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TEC::HNIQUES FOR DESIGNING Alffi MANUFACTURIN<> PREciSl:ON- J 

FOLDED, IIIGH STREHGT!I, FATIGUE-RESISTANT STRUCTURES AND 
SHEET THEREFOR 

RELATED AP~LICATIONS 

This application is a Continuation-in-Part Application 

based upon a co-pending patent application Serial No. 

10/256,870, filed September 26, 2002, and entitled METHOD 

FOR PRECISION BENDING OF SHE:ET OF MATERIALS, SLIT SHEE:1'S 

10 E'ABRICATION PROCESS, which ,was a Continuation-in-Part 

Application based upon a co-pending parent application, 

Serial No. 09/640,267, filed August 17, 2000, and entitled 

METHOD FOR PRECISION BENDING OF A SHE£T OF MATERIAL AND 

SLIT SHEET THERE:FOR, now U.S. Patent No. 6,481,259 Bl. 

15 

TECHNICAL FIELD 

The present invention relates, in general, to the 

designing and precision 

the manufacture of 

folding of sheets of mat~rial and 

structures therefrom. More 

20 particularly r the present invention relates to ptocesses 
' 

o~ designing, preparing and manufacturing, including, but 

not limited to, ways of preparing sheet material_, 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 ART 

5 A commonly encountered problem in connection with bending 

sheet material is that the locations of the bends are 

difficult to control because of bending tolerance 

variations and the accumulation of tolerance errors. For 

example, in the formation of the housings for electronic 

10 equipment, sheet metal is bent along a first bend line 

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 involved to 

15 create the chassis or enclosure for the electronic 

components, the effect of cumulative tolerance errors in 

bending can be significant. Moreover, the·tolerances that 

are achievable will vary widely depending on the bending 

equipment, and its tooling, as well as the skill of the 

20 operator. 

One approach to this problem has been to try to control 

the location of bends in sheet material through the use of 

slitting or grooving. Slits and grooves can be forme~ in 

25 sheet stock very precisely, for example, by the use of 

computer numerically controlled (CNC) devices which 

control a slit or groove forming apparatus, such as a 

lqser, water jet, punch press, knife or other tool. 

30 Referring to FIG. 1, a sheet of material 21 is shown which 

has a plurality of slits or grooves 23 aligned in end-to­

end, spaced apart relation along a proposed bend line 25. 

Between pairs of longitudinally 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 member. When grooves 

that do not penetrate through sheet 21 are employed( the 

5 sheet of material is also held together by the web of 

material behind each groove. 

10 

The location of grooves or slits 23 in sheet 21 can be 

precisely controlled so as to posltion the grooves or 

slits on bend line 25 within relatively close tolerances. 

Accordingly, when sheet 21 is bent after the grooving or 

slitting process, the bend occurs at a position that is 

very close to benq line 25. Since slits can be laid out 

on a flat sheet of material precisely 1 the cumulative 

15 error ls much less in such a bending process, as compared 

to one in which bends are formed by a press brake, with 

20 

25 

each subsequent bend being positioned by reference to the 

preceding bend. 

Nevertheless£ even a grooving-based or slitting-based 

bending of sheet material has its problems. First 1 the 

stresses in bending webs or straps 21, as a result of 

plastic deformation of the webs and slitting at both ends 

of webs 271 are substantial and concentrated. For 

9rooving, the stresses on the material behind or on the 

back side of the groove also are substantial and :very 

concentrated. Thus, failures at webs 27 and/or behind 

grooves 23 can occur. Moreover~ the grooves or slits do 

not necessarily produce bending of webs 27 directly along 

30 bend line 25, and the grooving proc~ss is slow and 

inconsistent, particularly when milling or point cuttlng 

V-shaped grooves~ Grooving~ therefore, is not in 

widespread commercial use. 
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As can be seen in FIGS. lA and lB, if sheet 21 is slit, as 

is shown at 23a and/or grooved, as shown at 23b 1 and then 

bent, bending webs 27a and 27b will experience plastic 

deformation and residual stress~ For slit 23a, of course, 

S 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 bendr but it also will be plastically deformed and 

highly stressed. The bend for V-shaped grooving will 

10 normally be in a direction closing groove 23b so that the 

side faces come together, as shown in FIG. lB. Loading of () 

the bent structure of FIGS. lA and lB with a vertical 

force Fv and/or a horizontal force FH will place the bend, 

with the weakening slits and/or grooves and the 

15 plastically deformed straps or webs 27a, 27b, as well as 

thin web 29, under considerable stress. Failure of the 

structure will occur at lower force levels than if a non­

slitting or non-grooving bending process was used. 

20 Another scheme for sheet slitting to facilitate bending 

has been employed in the prior art. The slitting 

technique employed to produce bends, however, was designed () 

primarily to produce visual or decorative effects for a 

sculptural application~ The visual result has been 

25 described as "stitching', u and the bends themselves have 

been structu·rally 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 Application 

30 U.S. 2002/0184936 Al, published on December 12, 2002, {the 

'''Gitlin, et al Application."}~ The sculpture is also 

shown and described in the publication entitled "'"Office 

dA~ by Contemporary World Architects, pp. 15, 20-35, 2000. 
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riGS~ 2¥ 2A and 2B of the present drawing show one example 

of the stitching technique employed. 

One embodiment of the Office dA or Gitlin, et al. 

5 Application is shown in FIG. 2. A plurality of slits 31 

is formed in a sheet material 32- Slits 31 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 b~come bending splines, 

10 webs,. straps or ~'stitchesu 34 between the overlapped slit 

ends. FIGS~ 2A and 2B show an enlarged side elevation 

view of one end of one slit in sheet 32, which has been. 

bent along bend line 33 by SO degrees, and sheet portions 

35 and 36 on opposite sides of the bend line are 

15 interconnected by the twisted straps or "stitchesu 34, 

which twist or stitch between the 90 degree sheet portions 

35,36. The architects of the NeH York Museum of Modern 

Art sculpture recognized that the resulting bend is not 

structurally very strong, and they have incorporated 

20 partially hidden beams 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 go• ,bend a 

-back side of the strap engages face 3S on the other side 

of slit 31 at position 37. Such engagement lifts sheet 

portion 35 up away from face 38 on sheet portion 36, as 

30 well as trying to open end 40 of the slit and producing 

further stress at the slit end. The result of the 

twisting of straps 34 and the lifting at the end of the 

bend is a gap 1 G~ over the length of slit 31 between sheet 

portion 35 and face 38. 'l:wJ.sted 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 slip 31 shown 

in Figs. 2A and 2B). 

Gaps G are produced at each slit 31 along the length of 

bend line 33 on alternative sides of the bend line. Thus, 

at each slit a sheet portion is forced away from contact 

with a slit-defining face instead of being pulled into 

10 contact with1 and thus full support by, the face~ 

Moreover, 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 

15 overlap between the ends of slits 31} to attempt to reduce 

the stress from twisting along the strap length, the force 

trying to resiliently pull or clamp a sheet portion 

a9ainst an opposing face reduces~ Conversely1 as strap 

length 34 is decreased, twisting forms micro tears in the 

20 constant width straps with resultant stress risers, and 

the general condition of the twisted straps is that they 

are overstressed~ This tends to compromise 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 G the strap will plastically 

deform further under loading and can fail or tear before 

the sheet portion 35 is displaced down to engagement with 

30 and support on face 38. A horizontal force F, similarly 

will tend to crush the longitudinally adjacent strap 34 

(and shear strap 34 in FIG. 2B) before gap G is closed and 

the sheet portion 35 is supported on the opposing slit 

face 3B. 

0 
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Another problem inherent in the slitting scheme of FIGS. 

2-2B and the Gitlin, et al.. Application is that the 

constant strap width cannot be varied independently of the 

5 distance between slitsr and the strap width cannot be less 

than the material thickness without stressing the straps 

to the extreme. When slits 31 are parallel to each other 

and longitudinally overlapping, the strap width, by 

definition, must equal the spacing or jog between slits. 

10 This li.mits the flexibility in designing the bends for 

structural loading 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 

15 propagation from occurring at the ends of the slits, and 

aligned slit ends can crack under loading. 

The sheet slitting configuration of FIGS~ 2-281 therefore, 

can be readily employed for decorative bends, but it is 

20 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 slits (in FIGS. lOa, lOb), but the slits again 

25 parallel a curved bend line so that the width of the 

bending straps is yonstant1 the straps extend along and 

parallel to the bend line1 not across it, the straps are 

twisted in the extreme, the slit ends tend to direct 

micro-cracks and stress concentrations to the next slitt 

30 and the application teaches employi~g a 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 a pizza restaurant in Boston~ Again, the bent 

sheet components by linear perforation were not desig~ed 

5 to bear significant unsupported loads along the bends. 

1!) 

Slits, grooves, perforations1 dimples and score lines also 

have been used in various patented systems as a basis for 

bending sheet material. U~S. Patent No. 5,225,199 to West 

et al-1 

fold up 

for example, uses a grooving-based technique to 

a sheet of material to form a microwave wave guide 0 
or filter. In U~S. Patent No~ 4,628,161 to St. Louis, 

sqore lines and dimples are used to fold metal sheets. In 

u.s. Patent No. 6,210,037 to Brand9n1 slots and 

IS perforations are used to bend plastics. The bending of 

corrugated cardboard using slits or die cuts is shovm in 

U.S. Patent No. 6,132,349 and PCT Publication WO 97/24221 

to Yokoyama, and u.s. Patent Nos. 3,756,499 to Grebel· et 

al. and 3,258, 380 to Fischer, et al. Bending of 

2!) paperboard sheets also has been facilitated by slitting, 

as is shown in u.s. Patent Nos. 5,692,672 to Hunt, 

3,963,170 to ~lood and 975,121 to Carter. Published u.s. 
Patent Application No. US 2001/0010167 Al also discloses a 

metal bending technique involving openings, notches and 

25 the like and the use of great force to produce controlled 

plastic flow and reduced cracking and wrinkling. 

In most of these prior ar.t bending systems, however, the 

bend forming technique greatly weakens the resulting 

30 structure, or precision bends are n?,t 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 

0 



wo 20041028937 PCTIUS2003i03024S 

failure, the slitting can make the process of sealing a 

bent structure expensive and difficult. These prior art 

methods, therefore 1 are less suitable for fabricating 

structures that are capable of containing a fluid or 

5 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 .. 

10 In many applications it is highly desirable to be able to 

bend metal sheets with low force, for example, by hand 

with only hand tools# or wtth only moderately powered 

tools. Such bending of thick metal sheets, of course, 

poses greater problems. 

15 

In another aspect of the present invention the ability to 

overcome prior art deficiencies in slitting-based bending 

of sheet material is applied to eliiDinate deficiencies in 

prior art metal fabrication techniques and the structures 

20 resulting therefrom. 

A well known prior art technique for producing rigid three 

dimensional structures is the process of cutting and 

joining together parts from sheet and non-sheet material~ 

25 Jigging and welding, clamping and adhesive bonding, or 

machining and using fasteners to join together several 

discrete parts has previously been extensively usect to 

fabricate rigid three-dimensional struCtures. In the case 

of welding, for example, a problem arises in the accurate 

30 cutting and jigging of the individual pieces; the labor 

and machinery required to manipulate a larqe number of 

parts, as well as the quality control 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 

5 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 

10 geometries rely entirely on welded, brazed or Soldered 

materials. Fatigue failure of welds usually is 

compensated for by increasing the ~ss of the components, 

which are welded together and the number and depth of the 

v;elds. The attendant disadvantage of such over design is,. 

15 of course 1 excessive weight. 

20 

With respect to adhesively bonding sheet and non-sheet 

material along the edges and faces of discrete components, 

a problem arises from the handling and accurate 

positioning the several parts and holding or clamping them 

in place until the bonding method is complete. 

Another cl~ss of prior art techniques related to the 

fabrication of three-dimensional structures are the Rapid 

25 Prototyping methods. These include stereo lithography and 

a host of other processes in which a design is produced 

using a CAD system ~nd the data representation of~ the 

structure is used to drive equipment in the addition or 

subtraction of material until the structure is complete. 

30 Prior art Rapid Prototyping techniques are usually either · .. 
additive or subtractive. 

Th~ problems associated with subtractive Rapid Prototyping 

methods are that th~y are~wasteful of materials in that a 

0 

0 
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block of material capable of containing the entire part is 

used and then a relatilfely expensive high-speed machining 

center is required to accurately mill and cut the part by 

removal o£ the unwanted material. 

P.roblf'.ms also exist with prior art additive Rapid 

Prototyping techniques. Specifically, most such 

techniques are optimized for a very narrow range of 

materials. Additionally, most require a specialized 

10 fabrication device that dispenses 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 o£ structurally robust materials. 

15 

Generally in the prior art 1 therefore, sheet slitting or 

grooving to enable sheet bending has produced bends, which 

lack the precision and strength necessary for commercial 

structural applications. Thust such prior art sheet 

20 bending techniques have been largely relegated to light 

gauge metal bending or decorative applications, such as 

sculpture. 

In a broad aspect of the present invention, therefore, it 

2.5 is an important object of the present invention to be able 

to bend sheet material in a very precise manner an9 yet 

produce a bend, which is capable of supporting s'ubStantial 

loading and is resistant to fatigue failures~ 

30 Another object of this aspect of the present invention is 

to provide a method for precision bending of sheets of 

material using 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 object of the present invention is to provide a 

5 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 

materials. 

10 

Another object of the present invention is to provide a 

method for slitting sheets for subsequent bending that can 

be accomplished using only hand tools or power tools which 

facilitate bending but do not attempt to control the 

15 location of the bend~ 

20 

25 

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 object of the present invention to be able 

to bend sheet materials into precise 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 invention relating to the 

use of slit-based bending to enhance fabrication· and 

assembly techniques, it is an object of the present 

invention to provide a new Rapid Prototyping and Advanced 

30 Rapid Manufacturing technique that employs a wide range of 

materials including many that are structurally robust, 

does not employ specialized equipment other than what 

would be found in any modern fabrication facility, and can 

0 

() 
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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 

5 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. 

10 

15 

A further object of the present .invention ls to provide a 

fabrication method that serves as a near-net-shape 

structural scaffold for multiple components arranged in 30 

space in the correct relationship to each other as defined 

by the original CAD design process. 

It is a further object of the present invention to p~ovide 

a method of fabricating welded structures that employs a 

smaller number of separate parts and whose edges are self 

jigglng along the length of the bends and whose non-bent 

20 edges provide features that facilitate jigging 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 

25 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 

30 zone in all degrees of freedom and thereby improve both 

the loading strength and cyclical, fatl.gue strength of the 

resulting three dimensional structure~ 
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Still another object of the present invention is to 

provide a superior method for: 

1) reducing the number of discrete parts required 

to fabricate a strong, 'rigid, dimensionally accurate three 

5 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 

10 in a lower cost, higher yield fabrication method. 

It is a further object of the present invention to provide 

a method of fabricating a wide variety of fluid containing 

casting molds for metals, polymers, ceramics and 

15 composites in which the mold is formed from a slit 1 bent, 

sheet of material which can be either removed after the 

solidification process or left in place as a structural or 

surface component of the finished object. 

20 Still another object of the present invention is to 

provide a sheet bending method that is adaptable for use 

0 

with existing slitting devices, enables sheet stock to be 0 
shipped in a flat or coiled condition and precision bent 

at a remote location without the use of a press brake1 and 

enhances the assembly or mounting of components within and 

on the surfaces in the interior of enclosures formed by 

bending of the sheet stock after component affixation to 

the sheet stock. 

30 Still another object of the present invention is to 

provide a precision folding technique that can be used to 

create accurate, precise, load-bearing folds in sheets of 

material, includin9 but not limited to, metals, plastics, 

and composites. 
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Another object of the present invention is to provide a 

precision folding technique that allows folding around a 

virtual bend line and requires considerably less force to 

5 accomplish the fold than conventional bending techniques~ 

10 

Another object of the present invention is to provide a 

precision folding technique that is essentially linearly 

scalable independently of the th·ickness or microstructural 

characteristics of the material 

Another 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 

15 arrive at the advantages herein described by any route. 

20 

Yet another object of the present invention is to provide 

a precision folding technique for folding a non-crushable 

material in which the microstructure of the material 

remains substantially unchanged around the fold. 

The methods and discrete techniques for designing and 

precision folding of sheet material, the fabrication 

-techniques therefor1 and the structures formed from such 

25 precision bending of the present invention have other 

features drtd objects of advantage which will become 

apparent from, or are set forth in more detail :iri·, the 

accompanying drawing and the following 'description of the 

Best Mode of Carrying Out The Invention~ 

30 

DISCLOSURE OF INVENTION 

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 to have improved 

precision in the bend location and substantially improved 

bend strength. 

Briefly, in a 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 

10 line as a result of edge-to-face engagement of material on 

opposite sides of the slits during bending for increased 0 
bend strength and dimensional accuracy. 

Most preferably the longitudinally adjacent slits are 

IS equally transversely spaced on opposite sides of the bend 

line to define bending straps that extend obliquely ~cross 

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 

20 from a midpoint 1 or a constant width region, of the 

straps. The slits also preferably include crack 

propagation resisting end portions to further reduce the 0 
likelihood of stress failures. 

25 The method for precision bending of a sheet of material of 

the present ·inverltion is comprised, briefly1 of the steps 

of forming a plurality of longitudinally extending·slits 

through the sheet in axially spaced relation in a 

direction extending along, and proximate to, a bend line 

30 to define bending straps or webs between adjacent ends of 
,' 

pairs of the slits. The slits are further configured and 

positioned during the forming step to produce edge-to-face 

engagement of the sheet material. on opposite sides of the 

slits during bending of. the sheet of material. The method 
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also can include the step of bending the sheet of material 

along the bend line to produce such precision-enhancing 

edge-to-face engagement of the material on opposite sides 

of the slits throughout the bend. 

In one embodirnentl" the slitting step is accomplished by 

forming two elongated slits longitudinally shifted along 

the bend line 1 with each slit having a slit end portion 

which diverges away from the bend line to provide a pair 

of adjacent slit portions on opposite sides of the bend 

line which define an oblique bending strap extending 

across the bend line with increasing width in both 

directions from the-bend line. The slit kerf and jog 

distance between opposing rows of arcuate slits are 

dimensioned and positioned to produce interengagement of 

an edge of the sheet of material on one sid€ of the slits 

with a face of the sheet of material on the opposite side 

of the slits during bending. Most preferably the slits 

are arcuate and produce continuous and progressive 

20 engagement of an edge with an opposing face 1 with the 

result that the edge is resiliently clamped and held 

against the opposing face over a substantial portion of 

the length of the slit during bending for control of the 

bending precision and enhancement of the strength of the 

25 bent sheet • 

. In another embodiment of the method of the present 

invention~ the step of slitting is accomplished by 

forming a first elongated slit through the sheet of 

30 material along the bend line, which slit is composed of a 

pair of proximater t.tansversely spaced apart, parallel and 

longitudinally extending, first slit segments connected 

near a common transverse plane by a transversely extending 

slit segment; and by forming a second elongated slit in 
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substantially longitudinally aligned and longitudinally 

spaced relation to the first elongated slit. The step of 

forming the second elongated slit also preferably is 

accomplished by forming a pair of proximate~ transversely 

5 spaced apart, parallel and longitudinally extending, slit 

segments connected near a common transverse 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 stepped slit proximate a midpoint 

10 of the combined length of the slit segments. 

In these embodimentst 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 more 

15 precisely along the bend line. The detailed concept of 

the virtual fulcrum is described below in the Best Mode Of 

Carrying Out The Invention. The slits may be provided 

with enlarged end op~nings, or may curve back on 

themselves so as to reduce stress concentrations proximate 

20 the bending webs and resist micro-crack propagation. 

In another embodiment a single slit is provided with 

bending straps that are configured to pull the sheet on 

the far side of the bend line toward the slit to maintain 

25 edge-to-face engagement during bending. Obliquely 

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. Sheet edges can be combined with arcuate slit 

30 end portions to define such oblique straps. 

0 
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DESCRIPTION OF THE CRANING 

PCT/US2003/0:W248 

FIG. 1 is a frag1nentary, top plan viev1 of a sheet of 

material having slits and grooves formed thetein in 

accordance with one prior art technique. 

FIG. lA is an enlarged~ fragmentary view, in cross 

section 1 taken substantially along the plane of line 1A-1A 

in fiG. 1, of the sheet of FIG. 1 when in a bent 

condition. 

FIG. lB is an enlarged, fragmentary vie\v, in cross 

section, taken substantially along the plane of line lB-lB 

of FIG. 1, of the sheet of FIG. 1 when in a bent 

condition. 

FIG. 2 is a fra9mentax:y, top plan view of a sheet of 

·material having a plurality of slits formed therein using 

an alternative configuration known in the prior art. 

20 FIG. 2A is an enlarged fragmentary side elevation view of 

the sheet of FIG. 2 bend by about 90 degrees. 

25 

FIG. 2B is a cross sectional view taken substantially 

along the plane of line 2B-2B in FIG. 2A. 

