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TECHNIQUES FOR DESIGNING AND MANUFACTURING FRECIﬁIQR~
FOLDED, HIGH STRENGTH, FATIGUE-RESISTANT STRUCTURES ARD
SHEET THEREFOR

BRELATED APPLICATIONRS

This application is a Conrtinuation-in-Part ZApplication
hased upon a co-pending patent application 3Serial No.
10/256,870, filed September 26, 20602, and entitied METHOD
FOR PRECISIOR BEHDING OF SHBEET OF MATERIALS, SESLIT SHEETS
FABRICATION PROCESS, —which was a Continuation-in-Part
application based upon a co-pending parent application,
Serial No. 0%/640,267, filed August 17, 200¢, and entitled

- METHOD FOR PRECISICH BENDING OF A SHEET QF MATERIAL BAND

SLIT SHEET THEREFOR, now U.S. Patent No. 6,481,259 Bi.

TECENICAL FIELD

The present invention - relates, in  general, to the
designing and precision folding of sheets of material and
the manufacture of structurses therefrom. HMore
paxtiéal&rly, the present invention relates to processes
of designing, preparing and manufaétaring, including, but
not limited to, ways of preparing shaet'mataxiaz, in order
to enable precision folding and to the use of such

processes for rapid two-dimension~ to- three-dimensional
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folding of high strength, fatigue-resistant structures or

assemblies.

BACKGROUND ARZ

B commonly encountered problem in connection with be&diﬁg
sheet material is that the locations of the bends are
difficult to control because of bending tolerance

vafiations and the accumulation of tolerance errors. For
example, in the formation of the housings for electronic
equipment, sheet metal is bent along a first bend line <:D
within certain tolerances., The second bend, however,
often is positioned based upon the first bend, and
accordingly, the tolerance errors can accumulate, Since
there can be three or more bends which are invelved to
create the chassis or encleosure for the slectronic
components, the effact ¢f cumulative tolerance errors in
bending can be significant. Moreover, the-tclerances that
are achievable will vary widely depending on the bending
egquipment, and its tooling, as well as the skill of the
operator. (é}
s
One approach to this problem has besn to {ry te control

the location of bends in sheet material through the use of
slitting or grooving. 8lits and grooves can bs formed in
sheet stock very precisely, for example, by the use of
computer numerically controlled (CNC) devices which

control a slit or groove forming apparétus, such a2 a

laser, water jet, punch press, knife or cther tool.

Referring to FIG. 1, a sheet of material 21 is shown which
has a plurality of slits or greaves 23 aligned in end-to-

end, spaced aparﬁ relation along a proposed bend line 25,

Batween pairs of longituedinally adjacent slits or grooves
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are bending webs, splines or straps 27 which will be
plastically deformed upon bending of sheet 21. Webs 27
hold the sheet together as a single m&mbexA When grooves
that do not penetrate thrau@b sheet 21 are employad, the
sheet of material is &lso held together by the web of

material behind each groove,

The location of grodves or slits 23 in sheet 21 can be
precisely controlled so as to position the grooves or
slits on bend line 2% within relatively close tolerances.
Accordingly, when sheet 21 is bent after the grooving or
slitting process, the bend occours at & position that is
very close to bend line 25. Since slits can be laid out
on a flat sheet of material precisely, the cumulative
error is much less in such a bending process, as compared
to one in which bends are formed by a press brake, with
each subsaguent Bend heing positioned by reference to the

preceding bend,

Nevertheless, even a grooving-based or slitting~based
bending of sheet material has its problems. Flrst, the
stresses in bending webs or straps 27, as a result of
plastic deformation of the webs and slitting at both ends
of wabs 27, are substantial and concentrated. For
grooving, the stresses on the material behind or on the

back side of the groove alsc are subsgtantial and very

. concentrated. Thus, failures at webs 2% and/or behind

grooves 23 cap occur. Moreover, the grooves or slits do

not necessarily produce bending of webs 27 directly along
bend line 23, and the grooving process is slow and
inconsistent, particularly when milling or point cutting
V-shaped grooves. Grooving, therefore, is not in

widespread commercial use.,
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Ks can be ssen in-FIQQ. 1A and 1B, 1if sheet 21 is slit, as
is shown at 23a and/or grooved, &s shown at 23b, and then
bent, bending webs 27a and 27b will experlience plastic
daform&tio& and residual stress. For slit 23a, of gourse,
material will be completely removed or severed along the
length of the slit. For V-shaped groove 23b, there will
be a thin web 29 between groove 23b and the convex outside
of the bend, but it also will be plastically deformed and
highly stressed. The bend for ?-shaped grooviag will
normally be in a direction ¢losing groove 23b so that the
side faces come together, as shown in FIG. 1B. Lleading of {f?
the bent structure of FIGS. 1A and 1B with a vertical
force Fy and/or a horizontal force By will place the bend,
with the weakening slits and/or grooves and the
plasﬁicali? deformed straps or webs 27a, 27b, as wall as
thin web 29, under considerable stress. Failure af the
structure will occur at lower force levels than if a non-

slitting or nen-grooving bending process was used.

Another scheme for sheet slitting to facilitate bending
has beeﬁ employed in the priocr art. The slitting
t&éhniqne employed to produce bends, however, was designed (i§
primarily to produce visual or decorative effects for a
sculptural application. The visual result has been
described as “stitching,” @nd the bends themselves have
been structurally reinforced by beams. This stitched
sculpture was exhibited at the New York Museum of Modern
Art by at least 1998, and the sheet slitting technique is
described in Published United States Patent Rpplic&ﬁion
U.S. 2002/0184936 Al, published on December 12, 2002, {the
“Gitlin, et al Application.”}. ?he&sgulpture ig also
shown and described in the publication entitled “0ffice

dB” by Contemporary World Rxahitécts, pp. 15, 20-35, 2000.
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FIGS. 2, 2A and 2B of the pressant drawing show one exampls

of the stitching technigqus employed.

One embodiment of the Office dB or Gitlin, et al.
Application iz shown in FIG. 2. A plurality of slits 31
ig formed in a sheest material 32. 3Slits 21 are linear and
offset laterally of each other along opposite sides of a
bend line 33. The slits can be seen to longitudinally
overlap so as to define what will become bending splines,
webs, straps or “stitches” 34 between the overlapped slit
ends., FIGS. 24 and 2B show an enlarged side elevation
view of one end of one slit in sheet 32, which has been
hent along bend line 33 by 90 degrees, and sheet portions
35 and 36 on opposite sides of the bend 1ine ars
interconnected by the twisted straps or “stitches” 34,
which twist or stitch between the 90 degree sheet portions
35,36, The architects of the New York Museum of Modern
Art sculpture recognized that the resulting bend is not
structurally very strong, and they have incorporated
partially hidden bsams welded into the sculpture in the
inner vertices of each of the stitched bends.

Since slits 31 are parallel to bend line 33, straps 34,
which also have a constant or uniform width dimension, are
twisted or plastically deformed in torsion over their
length, with the result that at the end of a 90° ‘bend &

‘back side of the strap engages face 38 on the thét side

of s1it 31 at position 37. Such engagement 1ifts sheet
portion 35 up away from face 38 on sheet portion 36, as
well as trying to open end 40 of the siit and producing
further stress at the slit end. Thé result of the
twisting of straps 34 and the lifting at the end of the
bend is a gap, 6, over the length of slit 31 between sheet
portion 35 and face 38, Twisted straps or stitches 34 |
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force sheet portion 35 off of face 38 and stress both slit
ends 40 {only one slit end 40 is shown but the same stress
would occur at the other slit end 40 of the =lip 31 shown
in Figs. 23 and 2B}).

Gaps G are produced at each slit 31 along the length of
end line 33 on alternative sides ¢f the bend linsa. Thus,
at each slit a sheet portion is forced away from contactg
with a slit-defining face instead of being pulled into

contact with, and thus full support by, the face,

Morsover, and very importantly, the slitting configuration
of FIG, 2 stresses each of straps 34 to a very high
degree. As the strap length is increased {the length of
overlap between the ends of slits 31) to attempt to reduce
the stress fiom twisting along the strap length, the force
trying tw’resilieﬁtly pull or ¢lamp a sheat portion
against an opposing face reduces. Conversely, as strap
length 34 is decreased, twisting forms micro tears in the
constant width straps with resultant stress riserxrs, and
the general condition of the twisted straps is that they
ara overstressed., This tends to conpromise the strength

of the bend and leaves a non-load bearing bend.

A vertical force {Fv in FIG., 2B) applied to sheet portion
35 will immediately load twisted and stressed strap 34,
and because there is a gap ¢ the strap will plastically
deform further under loading and can féil or tear before
the sheet portion 35 is displaced down to engagement with
and support on face 38. A horizontal force Fy similarly
will tend to crush the longitudinaliy’adjacant strap 34
{and shaar'stzap 34 in FIG. ZB} before gap G is cliosed and

the sheet portion 35 is supported on the opposing slit
face 38. |
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Another problem inherent in the slitting scheme of PIGS,
2-28 and the Gitlin, et al. Application'is that the
constant strap width cannot be varied independently'of the
distance between sllits, and the strap width cannot he less
than the material thickness without stressing the siraps
to the extreme. When slits 31 are parallel to each other
and longitudinally overlapping, the strap width, by
gefinition, must squal the spacing or jog between slits,
This limits the flexibility in designing the bends for
structural leading of the straps. Still further, the
slits terminate with every other slit end being aligned
and directed toward the other. There is no attempt,
therefore, to reduce stress risers and micro-crack
praopagation from occurring at the ends of the slits, and

alignaed slit ends can crack under loading.

The sheet slitting configuration of FIGS. 2-ZB, therefore,
can be readily employed for decorative bends, but it is
not optimally suited for bends which must provide

significant structural support and fatigue resistance,

The Gitlin et al. Application also teaches the formation
of curved glits (in FIGS. 10a, 16b}, but the slits again
parallel a curved bend line so that the width of the
bending straps is constant, the straps extend along and
parallel to the bend line, not across it, the st%éps-are
twisted in the extreme, the slit ends tend to direct
micxcfcracks and stress concentrations to the next slit,
and the application teaches employing & slit kerf which
results in engagement of the opposite side of the slit, at
37, only at the end of the bend.
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A simple linear perforation technique also was used by the
same architects in an installation of bent metal ceiling
panels in & plzza restaurant in Boston. Again, the bent
sheet components by linear perforation were not designed

to pear significant unsupported loads along the bends.

Slits, grooves, perforations, dimples and score lines also
have been used in various patented systems as a basis for
bending sheet material. U.8. Patent Ho. 5,225,799 to West
et 8l., for example, uses a grooving-based ﬁ&chniqué to
fold up a shest of material to form a microwave wave guide
or Filter. In U.S. Patent Ho. 4,628,161 to 5t., Louils,
sgore lines and dimples are used to fold metal sheets. In
.8, Patent No. 6,216,037 to Brandon, slots and
perforations are used to bend plastics. The bending of
corrugated cardboard using slits or die cuts is shown in
U.58. Patent No. 6,132,349 and BCT Publication WO 97/24221
to Yokovama, and U.S. Patent Nos. 3,756,49% to Grebel et
al. and 3,258,380 to Fischer, et al. Bending of
paperboard sheets also has been facilitated by slitting,
as is shown in U.S. Patent Nos. §,692,672 to Hunt,
3,963,170 to ®Weod and 975,121 to Carter. Published U.8.
Patent Application No. US 2001/0010167 Al also discloses a
metal bending technique invelving openings, notches and
the like and the use of great force to produce controlled

plastic flow and reduced cracking and wrinkling. ..

in most of thege prior art bending syséems, howevey, the
bend forming technique greatly weakens the resulting
structure, or precision bends are not capable of being
formed, or bending occurs by crushing the material on one
side of the bend. Moreover, when slitting is used in
these prior art systems, in addition to structural

weakening and the promotion of future points of structural



10

15

20

30

WG 20047628937 POTAISIN03/030248

Ed
fatlure, the slitting can make the ?mocass of séaling a
bent structure expensive and difficult, These prior art
methods, therefore, are less suitable for fabricating
structures that are capable of containing a £lunid or

flowable material.

The problems of precision bending and retention of |
strength are much more substantial when bending metal
sheets, and particularly sheets of substantial thickness,
In many applications i1t is highly desirable t¢ be able to
hend maetal sheets with low force, for example, by hand
with only kand tobis, or with enly moderately powered
tools.  Such bending of thick metal shsets, of course,

poses greater problems.

In anocther aspect of the present invention the ability to
gvercome prior art deficiencies in slitting-based bending
of sheet material is applied to eliminate deficiencies in
prior art metal fabrication techniques and the structures

resulting therefrom.

A well known prior art technique for producing rigid three

dimgnsional structures is the process of cutting and

- joining together parts from sheet and non-gheet material.

Jigging and welding, clamping and adhesive bonding, or
machining and using fasteners to jein toggther seversl
discrete parts has previously been extensively uvsed to
fabricate rigid three~dimensional structures. In the case
of welding, for example, a problem arises in the accurate
cutting and jigging of the iﬁdividagl pieces; the labor
and machinery required to manipalaté a large number of
parts, as well as the quality contrel and certification of

multiple parts. Additionally, welding has the inherent
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problem of dimensional shape warping caused by the heat-

affected zone of the weld.

Traditional welding of metals with significant material
thickness is usually achieved by using parts having
beveled edges often made by grinding or single point
tools, which add significantly to the fabrication time and
cost. Moreover, the fatigue failure of heat-affected
metals is unpredictable for joints whose load~bearing
geometries rely entirely on welded, brazed or Foldered
materials. Fatigue failure of welds asdally is <j§
compensated for by increasing the mass of the components,
which are welded together and the number and depth of the
welds., The attendant disadvantage of such over design is,

of course, excessive weight.

With reapect to adhesively bonding sheet and non-sheat
material along the edges and faces of discrete components,

a problem arises from the handling and accurate

posiftioning the several parts and holding or clamping them

in place until the bonding method is complete. (i}
Another class of prior art technigues related to the
fabrication of three-dimensional structures are the Qapid
Prototyping metheods. These include stereo lithography and

a host of cother processes in which a design is produced

using a CAD system and the data representation of the

structure is used to drive equipment in the addition or

subtraction of material until the structure is complete.

Prior art Rapid Prototyping tachniqqas are usually either
additive or subtractive. |

The problems associated with subtractive Rapid Prototyping
methods are that they are wasteful of materials in that a
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block of material capable of containing the entire part is
used and then a relatively expensive high-speed machining
center is required to accurately mill and cut the part by

removal of the unwanted material.

Problems also exist with pricr art additive Rapid
Frazoxyping technigques. Specifically, most guch
techniques are optimized for a very narrow range of
materials. Additionally, most reguire & specialized
fabrication device that dispsnses material in
correspondence with the data representing the part. The
additive Rapid Prototyping processes are slow, very
limited in the scale of the part envelope and usually do

not make use of structurally robust materials..

Geﬁerazly.in the prior art, therefore, sheet slitting ox
grooving to enable sheet ben&ing has produced bends, which
lack the precision and strength necessary for commercial
atructural applications. Thus, such prior art sheet
bending techniques have been largely relegated to light
gange metal bending or decorative applications, such as

sculpture.

In a broad aspect of the present invention, therefore, it
is an impertant object of the present invention to be able

to bend sheet material in 2 very precise mannsr and yet

 produce a bend, which is capable of supporting substantial

loading and is resistant to fatigue failures.

Another object of this aspect ¢f the present invention is
to provide a method for precisicon bending of sheets of
material uzing improved slitting techniques, which enhance

the precision of the location of the bends, the strength
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of the resulting structures and reduce stress-induced

failures.

Another abject of the present invention is to provide a
precision sheet bending process and a sheet of material
which has been slit or grooved for bending and which can
be used to accommodate bending of sheets of various
thicknesses and of various types of non-crushable

mataerials.

Another object ¢f the present invention is to provide a {j>
method for slitting sheets for Sﬁbseqaent bending that can

be accouplished using only hand teools or power tools which
facilitate bending but do not attempt to cﬁntral‘the

location of the bend.
Another object of the present invention is to be able to
bend sheet material into high strength, three-dimensional

structures having precise dimension tolerances.

It is another obiject of the present invention to be able

O

to bend sheet materials into pracise three-dimensional
structures that are easily and inexpensively sealed thus

enabling the containment of fluid or flowable materials.

In a broad aspect of the present inventicn.ralatiag_to the
use of slit-based bending to enhance ﬁabzication'aad
assembly techniques, it is an object of the present
invention to provide a new ﬁapid Prototyping and &dvénceda_
Rapid Manufacturing technigue that employs a wide range of
materials including many that are séructuxaily robust,

does not employ speclalized eguipment other than what

would be found in any modern fabrication facility, and can
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be scaled up or down to the limits of the cutting process

used,

It is another object of this aspect of the present
invention to provide features within the sheet of material
to be bent that assist in the accurate additive alignment
of components prior to and after the sheet material is
bent.

A further object of the present invention is to provide a
fabrication method that serves as a near-net-shape
structural scaffold for multiple components arranged in 3D
space in the correct relationship to each other as defined

by the original CAD design process.

It iz a further object of the pzeaené invention to provide
a method of fabricating welded structures that employs a
smaller number of separate parts and whose edges are self
jigging along the length of the bends and whose non-bent
edges provide features that facilitate ijigging and
clamping in preparation for welding. In this context it
is yet another object of the present invention to provide
a superior method of jigging sheet materials for welding
that dramatically reduces warping and dimensional

inaccuracy caused by the welding process.

Yet another object of the present invention is to provide
a novel welded joint that provides substantial load-
bearing properties that do not rely on the heat affected
zone in all degrees of freedom and thereby improve both
the loading strength and cyciiaal,-fatiga@ strength of the

resulting three dimensional s{ructure.
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Still another object of the present invention is to
provide a suparior method for:

1)  reducing the number of discrete parts reguired
to fabricate a strong, rigid, dimensionally accurate three
dimensional structure, and

2} inherently providing a positioning and clamping
method for the various sides of the desired three _
dimensional structure that can be accomplished through the
bent and unbent edges of the present invention resulting
in a lower cost, higher vield fabrication method.

{j?
It is a further object of the preéesent invention to provide
a method of fabricating a wide variety of fluid containing
casting molé$ for metals, polymers, ceramics and
composites in which the mold is formed from a siit, bent,
sheet of material which can be either removed after the
solidificaﬁian ?receas or left in place as a structural or

surface component of the finished object.

Still anothexr object of the pressnt invention is to

provide & sheet bending method that is adaptable for use

with existing slitting devices, enables sheet stock to be <j§
shipped in a flat or coiled condition and precision hent

at a remocte location without the use of a press brake, and
enhances the asgembly or mounting of components within and

on the surfaces in the interior of enclosures formed by
bending of the sheet stock after component affixaéion to

the sheet stock.

Still another object of the present invention is to
provide a precision folding technique that can be-uéad to
create accurate, precise, load-bearing folds in sheets of

material, including but not limited to, metals, plastics,
and composites.
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Enother object of the present invention is to provide a
precision folding technigue that allaws'faiding around a
virtual bend line and requires considerably less force to

accomplizh the fold than conventional bending techniques.

Another object of the present invention is to provide a
precision folding technique that is essentially linearly
gealable independently of the thickness or microstructural

characteristics of the material

Ancther object of the present invention is to form the
geometries described herein whether by a slitting/removal
process, a severing process or by an additive process, and

arrive at the advantages herein described by any route.

Yet ancther object of the present invention is to provide

a precision folding technigue for folding a non-¢rushabile
material in which the wicrostructure of the material

remains substantially unchanged ardund the fold.

The methods and discrete techaiques for designing and

precision folding of sheet material, the fabrication

techniques therefor, and the structures formed from such

precision bending of the present invention have other
features and objects of advantage which will bhecome
apparent from, or are set forth in more detail id; the'
accompanying drawing and the following description of %he

Best Mode of Carrying Out The Invention.

DISCLOSURE OF IRVENTION

In a broad aspect the present invention, bending strap~

defining structures, which are preferably slits but may be
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grooves, are used to configure bending straps in the sheet
of material that cause the bent sheet €o have improved
precision in the bend location and sabstantially improved

bend strength.

Briefly, in s preferred embodiment a sheet of material is
formed with a plurality of slits that are positioned

relative to a proposed bend line and configured to allow
bending of the sheet of material precisely along the bend
line as a rasult of &ége~towféce engagement of material on
opposite sides of the slits during bending for increased (j?

bend strength and dimensional accuracy.

Most preferably the longitudinally adiacent slits are

equally transversely spaced on opposite sides of the bend
line to define bending straps that extend obliquely across
the bend line. The slits are preferably arcuate with

convex side facing or closest to the bend line so that the
width dimension of the straps increases in both directions
from a midpoint, or a constant width yegion, of the

straps. The siiﬁs also preferably include crack

propagation resisting end porticns to further reduce the (f§
likelibeod of stress fallures.

