similar to
that shown in Fig. 1, save for the outer shape. The
strut elements shown in Figs. 1A-1C are all an-
gulated with regards to the placement of their three
pivot points.

In FiIG. 2 the scissors pair 30 is shown. If is
comprised of element 10 and an essentially iden-
tical element 20 which contains central pivot point
22 and two terminal pivot points 26 and 24. Ele-
ment 10 is pivotally joined o element 20 by their
respective ceniral pivot points 12 and 22. All pivot
connections described herein are simple pivot con-
nections with one degree of freedom.

The elements 10 and 20 of scissors-pair 30
may be rotated such that pivot point 14 will lie
directly over pivot point 24. Two pivot points in a
scissors pair that can line up each other in this way
are hereinafter referred o as paired terminal pivot
points. Thus, points 14 and 24 are paired terminal
pivot points. Likewise points 16 and 26 are paired
ferminal pivot points.

Also shown in FIG. 2 is the line 40 which is
drawn through the center of paired terminal pivot
points 14,24 and line 50 which is drawn through the
center of paired terminal pivot points 16,26. Lines
40 and 50 form an angle between them. Lines
constructed in the manner of 40 and 50 will

’
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hereinafter be referred to as normal-lines. A more
precise definition of normal-lines is developed in
the following paragraph.

In FIG. 2A a perspeciive view of the scissors
pair 30 is shown. Passing through pivot point 14 is
the axis 15. Similarly, axes 13,25 and 23 pass
through pivot points 16,24 and 26 respectively. A
normal-line 40 is constructed that intersects axes
15 and 25, and is perpendicular to both axes. A
normal-line 50 is constructed that intersects axes
13 and 23, and is perpendicular to both axes. Thus
the general definition of a normal-line is a line that
intersects and is perpendicular to the axes of a pair
of terminal pivot points.

in FIG. 3 the scissors pair 30 is shown where
the elements 10 band 20 are shown rotated relative
to each other. Also shown in FIG. 3 is the line 60
which is drawn through the center of paired termi-
nal pivot points 14,24 and line 70 which is drawn
through the center of paired terminal pivot poinis
16,26. Normal-lines 60 and 70 form an angle be-
tween them. This angle is identical to the angle
between normal-lines 40 and 50. it may be math-
ematically demonstrated that whatever the relative
rotation between elements 10 and 20, the angle
between the line joining one pair of terminal pivot
points with the line joining the other pair of terminal
pivot points will be constant. This angle is
hereinafter referred to as the normal-angle. It may
also be demonstrated that the normal angle is the
complement of the strut-angle.

FIG. 4 shows an illustrative polygon 80 where
the number of sides, their relative lengths and the
angles between them have been arbitrarily chosen.

In FIG. 5 is shown a closed loop-assembly 100
of nine scissors pairs
110,120,130,140,150,160,170,180,190 where each
scissors-pair is pivotally joined by its two pairs of
terminal pivot points to the terminal pivot points of
its two adjacent scissors-pairs. This loop-assembly
is an approximation of the polygon 80 in the sense
that the distances between adjacent central pivot
points are equal to the corresponding lengths of
the sides of the polygon 80. Further, the angles
between the lines joining adjacent central pivot
points with other similarly formed lines in the as-
sembly are equal to the corresponding angles in
the polygon 80.

Also shown in FIG. 5 are the normal-lines
112,122,132,142,152, 162,172,182 and 192 that
pass through the paired terminal pivot points of the
nine scissors-pairs. Note that adjacent scissors-
pairs share a normal-line.

FIG. 6 shows the loop-assembly 90 folded io a
different configuration without bending or distortion
of any of its elements. It may be demonstrated that
loop-assembly 90 is a mechanism with a degree-
of-freedom equal fo zero. Thus kinematics predicts
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such a mechanism would not be free to move. It is
due to the special proportions of the links that
allows it to move.

