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APPARATUS AND METHOD FOR FORMING
G c (9)

Related Application
This application is a continuation-in-part of
Application Serial No. 872,102, filed June 6, 1986.

Field of the Invention

The present invention generally relates to manu-
facturing apparatus, methods of manufacture, and products
manufactured thereby and, more particularly, to an integral
three-dimensional object formed from individually contoured
laminations of the same or gradually varying shape.

Background of the Invention

Recently, there has been much discussion concern-
ing the feasibility of building a flexible system for auto-
matic manufacturing of three-dimensional dies, molds, proto-
types and products. Although it is presently possible to
develop information about a flat figure or a three-dimen-
sional object in a computer memory and then have that figure
or object reproduced in two-dimensional fashion on a piece
of paper by incremental movements of a plotter pen, it is
not yet possible to actually produce the object in three-
dimensions in the same manner. Nevertheless, it would be
highly desirable to produce three-dimensional objects from
existing computer assisted design systems (CAD systems),
since among the benefits to be derived would be reduction in
expense and increase in efficiency.

Based upon a consideration of the features of CaD
systems, it does not at first appear that there is any logi-
cal manner for producing three-dimensional objects of gradu=
ally varying shape. Upon further investigation, however, a
three~dimensional object might be producible utilizing thin
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plane cross-sections of a solid body as its building blocks
with each of the cross-sections being cut or formed separ-
ately. Each cross-section could be cut or formed by a laser
located on a positioning "plotter-like" table, or by some
other technique such as chemical etching, and then attached
to another cross-section using a suitable bonding technigue.
In this manner, any complex three-dimensional object could
be built once its design had been completed with the use of
a CAD systen. |

With this method, only one machine and one tool
would be needed for production of the three-dimensional
object. The only software réquired for cross-section gener-
ation would be the one that already exists in modern CAD
systems, and it would presumably work for any three-dimen-
sional object. Being information intensive, this theoreti-
cal technique could easily be incorporated into knowledge-
based engineering, design, or model-shop systems.

' On a small scale, the three-dimensional production
system for creation of prototypes can be established as a
computer peripheral. It might also evolve into a device for
manufacturing lightweight laminated composite parts which
are finding widespread use in our energy-sensitive indus-
trial environment. On a large scale, the three-dimensional
production system can perform as a full flexible manufac-
turing system for making dies, molds, prototypes and prod-
ucts.

Certain discrete components of the suggested
three-dimensional production system have been used in appli-
cations of various types. Unfortunately, until the present
invention, there has been no practical means for combining
three components and developing still additional needed
components into a complete, workable system. For instance,
while laser based manufacturing, CAD systems, and lamination
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processes are all known, it has remained to combine them
into an integrated three-dimensional production system.

The power of lasers utilized in laser cutting
machinery allows accurate cuts in metals up to 0.25 inches
thick. Moreover, CNC-controlled contouring enables cutting
of virtually any shape. The cutting speeds of such machin-
éry can range from three thousand feet per minute for plas-
tic films to as low as a few inches per minute for thick or
high temperature metals. Similarly, the use of photo etch-
ing techniques to create numerous complex flat plates has
been known for years, but has never been utilized as a por-
tion of a technigue for creating laminated three-dimensional
objects. Also, CAD systems have gained enough sophistica-
tion to allow solid body representation. Moreover, some CAD
systems can accumulate accurate three-dimensional informa-
tion along with accommodating sectioning of solid objects.
Additionally, some types of laminated dies held together
mechanically by bolting or the like have been produced by
conventional machining for many years. However, despite
advances in lamination processes, it has remained to imple-~
ment the advantages of automation in three-dimensional pro-
duction.

The present invention is directed to overcoming
the above stated problems and accomplishing the stated ob-
jects by providing a unique apparatus and method for forming
a composite from laminations.