The method for precision bending of a sheet of material of
the present -invention is comprised, briefly, of the steps
of forming a plurality of longitudinally extending slits
through the sheet in axially spaced reiatiaa in a
direction extending along, and proximate to, a bend line
to define bending straps or webs between adjacent ends of
palrs of the slits. The slits are %u:th&r configured and
positioned during the forming step to produce edge-to-face
engagement of the sheet material on opposite sid@s:9£ thea

slits during bending of the sheet of material. The method
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alsce can include the step of bending the sheet of material
along the bend line to produce such precision-enhancing
egge-to-face engagement of the material on opposite gides
of the slits throughout the bend.

in one smbediment, the slitting step iz accomplished by
forming two elo&gaﬁeé slits longitudinally shifted along
the bsnd zia@, with each 2lit having s siit end portion
which diverges away from the bend line to provide a pair

of adiacent s$lit portions on opposite sides of the bend

line which define an oblique bending strap extending

across the bend line with increasing width in both
dirsctions frowm the bend line. The slit kerf and -og
distance between opposing rows of arcuate slits are
dimensioned and positioned to produce interengagement of
an edge of the éh&at of material on one side of the slits
with a face of the shest of material on the opposite side
of the slits during bending. Most preferably the slits
are arcuate and produce continuous and progressive
engagement of an ﬁdg& with an opposing face, with the
result that the edge is resiliently clamped and held
against the opposing face over a substantial portion of
the length of the siit during bending for control of the
bonding precision and enhancement of the strength of the

bent shest.

In another embodiment of the method of the pr&séd%

invention, the step of slitting is accomplished by
forming a first elongated $lit through the sheet of
material along the bend line, which slit is composed of a
pair of proximate, {ransversely SQaéed apart, parallel and
longitudinally extending, first slit segments connected
near a common transverse plane by a transverzely extending

s1it segment; and by forming z second elongated slit in
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substantially longitudinally aligned and longltudinally
spaced relation to the first elongated siit. The step of
forming the second elongated slit also preferably is
accomplished by forming & pair of proximate, transversely
spaced apart, parallel and longitudinally extending, slit
segments connected near & common Lransverse plane by a
transversely extending slit segment. Thus, instead of one
continuous elongated slit, each slit in the pair of slits
is formed as a slightly steppsd slit proximate a midpoint
of the combined length of the slit ségments,

O

In these embodiments, a virtual fulcrum is provided upon
bending that can be positioned precisely on the bend line
to cause bending of the bending straps or webs mqta
precisely along the band line. The detailed concept of
the virtual fulcrum is described below in the Best Mode ¢f
Carrying Out The Invention. The slits may be provided
with enlarged end openings, or wmay curve back on
thenselves so as to reduce stress concentrations proximate

the bending webs and resist micro-crack propagation.

In another embodiment & single slit is provided with | K
bending straps that are configured to pull the sheet on

the far side of the bend line toward the slit to maintain
edge-to~face engagement during bending. 0Obliquely

oriented bending straps having central axes which converge

on a side of the bend line opposite to the side on which

the slit is positioned will produce such edge-to-face

contact. Sheset edges can be combined with arcuate sliit

end portions to define such 0bliqae_straps‘
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DESCRIPTION OF THE DRAWING

FIG., 1 is a fragmentary, top plan view of a sheet of
material having slits and grooves formed therein in

accordance with one prior art technique.

FIG. 18 is an enlarged, fragmentaxy view, in Cross
seation, taken substantially along the plane of line 1A~15
in FIG. 1, of the sheet of FIG. 1 when in a bhent

condition.

FIG. 18 is an enlarged, fragmentary view, in oross
section, taken substantially along the plane of line 1B-1R
of Fifs. 1, of the sheel of FIiG. 1 when in 3 bant

condition.

FIG. 2 is a fragnentary, top plan view of a sheet of

‘material having a plurality of slits formed therein using

an alternative configuration known in the prior art.

FIG. 22 is an enlarged fragmentary side elevation view of
the sheet of FIG. 2 bend by about 890 degrees.

FIG, 2B isfa cross sectional view taken substantially
along the plane of line 2B~2B in FIG. 2A.

FIG. 3 is a f{ragmentary, top plan view of a sheet of

material slit in accordance with one embodiment of the

present invention.

FIGS. 4A~4D are fragmentary, top plan views of a sheet of.
material which has been slit according to the embodiment
of FIG. 3 aﬁé which is in the §recesé of being bent from a
flat plane in FIG. 42 to a 90 deérees bend in FIG, 4D. |



i0

15

20

30

W 204/028937 PCTIUSH83/030248

20

FIGE. 5A-~5%a_ are fragmentary, crosg sectional views,
taken substantially along the planes of lines SR-5& ., in

FIGS. 4A-4D during bending of the sheet of material.

FIG. 6 is a top plan view of a sheel of material slit in
accordance with a second embodiment of the present

invention.

FIG. 7 is a top plan view of the sheet of FIG. 6 after
being bent by about 90 degreaas. <j>

FIf3, # is an end view of the sheet of material of FIfs. 7.

FIG. 8A is an enlarged, end elevation view, in cross
section, of the shest of material of FIG. 7 taken
substantially alonyg the plane of 8A-8A in FIG. 7 and
rotated by about 45 degrees from FIG. 8.

FPIG. 8B is an enlarged, end elevation view, in cross

section, of the sheet of material of FIG. 7 taken
substantially along the pl&ne'Qf 8B-88 in FIG. 7 and {:3
rotated by about 45 degrees from FIG. 8.

FIG. 9 is a fragmentary top plan view of & sheel of
material slit according te a further alternative

embodiment of the present invention.

FIG. 10 is a side elzvation view of the sheet of FIG. ©
after bending by about %0 degrees.

FIG. 10A& is a fragwentary cross sectional view taken
substantially aleng the plane of line 10A-10A in FIG. 10.
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FIG. 11 is a fragmentary, top plan view of a schematic

representation of a further aiternative embodiment of a
sheet of material having strap-defining structures

censtructed in accordance with the present invention.

FiG. 11A is & fragmentary top plan view of a slit of the
configquration shown in FIG. 11 which has been formed using

a rapid pilercing laser cutting technigue.

FIG. 12 is a fragmentary, top plan view of one sheet of
material before pending and assembly into a curved bhox

beanm.

FIG. 13 is a side elevation view of a curved box bean
constructed from two sheets of material each being alit as
shown in FIG. 12,

FIG, 14 is an end elevation view of the beam of FIG. 13.

FIG. 15 is a top plan view of a sheet of material Formed
with strap-defining structures and configured for

enclosing a cylindrical member,

FIG. 16 is a top perspective view of the sheet of material
of FIG. 15 as bent along bend lines and mounted to enclose

a cylindrical member.

FIG., 17 is a top perspective, exploded view of a
corrugated assembly formed using a sheet ¢f material

formed in accordance with the present invention.

FIG. 18 is a top perspective, exploded view of an
alternative embodiment of a shest of material formed in

accordance with the present invention.
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FIG. 19 is a top plan view of the slit sheet used to
construct an alternative embodiment of a corrugated deck

prior to bending or f£olding.

FIG. 20 is a top perspective view of a corrugated sheet or
deck constructed using the slit sheet material of FIG. 19.

FIG., 21 is an enlarged, fragmentary persgpective view
substantially bounded by line 21~-21 in FIG. 20.

FIG. 218 iz an enlarged, fragmentary, top plan view
substantially bounded by line 212~21R in FIG. 19.

FIG., 22 is a schematic, end elevation view of a
cylindrical member constructed using a corrugated sheest
similar to that of FIGS. 18 and 20, scaled to define a
cylindrical form. «

FIG. 23 is an éaiarg&d, fragmentary, side elevation view
of a sheet of material slit in accordance with the prasent
invention and having a tongue or tab displaced to ensure

© predictable bending.

FIG., 2338 is a reduced, end elevation view of the sheet of
FIG. 23 during bending.

FIG. 24 is a fragmentary, end elevation view of a sheet of
material slit at an oblique angle to the plane of the

sheet and shown during bending a to a complimentary angie;

FIG, 25 is a side elevation, schematic representation of a
reel-to-reel sheet slitting line arranged in accordance

with the present invention.

-



o

. ,/’I

A

10

i3

20

25

30

WO 2604/628937 PUTHISING3038248

FIG. 26 is a top perspective view of & coiled sheet of

material which has beesrn slit, for example, using the
apparatus of FIG. 25 and is in the process of being rolled

aut and bent intn a three-~dimensional structure.

FIGS. 278~276 are top perspective views of a sheet of
materizl constructed in accordance with the present
invention as it is beling bent into a c¢ross—braced box

beam.

FIGS., 28A-24E are top perspective views of a sheet of
material constructed in accordance with the present
invention as it is being bent into a chassis For support

of components such as electrical components.
FIG. 2% is a top perspective, schematic representation of
one smbodiment of equipment sultable for low-force bending

or folding of the slit sheet of the present invention.

¥IG. 30 is a top perspective, schematic representation of

. another embodiment of sheet bending or folding process of

the present invention.

FIG. 31 is a flow diagram of one aspect of the interactive
design, fabrication and assembly processes for slit sheet

material bending of the present inventioa.

FIGE. 32A~32FE are top parspective views of a sheet of
material constructed in accordance with the present

invention as it is being bent into a stud wall/ladder.
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FIG. 33 is a top perspective view of a curved corrugsted
deck or panel constructed in accordance with the present

invention.

FIG. 34A~34E are top perspective views of a sheest of
material including swing-outb bracing and shown as it is

being bent into a swing-out braced box~-bean.

¥IG, 35 is a top plan view of a sheet of material slit in
accordance with the present invention and including a

single slit embodiment

FIG. 36 is a top perspecti%é view of the sheet of FIG. 35

as bent into a roller housing.

FIG. 37 is a fragmentary top plan view of a sheet of
naterial having differing bend line termination slit

confilgurations.

BEST MODE OF CARRYING OUT THE INVENTION

Reference will aéw be made in detail to the prafexradl
embodiments of the invention, examples of which are
illustrated in the accompanying drawings. While the
invention will be described in conjunction with the
preferred embodiments, it will be undexsté&d that they are
not intended to limit the invention to those embodiments.
On the centrary, the invention is intended to cover
alternatives, modifications and egquivalents, which may be.
included within the spirit and scope of the invention as

defined by the appended clailms.

The present method and apparatus for precision bending of
sheet wmaterial is based upon the slitting geometries

%,
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disclosed in prior applications, Serial Heo. 09/840, 267,
filed August 17, 2000, and entitled METHOD FOR PRECISION
BENDING OF A SHEET OF MATERIAL AND SLI‘Z‘I SHEET THEREYOR,
and Serial No. 14/256,870, filed Septewber 248, 2002 and
entitiad METHOD FOR PRECISTON BENDING OF SKEET OF
MTERI.&LS, SLIT SHEETZ AND FABRICATIOR PROCESS, which are

incorporated herein by reference in their entirety.

Gne smbodiment of the precision and high strength bending
process and apparatus of the present invention can be
described by reference to FIGH. 3-5. In FIG. 3 3 sheet of
material 41 is formed with a plurality of bending strap-
defining structures, in this case slits, gensrally
designated 43, along a bend line 45. Slits 43, therefore,
are longitudinally extending and in end-to-end spaced

relation so as to defineg bending webs or straps 47 betwsen

 pairs of slits 43. In PFIG., 3, slits 43 are provided with

stress reducing structures at ends thereof, namely
opsnings 4%, so as to effect a reduction in the stress
concentration in bending webs 47, Tt will be understood
from the description below, however, that stress reducing
structures, such as enlarged openings 49 in FIG. 3, are
not required for realization of the-benefits of the

precision bending system of the present invention.

For the embodiment of slits 43 shown in FIG. 3, however,
each longitudinally extending slit between the slit ends
is laterally or transversely stepped reiaﬁive to bend
lines 45. Thus, a siit, such as slit 43z, is formed with
a §aif of longitudinally extending slit segments 51 and 32
which are positioned proximate to, and preferably
equidistant on opposite sides of, and substantially
parallel to, bend line 45. ILongitudinal slit segments 51

and 52 are further connected by a transversely extending
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slit segment 53 so that slit 43a extends from enlarged
opening 4Y%a to enlarged cpening 496 along an
interconnected path which opens to bothxaf the enlarged
openings and includes both longltudinally extending slit

segrnents 51, 52 and transverse slit segment 53.

The function and advantages of such stepped slits can best
be understosd by refersnce to FIGS. 4A-4D, and the
corresponding FIGS. 5&-5C to SA,, ,-5C |, wherein the
bending or folding of a sheet of material 41, such as
shown in FIG. 3 is illustrated at wvarious stages, In FIG. {j§
4A, shest 41 is essentially slit as shown in FIG. 3,

There is a difference between FIGS. 3 and 4A in that in
FIG. 3 a kerf width or section of removed material is
shown, while in FIG. 45 the sllit is shown without any
kerf, as would be produced by a slitting knife or punch.
Tha.affact during bending, however, is essentially the
ﬁame.if the kerf width is small enough that the material
on the opposite sides of the slit interengage during
bending. The same reference numerals will be'emyloyed in
FIGS. 48-5C, .. as were employed in Pig, 3.

Thus, sheet 41 is shown in a flat condition before bending
in FIG., 4A. Longitudinally extending slit-segments §1 and
52 are shown in FIG. 42 and in the cross sections of PIGS.
5A~BC. The positions of the variocus cross sections of the
sheet are also shown in FIG. 4A. '

In FIG. 4B, the sheet has been ﬁent slightly along bend
line 45, which can best be seen in FIGS. 54 -8C,. As can
be seen in FIGS. S5A, and 5B _, slits’Sl and 52 have opened
up aléng their top edges and the portion of the sheet
which extends b@yénd bend line 4% was referred to in

G,S,_Qatenﬁ No. 6,481,259 B1 and U.S. Application Serial



POTIS2003/030248
WO 20047028937

7
No. 10/256,870 as a “aau"zns, put for.the sake of
consistency with later embediments in this application
shall be referred to as “1ip” 55, The lower or hottom
side edges 51a and %52a cf lips 55 bhave moved up slightly

5 along supporting faces 351k and 32b of the sheet on the
opposite sides of the slit oppesite to lips 55. This
displacenent of lip edges S5la and 52a may be better seen
in connsction with the sheet when it iz bent to a greater
degree, for example, when bent €o the position shown in

10 FIG. AC.

7 In PIG. 4C it will be seen that edges 5la and %2a have
moved upwardly on supporting faces 51b and 52b of sheet 41
on opponite sides of bend line 45. Thus, there is sliding

{5 contact between edges 5la and 52a and the opposing
supporting faces 51b and 52b of the slit during bending,
This sliding cortact will be cccurring at locations which
are eguidistant on opposite sides of central bend line 45
if longitudinal slit segments 51 and 52 are formed in

0 equally spaced positions on opposite sides of bend line
45, as shown in FIG, 4h. Sliding contact alse can be
facilitated by & lﬁbricanﬁ or by adhesives or secalants

prioxr to their setiting up or boﬁding.

3 Thé result of this structure is that there are two actual
bending fulcrums 5la, 41b and H2a, 52b spaced at egual
distances from, and on opposite sides of, bend line 45.
Lip edge 5la and supporting face 51lb, as well as lip edge
5Z2a and supporting face 3Zp, produce bending of bending |

% web 47 about a virtaal fulcrum that lies between the

| actual fulcrums and will be understood éo be superinmpossd

pver bend line 45,



16

15

20

30

WO 2004/028937 PCTAIS20063/430248

28
The final result of a 90 degree bend is shown in FIG. 4D
and corresponding cross sections 53, -5C .. As will be
sesn, sheat edge 52& and bottom side or surface 52¢ now
are interengaged or rest on, and are supported in
partially overlapped relation to, supporting face 352b
(FIG. SA_._.}. Similarly, edge 5Hla and bottom surface 5lc
now engages and rests on face 51k in an overlapped
condition (FIG. SB_..}. Bending web 47 will be geen to
have been plastically deformed or extended along an upper
surface of the web 47a and plastically compressed along a
lower surface 47b of web 47, as best illustrated in FIG.
5C ., ..

In the bent condition of FIG. 4D, the lip portions of the
sheet, namely, portionz 55, which extend over the center
line when the sheet is slit, are now resting on supporting
faces 5lb and 82b. This edge-to-face engagement and
support during the bend, which alternates aleong the bend
line in the configuration shown in the drawing, produces
greater precision in bending or folding and gives the bent
oy folded structure greater resistance to shear forces at
the bend or fold in mutually perpendicular directions.
Thus a load L, (FIG. 5A ..} will be supported bstween
bending webs 47 by the overlap of the edge 52a and bottom

surface S2¢ on supporting edge 52b. Similarly, a load Iy

(FIG. 5B, _ .} will be supported by overlap and engagemsnt
of the edge 3la and surface Slc on supporting face 51ib
intermediate bending webs 47. |

This is referred to herein as “edge-to-face” eﬁgagemant

and support of the material along s&bstantially the entire
length of one sidé of the slit by the material along
substantially the entire length of the other side of the
slit. It will be appreciated that, if sheet 41 were bent
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or folded by more than 90 degrees, edges 51la and %2a would
Lift uvp off the faces 5lb and 52b and the underneath
surfaces 5l¢ and %2c would be supported by the lower gdges
of face 51b and 52b. If the sheet 1s bent by less than 90
degrees the edge still comes into eangagement with the face
almost immediately after the start of bending, but only
the edge engages the face. This support of one side of
the slit on the other shall be deemed to be “edge-to-face”
engagensnt and support as used in the specifisation and
the claims. As will be described hereinaftey, non-ninety
degree bends with full support of edges 51la and 523 by
faces 51b can be achieved by slitting the sheet at angles

which are not at 90 degrees to the sheet.

While bending straps or webs 47 have residual stressaes as

a result of plastic deformation, and while the slits cause

a substantial portion of the bend not to be directly

coupled together in the slit-based bending system of the
present invention, the slits are formed and positioned so
as to produce an sdge-to-face overlap which provide g
substantial additional strength to the bent structure over
the strength of the structures of FIGS. 1, 1A and 1B and
24 and 2B, which are based upon cénvantianal siitting orx
greoving geametzies, The bending stxaps of the present
invention, in effect, pre-icad the bend so as to pull orx
clamp Cthe sides of the slit into edge-to~face engagement
over substantially the entire bending process, and at the
end of the bend, over substantially the entire slit
length. Pre-loading of the bend by the residual tension
in the strap also tends to prevent vibration between the
slit edge which is pre-loaded against the face which acts
as a bed on the other side of the slit.
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Moreover, since the edges are interengaged with the faces
over a substantial portion of the length of the slits,
loads I, and Ly will not crush or furthex plastically
deform bending straps 47, as is the case for the prior art
slitting configuration of FIGS. 2, 2A, 2B. Loading of the
present bend is immediately supported by the edge-to-face
engagement produced by the slitting technique of the
present invention, rather than merely by the cross
sectional econnecting area of & twisted and highly stressed
strap, as results in the prior art cohfiguration of FIGS.

2, 23, 28 and the Gitlin &t al. application.

The enbodiment employing laterally stepped or staggered
slits of the present invention, therefore, result in
substantial advantages. First, the lateral position of
the longitudinally extending slit segments 51 and 52 can
be precisely located on sach side of bend line 45, with
the result that the bend will occur about a virtual
fulcrum as a consgquence of two actual fulcrums |
equidistant £rom, and on opposite sides of, the bend line.
This precision bending reduces or eliminates accumulated
telerance eryors since slit positions can be very
precisely c¢ontrelled by a cutting device which is driven
by_a CHNC controller.

It also should be noted, that press brakes normally bend
by indexing off an edge of a sheet or an existing bend, or
other fseature{s). This makes bending at an angle to the
sheet edge feature{s) difficult using a press brake.
Bending precisely at angles to any geature{ﬁ} of the sheet
edge, however, can be accomplished readily uging the
present slitting process. Additionally, the resulting
bent sheet has substantially imgiovad strength against
shear loading and loading along mutually perpendicular

¢



b

7 PCT/US2003/630248
WG 2004402893

31
axes because the averlapped edges and faces produced by
the present slit configurations support the sheet against

such loads.

As can be sesn, the empbodiment of the present invention,
as shown in FICS. 3-5C, . produces precision banding of
straps 47 which are substantially perpendicular to the
bend 1ine. BSuch an orisntation of the bending straps _
produces significant plastic elongation along the oubside
or top surface of the strap, as well as significant
compression along the inside or bottom surface of the
strap. The bend oceurs on the relatively short
perpendicular straps in a menner similar to the bends of
the perpendicular straps of FiIGS. 1-1B, but in FIGS. 3-

5C

$rF

the lip 55 of one plane is tucked inte interlocking
or interengaged relationship with the face ¢f the other

plane for increased bend strength.

The prior art approach shown in FIGS, 2-2B orients the
connecting straps 34 paralliel to the bend line and results
in significant plastic twisting déformation of the straps.
Also this plastic twisting deformation significantly
changes the microstructura Of.th& material around the bend
line. Moreover the straps do not fully tuck or clamp the
opposite sides of the sheet into interengaged relation
over the length of the slits. Stiil further in the
embodiment of FIGS. 3-5¢C7 the strap width cén be variéﬁ
independently of the jog distance between slits 51 and 52
80 that greater flexibility in design of the bend strength
can be &Cﬁiev&d.

While bending of sheetf material by 90 degrees has heen
illustrated in the drawing, it will be understood that

most of the advantages described in all embodiments of the
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present invention alsc can be realized if the slit sheet
is bent by more.or less than 90 degrees. The lip which
extends acrosa the bend line will slide onto and engage
the opposite face beginning at small bend angles, and such
support and engagement will continuwe at large, 90 degree

plus, bend angles.

Tt has been found that the emnbodiment of FIGS. 3-5C is
hegt suited for use with relatively ductile sheet
materials., As the material becomes harder and less

O

ductile, a second embodiment 1s preferred.

In the embodiment of the present invention shown in FIGS,
-8B a slitting configuration is employed which tucks or
clamps the sheet material into interengaged relation on
hoth sides of the slits, and also reduces bending strap
plastic deformation and the residual stress in the straps.
Morsoveyr, this embodiment also allows the strap width to
be varied independently of the jog distance between slits
and to have the strap width inarease.in both directions
from the bend line for less stress concentration in the
connected portions of the sheet of material on opposite

sides of the bend line.