Also shown are the normal-lines
114,124,134,144,154,164, 174,184 and 194. The
angle between 112 and 122 is equal o the angle
between 114 and 124. Likewise the respective an-
gle between any two lines among
112,122,132,142,152, 162,172,182 and 192 is iden-
tical to the corresponding angle between any two
lines among 114,124,134, 144,154, 164,174,184
and 194.

FIG. 7 shows a loop-assembly 200 comprised
of three angulated scissors-pairs 210,220,230 and
six hub elemenis 240,245,250, 255,260 and 265.
Scissors-pair 210 is comprised of angulated strut
elements 211 and 212. Similarly, 220 is comprised
of elements 221 and 222; 230 is comprised of
elements 231 and 232.

Scissors-pair 210 is is pivotally joined to hub
elements 240 and 245 by its paired terminal pivot
poinis 213 and 214. Hub elements 240 and 245 are
in turn pivotally joined fo the paired terminal pivot
points 223 and 224 of scissors-pair 220. Scissors-
pair 220 is in turn pivotally joined to hub elements
250 and 255 by paired terminal pivot points 226
and 228. Said hub elements are connected to
scissors-pair 230 which is similarly joined to hub
elements 260 and 265. These hub elements are
connected to scissors-pair 210, thereby closing the
loop.

Also shown in FIG. 7 are three normal-lines,
270,280 and 290. Line 270 infersects and is per-
pendicular to the axes that pass through paired
terminal pivot points 213 and 214. Likewise, line
270 intersects and is perpendicular io the axes that
pass through paired terminal pivot points 223 and
224. In this manner, normal-line 270 is shared by
the scissors-pairs 210 and 220. Similarly, normal-
line 280 is shared by the scissors-pairs 220 and
230, and normal-line 290 is shared by the scissors-
pairs 230 and 210.

FIG. 8 shows the loop-assembly 200 folded to
a different configuration. The angulated strut-ele-
ments 211 and 212 have been rotated relative to
each other. Similarly rotated are the elements 221
and 222 as well as 231 and 232. This changed
configuration of assembly 200 is accomplished
without bending or distortion of any of its elements
. Also shown are three normal-lines 300,310 and
320. Normal-line 300 is shared by the scissors-
pairs 210 and 220 in the manner described above.
In the same manner, normal-line 310 is shared by
scissors-pair 220 and 230 and normal-line 320 is
shared by scissors-pair 230 and 210.

The angle between normal-lines 300 and 310 is
identical to the angle between lines 270 and 280.
Similarly, the angle beiween normal-lines 310 and
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320 is identical to the angle between lines 280 and
290. Also, the angle between normal-lines 320 and
300 is identical to the angle between lines 290 and
270. When the relative rotation between two strut
elements of any scissors-pair in the loop-assembly
is changed, all angles between the normal-lines in
the loop-assembly remain constant.

In FIG. 9 is shown loop-assembly 400 which is
comprised of two angulated scissors-pairs 410 and
430, two straight scissors-pairs 420 and 440, as
well as eight hub elements
450,452,454,456,458,460,462 and 464. Also shown
are normal-lines 470,480,490 and 500. Scissors-
pair 410 is pivotally joined fo hub elements 450
and 452 by paired terminal pivot points 413 and
414. Said hub elements are in turn pivotally joined
to paired terminal pivot points 426 and 428 belong-
ing to scissors-pair 420. Similarly, 420 is connected
to 430 by elements 454 and 458; 430 is connected
to 440 by elements 458 and 460; 440 is connected
to 410 by elements 462 and 464, thus closing the
loop.

Also shown in FIG. 9 is normal line 470 which
intersects and is perpendicular to the axes passing
through paired terminal pivot points 413 and 414 as
well as terminal pivot points 426 and 428. Thus,
normal-line 470 is shared by scissors-pairs 410
and 420. Similarly normal-line 480 is shared by
scissors-pairs 420 and 430, normal-line 490 is
shared by scissors-pairs 430 and 440 and normal-
line 500 is shared by scissors-pairs 440 and 410.

