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(57) ABSTRACT 

A stent 1 comprises a sheet 2 of biocompatible material 
having a tubular shape and folded With a pattern of folds 
allowing the sheet 2 to be collapsed for deployment. The 
pattern of folds comprises a unit cell repeated over the sheet 
2. A variety of different unit cells 3 are described. The 
pattern of folds may progress helically around the tubular 
shape of the sheet 2 Which assists in implantation by 
synchronising deployment. The stent 1 further comprises a 
frame extending around the tubular shape of the sheet 2 and 
reinforcing the sheet 2. The frame comprises a plurality of 
elongate members arranged to fold relative to each other in 
conformity With the sheet 2 to alloW the frame to be 
collapsed With the sheet 2 for deployment of the stent 1. The 
stent 1 prevents tissue in-groWth because it is formed of a 
continuous sheet 2. 
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DEPLOYABLE STENT 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is a Continuation-In-Part of co 
pending application Ser. No. 10/473,232 Which is itself the 
US national phase of International Patent Application No. 
PCT/GB02/0l424, ?led 27 Mar. 2002. 

BACKGROUND OF THE INVENTION 

[0002] (1) Field of the Invention 

[0003] The present invention relates to a stent. The present 
invention provides a novel structure for a stent. 

[0004] A stent is a medical device designed to open up a 
blocked lumen at a site in the human (or even animal) body, 
for instance a coronary artery, aorta or the oesophagus etc. 
The occlusion might be caused for instance by a disease such 
as stenosis or by cancer. Stents preferably have a ?exible 
structure alloWing them to be collapsed to reduce their outer 
dimensions. This is to facilitate the passage of the stent into 
the site in the body Where the stent is expanded for deploy 
ment. Typical uses of a stent are to open blocked coronary 
arteries and large veins, to treat obstructions to breathing in 
the trachea and bronchus, to alloW the passage of urine in the 
prostate and, more recently, to palliate cancer stenosis in the 
oesophagus. Stent therapy is noW Widely accepted for inter 
ventional treatment not only in the vascular system, but also 
the gastrointestinal, belier and urinary systems. Stent tech 
niques have come to be regarded as simply, safe and 
effective in comparison to other surgical or non-surgical 
treatments. 

[0005] (2) Description of the Related Art 

[0006] Known stents have one of ?ve basic constructions 
that is tubular, coil, ring, multi-design and mesh structures. 
Tubular stents are rigid. The other types of knoWn structures 
are collapsible and typically comprise an open tubular 
structure of structural elements Which may be collapsed to 
facilitate deployment. The various knoWn structures have 
different features and advantages, for example high expan 
sion rate, suitable sti?fness, good ?exibility and/or good 
tractability. Whilst some structures provide different com 
binations of these advantages, an ideal stent sharing all these 
advantages has yet to be realised. 

[0007] One of the major problems With knoWn stents is 
restenosis occurring after implantation. This is a particular 
problem for mesh stents and other open structures as tissues 
groW through the stent and block the lumen again and is a 
particular problem in oesophageal applications. Some 
reports suggest that restenosis is due to cell damage occur 
ring during deployment at the blocked site as the stent 
pushes against the cell Wall. The amount of such damage is 
dependent on the stent con?guration. After signi?cant tissue 
groWth through a stent, the stent cannot be retrieved. Thus 
it may be necessary to implant further stents after a ?rst stent 
becomes blocked in order to reopen the blockage. As this 
involves stents being implanted inside one another, there is 
a limit to the number of stents Which can be implanted at one 
location. 

[0008] To overcome this problem, covered stents have 
been developed. Covered stents Were developed by attach 
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ing a tubular ?exible cover, for example of polyester, 
attached around the outside of a Wire mesh stent structure. 
The use of such a cover around a Wire mesh stent is an 

effective Way to prevent tissue in-groWth. HoWever, the 
common problems of covered stents include a risk of rupture 
of the cover, migration/slippage of the stent, and di?iculties 
in delivery due to the large packaged siZe. The risk of 
slippage and hence migration of the stent is a particular 
problem. Such covered stents still rely, for example, on a 
mesh frame for collapse and expansion during deployment, 
but there has been very little investigation of the integrated 
expanding mechanism When the stent is covered. 