. 
FIG. 3 is a fragmentary, top plan view of a she.ei:. of 

·material slit in accordance with one effibodiment of the 

present invention_ 

30 FIGS. 4A-4D are fragmentary, top plan views of a sheet of 

material which has been slit according to the embodiment 

of' FIG. 3 and which is in the process of being bent from a 

flat plane in FIG. 4A to a 90 degrees bend in FIG. 40. 
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FIGS. SA-SA.,. are fragmentary, cross sectional views 1 

taken substantially along the planes of lines SA-5A, .. , in 

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

FIG. 6 is a top plan view of a sheet of material slit in 

accordance with a second embodiment of the present 

invention~ 

10 FIG. 7 is a top plan view of the sheet of FIG. 6 after 

being bent by about 90 degrees. 

FIG. a is an end view of the sheet of material of FIG~ 7* 

15 FIG. 8A is an enlarged, end elevation vlew, in cross 

section, of the sheet of material of FIG* 7 taken 

substantially along the plane of SA-SA in FIG. 7 and 

rotated by about 45 degrees from FIG. 8. 

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

section, of the sheet of material of FIG. 7 taken 

substantially along the plane of 8B-8B in FIG. 7 and () 

rotated by about 45 degrees from FIG. 8. 

2S FIG. 9 is a fragmentary top plan view of a sheet of 

material slit according to a further alternative 

embodiment of the present invention. 

FIG. 10 is a side elevation view of the sheet of FIG. 9 

30 after bending by about 90 degrees. 

FIG. lOA is a fragmentary cross sectional view tak9n 

substantially along the plane of line lOA-lOA in FIG. 10. 
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FIG~ 11 is a fragmentary, top plan view of a schematic 

representation of a further alternative embodiment of a 

sheet of material having strap~defining- structures 

constructed in accordance with the present invention. 

E'IG. llA is a fragmentary top plan view of a slit of the 

configuration shown in FIG. ll which has been formed using 

a rapid piercing laser cutting technique. 

FIG. 12 is a fragmentary 1 top plan view of one sheet of 

material before bending and assembly into a curved box 

beam. 

FIG. 13 is a side elevation view of a curved box beam 

15 constructed from two sheets of material each being slit as 

shown in FIG. 12. 

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

20 FIG. 15 is a top plan view of a sheet of material formed 

with strap-defining structures and configured for 

enclosing a cylindrical member. 

FIG4 16 is a top perspective view of the sheet of material 

25 of FIG. 15 as bent along bend lines and mounted to enclose 

a cylindrical member. 

FIG. 11 is a top perspective~ exploded view of a 

corrugated assembly formed using a sheet of material 

30 formed in accordance with the p.rese~t invention. 

FIG. 18 is a top perspective, exploded view of an 

alternative embodiment of a sheet 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 folding. 

FIG~ 20 is a top perspective view of a corrugated sheet or 

deck constructed using the slit sheet material of ~IG. 19. 

FIG. 21 is an enlarged, fragmentary perspective view 

10 substantially bounded by line 21-21 in FIG. 20. 

FIG. 21A is an enlarged, fragmentary, top plan view 

substantially bounded by line 21A-21A in ~IG. 19. 

15 FIG. 22 is a schematic; end elevation view of a 

cylindrical member constructed using a corrugated sheet 

similar to that of FIGS. 19 and 20, scaled to define a 

cylindrical form. 

20 FIG. 23 is an enlarged, fragmentary, side elevation view 

0 

o£ a sheet of material slit in accordance with the present 

i_nvention and having a tongue or tab displaced to ensure () 

predictable bending. 

FIG. 23A 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 

30 sheet and shown during bending a to a complimentary angle. 

FIG. 25 is a side elevation, schematic representation of a 

reel-to~reel sheet slitting line. arranged in accordance 

with the present invention~ 
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_FIG. 26 is a top perspective view of a coiled sheet of 

material which has been slitr for example, using the 

apparatus of E'IG. 25 and is in the process of being rolled 

5 out and bent into rt three-dimensional structure. 

10 

FIGS. 27A-27G are top perspective views of a sheet of 

material constructed in accordance with the present 

invention as it is being bent into a cross-braced box 

beam~ 

FIGS. 2-BA-28E are top perspect"ive views of a sbeet of 

material constructed in accordance with the present 

invention as it is being bent into a chassis for support 

15 of compon~nts such as electrical components. 

20 

FIG. 29 is a top perspectiver schematic representation of 

one embodiment of equipment suitable for low-force bending 

or folding of the slit sheet of the present invention. 

FIG. 30 is a top perspective¥ schematic representation of 

. another embodiment of sheet bending or folding process of 

the present invention. 

25 FIG. 31 is a flow diagram of one aspect of the interactive 

design, fabrication and assembly processes for s~it sheet 

material bending of the present invention. 

FIGS. 32A-32E are top perspective views of a sheet of 

30 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 corrugated 

deck or panel constructed in accordance with the present 

invention. 

5 FIG. 34A-34E are top perspective views of a sheet of 

material including swing-out bracing and shown as it is 

being bent into a swing-out braced box-beam. 

FIG. 35 is a top plan view of a sheet of material slit in 

10 accordance with the present invention and including· a 

single slit embodiment 

15 

FIG. 36 is a top perspective view of the sheet of FIG. 35 

as bent into a roller housing~ 

FlG. 37 is a fra9mentary top plan view of a sheet of 

material having differing bend line termination slit 

configurations. 

20 BEST MODE OF CARRYING OUT THE INVENTION 

() 

Reference will now be made in detail to the preferred () 

embodiments of the invention, examples of which are 

l.llustrated in the accompanying drawings. While the 

invention will be described in conjunction with the 

25 preferred embodiments, it will be underst?od that they are 

not intended to limit the invention to those embodiments. 

On the contrary1 the invention is intended to cover 

alternatives, modifications and equivalents, which may be 

included within the spirit and scope of the invention as 

30 defined by the appended claims. 

The present method and apparatus for precision bending of 

sheet material is based upon the slitting geometries 
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disclosed in prio!:' applications~ Serial No. 09/640,267, 

filed August 17, 2000, and entitled METHOD FOR PRECISION 

BENDING OE' A SHEET OF MATERIAL AND SLrT SHEET THEREFOR, 

and Serial No. 10/256,870, filed September 26, 2002 and 

5 entitled METHOD FOR PRECISION BENDING OE' SHEET OF 

MATERIALS, SLIT SHEETS AND FABRICATION PROCESS, which are 

incorporated herein by reference in their entirety. 

One embodiment of the precision and high strength bending 

10 process and apparatus of the present invention can be 

described by reference to FIGS. 3-5. In FIG. 3 a sheet of 

material 41 is formed with a plurality of bending .strap­

defining structures, in this case slits, generally 

desi9nated 43, along a bend line 45# Slits 43, therefore~ 

15 are longitudinally extending and in end-to-end spaced 

relation so as to define bending webs or straps 47 between 

pairs of slits 43. In FIG. 3, slits 43 a~e provided with 

stress reducing structures at ends thereof, namely 

openings 49, so as to effect a reduction in the stress 

20 concentration in bending webs 47. It 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 relative to bend 

lines 45. Thus 1 a slit 1 such as slit 43a, is formed with 

30 a pair of longitudinally extending ~lit segments 51 and 52 

which are positioned proximate to 1 and preferably 

equidistant on oPposite sides of, and substantially 

parallel to, bend line 45. Longitudinal 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 49a to enlarged opening 49b along an 

interconnected path which opens to both of the enlarged 

openings and includes both longitudinally extending slit 

S segments 51, 52 and transverse slit segment 53~ 

The function and advantages of such stepped slits can best 

be understood by reference to FIGS. 4A-40, and the 

corresponding FIGS. SA-SC to SA,, .-sc .. . 1 wherein the 

10 bending or folding o£ a sheet of material 41, such as 

shown in FIG. 3 is illustrated at various stages. In FIG. 0 
4A, sheet 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 

15 shown 1 while in FIG. 4A the slit is shown without any 

kerf1 as w.ould be produced by a slitting knife or punch~ 

The effect during bending1 however, is essentially the 

same if the kerf width is small enough that the material 

on the opposite sides of the slit interengage during 

20 bending. The same reference numerals will be employed in 

FIGS. 4A-5C ... as·were employed in FIG. 3. 

Thus, sheet 41 is shown in a flat condition before bending 

in FIG. 4A. Longitudinally extending slit-segments 51 and 

25 52 are shown in FIG. 4A and in the cross sections of FIGS. 

5A-5C. The positions of the various cross sections of the 

sheet are also shown in FIG. 4A. 

In FIG. 4B, the.sheet has been bent slightly along bend 

30 line 45, which can best be seen in FIGS. SA.-SC .. As can 

be seen in FIGS. SA and SB_, slits 51 and 52 have opened 

up along their top edges and the portion of the sheet 

which extends beyond bend line 45 was referred to in 

U.S. Patent No. 6,481,259 81 and U.S. Application Serial 

0 
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No. 10/256,870 as a "tau- :;,:,, .out for the sake of 

consistency with later embodiments in this application 

shall be referred to as ~'lip" 55. 'fhe lower or bottom 

side edges Sia and 52a of lips 55 have moved up slightly 

5 along supporting faces Slb and 52b of the sheet on the 

opposite sides of the slit opposite to lips 55. 'l'his 

displacement of lip edges Sla and 52a may be better seen 

in connection with the sheet when it is bent to a greater 

degree, for example 1 when bent to the position shown in 

10 FIG. 4C. 

In FIG. 4C it will be seen that edges Sla and 52a have 

moved upwardly on supporting faces Slb and 52b of sheet 41 

on opposite sides of bend line 45~ Thus~ there is sliding 

15 contact between edges 5la and 52a and the opposing 

supporting faces 5lb and 52b of the slit during bending. 

This sliding corttact will be occurring at locations which 

are equidistant 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. 4A. Sliding contact also can be 

facilitated by a lubricant or by adhesives or sealants 

5 

prior to their setting up or bondin9. 

Th~ result of this structure is that there are two actual 

bending fulcrums Sla, Slb and 52at 52b_spaced at equal­

distances from1 and on opposite sides of, bend line 45. 

Lip edge Sla and supporting face Slb, as well as lip edge 

52a and supporting face S2b 1 produce bending of bending 

web 47 about a virtual fulcrum that lies between the 

actual fulcrums and will be understood to be superimposed 

over bend line 45. 
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The final result of a 90 degree bend is shown in FIG. 4D 

and corresponding cross sections SA ... -sc ... ~ As will be 

seen, sheet edge 52a and bottom side or-surface 52c now 

are interengaged or rest on, and are supported in 

5 partially overlapped relation tot supporting face 52b 

{FIG. SA ... ). Similarly, edge 5la and bottom surface Slc 

new engages and ~ests on face Slb in an overlapped 

condition (FIG. SB ... ). Bending web 47 will be seen to 

have been plastically deformed or extend~~ along an upper 

10 surface of the web 47a and plastically compressed along a 

lower surface 47b of web 47 1 as best illustrated in FIG. 

sc 

In the bent condition of FIG. 40, the lip portions of the 

15 sheet, namely, portions 55; which extend over the center 

line when the sheet is slit, are now resting on supporting 

faces 5lb and 52b. This edge-to-face engagement and 

support during the bend, which alternates along the bend 

line in the configuration shown in the drawing, produces 

20 greater precision in bending or folding and gives the bent 

or folded structure greater resistance to shear forces at 

the bend or fold in mutually perpendicular directions. 

Thus a load La (FIG. SA, .. ) will be supported between 

bending webs 47 by the overlap of the edge 52a and bottom 

surface 52c on supporting edge 52b. Similarly, a load Lh 

(FIG. 58 ... )· will be supported by overlap and engqgement 

of the edge Sla and surface 5lc on supporting face! 51b 

intermediate bending webs 41. 

:30 This is referred to herein as ''edge-:to-face-~'~ engagement 
' 

and support of the material along substantially the entire 

length of one side 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 

0 

0 
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or folded by more than 90 degrees, edges 5la and 52a would 

lift up off the faces 5lb and 52b and the underneath 

surfaces 5lc and 52c would be supported. by the lower edges 

of face Slb and 52b. If the sheet is bent by less than 90 

5 degrees the edge still comes into engagement 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"' 

engagement and support as used in the specification and 

10 the claims. As will be described hereinafter~ non-ninety 

degree bends with full support of edges Sla and 52a by 

faces Slb can be achieved by slitting the sheet at angles 

which are not at 90 degrees to the sheet~ 

15 While bending straps or webs 47 have residual stresses 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 

20 as to produce an edge-to-face overlap which provide s 

substantial additional strength to the bent structure over 

the strength of the structures of FIGS. 1, lA and lB and 

2A and 2B, which are based upon conventional slitting or 

grooving geometries~ The bending straps of the present 

25 invention, in effect, pre-load the bend so as to pull or 

clamp the sides of the slit into edge-to-face engagement 

over substantially the entire bending process, and at the 

end of the bend, ovgr substantially the entire slit 

length. Pre-loading of the bend by the residual tension 

30 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 La and Lb will not crush or further plastically 

deform bending straps 47, as is the case for the prior art 

5 slitting configuration of <XGS. 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 connecting area of a twisted and highly stressed 

10 strap, as results in the prior art configuration of FIGS. 

2, 2A, 2B and the Gitlin et al. application. 

The embodiment employing laterally stepped or staggered 

slits of the present invention, therefore, result in 

15 substantial advantages- First, the lateral position of 

the longitudinally extending slit segments 51 and 52 can 

be precisely located on each side of bend line 45, with 

the result that the bend will occur about a virtual 

fulcrum as a consequence of two actual fulcrums 

20 equidistant fromr and on opposite sides of, the bend line. 

~his precisio~ bending reduces or eliminates accumulated 

tolerance errors since slit positions can be very 

precisely controlled by a cutting device which is driven 

by a CNC controller. 

It also should be noted, that press brakes normally bend 

by indexing off an edge of a sheet or an existinj:f bend, or 

other feature(s); This makes bending at an angle to the 

sheet edge feature(sl difficult using a press brake. 

30 Bending precisely at angles to any feature(s) of the sheet .· 
edge/ however, can be accomplished readily using the 

present slitting process. Additionally, the resulting 

bent sheet has substantially improved strength against 

shear loading and loading along mutually perpendicular 

0 
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axes because the overlapped edges and faces produced by 

the present slit configurations support the sheet against 

such loads. 

5 As can be seen, the embodiment of the present invention, 

as shown in FIGS. 3-5C, .. produces precision bending of 

straps 47 which are substantially perpendicular to the 

bend line~ Such an orientation of the bending straps 

produces significant plastic elongation along the outside 

.0 or top surface of the strap, as well as significant 

compression along the inside or bottom surface of the 
r·-·, 
~~/ strap. The bend occurs on the relatively short 

perpendicular straps in a manner simi.lar to the bends of 

the perpendicular straps of FIGS~ 1-lB( but in FIGS~ 3-

) sc•n the lip 55 of one pl~ne is tucked into interlocking 

or interengaged relationship with the face of the other 

plane for increased bend strength. 

The prior art approach shown in FIGS. 2-28 orients the 

connecting straps 34 parallel to the bend line and results 

in significant plastic tl"listing deformation of the straps. 

Also this plastic twisting deformation significantly 

changes the microstructure of the 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. Still further in the 

embodiment of FIGS. 3-Sc"' the strap width can be varied 

independently of the jog distance between slits 51 and 52 

so that greater flexibility in design of the bend strength 

can be achieved. 

While bending of sheet material by 90 degrees has been 

illustrated in the dra-wing, it -will be ufiderstood that 

roost of the advantages described in all embodiments of the 
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present invention also can be realized if the slit sheet 

is bent by more.or less than 90 degrees. The lip which 

extends across the bend line will slide onto and engage 

the opposite face beginning at small bend angles, and such 

5 support and engagement will continue at large, 90 degree 

plus, bend angles~ 

It has been found that the embodiment of FIGS. 3-sc" is 

best suited for use with relatively ductile sheet 

10 materials. As the material becomes harder and less 

ductile, a second embodiment is preferred. 

In the embodiment of the present invention shovm in FIGS. 

6-BB a slitting configuration is employed which tucks or 

15 clamps the sheet material into interengaged relation on 

both sides of the slits, and also reduces bending strap 

plastic deformation and the residual stress in the straps. 

Noreover, this embodiment also allows the strap width to 

be varied independently of the jog .distance between slits 

20 and to have the strap width increase 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. 

25 A bending strap which is oblique to the bend line is 

employed, which allows the strap length to be inc.l:eased, 

as compared to the shorter bending straps of FIGs·: 3-SC". 

Plastic deformation also is accomplished in part by 

twisting, rather than purely by bending, as is the case in 

30 FIGS. 3-sc-, but the amount of twisting is greatly 

reduced, as compared to the parallel straps of FIGS. 2-2B. 

Moreover, the material lips on opposite sides of the slit 

are tucked into interengagement ·with the faces over 

0 

0 
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virtually the entire length of the slit so that 

substantial additional Strap stress on loading does not 

occur. 

5 Additionally1 in the embodiment shown in FIGS. 6-BB~ the 

slit configuration produces a continuous sliding 

interengagement between material on opposite sides of the 

slits during bending, which interengagement progresses 

along the slit from the middle toward the ends. The faces 

on one side of the slits act as beds for sliding support 

during the bend, which results in a more uniform and a 

less stressful bending of the bending straps~ The 

embodiment as shown in F!GS. 6-SB, therefore 1 can be used 

vlith sheet material that is less ductile, such as heat 

15 treated 6061 aluminum or even some ceramics, and with 

thicker sheets of material-

20 

Referring specifically to FIGS. 6-8B, a sheet of material 

241 to be bent or folded is formed with a plurality of 

longitudinally extending bending strap-defining 

structures 1 such as slits 243 1 ·along a bend line 245. Each 

of slits 243 optionally may be provided with enlarged 

str~ss-relieving end oPenings 249, or a curved end section 

249a 1 which will tend to cause any stress cracks to 

2S propagate back into slits 243, depending on the loading 

direction of the sheet. As will be seen, the slits of the 

embodiment of FIGS. 6 and SB are not stepped, but they are 

configured in a manner producing bendirig and twisting of 

obliquely oriented bending straps 241 about a virtual 

30 fulcrum superimposed on bend line 245. The configuration 

and positioning of the slits, including selection of the 

jog distance and kerf width, also causes the sheet 

material on oppoSite sides of the slits to tuck or to move 

into an edge-to-face interengaged relationship during 
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bendlng. Most preferably edge-to-face interengagement 

occurs throughout the bend to its completion. 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 to insure precise bending. Thus, as used 

herein, the expression ''during bendingu is meant to 

include edge-to-face interengagement at any stage of the 

bend. 

10 While the embodiments shown and described in FIGS. 6-BB 

and 9-lOA are not stepped, the oblique straps of the 

embodiments of 6-BB and 9-lOA can be combined with the 

stepped slit configuration of FIGS. 3-SC.... Thus, one or 

both of the ends of the stepped slits can be oblique or 

15 curved. 

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 

20 slit end portions 251 on opposite sides of the bend line 

define a bending web, spline or strap 247, which can be 

.seen to eM:tend obliquely across bend line 245. "Oblique.., 

and ''obliquely,." as will be explained- in more detail below 

in connection with FIG. 11, shall mean that the 

25 longitudinal central axis of the strap crosses the desired 

bend line at an angl€ other than 90 degrees. Thus( each 

slit end portion 251 diverges away from bend line-245 so 

that the center line of the strap is skewed or oblique and 

bending, as well as twisting of the strap, occurs. 

30 Although not an absolute requirement to effect bending in 

accordance with the present invention, it will be seen 

that slits 243 are longitudinally overlapping along bend 

line 245. 
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Unlike slits 31 in FIGS. 2-2B and the prior art Gitlin,. et 

al~ Application, whiCh are parallel to the bend line in 

the area defining bending straps 341 the divergence of the 
' slits 243 from bend line 245 results in oblique bending 

5 straps that do not require the extreme twisting present in 

the prior art of FIGS. 2-28 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. This 

10 increasing width enhances the transfer of loading 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, slit kerfs 243 

15 preferably have a width dimension , and the transverse jog 

distance across the band line between .slits is 

dimensioned, to produce interengagement of sheet material 

on opposite sides of the slits during bending. Thus, 

slits 243 can be made with a knife and have essentially a 

2(} zero kerf, or they can have a greater kerf which still 

produces interengagement 1 depending upon the thickness of 

the sheet being bent. Most preferably the kerf width is 

not greater than about 0~3 times the material thickness~ 

and the jog distance is not greater than about 1.0 times 

25 the material thickness. 

As was the case for the embodiment of FIGS. 3-SC.'. , , 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 

30 other side of slit 243 if the kerf width and jog distance, 

relative to the thickness of the material( are not so 

large as to prevent contact between the two sides of the 

slit during bending4 
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If the kerf width and JOg a~stance are so large that 

contact between the lip portion 253 and face 255 of tongue 

260 does not occur the bent or folded sheet will still 

have some of the improved strength advantages of oblique 

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

fulcrums for bending so that bendin9 along bend line 245 

becomes less predictable and precise~ Similarly, if the 

strap-defining structures are grooves 243 which do not 

penetrate through the sheet of material, the grooves will 

10 define oblique, high-strength bending straps, but edge-to-

face sliding will not occur during bending unless the () 

groove is so deep as to break-through during bending and 

become a slit* Thus, arcuately or divergently grooved 

embodiments of the bending straps will have improved strap 

15 strength even if edge-to-face bending does not occur. 