Summary of the Inventjon

Accordingly, the present invention is directed to
an apparatus and method for forming an integral three-dimen-
sional object from laminations of the same or gradually
varying shape. The apparatus includes a station for storing
and supplying a material together with means for forming the
material into a plurality of individually contoured lamina-
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tions in shapes reguired for assembly in a preselected se-
quence into the three-dimensional object. It also includes
means for controlling the operation of the lamination form-
ing means to provide the individually contoured laminations
for the three-dimensional object in response to data entered

‘concerning the three-dimensional object and further includes

means for assembling the plurality of individually contoured
laminations formed from the material in the pre-selected
sequence into the form of the three-dimensional object. The
apparatus also includes means for integrally bonding each of
the individually contoured laminations to the next adjacent
of the individually contoured laminations. With the unique
apparatus of the invention, the formation of an integral
three-dimensional object from laminations of the same or
gradually varying shape can be successfully completed.

In a preferred embodiment, a supply station houses
rolls or containers of thin sheet-like material and the
sheet-like material is a sheet metal ribbon. With this
arrangement, the apparatus also preferably includes a feed-
ing mechanism for advancing the ribbon from the rolls. 1In
addition, the lamination forming means preferably includes a
work station having a position for cutting the sheet-like
material together with means for cutting the sheet-like
material into the regquired shapes at the cutting position.

Preferably, the cutting means includes a laser
beam generating device operatively associated with the work
station, and also advantageously includes means for focusing
a laser beam from the generating device onto the sheet-like
material at the cutting position. Moreover, the apparatus
preferably includes means for directing the laser beam from
the generating device about the sheet-like material to form
the required shapes at the cutting position.

. In the preferred embodiment, the operation con-
trolling means includes a computer assisted drafting station
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for entering data concerning the three-dimensional object.
There is also provided means associated with the computer
assisted drafting station for transferring operation con-
trolling signals to the lamination forming means. Addition-
ally, the operation controlling means includes means for
determining the thickness, individual contours, sequence of
forming, and sequence of assembling the individually con-
toured laminations into a single, permanently bonded three-
dimensional object in a predetermined operating segquence.

In the preferred embodiment, the lamination assem-
bling means includes an assembly station having a location
for stacking the individually contoured laminations. It
also preferably includes means for moving the individually
contoured laminations from the cutting position of the work
station to the stacking location of the assembly station.
Specifically, the moving means is preferably an electromag-
netically operated pick-up plate movable between the cutting
position of the work station and the stacking location of
the assembly station.

In an alternative embodiment, the moving means is
a conveyor belt for transporting the individually contoured
laminations from the cutting position of the work station to
the stacking location of the assembly station. The sheet-
like material in this embodiment is a sheet-like plastic
ribbon having a pressure sensitive adhesive on the top
thereof covered with a surface protecting tape. With this
arrangement, the apparatus includes means for removing the
tape before the plastic ribbon enters the cutting position
of the work station.

In addition, the assembly station then comprises a
stacking device including a movable plate at a stacking
location. The plate is disposed on a stacking platform for
axial movement to press individually contoured laminations
assembled on the plate to the next adjacent individually
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contoured lamination carried from the cutting position of
the work station to the stacking location of the assembly
station. Preferably, a load cell is associated with the
plate to ensure a force sufficient to cause an adhesive bond
between the individually contoured laminations.

A further aspect of the apparatus of the present
invention includes the availability of providing a plurality
of work stations. In this respect, each work station has a
position for cutting the sheet-like material and a single
laser beam generating device is operatively associated with
each of the work stations through a beam splitter and
through means for directing and focusing laser beams from
the beam splitters onto the sheet-like material at the re-
spective cutting positions of the work stations. Moreover,
a single assembly station having a location for stacking the
individually contoured laminations from all of the work
stations is provided.

In still a further embodiment, the lamination
forming means includes a plotter for producing the required
shapes as a negative image on a transparent sheet-like ma-
terial for use as artwork in the chemical etching of the
sheet-like material for the three-dimensional object. The
sheet-like material of the three-dimensional object compris-
es a metal sheet coated with a photoresistant material for
exposure to ultraviolet light. With this arrangement, the
lamination forming means still further includes an etching
station to receive the coated metal sheet selectively ex-
posed to the ultraviolet light through the plotter generated
artwork.