[0009] As a result of the problems described above for 
both covered and uncovered stents re-intervention is often 
required. As a result many patients have sub-optimal 
response to this type of treatment. 

[0010] Current expandable stents are expensive to manu 
facture due to their complicated structures Which are labou 
rious to form. The high cost has reduced their Widespread 
use. 

[0011] The present invention is intended to provide a stent 
Which avoids at least some of the problems discussed above. 

BRIEF SUMMARY OF THE INVENTION 

[0012] According to the present invention, there is pro 
vided a stent comprising a biocompatible sheet having a 
tubular shape and being folded With a pattern of folds 
allowing the sheet to be collapsed for deployment of the 
stent, the pattern of folds comprising a unit cell repeated 
over at least a portion of the sheet, the unit cell comprising; 

[0013] an outer circumferential edge of folds of a ?rst type 
comprising a pair of longitudinal edge folds extending along 
the tubular shape of the sheet and transverse edge folds 
extending around the tubular shape of the sheet; 

[0014] a central longitudinal fold extending along the 
tubular shape of the sheet betWeen the transverse edge folds; 
and 

[0015] angular folds extending from each intersection of a 
longitudinal edge fold With a transverse edge fold to the 
central longitudinal fold, the stent further comprising a 
frame extending around the tubular shape of the sheet and 
reinforcing the sheet, the frame being arranged to be col 
lapsed With the sheet for deployment of the stent. 

[0016] Such a structure for a stent provides numerous 
advantages. 
[0017] As the stent comprises a sheet, tissue in-groWth is 
prevented. 

[0018] Furthermore, the pattern of folds alloWs the sheet 
to be collapsed for deployment facilitating delivery to the 
blocked site in the body. The pattern of folds may alloW the 
sheet to be collapsed both radially and longitudinally of the 
tubular shape. Alternatively, the pattern of folds may only 
alloW the sheet to be collapsed radially of the tubular shape. 
Longitudinal collapse is advantageous Where the blocked 
site is particularly inaccessible. On the other hand, in many 
uses the medical practitioner ?nds it more convenient if 
there is no longitudinal collapse in order to judge the length 
of the deployed stent prior to deployment. For such uses, it 
is preferred to use a pattern of folds Which has a reduced or 
Zero longitudinal collapse. 
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[0019] The use of a pattern of folds to collapse the stent 
allows it to be packaged compactly and to have good 
?exibility for ease of delivery to the blocked site. The 
structure can be simple in structural form and is hingeless 
Which increases reliability. The ability to fold the sheet 
compactly alloWs the use of relatively strong materials 
Which Would otherWise not be deployable. This reduces the 
chances of rupture of the sheet. 

[0020] The stent can also be arranged to reduce slippage as 
compared to a knoWn covered stent. Firstly, the folds may 
provide an uneven outer surface Which reduces slippage. 
Secondly, the outer surface may be provided With a high 
degree of friction, for example by selection of the biocom 
patible material of the stent or by roughening the outer 
surface. 

[0021] The incorporation of the frame provides further 
advantages. As the frame extends around the tubular shape 
of the sheet, it reinforces the sheet. This can provide 
advantages in tWo Ways. 

[0022] Firstly, it makes it easier to design a stent having 
desired properties for deployment in a particular site because 
a desired degree of rigidity may be achieved from the 
combination of both the sheet and the frame. 

[0023] Secondly, as the frame provides some of the struc 
tural integrity of the stent, this increases the choice of 
materials for the biocompatible sheet, in particular alloWing 
the use of materials Which Would not by themselves have 
desired properties for deployment in a particular site. None 
theless the advantages of the biocompatible sheet and of the 
compactness provided by the folding pattern of the sheet are 
still obtained. 

[0024] The frame may comprise a plurality of elongate 
members lying along the sheet and arranged to fold relative 
to each other in conformity With the sheet. The frame may 
be a separate element from the sheet or may be constituted 
by portions of the sheet having a thickness greater than the 
thickness of the remainder of the sheet. As the elongate 
members fold in conformity With the sheet, this alloWs the 
frame to be collapsed With the sheet for deployment of the 
stent. In this manner, during folding the frame is moves 
effectively as part of sheet. The frame is therefore able to be 
integrated With or connected to the sheet cover completely, 
Without affecting the folding and deployment of the stent. As 
a result in the design process the frame can simply be treated 
as a reinforcement to the cover sheet. 