A bending strap which is oblique to the bend line is
employed, which allows the strap length.ta be increased,
as compared to the shorter bending straps of FIGS. 3-5¢7.
Plastic deformation also is accamplishéd in part by
twisting, rather than purely by bending, as is the case in
FIGS. 3-5C, but the amount of twisting is greatly
reduced, as compared to the parallel straps of FIGS. 2-2B.
Moreover, the material lips on m?posit& sides of the slit

are tucked into interengagement with the faces over
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virtually the entire length of the slit so that
substantial additional strap stress on loading does not

ogour.,

Additionally, in the smbodiment shown in FIGS. $-8B, the
slit configuration produces a continuous sliding
interengagement between material on opposite sides of the
slits during bending, which interengagement progresses
zlong the slit from the middle toward the ends. The faces
on one side of the slits act as beds for sliding ﬁupport
during the bend, which results in a more vniform and a
less stressful bending of the bending straps. The
embodiment as shown in FIGS. 6-8B, therefore, can be used
with sheet material that is less ductile, such as heat
treated €061 aluminum or even some ceramics, and with
thicker sheets of material.

Referring specifically to FPIGS. 6-8B, a sheet of material
241 to be bent or folded is formed with a plurality of
longitudinaizy‘&xtending bending strap-defining ‘
structures, such as slits 243, along a bend line 245, Bach
of slits 243 optionally may be provided with enlarged
strass-relieving end openings 249, or a curved end section

249a, which will tend Lo cause any stress cracks to

propagate back into slits 243, depending on the loading

direction of the sheet. As will be scen, the slits of the
enbodinment of FIGS. 6 and 8B are not stepped, but they are
configured in a manner producing bending and ftwisting of
obliquely oriented bending straps. 247 about a virtual

fulcrum superimposed on bend line 245, The configuration

and positioning of the slits, including selection of the
jog distance and kerf width, alsc causes the shest
material on opposite sides of ths slits to tuck or Lo move

inte an edge-to~face interengaged relationship during
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bending. HMost prefersbly edge-to—face interengagement
occurs throughout the bend to its complecion. But, the
jog distance and kerf can be selected to produce edge-~to-
face interengagement only at the start of the bend, which
will tend tc insure precise bending. Thus, as used
herein, the expression “during bending” is meant to
include edge~to-face intersngagement at any stage of the

bend.,

While the embodiments shown and described in FIGS. émSB
apd 9-10& are not stepped, the oblique straps of the
embodimants of 6~8B and $9-10A can he combined with the
stepped siit canfig&raﬁien ol FIGS. 3-5C, ... “Thus, one or
both of the ends of fhe stepped slits can be obligue or

curyed.

As shown in FIG. 6, pairs of elongated slits 243 are
preferably positioned on opposite sides of and proximate
to bend line 245 so that pairs of longitudinally adjacent
s1it end portions 251 on opposite sides of the bend line
define a bending web, spline or strap 247, which can be
seen to extend ohliquely across bend line 24%. “Oblique”
arxl “obligquely,.” as will be esxplained in more detail below
in &onﬁeatian with FIG. 11, shall mean that the
longitudinal central axis of the strap crossses the desired
bend line at an angle cother than 90 degraes. Thus, each
slit end portion 251 diverges away from bend line-245 so
that the center line of the strap is skewed or obligue and
bending, as well as twisting af the strap, occurs,
Although not an absolute requxr&meﬁt to effect bending in
accordance with the present inventlwn, it will be sgen
that slits 243 are longitudinally overlapping along bend
line 245,

O

.
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Unlike slits 31 in FIGS. 2-2B and the prior art Gitlin, er
al. Application, which are parallel to the bend line in
the arsa defining bending straps 34, th§ divergence of the
51lits 243 from bend line 245 results in obligque éending
stréps that do not require the extreme ftwisting present in
the priox art of FIGS. 2-2B and Gitlin et al. Application.
Moreover, the divergence of slits 243 from bend line 245
results in the width dimension of the straps increasing as
the straps connect with the remainder of sheet 241, ¥his
increasing width enhances the transfer of lcading across
the bend so as to reduce stress concentrations and to

increase fatigue resistance of the straps.

As was the case for the first embodiment, s1lit kerfs 243
preferably have a width dimension , and the transverse jog
distance across the band line between slits is
dimensioned, t¢ prodéce interengagement of ghest material
on opposite sides of the slits during bending. fThus,
slits 243 can be made with a knife and have essentially a
zexro kerf, or they can have a greater kerfi which still
produces interengagement, depending upon the thickness of
the sheet being bent. MNost praferably the kerf width is
not greater than about 0.3 times the material thicknsss,
and the jog distance is not greater than about 1.0 times

the material thickness.

As was the case for the embodiment of FIGE, 3-3C ", a lip
portion 253 extends across bend line 245 to slit 243, Lip
253 slides or rides up a face 255 of a tongue 260 on the
other side of slit 243 if the kerf width and jog distance,
relative to the thickness of the ma%erialf are not so
large as to prevent contact between the twe sides of the

s1lit during bending.
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If the kerf width and j9g Qastance are so large that
contact between the lip portion 253 and face 255 of tongue
260 does not oeccur the bent or folded sheet will still

have some of the improved strength advantages of obligue

' bending straps, but in such instances there are no actual

fulcrums for bending so that bending along bend iine 245
becomes less predictable and precise. 8Similarxrly, if the
strap~defining structuras are grooves 243 which do not
penetrate through the sheet of material, the grooves will
define cbligue, high~strength bending straps, but edge-to-
face sliding will not occur during bending unless the
groove Ls so deep as to break-through during bending and
become a slit. Thus, arcuately or divergently grooved
enbodinents of the bending straps will have improved strap

strength even if edge-to-face bending does not ocour.

Another problem vhich will be associated with a kerf width
that is too wide to produce intersngagement of lips 253
with faces 255 of tongues 260 is that the resultant bent
sheat material will not have a lip edge supported on a
s1lit face, unless the bend is relatively extreme s0 as to
define a small arcuate angle bhetween the two sides ©f the
bent sheet. As noted in connection with the prior art
slitting approach, this will result in immediate further
stressing of the bending straps vpon loading. The problem
would not be as severe in the strap configuration af FIGS.
6-8B as in the prior art, but the preferred form. is for
the kerf width and jog distance to be selscted to insure

interengagement of the 1ip and tongue face substantially

throughout the bending process.

It is also possible for the slits 243 to actually be on
the bend line or even across the bend line and still

produce precise bending from the balanced positioning of
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the actusl fulerum faces 255 and the edges of lips 282

sliding therwalong. A potential disadvantage of slits 243
being formed to cross the bend line 245 is that an air-gap
would remain between edge 237 and face 235. An air-gap,
however, may be acceptable in order to facilitate
subsequent welding, brazing, soldering, adhesive filling
or if an air-~gap is desired for venting., Slit positioning
to create an air-gap is a desirable feature of the present
invention when subsequent bend reinforcement is emploved.
Unfilled, however, an air~gap will tend to place all of
the load bearing requirements of the bend in all degraes
of freedonm, except rotaticen, on the connected zone ox
cross sectional area of plastically deformed strap 247.

It is also possible to scale slits that cross the bend
line that produce edge-to-face engagement without an air

gap.

FIGs. 7, 8, 8A and €5 illustrate the shest 241 as bent to
a 9¢ degree angle along bend line 245. As best may be
seen in FIGS. 82 and 8B, an inside edge 257 of lip 253 has
slid up on face 25% of tongue 260 on the opposite side of
the siit and is interengaged and supported thereon. A
vertical force, Fy, therefore, as shown in FIG. 8R is
supported by the overlap of edge 257 on face 255. A
horizontal force, Fy, as shown in FIG, 88 =mimilarly will
be resisted by the overlap of edge 257 on face 2§§.
Comparison of FIGS. BA and 8B to the prier art FIGS. 1A,
1B and 2A and 28 will make apparent the differences which
the present bending method and slit configuration have on
the sirength ¢f the overall structure. The combination of
alternating overlapping edgewto—fac% support along the
slits and the oblique bending straps, which are obligue in
oppositely skewed directions, pravides a bend and twist

which is not only precise but has much less vesidual
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stress and higher strength than prior slitting

configurations will produce.

Howaver, skewing of the bending straps in opposite
directions is not required to achieve nany of the
advantages of the present invention. When sheet 241 is an
isotropic material, alternate skewing of the strap
longitudinal central axes tends to cancel stress. If the
sheet material is not isotropic, skewing of the oblique |
straps in the same direction can be used Lo negate
preferential grain effects in the material.

Altarnatively, for isctropic sheet material, skewing of
the straps in the same direction can produce relative
shifting along the bend line of the portions of the sheet
on oppdsite sides of the bend line, which shifting can bs
vsed for producing a locking engagement with a thirzd plane
such as an interference fit or a tab and slot insertion by

the amount of side shift produced,

The geometry of the oblique slits is such that they bend
and twist over a region that tends to reduce residual
stresé in the strap material at the point where the slit
is terminated or the strap connected to the rest of the
sheet. Thus, crack propagation is reduced, lessening the
need for enlarged openings or curls at the slit ends. If
the resultant structure is intended primarily for static
loading or is not expscted to bs loaded at all, n;:stress
reducing termination is.requiraq in the arcuate slit that

produces the pbligue strap.

Moreover, it will be understood that slits 243 can be

shifted along bend line 243 to change the width of straps
247 without increasing jog distance at which the slits are

laterally spaced from each other. Conversely, the J08

S
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distance between slits 2432 can be increassd and the slits
longitudinally shifted to maintain the same strap
thickness. Obviously both changes can be made to design

the strap width and length to meel the application,

Generally, the ratio of the transverse distance from slit
to siit, or twice the distance of ons slit to the bend
tine is referred to as the “log”. The ratio of the dog
distance relative to the material thickness in the
preferred embodiments of the present invention will be
l@és than 1. That is, the jog distance usuvally is lezs
than one material thickness., A more preferred embodiment
makes use of 3 iog distance ratic of less than 0.5
material thickness. A still more‘preferxed embodiment
makes use of a jog distance ratic of approximately 0.3
rmaterizl thickness, depending upon the characteristics of
he specific nmaterial used and the widths of the straps,

and the kerf dimensions.

The width of bending straps 247 will influence the amount
of force required to bend the sheet and that can be varied
by either moving slits 243 farther awvay from the bend line
245 or by longitudinally shifting the position of the
slite, or both. Generally, the width of oblique bending
straps 247 most preferably will be selected to be greater
than the thickness of the material being bent, but strap
widths in the range of about 0.5 to about 4 times the
thicknéss of ﬁh& material may be used.  More prefersbly,
the strap width is between 0.7 and 2.5 times the material
thickriess.

One of the advantages of the present invention, however,
is that the slitting configuration is such that bending of

sheets can normally be accomplished using hand tools or
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tools that are relatively low powered. Thus, th&-benéing'
tools need only so much force as to effect bending and
twisting of bending straps 247; they do not have to have
sufficient power so as to controel the location of the
mend. Such control is reguired for powered machines, such
as press brakes, which <clamp the material to be bent with
sufficient force so as bto controel the location of the
bend. In the present invention, however, the location of
the bend is controlled by the actual fulecrums, namely
edges 257 pivoting on face 255 on opposite sides of the
bend line, Therefors, the bending tool required need iny{j}
be one thah can effect bending of straps 247, not
positioai&g‘af the bend. This is extremely important in
applications in which high strength power tools are not

readily available, for example, in outex space or in the

field fabrication of structurss or at fabricators who o

not have such high-povwered egquipment. It also allows low-
force sheet bending equipment, such as corrugated

cardboard bending machines, bladders, vacuum bending,
hydraulic pulling cylinders with folding bars, and shape-
memory bending materials, to be used te bend metal sheets,

as will be set forth in wore detail below. Eﬁditionally, {i}

strong, accurate bends are iwmportant in the fabrication of

structures in which physical access to power bending

equipment is not possible because of the geometry of the

structure itself. This is particularly true of the last

few bends reguired to <¢lose and latch a three-dimensional
siructure.

The most preferred configuration for slit end portions 251

iz an arcuate divergence from bend line 245. In fact,
each slit may be formed.as a continucus arc, as shown in
FIGS. 9, 10 and 10A and described below. An arc causes
the material on the side of the slit to smoothly and
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progreasively move up the face side of the tongue along an
arcuate path beginning at center of the slit and
progressing to the ends of the slit. This reduces the
danger of hanging up of edge 257 on face 255 during
bending and thereby is less stressful on the bending
straps. A&dditiconally, large radii of cut free surfaces
are less prone to stress concentration. In the
configuration of FIGS. 6-8B, the central portion of slits
243 iz substantially parallel to bend line 245, Some non~
parallel orientations, particularly if balanced on either
side of the bend line, may be acceptable and produce the

rasulets deseribed herein.

Tt alwmo would be possible to form end portions 251 to
diverge from bend line 245 at right angles to the bend
line and the center of slits 243. This would define a
bending strap that could be non-oblique, if the slits did
net longitudinally overlap. The disadvantage of this
approach is that the bending straps 247 tend not o bend
as uniformly and relisbly and thereby influence the
pracision of the location of the bend. Additionally, such
a geometry eliminates twisting of the strap and induces
sevare points of stress concentration on the inner and
outer radii of the bend and may limit the degree of adg@é

to-edge engagement.

The bending straps in all the embodiments of theiéiegént
invention are first elastically deformed and in
piasticfﬁiastic materials thereafter plastic&ily deformed.
The present slitting invention also can be used with
elastically deformable plastics that n&vér plastically
deform, Such materials would be secured in a bent or
folded condition so that they do not resiliently unbend.

In order to make it more likely that only elastic
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deformation eeours, it is preferable that the bending

straps be formed with central longitudinal strap axes that
are at a small angle to the bending line, most preferably,
26 degrees or less. The lower the angle, the highsr the
fragtion of twisting that occurs and the lower the
fraction of bending that occurs. Moreover, the lower the
angle, the higher the bending radius that occours. Rigid
materials that do not gracefully deform plastically, such
as rigid polvmers, rigid metal, the more flexible ceramics
and some composites, can tolerate a large bending radius
in the elastic regime. They can also tolerate a torsion {f;
or twisting spring action that is distributed over a long

strap of material. Low angle straps provide both aspects.

At the end oF the bend of a plastically deformed sheet,
however, there will remain a certain resilient elastic
deformation tending to pull edge 257 down against face 285

and resulting in residual resilient clamping force

maintaining the interengagement between material on

opposite sides of the slits. Thus, the elastic resiliency

of the sheet being bent will tend to pre~load or snug down

the overlapping sheet edges against the supporting faces ij}
to ensure strength at the bend and reduce bending strap

incremental stress on loading of the bend,

The embodiment shown in FIGS. 9, 10 and 10A is a spac;al
case of the oblique strap embodiment described in.
apnﬁ&ctlon with FIGS. 6~8B. Here the ohiique straps are
formed by completely arcuate slits 443, This slit
configuration, shown as a circular segment, is .
partiaulaély well suited for b&ndiné thicker and less
ductile metal sheets, for example, titanium and % inch

steel plate and &?.
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When arcuate or cincular slits 443 are formed in gheet 441
on opposite sides of beand line 435, lip portions 453 of
the sheet, which extend over bend line 445 to slits 443,
begin tucking or sliding onto face 455 of the tonques 470
at a center of esch arcuate slit at the start of bending.
Lip portions 453 then slide from the center of each slit
partially up onto tongue faces 455 progressively toward
the slit ends as straps 447 are twisted‘and bent. The
progressive tucking of the lips onto the opposing faces is
leas stressful on the slit ends 449, and thersfore more
suitable for bending .af less ductile and thicker
materials, than say the embodiment of FIGS. 6~-8B, in which
tha slits have straight central portions and
simultanecusly slide up conto the faces over the entire

straight portion.

$1it ends 449 ia FIG. 10 do not have the stress-relieving
openings 249, nor radiused ends 24% of FIGS., 6~ nor the
curved ends of PIG. 11, but slits 443 are more economical
to cut or form into most sheet stock. Moreoveyr, the
deformation of straps 447 is more gradual during bending
sg that stress concentration will be reduced. This, of
course, combines with increasing strap width to transfer
loading forces and bending forces more evenly into the

remainder of the sheet with lower stress concentration.

The various embodiments of the present sheet slitting and
grooving invention allow designing wmanufacturing and
fabrication advantages 'tc be achieved which have not
heretofore been realized. Thus, the full benefits of such

design and fabxiaation.'tezhniqﬁea as CaAD design, Rapid

Prototyping and “pick and place” assembly can be realized
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by using sheet stock formation techniques in accordance
with the present invention. Moresver, standard
fabrication technigues, such as welding, are greatly
enhanced using the strap-defining configurations of the

present invention.

The many advantages of using sheels formed in accordance
with the present invention can be illustrated in
connection with a manufacturing technigque as basic as
welding. Sheet bending using the present method, for
example, aveids the manufacturing problems associated with

handling multiple partg, such as jigging.

Additionally, the bent sheets of the present invention in
which slitting is employed can be welded along the slits.
As can be scen in FIG. 10A, for example, face 453 and end
surface 457 of tab 453 form a V-shaped cross section that
is ideal for welding, Mo grinding or machining is
required to place a weld 460 {broken lines} along slits
443 as shoun in FIG, 10A. Moreover, the edga—tawfaae‘
engagement’ of the sides of the sheet on opposite sides of
the slits, in effect, provides a 3ig or fixture for
holding the sheet portions together during the weld and
for reducing thermally induced warping. Set up time is
thereby greatly reduced, and the dimensionaihvéccuraay\
achieved by the present slitting pr&cess is wmaintained
during the welding step. The arcuate slits alse provide
an easily sensed topographic feature for robotic welding.
These advantages also accrue in canneciion with soldering,
brazing and adhesive filling, although thermal distortion

is usually not a serious issue for many adhesives,
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Filling of the sglits .by welding, brazing, soldering,
potting compound or adhesives allows the bent sheets of
the present invention te be formed into enclosures which
hold £iuids or flowable materials. Thus, bent sheet
enclosures can sven be used to feorm fluld-tight molds,
with the sheeting either being removed or left in place

aftsr molding.

one of the significant advantages of using oblicue, and
particularly courved, dgrooves or slits 1is that ths
resulting bending straps are diverging at the point at
which they connect to the reminder of the sheet material.
Thus, area 450 of strap 447 in FIG. 10 is-txansversély
diverging betwasn slit end 449 and the next siit 443,
This divergence tends to deliver or transfer the stresses
in strap 447 at each end into the remainder of the sheet
in a diffused or unconcentrated manner. as the arc or
radius of the slits is reduced the divergence increases,
again allowing a further independent tailoring of the
strap stress transfer across the bend. Such taileoring can
he combined with one or more of cbangeé‘ta strap width,
jog distance and slit kerf to furthey influence the
strength of the bend. .?his principle is employed in the
design of the slits on grooves of FIG. 11. L

While the obligue bending straps of the embodiments 5f
FIGS. 6-8 and FIGS. 9-10 result in substantial
improvements of the overall “strength and fatigue
resistance of the bent structure, 4t has been found

empirically that still further improvements, particularly
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in connection with fatigue, can be achieved if the strap-~
defining structure takes the form of an arcuate slif. As
used herein, “arcuate” shall mean and include a.circular
arc and a serjes of longitudinally connected, tangentizl
arcs having differing radii. Preferably, the arcuate
slits or grooves have relatively large radii {as compared
to the sheet thickness}, as illustrated in FIG. 11. Thus,
a shset of material 541 can be provided with a plurality
of connected, large radii, arcuate slits, generally
designated 542, along bend line 543. Arcuate slits 542
preferably are longitudinally =staggered or offset (by an{j}
offset distance measured between the centers of adiacent
slits along bend 1line 543 and alternatively are on
opposite sides of the bend line 543, in a manner described
above in connection with other embodiments of the present
invention. Arcuate slits 542 define connected zones,
which are bending straps 544, and disconnected zones,
which are provided by slits 542. Only the right hand slit
542 in FIG. 11 shows a kerf or slit thickness, with the
remainder of the slits 542 being either schematically
shown or taking the form of a slit form by a knife
resulting in no kerf. | (j)

Tongitudinally adjacent slits 542 defined therebetween
bending straps 544, which are shown in this embodinent as
being oblique to bending line 543 and skewed In
alternating directions, as also described above. Bach
slit 542 tends to have a central arcuate portion S46 which
divafges away from bending line 3543 from a center point
547 of the arcuate siit. End portions 548 also may
advantageously be arcuate with a much smaller radius of

curvature that causes the smiles to extend back along arc
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portion 549 and finally terminated in an inwardly arc
portion 551.

It will be seen, therefore, that bending strap 3544 is
defin&d by the arc portions &46 on either side of bending
line 543 and at the end of the straps by the arcuate and
portions 548. A minimum Strap width occurs between the
arcuate slit portions 546 at arrows 552 {shown in FIG. 11
at the left hand pair of longitudinally adiacent slits).
If a center line 553 is drawn through arrows 5%2 at the
minimum width of the strap, it would be seen that the
center line crossaes bend line 543 at about the minimum
strap width 552, Strap 544 diverges away from
longivudinal strap axis 553 in bhoth directions from
minimum strap width 5%2. Thus, a portion 554 of the sheeb
on one side of bend iine 543 is connected to a second
portion 556 of the sheet on the opposite side of bend line
543 by strap 544. The increasing widith of strap 544 in
both directions from the minimum width plane 552 causes
the strap to be connected to the respective sheest portions
384 and 556 across the bend line in & manner which greatly

reduces stress and increases fatique resistance.