In yet another embodiment, the material stored and
supplied at the station is a powder. The lamination forming
means then includes a powder receiving platform, means for
compressing the powder on the platform to a predeternmined
thickness, and means for integrally bonding at least some of
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the powder to complete formation of one of the individually
contoured laminations. The lamination assembling means
includes means for moving the powder receiving platform in
cyclical fashion from the powder storing and supplying sta-
tion to the powder compressing means and to the integral
bonding means. Preferably, the powder compressing means
includes a heated roller controlled by an actuator regulated
to control the force of the roller on the powder to achieve
bonding during compression.

The present invention is also directed to a unique
method of forming an integral three-dimensional object from
very thin laminations of the same or gradually varying
shape. The method includes the step of providing means for
forming a material into a plurality of individually con-
toured laminations in shapes required for assembly in a
pre-selected sequence into the three-dimensional composite.
It also includes the step of providing means for controlling
the operation of the lamination forming means to provide the
individually contoured laminations for the three-dimensional
object. The method further includes the step of entering
data concerning the three-dimensional object into the opera-
tion controlling means and thereafter instructing the opera-
tion controlling means to operate the lamination forming
means in a controlled manner so as to form the plurality of
individually contoured laminations. It also includes the
step of assembling the plurality of individually contoured
laminations in the pre-selected sequence into the form of
the three-dimensional ocbject. The method still further
comprises the plurality of individually contoured lamina-
tions being assembled such that each of the individually
contoured laminations is integrally bonded to the next adja-
cent of the individually contoured laminations. By follow-
ing the steps of the method of the invention, the formation
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of the three-dimensional object from laminations can be
successfully completed.

In yet another form of the invention, a unique
method of forming an integral three-dimensional object from
lanminations is disclosed. The method includes the steps of
positioning a platform under a station for storing and sup-
plying a powder material, depesiting a quantity of the pow-
der material on the platform to form a layer of the powder
material of a predetermined thickness, compressing the layer
of the powder material to cause the powder material to be
formed into a coherent mass, heating at least a portion of
the layer of the powder material to form an individually
contoured lamination, and repeating the depositing, com-
pressing and heating steps to form a plurality of indivi-
dually contoured laminations. By following the steps of
this method, each of the individually contoured laminations
is integrally bonded to the next adjacent of the individual-
ly contoured laminations by the heating steps.

Finally, the present invention is directed to an
integral three-dimensional object formed from laminations by
the unigque method as set forth hereinabove.

Other objects, advantages and features of the
present invention will become apparent from a consideration
of the following specification when taken in conjunction
with the accompanying drawings.

rief Des e wings

In the drawings:

Fig. 1A is a perspective view of a product part to
be made with a die or mold formed in accordance with the
present invention;

Fig. 1B is a perspective view of one-half of a die
or mold to be used to manufacture the product part of Fig.
1A;
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Fig. 1C is a perspective view of the other half of
a die or mold to be used to manufacture the product part of
Fig. 1A;

Fig. 2A is a perspective view of a computer as-
sisted drafting system for entering data concerning the
product part and die or mold illustrated in Figs. 1lA-1lC;

Fig. 2B is a perspective view illustrating the
formation of individually contoured laminations for a three-
dimensional object such as the die or mold illustrated in
Figs. 1B and 1C;

Fig. 3 is a cross-sectional view taken on the line
3~3 of Fig. 2B;

Fig. 4 is a perspective view illustrating the
assembly of individually contoured laminations into an inte-
gral three-dimensional object such as the die or mold illus-
trated in Figs. 1B and 1C;

Fig. 5 is a cross-sectional view schematically
illustrating removing roughness from an integral three-
dimensional object formed from individually contoured lamin-
ations such as the die or mold illustrated in Figs. 1B and
1c; '