Another problem which will be associated with a kerf width 

that is too wide to produce interengagement of lips 253 

with faces 255 of tongues 260 is that the resultant bent 

20 sheet material. will not have a lip edge supported on a 

slit face, unless the bend is ~elatively extreme so as to 

define a small arcuate angle between the two sides of the ~ 

bent sheet. As noted in connection with the prior art 

slitting approach, this will result in immediate further 

2S stressing of the bending straps upon loading. The problem 

would not be as severe in the strap configuration of FIGS. 

6-SB as in the prior art, but the preferred form is for 

the kerf width and jog distance to be selected to insure 

interengagement of the lip and tongue face substantially 

30 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 actual fulcrum faces 255 and the edges of lips 253 

sliding therealong. A potential disadvantage of slits 243 

being formed to cross the bend line 245 is that an air-gap 

would remain betv1een edge 257 and face 255. An air-gap 1 

5 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 employed~ 

10 Unfilled 1 however, an air-gap will tend to place all of 

the load bearing requirements of the bend in all degrees 

of freedom, except rotation, on the connected zone or 

cross sectional area of plastically deformed strap 247. 

It is also possible to sca,le slit:s that cross the bend 

15 line that produce edge-to-face engagement without an air 

20 

25 

gap. 

FIGS. 7, 8, 8A and 8B illustrate the sheet 241 as bent to 

a 90 degree angle along bend line 245. As best may be 

seen in FIGS. SA and SB, an inside edge 257 of lip 253 has 

slid up on face 255 of tongue 260 on the opposite side of 

the slit and is interengaged and supported thereon. A 

vertical force 1 Fv, therefore, as shown in FIG~ 8A is 

supported by the overlap of edge 257 on face 255. A 

horizontal force, Fn, as shown in FIG. SB similarly will 

be resisted by the overlap of edge 257 on face 255. 

Comparison of FIGS. BA and 8B to the prior art FIGS. lA, 

lB and 2A and 2B will make apparent the differences which 

the present bending method and slit configuration have on 

30 the strength of the overall structure. The combination of . 
alternating overlapping edge-to-face support along the 

slits and the oblique bending straps 1 which are oblique in 

oppositely skewed directions, provides a bend and twist 

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

configurations will produce* 

However~ skewing of the bending straps in opposite 

5 directions is not required to achieve many 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 

10 straps in the same direction can be used to negate 

preferential grain effects in the materiaL 

Alternatively# for isotropic sheet material, skewing of 

the straps in the same direction can produce relative 

shifting along the bend line of the portions of the sheet 

15 on oppOsite sides of the bend line, which shifting can be 

used for producing a locking engagement with a third plane 

such as an interference fit or a tab and slot inse:t:tion by 

the amount of side shift produced. 

20 The geometry of the oblique slits is such that they bend 

and twist over a region that tends to reduce residual 

stress in the strap IDaterial at the point where the slit 

is terminated- or the strap connected to the rest of the 

sheet. Thust crack propagation is reduced, lessening the 

25 need for enlarged openings or curls at the slit ends. If 

the resultant structure is intended primarily for static 

loading or is not expected to be loaded at all, no stress 

reducing termination is required in the arcuate slit that 

produces the oblique strap. 

30 

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 jog 
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distance between slits 243 can be increased and the slits 

longitudinally shifted to roaintain the same strap 

thickness. Obviously both changes can be made to design 

the strap width and length to meet the application. 

Generally, the ratio of the transverse distance from slit 

to slit, or twice the distance of one slit to the bend 

line is referred to as the ~'jog..,.. -The ratio of the jog 

distance relative to the material thickness in the 

preferred embodiments of the present invention will be 

less than 1~ That ist the jog distance usually is less 

than one material thickness. -A more preferred embo-..i.iment 

makes use of a jog distance ratio of less than 0.5 

mat.erial thickness. A still more preferred embodiment 

15 ma~es use of a jog distance ratio of approximately 0.3 

20 

material thickness, depending upon the characteristics of 

the specific material used and the widths of the straps, 

and the kerf dimensions~ 

The width of bending straps 247 will influence the amount 

of force requ'ired to bend the sheet and that can be varied 

by either moving slits 243 farther away from the bend line 

245 or by longitudinally shifting the position of the 

slits, or-both. Generally, the width of oblique bending 

25 straps 247 most preferably will be selected to be greater 

than the thickness of the material being bent, bu~ strap 

widths in the range of about 0.5 to about 4 times the 

thickness of the material may be used. More preferably, 

the strap width is between 0.7 and 2.5 times the .material 

30 thickne~s. 

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, the bending 

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 control the location of the 

5 bend. Such control is required for powered machinesr such 

as press brakes~ which clamp the material to be bent with 

sufficient force so as to control the locatioa of the 

bend. In t.he present invention, however, the location of 

the bend is controlled by the actual fulcrums, namely 

10 edges 251 pivoting on face 255 on opposite sides of the 

bend line. Therefore, the bending tool required need only() 

be one which can effect bending of straps 247r not 

positioning'of the bend. This is extremely important in 

applications in which high strength power tools are not 

15 readily available, for example, in outer space or in the 

_field fabrication of structures or at fabricators who do 

not have such high-powered equipment. It also allows low­

force sheet bending equipment, such as corrugated 

cardboard bending machines, bladders, vacuum bending, 

20 hydraulic pulling cylinders with folding bars, and shape­

memory bending materials, to be used to bend metal sheets, 

as will be set forth in more detail below. Additionally.,. 0 
strong, accurate bends are important in the fabrication of 

structures in which physical access to power bending 

25 equipment is not possible because of the geometry of the 

structure itself. This is particularly true of the last 

few bends required to ~lose and latch a three-dim~nsional 

structure. 

30 The most preferred configuration for slit end portions 251 

is an arcuate divergence from bend line 245~ In fact, 

each slit may be formed as a continuous arc# as shown in 

FIGS. 9, 10 and lOA and described below. An arc causes 

the material on the side of the slit to smoothly and 
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progressively 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 

5 bending and thereby is less stressful on the bending 

straps. Additionally, large radii of cut free surfaces 

are less prone to stress concentration~ In the 

configuration of FIGS~ 6-BB, the central portion of slits 

243 is substantially parallel to bend line 245. Some non-

10 parallel orientations, particularly if balanced on either 

side of the bend line, may be acceptable and produce the 

results described herein. 

It also would be possible to form end portions 251 to 

15 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 

not longitudinally overlap. The disadvantage of this 

approach is that the bending straps 247 tend not to bend 

20 as uniformly and reliably and thereby influence the 

precision of the locat:lon of the bend. Additionally_, such 

a geometry eliminates twisting of the strap and induces 

severe points of stress concentration on the inner and 

outer radii of the bend and may limit the degree of edge­

to-edge engagement~ 

The bending straps in all the embodiments of the present 

invention are first elastically deformed and in 

plastic/elastic materials thereafter plastically deformed. 

30 The present slitting invention also can be used with 

elastically deformable plastics that never plastically 

deform. Such materials would be ~ecured 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 occurs# it is preferable that the bending 

straps be formed with central longitudinal strap axes that 

are at a small angle to the bending line 1 most preferably, 

26 degrees or less. The lower the angle, the higher the 

5 fraction of twisting that occurs and the lower the 

fraction of bendi.ng that occurs,. Moreover, the lower the 

angle, the higher the bending radius that occurs. Rigid 

materials that do not gracefully deform plastically, such 

as rigid polymers, rigid metal, the more flexible ceramics 

10 and some composites, can tolerate a large bending radius 

in the elastic regime~ They can also tolerate a torsion 0 
or twisting spring action that is distributed over a long 

strap of material. Low angle straps provide both aspects~ 

15 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 255 

and resulting in residual resilient claiD.ping force 

maj.ntaining the interengagement between material on 

20 

25 

opposite sides of the slits~ 

of the sheet being bent will 

Thus~ the elastic resiliency 

tend to pre-load or snug down 

the overlapping sheet edges against the supporting ~aces 

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 lOA is a special 

case of the oblique strap embodiment described in. 

connection with FIGS. 6-68. Here the oblique straps are 

formed by completely arcuate slits 443. This slit 

30 configuration( shown as a circular ~egment, is 

particularly well suited for bending thicker and less 

ductile metal sheets, for example, titanium and ~ inch 

steel plate and up. 
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When arcuate or circular slits 443 are formed in sheet 441 

on opposite sides of bend line 435_, lip portions 453 of 

the sheet, which extend over bend line 445 to slits 443
1 

begin tucking or: sliding onto face 455 of the tongues 470 

5 at a center of each 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 

10 less stressful on the slit ends 449 1 and therefore more 

suitable for bending of less ductile and thicker 

materials, than say the embodiment of FIGS~ 6-BB_, in which 

the slits have straight central portions and 

simultaneously slide up onto the faces over the entire 

15 straight portion. 

20 

Slit ends 449 in FIG. 10 do not have the stress-relieving 

openings 249, nor radiused ends 249a of FlGS. 6-8 nor the 

curved ends of FIG. llt but slits 443 are more economical 

to cut or form into most sheet stock. Moreover, the 

deformation of straps 447 is more gradual during bending 

so that stress concentration will be reduced. Thisr of 

course, combines with increasing strap- width to transfer 

loac;:iing forces and bending forces more evenly into the 

25 remainder of the sheet with lower stress concentration. 

The various embodiments of the present sheet slitting and 

grooving invention allow 

fabrication advantages to 

designing manufacturing 

be achieved which have 

and 

not 

30 heretofore been realized. Thus, the full benefits of such 

design and fabrication techniques as CI\.D design, Rapid 

·Prototyping and \\picis, and plac-e" assembly can be realized 
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sheet .stock formation techniques in accordance 

present invention~ Moreover 1 standard 

fabrication techniques~ such as welding, are greatly 

enhanced using the strap-defining configurations of the 

5 present invention. 

The many advantages of using sheets formed in accordance 

with the present invention can be illustrated in 

connection 

welding. 

with a manufacturing technique as basic 

Sheet bending using the present method, 

as 

forO 

example, avoids the manufacturing problems associated with 

handling multiple parts 1 such as jigging. 

Additionally, the bent sheets of the present invention in 

15 which slitting is employed can be welded along the slits. 

20 

25 

As can be seen in FIG. lOA, for example, face 455 and end 

surface 457 of tab 453 form a V-shaped cross section that 

is ideal for welding. No 

required to place a weld 4 60 

443 as shown in FIG. lOA. 

grinding or machining is 

(broken lines) along slits O 
Moreover, the edge-to-face 

engagement of the sides of the sheet on opposite sides of 

the slits, in effect, provides a jig or fiKture for 

holding the sheet portions together during the weld and 

for reducing thermally induced 

thereby greatly reduced, and 

warping. Set up time is 

the dimensional accuracy 

achieved by the present slitting process is maintained 

during the welding step. The arcuate slits also provide 

an easily sensed topographic featu~e for robotic welding. 

These advantages also accrue in connection with soldering, 

30 brazing and adhesive filling, although thermal distortion 

is usually not a serious issue for many adhesives. 
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Filling of the slits by welding, brazing, soldering, 

potting compound or adhesives allows the bent sheets of 

the present 

hold fluids 

invention to be formed into enclosures which 

or flowable materials. Thus, bent sheet 

enclosures can even be used to form fluid-tight molds, 

with the sheeting either being removed or left in place 

after molding~ 

10 One of the significant advantages of using oblique, a:td 

particularly cu.r:ved1 grooves or slits is that the 

resulting bending straps ate diverging at the point at 

which they connect to the reminder of the sheet material~ 

Thus1 area 450 of strap 447 in FIG~ 10 is transversely 

15 diverging between slit end 449 and the next slit 443. 

2() 

This divergence tends to deliver or transfer the stresses 

in strap 44 7 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 dj.vergence increases 1 

again allowing a further independent tailoring of the 

strap stress transfer across the bend. Such tailoring can 

be combined with one or more of changes to strap width, 

jog distance and slit kerf to further influence the 

strength of the bend. This principle is employed in the 

2S design of the slits on grooves of FIG. 11. 

Nhile the oblique bending straps of the embodiments of 
' 

FIGS. 6-8 and FXGS. 9-10 result in substantial. 

improvements of the overall strength and fatigue 

30 resistance of -the bent structure, it has been found 

empirically that still further improvements, particularly 
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in connection with fatigue 1 can be achieved if the strap­

defining structure takes the form of an arcuate slit~ As 

used hereint ~'arcuateu shall mean and ·include a. circular 

arc and a series of longitudinally connected, tangential 

5 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 sheet of material 541 can be provided with a plurality 

of connectedt large radii, arcuate slits, generally 

10 designated 542, along bend line 543. Arcuate slits 542 

preferably are longitudinally staggered or offset (by an() 

offset distance measured between the centers of adjacent 

slits along bend line 543 and alternatively are on 

opposite sides of the bend line 543, in a manner described 

15 above in connection with other embodiments of the present 

invention. Arcuate slits 542 def.ine 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 

20 remainder of the slits 542 being either schematically 

shown or taking the form of a slit form by a lrnife 

resulting in no kerf. 

Longitudinally adjacent slits 542 defined therebetween 

25 bending straps 544, which are shown in this embodiment as 

being oblique to bending line 543 and skewed in 

alternating directions, as also described above. Each 

slit 542 tends to have a central arcuate portion 546 which 

diverges away from bending line 543 from a center point 

30 547 of the arcuate slit. End portions 548 also may 

advantageously be arcuate with a much smaller radius of 

curvature that causes the smiles to extend back along arc 

0 
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portion 549 and finally terminated in an inwardly arc 

portion 551. 

It will be seen, the~efore, that bending strap 544 is 

5 defined by the arc portions 546 on either side of bending 

line 543 and at the end of the straps by the arcuate end 

portions 548. A minimum strap width occurs between the 

arcuate slit portions 54-6 at. arrows 552 (shown in FIG# 11 

at the left hand pair of longitudinally adjacent slits). 

If a center line 553 is drawn through arrows 552 at the 

minimu.."ll width of the strap., it would be seen that the 

center line crosses bend line 543 at about the minimum 

strap >~idth 552. Strap 544 diverges away from 

longitudinal strap axis 553 in both directions from 

15 minimum strap width 552. Thus, a portion 554 of the sheet 

on one side of bend line 54 3 is connected to a second 

portion 556 of the sheet on the opposite side of bend line 

543 by strap 544. The increasing width of strap 544 in 

both directions from the minimum width plane 552 causes 

20 the strap to be connected to the respective sheet portions 

554 and 556 across the bend line in a manner which greatly 

reduces stress and increases fatigue resistance. 

For purposes of further illustration, strap 5_44a.'- has been 

25 cross hatched to demonstrate the increasing width . of the 

strap along its central lengitudinal strap axis 553. 

Coupling of sheet portion 554 by an ever-increasing strap 

width to sheet portion 556 by a similarly increasing strap 

width tends to reduce Stress. Orienting the central 

30 longitudinal axes 553 of straps .554 at an oblique angle to 

bend line 543 results in the straps being both twisted and 

bent, rather than solely twisted 1 which also reduces 
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stresses in the straps. ~tresses in the sheet flow across 

the bend through the connected material of the- strap. 

Cyclical stress in tension/ the primary cause of fatigue 

failure.. flow through the twisted and bent strap and 

generally parallel to large radii arcs 546 and 549. The 

smaller radii of arcs 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 

10 are like portions of very large circles joined together by 

much smaller circles or arcs in a way that positions only C)" 
the large radii arcs (compared to the material thickness) 

15 

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 formed. Thus, 

slit endsr at which stress caused micro cracking is most 

likely to occur, will tend not to be propagated from one 

slit to another down the length of the bend, as can 

poss_ibly occur in a failure condition in the embodiments 

20 of FIGS. 6-8 and 9-10. 

The bending strap shape also will influence the I'"'\ 
\J 

distribution of stresses across the bend. When the 

bending strap diverges relatively rapidly away from the 

narrowest strap width dimension, e.g., width dimension 552 

25 in FIG. 11, there is a tendency for this minimum dimension 

to act as a waist or weakened plane at the cente-r of the 

strap. Such rapid narrowing will allow localized plastic 

deformation and stress concentration in the strap, rather 

than the desired distribution of the stresses over the 

30 . 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 E'IG. 11, and as is p::-eferredr strap 544 

preferably a minimum width dimension 552 providing the 

desired strap strength and then gradually diverge in both 

directions along the strap with any rapid divergence 

5 taking place as the strap terminates into the sheet 

portions 554 and 556. This construction avoids the 

problem of having an unduly narrow strap waist at 552 

which will concentrate bending and twisting forces and 

produce failure, rather than distributing them evenly 

10 along the length of the strap and into 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 

15 slit., tends to be isolated from tensile stress. This 

makes the tongue ideal for locating featuies that cut into 

the parent plane. Attachment or alignment holes, or 

notches that mate with other connecting geometry are 

examples. E'IG. llA illustrates positioning of water-jet 

20 cut or laser cu-t 1 rapid piercing holes 560 and 565 on the 

tongue 555 of slit 546. Rapid pierce holes are somewhat 

irregular and elsewhere might initiate a crack failure in 

fatigue. ln FIG. llA two alternative locations of rapid 

piercing holes are shown. Rapid pierce holes are 

25 important to reduce the total cost of laser or ·-water-jet 

cutting because slow piercing is very time consuming. 

·one of the most beneficial · aspects of the present 

invention is that the design and cutting of the material 

30 to form the straps and the edge~to-face engagement of the 

lips and tongues of the slits is accomplished in a manner 

in which the microstructure of the material around the-
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bend or fold is essentially unchanged in comparison to the 

substantial change in the microstructure of materials bent 

or folded to the same angle or degree of sharpness using 

conventional bending techniques, as described in the prior 

5 art 4 It is the relationship of 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 around 

the bend and leaves the microstructure of the material 

10 around the bend essentially unchanged. 

bending techniques of the prior art are 

i'Jhen conventional 

used there is a C) 
substantial change in the microstructure- of the material 

around the bend if the bend is made to be sharp (for 

example, 90. degrees on the inside of the bend1 as shmm 

15 for example in FIGS. ·SA ... , 8, 8A, BB and lOA. 

20 

As was generally described in connection with other 

embodiments of the present invention., slits 542 can have 

their geometries altered to accommodate a wide range of 

sheet characteristics. Thus¥ as the type of sheet 

material which is bent is altered, or its thicknesses 

changed cr strength characteristics of the bend are to be 

tailored, the geometry of smile slits 542 can also change. 

The length¥ L, of each slit can change, as can its offSet 

25 distance, o. 0., or longitudinal spacing along bend line 

543. The height, H, of the slits can also be changed, and 

the jog distance, J, across the bend line between slits on 

opposite sides of the bend line can be altered. These 

vari.o_us factors will_ have an effect on the geometry and 

30 orientation 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 

0 
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the arcuate slit in conjunction wtth the aforementioned 

sealing and positioning variable. 

It is a feature of the present invention, therefore, that 

5 the strap-defining slits or grooves can be tailored to the 

material being bent or folded and the structure to b-e 

produced. It is possible~ for example, to empirically 

test sheets of a given material but differing thicknesses 

with arc slit des-igns in which the geometries have been 

:-'- 10 changed slightly, but the designs comprise a family of 

related arc geome-tries. 'This proceSs can be 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 

IS thickness. 'l'his process is particularly well suited for 

computer implementation in which the physical properties 

of the sheet of material are entered and the program makes 

a selection from the computer database of empirical data 

as to the most appropriate arc geometiy for use in bending 

20 the materiaL The software can also interpolate between 

available data when the sheet is of a material for which 

no exact data is stored or when the sheet has a thickness 

for which there are no exact stored data. 

25 The design or configuration of the arcs, and thus the 

connecting straps, also can be varied along the length of 

a bend line· to accommodate changes in the thickness of the 

sheet of material along the bend· line. Alternatively, 

strap configurations along a bend line can change or be 

30 tailored to accommodate non-linear loading. While not as 

important as the strength and fatigue-resistance 

improvements of the present invention, the slit or strap 
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configurations also can be varied to provide different 

decorati'V'e effects in combination with improved strength 

and fatigue resistance4 

5 Another advantage which accrues from the various 

embodiments of the sheet slitting system of the present 

invention is that the resulting bends or fold are 

relatively sharpt both internally and externally. Sharp 

bends enable strong coupling of one bent structure to 

10 another structuro4 Thus, a press brake bend tends to be 

rounded or have a noticeable radius at the bend. When a 

press brake bent structure is coupled to a plate, for 

example 1 and a force is applied tending to rotate the bent 

structure about the arcuate bend, the bent structure can 

15 decouple from the plate"' Such decoupling can occur more 

easily than if the !:>end were sharp, as it will be for the 

bends resulting from using the present slitting scheme4 

20 

The ability to produce sharp or 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 

origami or folded paper constructions. Complex three­

dimensional folded paper structures, and a science or 

25 mathematics for their creation, have been developed after 

centuries of effort. Such origami structures, while 

visually elegant, usually are not capable of being formed 

frorn.metal sheets of a thickness greater than a foil. 

Thus, origami folded sheets usually, cannot support 

30 significant loading. Typical examples of origami are the 

folded paper constructions set forth in "ADVANCED ORIGAMI" 

by Oedier Boursin, published by Firefly Books, Buffalo, NY 

in 2002, and "EXTREME ORIGAMI" by Kunihiko Kasahara, 

0 
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published by Sterling Publishing Company, NY 1 NY in 2002. 