For purposes of further illustration, strap 5443 has been
cross hatched fe¢ demonstrate the increasing wid%ﬁ.af the
strap along its central laagitudinai strap axis 583,
Caupling of sheet portion 554 by an ever-increasing strap
width to sheet portion 556 by a similarly increasing strap
width tends to rveduce stress. Orienting the central

longitudinal axes 553 of straps 554 at an obligue angle to

bend line $43 results in the straps beinyg both twisted and

bent, rather than solely twisted, which also reduces
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stresses in the styraps. Stresses in the sheet flow across
the bend through the connected material of the. strap.
Cyelical stress in tension, the primary cause of fatique
failure, flow through the twisted and bent strap and
generally parallel to large radii arcs 546 and 549. The
smaller radii of ares 551 and 548 provide a smooth
transition away from the primary stress bearing free
surfaces of 546 and 549 but do not themselves experience
significant stress flow. In this way, the arcuate slits

are like portions of very large circles joined together by

much smaller circles or arcs in a way that positions only L

the large radii arcs {compared to the material thickness)
in the stress field flow, and uses smaller radii arcs as
connectors to minimize the depth into the parent plane
away from the fold line that the slit is formsd. Thus,
slit ends, at which stress caused micro cracking is most
likely to occur, will tend not to be propagated from one
slit to another down tha length of the bend, as c¢an
possibly occur in a failure condition in the embodiments
of FIGS. 6~8 and 9-10.

The bending strap shape also will influence the |
distribution of stresses acrogs the bend, When the
bending strap diverges relatively rapidly away from the
narrowest strap width dimension, e.g., width dimension 552
in PIG. 11, there 3is a tendency for this minimum dimension
to act as a wais£ or weakened plane at the center of the
strap. Such rapid narrowing will allow &Qeaiizé&-plasﬁic
deformation and stress concentration in the strap, rather
than the desired distribution of the stresses over the
full length of the strap and into the sheet material 554
and 556 on either side of the strap. ’
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As shown in P#IG. 11, and as is préf&rraé, strap 544
preferably a minimum width dimension 552 providing the
daegired strap strength and then gradually diverge in both
directions along the strap with any rapid diverdenCa
taking place as the strap terminates into the shset
portions 554 and 556, This construction avoids the
problem of having an undaly narrow sfrap waist at 552
which will concentrate bending and twisting forces and
produce  failure, rather than distributing them evenly
along the length of ths strap and inta sheet portions 554
and 556,

The tongue side of a slit, that is, the portion of the
parent plane defined by the concave side of the arcuate
slit, tends to be isocolated from tensile stress. This
makes the tongue ideal for locating features that cut into
the parent plane. Attachment or alignment holes, or
notches that mate with other connecting geometry are
examples. FIG. 11A illustrates positioning of water-jet
cut or laser cut, rapid pierxcing holes 560 and 565 on the
tongue 555 of slit 346. Rapid pierce holes are scmewhat
irreqgular and elsewhere might initiate a crack failure in
fatigue. In FIG. 11A two alternative locations of rapid
plercing holes are shown. Rapid pierce holes are
important to reduce the total cost of laser or water—jet

cutting because slow plercing is very time consuming.

ane of the most beneficial - aspects of the present

invention is that the design and cutting of the material

te form the straps and the edge~to-facs engagemenﬁ of the

“1lips and tongues of the slits is accomplished in a manner

in which the micrastructure of the material arcund the
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hend or fold is essentially unchanged in comparison to the
substantial change in the microstructure of materials bent
or foldad to the same angle or degree of sharpress using
conventional bending techniques, as described in the prior
art. It is thes relationship ¢f the straps and the edge-
to-face engagement of the slits which provides a
combination of twisting and bending deformation when the
material is bent that greatly reduces the stress arcund
the bend and leaves the microstructure of the material
arcund the bend essentially unchanged. When conventional
bending techniques of the prior art are used there is a
substantial change in the microstructure of the magrerial
arcund the bend if the bhend is made to be sharp (for
example, 90 degrees on the inside of the bend, as shown

for example in FIGS. BA, .., 8, 8A, BB and 10A.

As was generally described in connection with other
embodiments of the present Iinvention, slits 542 can have
their geometries altered to accommodate a wide range of
sheet characteristics. Thus, as the <type of shest
material which is bent is altered, or its thicknesses
changed or strength characteristics of the bend are to be
tailored, the geomstry of smile slits 542 can also change.
The length, L, of each slit can change, as can its offset
distance, 0.D., or longitudinal spacing along bend line
543. The helght, H, of the slits can also be changed, and
the jog distance, J, across the bend lin& batween slits on

opposite sides of the bend line can be altered. These

various factors will have an effect on the geometry and

crientation of straps 544, which in turn will also effect
the strength of the bend and its suitability for use in

various structures. Of equal importance is the shape of
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the arguate slit in conjunction with the aforementioned

sealing and positioning variable.

it is a feature of the present invention, therefore, that
the strap-defining slits or groovas can be tailored to the
material being bent or folded and the structure to be
produced. It is possible, for example, fo empirically
test sheets of a given material but differing thicknesses
with arc =zlit designs in which the geometries have been
changed slightly, but the designs comprise a family of
related arc geometries. This process can bhe repeated for

differing materials, and the empirical data stored in a

. database from which designs can be retrieved based upon

input as to the sheet of material being bent and its
thickness. This process is particularly well suited fbx
computer Ilmplamentation in which the physical properties
of the sheet of material are entered and the program makes
a selection from the computer da{:&base of empirical data
as £o the most appropriate arc geometry for use in bending
the material., The software can also interpclate betwoen
available data when the sheet is of a material for which
no exact data 1is stored or when the sheet has a thickness

for which there ars no exact stored data.

The design or configuration of the arcs, and thus the
connecting straps, also can be varied along the.}«er}gth of
a bend line {o aéacmodate changes in the thiaknesé of the
sheet of meterial along the bend- line. Alternatively,
strap configurations along a bhend line can change oxr be
tailored to accommodate non-linear loadimg. While not as
important as the strength and fatigue-resistance

improvements of the present invention, the slit or strap
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configurations alse ¢an be varied to provide different
derorative effects in combination with improved strength

and fatigue resistance.

Another advantage which accrues Irom the various
embodiments of the sheet slitting system of the present
invention is that the resulting bends or fold are
raiatiﬁely sharp, both internally and externally. Sharp
bends enable strong coupling of one bent structure to
another structure. Thus, a press brake bend tends to be
rounded or have a noiiceable radius at the bend. When a
press brake bent structure is coupled to a plate, for
example, and a force is applied tending to rotate the bent
structure about the arcuate bend, the bent structure can
decouple from the plate. Such decoupling can occur more
éagily than if tée bend were sharp, as it will be for the

bends resulting from using the present slitting schems.

The ability to produce sharp ox crisp bends or folds
allows the process of the present invention to be applied

to structures which had heretofore only been formed from

paper or thin foils, namely, to the vast technology of

aorigami or folded paper constructions. Complex three-
dimensional folded paper structures, and a sclence or

mathematics for their creation, have been developed after

 centuries of effort. Such origami structures, while

vigsually elegant, usually are not capabie of being formed
from metal sheets of a thickness greater than a foil.
Thug, origami folded sheets usually cannot support

significant loading. Typical examples of origami are the

folded paper constructions set forth in “ADVANCED ORIGAMI”

by Dedier Boursin, published by Firefly Books, Buffalo, NY
in 2002, and “EXTREME ORIGAMI“ by Kunihiko Kasahara,

™
S
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vablished by Sterling Publishing Company, NY, NY in 2002.
The present invention thus enables a new class of crigami-
analoyg designs in which the slitting and bending methods

described herein are substituted for origami creases.

The shest slitting or grooving process of the present
invention produces sharp bends and even allows the folding
of metal sheets by 180 degrees or back on itself. Thus,
many structurally interegting origami constructions can be
made using sheet metal having a thickness well beyond that
of a foil, and the resulting origami-~bagsed structure will

be capable of supporting significant loads.

Ancther interssting design and fabrication potential is
realized by using the present slitting configurations in
connaction with Rapid Protofyping and Rapid Manufacturing,

particularly if automated “Pick and Place” component

additions are employed. Rapid Prototyping and Rapid

-Manufacturing are breadly known and are comprised of the

use of CAD {(computer-assisted design) and CAM {computer-
zasisted menufacturing} design, respectively, to enable
three~dimensional fabrication. The dasigﬁer begins with a
desired virtual three-dimensiocnal structure. 8sing the
current invention to enable Rapid Prototyping, the CAD
software unfolds the thres-dimensional structure to a two-
dinensional sheet and then locates the slit positions for
bending of the sheet to produce the desired structure.

The same can be done in Rapid Manufacturing using CAM.
Other types of software for performing similar tasks. The
ability to precisely bend, and to t@ilﬂt the bend
strength, by selacting jog distances and bending strap
widthé, alicws the designer to lavout slits in the
unfolded two-dimensional sheet drawing in the dssign

process, which thereafter can be implemented in the
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manufacturing process by sheet grooving or slitting and
bending to produce complex three~dimensional structures,

with or without add-on components.

Broadly, it is also known to assemble components orito
circuit boards for electronic devices using high speed
*pick and place” automated component handling technigues.
Thus, assembly robots can pick components from component
supply devices and then place them on a circuit board or
substrate or chassig. The robotics secure the cowyonéhts
to the substrate using fasteners, soldering plug-ins or ECE
the like. Such “pick and place” assewbly has besen largely
limited to placing the components on a flat surface.

Thus, the circuit boards must be placed in a three-
dimensional housing after the “pick and place” assembly

has been completed.

an electronic housing, usuaily cannot be folded or bent
into a2 three-dimensional shape after components are

secured to the walls of the housing. Moreover, prior

technigues for bending have lacked the precision possible

with the present invention and nacessary to solve ig&
component or structural alignment problems. Fre-folding

or bending up the housing has, therefore, limited the

ablility for pick and place robotics to be used to secure

electronic components in the housings.

It also should be noted that the straps present between
slits can be advantageously used as conductive paths
across bends in @1eatrenic‘appli¢atians, and the grecisiaﬁ
possible allows conductive paths or components on the
circuit board to be folded into alignment when the three-
dimensional chassis is formed, or when circuit boards

themselves are folded into a nore denze conformation.
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The degign and manufacturing processes of the present
invention, however, enable precision bends to be laid out,
stit and then foxmed with relatively ~low forces being
involved, as is illustrated in FIGS. ZBE-2BE. Thus, a
housing can ba designed and cut from a flat sheet 821 and
high-speed pick and place robotics used to rapidly secure
components, €, to any or all six walls of & cube
enclosure, and the housing ox component chassis can be
easily bent into a three~dimensional shape after the pick

and place process is completed.

As shown in PIG. 2BA, sheet 821 has component € sscured
th&reto”befaxe bending, preferably by high-speed robotic
techniques. Shest 8§21 is formed by laser cutting, water
jet cut, dis cutting or the like with the designed cutout
features 822, component-receiving openings 823, tabs 824
and support flanges B26 and tah-receiving slots 827, 1In
FIG 288 sheet 821 has been bent along bend line 831,
causing a tab B24 to be displaced outwardly. The sheel is
next bent along bend line 832 in. FIG., 28C and then bent
over component € along bend line 833 in FIG. 28D, while
side flange 826 has been bent along bend line 834,
Finally, chassis end portion 836 is bent upwardly along
bend line 837 and tabs 824 are inserted into slots 827 so
as to enable rigid securement of the gheet intbﬂﬁ three-

dimensional electronics chassis 838 around component C.

Chvicusly, in mast cases a plurality of components € would
be secured to sheet 821 before bending, and components C
also can be secured to chassis 838 at various steps in the

bending procgess and to various surfaces of-the chassis.
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FIGS. 28A-280 also illustrate a fundamental design process
which is implemented by the sheet bending wmethod of the
present invention. One <f the most space-efficient ways
of supporting components is to mount them on sheet stock.
Using conventional sheet gtock bending techniques,
however, does not enable tight bends and intricate inter-
leaved sheet portions. The bhending process of the present
invention does, however, by reason of the ability to lay
out slits extremely accurately that will produce bend in
precise locations so that openings, cutouts, slots, tabs
and the like will precissly align in the bent structure,
as well as mounted components and the coupling to other

structures. .

Morecover, tha precise layout of bending lines and chasgsis
or enclosure features is only part of the advantage. The
structure itself can be bent using relatively low force,
and even by means of bhand tools. The combination of
precision location of bend lines and low-force hending
enables a design technigue which was only heretofore
partially realized. The technigue involves selecting
components having the desired functions and positioning
them in space in a desired az:z;:anqement. Thereafter, a
chasslis is designed with supporting thin sheset pégﬁibns of
the chassis necesséry to support the components  as
positioened being desigéed, for example, |wusing CAD
techniques. The bend lines are located to produce the
supporting sheet portions, and the chassis unfolded
graphically to a filat sheet with the n&a&ssar& faature and
fold lines, as shown in FIG. 28A.
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While such technigues have been described before in CAD
design literature, and CAD and CAM software programs, they
have not heretofore been effectively implemented 1n
anything but the most simple designs because precision,
low-force bending of sheet metals was not practical. The
present slitting-based  invention  enablas practical
fabrication of this thesretical CAB oxr Ca&M design
technigue. Prior art CAD or CAM designs c¢ould not
previously be physically realized in real materials to the
same accuracy as the theoretical CAD or CAM model because,
for example, conventlional bending tolegances could not be
held., The precision of bending possgible with the pr&é&nt
invention dramatically increases the correspondences
petween the CAD or CAM model and the achievable physical

form far bant sheet materials.

Moreover, the bending need not take place at the pick and
place or rapid prototyping site. The sheef with attached
components can be transported with the components being
formed and selected to act as dﬁnnéga for the transport
ProcCess. Once at the fabrication site, which may be
remote from the design and cutting site, thé chassis or
housing sheet will be bent precisely, even by hand if
desized, and the bent housing secured into a three-
dimensional structure, with a plurality of - selected
componants Being secured thereto iuternakiQ- and/or

externally.

Moreover, three-dimensional chassig and other structures

also can have panels therein'whiah are attacﬁed by straps

along a bend line to provide doors in the chassis or

structure for periodic or emergency access to the interior
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of the structure. Separate door hinge asserblies are

thereby eliminated.

Using the various embodiments of the sheet slitting or
grogving techniques described herein, an extremely wide
range of products c¢an be formed. W#Without limitation by
enumeration, the following are examples of products which
can be folded from sheet material using the slitting and
grooving schemes of the present invention: trusses,
beams, curved beams, coiled beams, bssms within beams,ij?
enclosures, polyhadrons, stud walls, beam networks,
enveloped beams, flanged ‘baamS, indeterminate nultiple-
piece flanged beams, machines, works of art and sculpture,
origami three~dimensional structures, musical instrumnents,

- toys, signs, modplar  connectiens, packages, pallets,
protective enclosures, platforms, bridges, electrical
enclosures, RF shield enclosures, EMI shields, microwave
guides and ducts. A few examples of such structures are
shown in FIGS. 12~30 and 32.

Formation of a curved box beam using the slitting process
and slit sheet of the present invention can be described
by reference to FIGS. 12, 13 and 14. A sheet of materisl
561 is shown in FiIG. 12 that has twe bend lines 562 and
563. Bend line 562 has a plurality of arcuate slits 563
on opposite sides of bend line 562. ﬁiso_pagitioned along
bend line 562 are smaller arcuate slits 564. The slits
563 and 564 have the genaral configuration as described
and shown in connection with slits ééz in FIG. 11, but fhe
length of slits 564 is reduced relative to the length of
plits 563, and slits 564 will be seen to be positioned at
the apex 566 of notches 567 which are provided in the
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edges 568 of the sheet of material. The bending straps
569 defined by longitudinally adjacent end portions of
slits B563 and longitudinally adjazent end portions of
slite 583 and 564 are essentially the seme in
configuration, notwithstanding differences in the length
of the slits 563 and 564. There will be some slight shape
difference due to arcuate segment differences, but bending
straps 569 will be essentially uniform in thelr strength
and fatigue~resistant capabilities along the length of

bending line 5062,

One of the advantages of the placemsnt of slits %64 is
that they tend to contain any stress crack propagation,
which could occur at apexes 586 of nobches 5¢7. The
varions lsaves or fingers 571 defined by notches 567 can
be bent, for exanmple, inte or out of the page to a %0
degree angle, or to other angles if the structure should
require, The central portion $72 can remain in the plane
of ?h@ sheet on which FIG. 12 is drawn.

A plurality of slits 576 and 577 are positioned along
second bending line 563. These slifs have much tighter
end curve portions 578 than the arc-like slits shown
proximate firvst bend line 562. Generally, the tight
curved end portions 578 are not as desirable as the more
open~-gnded porticons used in connection with slits 563.and
564. Nevertheless, for ductile materials that do not tend
to stress fracture, slits of the typs shown for slita 576
and 577 are entirely adsquate. Bgain, the difference
between slits 516 and 577 is tﬁat the smaller slits have
been used at the apexes 566 of notches 567.
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Once slit, sheet 561 can be bent along bend line 563 so0
that the leaves 571 ¢an bhe bent to an angle such as 90
degress relative to the central portion 572. 1t should be
noted that npormally the siits along bend line 562 and 563
will have the sanme shape, that is, they will either be
slits 563 and 564 or slits 576 and 577, It is possible to
mix slit configurations, but noymally there will bs no

advantage from mixing - them as shown in FIG. 12. The

purpose of the illustrated embodiment of FIG. 12 is to ()

show different slit confiqurations that are =suitable for
use in the bending of sheet material in accordangs with

the presant invention.

The design and formation of a curved box beam using two

 sheets slit, as shown in the flat in FIG. 12, can be

descriked in connedtion with FIGS., 13 and 14. The design
would be accomplished on & CAD or CAM system, as described

earlier, and the slits made in sheet 561 identically as

laid out in the design process on the CAD, CAM or other

systems. A curved box beam, generally designated 581, is
shown in which one designed, cut and bent U-shaped sheet
$72a 1is secured to a second designad, cut and bent U~
shaped sheet 572b. As will be seen from FIGS. 13 and 14,
the fingers or leav&é 37la have been folded down over the
outside of the fingers or leaves 571b. In both cases, the
apexes 566 are closely proximate the fold lines 562a,
563&, 562b and 563k, This placem&gt of the apexes allows

bending of the sheet, by permitting notches 567a to have

the included angle of the notches increase, while the
included angle of notches 567b decrease in the area 582 of
the longitudinal bending of beam 581, The central

G
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portions 572a and 572b of the sheet material have a
thickness that will accommodate bending without buckling,

at least in radil that are not extreme.

The folded sheets can be secured together by rivets 583 or
othey  guitable  fasteners, adhesives or  fastening
techniques such as welding and brazing. Openings for the
fastensrs can be‘prawferm&d ag shown in FIG. 12 at 580.
The location of the openings 580 can be precisely set if
the exact curved configuration is determined or known in
advance of'hending, aor openings 580 can be positioned in
central locations and thereafter used with later drilled
heles to join the two bent sheets together in a curvature

that ig inpdeteyminant or eatablished in the fisld.

One application for indeterminant curved box beams, for
example, is in the alrcraft industry. Difficult to bend
4041 T-¢ or 6061 T~6 aluminue is designed with the desired
layout of slits and then provided in completad slit sheets
as shown in FIG. 12. The sheets are then formed in the
field to provide a box beam having a curvature which is
determined in the field, for example, by the curvature of
a portion of an airplane which must be repaired. The twe

sheets that form the box beam are curvad to fit under a

“portion of the skin o©f the airplane which has been

damaged, and then the skin is thereafter attached to the
central section 572 of the curved box bean.

4

Bending of the lszaves or fingers 571 can be dons with

simple hand tools, or even by hand, and field riveting
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used to hold the curvature of the box beam by using the
pre-formed holes 58 as guides for holes that arve drilled
in the leaves or fingers of the underlﬁing folded sheet.
Thus, with a simple hand «drill and pliers, a high-strength
structural 4041 ¥-6 aluminum box beam can be cugtom formed
and positioned as an airplane Structural component for
subsequent fastening of the skin of the airplane thereto,
This can enable, for exam@le, field repairs under even
combat ¢onditions so0 that the plang can be flown Lo a site

at which permanent repairs can be made.

When the longitudinally ocurved box beam has a
predetermined or known longitudinal curvature, leaves or
fingers 57]la and 571b can be defined by notches in which

the fingers interdigitate or mesh with each othery in the

same plane. This will produce beam side walls that are

smooth and without openings.

Box beams, whether curved or straight, alsc can be used in
exoskeletal designs in order to provide high strength-to-
weight advantages. Thus, rather than using a solid beam
with its attendant weight, holliow, folded or bent beams

can have corresponding si:mrirgth' but lower weight. LE.

desired such hollow beams alsc can be filled with a foam,

including a metal foam.

As shown in FIGS. 12-14 a longitudinally curved box beam
681 1is produced by bending the sheet material along
straight fold lines 567 andg 5635 It s also possible to

.
N
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produuce longitudinally curved box beams by slitting or

grooving along curved bend iines.