FIG.. 10 shows the loop-assembly 400 folded
o a different configuration. The strut-elements 411
and 412 have been rotated relative to each other.
Similarly rotated are the elements 421 and 422,
431 and 432, as well as 441 and 442. This
changed configuration of assembly 400 is accom-
plished without bending or distortion of any of its
elements. Also shown are four normal-lines
510,520,530 and 540. Normal-line 510 is shared by
the scissors-pairs 410 and 420, in the sense that
has been described above. Similarly, normal-line
520 is shared by the scissors-pairs 420 and 430,
normal-line 530 is shared by the scissors-pairs 430
and 440, and normal-line 540 is shared by the
scissors-pairs 440 and 410.

The angle between normal-lines 510 and 520 is
identical to the angle between fines 470 and 480.
Similarly, the angle between normal-lines 520 and
530 is identical to the angle between lines 480 and
490; the angle between normal-lines 530 and 540
is identical to the angle between lines 490 and 500;
the angle between normal-lines 540 and 510 is
identical to the angle between lines 500 and 470.
As above, when the relative rotation between iwo
strut elements of any scissors-pair in the loop-
assembly is changed, all angles between the
normal-lines in the loop-assembly remain constant.
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In FIG. 11 is shown the loop-assembly 600
which is comprised by 12 scissors-pairs and 12
hub elements. The loop is connected as follows:
scissors-pair 610 joined to scissors-pair 620, by
joining the paired terminal pivot points of one di-
rectly to the paired terminal pivot points to the
other. Connections of this type are hereinafter re-
ferred to as a type 1 connection.

Scissors-pair 620 is pivotally joined to hub ele-
ments 630 and 635 by its remaining paired termi-
nal pivot points. 630 and 635 are pivotally joined to
a pair of terminal pivot points belonging to
scissors-pair 640. Thus, scissors-pair 620 is joined
to 640 via hub elements, 630 and 635 by what is
hereinafter referred to as a type 2 connection.

Scissors-pair 640 has a type 1 connection to
650; 650 has a type 2 connection to 670 via
elements 660 and 665; 670 has a type 1 connec-
tion to 680; 680 has a type 2 connection to 700 via
elements 690 and 695; 700 has a type 1 connec-
tion to 710; 710 has a type 2 connection o 730 via
elements 720 and 725; 730 has a type 1 connec-
tion to 740; 740 has a type 2 connection to 760 via
elements 750 and 755; 760 has a type 1 connec-
tion to 770; 770 has a type 2 connection fo 610 via
elements 780 and 785. This last connection closes
the loop.

Also shown in FIG. 11 are twelve normal-lines
602,612,632,642, 662,672,692,702,722,732,752,762
that intersect and are perpendicular to the axes of
the joined terminal pivot points of adjacent
scissors-pairs.

In FIG. 12 the loop-assembly 600 is shown
folded to a different configuration where each of
the two strut elements belonging to every scissors
pair have been rotated relative to each other. As
above, this folding takes place without bending or
distortion of any of the elements in the assembly.
Also shown in FIG. 12 are twelve normal-lines
604,614,634, 644, 0664,674,694,704,724,734,754
and 764 that intersect and are perpendicular to the
axes of the joined associated pivot points of adja-
cent scissors-pairs.

The angle between 602 and 612 is identical fo
the angle between 604 and 614. As above, when
the relative rotation between two strut elemenis of
any scissors-pair in the loop-assembly is changed,
all angles between the normal-lines in the loop-
assembly remain constant.

In FIG. 13 a spherical truss structure 1000,
which is comprised of a multiplicity of loop-assem-
blies as described above, is shown in an entirely
folded (collapsed) configuration. FIG. 14 and FIG.
15 each show partially folded configurations of the
structure 1000. FIG. 16 shows the structure 1000 in
an entirely unfolded (open) configuration. The fold-
ing of the structure 1000 takes place without bend-
ing or distortion of any of its elements. As the



9 EP 0 455 850 A1 10

structure is folded and unfolded, all angles between
the normal-lines in the structure remain constant.