[0025] The stent is particularly useful for use in the 
oesophagus, Where rapid tissue in-groWth is a particular 
problem, or as a stent graft in the aorta. HoWever, the stent 
may be used at any site in the body by appropriate design of 
the stent. The design of the stent is generic, so it can be 
adapted for use at different anatomical sites. For example, by 
varying the diameter, length and/ or bifurcation the stent may 
be collapsed for retrieval at a later date after implantation. 

[0026] Many different variations on the pattern of folds are 
possible. The choice of pattern may be selected to balance 
the ease of deployment, Which generally improves as the 
degree of overlap in the folded pattern decreases, With the 
compactness of the stent When collapsed, Which generally 
improves as the degree of overlap in the folded structure 
increases. 
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[0027] A particularly advantageous pattern is one Which 
progresses helically around the tubular shape of the sheet. 
For example, the pattern of folds may include uninterrupted 
lines of folds progressing helically around the tubular shape 
of the sheet. Alternatively, the pattern of folds may comprise 
at least one roW of unit cells progressing helically around the 
tubular shape of the sheet. 

[0028] Such a helical pattern provides a number of advan 
tages. Firstly, it can be folded more compactly in the 
longitudinal direction, because of the tWist in the pattern, in 
comparison With a stent having a pattern of folds Which does 
not progress helically. 

[0029] Secondly, the stent With a helical pattern may be 
deployed more easily, because the collapse and expansion of 
the stent is synchronised. That is to say, the helical pattern 
causes the forces during collapse and expansion to be 
transferred along the tubular shape of the sheet. This may be 
envisaged as being caused by the force being transferred 
along uninterrupted lines of folds progressing helically 
around the tubular shape of the sheet. Consequently, col 
lapse and expansion of the tubular shape of the sheet may be 
induced by the simple expedient of tWisting the tubular 
shape of the sheet. As such a tWist is easy to apply, this 
greatly improves the ease of deployment. 

[0030] Thirdly, the helical pattern holds the stent in its 
expanded con?guration. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] In the draWings: 

[0032] FIG. 1 is a perspective vieW of a stent comprising 
a sheet folded With one of the folding patterns in accordance 
With the present invention; 

[0033] FIG. 2 is a diagram of a unit cell of a pattern of 
folds With the sheet in its unfolded state, 

[0034] FIG. 3 is a diagram of the sheet With the unit cell 
of FIG. 2 developed to form the overall pattern of folds With 
the sheet in its unfolded state; 

[0035] FIG. 4 is a progression of end vieWs of the stent of 
FIG. 1 during expansion and contraction; 

[0036] FIGS. 5, 7, 12, 13, 15-19, 21-24, 26-31, 33 and 34 
are diagrams of unit cells With alternative patterns of folds 
With the sheet in its unfolded state; 

[0037] FIGS. 6, 8, 14, 20, 25, 32, and 35-42 are diagrams 
of sheets With alternative patterns of folds With the sheet in 
its unfolded state; 

[0038] FIGS. 9 to 11 are graphs of the change in dimen 
sions of a stent against the number of unit cells in the pattern 
of folds; 

[0039] FIG. 43 is a vieW ofa portion ofa sheet ofthe stent 
shoWing an aperture at a node Where folds intersect; 

[0040] FIG. 44 is a diagram of the sheet With the pattern 
of folds of FIG. 6 With a ?rst type of frame; 

[0041] FIG. 45 is a diagram of the sheet With the pattern 
of folds of FIG. 6 With a ?rst type of frame; 

[0042] FIGS. 46 and 47 are perspective vieWs of a portion 
of stents With tWo different forms of frame; and 
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[0043] FIG. 48 is a cross-section view of a portion of a 
stent with a further form of frame. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0044] In order that the present invention may be better 
understood, the following description of embodiments of the 
present invention is given by way of non-limitative example 
with reference to the accompanying drawings. 

[0045] A stent 1 in accordance with the present invention 
is illustrated in FIG. 1. The stent 1 comprises a biocompat 
ible sheet 2. The sheet 2 has a tubular shape and is folded 
with a pattern of folds which allow the stent to be collapsed 
for deployment. The stent 1 further comprises a frame 12 
which reinforces the sheet 2 and is described below, but ?rst 
the sheet 2 will be described. 