Turning now to FIGS. 18 and 16, a shest of mnaterial

- designed and slit or grooved for folding and a three—

dimensicnal structure made from the =ame, respectively,
are showh, Sheat 611 has been designed to be slit or
grooved along longitudinally extending fold lines 612 and
613, Farther slitting and grooving has taken place on
transversely extending fold lines €14, €61%, 61€ and 617.
Opposed side edges 618 of sheets 611 are circular, and a
plurality of notches 619 arve formed in opposite side edges
of the sheet. A coupling talb or flange 621 iz formed at
ene end of the sheat and p'referably has fastener receiving
opanings 627 therein which will align with opening 623 in
the opposite end of sheet 611, Blits or grooves 624 of
the type shown in the embodiment of FIGS. 8 and 10 have
bean positioned along fold lines 612-617. It will be
undecrstood that slits or grooves of the type zhown in
other embodiments could be emploved within the scope of

the present invention.

The sheet of material shown in FIG., 15 is designed to
gnvelop or "enclose a cylindrical membser, such as a rod,
post or column 631 shown in FIG. 16, By hending sheets
616 along fold iines 612-617, sheet 611 can be folded
around to enclose cylindriczl member 631 as shown in FIG,
16. The circular arcuate portion- 618 of the sheet are
dimensioned to have a radius which mates with that of
column 631, Hotches 619 close up and the edges defining
the notches abut each other, while the fold lines 614-617

allow the sheet to be folded into a square configuration
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around the ocolumn 631. The bent three-dimensional
structure which results has a plurality of planar panels
636-63% which provide surfaces against which other members
or sitructures can be easily attached. Folded sheet 611
may be secured in place around column 631 by fasteners
through openings 622 and 623. The configuration of the
grooves or slits 624 causes the folded sheet 611 to become
a high-strength, rigid structuyre arcund column or post
631, Securement of folded sheet 611 to post 631 against
vertical displacement c¢an be the result of an interference
fit between arcuate edges 618 and the post, and/or the use
of fasteners, adhesives, welding, brazing or the like, and
the assembly has many applicatioens which solve the problem
of subseguent coupling of structural nembers to  a
cylindrical structure. The example of FIGS. 15 and 16 is
not only a potential cesmetic cladding, it is a structural
transition piece between cylindrical and rectilinear

forms.

The designed and manufaciured slit or grooved sheet and
method of the present invention also may be used to d@éiga
and form coiragated panel or deck zassemblies. FIGS. 17
and 18 illustrate two corrugated panel assemblies that can
be designed .and constructed wusing the apparatus and

methods of the present invention. Such assemblies are

particularly effective in providing. kighwsziéégthmao*'

zéeight ratios, and the sheet folding technigues of the
present invention readily accommodate both folding of the
corrugated sheet and the provision of attachment tabs.

In FIG. 17 attachment tabs are provided which can extend
through slits to couple the corrugated sheet to the planar
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sheet, while in FIG. 18 tabs having fastener receiving

openings are provided.

In FIG. 17, a sheet of material 641 has been slit or
grooved along longitudinally extending fold lines 642-847
in accordance with the teaching of the present invention.
Edditionally, a plurality of tabs 649 have been formed
along fold line 643, 645 and 647. Tabs 64% are cut in

éheet 641 at the szame btime as formation of the slits or

grooves 651 along the fold lines. Thus, a U-shaped cut
£52 iz formed in sheet 641 o that when the shest is

- folded to the corrugated condition shown in FIG. 17, the

tabs will protrude upwardly. Tabs 649 will extend at an
angle from the vertical when folding occurs to form the
corrugations, but tabs 649. can be bent from an angled
position to a near vertical position, as shown in 617, by

a subseguent step.

The foiéad or corrugated sheel 641 shown In FIG. 17 can be

attached to a second planar sheet 656 which has a

plurality of slits 657 formed therein.  Slits €57 are
positioned and dimensgicned Lo matingly recelive tabs 64%
therethrough. Whan shest 656 1is lovwered down over
corrugated folded sheet 641, tabs 648 will _gktenﬁ Gp
through slits $57. Tabs 64% can be in interference fit
with slits 657 to secure the sheets together, or tabs 649
can be bent to a horizontal position or. twisted about a
vertical axis to secure the two sheets together. Tab 64%
also may be bent down and secured to  sheet 646 by

adhesives, welding, brazing or the like.
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Optionally, a second sheet of material, not shown, can be

attached to the lower side of folded or corrugated sheet
641 using tabs (also not shown) which are formed out of
sheett 641 during the slitting or groovihg process. The
second sheet would be secured to the bottom of folded
corrugated sheet 641 in a manner described in connection

with sheet 656,

The result is a high-strength, fatigue-resistant and
lightweight corrugated panel or deck assembly which can be

used in numerous applications.

A corrugated panel assembly similar to FIG. 17 can be
constructed as shown in connection with the assembly of
FIG. 18. Folded corrugated sheet 661 includes a plurality
of fold lines 662 and a plurality of tabs 663. Tabs 663

.are formed from sheet 661 in a manner similar teo that

described in connection with tab 649, only tabs 663
include fastener receiving openings 664. Additionally,
tabs 663 are folded down to a near horizontal position,
rather than up to a near vertical position, as described
in connection with tabs 649. In the horizontal position,
tab 663 can be.used to couple a second sheet of material
666 having fastener receiving openings 667 therein. Sheet
666 is positioned so that opening 667 align wiﬁﬂ.opening
664, and fasteners are used to secure the two sheets
together. As described in connection with FIG. 17, a
third sheet can be secured to the bottom of the corrugated
sheet 666, although the figure does not show the
securement tabs 664 on the bottom side of the corrugated
sheet 61. R
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Again, by &m&leyiﬁg a plurality of grooves or slits £66
formed in accordance with the present invention, as above
described, a corrugated deck or panel assembly can be
fabricated which 4is wery high in strength, has good

fatigue resistance and is lightweight.

FIGS. 19-22 illustrate a further embodiment of &
continucus corrugated panel or deck which can be formed
ueing the slit sheet and method of the present invention.
Moreaver, the panel of FIGS., 19-22 illustrates the
strength advantages which can be obtained by reason of the
ability to make sharp bends or folds that have significant
load carrying caspabilities. Still further, the smbodiment
of FIGH. 19-22 illustrates the use of tabs to interlock a
folded shest inte 2 high sitrength three-dimsnsional

structare.

Pricrx art tachnigues'fgrming corrugated panals or decks
often have suffered from an inability to achieve a desiryed
high level or percentage of c¢hord material to the overall
panel material. Gensrally, the purpose of the webbing is
to separate the chords with the minimal web mass required

o accomplish that task. I-beamns are rolled or welded

‘forms that use thicker top and bottom chords relative to

the connecting web between them. The present invention
enables a class of corrugated structures that provide for
wide design flexibility in creating rigid, strong, low
welght structures that can be manufactured from continuous

cells, transported in & compact coll Torm, and easily

-formed on site. The interlocking nature of this enabled

empodiment avoids welding at the cormers where welding is

aspecially subject to failure.
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Sheet naterial %21 has beenn s8lit using the present
invention and is shown in FIG. 19 in a flat state before
bending or folding. As will be seen, a plurality of
substantially parallel bend lines 722 have a pattern of
alternating arcuate slits 723 positioned on oppeosite sides
of the bend lines to define obliguely extending straps
skewed in opposite directions. 5lits 723 can take the
form of the slits in FIGS., 6 or 9, for example. Alsco
formed in sheet 721 are a plurality of tabs 724 wiziz:h@
extend outwardly of the tongue portions of slits 723, and
a plurality of key~hole like openings 725, Openings 725

are positioned in aligned relation to tabs 724.

In FIG., 21A tabs 724 will be seen to extend across bend
line 722 {irom slits 723. Tabs 724 are, therefore
ecxtensions of the tongue side of slits 723, Key hole
openings 725 is a cut-out or negative tab in the tongue
side of slits 723 which have a configuration dimensioned
to receive tabs 724. In order to prevent the neck of tabs {j?
724 from being interfered with by the upwardly displaced
face on the opposite side of the slits, a notch 730 is
provided in the lip side of the slits 723, Thus, the
entire arsa of 725 and 73G.is cut and falls cubt or is
removed from the sheet so that tabs 724 can béfinserted
into notches 725/730. '

In FIG. 20 the {flat sheet 721 of FIG. 1% has begen folded
into a continuous corrugated pansl or deck 724, Panel 726
includes web portions 727 and chord portions 728. &As will

be seen in panel 726, chords 728 are in end-to-end
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abubting relation over the full length of the panel on
both the upper side and the lower side of the panel to
provide continuoug deck or chord surfaces. This
censtruction affords panel 726 greatly enhanced strencgth,
for example, in bending, over panels in which alil the
transverse webs are not joined by chords on both the top
and bottom side of the panel. The deck cr panel can be

further reinfarced by adding a sheet of additional

‘material (not shown) which would further improve the ratic

of chord materizl mass to the mass of the entire degk or

panel for superior strength/stiffness-to-weight ratio.

FIG. 21 3illustrates in greater detail the bending or
folding scheme employed for panel 726. Commencing, . for
example, with end flange 729, web 727a can be bent down
and back at bend line 722a down to a lower side of the
panel. Sheet material 721 is then bent forward at bend
line 722b and cherd 728a extends in a 1engitudinal,
direction of the panel parallel to flange 728, At bend
line 722¢ web ?é?b is bent to extend up and back to bend
line 722a, at which peint chord 728b is bent forward and

" extends to bend line 722h. Web 727 is then bent back at

bend line 722d to bend line 722c¢. The bending continues
along the length of panel 726 so as to produce a folded
corrugated panel in which there are a plurality of end-to-
end chords on both the top and bottom of the péﬁél which
are separated by connecting webs. The mass of the chord
material in the panel to the overall panel mass is

relatively high for a_higﬁ strength-to-weight ratio.

The abilitg to fold a sheet 721 in sharp or crisp folds

using the slitting process of the present invention allows
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the apexes 731 between the webs 727 and choxrds 728 to be
relatively sharp and to be positioned in close, abutting
relation. s illustrated, the panel of FIGS., 19-21 has
webs and chords of equal length coreating equilateral
triangles in which each apex is about 120 degress. As
will be understood, many other corrugation geometyries are

equally possible.

while there are numerous ways in which folded panel 726

can ba secured in a three-dimensional configuration, a(\D

preferred method is to employ tabs 724 and mating kevhole
openings 725 gut into shest 721 during formation of the

bending slits.

Tabs 724a, for example, a‘re provided by laser or water jdet
cutting of the tabs to extend outwardly of slit tongues
from flange 729 into web 727a. When web 7272 is bent
downwardly and rearwardly to bend line 722Zb, tabs 724a
remain in the horizontal plane of flange 729. As best
seen in FIG. 213, a mating opening 72% cut intc chord 728b
and aligned with tab 724a will allow tab 724a to be
positioned in opening 725. If each tab 724 has an
enlarged head or end 734, the tabs will lock or be
captured i:zy' their mating openings 725, much as ‘a.w tigsavw
plece can capture or interlock with _-'an aﬁ;‘iacéﬁ:ﬁ piece.
This interlocking resists separation of the tabs from the

mating openings in the top and bottom planes of the panel.

‘The tabs and openings do not need: to im,’ and preferably

are not, dimensioned to produce an intexrference fit.
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Interlocking of tabs 724 and openings 725 aslso ecours
along the bottom side of panel 726, and the result is
securement of the folded panel in the form zs shown in
FiG, 20, even without additional securement techniques,
such as adhesives, welding, brazing ox the like, which

optionally also can be used.

In FIG. 22, the sheet slitting and bending process of.
FIGS., 19<21 is schematically shown as applied to the
formation of a cylindrical member 741, Again, webs 747
and chords 743 are formed about bend lines and the
locations of the bend lines selected so that the chords on
the inner radius 744 are shorter in their length than the
chords on the outer radius 746 of cylinder 741. ‘Tabs and
mating opening may be used to lock the chords and webs in
the desired configuration, depending on the thickness of
the material and the radil of cylinder 741. The resulting
cylindrical structure c¢an be used, for exanple, ag a

lightweight, high-strength column or post.

in mest embodiments of the present invention, and
particularly those in which the sheet of material bhas a
substantial thickness, commencement of bending will
automatically cause the tongue or tab portion of the slit
to begin to slide in the correct diﬁectien against the
face on the opposite side of the slit., When the shest
material 1s yelatively thin and the kerf of the slit is
small or zero, however the tab portions of the slit sheet
Qcaasiénally will move in the wrong direction and thereby
effect the precision of the bend. In order to rewmedy this

problem, it is possible for the tongue portion of the slit
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to be biaszsed in a direction producing predictable proper

bending. This solution is shown in FIGS. 23 and 24A.

A shest of material 681 is formed for bending aboutr a
plane of besd line 682 using the design and sheet
slitting technique of the present invention. Arcuate

slits 683 are formed which define tongues 684 that will

A slide along opposing faces during bending of the sheet

éhout band line 682,

In PIG. 23%a, sheet of material 681 can be seen as it is
being Pent in a downward direction, as indicated by arsows
687, about bend 1§ne 682. Because tongues 684 are
downwardly displaced, the lower e&gea ar corners 688 of
lips 6892 will tuck up and engage faces 690 of tongues in a
manner which will produce sliding of adges 688 along faces
690. ‘The edges 688 on each side of bend line 682 will be
displaced upwafdly te slide an the downwardly pre-set
tongues 684 so that Dbhending about bend line 682
predictably produces sliding of the edges along the faces
of the tongues in the desired direction during the bending

Process.

When sheet 681 is formed for bending using, for example, a
stamping process in which a knife forms slit 683, the
stamping die can also plastically deform tonguss 684 in a
downward direction on side of the Dend line. Predictable
sliding of edge 688 along face 630 in the proper dirsction
will occur during bending so that the actual fulcrums on
opposite sides of ghe bend line will produce pracise
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bending along the virtual fulcrum aligned with bend line
682. The displaced tongues also will cae an operator as

to the proper direction for bending.

While many applications of the present invention will call
for 90 degree bends, some will <all for bends at Gth@t
angles. The apparatus and method of the present invention
can accommodate such bends while still maintaining the
advantages of full edge-to~face contact. In FIG. 24, a

bend of about 75 degrees is illustrated.

As shown, a sheet ¢f material 691 is formed with a =siit
692 which is cut at an angle of « of about 15 degrees to
the plane of sheet 691, (A c¢orresponding slit on the
other side of bend line 693 alsc cut at 7S degrees but
skewed in the opposite direction is not shown for
simplicity of illustration.) {ponn bending downwardly,
lower edge 694 of lip 685 tucks onto and slides up face
696 of tongue 697. Once the bend reaches 105 degrees, or
the campiiﬁﬁntary angle to slit angle o, the lower surface
698 of the sheet proximate edge 694 will be coplanar with
and svenly supported on face 636 of the tongue.

B

Today most commercial laser cutters with power capable of
cutting poth plastics and metals are sheet fed, There is,
however, supply-roll fed laser cutting equipment
commercially available, but such eguipment that exists
today does not roll the cut material back into a coil.
Thus, reel-to-reel laser cutting equipment is not in use

QT commerciélly available,
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The advantage of roll fed cutting combined with a coil
mechanism, in the context of the present lnvention, is

that very large or very complex, information-rich

structures can be designed in CARD, cut, and then these
pre~engineered structures can be recoiled into a compact
form. Once in the coiled, compact form, they may be
transported more conveniently, for example, on a flat-bed
truck or rail car or launched into outer space. Upon

arrival at the location of use, the material is uncoiled /™

N
and bent or folded along the bend lines dictated and

structurally supported by the arcuate slits and cobhligue

straps cut into the metallic or plastic sheet.

The sheet slitting or grooving éppaxatus and method of the
present invention can be incorporated into a reel-to-reel
process in at lsast three ways. Widely available
throughout industry are flat-bed laser cutters of many
types. The first approach uses a coil on one end of a
flat-bed laser cutter, the laser cutter in the middle and C:?
a winding roll for reforming a coll of partiaily cut
material:. The naterial is advanced through the system by
hand and pin or edge-notch registration features are cut
into the flattened sheef. The sheet is aligned in both X
and Y axis by physically docking the cut features-with a
jig attached to the laser cutter bed. In this way, pisce-
wise advancement can oceur including the alignment of
slit—é&sist@d bending features of the present invention.
The novelty 1is in the combination 0% the registration
system with the unceiling and coiling of material-together

with the appzication of cut bend-producing features of the
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prasent invention that enable low-force, precisely

located, high strength bent or folded strucrures,

A second approach is to advance a coll through a laser
cutlter using the well-known technigue of a pewer unwind,

stop, cut and power rewind,

A third approach is shown in FIG., 29. It employs a
smooth, continucus web transport, with both unwind and
rewind, Shest material 701 is unwound from supply coil
70Z, and the motlion and/or optics of the CNC cutter 703 is
controlled to compensate for the rolling frame of material
70%. CNC cutter 703 can be a laser cutier or a water jet
cutter formed and controlled to cut the desired slit
patterns into sheet 701. After cutting, sheet 701 is

wound onto coil 704.

Since coiled sheet stock often will have a coil-gset curl,
the use of a leveling step or leveling apparatus 706 after
unwinding coil 702 is an option. Sheet stock 701 can be
driven tﬁxoagh the processing line by pinch rollers 707
and drive motorg at coils 702 and 704 and additionally at
roller 7190. o

One reason that reel-to-reel processing has not been
previcusly used is that the edges or centours of the cut-
out features tend to interlock and snag as successive
layers are would up on goii ?Oé,apartiaularly when the

low-force slit-asasisted bend features of the present
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invention enable a foldable tab or flap. The very act of
recoiling material 701 will tend to make the cut tabs or
flaps extend tangentially to the winding ¢oil. Two
methods can be used to address this issue. One is the use
of thin, easily removed hang-tabs in combination with
rewinding a coil of metal and other rigld materials that
have these low-force folding features of the present
invention that tend to extend from the rewound coil
tangentially. A second method is shown in FIG. 25,
namely, to co-wind a polymer web 708 onto coil 704. Heb
708 should be tough and not easily punctured, vet thin in ijﬁ
gage. Polypropylene and polyethylene are bub two useful

examples.

One technique for increasing the throughput of resl-to~
reel processing systems is the use of laser cutter 7063
having sultiple laser beams for cutting the slit-assisted,
low-force hend features of the present invention,
Foldable box beams, such as is shown in FIG. 12, need
several bend-assisting arcuate slits that are arranged
parallel to the coil’s winding direction, about a desireé
bend line. Multiple fiber lasers, for example, that are
iinked together nechanically and whoss motion controllier
is a single, joined, mechanical system, with a single
motion contreller, can preduce all of the parallel- hends
at the same time, while other lasers wiih indepeééént
motion actuation systems and moetion coﬁtraiiers can

produce all other cut features, such as the notched edges.

The methods and apparatus of the three reel-to-reel
processing systems described aba#e, combined with the low

bending-force, high strength bend features of the present
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invention, enable 3 class of products, from beams, to
ladders, to building stud and jolst systems, to be formed,
coiled, subsequently uncoiled and folded into
deterministic dimensiong of impressive structural
integrity, when and where they are needed after compact
storage or transport in coiled form. This technigue has
applications in space, in the military, in commercial ard
residential construction and many other industries where

the costs and effort of getiing materials to a site are

- prohibitively expensive and difficult when parts are

aiready in an assembled state.

Optionally the reel-to-reel processing line of FIG. 25 can
also include a pair of hard-tooled die cutters 709. Using
male and female stamping shapes to stamp out the arcuate
slits and drop—out features, the die cutters also can be
plates and apply incremental material handling techniques,

but most preferably, they are hard tooled rotary dies 709.

The advantage of the CNC cutting approach to fabricating
coil-wound engineered folding structures is that non-
repetitive features are easily programmed into the eatﬁing
process, The advantage of the bard tooled stamping or
rotary die cutting approach, whether intermittentjar
continuous, is that repetitive features, sspecirlly the

arcuate slits, can be efficiently made.

-

The greatest beﬁefits of maximum throaghput and
flexibility may be advisable using CNC cutting in
combination with the hard-tooled stamping/die cutting to
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yield an inline system with both forming steps located
between the unwinding and rewinding steps of the process.
In the combined system, such as shown in FIG. 25, each

forming tool operates to its own advantage.

FIG. 2% illustrates a method c¢an be used to form three-
aimeﬁsianalvstﬁuctur&s for use particularly at locations
remote of the location at which the structure is slit
and/or parﬁially assembled prior to bending. One
application is of particular interest is the fabricatiocn {i§
of three-dimensional structures in outer space. Currently
such structures are assembled in outer space from thres—
dimensional modules; they generally are not actually
fabricated in outer space. The problem with space
agsembly is that the modules require an undesirable amount
of volume in the payload of orbital space vehicles.
Heretofore, one problem with fabrication in outer space
has been that the tools required to form high-strength,
three~dimensicnal structures have been prohibitively large

and bulky., Another problem with assembly in space can be

associated with a high part count and high fastener gount.
On the one hand, bulky near complete modules have been
launched and fastened together. 0On the other hand,
heretofore, dense packing of unassembled modules has

resulted in a high part count and high fastener count.