In Fig. 16 the centers of the central pivot points
of all the scissors-pairs in the unfolded siructure
1000 lie on a common surface, in this case a
sphere. In Fig. 13 the centers of the central pivot
points of all the scissors-pairs in the structure lie
on a common surface that is also spherical, but of
a smaller scale than the surface of Fig. 16. Like-
wise, in Figs. 14-15 which show partially folded
configurations of the structure 1000, the centers of
the central pivot poinis of all the scissors-pairs in
the structure lie on a common spherical surface for
each configuration. For any configuration of the
structure, the centers of the central pivot points of
all scissors-pairs will lie on a spherical surface. As
the structure is folded and unfolded, only the scale
of this surface changes, not its three-dimensional
shape.

In FIG. 17 a truss structure 1200, of
icosahedral geometry, which is comprised of a
muitiplicity of loop-assemblies as described above,
is shown in an entirely folded (collapsed) configura-
tion. FIG. 18 and FIG. 19 each show partially folded
configurations of the structure 1200. FIG. 20 shows
the structure 1200 in an entirely unfolded (open)
configuration. The folding takes place without bend-
ing or distortion of any of its elements. As the
structure is folded and unfolded, all angles between
the normal-lines in the structure remain constani.

In Fig. 20 the centers of the central pivot points
of all the scissors-pairs in the unfolded structure
1200 lie on a common surface, in this case an
icosahedron. In Fig. 17 the centers of the ceniral
pivot points of all the scissors-pairs in the structure
lie on a common surface that is also icosahedral
but of a smaller scale than that surface of Fig. 20.
Likewise, in Figs. 18-19 which show partially folded
configurations of the structure 1200, the centers of
the central pivot points of all the scissors-pairs in
the structure lie on common icosahedral surfaces.
As the structure is folded and unfolded, only the
scale of this icosahedral surface changes, not its
three-dimensional shape.

In Fig. 21 a planar structure 1500 is shown
which is an aiternate embodiment of the invention.
It is comprised of four loop-assemblies, 1510,
1520, 1530 and 1540. The inner terminal pivot
points of 1510 mest at the center of the structure.
The outer terminal pivot points of loop-assembly
1510 are pivotally joined to the inner terminal pivot
points of loop-assembly 1520. Similarly the outer
terminal pivot points of 1520 are joined to the inner
terminal pivot points of 1530. The outer terminal
pivot points of loop-assembly 1530 are in turn
joined to the inner terminal pivot points of 1540.

In Fig. 22, the structure 1500 is shown in a
partially retracted position, where the struts of all
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scissors pairs have undergone a relative rotation.
The inner terminal pivot points of loop-assembly
1510 have moved outwards from their position in
Fig. 21. The terminal pivot points of the loop-
assembly 1540 have moved relatively litle from
their position in Fig. 21. Thus the size of the outer
perimeter of the structure 1500 has changed very
little between the positions shown in Figs. 21 and
22,

In Fig. 23 the structure 1500 is shown in a
retracted position. The inner terminal pivot points of
loop assembly 1510, lie in and define the inner
perimeter of the structure. This inner perimeter has
changed substantially from the positions shown in
Figs. 22 and 21. However the outer perimeter of
the structure 1500, which the outer terminal pivot
points of loop-assembly 1540 lie in, has changed
very little from the earlier positions. The essential
motion of the structure 1500 is that of the inner
portion of the structure moving outwards towards
the perimeter. In this sense it may be described as
an iris-type retractable structure.