The present invention thus enables a new class of origami­

analog designs in which the slitting and bending methods 

described herein are substituted for origarol creases~ 

The sheet slitting or grooving process of the present 

invention produces sharp bends and even allo\·/S the folding 

of metal sheets by lBO degrees or back on itself. Thus, 

many structurally interesting origami constructions can be 

made using sheet metal having a thickness well beyond that 

of a foilr and the resulting origami-based structure '!ttill 

be capable of supporting significant loads. 

Another interesting design and fabrication potential is 

15 realized by using the present slitting configurations in 

connection with Rapid Prototyping and Rapid Manufacturing, 

particularly if automated \'Pick and Place11 component 

additions are employed. Rapid Prototyping and Rapid 

-Manufacturing are broadly known and are comprised of the 

20 use of CAD (computer-assisted design) and C~M (computer­

assisted manufacturing) design, respectively, to enable 

three~dimensional fabrication. The designer begins with a 

desired virtual three-dimensional structure. Using the 

current invention to enable Rapid P~ototyping, the CAD 

25 software unfolds the three-dimensional structure to a two­

dimensional sheet and then locates the slit positions for 

bending of the sheet to produce the desired structure. 

'!'he same can -be done in Rapid Manufacturing usinq CAt•L 

Other types of software for performing similar tasks. The 

30 ability to precisely bend, and to tailor the bend 

strength, by selecting jog distances and bending strap 

widths, allows the designer to layout slits in the 

unfolded two-dimensional sheet drawing in the design 

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 1 

with or without add-on components~ 

5 Broadly, it is also known to assemble components onto 

circuit boards for electronic devices using high speed 

'"pick and place" automated compo~ent handling techniques~ 

Thus, a-ssembly robots can pick components from component 

supply devices and then place them on a circuit board or 

10 substrate or chassis~ The robotics secure the components 

to the substrate using fasteners, soldering plug-ins or 

the like. Such "pick and place" assembly has been largely 

limited to placing the components on a flat surface. 

Thusf the circuit boards must be placed in a three-

15 dimensional housing after the "'pick and placeu assembly 

has been completed. 

An electronic housingr usually cannot be folded' or bent 

into a three-dimensional shape after components are 

20 secured to the walls of the housing. Moreover, prior 

techniques for bending have lacked the precision possible 

with the present invention and necessary to solve 

component or structural alignment problems. Pre-folding 

or bending up the houSing has, therefore, limited the 

25 ability for pick and place robotics to be used to secure 

electronic components in the housings. 

lt also should be noted that the straps present between 

slits can be advanta9eously used as conductive path3 

30 across bends in electronic applicat~ons, and the precision 

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 more dense conformation. 
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The design and ~anufacturlng processes of the present 

invention, however, enable precision bends to be laid out, 

slit and then formed with relatively ·low forces being 

5 involved, as is illustrated in FIGS. 28A-28E~ Thus, a 

housing can be designed and cut from a flat sheet 821 and 

high-speed pj.ck and place robotics used to rapidly secure 

components, C1 to any or all si:x: walls of a cube 

enclosure, and the housing or component chassis can be 

10 

15 

easily bent into a three-dimensional shape after the pick 

and place process is completed. 

As shown in E'IG~ 2BA,- sheet 821 has component C secured 

thereto before bending, preferably by high-speed robotic 

techniques. Sheet 821 is formed by laser cutting, water 

jet cut, die cutting or the like with the designed cutout 

features 822, component-receiving openings 823, tabs 824 

and support flanges 826 and tab-receiving slots 827. In 

FIG 28B sheet 821 has been bent along bend line 831, 

20 causing a tab 824 to be displaced outwardly. The sheet is 

25 

next bent along bend line 832 in· FIG. 28C and then bent 

over component C along bend line 833 in FIG. 280, 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 sheet into a three­

dimensional elec'tronics chassis 838 around component C~ 

Obviously, in most cases a plurality of components C would 

30 be secured to sheet 821 before bending, and components C 

also can be secured to chassis 838 at various steps in the 

bending process and to various surfaces of·the chassis. 
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FIGS. 28A-28E also illustrate a fundamental design process 

which is implemented by the sheet bending method of the 

present invention. One of the most space-efficient ways 

5 of supporting components is to mount them on sheet stock. 

Osing conventional sheet .stock bending techniques, 

however, does not enable tight bends and intricate inter­

leaved sheet portions. The bending process of the present 

invention does, however,. by reason of the ability to lay 

10 out slits extremely accurately that will produce bend in 0 
precise locations so that openings~ cutouts,. slots 1 tabs 

and the like will precisely align in the bent structure1 

15 

as well as mounted components and the coupling to other 

structures. 

Moreover, the precise layout of bending lines and chassis 

or enclosure features is only part of the advantage. The 

structure itself can be bent using relatively low force, 

and even by means of hand tools. The combination of 

20 precision location of bend lines and low-force bending Q 
enables a design technique which was only heretofore 

partially realized. The technique involves selecting 

components havinq the desired functions and positioning 

them in space in a desired arrangement. Thereaft-er, a 

25 chassis is designed with supporting thin sheet portions of 

the chassis necessary to support the components as 

positioned being designed, for example, using CAD 

techniques. The bend lines are located to produce the 

supporting sheet portions, and the chassis unfolded 

30 graphically to a flat sheet with the necessary feature and 

fold lines, as shown in FIG. 2SA, 
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While such techniques have been described before in CP..D 

design literature, and CAD and CAM softwa,r.·e programs, they 

have not heretofore been effectively implemented in 

anything but the roost simple designs because precision, 

5 low-force bending of sheet metals was not p::::-actical. The 

present slitting-based invention 

fabrication of this theoretical 

enables practical 

CAD or CAM design 

technique. Prior art CAD or CAM designs could not 

previously be physically realized in real materials to the 

10 same accuracy as the theoretical CAD or CAt-1 model because, 

for example, conventional bending tolerances could not be 

held. The precision of bending possible with the present 

invention dramatically increases the correspondence 

between the CAD or CAM model and the achievable physical 

15 form for bent sheet materials. 

Horeover, the bending need not take place at the pick and 

place or rapid prototyping site. The sheet with attached 

components can be transported with the components being 

20 formed and selected to act as dunnage for the transport 

process. Once at the fabrication site, which may be 

remote from the design and cutting site, the chassis or 

housing sheet will tie bent precisely, even by hand if 

desired, and the bent housing secured into a three-

25 dimensional structure, with a plurality of < selected 

components being secured thereto 

externally. 

• < 

internally and/or 

Moreover, three-dimensional chassis and other structures 

30 also can have panels therein which are attached by straps 

along a bend line to provide doors in the chassis or 

structure for periodic or emergency access to the interior 



wo 20041028937 PCl'/US2003/03U248 

of the structure. Separate door hinge assemblies are 

thereby eliminated~ 

Using the various embodiments of the sheet slitting or 

5 grooving techniques described herein 1 an extremely wide 

range of products can be formed. 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,. 

10 beams_. curved beams, coiled beams, beams within beams 1 Q 
enclosures, polyhedrons, stud walls, beam networks 1 

enveloped beams, flanged beams, indeterminate m~ltiple­

piece flanged beams, machines, works of ~rt and sculpture~ 

origami three-dimensional structures 1 musical instruments, 

15 

20 

toys, signs, modular conneCtions~ packages, pallets, 

protective enclosures, platforms, bridges, electrical 

enclosures, RF shield enclosures, EMI shields, microwave 

guides and ducts. A few examples 

shown in FIGS. 12-30 and 32. 

of such structures are 

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 material 

561 is shown in FIG. 12 that has ·two bend lines 562 and 

25 563. Bend line 562 has a plurality of arcuate .slits 563 

on opposite sides of bend line 562. Also positioned along 

bend line 562 are smaller arcuate slits 564. The slits 

563 and 564 have the general configuration as described 

and shown in connection with slits 542 in FIG. 11, but the 

30 length of slits 564 is reduced relative to the length of 

slits 563, and slits 564 will be seen to be positioned at 

the apex 566 of notches 567 which are provided in the 

0 
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edges 568 of the sheet of material. The bending straps 

569 defined by longitudinally adjacent end portions of 

slits 563 and longitudinally adjacent end portions of 

slits 563 and 564 a.re essentially the same in 

5 configuration, notwithstanding differences in the length 

of the slits 563 and 564. The.!:'e will be some slight shape 

difference due to arcuate segment differencesf but bending 

straps 569 will be essentially uniform in their strength 

and ~atigue-resistant capabilities along the length of 

lO bending line 562. 

One of the advantages of the placement of slits 564 is 

that they tend to contain any s.tress crack propagation,. 

which could occur at apexes 566 of notches 567. The 

IS various leaves or fingers 571 defined by notches 567 can 

be bent, for example, into or out of the page to a 90 

degree angle, or to other angl~s if the structure should 

require. The central portion 572 can remain in the plane 

of the sheet on which FIG. 12 is drawn~ 

20 

A plurality of slits 576 and 577 are positioned along 

second bending line 563. These slits have much tighter 

end curve portions 578 than the arc-like slits shown 

proximate first bend line 562. Generally, the tight 

25 curved end portions 5.78 are not as desirable as the mare 

open-ended portions used in connection with slits 563 and 

564. Nevertheless, for ductile materials that do not tend 

to stress fracture, slits of the type shown for slits 576 

and 577 are entirely adequate. Again, the difference 

30 between slits 576 and 577 is that the smaller slits have 

been used at the apexes 566 of notches 567'. 
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Once slit 1 sheet 561 can be bent along- bend line 563 so 

that the leaves 571 can be bent to an angle such as 90 

degrees relative to the central portion 572~ It should be 

5 noted that normally the slits along bend line 562 and 563 

will have the same shape, that is, they will either be 

slits 563 and 564 or slits 576 and 577. It i.s possible to 

mix slit configurations, but normally there will be no 

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

10 purpose of the illustrated embodiment of FIG. 12 is to Q 
show different slit configurations that are suitable for 

use iri the bending of sheet material in accordance with 

the present invention. 

15 The design and formation of a curved boK beam using two 

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

described in connection with FIGS. 13 and 14. The design 

would be accomplished on a CAD or CAM system, as described 

earlier, and the slits made in sheet 561 identically as 

20 .laid out in the design process on the CADt CAM or other 0 
systems. A curved box beam, generally designated 581, is 

shown in which one designed, cut and bent U-shaped sheet 

572a is secured to a second designed.. cut and bent u­

shaped sheet 572b. As will be seen from FIGS. 13 and 14, 

25 the fingers or leaves 57la have been folded doww over the 

outside of the fingers or leaves 571b. · In both cases, the 

apexes 566 are closely proximate the fold lines 562a, 

S63a, 562b and S63b. This placement of the apexes allows 

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

30 the included angle of the notches increase, while the 

included angle of notches 567b decrease in the area 582 of 

the lon~:tudinal bending of beam 581. The central 
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portions 572a and 572b of the sheet material have a 

thickness that will accommodate bending without buckling, 

at least in radii that are not extreme~ 

5 The folded sheets can be secured together by rivets 583 or 

10 

15 

20 

other suitable fasteners~ adhesives or fastening 

techniques such as welding and brazing~ Openings for the 

fastener:s can be pre-formed as shown in FIG. 12 at 580~ 

The iocation of the openings 580 can be precisely set if 

the exact curved configuration is determined or known in 

advance of bending, or openings 580 can be positioned in 

central locations and thereafter used with later drilled 

holes to join the two bent sheets together in a curvatux·e 

that is indeterminant or established in the field. 

One application for indeterminant curved box beams.( for 

example, is in the aircraft industry~ Difficult to bend 

4041 T-6 or 6061 T-6 aluminum is designed with the desired 

layout of slits and then provided in completed 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 cur-vature of 

a portion of an airplane which must be repaired. The two 

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

25 portion of the Skin of the airplane which has been 

damagedr and then the skin is thereafte!:' attached to the 

central section 512 of the curved box beam. 

Bending of the leaves or fingers 571 can be done with 

· 30 simple hand tools, or even by hand, and field riveting 
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used to hold the curv-ature of the box beam by using the 

pre-formed holes 5B as guides for holes that are drilled 

in the leaves or fingers of the underlying folded sheet. 

Thus, with a simple hand drill and pliers, a high-strength 

5 structural 4041 T-6 aluminum box beam can be custom formed 

and positioned as an airplane structural component for 

subsequent fastening of the skin of the airplane thereto. 

This can enabler for example, field repairs under even 

combat conditions so that the plane can be flown to a site 

10 at which permanent repairs can be made~ 

When the longitudinally curved box beam has a 

predetermined or known longitudinal curvature, leaves or 

fingers 57la and 57lb can be defined by notches in which 

15 the fingers interdigitate or mesh with each other in the 

same plane. This will produce beam side walls that are 

smooth and without openings. 

Box beams 1 whether curved or straight, also can be used in 0 
20 exoskeletal designs in order to provide high strength-to-

weight advantages. 

with its attendant 

Thus, rather than using a solid beam 

weight, hollow, folded or bent beams 

can have corresponding strength but lower weight. If. 

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

25 including a metal foam. 

As shown in FIGS. 12-14 a longitudinally curved box beam 

681 is produced by bending the sheet material along 

straight fold lines 562 and 563. It is also possible to 
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produce longitudinally curved box beams by slitting or 

grooving along curved bend lines. 

Turning now to FIGS. 15 and 16, a sheet of material 

5 designed and slit or grooved for folding and a three­

dimensional structure made from the same, respectively, 

10 

are shown. Sheet 611 has been designed to be slit or 

grooved along longitudinally extending fold lines 612 and 

613. Further slitting and grooving has taken place on 

transversely extending fold lines 614.- 615.- 616 and 617. 

Opposed side edges 618 of sheets 611 are circular 1 and a 

plurality of notches 619 are formed in opposite side edges 

of the sheet. A coupling tab or flange 621 is formed at 

one end of the sheet and preferably has fastener receiving 

15 openings 622 therein which will align with opening 623 in 

20 

25 

the opposite end of sheet 611. Slits or grooves 624 of 

the type shown in the embodiment of FIGS. 9 and 10 have 

been positioned along fold lines 612-617. It will be 

understood that slits or grooves of the type shown in 

other_ embodiments could be employed within the scope of 

the present invention. 

The sheet of material shown in FIG. 15 is designed to 

envelop or· enclose a cylindrical member, such as a rod, 

post or column 631 shown in FIG. 16. By bending sheets 

616 along fold lines 612-617' sheet 611 can be folded 

around to enclose cylindrical 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 

30 column 631. Notches 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 configur.ation 
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around the column 631. The bent three-dimensional 

structure which results has a plurality of planar panels 

636-639 which provide surfaces against which other members 

or structures can be easily attached. Folded sheet 611 

5 may be secured in place around colutnn 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 structure around column or post 

631. Securer.~ent of folded sheet 611 to post 631 against 

10 vertical displacement can be the result of an interference ,.-.., 
fit between arcuate edges 618 and the post, and/or the use ~ 

of fasteners 1 adhesives 1 welding, brazing or the like, and 

the assembly has many applications which solve the problem 

of subsequent coupling of structural members to a 

15 cylindrical structure. The example of FIGS. 15 and 16 is 

not only a, potential cosmetic cladding, it is a structural 

transition piece between cylindrical and rectilinear 

forms. 

20 The designed and manufactured slit or g-rooved sheet and 

method of the present invention also may be used to design 

and form corrugated panel or deck assemblies. FIGS. 17 

and 16 illustrate two corrugated panel assemblies that can 

be designed and constructed using the apparatus and 

25 methods of the present invention. Such assemblies are 

particularly effective in providing high-str~ngth-to­

weight ratios, and the sheet folding techniques of the 

present invention readily accommodate both folding of the 

corrug~ted sheet and the provision of att~chment tabs. 

30 

In FIG. 17 attachment tabs are provided which can extend 

through slits to couple the corrugated sheet to the pl~nar 

0 
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sheet, while in FIG. 18 tabs having fastener receiving 

openings are provided. 

In r~rG. 17, a sheet of material 641 has been slit or-

5 grooved along longitudinally extending fold lines 642-647 

in accordance with the teaching of the present invention. 

Additionally, a plurality of tabs 649 have been formed 

!0 

along fold line 643, 645 and 641. Tabs 649 at:e cut i.n 

sheet 641 at the same time as formation of the slits or 

grooves 651 along the fold 1 ines. 'l'hus, a U~shaped cut 

652 is formed in sheet 641 so that when the sheet is 

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

tabs wlll protrude upwardly~ 'l'abs 649 will extend at an 

angle from the vertical when folding occurs to form the 

15 corrugation.:::, but tabs 649 can be bent from an angled 

position to a near vertical position, as shown in 617, by 

a subsequent step. 

The folded or corrugated sheet 641 shown in FIG. 17 can be 
:-' 20 
' ' attached to a second planar sheet 656 which has a 
··~_/ 

25 

plurality of slits 657 formed therein .. Slits 657 are 

positioned and dimensioned to matingly receive tabs 649 

therethrough. When sheet 656 is lowered down over 

corrugated folded 

through slits 657. 

sheet 641, tabs 649 will ~xtend up 

Tabs 64 S 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 649 

also may be bent down and secured to sheet 656 by 

30 adhesives, weldirig, 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 

sheet 641 during the slitting or grooving process. The 

5 second sheet would be secured to the bottom of folded 

corrugated sheet 641 in a manner described in connection 

with sheet 656. 

10 

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 

15 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 to that 

described in connection with tab 649, only tabs 663 

20 

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 

25 666 is positioned so that opening 667 align with 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 

30 securement tabs 664 on the bottom s·icte of the corrugated 

sheet 61. 

0 

0 
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Again, by employing a plurality of grooves or slits 668 

formed in accordance with the present invention, as above 

described, a corrugated deck or panel assembly can be 

5 fabricated which is very high in strength, has good 

fatigue resistance and is lightweight. 

FIGS. 19-22 illustrate a further erubodiment of a 

continuous corrugated panel or deck: which can be for!!l.ed 

using the slit sheet and method of the present invention. 

10 Moreover, 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 capabilities_ Still further 1 the embodiment 

of FIGS. 19~22 illustrates the use of tabs to interlock a 

15 folded sheet into a high strength three-dimensional 

structure. 

Prior art techniques forming corrugated panels or decks 

often have suffered from an inability to achieve a desired 

20 high level or percentage of chord material to the overall 

panel material~ Generally, the purpose of the webbing is 

to separate the chords with the minimal web mass required 

to accomplish _that task. I -beams are rolled or welded 

"forms that use thicker top and bottom chords r~).:.ative to 

25 the connecting web between them. The present invention 

enables a class of corrugated structures that provide for 

wide design flexibility in creating rigid 1 strong, low 

weight struc.tures that can be manufactured from continuous 

coilst transported in a compact coil form1 and easily 

30 formed on site. The interlocking nature of this enabled 

embodiment avoids welding at the corners where welding is 

especially subject to failure. 
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Sheet material 721 has been slit using the present 

invention and is s-hown in FIG. 19 in a flat state before 

bending or folding. As will be seenf a plurality of 

5 substantially parallel. bend lines 722 have a pattern of 

alternating arcuate slits 723 positioned on opposite sides 

of the bend lines to define obliquely extending straps 

skewed in opposite directions 4 Slits 723 can take the 

form of the slits in FIGS. 6 or 9, for example. Also 

10 formed in sheet 721 are a plurality of tabs 724 whichQ 

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. 

15 In FIG. 21A tabs 724 will be seen to extend across bend 

line 722 from slits 723. Tabs 724 are, therefore 

extensions 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 

20 to receive tabs 724. In order to prevent the neck of tabs (:) 

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 area of 725 and 730 is cut and falls out or is 

25 removed from the sheet so that tabs 724 can be,, inserted 

into notches 725/730. 

In FIG. 20 the flat sheet 721 of FIG. 19 has been folded 

into a continuous corrugated. panel or deck 726~ Panel 726 

30 includes web portions 727 and chord portions 726. As will 

be seen in panel 726, chords 726 are in end-to-end 
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abutting relation over the full length of the panel on 

both the upper side and the lower side of the panel to 

provide continuous deck or chord surfaces. This 

construction affords panel 726 greatly enhanced strength 1 

5 for example 1 in bending( over panels in which all the 

transverse webs are not joined by chords on both tlie top 

and bottom side of the paneL The deck or panel can be 

further reinforced by adding a sheet of additional 

material {not shown) which would further improve the ratio 

10 of chord material mass to the mass of the entire deck or 

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

FIG. 21 illustrates in greater detail the bending or 

folding scheme employed for panel 726. Commencing, for 

15 example, with end flange 729, web 727a can he bent down 

and back at bend line 722a down to a lower side of the 

pa·nel. Sheet material 721 is then bent forward at bend 

line 722b and chord 12Sa extends in a longitudinaL 

direction of the panel parallel to flange 729. At bend 

20 line 722c web 727b is bent to extend up and back to bend 

line 122a, at which point chord 72Sb is bent forward and 

extends to bend line 722b. 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 

25 corrugated panel in which there .are a plurality of end-to­

end chords on both the top and bottom of the panel which 

are separated by connecting webs~ The mass of the chord 

material in the panel to the o~erall panel mass is 

relatively high for a high strength7to-weight ratio~ 

30 

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

using the slitting process of the present invention allows 

I 

I 
i 

I 
' 

I 
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the apexes 131 between the webs 727 and chords 728 to be 

relatively sharp and to be positioned in close 1 abutting 

relation. As illustrated, the panel of FIGS. 19-21 has 

webs and chords of equal length creating equilateral 

triangles in which each apex is about 120 degrees. As 

will be understood1 many other corrugation geometries are 

equally possible. 