[0046] The pattern of folds of the sheet 2 comprises a unit 
cell 3 which is repeated over the entire area of the sheet 2. 
The pattern of folds is illustrated more clearly in FIGS. 2 
and 3 which are views of, respectively, the unit cell 3 and 
the unit cells developed over the sheet 2 in the unfolded 
state, notionally “unwrapped” from its tubular form, the 
lines a-a and b-b being the same line longitudinally along the 
tubular shape of the sheet 2. The unit cells 3 are in rows 
repeating around a direction perpendicular to the longitudi 
nal axis of the tubular shape of the sheet 2. 

[0047] In FIGS. 2 and 3, and indeed the further ?gures 
illustrating patterns of folds, the lines are fold lines where 
the sheet 2 is folded. Between the folds, the sheet 2 is ?at or 
planar. Continuous and dashed lines indicate folds of ?rst 
and second opposite types. The two types are valley and hill 
folds. Hill folds are folds which form a peak when viewed 
from the outer side of the tubular shape of the sheet 2. Valley 
folds are folds which form a valley when viewed from the 
outer side of the tubular shape of the sheet 2. In the 
following descriptions it will be assumed that the folds of the 
?rst type are hill folds and the folds of the second type are 
valley folds. 

[0048] In general, the two types of fold are reversible in 
any given pattern, that is replacing all hill folds with valley 
folds and replacing all valley folds with hill folds. However, 
some patterns when reversed cause the tubular shape of the 
sheet 2 to lock and hence do not allow the sheet 2 to be 
collapsed or expanded. The present invention contemplates 
the alternative that the folds of the ?rst type are valley folds 
and the folds of the second type are hill folds, except when 
this causes locking of the structure. 

[0049] For convenience, the pattern of folds illustrated in 
FIGS. 1 to 3 is referred to as Pattern 1. 

[0050] The unit cell 3 comprises the following folds. 

[0051] Unit cell 3 has an outer circumferential edge of hill 
folds. In particular, these are a pair of longitudinal edge folds 
4 extending along the tubular shape of the sheet 2 parallel to 
one another and transverse edge folds 5 extending around 
the tubular shape of the sheet 2. 

[0052] The unit cell 3 further comprises a central longi 
tudinal fold 6 extending along the tubular shape of the sheet 
2 between the transverse edge folds 5. 

[0053] Lastly, the unit cell 3 has four angular folds 7 each 
extending from a respective intersection A, C, D or F of a 
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longitudinal edge fold 4 with a transverse edge fold 5 to the 
central longitudinal fold 6. All four angular edge folds 7 
intersect the central longitudinal fold 6 at the same position 
0. The length l of each transverse edge fold 5, that is from 
the intersection (e. g. at A) with a longitudinal edge fold 4 to 
a central intersection (eg at B) with the central longitudinal 
fold 6, is equal to the length of the portion of the central 
longitudinal fold 6 from the central intersection (eg at B) 
with the transverse edge fold 5 to the intersection (eg at O) 
with an angular fold 7. Therefore, the triangle AOB and 
equivalent triangles within the unit cells 3 are isosceles 
triangles. The angle 0t (e.g. angle OAB) between a trans 
verse edge fold 5 and an angular fold 7 is 45°. 

[0054] The unit cell 3 is symmetrical about the central 
longitudinal fold 6 and about an imaginary line extending 
around the tubular shape of the sheet 2 perpendicular to the 
central longitudinal fold 6 and intersecting the central lon 
gitudinal fold 6 at O. 

[0055] The angular folds 7 are valley folds and the central 
longitudinal fold 6 is 8 hill fold. Accordingly, the unit cell 3 
is folded as illustrated in perspective view in FIG. 1 where 
the intersections A to F of the various fold lines from FIG. 
2 are indicated for one of the unit cells 3. 