In Fig. 24 the retractable structure 2000 is
shown, which is comprised of six loop assemblies
2010,2020,2030,2040,2050 and 2060. The inner
hub elements of loop assembly 2010 meet near the
center of the structure. The outer hub elemenis of
loop-assembly 2010 are joined to the inner hub
elements of loop-assembly 2020. Similarly, the out-
er hub elements of loop-assembly 2010 are joined
to the inner hub elements of loop-assembly 2020.
In the same manner, loop-assemblies 2030,2040
and 2050 are joined to 2040,2050 and 2060 re-
spectively.

In Fig. 25 the structure 2000 is shown in a
partially retracted position. The inner perimeter of
the structure, which the inner terminal pivot points
of loop-assembly 2010 lie in and define, has
moved outwards from the center. The outer perim-
eter of the structure, which the outer terminal pivot
points of loop-assembly 2060 lie in, has moved
very little from its position in Fig. 24.

The structure 2000 is shown in a further re-
tracted position in Fig. 26. The loop-assemblies
that make up the structure have moved further
outwards towards the perimeter.

In Fig. 27 the structure 2000 is shown in its
fully retracted position. This inner perimeter has
changed substantially from the positions shown in
Figs. 24-26. However the outer perimeter of the
structure 2000, which the outer terminal pivot
points of loop-assembly 2060 lie in, has changed
very little from the earlier positions. Thus the struc-
ture has maintained a nearly constant diameter
during the unfolding process.

Fig. 28 shows the structure 2000 used as a
retractable roof over a stadium 3000. A covering is
provided to give shelter (only half the roof is shown
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covered to make the illustration clear). A series of
plates 2110 have been attached fo individual ele-
ments of the loop-assembly 2010. Similarly a se-
ries of plates 2120 have been attached to loop-
assembly 2020. In this manner plate series
2130,2140,2150 and 2160 are attached to loop-
assemblies 2030,2040,2050 and 2060 respectively.
The plates overlap each other in a shingled pattern
to ensure protection from the elements.

In Fig. 29 the structure 2000 is shown in a
partially retracted position, the inner perimeter of
the structure having moved outwards towards the
circumference. The plates 2110 move outwards
with the loop-assembly 2010 to which they are
attached. They glide over adjacent plates without
interfering with each other. Similarly plate series
2120,2130,2140,2150, and 2160 move outwards,
attached to their respective loop-assemblies, with-
out interfering with each other.

Fig. 30 shows the structure 2000 in its fully
retracted position. The plate series
2110,2120,2130,2140,2150 and 2160 are located in
a compact configuration around the edge of the
structure, still attached to their respective ioop-
assemblies. Again there is no interference between
the plate series.

In Fig. 31 the refractable structure 4000 is
shown, which is comprised of six loop assemblies
4010,4020,4030,4040,4050 and 4060. In this em-
bodiment of the invention, the hub elements are of
varying length to provide an oval-shaped perimeter
to the structure. The inner hub elements of loop
assembly 4010 meet near the center of the struc-
ture. The outer hub elements of loop-assembly
4010 are joined to the inner hub elements of loop-
assembly 4020. In this manner, the outer hub ele-
ments of loop-assemblies 4020,4030,4040 and
4050 are joined to the inner hub elements of
4030,4040,4050 and 4060 respectively.

Also shown in Fig. 31 is a covering over the
structure 4000, to provide shelter (only half the roof
is shown covered to make the illustration clear). A
“series of plates 4110 have been attached to in-
dividual elements of the loop-assembiy 4010 in an
alternate arrangement to the covered structure
shown in Fig. 28. Similarly a series of plates 4120
have been attached to loop-assembly 4020. In this
manner plate series 4130,4140,4150 and 4160 are
attached to loop-assemblies 4030,4040,4050 and
4060 respectively. The plates overlap each other in
a shingled pattern to ensure protection from the
elements.