While there are numerous ways in which folded panel 

can be secured in a three-dimensional configuration, 

726 

aO 
preferred method is to employ tabs 724 and mating keyhole 

openings 725 cut into sheet 721 during formation of the 

bending slits. 

lS Tabs 724a, for example, are provided by laser or water jet 

cutting of the tabs to e><tend outwardly of slit tongues 

from flange 729 into web 727a. When web 727a is bent 

downwardly and rearwardly to bend line 722b, tabs 724a 

20 

remain in the horizontal plane of flange 729. As best [') 

seen in FIG. 21A, a mating opening 725 cut into chord 728b ~ 

and aligned with tab 724a will allow tab 724a to ba 

positioned in opening 725. If each tab 724 has an 

enlarged head or end 734, the tabs will lock or be 

captured by their mating openings 725, much as .a jigsaw 

25 piece can capture or interlock with an adjacen-t piece_. 

30 

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 be, and preferably 

are not, dimensioned to produce an interference fit~ 
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Interlocking of tabs 724 and openings 725 also occurs 

.along the bottom side of panel 726, and the result is 

securement of the folded panel in the form as shown in 

E'IG. 20, even without additional securement techniques, 

5 such as adhesives, welding, brazing or the like.r 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 742 

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 

15 mating opening may be used to lock the chords and webs in 

20 

the desired configuration, depending on the thi-ckness of 

the material and the radii of cylinder 741~ The resulting 

cylindrical structure can be used, £or example, as a 

lightweight, high-strength column or post~ 

In most embodiments of the present invention~ 

particularly those in which the sheet of material 

substantial thickness, commencement of bending 

and 

has a 

will 

automatically cause the tongue or tab portion o~·:_ 1:he slit 

25 to begin to slide in the correct direction against the 

face on the opposite side of the slit. When the sheet 

material is relatively thin and the kerf of the .slit is 

small or zero, however the tab portions of the slit sheet 

occasionally will move in the wro~g direction and thereby 

30 e'ffect the precision of the bend. In order to remedy this 

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

bending. 'fhis solution is shown in E'IGS. 23 and 24A. 

A sheet of material 681 is formed for bending about a 

5 plane of bend line 682 using the design and sheet 

slitting technique of the present invention. Arcuate 

slits 683 are formed which define tongues 684 that will 

slide along opposing faces during bendiilg of the sheet 

about bend line 682. 

10 

In FIG~ 23a, sheet of material 681 can be seen as it is 

being bent- in a downward direction, as indicated by arrows 

687, about bend line 682. Because tongues 684 are 

downwardly displaced 1 the lower edges or corners 688 of 

0 

15 lips 689 will tuck up and engage faces 690 of tongues in a 

manner which will produce sliding of edges 688 along faces 

690. The edges 688 on each side of bend line 682 will be 

displaced upwardly to slide on the downwardly pre-set 

tongues 684 so that bending about bend line 682 0 
20 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 

25 stamping process in which a knife forll\S slit 683, the 

stamping die can also plastically deform tongues 684 in a 

downward direction on side of the bend line. Predictable 

sliding of edge 688 along face 690 in the proper direction 

will occur during bending so that the actual l;"ulcrums on 

30 opposite sides of the bend line will produce precise 
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bending along the virtual fulcrum aligned with bend line 

682. The displaced tongues also will cue an operator as 

to the proper direction for bending.-

5 While many applications of the present invention will call 

for 90 degree bends, some will call for bends at other 

angles. The apparatus and method of the present invention 

can acco:nmodate such bends while still maintaining the 

advantages of full edge-to-face contacL In FIG. 24 1 a 

10 bend of about 75 degrees is illustrated. 

As shown, a sheet of material 691 is formed with a slit 

692 which is cut at an angle of a of about 75 degrees to 

the plane of sheet 691. (A corresponding slit on the 

15 other side of bend line 693 also cut at 75 degrees but 

skewed in the opposite direction is not shown for 

simplicity of illustration.} Upon bending downwardly, 

lower edge 694 of lip 695 tucks onto and slides up face 

-696 of tongue 697~ Once the bend reaches 105 degrees,. or 

the complimentary angle to slit angle a, the lower surface 

698 of the sheet proximate edge 694 will be coplanar with 

and evenly supported on face 696 of the tongue. 

Today most commercial laser cutters wfth power capable of 

25 cutting both plastics and metals are sheet fed. There is, 

however:, supply-roll fed laser cutting equipment 

commercially available 1 but such eqUipment that exists 

today does not roll the cut material back into a coiL 

Thus, reel-to-reel laser cutting equipment is not in use 

30 or co~~ercially available. 
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The advantage of roll fed cutting combined with a coil 

mechanism, in the context of the present invention 1 is 

that. very large or very complex, information-rich 

5 structures can be designed in CAD, 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 

10 arrival at the location of use, the material 1s uncoiled r~ 
'-' 

and bent or folded along the bend lines dictated and 

structurally supported by the arcuate slits and oblique 

straps cut into the metallic or plastic sheet. 

15 The sheet slitting or grooving apparatus and method of the 

present invention can be incorporated into a reel-to-reel 

process in at least 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 

20 flat-bed laser cutter, the laser cutter in the'middle and c:) 
a winding roll for reforming a coil of partially cut 

materlal: The material is advanced through the sys tern by 

hand and pin or edge-notch registration features are cut 

into the flattened sheet. The sheet is aligned in both X 

25 and Y axis by physically docking the cut features--with a 

jig attached to the laser cutter bed. In this way, piece­

wise advancement can occur including the alignment of 

slit-assisted bending features of the present invention. 

The novelty is in the combination of the registration 

30 system with the uncoiling and coiling of material-together 

with the application of cut bend~producing features of the 
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present invention that enable low~force, precisely 

located, high strength bent or folded structures. 

A second approach ls to advance a coil through a laser 

5 cutter using the well-known technique of a pcwer unwind, 

stop, cut and power rewind. 

10 

A third approach is shown in FIG. 25. It employs a 

smooth, continuous web transport, with both unwind and 

rewind. Sheet material 701 is unwound from supply coil 

702, and the motion and/or optics of the CNC cutter ?03 is 

controlled to compensate for the rolling frame of material 

/01. CNC cutter 703 can be a laser cutter or a water jet 

cutter formed and controlled to cut the desired slit 

15 patterns into sheet 701. After cutting, sheet 701 is 

wound onto coil 704. 

Since coiled sheet stock often will have a coil-set curl, 

the use of a leveling step or leveling apparatus 706 after 

20 unwi.nding coil 702 is an option~ Sheet stock 701 can be 

ddven through the processing l.ine by pinch rollers 707 

and drive motors at coils 702 and 704 and additionally at 

roller 710. 

25 One reason that reel-to-reel processing has not been 

previously used is that the edges or contours of the cut­

out features tend to interlock and snag as successive 

layers are would up on coil 704, particularly when the 

low-force slit-assisted 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 coil~ Two 

methods can be used to address this issue~ One is the use 

5 of thin, easily removed hang-tabs in combination with 

rewinding a coil of metal and other rigid materials that 

have tliese 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, 

10 namely, to co-wind a polymer web 108 onto coil 704. Web 

708 should be tough and not easily punctured, yet thin in 
gage. Polypropylene and polyethylene are but two useful 

examples. 

15 One technique for increasing the throughput of reel-to­

reel processing systems is the use of laser cutter 703 

having multiple laser beams for cutting the slit-assisted, 

low-force bend features of the present invention. 

20 

Foldable box beams, such as is shown in ~IG. 12, need 

several bend-assisting arcuate slits that are arranged 

parallel to the coil's winding direction, about a desired 

bend line. Multiple fiber lasers, for example, that are 

linked together mechanically and whose motion controller 

is a single£ joined, mechanical system, With a single 

25 motion controller, can produce all of the parallel~ bends 

at the same time, while other lasers with independent 

motion actuation systems and motion controllers can 

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

30 The methods and apparatus of the three reel-to-reel 

processin9 systems described above, combined with the low 

bending-force, high strength bend features of the present 

0 

0 
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invention, enable a class of products, from beams, to 

ladders~ to building stud and joist systems, to be formed, 

coiled, subsequently uncoiled and folded ihto 

deterministic dimensions of impressive structural 

5 integrity, when and where they are needed after compact 

storage or transport in coiled form. This techni~ue has 

applications in space, in the military, in co~~ercial ar.d 

residential construction and many other industries where 

the costs and effort of getting materials to a site are 

10 prohibitively expensive and difficult when parts are 

already 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 

15 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~ 

' ', 20 The advantage of the CNC cutting approach to fabricating 

coil-wound engineered folding structures is that non­

repetitive features are easily programmed into the cutting 

process. The advantage of th~ hard tooled stamping or 

rotary die cutting approach, whether intermitten~:or 

25 continuous, is that repetitive features, especially the 

arcuate slits 1 can be efficiently made~ 

.-
The greatest benefits of maximum throughput and 

flexibility may be advisable using CNC cutting in 

30 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 1 such as shown in FIG. 25 1 each 

forming tool operates to its own advantage. 

FIG. 25 illustrates a method can be used to form three­

dimensional structures for use particularly at locations 

remote of the location at which the structure is slit 

and/or partially assembled prior to bending. One 

application is of particular interest is the fabrication 

of three-dimensional structures in outer space. Currently 

such structures are assembled in outer space from three­

dimensional modules; they generally are not actually 

fabricated in outer space. The problem with space 

15 ~ssembly 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-dimensional structures have been prohibitively large 

20 and bulky. l\nother problem with assembly in space can be 

associated with a high part count and high fastener count. 

On the one hand, bulky near complete modules have been 

launched and fastened together. On the other hand, 

heretofore, dense packing of unassembled modules has 

25 resulted in a high part count and high fastener c0unt. 

In FIG. 26, a coil 339 of sheet material 341 is shown 

which has been designed and provided >lith slits or grooved 

on two bend lines 345. Sheet 341 is also formed with 

30 openings 346 and tabs 346 periodically positioned 

proximate opposed sheet edges. l\s will be seen, slits 343 

may advantageously take the configuration as sho>1n in FIG. 

6. As will be appreci.ated, · coil. 339 is a highly compact 

0 
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configuration for the transport of sheet material. Sheet 

341 can be fonued with slits 243, openings 346 and tabs 

348, as well as other desired structural features, at an 

earth-bound shop having unlimited fabrication equipment, 

5 for example, using the reel-to-reel pr.ocessing line of 

FIG~ 25. The coiled sheet is next transported by a space 

vehicle. to an outer space location. Sheet 341 can then be 

unrolled from coil 339, and either~ >-!hile be:;ng unrolled, 

or thereafter 1 the sheet can be fabricated, using hand 

10 tools or moderately powered tools, into a three-

dimensional structure~ Such fabrication is accomplished 

by bending the sheet along bend Hnes 345 and by bending 

tabs 348 into openings 346 so as to lock the sheet in a 

three-dimensional structure such as a triangular beam 350r 

15 as shewn at the right-hand side of FIG. 26. 

As shewn in FIG. 26, structure 350 is an elongated beam 

with a triangular cross section can, in turn, be coupled 

to other structures to produce complex three-dimensional 

20 space structures and habitats~ When the sheet bending 

slit configuration of the present invention is employed, 

each of the bends produced at the pattern of slits 343 

will preferably include the edge-to-face support of the 

sheet material which will make the bends capable of 

25 withstanding substantial loading. Obviously, other beam 

and structural configurations, such as the box beam of 

FIGS. 13 and 14, the deck of FIG. 20 or the column of i"IG. 

22, can be produced by folding along bend lines having 

slits of the type described above. 

30 

Moreover, 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 

openings 346 and tabs 348 so as to enable closure cf 



wo 1004/628937 PCTil'SW03!03624S 
80 

structure 350~ If the structure 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 

example, by welding or brazing. It is also possible to 

5 provide numerous other closure configurations or fastening 

schemes, including welding along the abutting edges of 

sheet 341 and overlapping of an edge of the sheet with a 

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

10 Another foz'rn of box beam which illustrates the flexibility 

of the apparatus and process of the present invention is () 

shown in FIGS. 27A-27G, namely a cross or self-braced box 

beam. 

15 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 provided which will be used to 

provide beam cross-bracing sheet portions 806. Bending of 

sheet 801 into a cross-braced box beam 807 9FIG. 27G) is 

20 shown in the sequence of FIGURES 27B-27G. 

Firstr the side of the sheet having the cross-bracing 1
:) 

sheet portions 806 can be bent to the position of FIG 27B. 

Next, the sheet is bent along bend lines 803 to produce 

2S the cross braces 606 of FIG 27C. Sheet 801 is then bent 

about bend line 802a to the position of FIG 27D. The 

sheet is bent about bend lines 802b and 802c in FIGS. 27E 

and 27F, and finally side flange 805 is bent up and the 

sheet bent about bend line 802d to produce beam 807 of 

30 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 remainder of the box beam to produce a 

structure which will not bend or unfold. Beam 807 will be 
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seen to trap or capture at its center an X~-shaped cross­

beam array extending along the beam to give it 

substantially enhanced strength. An extremely high­

strength to weight, internally braced box beam, therefore, 

5 can be designed and formed from a _single sheet of material 

using the process of the present invefition. 

10 

As an optional step that can be added to many different 

structures formed using the apparatus and method of the 

present invention, protective corners or shin guards 810 

(FIG 27G) can be attached over bent corners 802 to effect 

a smooth. and/or decorative corner treatment. Thus 1 L­

shaped shin guard 810 can be added to beam 807, as 

indicated by arrows 820, and secured in place by, for 

15 example, adhesives or fasteners~ Shi'n 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 

810 coQld even encircle the beam or other three-

20 dimensional structure~ Attached shin" guards can assist in 

load transfer across the bends. 

In the cr.oss braced box beam 807 of FIGS. 27A-27G, the 

cross bracing sheet portions 806 are bent to an \'XU' 

25 configuration and then captured or trapped within the 

folded beam to provide internal bracing. Another -approach 

to the bracing of structures having adjacent walls in 

different' planes is, to employ swing-out sheet portions. 

30 FIGS. 34A-34E illustrate the use of swing-out bracing in 
' 

another box beam that also has a pattern of weight~saving 

cutouts. In FIG. 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 



5 

10 

wo 2004!028937 PCTIUS2003/ll30WI 
82 

weight saving 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 around bend lines 815, o1hile in 

FIG. 34C, the outside edges 816 of the sheet have been 

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. 34~ the other 

side wall portion Bl7 has been bent around another bend 

line 812 to complete the box beam 818. 

15 The last bending step, namely, bending from the 

configuration of FIG. 340 to that of 34E, causes edge 

portions 816 to overlap and causes swing-outs 814 to 

overlap. Both edges 816 and swing-out 814 can be provided 

20 

with fastener-receiving openings 819 which will become 

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 technique 

of the present invention. Thus, fasteners, such as rivets 

or screws, not shown, can be inserted into opening 819 to 

25 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 

numbe_r of bracing swing-outs can be increased from that 

30 shown in the illustrated embodiment, and the use of swing­

outs to brace adjacent walls in different planes has 

application to many structures other than box-beams. 

0 

0 
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Turning now to FIGS. 29 and 30 1 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 arcuate slits 842 formed 

5 along bend lines in a manner above described. Formation 

of box 843 from sheet 841 can be easily accomplished using 

low-force techniques. 

10 

15 

20 

Sheet 843 can be placed over opening 844 in die 846 and 

the four sides 847 of the box simultaneously bent to 

upright positions. An actuator driven plunger S4S can be 

employed or a vacuum source coupled to apply a vacuum to 

die 846 through conduit 849 used~ Little or no clamping 

of sheet 841 to die 846 is required; only positioriing of 

sheet 841 so that the bend lines are in mating 

relationship with opening 844 in the die. ~his can be 

accomplished, for example, 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 apexes between sides 847 of sheet 841~ 

Depending upon the material being bent and its thickness, 

a negative pressure at conduit 649 will be sufficient to 

pull sheet 841 down into the die and thereby bend sides 

25 847 up, or for thicker sheets and stronger materials, 

plunger 846 may also be used or required to effect, 

bending. 

Box 843 can be used, for eKample, as RFI shields for small 

30 circuit boards, such as the ones commonly found in hand­

held cell phones, have been made by the prior art 

technique of progressive die stamping. The advantage of 

progressive die stamping is that 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 of the product life 

5 cycle where many changes occur 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 

weeks, which is very expensive in a market with rapid 

10 design changes and short product life. Yet another 

problem with the progressive die stamping has to do with 

accessibility to the underlying components for diagnostics 

or repair. If a significant fraction of a chip batch is 

faulty and may need repair, a two-piece RFI shield unit is 

15 employed with a low profile fence, soldered to the circuit 

and a '\shoe box lid" covering it with an interference fit. 

This disadvantage is that the fence below take some 

horizontal '\real estate" away from the circuit board and 

two pieces are always more expensive to manufacture than 

20 one. Another prior art solution to accessiPility is the 

method of using a row of circular perforations in the 

lid 0 shield lid that can be severed to allow an area of the 

to be hinged upward along one side. This perforated door 

approach crates the possibility of some RFI leakage and it 

25 is difficult to cut and reseal the lid. 

Box 843 of FIG. 29 shows a solution to the aforementioned 

problems using the techniques of the present invention. 

The RFI shields manufactured using arcuate slit assisted 

30 bending methods can be rapidly prototyped without hard 

tooling using a CAD system for design 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 accomplished 

im."l\ediately by laser cutting the initial production 

volumes required to enter the marker. Lower cost stamping 

5 tools to stamp out the biased tongue-tabs needed for the 

geometry disclosed can be fabricated during the ramp-up 

phase that initially is supplied by a CNC cut solution. 

10 

In this way, the cost of design, ramp-up 1 and production 

can be lowered relative to the current practice of waiting 

for progressive cavity dies to be manufactured. 

Another advantage of the present invention is the built-in 

access door for servicing the parts within. By severing 

the straps defined by sltts 842 around three sides of 

15 shield 843, and having previously soldered edges 850 of 

the low profile r~9tangular box 843 to the circuit board, 

the panel 840 of box 843 can be hinged 90 degrees to allow 

for temporary service access. When repairs are complete; 

the lid or panel 840 can be closed again and re-soldered 

20 at the corners. Most metal alloys suitable for RF! 

shielding will allow for eight or more accesses in thi·s 

manner before the hinged straps fail. 

In FIG. 30 a series of steps is shown in which a sheet 

25 861, which has been slit according to the present 

invention, can be popped up into a box using a pn~~atic 

bladder or vacuum grippers~ 

Sheet 861 is shown in a flat form at the left side of the 

30 sequence of FIG. 30. Sheet 861 is, in fact, two identical 

-sheets which have been coupled together at bend lines 826 

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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left end of the sequence and thent at the use site, popped 

up to the three-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 

5 hydraulics because the bending of sheet 861 requires only 

the minimal force necessary to bend the oblique bending 

straps. 

One bending technique would be to employ suction or vacuum 

10 grippers 864 wnich are moved, as indicated by arrows 8 66, 

down into contact with a planar central sheet portion B67 () 

of sheet 861. ~ vacuum is applied to suction grippers 864 

and then the grippers are moved apart, as indicated by 

arrows 868 until box 865 is fully distended .. as shown at 

15 the right hand side of FIG. 30. 

Another approach is to insert an expansible bladder 869 

into the slightly distended box, as shown by arrow 871. 

Such insertion can be accomplished before transportation 

20 or in the field. 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 FlG. 30. 

25 Box 865 can be secured in the configuration shown at the 

right hand side of FIG. 30 by, for example, welding, 

brazing or adhesively securing side panels 863 at corners 

872. 

30 ~ further advantage of the high precision bending or 

folding process of the present invention 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 be 
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accurately and predictably communicated into an 

anticipated 30 spatial relationship at very low cost. 

In the- past, symbols and geometric conventions have been 

5 used to convey information about the assembly of 

structures. One aspect of the present invention is that 

the bending or folding instructions may be imparted to the 

flat parts of the sheet material at the same time that 

they are formed with bending slits or grooves. 

10 Alternatively, folding instructions may be imparted to the 

flat parts through a secondary process such as printing, 

labeling, or tagging. Additionally, information may be 

embedded in the flat form that :i.s intended to instruct the 

assembly process of similarly precision-bent ~tructures or 

15 the adjoining of parts from non-folded prior art and 

future art fabrication methods. 

For example# a continuous pre~engineered wall structured 

may be formed from a single sheet of material that is 

· 20 folded into top and bottom joists with folded-up studs. 