[0056] The unit cell 3 is repeated as illustrated in FIG. 3. 
In particular, the unit cells 3 are arranged in rows 8 labelled 
n1, n2, . . . , the rows repeating along the tubular shape of the 

sheet 2. The unit cells 3 of adjacent rows are offset, as 
illustrated by the unit cells 3 illustrated in bold outline in 
FIG. 3, that is with the longitudinal edge folds 4 of each row 
8 meeting the central longitudinal folds 6 of the adjacent 
rows 8. The number n ofrows 8 labelled n1, n2, . . . in FIGS. 

1 and 3 and the number m of unit cells 3 within each row 
around the tubular shape of the sheet 2 labelled ml, m2, . . 

. in FIGS. 1 and 3 can be freely varied. Similarly, the 
absolute dimensions of the sheet 2 and the unit cell 3 can be 
freely varied. 

[0057] One of the interesting properties of Pattern 1 is that 
it causes the sheet 2 to collapse and expand both longitu 
dinally and radially. That is both the length of the tubular 
shape of the sheet 2 and the radius of the tubular shape of the 
sheet 2 increase during expansion and decrease during 
collapse. This property provides the advantage that the 
folded stent 1 can be packaged compactly. This makes the 
stent 1 easier to deliver through narrow passages of the body 
and facilitates deployment at a blocked site where it can be 
expanded. 

[0058] FIG. 4 is a progression of end views of the stent 1 
during its expansion and contraction. As can be seen from 
FIG. 4, the central part of the unit cell 3 at the intersection 
(at O) of the angular fold 7 with the central longitudinal fold 
6 moves inwardly and outwardly, causing a change in the 
radius of the sheet 2 during deployment. This also causes a 
reduction in the distance between the intersections (at B and 
E) between the central longitudinal fold 6 and the transverse 
edge folds 5, which causes a change in the axial length L of 
the sheet 2. 

[0059] Further possible patterns of folds will now be 
described. The further patterns of folds are variations on 
Pattern 1 shown in FIGS. 1 to 3. For clarity and for brevity, 
the further patterns will all be described by explaining the 
variations from Pattern 1 without repeating the common 
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features. The same reference numerals as for Pattern 1 Will 
be used to denote the sheet 2, the unit cell 3, the equivalent 
folds 4 to 7 and the roWs 8. 

[0060] Pattern 2 is illustrated in FIGS. 5 and 6. FIG. 5 is 
a diagram of the unit cell 3 and FIG. 6 is a diagram of the 
sheet With the unit cell 3 developed across the sheet 2. 
Pattern 2 is similar to Pattern I except that the angle 0t (e.g. 
angle OAB) betWeen each transverse edge fold 5 and 
angular fold 7 is less than 45°, so the unit cell 3 is no longer 
rectangular. 
[0061] Pattern 3 is illustrated in FIGS. 7 and 8. FIG. 7 is 
a diagram of the unit cell 3 and FIG. 8 is a diagram of the 
sheet 2 With the unit cell 3 developed across the sheet 2. 

[0062] Pattern 3 varies from Pattern 1 in that the angle 0t 
(e.g. angle OAB) betWeen each transverse edge fold 5 and 
in respect of angular fold 7 is greater than 45' and less than 
or equal to 60°. As a result the shape of the unit shape 3 
becomes a polygon. The angle 0t should be equal to or less 
than 60° to alloW folding of the sheet 2. 

[0063] Pattern 3 also varies from Pattern 1 in that the 
angular folds 7 do not all intersect the central longitudinal 
fold 6 at the same position. Instead, for each pair of angular 
folds 7 at opposite longitudinal ends of the unit cell 3, the 
pair of angular folds 7 intersect the central longitudinal folds 
6 at the same position, but the pairs of angular folds 7 
intersect the central longitudinal fold 6 at separated positions 
0 and X. BetWeen these separated positions 0 and X, the 
central longitudinal fold 6 is a valley fold. HoWever, the 
portions of the central longitudinal fold 6 extending from a 
central intersection (at B or E) With a respective one of the 
transverse edge folds 5 to a respective intersection (at O or 
X) With the angular folds 7 remain as hill folds. The 
separation betWeen the intersections (at O and X) of each 
pair of angular folds 7 and the central longitudinal fold 6 
may be freely varied. This separation may be reduced to Zero 
(as in Patterns 1 and 2), but the longitudinal length of the 
unit cell 3, or more particularly the length of the central 
longitudinal fold 6, may not be further reduced or else 
folding is prevented. 