In FIG. 26, a coil 339 of sheet materiazl 341 is shown
which hasg been designed and provided with slits or greoved
on twe bend lines 34%., Sheet 341 is also formed with -
openings 346 and tabs 348 periodiczlly positioned
proximate opposed sheet edges. As will be seen, slits 343
way advantageously take the configuration as shown in FIG.
6. As will be appreciated, coil 339 is a highly compact
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configuration for the transport of sheet material. Sheet
341 can be formed with slits 243, openings 344 and tabs
348, as well as other desired structural features, at an
earth~bound shop having unlimited fabrication equipment,
for example, using the reel-to-resl processing line of
FIG. 25. The coiled sheet 1s next transported by a space
vehicle to an outer space location. Sheet 341 can then be
unrolled €from coil 339, and either, while being unrolled,
or thersafter, the sheet can be fabricated, wvsing hand
tools or moderately powerad tools, into a three-
dimensional structure. Such fabrication is accomplished
by bending the sheet along bend lines 345 and by bending
tabs 348 into openings 346 s0 as to lock the sheet in a
threze-dimensional structure such as a triangular beam 350,

as shown at the right-hand side of FIG. 26,

As shown in ¥IG. 28, structure 350 is an slongated beam
with a triangular cross section c¢an, in turn, be coupled
to other structures o produce complex three-dimensional
space structures and habitats. When the sheet bending
slitz configuration of the present iavention is employed,
each of the bends produced at the pattern of slits 343
will prefesrably include the edge-~-to-face support of the
sheet material which will make the bends capable of
withstanding substantial Jeading. Obviously, other beam
and structural configurations, such as the box bg@m of
FIGS. 13 and 14, the deck of FIG. 20 or the column of FIG.
22, can be produced by folding along bend lines having
slits of the type described above.

Moreoveyr, using the slitting and grooving method and
apparatus of the present invention ensures the precise
positioning of the opposed edges of the sheet 341 and

ppenings 346 and tabs 348 so as to enable closure of
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styucture 350. If the structurs to be formed needs to be
fluid-tight and slitting is employed, the bends produced
by slits 343 can be adhesively or otherwise filled, for
exampie, by welding or brazing. It is also possible to
provide numerous other closure configurations or fastening
schemes, including welding along the abutting edges of
shest 341 and overlapping of an edge of the sheet with &

side wall and the use of tabs and/ox fasteners.

Another form of box beam which illustrates the flexibility
of the apparatus and process of the present invention is <j§
shown in FIGS. 27A~-27G, namely a c¢ross or self-braced box

bean.

Sheet of material 801 is shown in FIG. 27A as being slit
along bend lines 802 and 803. Additionally, a plurality
of transverse slits 804 are providad which will be used to
provide beam cross-hracing sheet portions 806. Bending of
sheet 801 into a cross~braced box beam 807 2FIG. 227G} is
shown in the sequence of FIGURES 27B~27G.

First, the side of the sheet baving the cross-bracing (i}
sheet portions 806 can be bent to the position of FIG 27B.
Next, the sheet is bent along bend lines 803 to produce |
the cross bracaé 806 of FIG 27C. Sheet 801 is then bent
about bend line 80Za to the position of FIG 27D. The
sheet is bent about bend lines BOZb and 802¢ in ?féé. 27TE
and 27F, and finally side flange 805 is bent up and the
sheet bent about bend line 802d to produce beam 807 of
FIG. 27G. Fasteners can be placed in openings 808 and 809
{which are formed in aligned registered relation in sheet
801}, such as rivets or screws, can be used to secure side
flange 805 to the remaindar of thg box beam to produce a

struckture which will not bend or unfgid. Beam 807 will be
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seen to trap or capture at its c<enter an X-shaped cross-
beam array extending along the beam to give it
substantially enhanced strength. An ﬁxtremely high=
strength to welght, internally braced bex beam, therefors,
can be designed and formed from a single sheet of naterial

uging the procass of the present invention.

As an optional step that can be added to many different
structures formed using the apparatus and method of the
present invention, protective cormers or shin guérds B10
{(FI& 273) can be attached over bent corners 802 to effect
a smooth and/or decorative c¢orner treatment. Thus, L«
shaprd shin guard 810 can be added to beam 807, as
indicated by arrows 820, and secured in place by, for
example, adhesives or fasteners. Shin guards 810 can be

metallic plastic or even reflective to produce decorative

effects, as well as to provide impact protection, to

smooth and/or to seal or pot the corner bends. Shin guard
B10 could even encircle the beam or other three-
dimensional structure. Attached shin guards can assist in

load transfer azcross the bends.

In the cross braced box beam BQ7 of FIGS. Z7A-27G, the
LrO8S8 bfacing sheet portions 806 are bsnt to an “¥°
configuration and then captured or frapped within the
folded beant to provide internal bracing. Another -approach
to the bracing of structures having adjacant walls in

different' planes is to employ swing-out sheet portious.

FIGS. 244-34E illustrate the use of swing-out bracing in
another box beam that also has a pattern of weight-saving
cotouts. In FPIG. 34A, sheet 811 has been slit using the

present invention with a plurality of bend lines 812,

' Sheet 811 has further been cut or stamped with cutouts or
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weight saviag openings 813. Additionally, in order to
provide bracing of the folded walls of the beam, a
plurality of swing~out sheet portions 814 have been

provided which can be bent around bend lines 815.

In FIG. 34B swing-outs 814 have been folded or swung out

of the plane of sheet 811 arcund bend lines 815, while in
FIG. 34C, the outside edges 816 of the sheet have heen

bent to a vertical orientation around bend lines 812. In
FIG., 34D one side wall portion 817 of sheet 811 has been -
bent again around a bend 812, and in FIG. 34F the other {f§
side wall portion 817 has bg&n bent around another bend

line 812 to complets the box beam 818,

The last bending step, namely, bending from the
éonfiguratian of FIG. 34D to that of 34E, causes edge
portions 816 to ovsrlap and causes swing-outs 814 to
overlap. Both edges 816 and swing—out 814 can be provided
with fastener-receiving openings 81% which will bhecome
aligned or superimposed as the beam is folded to the FIG.
34E condition by reason of the high precision or accuracy _
possible when employing the edge-to~face bending tQChniqaa <j>
¢f the present invention. Thus, fasteners, such as rivets
or screws, not shown, can be inserted into opening 819 to
secure edges 816 together against unfolding of beam 819,

and to secure swing-outs 814 together to provide bracing
between mutually perpendicular walls of the beam, as well

as bracing across the beam. As will be apparent, the

n&mbe; of bracing swing~cuts can be increased from that
shown in the illustrated embodiment, and the use of swing~
outs to brace adjacent walls in different planes has

application to many structures othe£ than box-~beams.
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Turning now to ¥FIGS. 28 and 30, the advantages of low-
force sheet bending enabled by the present invention can
be illustrated. In FIG. 29, a sheet of material 841 is
shown which has a plurality of arcuste slits 842 formed
along bend lines in a manner above described. Formation
of box 843 from sheet B4l can be easily accomplished using

low-force techniques.

Sheet 843 caﬁwbé'pZaced over opening 844 in die 846 and
the four sides 847 of the box simultaneously bant to
upright positions. An actuator driven plunger 848 can be
employed ©or a vacuum source coupled €o apply a vacuaum fo
die 846 through conduit 849 used. Little or no clamping
of sheet 841 to die 846 is required:; only positiocning of
shaet 841 so that the bend lines are in mating

relationship with opening 844 in the die. This can be

- accomplished, for exrample, by providing indexing pins (not

shown) on the top surface of the die proximate the corners
of opening 844. The indexing pins would engage sheet 844
at the apsxes between sides 847 of sheef 841,

Depending upon the material being bent and its thickness,
2 negative pressure at conduit 849 will be sufficient to
pull sheet 841 down into the die and thereby bend sides
847 up, or far thicker sheets and stronger materials,
plunger 848 may alsc be used or required to effect.

hending.

Box 843 can be used, for example, as RFI shields for small
circuit boards, such as the ones commonly found in hand-
held cell phones, have been made by the prior art
techniqu& of progressive die stamping. The advantage of
progressive die stamping is thaﬁ sufficient precision can

be achieved and it is suitable to low cost, mass
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production. However, with the rapid change in products

that face this market, new shield designs require that the
hard tooling be frequently replaced. This is especially
problematic at the development end ol the product life

cycle where many changes ocour before the final design is
chosen. Another difficulty with relying on hard tooling

is that the ramp-up to full production must wait until the
hard tooling is available. This can be as much as eight
wesks, which is very expensive in a market with rapid

design changss and short product life. Yel another "
problem with the progressive die stamping has to do with o
accessibility to the underlying components for diagnostics

or repair. If a significant fraction of a chip batch is
faulty and may need repalr, a two-piece RFI shield unit is
employed with a low profile fence, soldered to the circuit
and a “shoe box 1id” covering it with an interfesrence fit.
This disadvantage is that the fence below take somre
horizontal “real estate” away from the clrcuit board and

two pleces are always more expensive to manufacture than

one. Ancther prior art gsoluticon to accessibility is the
method of using a row of circular perforations in the -
shield 1lid that can be severed to allow an area of the lid Cfb
te be hinged upward along one side. This perforated dooy
approach crates the possibility of some RFI leakage and it

is difficult to cut and ressal the lid.

Box 843 of FIG., 2% shows a solution to the aforeméntioned
problems using the techniques of the present invention.
The RFI shields manufactured using arcuate slit assisted
bending methods can be rapidly prototyped without hard
tooling using a CAD system for desién and a CNC cutting
process such as a laser cutter. Folding to the required
shape can be readily accomplished by hand tools or the
Fabrication equipment of FIG, 29,
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The ramp~up to full production can be écgowplished :
immediately by laser cutting the initial production
volumes required to enter the marker. Lower cost stamping
toocls to stamp out the biased tongue-tabs needed for the
geometry disclosed can be fabricated during the ramp-up
chase that initially ig supplied by a CHNC cut solution.

In this way, the cost of dezign, ramp-up, and production
can be lowered relative to the current practice of waiting

for progressive cavity dies to be manufactared.

Another advantage of the present lnvention is the built-in
access door for servicing the parts within., By severing
the straps defined by slits 842 around three sides of
shield 8423, and having previocusly scldered edgas 850 of
the low profile rectangular box 843 to the circuit boaxd,
the panel 840 of box #43 can be hinged 90 degrees to allow
for temporary service access. When repairs are aoﬁplaﬁa;
the lid or panel 840 c¢an be clesad again and re-soldered
at the corpers. Most metal alloys suitable for RFI
shielding will allow for sight or more accasses in this

mannexr before the hinged straps fail,

In FIG. 30 a series of steps is shown in which a shest
8§61, which has been slit according to the present
invention, can be popped up into a box using a pneumatic

bladder or vacuum grippers.

Sheet 861 is shown in a flat form at the left side of the
sequence of FIG. 30. Sheet 861 is, _in fact, two identical
sheets which have been coupled together at bend lines B2&
at the outer edges of sides 863'of the sheets, as will
become apparent as the box is formed. Sheet 861 can be

transported in the substantially flat state shown on the
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laft end of the sequence and then, at the use zite, popped
up to the threse-dimensional box 865 shown at the right
hand side of the sequence. This in-the~field formation of
box 865 can be easily accomplished using pneumatics or
hydraulics because the bending of sheet 861 requires only
the minimal force necessary to bend the oblique bending

sEraps.

One bending technigque would be to employ suction or vacmum

grippers 864 which are moved, as indicated by arrows 866,

down inte contact with a planar central sheet portion 867 Ci}

of sheet 861, A vacuum is applied to suction grippers 864
and then the grippers are moved apart, as indicated by
arrows 868 until box BE5 is fully distended, az shown at
the right hand side ef FIG. 30.

Another approach is to insert an expansible bladder 869

intec the slightly distended box, as shown by arrow 87i.

‘Such insertion can be accomplished before transportation

or in the fiegld, Bladder 869 is then inflated
pneumatically or hydraulically and the box gradually
distended or bent up to the condition shown at the right
hand side of FIG. 30.

Box 865 can be secured in the config&rétion shown at the
right hand side of FIG. 30 by, for example, welding,
brazing or adhesively securing side panels 863 at corners
872. |

A further advantage of the high precision b&ndin@ ar
fqldimg process of the present inv&étion is that geometric
information may be embedded in the planar material at the
same time that the low-force, high precision bending

structures are fabricated. This information may he

£
S
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accurately and predigtably communicated into an

anticipated 3D spatial relationship at very low cast,

In the past, symbols and geometric conventions have been
used to ¢onvey information about the assembly of
structures. One aspect of the present invention is that
the bending or folding instructions may be inmparted to the
flat parts of the sheet material at the same time that
they are formed with bending slits or grooves.
Alternatively, folding instructions may be imparted to the
flat parts through a secondary process such as princing,
labeling, or tagging. Additionally, information may he
embadded in the [lat form that is intended to instruct the
assembly process of similaily precision-bent structures or
the adioining of parts from non-folded prior art and

future art fabrication methods.

For example, a continuous pre-sngineered wall structured
may be formed from & single sheet of material that is
folded into top and bottom joists with folded-up studs.

A1l anticipated windows, doors and electrical boxes can be

‘embedded as physical geometric information in the flat

part for subseguent folding and assembly into the

building. A convention may be established that 2 round
mole in the structure is indicative of electrical conduit
that wiii later be threaded through the hole. A round-
coraered square haie may be indicative of hot water copper
pipe that should be passed through the wall. In this way,
the feature is not only located in the flat part, but it
is very accurately transiated into cprtect 3b
relationship, and finally, such conventions communicate to

trades people, who are not involved with the structural
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erection of the bulilding, where their activities intersect
with the structure. Horeover, aammunicaticn of such
jinformation anticipates the trades people’s activity so
that they do not have to medify and repair the structure

as they thread their infrastructure through the building.

FIGS. 32A-32F illustrate an embodiment of a stud wall
which can bhe folded out of a single sheet of material
using the sheet bending method of the present invention.
In FIGS. 325-32E no attempt has been made to illustrate

i

openings or the like which are precisely positioned and
shaped to comuunicate information, but suchldata can be
precigsely located during the sheet slitting process. It
should alsc he noted that the folded sheet of FIG. 32E can
either be a stud wall with studs joined to joists or &

ladder with rungs joined to side rails

Turning te FIG 323, sheet of material 801 has besn slit
along a pilurality of bend lines to enable formation of a
stud wall or ladder structure. The slits are formed and

positioned as taught herein.

In FIG, BZB-th& side wall portions 902 of eVéntuéi:studs
or laddeér rung 903 have been folded up along bend lines
904 from flat sheet 901. The next éte§ is to fold up an
‘additional end wall or step portion 906 along bend line
907, as shown in FIG. 32C. TIn FIG.' 32D the joists or
ladder rails 908 are folded up along bend 1line 909, and
finally the jaistéirails 208 are folded again aiang bend
line 811 in FIG. 32E. This last fold causes openings 912
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in joist/rails 3908 to ke superimposed in aligned or
registered relation o openings 913 {(FIG. 32D) in side
walls 202 of the studs/rungs 903, Fasteners, such as
rivets or screws can be used toe secure the foist/rails 908
to the studs/rungs 203 and thereby secure the assembly in

a load bearing three-dimensional form 814,

When used ag a ladder, rails 908 are vertically extending
while rungs 903 are horizontal. When used as a stud wall,
joists 208 are horizontal and studs 903 are vertically
extending. As will be appreciated, the rungs/studs and
rails/doists also would be scaled appropriately to the

application.

As set forth above, moast uges of the slitting process and
slit sheets of the present invantion-will require that a
plurality of slits be placed in offset relation along
oppesite sides of the desired bend line. This approach
will produce the most accurate or precise sheet stock
bends since three will be two opposed and gpaced apart
actual fulcrums that precisely cause the position of the
virtual fulcrum to be between the actual fulcrums on the

desired bend linef

While there is a very minor loss of bending precision, the
technigue of the present invention can also be employed
using a single slit and bending straps configured to
produce bending of the sheet of material along a bend
line, while edge-to-face angagamentAof the sheet portions
across the slit occurs. This single slit bending is
illustrated in FIGS. 35 and 36. -
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In FIG. 35 a sheet of material 941 is shown which has been
slit for bending into a wheel roller housing, generally
designated 942, as shown in FIG. 36. Sheét 941 includes a
slit 943 for bending of ear %44 about bend line %46, As

will be seen, there is no slit on the side of bend line

346 opposed to slit 943, HNevertheless, ear 944 includes

two shoulders 947 that define bending straps §48 with

arcuate end portion 849 of slit "943. It also will be
apparent that the central axes%95]l of bending straps 948 (23
are obligue to bending line 946 in oppositely skewed

directions.

When ear %44 is bent inte the page for FIG. 35, oblique
straps 948 will bend and twist and at the same time pull
or draw lip 952 on the ear side of slit 943 up into
engagement with the face of tongue 953 on the body side of
the slit. Thus, sliding edge-to-face sngagement again is
produced by reason of obligue bendiﬁg straps %498,

correctly scaled and shaped. (>

Y

Sheet 941 has other examples of arcuate bending slits
which combine with partial opposed sits or edges of the
sheet to provide bending straps that will produce edge-to-
face bending., For bending line 856, for example, slit
943 is opposed at one end by a partial slit 8§57 gaviﬁg an
arcuate end 958 that combines with arcuate end 94% teo
define an oblique bending strap 948a. At the opposite end
of slit 943a an arcuate edge portion 959 combines with
arcuate slit end 3549%a fa define another oppositely skewed
strap 948a.
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The result of the configuration of straps 948a iz edgs-to-
face bending about bend line 856,

5 Slit 243k isg formed as a mirror image of slit 943a with an
arcuate edge and partial slit cooperating to define
obligue bending straps 948b. Similarly, slit %43c¢
cooperates with an edge and partial slit to define oblicus

. bending straps 948c that ensure edge-to-face bending,
s 10 Finally, slit %43d cooperated with glit portions 960 to
define obliquely oriented bending straps 348d.

The single slit embodiment of the present apparatus and
method ag iliustrated in FIG. 385 is somewhat less precise
15 in the positioning of the bend on desired bending line,
| but the loss of accuracy is not significant for many
applications. in\tha structure illustrated in FIG., 36, an
axle 961 for roller 962 passes through openings 963, 964
}W\ and 965 (FIG 38) which must come into alignment when sheest.
K“JZQ 941 is bent inte the three~dimensional housing %42 of FIG.
36. The single slit embodiment, therefors, will produce
bends which are still sufficiently precise as to enable
aligmment of openings 963, 964 and 965 to within a few
thousandtha of an inch for insertion of axle 261
25. therethrough.

e

In FIG. 37, bend line termination or edge-effects related

to the slitting process and apparatug of the present

invention are illustrated. A sheet of material 971 is
~30 shown with five bend lines 872-9276, §lits 981 are formed
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in the sheet aleng the bend lines as described above. The
edge 982 of sheet 971 should be considered when desianing
the slit layout because it can iﬁfluencé the posgitioning

af the slitar

Cn bend line 972 slits 381 were given a length and spacing
such that a partial siit 28la opoens to edge 982 of the
sheet of material. This is an acceptable bend line
termination straregy. On bend iine 973, partial siit 831b
again opens to edge 982, but the partial slit 981b is long{:3
enough to include arcuate end 383 so that a bending strap
984 is present to oppose bending strap 986. 51it 987 can
zlso be seen to have a rectangular opaning 988 ext@ndiné
across the slit. Opening 288 is in the central portion of
slit 987 and therefore will not significantly influence
bending straps 984 or 3986, nor will it effect edge~to-face
bhending.

On bend line 874, slit 8Blc has an arcuate end 989 which
defines with sloping edge portion 991 an oblique bending
Strap 992, & similar geometry is shown for slit 98id and
edge portion 993. . The use of an edge of a shest to
partially define a bending strap is also employed in
connection with the slits of FIGURE 35, as above -

desceribed.

Finally, on bend line 376 arcuate edge portion 994
cooperates with arcuate end 986 of slit 98ie to define
strap $%7. Thus, the edge portion 9294 requires a slit

layout which inverts slit 98le from the orientation of
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slit 981d and illustrates that the Iinite nature of the
slirs requires that edge effects be considered when laying
aut the slits. In most cases, slit l&ngth can be slightly
adjusted fto produce the desired bend line termination or

edge effect.

In a further aspect of the present invention, as
schematically shown in FIG. 31, a method is provided for
forming three-dimensional structures. The first step is
designing the three~-dimensional sgtructure. This invelves
an initial sub-step 370a of imagining the design. Once
conceptualized, designing will often, but not necessarily,
procead with a step 370b or 370c in which CAD or computer
implemented designing takes place, The step 371 of
selecting a shest of material and its thickness ogtimnaily

can ocour before or during CAD design steps 370b or 370c¢.

A3 can be seen in FIG. 31, CAD design steps 370b and 370c¢
can include various alternative sub-steps. Thus, a commen
approach is sub~step 370b; in which the conceptual design
iz built in 23-D CAD and then flattened. Alternatively at
step 370h;, the design can be built up by suacessiveiy
bending sheet flanges or portions. One can alsoc design in
2-1 and declars Gﬁ';acate the bhend lines, which is sub-
step 370bs. ?1acé§ent of the proper or b&$£;dasigned
slits or grogves of the present ;nﬁention can be done
through software, at step B?Gb; or manually at the step
370bs.

The design process of the present invention can ailso be

based upon a selection, usually by computer or a CAD
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software program, at sub-step 370c: awmong & plurality of
stored designs and/or parts. The CAD system can then, at
sub~step 370c,, modify the selected part to achieve the
new or desired design, 1f modification is required.
Finally, at sub-step 370¢; the part is unfolded by the

softwars into a flat state.