All anticipated windows, doors and electrical boxes can be 

'embedded as physical geometric inforrn~tion in the flat 

part for subsequent folding and assembly into the 

building. A convention may be established that a. round 

25 hole in the structure is indicative of electrical conduit 

that will later be threaded through the hole. A round- · 

cornered square hole 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 1 but it 

30 is very accurately translated into cprrect 3D 

relationship, and finally, such conventions communicate to 

trades people, who are not involved with the structural 
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erection of the building, where their activities intersect 

with the structure. Moreover, communication of such 

information anticipates the trades people's activity so 

that they do not have to modify and repair the structur.; 

5 as they thread their infrastructure through the building~ 

lO 

FIGS. 32A-32E illustrate an embodiment of a stud wall 

which can be folded out of a single sheet of material 

using the sheet bending method of the present invention4 

In FIGS. 32A-32E no attempt has been made to illustrate 

openings or the like which are precisely positioned and 

shaped to communicate information, but such.data can be 

precisely located during the sheet slitting process. It 

should also be noted that the folded sheet of FIG. 32E can 

15 either be·a stud wall with studs joined to joists or a 

ladder with rungs joined to side rails 

Turning to FIG 32A, sheet of material 901 has been slit 

0 

along a plurality of bend lines to enable formation of a () 

20 stud wall or ladder structure. The slits are formed and 

positioned as taught herein~ 

In FIG. 32B the side wall portions 902 of eventual. studs 

or ladder rung 90? have been folded up along bend lines 

25 904 from flat sheet 901. The next step is to fold up an 

additional end wall or step portion 906 along bend line 

90?, as shown in FIG. 32C. In FIG.·320 the joists or 

ladder rails 908 are folded up along bend line 909, and 

finally the joist~/rails 908 are folded again along bend 

30 line 911 in FIG. 32E. · This last fold causes openings 912 
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in joist/rails 908 to be superimposed in aligned or 

registered relation to openings 913 (PIG. 320) in side 

walls 902 of the studs/rungs 903. Fastenexs, such as 

rivets or screws can be used to secure the joist/rails 908 

5 to the studs/rungs 903 and thereby secure the assembly in 

a load bearing three-dimensional form S14. 

r'ihen used as a ladder, rails 908 are vertically extending 

while rungs 903 are horizontal. When used as a stud wall, 

joists 900 are horizontal and studs 903 are vertically 

extending. As will be appreciated, the rungs/studs and 

rails/joists also would be scaled appropriately to the 

application. 

As set forth above# most uses of the slitting process and 

15 slit sheets of the present invention will requi_re that a 

plurality of slits be placed in offset relation along 

opposite 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 spaced apart 

20 actual fulcrums that precisely cause the position of the 

virtual fulcrum to be between the actual fulcrums on the 

desired bend line. 

While· there is a very minor loss of bending preCfS1on, the 

25 technique 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 engagement of the sheet portions 

across the slit occurs. This sinqle .slit bendinq is 

30 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~ Sheet 941 includes a 

5 slit 943 for bending of ear 944 about bend line 946. As 

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

946 opposed to slit 943. Nevertheless, ear 944 includes 

two shoulders 947 that define bending straps 948 with 

arcuate end portion 949 of slit-943. It also will be 

10 apparent that the central axes951 of bending straps 948 

are oblique to bending line 946 in oppositely skewed 

directions. 

When ear 94 4 is bent into the page for FIG. 3·5, oblique 

15 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 engagement again is 

produced by reason of oblique bending straps 948, 

20 correctly scaled arid shaped. 

Sheet 941 has other examples of arcuate bending slits 

which combine with partial opposed sits or edges ~f the 

sheet to provide bending straps that will produce·ectge-to­

face bending. For bending line 956, for example, slit 

943a is opposed at one end by a partial slit 957 having an 

arcuate end 958 that combines with arcuate end 949a to 

define an oblique bending strap 948a. At the opposite end 

of slit 943a an arcuate edge portion 959 combines with 

30 arcuate slit end 949a to define another oppositely skewed 

strap 94Ba. 

0 
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The result of the configuration of straps 94Ba is edge-to­

face bending about bend line 956. 

5 Slit 943b is formed as a mirror image of slit 943a with an 

arcuate edge and partial slit cooperating to define 

oblique bending straps 94Bb~ Similarly, slit 943c 

cooperates with an edge and partial slit to define oblique 

bending straps 948c that ensure edge-to-face bending. 

10 Finally 1 slit 943d cooperated with slit portions 960 to 

define obliquely oriented bending straps 948d. 

The single slit embodiment of the present apparaeus and 

method as illustrated in FIG. 35 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 the structure illustrated in FIG. 36, an 

axle 961 for roller 962 passes through openings 963, 964 

and 965 (FIG 35) which must come into alignment when sheet 

20 941 is bent into the three-dimensional housing 942 of FIG. 

36~ The single slit embodiment 1 therefore 1 will produce 

bends which are still sufficiently precise as to enable 

alignment of openings 963, 964 and 965 to within.a few 

thousandths of an inch for insertion of a:x:le 961 ". 

25 therethrough. 

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

to the slitting process and apparatus of the present 

invention are iliustrated. A sheet of material 971 is 

· 30 shown with five bend lines 972-976. Slits 981 are formed 
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in the sheet along the bend lines as described above. The 

edge 982 of sheet 971 should be cons.ider~d when designing 

the slit layout because it can influence the P.ositioning 

of the slits. 

on bend line 912 slits 981 were given a length and spacing 

such that a partial slit 98la opoens to edge 982 of the 

sheet of material. This is an acceptable bend line 

termination strategy. On bend line 973, partial slit 98lb 

10 again opens to edge 982, but the partial slit 981b is long() 

enough to include arcuate end 983 so that a bending strap 

984 is present to oppose bending strap 996~ Slit 987 can 

also be seen to have a rectangular opening 988 extending 

across the slit. Opening 968 is in the central portion of 

15 slit 987 and therefore will not significantly influence 

bending straps 984 or 986, nor will it effect edge-to-face 

bending. 

20 

On bend line 974, slit 98lc has an arcuate end 989 which 

defines with sloping edge portion 991 an oblique bending 

strap 992. A similar geometry is shown for slit 98ld and 

edge portion 993 .. The use of an edge of a sheet to · 

partially define a bending strap is also employed in 

connection with the slits of FIGURE 35, as above 

25 described. 

Finally, on bend line 976 arcuate edge portion 994 

cooperates with arcuate end 996 of slit 981e to define 
' 

strap 997. Thus, the edge portion 994 requires a slit 

30 layout which inverts slit 98le from the orientation of 

' 

0 
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slit 981d and illustrates that the finite nature of the 

slits requires that edge effects be considered when laying 

out the slits. In most cases, slit length can be slightly 

adjusted to produce the desired ber.d line termination or 

5 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 

10 designing the three-dimensional structure. This involves 

an initial sub-step 370a of imagining the design. Once 

conceptualized, designing will often, but not necessarily, 

proceed with a step 370b or 370c in which CAD or computer 

implemented designing takes place~ The step 371 of 

15 selecting a sheet of material and its thickness optionally 

can occur before or during CAD design steps 370b or 370c. 

As can be seen in FIG. 31, CAD design steps 370b and 370c 

can include various alternative sub-steps. Thus, a common 

20 approach is sub-step 370b1 in which the conceptual design 

is built in 3-D CAD and then flattened. Alternatively at 

step 370b2 , the design can be built up by successively 

bending sheet flanges or portions. One can also design in 

2-D and declare or locate the bend lines, which is sub-
. ' 

2S step 370b3 • Placement of the proper or best~designed 

slits or grooves of the present ;tnvention can be dane 

through software, at step 370b, or manually at the step 

370bs. 

30 The design process of the present invention can also be 

based upon a selection, usually by computer or a CAD 
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software program, at sub-step 370cl among a plurality of 

stored designs and/or patts. The CAD system can then, at 

sub-step 3"JOc2 _, modify the selected part to achieve the 

new or desired design, if modification is required. 

5 Finally, at sub-step 370c, the part is unfolded by the 

software into a flat state~ 

10 

Once designed, the next step is a slitting or grooving 

step 373, preferably by employing a CNC controller to 

drive a sheet stock slitting apparatus~ 
. (""\\ 

Thus, at sub-step~ 

373a data 1 representing the flat part and -the designed 

slits or grooves 1 are transferred from the CAD or CAM 

systems to a CNC controller. The controller then controls 

slitting and other formation nteps for the cutting and 

15 fabricating equipment. At sub~ step 373b, therefore, the 

flat part is formed using additive (molding, casting, 

stereo lithography) or subtractive (slitting, cutting) or 

severing {punching~ Stamping, die cutting) fabrication 

technique. 

20 

25 

Optionally, the formed flat sheet can also undergo such 

steps as surface treatment 373c, affixation of components 

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 the 

fabrication site to a remote bending and assembly· site in 

30 a flat or coiled condition. 
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Bending or folding 377 is precise and low-force. ?or most 

structures bending occurs along a plurality of bend lines 

and often, continues until two portions of the sheet are 

abutting, at which point they can be coupled together at 

the abutting portions of the sheet to produce a 

load-bearing three-dimensional structure at step 

Optionally, the structure can be secured in a 

rigid 

379. 

three-

dimensional, load bearing configuration by an enveloping 

step, which couples the folded part together by encircling 

10 it. 

Envelopment can be used for at least three strategies~ In 

the present invention .. the angle of a fold is not informed 

by the geometry of slits that form it. (Notwithstanding 

the technique of using a slit tilt angle to affect maximum 

15 contact area of edge to face engqgement for a particular 

angle of folding, as shown in FIG~ 24~} The angle of each 

fold is generally dictated by at least three interlocking 

20 

25 

planes. In some cases there is no opportunity to 

interlock three orthogonally independent planes, so 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 

the angle(s) into place by methods of adhesive(s), 

brazing, welding~ soldering, or attaching structural shin 

guards to the inside or outside of the fold. Another 

method is to use an interior structure of defined angular 

form and bend the structure around it,- that is to envelop 

the interior structure. This second method is referred to 

in the design and fabrication process diagram of E'IG. 31, 

30 by reference numeral 376a,b. Ill this embodiment of 

envelopment, the interior part may be left in place (376b) 

or in some cases, it aids in the foldtng process only and 

is subsequently removed (376a). 
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Another use for envelopment is to capture, which is the 

process of docking together a folded sheet structure of 

the present invention with a functional part that may or 

5 may not be formed by the present invention, by enfolding 

or enveloping parts or modules within another structure. 

For example, FIG~ 16 illustrates but one of many "captureu 

opportunities of the en'abling feature of envelopment in 

the present invention 376b. Thus, column 631 is enveloped 

10 by folded sheet 611. () 

Yet another class of envelopment can occur, when 

connections are made between two or more modules of folded 

plate constructi9n of the present invention, or between 

"15 two or more components that include at least one strUcture 

of folded plate construction of the present invention. 

The three-dimensional positional accuracy of features 

formed in a planar material of the present invention, 

combined with the enveloping nature of the closute or 

'" 20 coupling process,. enable a method of joining together U 

multiple pieces with a very high rate Of success that does 

not require secondary cut and fit adjustments~ This is 

distinct from the capacity of the present invention to 

align fastening features, such as holes, tabs and slots. 

2S It is a method of joining together by wrapping around. 

The process of the present inventi~n can also include an 

iterative step 380. The ability to create low-cost three­

dimensional parts using the present method affords the 

30 designer the pra.ctical luxury of being able to tweak the 

design before settling on a production design. 
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The slit-base bending method and apparatus of the present 

invention are capable of highly precise bending 

tolerance.s. The original slits can be laid out with 

5 extreme precision using a CNC machine to control, for 

example, a laser, or water jet cutter, stamping or 

punching die~ and the bends which are produced will be 

located with ± 0, 005 inches tolerance while working with 

macroscopic parts. This Ls at least as good or better 

10 than 9an be achieved using a press brake and a highly 

skilled operator. One additional advantage of using a 

stamping die is that the die can be wedge-shaped to 

compress the slit transversely or in the kerf width 

direction. This will compress the sheet material locally 

15 at the slit for better fatigue resistance. Such 

transverse compression also must be considered v1hen 

designing a kerf width to produce edge-to-face contact 

during bending. It also is possible to follow laser or 

water jet cutting by a transverse compression of the slit 

20 with a wedge shaped stamping die to enhance fatigue 

resistance. 

Moreover, when using the bending scheme of the present 

invention, the tolerances errors do not accU!nulate, as 

25 would be the case for a press brake. Alternatively, the 

slits or grooves can 'be cast or molded into a sheet of 

material or cast three-dimensional member having a sheet­

like extension or flap that needed to be folded. 

30 

While working with materials 

microscopic dimensions, other 

of near microscopic or 

forming methods cooononly 

used in the field of microelectronics and MEHS such a e­

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

accuracy. 

Rather than manipulating a laser beam (or sheet of 

5 material) to produce curved grooves or .slits, such beams 

can also be optionally controlled or shaped to the desired 

configuration and used to cut grooves or slits without 

beam movemenL The power requirements presently make this 

10 

15 

most feasible for light guage sheets of metals 

plastics. 

Fabrication techniques in the method of the present 

invention also may include steps such as deburring the 

slits or grooves, solvent etching, anodizing, treating to 

prevent surface corrosion, and applying compliant 

coatings, such as paints, rolymers, and various caulking 

compounds. 

From the above description it also will be understood that 

20 another aspect 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 direct~6n 

extending along and proximate a bend line to define 

25 bending strap webs between pairs of longitudinally 

adjacent slits. In one embodiment, the longitudinally 

extending slits are each formed by longitudinally 

extending slit segments that are connected by at least one 

transversely extending slit segment. In a second 

30 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 

llne and increasing in width. In both embodiments, the 

straps can produce bending about virtual fulcrums wlth 

S resulting edge-to-face engagement of the sheet material on 

opposite sides of the slits. The number a~d length of the 

bending straps webs and slits or grooves also can be 

varied considerably within the scope of the present 

invention. The width or cross sectional area of the 

10 

15 

bending 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. 

'£he method- of the present invention can be applied to 

various types of sheet stock. It is particularly well 

suited for use with metal sheet stockr such as aluminum or 
steel 1 which can have substantial thickness and a variety 

20 of tempers (for example, 2 inch carbon steel, 6061 

aluminum with a T6 temper~ some cer&nics and composites} • 

25 

. Certain bypes of plastic or polymer sheets and plastically 

deformable composite sheets, however, also may be suitable 

for bending using the method of the present invention. The 

properties of these materials are relative to a given 

temperature and fluctuations in temperature may be 

required to make a particular material .suitable in the 

·context of the present invention. The" present method and 

resulting sheets of slit material are particularly well 

30 suited for precision bending at locations remote of the 

slitter or groover. Moreover, the bends may be produced 

precisely without using a press 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 

allows the sheet stock to be shipped in a flat or nested 

configuration for bending at a remote manufacturing site 

5 to complete the enclosure. Press brake bends can be 

stronger than unreinforced slit bends so that a 

combination of the two can be used to enhance the strength 

of.the resulting product, with the press brake bends being 

positioned, for example, along the sheet edges~ The slit 

10 or grooved bends can only be partially bent to open 

outwardly slightly so that such sheets can still be nested () 

for shipping. 

The bent product has overlapping edge-to-face engagement 

15 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 also be reinforced, for example by 

20 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 

that the bent sheet has fewer openings therethrough along 

the bend line. Thus, welding.or filling along the bend 

25 line for cosmetic reasons is less likely to be required. 

It will be noted that While straight line bends have thus 

far been illustrated, arcuate bends can also be achieved. 

30 One technique for producing curved bend lines is shown in 

FIG. 33, namely, to layout identicai strap-defining 

structures along a curved bend line so the virtual 

fulcrums fall on ·the desired curVed centerline~ 

0 
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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 Slits 932 are shown as 

having a form similar to the sits of FIG. 6 with a central 

5 portion that is linear and diverging or curving away end 

portions. Slits 932, 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 shortened 

to better approximate the curve. 

10 

It should be noted that the corrugated sheet 931 has a 

hat-shaped cross section which is often found in roll 

formed corrugated panels. When used as a decking 

structure, this construction is not as desirable as the 

15 continuous panel of FIG. 20, because chord sheet portions 

934 only comprise about one-half the overall panel mass, 

but in other applications it has advantages and requires 

less material. 

20 A second technique is to use non-identical strap-defining 

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 extendinq slit segments can be 

25 shortened. 

The distribution and width of bending straps may·vary 

along the length of a given bend-line for a variety of 

reasons i.ncluding a variation in the trade~off between the 

30 local force required for bending and the residual strength 

of the un-reinforced bend~ For example, adjacent features 

that may be opportunistically formed at tne same time as 

the bendirig S:traps of the present invetltion may approach 

the bend-line so closely that the nearest bending 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. 

5 Finally, the bent structures of the present invention can 

be easily unbent. This allows three-dimensional 

structures to be disassembled or unfabricated for 

10 

transport to another site or for recycling of the sheet 

material. It has been found that the bent sheet material 

can often be straightened out1 or even subject to a bend 

reversal, and thereafter re-bent through 5 to 10 or more 

cycles~ This allows bending or fabrication of a structure 

at one site and then unbending, transportati-on and re~ 

bending at a second site. The ease of unbending also 

15 enables structures to be unbent and sent to a recycling 

center for- reuse of the sheet material and removed 

components. 

For convenience in explanation and accurate definition in 

20 the appended claims, the terms "up" or "upper#, '"down" or 

""lower", "insideu and '~outsideu are used to describe 

features of the present invention with reference-to the 

positions of such features as displayed in the figures. 

25 The foregoing desc-riptions of specific embodiments of the 

present invention have been presented for purposes. of 

illustration and description. They are not intended to be 

exhaustive or to limit the invention to the precise forms 

disclosed( and obviously many modifications and variations 

30 are possible in light of the above ~eaching. The 

embodiments were chosen and described in order to best 

explain the principles of the invention and its practical 

application, to thereby enable others skilled in the art 

to best utilize the invention and various embodiments with 

f"'\ 
\._,,./ 

0 
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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 claims appended hereto and 

their equivalents. 
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IN THE CLAIMS : 

1. A sheet of ma':.erial formed for bending alcng a bend 

line co:nprisir:g; 

a sheet of materia: having a plurality o:f slits forr.1ed 

therethrough, Lhe slits be~ng positioned .:-elative to a desired 

bend line a:."'d co:1!igured to produce bending o:f the sheet of 

cnaterial along tl:.:; ber:d line r.vith edge--to-face engagement of 

the sheer. of mate~ial on oppcsite sides cf the slits during 

10 substantially the entire bend of the sheet of :narer:!..al; 

!5 

whereir: the slit er.d portions diverge away fron the bend 

line. 

2. ~he sheet o~ mate~ial as defined in clai~ 1 wherein, 

the sl~'t end portions are arct:.ate ar:d CJ;rVe away fro:u the 

bend 2.ine. 

3. 1'he s:-teet of mate::ial as defi::-.ed ir: clairn 1 wherein, 

-she s li t.s are positioned equ.i.dis tant and on oppo.'3 i t:l? 

20 sides of tt.e be::-.d line, and the slits are pos::.tioned in 

1onq,:~'Jdinally overlapping relation to orient a lon;;:~.tudinal 

strap axis :Jf the bending strap to e:xte:td at ar. oblique angle 

to the bend line. 

25 

30 

4. A shee': of rcateri'll as defined in claim l wherein, 

the edge-to-face engage:nent occurs alo::1g substantially 

the f>~ll length of t~e slits durir:g ber:ding of the sheet of 

material. 

·' . The sheet of material as defined in clain 1 whereinr 

the sheet of material :s famed w:.th at least" two 

elongated slits posit~oned proxioate a~d on opposite sides of 

the bend l:..ne it, longitJ;dina~ly s-:aggered positions rela:cive 

to each o:::aer al:::ng the be:td line, and the sllts each have 

35 substantially the same configuration 1 Y.':ixh U:e slit on one 

side of the ber.d lir..e being inverted relative to t:te slit on 

the other sid0 of the bend line. 
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axis. 
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the 

axis. 

105 

Tile sheet of maten.al as defined in clai:n S w.f.ereiL, 

s:its are s~etri~al abo~t a ~ent~al tra~sverse 

?he sheet of material as defined in. claim 5 •·Iherein, 

s~its are asy~~etrical aOout a ce~t~al transverse 

The sheet of material a.:; defined in claim l \.;herein, 

the slits each :tave end portions and the longitudinally 

adjacent slit end portions defir.e bending straps ext:ending 

across tte bend litte that are sym.metrical a~out a longitudinal 

strap ax:.s. 

9. Tte shee~ of :naterial as defir.ed in claim : wherein, 

t::te slits each have end port.io::ts and ::he longitL:dinally 

adJacent slit end r.>ortions define bendi~g straps ex:te:1ding 

across the bend lir:e that are asymmetrical about a central 

20 strap axis. 

25 

30 

:.J. The sheet of rcaterial as defined in claim 1 wherein, 

-:::he slits each have substantia:ly the sane length along 

::he be:~d line. 

1 ' 
'' The sfteet of mate:;:ial as def:::~od Lt cla:_m 1 ;..:herein, 

the slits l:ave d:tferir.g le::1.gths a:ong the ber:d li:te. 

12. The sheet of material as de!:ined i::~ clai::r, 1 Hherein, 

the s:its are provided by a plural21:y of arcuate slits 

alt.e_:.~nat:.vely positioned o:-1 :Jpposite sides cf and 

longltudir:ally shifted along the bend l2ne, the arct<.at.e slits 

being cor:vex i:t a di:::ectio::-~ facing the bend :ine a::~d definlng 

bending straps havir:g strap axes exte:Jding obliq:rely across 

35 tho bend 1 ine. 
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13. The sheet of material as defir:ed in claim ::.2 

whe~ein 1 

t:he s::eet c-f materia~ is f:)rr:ted ~o.·.:'_th a plura:;_ity of pai.::-s 

of longitudir,ally ove:::lappi~g slits positioned late.::ally 

5 eq:OJid_istant from tte be:td line to define the ob2.iquely 

o=iented strap axes. 