[0064] To understand and compare the folding of Patterns 
1 to 3, the geometric properties of Patterns 1 to 3 have been 
analysed as folloWs. The analysis is based on Pattern 2 With 
the angle 0t as 30° and on Pattern 3 With the angle 0t as 60°. 

[0065] Firstly, the ratio R* of the outer radius of sheet 2 (ie 
the distance from O0 to A or B) in its fully folded con?gu 
ration to the outer radius of the sheet 2 in its fully deployed 
con?guration Was calculated for stents 1 having differing 
numbers In of unit cells 3 in each roW 8 of the sheet 2 around 
the tubular shape of the sheet 2. The relationship betWeen R* 
and m for Patterns 1, 2 and 3 is illustrated in FIG. 9 Where 
Pattern 1 is shoWn by a continuous line, Pattern 2 is shoWn 
by a dotted line and Pattern 3 is shoWn by a dashed line. 

[0066] For each model, it Will be noted that the value of R* 
decreases as the number m of unit cells 3 in each roW 8 
increases. In other Words, a large value of m makes the 
pattern fold more compact in the radial direction. Thus the 
number m of unit cells 3 in each roW 8 around the tubular 
shape of the sheet 2 is preferably large to minimise the radius 
of the sheet 2 on collapse. HoWever, increasing the number 
m of unit cells 3 in each roW 8 causes the folding to become 
complex and potentially affected by the thickness of the 
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material of the sheet 2. The number m of unit cells 3 in each 
roW 8 should be selected to balance these tWo factors. 

[0067] It Will also be noted from FIG. 9 that as compared 
to Pattern 1, Pattern 2 has a loWer value of R* and hence 
folds more compactly, Whereas Pattern 3 has a higher value 
of R* and hence folds less compactly. HoWever, the differ 
ence in the value of R* betWeen Patterns 1, 2 and 3 becomes 
small When m is larger than 9. When m=l0 the radius of the 
sheet 2 in its fully folded con?guration is about 30% of that 
in its fully deployed con?guration, for each pattern. 

[0068] Also, the value L* of the ratio of the total length of 
the sheet 2 in its fully folded con?guration to the length of 
the sheet 2 in its fully deployed con?guration Was calculated 
for different values of the number m of unit cells in each roW 
8 of the sheet 2 around the tubular shape of the sheet 2 and 
for differing values of the number n of roWs 8 along the 
tubular shape of the sheet 2. 

[0069] FIG. 10 shoWs the value of L* for each of Patterns 
1 to 3 for differing values of n When m=6. In FIG. 10, 
Pattern I is shoWn by a continuous line, the Pattern 2 is 
shoWn by a dotted line and Pattern 3 is shoWn by a dashed 
line. It Will be seen that for each model, the ratio L* sloWly 
decreases as n increases. This means that all three Patterns 
fold more compactly in the longitudinal direction as the 
number n of roWs 8 of unit cells 3 increases. The value of L* 
becomes nearly constant When n is greater than 7, so there 
is no particular bene?t in increasing the number n of unit 
cells 3 above about 7. 

[0070] It Will be noted that, as compared to Pattern I in the 
longitudinal direction, Pattern 3 folds more compactly, 
Whereas Pattern 2 folds less compactly but maintains ?ex 
ibility. Therefore, pattern 3 is preferred for uses Where 
longitudinal collapse is desirable to alloW access of the stent 
1 to the blocked site, Whereas Pattern 2 is preferred for uses 
Where the medical practitioner prefers the longitudinal col 
lapse to be minimised. 

[0071] FIG. 11 shoWs the value of L* for Pattern 1 for 
different values of m When n=7. It Will be noted that L* 
becomes smaller as m increases. Thus increasing In reduces 
the longitudinal collapse of the sheet 2 When folded, as Well 
as reducing the radial collapse. 

[0072] FIGS. 12 and 13 are diagrams of the unit cells 3 
of the Patterns1-1 and 2-1 Which are variations of Patterns 
1 and 2, respectively. FIG. 14 is a diagram of Pattern 1-1 
developed across the sheet 2. In both cases, the length of the 
unit cell 3 is increased so that the pairs of angular folds 7 
intersect the central longitudinal fold 6 at separated positions 
0 and X betWeen Which the central longitudinal fold 6 is a 
valley fold. 