Once designed, the next step is a slitting or grooving

step 373, preferably by employing a CRC controller to

7
drive a sheet stock slitting apparatus. Thus, at sub-step o/

373a data, representing the flat part and the designed
slits or grooves, are transferred from the CAD or CaM
systems to a CNC controller. The controller then controls
slitting and other formation steps for the cutting and
fabricaeting aquipment. At sub-step 373b, therefore, the
flat part is formed using additive {molding, casting,
sterec lithography} or subtractive (slitting, cutting} or
severing {(punching, stamping, die cutting) fabrication

technique,

Optionally, the formed flat sheet can also undergoe such
gteps as surface treatment 373c, affixat.ien of c;:)rﬁpcnents
373d, testing 373e; and storage 373f, usually in a flat or
coiled condition. '

Often a transportation step 375 will occur before the
sheet material is bent or folded at step 377. The slit
sheet stock is most efficiently transported from ¢he
fabrication site to a remote bandiﬁg and assembly site in
a flat or _éailad condition.

L
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Bending or folding 377 is precise and low-force. For most
structures bending occcurs along & plurality of bend lines
angd often. continues until two psztioné of the sheet are
abutting, at which point they can be coupled together at
the abutting portions of the sheet to produce a rigid
load~bearing three-dimensional structure at step 379.
Opticonally, the structure can be secured in a three—
dimensional, load bearing configuration by an enveloping
step, which couples the folded part together by &nciraiing
it.

Envelopment can be used for at least three strategies. In
the present invention, the angle of a fold is not informed
by the geometyry of slits that form it, {Notwithstanding
the technique of using @ slit tilt angle to affect maximum
contact area of edge to face eéngagement for a particoularx
angle of folding, as shown in FIG, 24.} The angle of each
fold is generally diciated by at least three interlocking
planes. in some <ases there is ne opportunity to
interlock three orthogonally independent planes, 8o an
alternate method of defining a restricted rotational angle
is needed, One method is to fold the structure against a
reference structure of known angular relationship and lock
téﬁ angle{s) into place by methods of adhesive(s},
brazing, welding, soldering, or attaching structural shin
gquards to¢ the inside or outside of the fald._ ~ Another
method is to use an interior structure éf definég-angular
form and bend the structure around it, that is to envelop
the interior structure. This second mefhod is referyed to
in the design and fabrication process diagram of FIG. 31,
by reference numeral 376a,b. In this ewbodiment of
envelopment, the interior part may be left in place (376h)
or in some Q&ses}\it aids in the folding process only and

is subsequently removed (376a).
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Another use for envelopment is Lo capture, which is the
process of docking together a folded sheet structure of
the present invention with a functional part that may or
may not be formed by the present invention, by enfolding
oy enveloping parts or modules within another structure.
For example, FIG. 16 illustrates but one of many “capture”
opportunities of the enabling feature of envelopment in
the present invention 376b. Thus, ccolumn 631 is enveloped
Ly folded sheet 611.

Yet another class of envelopment can  occur, when
connections are made between two or more modules of folded
plate construction of the present invention, or between
two or more components that include at least one structure
of folded plate construction of the present invention.
The. three-dimansional positional accuracy of Ffeatures
formed in a planar material of the present invention,
combined with the enveloping nature of the closure or
coupling process, enable a method of jeining together
muitiple pleces with a very high rate o6f success that does
not require secondary cut and f£it adjustments, This is
distinct from the capacity of the present invention to
align fastening features, such as holes, tabs and slots.

It is a method of joining together by wrapping arcund.

The process of the present inventiqn can also include an
iterative step 380. The ability to create low-cost three~
dimensional parts using the present method affords the
designer the practical luzury of.baing able to tweak the
dezign hefore settling on a production design.

s
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The slit-nase bending method and\gpgara%us of the present
invention are capable of highly precise bpending
tolerances. The original slits can be laid out with
extreme precision using a CNC machine to control, for
example, & laser, or water Jebt cutter, stamping ox
punching die, and the bends which are produced will be
located with ¢ ©.005 inches tlolerance while working with
nacroscopic parts, This 1s at least as good or better
than can be achieved using a press brake and a highly
skilled operator. One additional advantage of using a
stamping die 1s that the die can be wedge-ghaped to
compress the slit transversely or in the kerf width
direction. This will compress the sheet material locally
at the glit for better fatigue resistance. Such
Lransverse compression algo nmust be considered when
designing a kerf width to produce edge-to-face contact
during bending. It alsc is possible to follow laser or
water et cutting by a'tr&nsvars@ compression of the slit
with & wedge shaped stamping die to enhance fatigue

resistance.

Moreover, when using the bending scheme of the present
invention, the tolerances errors do nol accumulate, as
would be the case for a press brake. Alternatively, the
slits or grooves can be cast or molded into & sheet of
material or cast thres~dimensional member having a sheet-
like extension or flap that nesded tm. ke folded.
While working with materials ofx near nmlcrescopic or
microscopis dimensions, other forming methods commonly
used in the field of microelectronics and MEMS such & e-

beam lithography and etching may be used to effect the
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regquired geometry of the present invention with extreme

ACCUracy,

Rather than manipulating a 1laser beam {or sheet of
material) to produce curved grocves or slits, such beans
can alsoe be optionally canttolled or shaped to the desirzad
configuration and used to cut grooves or slits without
beam movement. The powar réquirements presently make this
most feasibie for light guage shests of mnetals or

O

plastics.

Fabrication techniques in the wmethod of the present
invention also may include steps such as deburring the
slits or grooves, solvent etching, aneodizing, treating to
prevent  surface  corrosion, and applyving compliant
coatings, such as paints, galymers? and wvarious caulking

compounds.

From the abgve desgcription it alsc will be understdgd that
another agpect of the method for precision bending of a
sheet material of the present invention includes the step
of forming a plurality of longitudinally extending slits
or grooves in axially spaced relation in a direction
extending along and proximate & bend line to define
bending strap webs between pairs of’longitudinaliy
adjacent slits. In one embodiment, the longitudinally
extending slits are each formed by longitudinally.
extending slit segménts that are connected by at least one
transversely extending slit segment. In a second

embodiment, the slits or grooves are arcs or have end
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portions which diverge away from the bend line to define
bending straps, which are preferably oblique to the bend
line and increasing in width., In both émbo&im@nts, the
straps can produce bending about virtual fulerums with
resulting edge-to-face engagement of the sheet materiai o1
opposite sides of the slits. The number and length of the
bending straps webs and slits or grooves also can be
varied considerably within the scope of the present
inventicon. The width or cross sectional area of the
berding straps and the transverse divergence of the straps
also can be varied independently of the transverse spacing
between slits. An additional step of the present method
is bending of the sheet of material substantially along

the bend line across the bending web.

The method of the present invention can be applied to
varicus types of sheet stock. 1t is particulariy well
suited for use with meial sheet stock, such as aluminum or
steel, which can have substantial thickness and a variety
of tempers (for example, 2 inch carbon steel, 6061

aluninum with a TEé temper, soms ceramics and composites}.

Certain types of plastic or polymexr sheets and plastically

deformable composite sheets, however, also may be suiiable

for bending using the method of the present invention. The

properties of these materisls are relative to a given
temperature and fluctuations in temperature nay be
regquired to make a particular material sviteble in the
context of the present invention. The present method and
resulting sheets of slit material are particularly well
suited for precision bending at locations remote of the
slitter or groover. Moreover, the ﬁends'may e produced

precisely without using a presgs brake.
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Sheet stock can also be press brake bent, as well as slit

or grooved, for later bending by the fabricator. This
aliows the sheet stock to be shipped in a flat or nested
configuration for bending at 2 remote manufacturing site

to complete the enclosure. Press brake bends can be
stronger than unreinfeorced silit bends so that a

combination of the two can ke used to enhance the strength
of the resulting product, with the press brake bends beaing
positioned, for example, along the sheet edges. The slit

or grooved bends can only be partially bent to open .
outwardly slightly so that such sheets can still be n&sted{iﬁ
for shipping.

The bent product has overlapping edge-to-face engagement
and support. This enhances the ability of the product to
withstand loading from various directions without
significant stressing of the bending straps. If further
strength is required, or for cosmetic reasons, the bent
sheet material can alse be reinforced, for example by
welding or otherwise attaching a shin guard or bent sheet
along the bend line. It should be noted that one of the
advantages of forming slits with essentially zero kerf, is {jD
that the bent sheet has fever openings therethrough along
the bend line. Thus, welding or filling along the bend

line for cosmetic reasons is less likely to be required.

It will be noted that while straight liﬁe bends have thus
far been illustﬁaﬁaé, arcuate bends can also be achieved.
One technique for producing curved bend lines is shown in
FIG. 33, namely, to layout identical strap~defining
structures along a curved bend line so the virtual

fulcrums fall on the desired curved centerline.
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Sheet 931 has been slit with identical slits 932 which are
positioned on opposite sides of curved bend lines 933 and
folded into a corrugated panel. S8lits 932 are shown as
having a form simllary te the sits of FIG. 6 with a central
portion that is linear and diverging or curving away end
portiong. $lits 832, however, are laid out bend lines.

As radius of curvature of bend lines 933 decreases, the
length of slits 932 along bend lines 932 can be shortensd

to better approximgte the curve.

It should be noted that the corrugated sheet %31 has a
hat-shaped cross section which is often found in roll
formed corrugated paniels. When used as a decking “
structure, this construction is not as desirable as the
continuous panel of FIG., 20, because chord sheet portions
834 only comprise about one-half the overall pancl mass,
but in other applications it has advantages and regquires

less material,

& sacond technique is to use non-identical sﬁrap«&efininq
slits to shape the bending straps to produce a smooth

curved bend. The bent sheet will have curved surfaces on
both sides of the bend line. If stepped slits are used, .

the longitudinally extending slit segments can be

shortenad.

The distribution and width of bending straps may vary
along the length of a given bend~line for a variety of
reasons including a variation in the trade-off between the
local force regquired for bending and the residual strength
.Qf the un-reinforced bend. ?&x-exaéple, adjacent features
that may be opportunistically formed at the same time as
the bending straps of th&_praseaﬁ invention may approach

the bend-line so closely that the nearest berding Straps'
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are best formed with less frequency near the approaching
feature or with thinner straps to maintain planarity of

the bent material.

Finally, the bent structures of the present invention can
be easily unbent. This allows three-dimensional
structures to be disassembled or unfabricated for
transport to another site or for recycling of the sheet
material. It has been found that the bent sheet material
can often be straightened out, or even subject to a bend
reversal, and thereafter re-bent through 5 to 10 or more
eycleg. This allows bending or fabrication of a structure
at one site and then unbending, transportation and re~
bending at a second site. ‘he ease of unbending also
enables structures to be unbent and sent o a recycling
center for rsuse of the sheet material and removed

components,

For convenience in explanation and accurate definition in
the appended claims, the terms “up” or “upper”, “down” or
“lower”, “inside” and “outside” are used to describe
features of the present invention with reference to the

positions of such features as displayved in the figures.

The foregoing descriptions of spscific embediments of the
present invention have been presented for purposes. of
illustration and description. They are not intendsd to be
exhaustive or to limit the invention to the precise forms
disclosed, and obviocusly many modifications and variations
are pogsible in light of the above teaching. The
embodiments were chosen and described in order to best
explain the principles of the invention and its practical
application, to therﬁby enablle others skilled in the art

to best utilize the invention and various embodiments with

K
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various modifications as are suited to the particular use
contemplated. It is intended that the scope of the
invention be defined by the c¢lains appehdad hereto and

thelr equivalents.
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IR THE CLATME:

L. A shest of material formed for bendiag slong a bend
line comprising:

2 sheet of material having a plurality cf slits formed
therethrough, the slits being positioned relative to a desirsd
bend line and configured to produce banding of the sheet of
material along the bend line with edge-to-face engagement of
the sheet of material on oppesite sides of the mlits during
substantially the entire bend cf the sheet of marerial;

wherein the slit end portions diverge away from the bhend

lins.

2. The sheet of materizal as defined ia claim 1 wherein,

the slit end portions are arcuate and curve away from the
hend line.

3., . The sheet of material as defined in claim 1 wherein,

the slits are positioned eguldistant and on oppositve
sides of the bhend line, and the slits are positioned in
longitudinally overlapping relation o orient a longitudinsl
strap axls of the bending strap to extend at an obligus angle

o the hend line,

4, Z zmheat of material as defined in clzim I whersin,

the adge-to-face sngagsment occursg along substantislly
the full length of the siits during bending of the sheet of
materisl.

5. The shest of materiasl as defined in claim I whereln,

he zheet of material is formed with at least two

ot

slongated slits positioned proximate and on opposite sides of
the bend line in longitudinally staggered positions relative
te each other along the bend lins, and the slits each have
substantizliy the same confliguration, with the slit on one
ide of the bend line being inverted relative to the slit on

rhe other side of ths bend line.
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&. Tha shzet of material as defined in ¢laim 5 wherein,

the zlits are symmetrical aboub a central Lransverss

i, The zhsst of materisal as defined in ¢laim % wherein,
the #iits are asymuetrical szbout a central trangverss

axls.

g, The sheszt of material as defined in claim 1 wherein,
the siits each have end portions and ifthe longitudinally
adjacent slit end portvions defineg bending straps extending

acrnss the pand line that are svmmetrical about a longitudinal

3, The zheet of material as dafinad in claim @ whersein,

the sglits each have end portions and the longitudinally
adiacent slit snd nortions define bending straps extending
across the bend line that are asvmmetrical sbeouib a cenbtral

strap axis,

0. The sheet of material as defined in glaim 1 wherein,
the siits sach have sobstantially the sames length along

the beand lins.

1i. The sheet of material as defined in ¢laim 1 wherein,

the slits have differing lengths alonyg the bend lins.

12,  The sheest of material as defined in claim 1 wherein,

the siits are provided by a plurality of arxcuate slits
alternatively positlioned on opposite sides ¢f and
longitudinally shifted along the bend line, the arcuate slits
heing convex in a direction facing the bend line and deflining
banding straps having strap axes extending obliguely across

the hend line.
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13. The sheet of material as defined in claim 12
whersin,

the gheet of material is formed with a plurality of pairs
of longitudinally cverlapping slits positiconed laterally
gguidistant Irom the bend iine to define the obliquely

ocrianted strap axes.

4. The sheet of material ag gefined in claim 13
whereln,

the strap axes ave obligue to the bend line in oppositely
inolined direstions,
15, The sheet of materisl as defined in ¢lzim 1 wherein,

the siits gach have end portions, and the longitudinally
adijacent £lit end portions define bending straps having

longitudinal strap axes extending obliguely across the bend

the strap axes are obligus to ths bend lineg in the same
direction toe produce relative displasgement along the bend line
of portions of said sheet of materisl on cpposite sides of the

bend line upon bending of the shzet of material.

16, e shest of material as defined in elalnr 1 wherein,
the slits have a kerf width which is sufficiently small
30 as Lo ensurs edge-to-face interengagement of the shest of

material on oppesite sides cf the alits during bending.

17,  The sheet of materizl as defined in claim 1 whereln,

tha sheet of materiel is providsd by a deformable shesel
of one of: 3 metal, and a plastic.

18, The sheet of material as defined in claim 16
wharein,

the sheet ¢f material is provided by z sheet which will
only ke elastically deformed duving bending, and the slits are

configured te orient the bending straps at an obligue angle
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which is sufficiently small ¢ prevent piastic deformatlon of

5518 sheet of material.

15. The sheet of material as definsd in <¢laim i wherein,

the siits are configured te cause an sdge of the shest of
materiszl along one side of the sllits to engage and siide along
a face of the sheet of material aslong the other side of the

slite during bending.

o, The sheet of materisi as <defined in clainm 1 wherein,
the slits are formed with 2 stress reducing cenfiguration

at the ends of the slir end portions.

2., The sheet of material as defined 1ln claim 1 wherein,

the plurality of slits includes a plurality cf slits
along and proximais the bend line conflgured to define at
leaat one bending web betwsen adlacent slit end portions, at
ileast one s1it being comprised of a flrst psir of
longitudinally sxtending slit segments pesitionsd proximats o
arnd on oppoesite sldes of and substantially parallel to the
berd lire, the longitudinally eztending slit segmesnits further
naving a palir of longitudinally proximate ends gonnected by s

transversely extending slit sedgwmant,

The shest of mabterizl) sz defingd in ¢laim 1 wherein,

f
=2

the shest of material is =zecured in 2 coiled condition.

23. “7he shest of material as defined in claim 1 whnerein,

the ratic of a Jog distance betwesn slits on opposlte
sides of the bend line to the thickness of the shest of
material is less than about 1.8, and the s3lits have a kart
isss than about 0.3 times the thickness of the sheal of

material.

24, The sheet of material as defined in claim I whesrein,
the longitudinally adiacent ends of the slits define a

nending strap sxtending across the bend line: and
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the bending strap is formed with a widih dimension sgqual
te betwsan about 0.9% Lo about 4.0 times the thicknsas of the

aneet of material.

2%, The sheet of material as defined in ¢laim 24
wherein,
the widih dimension of the bending strap is betwsen about

3.7 to about 2.% times the thickness of the sheet of material.

26, The sheet of material as defined in olalm i wherein,

the sheet ¢f material has & plurality of slits positioned
along a plurzlity of bend lines in positions producing edge-
to-face engagement of the shest material on opposite sidas of
sach of the pluraliry of bend linssg: and

the sheet of material hkeing bent along the plurality of
bend lirnes to produce a thres-dimensicnal structure.

27, The sheet of material as defined in claim 26
wherein,

the three-dimensional structure iz a box bean.

Z8. The sheet of material as defined in <lalm 26

rhe three-dimensional structure is a gross-braced hox

heam.

29, The sheer of maperial as defined in claim 25
whayeln,
rhe three-dimensional surueture ls a ghassls Zorx

electrical componsents,

3G. The sheet of material as defined in claim 2¢€
wherain,

the three-dimensional structure is a stud wall.

21, The shest of matrerial as defined in clalm £6

i

wherelrn,
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the thres-dimensional structure is an origami form.

32, The shaet of material as defined in claim 248

wharaln,

the three-dimensicnal structurs Is a corrugated panel.

33, Tha ghest of material asz defined in claim 2é
wherein,

the thres-dimensional structure is a corrugated column.

34, & zheast of matarial formed for bepnding along a hend
line comprising:

& sheet of material having a plurality of slits formed
therethrough in pesitions proxzimate and along the bend line,
rhe slirs each having opposite ends which diverge away from
the bend line, andgd the slits bsing configured and poesitioned
Lo produce bending of the sheet of material aleng the hend

line,

25.  The sheet of material as defined in claim 34
wherelin,

the slits are zlternatively positioned on opposlite sides
of the pend line, longitudinally adjacent slits have siit end
portions defining & bending strap with a width dimension which
increases as the bending strap sxiends away from the bend

lire.

3. The asheet of materisl sz delined in olaim 34
wharain,

the slits are esgh formed with a kerf dimension and & lcg
distance dimensien relative to & thickness dimension of the
zhest of material producing edge~to-facs engagement of
portions of the sheet of material con opposiie sides of the

slits during bending.

37. A shest of material fozmed for precision hending

along a bend line comprising:
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a wlasticaslly and ﬁiastic&lly deformable s0lid sheet of
material having a pluraliiy of elongated clesed-snded slits
therein pesitioned in end-to-end relation along and proximate
ton opposite sides of the bend line; and

gach sliv having slit end portions divercing away from
the kend lins, with palrs of longitudinally adiacent end
portions defining bending straps extending obliquely across

rha hend lins,

38. The sheet of malterial as definsd in claim 37
wharein,

the #lits are positioned on alternating sides of the bernd
line snd the slit end poriions are arcuate and curve away from
the bend line to define sbliquely orientad stiraps skewed in

alternating directions o the pend line,

39, The sheet of material as defined in olaim 37
whersin,
the slits sre arcuate and have convex side facing the

hending ling.

40, The shest of material as defined in claim 37
wherein,
the pending strap is orlented for both twisting and

bending durling bending of the sheet of material,

41. The sheetr of material as defined in claim 27
wherein,
a width dimensiocon of the bending strap 13 gresater than

the thickness dimsnsion of the shset of material,

42. The sheet of material as defined in claim 37
whereln,

rhe bending strap has a thickness dimension which
increases as the bending strap extends away from the bending

Line.
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43, The sheet of matarial as defined in claim 37
wherslin,

the plurality of slits define a plurality of bending
straps extending across the bending lins at obligue angles o

the bending Lline.

44. Tthe sheel of material as defined in olaim 43
wherein,
alvernstive bending straps extend across the bending line

in opposed skewed dirsctions,

4%, The sheet of materlal as defined in claim 44
wharein,
the sheet of material is a sheet of an lsctropic

materisl.

46. The sheet of material as defined in claim 43
whaerein,
& plurality of the bending straps are skewsd Lo extend

across the bending line in the same direction.

47, The sheelt of material az defined in claim 49
wherslisn,

the shost of material is a non-isotropic material,

48%. The sheet of materiasl as delined in clsim 37
whareln,

the slits are positiconad substentially equidistané@ on
the opposite sidss of the bending line to produce bending of
rhe bending strap aboul & virtual fulorum scbhstantially
superimposed on the bending line, and whereln the transverse
distance between slits across the bend line is not greatex

than about the thickness of the sheel of material,

49. The shest of material as definsd in claim 37

wheypein,



o

34

Lk
in

112

the slits are formed to cooperate with the bending strap

to displace the sheet of material on opposite sides of tha

)

1its out of engagement as the pending of the shest of

material is being completad.

50, The shest of materiazl as defined in claim 99
wherein,

the sheet of material is z shest of an anodized mstal.

31, The sheet of material as defined in claim 37
whaerein,

gach silit hag arcuate end portions at opposite ends of
the slit and the arcuate snd portions are formed to gurve in a

direction away LZzom the bend lins,

2.  The sheet of material as defined in claiw 57
wnersin,
the arcuate end portlons axtend to terminate at least the

end of a zone of plastic deformation of the bending strap.