In Fig. 32 the structure 4000 is shown in a
partially retracted position. The inner perimeter of
the structure, which the inner terminal pivot points
of loop-assembly 4010 lie in and define, has
moved outwards from the center. The plates 4110
move outwards with the loop-assembly 4010 to
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which they are attached. They glide over adjacent
plates without interfering with each other. Similarly
plate series 4120,4130,4140.4150 and 4160 move
outwards, each attached to their respective loop-
assemblies, without interfering with each other.The
outer perimeter of the structure, which the outer
terminal pivot points of loop-assembly 4060 lie in,
has moved very little from its position in Fig. 31.

In Fig. 33 the structure 4000 is shown in its
fully retracted position. This inner perimeter has
changed substantially from the positions shown in
Figs. 31-32. However the outer perimeter of the
structure 4000, which the outer terminal pivot
points of loop-assembly 4060 lie in, has changed
very little from the earlier positions. Thus the struc-
ture has maintained a nearly constant perimeter
during the retracting process. The plate series
4110,4120,4130,4140,4150 and 4160 are located in
a compact configuration around the edge of the
structure, still attached to their respective loop-
assemblies. Again there is no interference between
the plate series.

It will be appreciated that the instant specifica-
tion and claims are set forth by way of illustration
and not limitation, and that various modifications
and changes may be made without departing from
the spirit and scope of the present invention.

Claims
1. A loop-assembly comprising:

at least three scissors-pairs, at least two of the
pairs comprising:

two essentially identical rigid angulated strut
elements, each having a central and two termi-
nal pivot points which do not lie in a straight
line, each strut being pivotally joined to the
other of its pair by their central pivot points,

each pair being pivotally joined by two terminal
pivot points to two terminal pivot points of
another pair such that both scissors pairs lie
essentially in the same plane, or

each pair being pivotally joined by two terminal
pivot points to two terminal pivot points of
another pair in that the ferminal points of a
scissors-pair are each pivotally joined to a hub
element, and these hub elemenis are in turn
joined to the terminal pivot points of another
scissors-pair,

whereby a closed loop-assembly is thus
formed of scissors pairs, and this loop-assem-
bly can fold and unfold, and
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a line that intersects and is perpendicular to
the axes of any two terminal pivot points is
non-parallel with at least two other similarly
formed lines in the assembly,

the angles formed between said lines remain-
ing constant as the loop assembly is folded
and unfolded.

A reversibly expandable three dimensional
truss structure that is in at least part comprised
of a loop-assembly according to claim 1,

the angles formed between normal lines that
intersect and are perpendicular to the axes of
terminal pivot points with other similarly
formed lines throughout the structure, remain-
ing constant as it is folded and unfolded.

A reversibly expandable three dimensional
truss structure that is in at least part comprised
of a loop-assembly according fo claim 1,

the central pivot points of all the scissors-pairs
in the structure lying on a common first sur-
face when the structure is in a folded con-
dition, these same points lying on and defining
a second surface that is identical except in
scale, to the first surface when the structure is
in an unfolded or partially folded condition.

A reversibly expandable three dimensional
truss structure that is in at least part comprised
of a loop-assembly according to claim 1,

wherein the three dimensional shape of the
structure is unchanged as it is folded and
unfolded.

A reversibly retfractable truss structure that is
in at least part comprised of a loop-assembly
according to claim 1,

where the outer terminal pivot points of at least
one loop-assembly are pivotally joined to the
inner terminal pivot points of another loop as-
sembly.

A reversibly retractable truss structure that is
in at least part comprised of a loop-assembly
according to claim 1,

where the outer hub elements of at least one
loop-assembly are joined to the inner hub ele-
ments of another loop assembly.

A reversibly retractable truss structure that is
in at least part comprised of a loop-assembly
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according fo claim 1,

where the size of the inner perimeter of the
structure changes substantially as the structure
is folded and unfolded, but the size of the
outer perimeter changes relatively little.

A reversibly retractable truss structure accord-
ing o claim 7,

where a covering is provided by attaching
plates to the elements of the loop-assemblies
that comprise the structure.
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