[0073] FIGS. 15 to 19 are diagrams of the unit cell 3 of 
Patterns 1-2, 2-2, 3-1, 1-3 and 2-3, respectively, Which are 
themselves variations of models 1, 2, 3, 1-1 and 2-1, 
respectively. FIG. 20 is a diagram of Pattern 1-2 With the 
unit cell 3 developed across the sheet of material 2. In each 
case, the variation is to provide an additional ring of valley 
folds 9. Each valley fold 9 extends parallel to an adjacent 
longitudinal or transverse edge fold 4 or 5. The valley folds 
9 extends betWeen an angular fold 7 and either another 
angular fold 7 or else the central longitudinal fold 6. The ring 
of valley folds 9 causes the surface of the unit cell 3 to be 
folded tWice. Therefore inside the ring of valley folds 9, the 
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folds of the basic unit cell 3, that is the angular fold 7 and 
the central longitudinal fold 6, reverse. That is to say, hill 
folds reverse to valley folds and valley folds reverse to hill 
folds. Such a ring of valley folds 9 has the advantages that 
the double folding pattern causes the inner surface of the 
sheet 2 inside the tubular shape of the sheet 2 to become 
smoother and alloWs the unit cell 3 to be folded more 
compactly, because the peak point 0 of the unit cell 3 in its 
folded state shoWn in FIG. 4 is folded inside points A and 
C of the folded unit cell 3, ie alloWing the unit cells 3 to be 
folded compactly in the radial direction. 

[0074] The unit cells 3 described above are symmetrical 
both about the central longitudinal fold 6 and also about an 
imaginary line extending around the tubular shape of the 
sheet 2 perpendicular to the central longitudinal fold 6. 
HoWever, this is not essential. Either or both degrees of 
symmetry may be removed. For example FIGS. 21 to 24 are 
diagrams of Patterns 4-1 to 4-4, respectively, Which are 
symmetrical only about the central longitudinal fold 6. FIG. 
25 is a diagram of Pattern 4-1 With the unit cell 3 developed 
over the sheet 2. Accordingly, the unit cell 3 of alternate 
roWs 8 is reversed in the longitudinal direction. This may 
also be vieWed as a Pattern having a larger unit cell 
comprising the tWo unit cells 3 illustrated in FIG. 21 in bold 
outline combined together. Patterns 4-1 to 4-4 may also be 
vieWed as consisting of the other half of one of the Patterns 
described above With the loWer of another of the Patterns 
described above. For example, Pattern 4-1 may be vieWed as 
the upper half of Pattern 1 combined With the loWer half of 
Pattern 2, and so on. 

[0075] FIGS. 26 to 29 are diagrams of the unit cell 3 of 
Patterns 5-1 to 5-4, respectively, Which are variations of 
Patterns 4-1 to 4-4, respectively, the variation is that the unit 
cell 3 further comprises a ring of valley folds 9 as in Patterns 
1-2, 2-2, 3-1, 1-3 and 2-3. 

[0076] FIGS. 30 and 31 illustrate Patterns 6-1 and 6-2 
Which are symmetrical only about an imaginary line extend 
ing around the tubular shape of the sheet 2. These Patterns 
may also be vieWed as combinations of longitudinally 
extending halves of different Patterns described above, 
except that the central longitudinal fold 6 extends at an angle 
to the longitudinal direction along Which the longitudinal 
edge folds 4 extend. In particular, if the angle BAO is (x1, 
and then the angle BCO is (x2, then the angle AOB is (x2, the 
angle BOC is (X1, and both angles ABO and CEO are 
(J'|§—(Xl—(X2). For example, Pattern 6-1 may be vieWed as the 
combination of the left half of Pattern 1 With the right half 
of Pattern 2. Similarly, Pattern 6-2 may be vieWed as the 
combination of the left half of Pattern 2-1 and the right half 
of Pattern 3. 