10 

14. T:u:e sheet of nate::ial as defi::Jed in clairr, 13 

the strap axes are oblique to tl:e bend lir..e :.n opposite:y 

::_ncl:r:.ed d.irections. 

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

the slits each have end portions 1 and the lo::Jgitud~nally 

15 adjacent sli~ e::Jd portions define bendi::Jg straps having 

long..:.:::'J.dinal strap axes extending obl:Lquely across the bend 

line; ar:d 

th~ str2p ~xes are otllque to the bend line ~n the same 

d2rec:::ion to produce re~ative dis?laceme~t along the be~d line 

20 of por:::lons of sa:.d sheet of rr.aterial on oppos:'..-:.e sides o: the 

bend li:1e upon bending of the sr.e-et of w.aterial. 

:.6. 7he sheet. c:. material as defined i:t clai:n 1 wb;.Lc.ein, 

the s2-:.ts have a kerf >-:idth .,,:r...:.ch is sufficiently small 

material on opposlt~ sides o£ the slits durL1g bending. 

:. 7, T.te sheet of :l'.aterial as defined in ;:;2.aim 1 wherein, 

the sheet of :na-;:..:;rial is provided by o;;. defornable sheet 

30 of oFe of: a metal, a:r:d a plas'Cic. 

18. 'l'he sheet of material as defir:ed in claim :i.6 

' . w.tereu:, 

the s:1eet of mater:Lal is provided by a s'j.eet ~·lhich vnll 

35 o::tly be elastical:_y deformed d'Jring ~endl.ng, ac:Ki the slits are 

configu;:ed to oriem: the :>endi:r:g straps at an oblique angle 
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Hhich is S\:tfficiently small to prevent plastic deformat.:.on of 

said shee't. of materiaL 

19. Tl:e sheet. of ::na'ter2.al as defined in c2-aim :;, wherein, 

the sl s are :::onfig:.tred to cause an edge o: the sheet of 

material along one side of the s2.its to engage and slide along 

a face of :.he st.eet of material aJJ.mg the othe!:' side of the 

sl.its d'lring bendu:g. 

The sheet of material as C.efined in claim 1 wherein, 

the sl:t ts are fo;;:;med "hitl1 a stress redu::ing config'.n·atic:l. 

at the ends of the slit end portions. 

2 _. The sheet of rr.ate::ial as defined in claire 1 whe.::-ein 1 

the plurality of sli~.s include:: a pl'.l.rality of slit-s 

alo~g a~d prox~mate ~he behd line conf:gured ~o define at 

least one bendi:1g web between ad:acent slit end portions, at 

least one slit bei:1g ccmprised of a first pair of 

longit~dinally extendir:g slit segme!Jts pcsitloned proximate ::o 

20 ar.d on ::1pposi~e sides of and s:.tbstan-:.:_ally para:::.el to ::he 

25 

ber:.d lix_e 1 the longitv.di~ally ext.ending slit seg::nents fu::::theJ.­

haviTtg a pair of lo~gitudinal.ly pro::d::na:.e ertds cor:nected by a 

trar.svers:ely extending $lit svgmer..t. 

22. Tte sheet of :na.teri&-1 as defined in c:aim 1 wherein, 

the shee~ of ma~erial is secured in a coiled cor.dition. 

23. 'I' he sheet of material as defir.ed in cla.i.n l wherein, 

:.he ratio of a jog dista:1ce betwee:J. slits on opposite 

30 s:.des of the bend 2_ine tc the thickness of the sbeet c:; 

rna'::e.::-ial is le8S than abo-:1t 1.0, and the sl.i.ts have a kerf 

less than about 0. 3 tirrd?S the thickness of tl:e shee:: of 

35 

materiel!. 

24. The sheet of rr,aterial as defir;ed in claim l. whereir., 

tt.e longitudiaally adjacent ends of t!'le slits define a 

ber:ding s"::rap ex<;::ending acr;)Ss the bend line; and 
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:he beJCCing st:rap .;,.s for:ned w~th a width aimension equal 

to Cetweer. about 0.5 to abo'.lt 4.0 ::imes tbe thickness c::. ;;he 

The sheet of rna:.erial as defined in c:aim 24 

where:;_r:, 

the vJidtt. dime~sion of ttoe bending s;:rap :::...s ~etwee:i abo:Jt 

C. 7 to abou-:: 2. 5 t.J.rnes the thlckness of the st:eet of material. 

26. The st:eet of mater:'..al as defir:ed in clair:t :. whe:::el.n 1 

the sheet of ma::_erial has a plura:.. of sli7.s pos~tioned 

a:..ong a plurality of bend lines in positions producing edge·­

to-face engageme:1t o·•' ::he sheet r.1aterial on opposite sides of 

eac~ o~ she plurality of bend lines; and 

the s!'J.eet of materlal being be:::1t along the plurality of 

ber.d lires to produce a t~~ee-dimensional structure. 

The sheet of :ma".:erial as defined in claim 26 

wherein, 

the thr.ee-Ciner:sional structure is a box bean. 

28. ?he st.eet o::' material as def.:._ned in claim 2 6 

wi:~rein, 

the three~di:ne:nsional struc::t.:.re is a cross-braced box 

25 beaa:. 

29. The sheet of maLerial as defined i~ c~airn 25 

the three-dimens:ional s::ruc':.ure is a c:tassis :for 

30 electrica 1 corrcpone:<ts. 

3C. The sheet of rr.a::-.erial as defineC in claim 26 

wherein 1 

the three-dirne:'lsional structure is a st·uct vJall. 

35 

31. The sZteet of ma::erial as def~_ned in c2.aim 26 
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:.he three-dirrcenslonal struct"J:::-e is an origami form. 

32. The sheet of rr.aterial as defined in claim 26 

wherein, 

the three-e:mensicnal structure is a corr~.<gated panel. 

33. The sheet of rr:aterial as defined in c2.aim 26 

whe 

the t~ree-ciimensional struct'J!"e is a corrugated colt:n:c::. 

34. A sheet of material :'ormed fo:: bending along a betvj 

Hne comp::isir:g: 

a sheet of mater.:..al having a plura:;.ity of .sl~ts fonr.ed 

there:.hroug~ in pcsitions proximate and along the bend li:1e, 

15 ::he sli::s eacl'. havi:1g opposite ends "Jhich diverge away from 

the ber:C line 1 and the slits belng configured and posi::ioned 

to prod~ce ber.d:ng of the sheet of ma~erial along the bend 

line. 

20 .35. The sheet of :nateria~ as defined in clairr. 34 

w':terein, 

the slits are a:.-:en:atively partitioned on cpposite sldes 

of the bend line, longitudiaally adjace!1t sllts have slit end 

portions defining a be::1ding st:rap wi~h a ;;.ddth d:_mension Hhld; 

25 i:tcreases as ":he bending s":rap extends away :fron the te:r:d 

lir.e. 

36. ':'l~e sheet c:: :materia} as defl:1ed in clairr~ 34 

w:-"lerein, 

30 the slits are each formed ·~;ith a kerf dimension and a jcg 

35 

distance dimens~oa relative to a thickr.ess dimension of t~e 

sheet of rr.aterial prodt.:cing edge-tc-:face engage::rsmt o:E 

portions of the sheet of material en :::lpposite sides of the 

slits d~rlng bendi~g. 

37. A sheet of naten.a1 fo::rc.ed for preclsior. Oend::tg 

along a bend 1ine comprising: 
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,) plastically and elastically deiormable solid sheet o:': 

materutl :taving a plurali::y of e:.o::~ga'ted clcsed-e:J.ued slits 

::he:cein positioned in e:ld-to~end relation alor::g ar.d v.:::oxlrr_ate 

tj opposite sides of the bend line; and 

eac:t slit havi:c!g slit end p:::rtior.s dive,;:·ging away from 

the bend line, t.ll pai.::s of longitudina:::..y adjacer:t end 

por-rior:s defining bending straps extending obliquely across 

the bend ::.ine. 

38. The shee"':- of ~nat:er:al as defi:r.ed in c:aim 3-7 

whe::ein, 

the s2.:.ts are posi:.ioned on ':l:ternating sides of the bend 

line and r..he slit e:td por::ions are a_::c;.Ja::e a~1d c:Jrve mvay fron: 

the bend line to defi:1e obliquely oriented s~raps sKewed in 

l5 alterr:atir:g directions co the bend line, 

39. The sheet of ma-:.erial as def::tled i:1 cla,:.r:~ 37 

tt:e slits ?1'0 arcuate and have convex side facin~ the 

20 bending ~ 

40. Tl:e sheet of :na'teriol as defined in claim 37 

whe-::_·ein 1 

'.:.j}e .be!l.ding strap 1.s oriented for both tv.tisting and 

2) bending during bend:ng of the shee~ of ma~erial. 

41. The sheet of rr,ater::_al as defir:ed in claim 37 

;.;herein 1 

a ,.,iC.th d,._nension of t.he bending s-:rap .:,s grea~er than 

30 the thickness dimensior. of the sheet of material, 

42. The sheet of mate:-ial as defi:ted in claim 31 

~.;here_:_r:, 

the bonding strap has a tt.ickness dimension which 

35 lnc:eases as the bendi~g s~rap ex~e~ds away f~om the bending 

llne. 
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43, The sheet of material as defined in clair.t 37 

:::te plt:rality of slits define a plu:::ality of bending 

s-'::.raps exter:d:r.g a:::ross the bending :ine a:: o:o::_:q:.H.\l angles -:o 

5 t~te :Oendi:>g l Lre, 

44. The s~eet ~f material as def~~ed in airr. 4 3 

a::_ternative ber.ding st:::f.pS extend across -cte bending line 

10 in opposed sket.;ed directions. 

45, The :sheet of material as deL. ned i::1 cla:.m 44 

whereir:, 

t.t.e sheet of ncater::..al is a sheet of an isotropic 

15 rnateri_al. 

46. ?he steet c! material as defined ir. claim 43 

v1herein, 

a plura~ity of the bend~::1g straps are skewed to exter.d 

20 across the bending _ine in the same direct::..on. 

25 

47, The sheet of material as defined in claim 46 

t-ete sheet: of :::nate·~ial is a non-isotropic ma::erial. 

48. The sheet of material as deiined in claim 37 

wherein, 

th6 slits are positioned substantially equidis:.ance on 

the opposite sides of ::he be:1ding li:1e to prod'..lce be::1ding cf 

30 t..te ben::iing strap a~out a virtaal f'..llcrum st:.bstam:iaJ.::.-y 

superimposed c:-t the bending li:te, and where::1. the transverse 

dis-=:ance be:.ween slits across the bend line is not greater 

than about. ::he thickness of the sheet of rnaterial. 

35 49. 'The shee:: of mater~.al as defined in claim 37 

Hhe:ceir:, 
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the slits are formed to cooperate w::_th the bendi:tg s~_:cap 

:.o displace the sheet of mate~:ial on oppo!<.dte sl.des of the 

sl:. ts o'Jt of engage:nent, as the Oending of the sheet: of 

materia~ is being completed. 

50. The si:eet of mater.:.al as defir.ed in cla.llil 37 

v-;herei:1, 

the sheec: of mate""ial is a shee"C of an ar.odized metal. 

51. The sheet of ncaterial as defi:v:i!d ir. :::lain 37 

where:!.'1 1 

each s:i t lvos a:ccuate e:1d portions at opposite ends ;:;f 

the slit ar.d the arcuate end portions are forned to curve 111 a 

direc~ion away !rom the bend llne. 

52. The s:Jeet of material as defi:~ed ~n claire 51 

wherein, 

c.he arcuate end portioas extend tc terniaate at least: the 

end of a zcme o:: plastic de:-ormation of -che bendlng strap. 

53. 'rhe sheet Jf material as defined in claim 37 

where1.nt 

the sheet of rr.ateri.:t::. defir.lng t:re s J.i ts has been 

out\1ardly compressed. 

54. The sheet of :rJaterial as defined in claim 37 

w-he:rein 1 

the slits are arcuate in shape 2nd the tongue on :.he 

~o~vex side of at least o~e slit is displaced la~erally out of 

30 tl-:.e p1_a:J.e of the sheet of material prior tc bendir:g o:: -che 

sl:eet of matei.-ial i:1 order to bias the directior. of Oending of 

the sheet cf rr~terial. 

35 

5:':>. TLe shee!: of :tate rial as defined in c:aim 37 and, 

one of: a z-ub, dimp:e, contour, opening .. flange 1 tab a:~d 

groove formed in ~he sheet of mater~al. 
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56. The sheet. of material as defined in claim 37 

v.;rhereir., 

the slits are fo.r.:med to extend thrm:.g::-t the sheet c:f 

rr.a:;cria.:. at an oblique a:1gle to r.he plane of the sheet of 

5 maSe:riaL 

57, The shee~ of material as defined in claim 37 

>vherein 1 

said sheet of naterial is a sheet of cast material havir.g 

10 the slits cast therein. 

58, 'The sheet. of ma::erial as defined ::..n c:!.aim 37 

wherein, 

the sheet of n.ateria2, defi:ling t~e sl:.::s has been at 

~5 leas:: o~te of: deburreci 1 elecr.ropclished, solvont etcheC., 

anodizedt ~reated to red~ce co:roslon, and e:ectrcplated. 

59. The sheet of material as def1ned in claim 37, and ax: 

elastomeric layer bonded to the sheet of material across the 

20 bend llne. 

25 

30 

35 

60. The sheet of material as defined ~n claim 59 

whe.:cein, 

the elastcKeric layer is decorated. 

61. The sheet of materia2. as def:.ned in cla:.m 59 

"Wherein, 

the elastoneric ~ayer is reflective. 

62. 

whe-rein, 

The sheet o::: material as defined 1::< claire 37 

;:he stceet o:: mater~al is a ma~erial having a thermally 

act~ated sl::ape ::nemory. 

63. ':'he steet of matecial as defined i!! claim: 37 

1r1he~ein, 

said sheet of raaterial carries an adhesive str1p thereon. 
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64, The sheet of rnaterial as def:ned i~ c:~_a:n 37 and, 

a guard s1:rip of matorl~-. secured to -::he sheet of 

material over the bend line. 

'I'he s!leet of mate~ial as defiaed ~L claim 64 

the gu:;;.rd strip is secured to a side of ::he sheer; o:' 

ma;:erial away :':rom ;.:l:ich tie sheet of :nater:Lal is -.:.a be bent. 

66. The sheet of ma~erial as defined in cla:m 65 

·che guard strip :s sec.lred to a side of the sheet o: 

material toward which the sheer: of naterial is to be be:1t. 

67. The sheet of material as defined in claim 37 

where:.n, 

ths shee;:; of rr.aterial is formed for be:-tdlmJ along a 

p2urality of bend lines each javing a plu,!;'al.it-y of slits 

20 therealo::tg configured to produce edge--:;:v--face engagemer.t of 

the .sheet of :r.ate 1 or: oppcsi1:e sides cf the slits dGring 

bendlng. 

68. Tt.e ~6eet of ;uate:'ial as defi:ted ir:_ claire 67 

25 w~ere1.11, 

30 

35 

:-he plurality of beo::d lir:es are positioned a!'ld orie!!ted 

tc er.able fornation of a hollow ::::lo;o;ed structure 'Jpon bending 

of the sheet of raaterial. 

69. 'T.'l:e sheet of ::naterial as defir.ed in c=.aim 68 

whe:::ein, 

the pl~rality of ter-C lines are positioned and orienceC 

~o er.able formation of a hollow curved beam ~pon be:1ding of 

~he sheet of materia:. 

70. The sheet of nat erial as de::ined ~n claim 67 
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said plural.:.ty of bend lines are positior.ed and orient.ed 

~o enable formation of a corrugated structure upon bending of 

the sheet of nateri~l. 

71. ?he sheet of material as def~ned in claim 68 

wherein, 

the edges of the sf:eE:t of material are fo:crr.ed to mate 

wl::h a curved surface. 

72, rhe sheet of material as defined ir. clai~ 71 

the edges of the sheet of material are forr.Jed to mate 

wi::h a cylind::ical surface, ar.d the hollow c:..osed st.n:ct:.Jre is 

a polygona:.. st:-Jcture formed by a plu::-ality of pla::tar S')rfaces 

of said shee-r of material between the plural of bend lines. 

73. T:ne sheet of nate rial as defi:ted in claim E7 

w':tereir:1 

the sheet of rr:a';:erial lS ft.:rther formed with a plurality 

20 of at::achElE>:<t ~abs alor:g the plurality of bend lines. 

74, T~e shee~ of ~a~er:al as defined ir. ~:aim 73 

wherein 1 

the attac:tment tabs include faste::~er receivi::~g openings 

25 ::.herein.. 

l5. T::te sheet of r:taterial as defined in claim 73 

whereir:.., 

the attachillent tabs are forned to extend through 

30 attachment slots provided ir: a second st:eet of mater:.al to 

secure the second sheet: of ma-::eria !. to the flrst named sheet 

of rnaterial. 

The sheet of material as de::ined in claim 67 

35 11he::ein, 
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the plurality of bend l:nes are S<Jbstantially parallel 

tor and equally spaced from, each other, and the sheet of 

materials bent to have a zig-zag transverse cross section, and 

::;.w s'Jbstc:ntia..:.ly plana.::- st:eets of mat.erial secured to 

oppos:~e sides of ~he sheet o= naterial ~o provide a 

corrugated assembly of sheets. 

77. A method of slitting a sheet of material for bending 

along a Oend line comprising the step o£: 

.-:=or::n:r:g a plural~ty of slits -:.h=c'.lgh the sheet o:: 

mate=ie.l wi:ich are positioned o::fset relative ::o the ber:d lir.e 

and configured to produce ber:ding alo::g the bend line wit:h 

edge~to-face engagement of the material on opposite sides of 

the slits -upon bendi:rg of c:ete sheet of materiaL· 

arcwa.te sl,;.ts alterr:ati:tg ;):r._ oppc:,site sides of ":.he bend ~ J.ne 

with convex sides of r:he arcuate slits closest_ t,o the bend 

line. 

78. A :net.hod as def:ned 1n claim 77 ·..ther.ein, 

C.:..tri:1g the forming step 1 each sli-.::_ .:_s fo.::rr.ed v!i ::h sli i::. 

end portions diverging away fron the bend li:~e, with a pair c:f 

longitudinally adjacent slit end portions on oppos.ite sides of 

the bend line defintng a bending strap extending across the 

25 bend cbe, oJ:d du=iag the form.'.ng soep, fo,;nd.ng the slits \dth 

30 

35 

a kerf width d;u:tensicned a:td tra.:tsverse : oq distance bet;veen 

slits px·oQ:.;cing interengagemem: of the sl:eet of materia:. or. 

opposite sides of the slits during bending. 

79. The method of slitting a sheet of material for 

ter:C:_::l.g c.s def' :~ed in cJ..airr 78 •.-;her-e.~.n, 

~he .forming st~ep is acco:np2.ished by forni:~g t:1e sl:.ts 

with slit end portions defining a bending strap extendir:.g 

obliquely across the bend line. 

ec. ':'he lt'.ethod as defi:-~ed ir: clai.rr: 78 r and ::he step of 

varying the cross se~tiona~ area of the bendir:g s~rap by 
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changing at least o:;;e of t_he jog distance between slits and 

the positior: of ::.l:e slits along the bend line. 

S l. ':.'he method o:: slitting a sheet of nate rial for 

5 bending as defined i::t clai:rr, 77 1 3.nd the step of: 

p:dor -:o the forrr.ing s>:ep, se::_ectir.g a solid sheet of 

elastically and plastically deformiO!ble material for slitting. 

82, The method of sl t~-"-9 a sheet of mate::ial for 

10 bending as defiJ~ed in claim 77 wt.ereir~ 1 

t:'le forrdng s':ep is accomplished by forrnin; each of the 

slits in a position to longitudinally overlap along the bend 

1 ine; a.r.d 

for:uir:g e~ch slit with an arcuate end 9ortior: at es.ch end 

!5 of the slit to def::_ne an ob!.:.q·.;:elJ' exter!ding ber,ding strap 

20 

betv;een ":.f:e end portions c~ long:tudinally adjacer..r. sli::s. 

83. 1'he method of slitting a sheet of material fer 

bend_~ ng as defined in c:..aim 82 whe.:-ein, 

r:he forming step is accomplished by forming the slits t-o 

~e laterally offset on opposite sides of the bend li:1e wit~ 

cer.cTal slip portior.s substantially paralle::.. to the be::1d 1 ine. 

8<:. The method of sllttir,g a sheet of ma:::-2;rial for 

bending as defined in claiw. 83, 

r:he foro._:_:1g step is ac:co:np:.ist:.ec'. by _:arming the s::.its 

with a kerf proC:JCing sliding of edges c:1 one side of t:-te slit 

or: faces on rt.e other side of ::he ,s} i:. during bending to 

positl.on t:J.e edges in suppo:::.-ting relatiort to the faces of the 

30 sfceet of mater::.al o:1 opposite sides of the slits duri::tg 

ber.di:lg. 