53,  *the =sheet of material as defined in olaim 37
WHRLELN,
the sheet of material defining the slits has been

outwardly compressed.

24, The sheet of materisl as defined in claim 37
WAST@LN,

the slits are arcuate in shape and the tongus on the
convex gide of at lezst one slit is displaced laterally out of
the plane of the shest of material prior te bending of the
sheat of material in order to kiss the dirscticn of bending of

thes sheet of material.

83, The shest of waterial as defined in claim 37 and,
one of: a rub, dimple, contour, opening, flange, tab and

groove L[ormed in the shest of material.
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5¢. The sheet of material as defined in claim 37
whersin,
the siits are Iormed to extend through the sheet of

material at an obligue angle to the plane of the sheet of

material.

57, The sheet of material asz dofined in claim 39
wharein,
said sheet of material is a sheat of cast material having

the glits cast thersin,

58, The sheet of material as defined in eclaim 37
wherein,

the sheet of material defining the slits has hesn at
lgast one of: deburred, slectropeiished, solvent etched,

ancdized, treated Lo reduce corrosion; and eleclroplated.

58, The sheet of material as defined in claim 27, and an
elastomeric laver bondsd to the sheet of material across ithe

band line.

uy

&3, The asheet of material as defined in claim 5
wherain,

the slastomeric laver ig decorated,

1. The sheset of material as defined in clalm 59
wheralin,

the elastomeric laver is reflecotive.

£2. "he shest of material as defined in claim 37
whereln,
whe sheet of material is s material having a thermally

actuated shape mamory.

3. Ths sheet of marerial as defined in claim 37
wherein,

sald sheet of material carrviss an adheslve sirip therson.
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g4, The sheet of material as defined in claim 37 and,

a guard strip of matsrial secured to the shest of

material ovesr the bend linse.

55,  The sheet of material a3 defined in olaim 54
whersin,
the gusrd sirip is ssoured Lo 3 side of the sheen of

marterial away from which the sheel of material is to be hent.

56, The shest of matarial as defined in claim &5
whersin,
the guard strip is secured t¢ a side of the sheet of

material toward which the szheer of materisl iz to bhe hent.

£7. The shset of materiasl as defined in claim 37
wherain,

the gheet of materizl is fommed for bending along a
pluralicy of pend lines each heving a plurality of slits
therealong configured to produce cdge-to-face engagement of
the shzet of material on cpposite sides of the slits during

rmending.

$8. The shest of material as defined in claim &7
wharein,

whe plurality of bend lines are positioned and oriented
t¢ enable formation of & hollow clossd structure upon bending

af the sheetr of material.

4%, The sheet of material asg defined In olaim 68
whereln,

vhe plurality of bend linss are positioned and oriented
ro enanlie formatien of a hollew curved beam upon bending of

the sheest of material.

70. the sheet of material as defined in clalm &7

wharein,



20

3
L

30

115

#aid plurality of bend lines are positioned and coriented
to enable formastion of a corrugated siructure upen bending of

the sheet of materizl.

71.  The sheet of material as defined in ¢lagim 69
wherein,
the edyges of the sheet of material are formed to mate

with a curved surface.

72. The sheet of material as defined in <lzim 71
wherein,

the edges of the sheet of materisl are formed Lo mate
with a cvlindrical surfacs, and the aollow giosed structure is
a polygonal structure formed by 3 plurality of planay surfaces

of said sheet of material between the plurality of bend lines.

3. The shzet of material as definesd In clalm &7
wherain,
the sheet of material is further formed with a plurality

of attachment zabs along the plurality of bend lines.

4. The sheet of naterial as definsd in claim 73
whayelin,

the attachment tabe include fastenery recelving openings
theraelin.

FE,  The gheet of materisl as defined in claim 73
wharein,

the attachment tabs are formed te gxtend through
attachmant sloLs provided ipn a second sheeb of material to
secure the second sheer of material to ths first named sheet
of material.

6. The sheet of material as defined in clalm 7

wharein,
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the plurality of bamd lines are substantially parallel
Lo, and egually spaced from, sach other, and the szheet of
materizsis bent bo have & $lg-zag Lransverse cross section, and

Lwo substantially planar sheats of material secupsd Lo
spposite sides of the sheet of material to provide a

sorrugated agsembly of sheets.

77. A method of slitting 2 sheet of material for bending
giong a bend line comprising the step of:

forming a plurality of siits through the sheet ¢F
material which are pospitioned coffszet relstive to ths bend line
and configured to produce bonding along the bend line with
edge-to-face engagemsnt of the material on opposite sidss of
the slits upen bﬁﬁ&ing of tne sheet of material;

whareln during the Zorming step, forming the slits as
arcuate silts alternating on opposite sides of the bend line
with convex sides of the arcuate slits closest o the bsnd

line.

78. A method as defined in claim 77 wherein,

during the forming step, sach slit le formed with slit
end portvions diverging avay from the bend line, with a pair of
longitudinally adiacsnt s1it end portions on opposite sides of
the bend line defining a bending strap sxtending across the
bend ling, and duzing the forming step, forming the alits with
g kerf width dimenziconed and transverss “og digtancs betwasan
slits producing interengagement of the sheet of material on

opposite gsides of the slits during bending.

7%, The method of slitting & sheet of material for
bending as defined in claim 78 whereln,

rhe foyming step ls accomplished by forming the slits
with slit end portions defining a bending strap exiending

obhligusly across the bend line.

6, 'The method as defined in claim 78, and the step of

varyving the coross secticnal area of the bending strap by
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changing at least one of the dog distance between zlits and

the pesition of the slits along the besnd line.

8i. 'The method of alitting a sheet of material for
bending as defiped in claim 77, and the step of:
prior to the forming step, selecting & solid sheet of

elastically and plastically deformable material for slitting.

82, The merhod of siitting a sheet of material for
bending as defined in claim 77 whsrein,

the forming step is accomplished by forming each of the
slits 1n a position to longitudinally overlap along the bend
lin®; and

ferming each sidt with an arcusts end portion &t eszch end
of the siit to define an cobligumly extending kending atrsp
bhetween the end portions of longlitudinally adjacent slics,

My

83, The method of slitting a shest of material for

bending &s defined in wliaim B2 wherein,
the forming step ls accomplished by forming the slits to
be laterally offset on opposite sides of the bend line with

centyal slip portlons substantlally parallel to the bend line.

g4, The method of glitting a sheet of material for
bending as deiined in claim 83,

the forming step is acoompliished by formipg the slits
with z kerf producing sliding of edges on one side of the slit
prr faces on the other side of the slic during bending to
position the sdges in supporting relation to the faces of the
sheet of matsrial on opposite sides of the slits during

bending,

559, The method of zlirting a sheet of material for
bending &s defined in claim £4, and the step cf:

after the forming step, bending the sheet of material
about a virtusl fulorum eligned with the bend line to produce

plastic and elastic deformation of the bending strap.



o
$uby

o]

L4

Lok

il

11%

B6. The nmethod of siitting a sheet of material for
pending as defined in ¢laim 77, wherein

the forming step is accomplished by forming a plurality
tg as definsd in claim 77 on opposite sides of the bend
long substantially the full length of the bend lins.
7. The method of slitting a sheet of material for
bending as defined in cliaim 77, and the sisp of:

afrer the forming siep, bending the sheet of material
aboutr the bend line,

2, The nethod as defined irn clainm 87 wherelin,

[

during the forming step, forming a plurality of alits on
each of a plursiity of intersecting bend lines;

during the pending step. bending the sheet of material
giong at lLeast Lwo bend lines fo produte a structure having
three mutually intergecting and abutting planar sheet panels:
angd the step of:

securing the three muteally intersecting panels in

sbhatting relatlion fer mutual sSuppoOrt.

£9. The method g3 defined in cleim 87, and the step of:

afrer the bending step, filling the bent sheet of
material at the zlits by oene of welding, brazing, soldering,
potting and sdhesive filling step.

0, The method of slitting a sheet of material for
bending as defined in claim 77 wherein,

the forming step 18 accomplished at a first location, and
the stsps ol:

after the forming stepn, transporting the sheet of
material from *he first location to a second location remote
of the Fivst leogation; and

after the transporting step, bendiny the sheet of

material along the bend line at the second location.
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2l. The method of slitting a sheed of material for
bending as defined in claim 8§ wherein,

Lhe transporting step is accomplished by transporting the
sheat of materiazl in one of:

(a} a flat condition;

(b} & coiled condition; and

{¢) a partially formed condition,

2. The method of siitting & sheet of material for
pending as defined in ¢laim 90 wherein, after the forming step
and prioy to the transporting step, rolling the sheet of
material into a coil, performing the transporting step while
the sheet of material 1z colled, and the step of:

uanceiling the gheet of mategisl at ancther location nriocr

o performing the bending step.

43. 7The method of slitting & sheet of material for
bending as defined in claim 92, and the step of:

during the uncelling step, performing the bending step.

44. The method as defined in clain 93 wherein,

the transportation step is ascomplishad by transporting
the woiled sheet of material from g fiyst location on the
surface of the surface of the sarth $0 a second logation in

auter space.

35, Thz method as definesd in claim 84 wherein,

the bending step is accomplishsd by bending the sheel of
maverial along a plurality of pend lines to producs &
gtructure having thres mutually intsrsecting planes; and the
step of

securing the structure against unbending.

9%, A method of forming 2 sheet of material fur bending
along & bend ling comprising the step of:
forming a plurality of bending strap-defining styucturss

in the sheet of material which are positioned relative t¢ the



20

25

3G

35

129

bend Line to define at least one bending strap in the sheet of
material having a longitudinal strap axls oriented to extend
goross the Dend line, the strap-defining structures being
configured and positioned with edga-to-face engagement of the
material to produce hending of the sheet of material along the
band line;

wherein the forming step lg accomplishasd by fornming the
slits as elongated arcuate slits diverging awav from the bend

line,

27, The method as defined in ¢laim 96 wherein,
the forming step is accomplished by forming the srcuate

#lits to have convex sidesz facing the bend line.

98. The msthod as defired in claim %€ wharein,
the forming step is accomplished by forming the strap-
defining structures as greoves formed to a depth not exbtending

rhrough the sheet of material.

9%,  The method as defined in clalm %8 whersin,
the forming step iz accomplished by forming the grooves

as elongated arcuate grooves.

160G, The method ag defined in clalm 8% wherein,
the forming step is accomplished by forming the arcuate

grooves to have convex sides facing the bend line,

i01. The method as defined 1in clalm 28 wherelin,
the Forming step is accomplished by forming the grooves

in the same 3ide of the shzet of material.

107, The meihod as defined in claim 96 wherelin,

the forming step is accomplished by fouming ths strap-
defining structures to define straps having a width dimension
which increases in both directions along & longitudinal strap

axis from about a midpoint of the length of the strap.
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103, The method as defined in claim 96 wherein,

the forming step i1g accomplished by forming the strap-
defiping structures &s arcuate slits defining tongues on a
concave side of the arcuate zlits displaced out of the plans

of the shest oFf material befors bending.

104, The method as defined in claim 98 whereisn,
during the forming step, forming the slits asz arcuate
siits alternating on cpposite sides of the bend line with

convaex sides of the arcuaie slits facing the bend line.

185, A method as defined in clalm %6 wheveln,

during the forming step, each slit iz formed with zlit
end perilonsa diverging away ITrom the bend line, with & palr of
iongitudinally adjacent slit end porticons opn sppesite sides of
the bend line defining the bending strap sxiending acrouss the
bend lipe, and during the forming step, forming the slits with
a kerf width dimensiocned producing interengagement of ths
sheet of material on opposite sides of the slivs during

banging.

106, A method of slitting a sheet of material for bending
along a bend line comprising the steps of:
smizcting a solid sheet of material for slitting: and
forming a plurality of slits along 2 desired bend line
th alternate slits alonyg the bend line beling positicned on
altarnating sides of the vend line and during the forming
stap, forming esch slit with a central portien subsgtantially
parallel 1o and offset laterally from the pend line and with
arcuatz slit end portions on sach end of the slit diverging

away fronm the bend line s5C that adiacent pairs of arcuate

A9

slits define bending straps extending chligunely across the
hend line with increasing strap width dimensions on noth sides

of 2 minimun width dimension.

109, The method as defined in clalm 106 whersin,
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the forming step is accomplished using a laser cutting
apparatus to cubt slits having a kerf width dimasnsioned to
produce intersngagsment of the sheet of matrerial on opposite

sides of the s8llits during bending.

108, The wmethod in clalm 106 wherein,

vhe forming step is accomplished using a water st
cutting apparatus to cut slits having a kerf width dimensioned
to produce interengagsment of the sheet of material on

cppesite sides of the slivrs during hending.

10%, The method as defined ia clalm 106, and the step of:
after the forming step, bending the sheet of matsrial along

ths bend lins.

110, The methoed as defined in olaim 108 wherein,

the forming step is accomplishsd by forming the sliis
with a kerf width dimension and a transverse jog distance
betwsen silits producing sliding lnterengagement of an sdge of
the sheet of material on one side of the slit with a face ¢f
the sheet of material on the othsr side of the sheet of
materialy and

the bending step ls accomplished by bending the sheet of
material about a virtual fulcrum substantially aligned with
the bend line so that sliding interspgagement of cdges and
fanss of the sheet of materlial produces plastic and elastic

deformation of the bending straps.

111. Ths method as defined in g¢laim 110 whersin,

the forming step i3 sccomplished by forming the siits
along a plurality of Intersecting bend lines; and

the bending step is accomplished by bending the sheet of
waterial inte a three-dimsnzional structure having three

tersecting plenar areas extending intc abutting relation;

the atep of securing the three intersecting planar areas

rogether te form & stable structurs.
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112. The wethod as defined in clalm 110, and the stsp of:
after the bending step, filling the slits with a material

producing a sealed jeint at the bend line,

113, The method of claim 112 wherein,
the filling step is accomplished by one of:

{ay welding;

{c) soldering;
{¢} potting: and

(e} adhesive filling,

114, %he methed of claim 116, and the step of: after the

hending step, unbanding the sheet of material.

115, The method of claim 104 wherein,
the forming zfep is accomplished by providing slits

defining bending straps oriented relative to the bend line to

oppositely extending oblligue angles.

116, The method of claim 115 whersein,

the forming step iz accomplished by providing bending
straps having leonglitudinal strap axes orlented relative to ths
vend line at angles of about 48° and sbout 1357 at opposite

ands of a slit.

117, A methoed as definsd in claim 106 whersin,
the Forming step is accomplishsd by seleciing & widih
dimension for the bending straps preducing a desired amount of

force reguired to bend the sheet of material.

118, B methed as set forth in claim 106 wherein,
the forming step is accomplished by selecting a mindmus
width dimension for the pending straps which is greater than

rhe thickness of rhe sheet of material beling bent.
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115, A method as set forth in claim 106 wherein,
the forming step iz accomplished by sslscting 2 minimum
width dimension for. the bending straps which is less than the

thickness of ths sheet of material beling bent,

128, A method as set forth jin claim 106 wherein,

the forming step is acoomplished by selscting a miaimunm
widith dimension for the bending straps which ig in the range
of about .5 ¢ abount 4 times the thickness of the shset of
material being bent.

121, A method as sei forth in ¢laim 120 whersin,

In

rhe salecting step is accomplished by selecting a winimom
width of the pending straps to be between §.7 Lo 2.5 times the

thickness of the material being bent.

12Z. A methed as set forth in claim 106 wherein,
the forming stepr is accomplished by configuring the
bhending straps o be oriented obliguely to the bending line in

oppositely skewsd directions.

123, & mathod as set forth in ¢laim 122 wherein,
the forming atep is accomplished by configuxing the
bending straps Lo diverge from proximats @ midpoint of the

lengths of the bending straps.

124, Th

&

maethod as defined in claim 106 wherelin,
rthe steps of selecting the shesl of matarial and forming
a plurality of slits are accomplished to produze only slastic

deformation of the shset of material during bending.

125. The method as defined in claim 106 whereln,

the forming step is accomplished in a menner producing
s1iding edge-to-face engagement of the sheet of material on
opposite sides of the slits, the sliding engagement
progressing from a iongitudinal center of the slits to Lhe

«1it ends as the bending straps are twisted and bent.
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12¢. The method az definsgd in claim 106 wherein,

during the forming step, the minimum width of the bending

straps, the disgtance of each slit frow the bend line, and ths

width of sach slit are selected to produce a desired strength

matsyial and the forees to which the bend ig Lo be subiected

during use.

127, The method of ¢laim 108 wherein,

during the forming step, the distance of each slit Lo the

bangd line is less than the thickness of the sheet of material.

128. ‘the method of claim 1886 wherelin,

during the step of forming the slits, the slits are
formed Lo have & geometry which tends to reduce residual
stress in the sheet materizl at the point where the s3lits are

terminated,

129. The method as defined io claim 109 wherein,

the forming step lv accomplisghed by forming the slits
along a plurality of hend linss arranged to produce a cross-
braced hox bean upon beanding; and

during the bending step, bending the sheet oF materizal

inte a2 ercas~braced box beam.

130. The method as defined in claim 109 wherein,

the forming step is accomplished by forming the slits
along a plurality of bend lines arrangsd To produce a
continucus corrugated deck upon bending; and

during the bending step, bending the asheet of material

into a continnous corrugated deck.

131, The methsd as defined in claim 109 wherein,
the forming ster is accomplished by forming the sliits
along a pluzality of bend lines arranged to produce a

componant support chassis upon pendingr and

of the bend for the composition and thickness of said sheet of
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during the hending step, bending the sheet of material

inte & component support chassis.

132, The method as dafined in claim 109 wherein,

the forming step is accomplished by forming the slits
alonyg a plurelity of bend lines arranged fo produce a stud
wall upoen bending: and

during the bending step, bending the sheet of material

into 8 sbud wall,

133, The method as defined in claim 108 wherein,

the Lorming step is accomplished by forming the slits
along a plurality of bhend lines arranged fo producs a ladder
upon bending: and

during the bonding steéep, bending the sheet of materisl

inte a ladder.

134, A sheet of material formed for bending along a bend

ling comprising:

a sheet of material having a slit formed therethrough and

posltioned proximate a desired bend line, and a bending strap

£, th

b

(1]

foa

at sach end of the

el

he sheet of material along the bend line

-t

produce bending of
with edge-to-face engagement of the sheet of material on
gpopesite sides of the slit during svbstantlially the entirs
peng of ths sheet of material;

wherein the 511t has slit end portions diverqging away
from the bend line and defining one side of each bending

BLhrap.

135, The sheet of material a3 defined in claim 134

wharein,

the slit end porticns are arcuaie and curve away from the

band line.

126, The sheet of material as defined in claim 134

wherein,

bending strap hkeing configured Lo
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the bending straps extend obligquely scross ths bend line.

137. The sheet of material as defined in claim 136
wharelin,

the bending straps are skewed in opposed directions
converging toward each other on a side of the bend line

opposite the siit,

138, The sheet cf material as deafined in claim 134
wharein,

a

{a

ide of one bending strap is defined by an edge of the

sheet of material.

139, The sheet of material as defined in claim 138
wherein,

the slit has arcuate end portion at sach end and one end
porticon and the edge of the sheet of material define an

obliguely extending bending strap.

143, The sheet of material as defined in claim 134
wharain,

the sheet of materlial has been bent along ths bend line.

141, A msthod cof slitting a2 sheet of material for bending
along a bend line comprising the steps of:

selecting a sclid sheet of material for slitting; and

forming & s1it along a2 desired bend line with a central
wortion supstantially parallel to and offset laterally from
che Dend line and with arcuate sliit end poriions on sach and
of said slit diverging away from the bend line so that sald
end porcions of zald arcuate slit define at least part of
mending straps extending obliguely across ths bend line with
increasing strap widih dimensions on beth sides of a minimum

width dimension of the straps.



14z, A m&théé of designing a product comprising the sfeps of:

laying out the desi gn of the product In two dimensions, wherein said ;);radast isto be
made from a folded sheet of solid material; and

&sigzﬁng the configuration of and positioning a slit to be formed in the sheet of solid
material, said slit to be located in a laterally offset posttion along a desired bend line with slit end
portions on each end of the slit diverging away from the bend line, said sl to be configured to
produce interengagement of solid edges of said sheet of solid material on opposite sides of said
slit during bending of the sheet of solid material,

143, A_ z;zethad of designing a non-compressible sheet of material to be bent along a
hend line comprising the siep of: \

laying ont a slit with slit end portions on sach end of the slit diverging away from
the bend line so that the end portions define a bending strap on each end of the slit on the sheet in
a manner such that upan bending the sheet to a given angle of sharpness iu the bend, the
microstructure of the sheet of material undergoes very little change in comparison to bending the
sheet of material to substantially the same angle of sharpness using cﬁnventiqnal bending
fechnigues. | | |

144, The method as defined mx claim 143 and the step of: forming the sheet
with the slit and bending straps; and bending the sheet along the bend line.

145, A method of designing a product comprising the steps of:
laying out the design of the product in two dimensions, wherein said product is 1o be
made from a folded sheet of solid material; and
‘ designing the configuration of and positioning a slit to be formed in the sheet of solid
material, said slit to be lovated in a laterally offset position along a desired bend Hne with slitend
- portions on each end of the slit diverging away from the bend line, said slit to be configwred to
produce interengagement of solid edges of said sheet of solid material on opposite sides of said

stit during bending of the sheet of solid material,