[0077] Unlike the previous patterns, Pattern 6-2 cannot be 
used by itself, but must be combined With another pattern. 
For example, FIG. 32 is a diagram of Pattern 6-2 With the 
unit cell 3 developed over a sheet 2 and combined With 
Pattern 3. To enable the unit cells to ?t together, alternate 
unit cells 3 of Pattern 6-2 along each roW 8 are longitudi 
nally reversed and a unit cell of Pattern 3 is arranged 
betWeen successive pairs of unit cells 3 of Pattern 6-2, 
betWeen the longer longitudinal edges of the unit cells 3 of 
Pattern 6-2. Thus, a larger unit cell is formed by the 
combination of tWo unit cells 3 of Pattern 6-2 With a unit cell 
of Pattern 3. 
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[0078] FIGS. 33 and 34 are diagrams of the unit cell 3 of 
Patterns 7-1 and 7-2 Which are variations of Patterns 6-1 and 
6-2. The variation is the addition of a ring of valley folds 9 
similar to the valley folds 9 of Patterns 1-2, 2-2, 3-1, 1-3 and 
2-3. 

[0079] In the Patterns described above, a single unit cell 3 
is repeated over the entire sheet, but this is not essential. In 
fact, different unit cells 3 may be repeated over different 
portions of the sheet 2. For example, FIGS. 35 to 39 shoW 
patterns of folds in Which different roWs 8 comprise a 
respective, different unit cell 3 repeated around the tubular 
shape of the sheet 2. In FIGS. 35 and 36, tWo different 
patterns are used. In FIG. 35, Patterns 1 and 1-1 are used for 
alternate roWs. In FIG. 36, Patterns 1 and 1-2 are used for 
alternate roWs. In FIGS. 37 and 38, three different patterns 
are used. In particular, in both FIGS. 37 and 38 unit cells 3 
of Patterns 1, 4-1 and 2 are used for different respective roWs 
8, although in a different order longitudinally along the 
tubular shape of the sheet 2. 

[0080] Similarly, FIG. 39 is a diagram of a pattern of folds 
in Which each roW 8 comprises tWo different unit cells 3 
alternating along the roW 8, in particular the unit cells of 
Patterns 1 and 1-2. 

[0081] The patterns of folds described above provide the 
sheet 2 With a tubular shape Which is generally cylindrical by 
means of the unit cells 3 being arranged With parallel 
longitudinal edge folds 4 and has the same radius along the 
length of the tubular shape of the sheet 2. HoWever, this is 
not essential. For example, the sheet 2 may be arranged With 
a tubular shape Which is conical along the entire length or 
along a portion thereof. This may be achieved using the 
pattern of folds illustrated in FIG. 40 Which is based on a 
unit cell 3 of Pattern 2, but in Which the unit cells 3 are of 
different siZes With the longitudinal edge folds 4 being 
angled relative to one another, instead of parallel. Therefore 
the longitudinal edge folds 4 are also angled With respect to 
the longitudinal direction of the tubular shape of the sheet 2. 
As a result, the sheet 2 of FIG. 40 forms a conical (or 
frustoconical) tubular shape When folded. Alternatively, the 
sheet 2 may have a more complicated structure, for example 
having plural tubular portions branching off from a common 
node. 

[0082] FIGS. 41 and 42 are diagrams ofpattems in Which 
unit cells 3 are arranged on the sheet 2 in roWs 8 Which 
progress helically around the tubular shape of the sheet 2 
When the sheet 2 is folded. FIGS. 41 and 42 are based on 
a unit cell of Pattern 1, but any of the patterns described 
above could alternatively be used. Consequently, the roWs 8 
of unit cells are arranged at a pitch angle or helix angle [3 
Which is the angle betWeen the direction in Which the unit 
cells repeat and plane perpendicular to the longitudinal axis 
of the tubular shape of the sheet 2. When the sheet 2 is folded 
With the opposite lines a-a and b-b in FIGS. 41 and 42 being 
the sane line, successive roWs 8 of unit cells 3 join end-to 
end to form a longer roW Which progresses helically around 
the tubular shape of the sheet 2. In the pattern of FIG. 41, 
the angle x is selected so that the roWs 8 combine to form a 
single roW progressing helically around the tubular shape of 
the sheet 2. In the pattern of FIG. 42, the angle [3 is selected 
so that the roWs 8 join together to form tWo roWs progressing 
helically around the tubular shape of the sheet 2. 

[0083] As a result of the helical pattern it Will also be 
noted that the longitudinal edge folds 4 and the central 