35 

35, The rr,ethod of slitting a s:-teet of :nate~ial for 

bending as cie.i:'ine::l in c:airn 84 1 and the step cf: 

after t:he forming step, bending tl:e sheet. of material 

about a vir.t:ual fulcrurn aligned with the bend hne to prod<Jce 

plastlc a:1d elastic deformation of the bending strap. 
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86. The rr.ethod of slltting a sheet of mater.:..al for 

bendir:g as Cefined in clai:n 77, wherel:x 

the forning step is ac::o::uplished by forning a pll;i.rality 

5 cf slits as de.:ined in :::laim 77 on opposir:e sides of t~e bend 

line along st:.bstat:':ictlly the full ler:gth of the be::1d line. 

10 

87. The Method of slitting a sheet of material for 

bending as defined Ln c~ai:n 77 1 and the step o£: 

after the ~orm;ng s~ep, bending the sheet cf ~ateciol 

about the bend lir~e. 

BB. 'I'he raethod as C:efined ir. clain 87 Hl:erein, 

durlng the for:ni:1g s-::ep, forming a pluraJ.ity of slits on 

15 each of a plur~lity of intersecting bend linesi 

20 

du.ur.g the bendir.g step, bending the sheet of material 

along at ::.east two bend li:tes to prodr.ce a s"L.rt:.cture having 

thr.;.e W.Jtually ~ntersecting an.d abutting planar sheet panels; 

and t~e st>EP of: 

securing the three :nutt:al.:.y intersecting panels :n 

ab:ltting re :at ion fol- mutual suppor"::. 

29. The method as- defined l.::< clai:r. 87, and the srep of: 

af~er tt.e ber.ding step, filling the ben~ sheet of 

25 material at the slits by one of a welding, brazing, soldering 1 

30 

35 

petting and adhesive filL.ng step. 

90. ·1'he method of sll':t1ng a sheet of P.Jat.er·3.al fo~· 

bendu:.g as d·:c:fined in c~ain 77 wherein, 

the :orming sc:et: .us ac:;omplished at a first locatio:1, and 

the steps of: 

af~er the fo~nl~g step, transpor~ing the sheet of 

oaterial from ::he first location to a second location re::not::.e 

of u~e rst. location; and 

after ':he transporting step, bendir:g the shee--c of 

mate:::ial along the bend line a';. the seconC locat~or: .. 
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91. Tht: r.mthod of sli::ti!"lg a sheet a:· material for 

ber:dLJg as defined Lf: clai:n 90 wherei:c.t, 

the transpo:Lting step is accompl~eneo 

sheet of 1r:aterial in one of: 

(a} a flat condition; 

(b} a coiled condition; and 

{c) a pac::-tially forrned condition. 

by transpo~ting the 

92, The method of slitting a sheet of material for 

!0 be:tdir:g as defir..ed in claim 90 wherein, after the forming step 

3.r.d pr1or tc the :.r.;:~n.spor-:::.:ng s-:ep, rollir:g ::.l:e s::teet of 

material into a coil 1 perforning t:he transpor7::cng step w't~ile 

the slu::et of material is coiled, and the step of: 

J::tcoilH:g t:te sheet_ c:: material at ancther location p!>ior 

15 to pe.::for:ni1:g the bend::..ng step. 

20 

93. 1't.e met::tod of slit~~Ylg a sh0et cf reate rial for 

bendir1g ;;ts defined in clai;;u 92 1 o.nd the step of: 

during the uncoiling step, performing the bending step. 

94. ?he method as defined 1n clai::n 93 w:terein, 

the transportation step is accomplished by transporting 

t;,e ;::o,:led sheet of IL&terial frorr, a first location :::n the 

s'-.tzface of the sl."rface of the earth to a seconci loce..Lton ir. 

25 outer space. 

95, The met.hcd as defineC. 1:-.: cla-n 9So v;::-te:::-ein, 

the bending step is accomplished by bending the sheet of 

;naterial along a plurali-ty of bend lines to produce a 

30 s::ruct'J.re t,aviTlg three r;r~tucEy intersecti::lg planes; and the 

step of 

secw.ric1g the s1:r'clcture against unbending. 

96. A method of forming a sheer, of material for bending 

35 along a bend line comprising the step of: 

for:nir:g a p:L-wu.lr::.y c::: De:1ding s-::rap-defining s.:ructures 

in the sheet of material which are positioned relative to the 
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bend line to define at least one Pending strap i:1 :J:e sheet of 

r.Jaterial having a longitudinal s~rap axis orier:ted to exte:1d 

across ::he bend :.ine, the strap-definirLg struct;;:::es being 

configured and positioned '""it.h edge -·to-face engagement of the 

5 material to p:::oCuce be::1ding of the s:1eet of material along the 

10 

15 

20 

25 

bend .'..ine; 

wherein the forrr.ing s~ep .:_s e.ccorr,plished by forning the 

sl"Ls as eiongaced a:::cuate slits d~ve=g~ng away from the bend 

line, 

97. The nett.od as de~ined in claim 96 wl:terein, 

the form~r;g st.ep is accomplished by forming the arcuate 

sllts to have convex sides facing the bend line, 

98. The :net~od as defir:.ed in claim 96 wherein, 

t:1e forrr.ing step is accompl :.shed ny foruir.g the strap­

dofini:vJ st.:::uctures as grcoves formed to a dep":.h not: ex::e::1dl:t<;< 

throt.:gh the shee": of rctaterial. 

99. Tf:e :nett.od as defined in claim 98 tvberel:1, 

the forming step is accomplish6d by fc.::ming the g:':'ooves 

ao; elongated arcuate grooves. 

100. Tb.e nethoC as defir:.ed :.n claim 99 wherein, 

the form::.ng s-eep is accomplis:-ted by form::_ng tt.e arc"J.ate 

grooves to have convex sides facing "!:he bend line. 

~01. The method as def.ined in claht 98 vtherein, 

the =:orrr_inq step is accor1plished by for:rr.ir:g t:~e grooves 

30 .:.n the sa:ne side of the sheet of mate.::ia::.. 

102. T2e rnethod as de Lined :d1 clCJ!c:n 96 ;vherein, 

tl:e formir:g step is accomplished by '!:or:ning the strap­

defining structu::es to defice straps having a width d.ircensior: 

35 whicJ:J. inc~eases in both direct.ior~s alo~g a longitudinal strap 

?xis from about a rr.idpoir.t o£ the length of the strap. 
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Th~ method as defined _n claim 96 ~hereir., 

-:.he forming ste;:; _:s accomplished by forrr,ing the s::rap­

dq,;fini;:g structures HS arc~ate slits defini:tg tor:g'Jes o::t a 

concave side of the arcuato slits d:..splaced out of the pla::::te 

5 of the s~eet of ~a~erial before bend:ng. 

104. The method as deJined in clairr, 96 wherein 1 

dt:n:i:Jg tne forrning step, fol:'rn.inq the s.-.lts as arcuate 

slits a::.te:::-natiag on oppcsite sides of the be:~d lir.e ":ith 

;o convex scdes of the arcuate slits fac'ng tha bend line. 

105. A :eethod as defi!1eC in claim 9E wherein 1 

during the fo.r::nirtg step, eac!i sl5.t is formed wit::t slit 

end portions d~verg~ng away from ~he bend line, with a pair of 

15 longitudinally adjacent sl:t end portions on oppcsit~ sides of 

t.he bend .:._ine dofl::1ing the ber.dlr.g strap extending ac::oss the 

bend 'tine, and dc.ring ::he fcrming step, fcrming the slits H:.r.h 

a kerf wldt~ dime~sioned producing interengag2~ent of the 

sheet of ;:naterial on opposite sides of tl:e slits during 

20 bending. 

25 

106. A nethod of slitting a sheet of ma';:erial for bending 

along a ~end line conpr~sing the steps of; 

selecting ct solid sheet of rCJater.:',_al £or s:_:.ttir.g; and 

form:r.g a plural.::_ty of slits aljng a desired be~d 1:.ne 

with alternate slits along the bend line beir,q posi-'::-io:J.ed or: 

alternating sides of the bend lir:.e and da?'.ing :he forming 

step, for::ning e3ch slit wi-;:.h a cent:::al pc::tion substantially 

para::.lel t.o a::td offse-:. late::ally fron the bend line and v1i:.h 

30 arcuate slit end po::tions or: each end of t:te sli~ diverging 

away fror,t tf:.e ber:d 2.ine so that adjace!!t pairs o:: a:::cuate 

sl::ts define bending straps extending cbliq;:..ely across ::he 

bend li"-e >:vi:::h :_:-.creasir:g strap widtl'. dimensions on both sides 

of a rr.im.ma.1J ·Nirith dirr,ension. 

:07. l'he ne:.J"'.od as defiY~cd in c:ai:n 106 wherei::t1 
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tl:e forming step is accOicplished usi:::1g a laser cm:tir.g 

app~ratus to c':.lt sli::s hav:..::1g a kel·f width dimensioned to 

produce interengaqement of the sheet of materia: on opposi::e 

sides of. the s:i..:.ts d~:-i:1g Oeacti::1g, 

108. ?he method in cla:.m 106 wherein, 

the for:r.ing step is acco::nplishe::l using a water jet 

cutting apparatus to c·.:tt sl:ts having a kerf ;.;idth dimensioned 

co prod~;:;e ir:::::.erengagement of the sheet of rc.ateYial or. 

10 opposi':e sides of the slits during bendi:tg. 

15 

20 

~09. T~e method as defined :.:1 clai:n 106, and :he step of: 

af~er tlce form::.ng step, ber.ding '::he steet of mate::cial along 

the ber.d l 

~:.o. ':'he method as defined ir:. clairr. 109 whereir.., 

the forming s~e~ is accomplished by forming the slits 

with a kerf width dimension and a t.ransverse jcg distance 

between s:.::. ts p.::oduci::Lg sl.:.ding i:c.tere:1gagene::1.t of 3-n edge of 

t:te sheet of material or, one side of the slit with a face 

the sbeet of rr,ateria;_ on the ot.he:: side of the sheec of 

mat-erial; and 

the bendir:g step is accompl.:shed by bending c:hc sheet of 

material aboL~ a vi:tual fulcru~ substantially aligned with 

25 the bend l~~e so that slidlr.g interengageme~t of edges and 

faces of the sheet c:f. mate::ial produces plastic and elastic 

defornatio:t of the bending strap~:,. 

30 

2.ll. The method as defined .:.:1 clai:rr. 110 Hherein, 

the formir:g step is accomp:i.ishe::i by for;:ning the slits 

along a pl~1rality of i:1tersecting bend :i:'1es; and 

the bending step is :.s.ccomplished by bending the ,:;;beet of 

:naterlal intc a tiree-d2.nensional struct-ul::e havtng t~ree 

im>erse::-::._:ng planar areas extendi~g i:tto ab'.ltting relation; 

35 and 

the step of secering the L:tree lntersecting planar areas 

::ogcttl.e.:: to .L.nm a stable structure. 
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:~.2. The method as de!:ir.ed in clai::n 110, and tt.e step of: 

after the bending step, filling tl:e slits with a ma":eria~ 

producing a .:;;ea!ed joint at the bend lir:.e. 

113. The methoc'. of claim 112 wherein, 

the filling step is accomplished by o~e of: 

{a) weldir.g; 

(b) b.t:azing; 

{c) solderlnq; 

(d) potting,· a::1d 

;e) adhesive filling. 

114. The metJ::od of clai:n ~10 1 and the step of: after the 

15 bending step, unbe:tding the sheet of mateial. 

115. '::'he :ue::hod c:: cl;~dm 106 whereie., 

the forming step is acc::;mplis?led by providing slits 

defi:1ing be:~dir:g straps oriented relati.ve to the be:td line to 

20 oppositely extend1.ng oblique ang2.es. 

the ~orming step is accomplished by prov~ding ber.ding 

straps having lcngitudina::. strap axes criected relative to the 

25 bend li!le at angles of aboat 45° and about 135~ at opposi1:e 

e:.ds of' "' sli '.:. 

A rr,ethod as defined in claim lOE wherein, 

t.t:;;; forming step is accorr.plished by selectir.g a width 

30 dimens~on for ;:.he t:endi:;1g str2ps p::=cduCl:lg a desired a:nount of 

force required to bend the sheet of ::nater:_al. 

:1s. A ~ethod as se~ forth iL clai~ 106 wherein, 

the forming s-r.ep is accomplished by sele:::c:in:; a mini~:mm 

35 ;-dd-<::.h dimer:sion ::or the bending straps \>Jbich is great:er than 

the thickaess c: 'Che s~eet of material being bent, 
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119, A method as set for-::.h in c2_aim 106 Hl:ereiL 1 

-::!1e forr::dng step is acco;nplisiced by selecting a mir.:mu .. rn 

wid-s~ di:t~enslon for, the bending straps wh::ch is l.ess than t~e 

:.hick::1ess of the sheet of ma:.:erial be bent. 

120. A ~ethcd as set fo~th in claim 106 wherein, 

the formiag step is accomp::_ished by selecting a F.li:lim::.L'T\ 

-..:idth dimens::.on for the bendiJ:g straps which is in -she rar.ge 

of about 0.5 to about 4 t::;.nes t!i.e thick:-tess of the sheet of 

10 nateria~ be:ng be~t. 

122.. A method as set fo.:-th in cl.;;ir:~ 2.20 1-Jhe:rein, 

the selecting s::.ep is :;cconplished by selec::.'_ng a rdnimurt. 

v::.dth of the bendir:~g straps to be be~ ween 0. 7 to 2. 5 times t:'1e 

15 thickness of the material beiYlg be::-tL 

::_22. A met~od as set forth ir. claim 1C6 wherein, 

the forrr,ing s-;;:ep is accomplished by c::mfiguring the 

:Oend~::-~g straps t:J be o::-iented obliquely to tt:e ber::d~ng lir.e l.:l 

20 oppositely skE'Ned directior:s. 

123. A :nec:hod as set forth in cl'lim -22 VJherein, 

the fc::rr.ing step _:_s ac::;;crr,pl::.s:.ect by configuri::1g the 

bending straps t:o diverge :"rom proxi;:nate a lddpoint of the 

25 lengths of the ber.ding straps. 

::_24. The method as defined in clalrr. lOB wherein, 

the steps vf se2-ecting the sheet of materla· and forming 

a plura:_ity of slits a:::e acccrr.plished to p!:'oduce only elasr.ic 

30 deformat.io;:; of t~e sheet of material du!:ing benct.:.ng. 

125. The net hoC as defined in c:aim 106 whe:.-ein, 

t:'le foming step is acco:nplist.ed l:1 a man::1er pr::)ducing 

slid:.:-rg edge-tc-face e::~gagerr,ent of the sheet ::>f rcater~al on 

35 opposite sides of the slits, tte sliding engage:uent 

progz:essing fr':lm a lor:gltudinal center of the sli::s to the 

s:it ends as the be:-tding straps are ti'Jis::ed and bent. 
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126. The meth::;d as defined in claim 106 wherein, 

d:J.rin:; the forming step 1 the :nini::num wid-:h of 1:-he be:r:ding 

straps, -::he distance of each slit frcrr. the bend line, ar.d the 

5 widtt. of each slit are selected to produce a desired strength 

of t:hB bend fer the :;;omposition and thickness o""' said sheet of 

mar:erial ar:.d the forces to V!hich the bend is 1.;:.o be subject.ed 

ct·,.u:ing use. 

I 0 

15 

20 

127. Tee met:ood of claiJrc 106 wl'erein, 

during the formu:g step, the dista;1ce o::: each sl to the 

be::d li:1e is ~es:s :;.tan the thickness of the sheet of mater!.al. 

128. The metl;od of clain 106 whereir., 

dur:ng tl:e step of foruing :he s::.:.ts, t:J.e s::.its are 

~o:nned tD have a geome:.ry which tends to reduce residual 

stress in the sheet m.a::e al at the poir:-:: ~;rhere ~l:e sl ~-ts are 

terminated. 

:29. rr.e mettod as defined in claim 109 wherein 1 

the forming step is accomplished by forr:ting the slits 

along a plGrality ~f bend lines arra~ged to produce a cross­

braced box bearr. upor. bendi::tg; ar:d 

dcring the bending step, bending the sheet of :r:aterial 

25 lnto a c::oss-braced box bear1. 

130. The rr,etl',od as defined in claim 109 wherein, 

the forning step is accomplished by forming tl·.e slits 

along a plurality of bend J.ines arranged ~o prod~ce a 

30 contir:uous ;;;or:rJgated deck apon bending; and 

35 

dur2.ng the beading s:.ep, bending the sheet. of materia.::. 

into a continuo~s corr~gated deck. 

l31. The method as defined in claim 1051 wherein, 

the foroing step is acco:nplist:ed by :orming the sLi.r:s 

alor:g a pLnality of De:;d lines a.:-ranged to produce a 

compone:1t .support chassis upon bend.ing; and 
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during the bending step, bending the sheet of material 

i.nto a component support chassis. 

132. ?he rr.ethod as def:;_:c1ed ir. clairr. 109 wherein, 

tl:e fo::rdng s::ep is a::;ccrr:plished by forrJ.ing the sl s 

a.l.cn:; a pl'Jrali;::y of bend :1:1es a.:-=anged -:o procL1ce a st·J.d 

wall upo~ bendir.g; and 

duri~g th~ ber.ding step, ber.ding the shee:: of rr~t"'""" 

into a stud wall. 

133, The method as defined in claim 109 wherein, 

the forming step is acconplished by forming the sl 

alor:g a plurality of ber:d lir.es arranged to produce a ladder 

:1p;:n: bendi ; a::td 

during t:he bending ~tep, :Oendinq -:te sheet o£ :na;;.e 

into a ladder. 

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

line comprising: 

a sheet of material having a slit formed therethrough and 

positi::med proximate a deslred bend line, and a bending strap 

at: each end of the s:it, the bend1.ng strap bair.g configured to 

prodcwe ber:d::_ng o:: the shee~ of :m.a":e::-ial along she be::~d li:....e 

with edge-::o~face engagerr.ent of the sheet of :r.at8 :. en 

opposite sides of the s:.it dJ;r:.:tg s1.:-bsta::1tially the er.tire 

bend of the sheet of ma~e~ial; 

wherein the slit has slit end portions diverging away 

from the bend line and defining one side of each bending 

strap. 

135. ?he shee~ of material as defined in clalm 134 

the s_it e::-td por:.:.c::1s are arcc.a:e a:1d curve away from the 

bend lir,e. 

136. The sheet of material as defined ire claim 134 

v1herein, 
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the bending straps extend obliquely across tho bend line. 

137. The sheet: of rr.aterial as defined ir:. c:aim 136 

where:.n, 

~~e bending s~raps are skewed in opposed cti=ections 

convergiag toward each ::r':her :Jr. a side of the bend l:l.ne 

opposite the s~~t. 

:!.33. The shee-r: c.f mat:e.:c.'lal as defined in claire, 134 

a side of one bend_i ng strap is defined by an edge of the 

sheet of material. 

139. The sheet of material as defined in claim 138 

15 wherein, 

20 

the slit has arcuate end portion at each end and one end 

portion and the edge of the sheet of material define an 

obliquely exte:r~ding bending strap. 

:40. The st.eet o£ materia::. as deL.r:eC iTl clai::n 134 

the shee:: of rr_ater.:_al has been bent along the be::td li::te, 

-:..41, A me::J:od c:: slitting a sheet:. of material for bend.iag 

al~ng a Cend ~i~e co~prisin; the steps of: 

selecting a sclid sheet of reaterial for slitting; and 

forming a slit along a desired bend line with a ccntra.l 

portion substantially parallel to and offset laterally from 

the bend line and with arcuate slit end portions on each end 

30 of said slit diverging away from the bend line so that said 

end portions of said arcuate slit define at least part of 

bending straps extending obliq:1ely across the bend 2_i::~e -...:ith 

increasing strap width ciirr_e:r.s.:_o~s on beth sides of a ninimurr, 

width di:ner:sio!! o.f the st.:':"aps. 
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142. A method of designing a product comprising the steps of: 

laying out tire design of the product in two dimensions, wherein said product is 10 be 

made from a folded sheet of solid material; and 

designing the configuration of and positioning a slit 10 be formed in the sheet of solid 

material, said slit 10 be located in a laterally offset position along a desired bend line with slit end 

portions on each end of the slit dive;ging away from the bend line, said slit to be configured to 

produce interengagement of solid edges of said sheet of solid material on opposite sides of said 

slit during bending of lhe sheet of solid tnllterial. 

143. A method of designing a non-compressible sheet of malerial to be bent along a 

bend line comprising the step of: 

laying out a slit v.ith slit end .POrtions on each end of the s.lit diverging awey from 

the bend line so that the end portions define a bending strap on each end oflhe slit on the sheet in 

a manner such that upon bending the sheet to a given angle of sharpness in the. bend, the 

microstructure of the sheet of tnllterial undergoes very little change in comparison to bending the 

sheet of material to substantially the same angle of sharpness using conventional bending 

techniques. 

144. The method as defined in clahn 143 and tire step of: forming the sheet 

with the slit and bending straps; and bending the sheet along the beod line. 

145. A melhod of designing a product comprising the steps of: 

laying out the design of the product. in two dimensions) wherein said product is to be 

made from a folded sheet of solid material; and 

designing the configuration of and positioning a slit to be funned in the sheet of solid 

ma!erial, said slit to be located in a laterally offset position along a desired bend line with slit end 

portions on each end of lhe slit diverJJ.ing aw:ey from lhe bend line, said slit 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. 