Fig. 6 is a cross-sectional view schematically
illustrating plating an integral three-dimensional object
formed from individually contoured laminations such as the
die or mold illustrated in Figs. 1B and 1C;

Fig. 7 is a perspective view of an apparatus for
forming an integral three-dimensional object from lamina-
tions in accordance with the present invention;

Fig. 8 is a perspective view of an alternative
embodiment of an apparatus for forming an integral three-
dimensional object from laminations in accordance with the
present invention;
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Fig. 9 is a perspective of a sensor for locating
edges of an individually contoured lamination during assem-
bly of an integral three-dimensional object from laminations
in accordance with the present invention;

Fig. 10 is a perspective view of a plotter for
producing artwork required for chemical etching the required
shapes for individually contoured lanminations for an inte-
gral three-dimensional object;

Fig. 11 is a perspective view of chemical etching
after selective exposure of a sheet-like material to ultra-
violet light through the plotter generated artwork;

Fig. 12 is a schematic illustration of furnace
brazing to complete formation of an integral three-dimen-
sional object formed of individually contoured laminations
in accordance with the present invention;

Fig. 13 is a plan view illustrating a method for
attachment of non-contiguous cross section portions:

Fig. 14 is a perspective view of still another
embodiment of apparatus for forming an integral three-dimen-
sional object from laminations in accordance with the pres-
ent invention;

_Fig. 15 is a schematic illustration of a method of
forming an integral three-dimensional object from individu-
ally contoured laminations utilizing a powder material; and

Fig. 16 is a side elevational view of an apparatus
for forming an integral three-dimensional object from indiv-
idually contoured laminations utilizing a powder material.

eta s¢C erred odi) s
Referring to Fig. 7, the reference numeral 20
designates generally an apparatus for forming an integral
three-dimensional object 22 from laminations 24 of the same
or gradually varying shape. The apparatus 20 includes a
station 26 for storing and supplying a material 28 and means
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for forming the material 28 into a plurality of individually
contoured laminations 24 in shapes required for assembly in
a preselected sequence into the three-dimensional object 22.
More particularly, the lamination forming means includes a
work station 30 having a position 32 for cutting the mater-
ial together with means for cutting the material 28 into the
required shapes at the cutting position 32 such as the laser
beam generating device 34 operatively associated with the
work station 30. The apparatus 20 also includes means for
controlling the operation of the work station 30 to provide
the individually contoured laminations 24 for the three-
dimensional object 22 in response to data entered concerning
the three-dimensional object 22. More specifically, the
operation controlling means includes a computer assisted
drafting station 36 for entering data concerning the three-
dimensional object 22 (see Fig. 2a). The apparatus 20 still
further includes an assembly station 38 for assembling the
plurality of individually contoured laminations 24 formed
from the material 28 in the pre-selected sequence into the
form of the three-dimensional object 22. With this arrange-
ment, the individually contoured laminations 24 of the same
or gradually varying shape can be integrally bonded to com-
plete formation of the three-dimensional object 22.

In this connection, the apparatus 20 includes
means for integrally bonding each of the individually con-
toured laminations 24 to the next adjacent of the individu-
ally contoured laminations 24 to complete the formation of
the three-dimensional object 22. When the material 28 is a
sheet-like material such as sheet metal ribbon, the integral
bonding means comprises spot brazing the individually con- °
toured laminations 24 at the assembly station 38 by utiliz-
ing the laser beam generating device 34 in a manner to be
described hereinafter. Alternatively, if the sheet-like
material 28 is of another material, such as a sheet-like
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plastic material, the integral bonding means will be select-
ed to be compatible with the given material.

Still referring to Fig. 7, the supply station 26
is preferably a roll 40 for storing the sheet-like material
28. It will also be appreciated that, with this arrange-
ment, the apparatus 20 will include a feeding mechanism 42
for advancing the sheet-like material 28 (such as a sheet
metal ribbon) from the roll 40 through the work station 30,
substantially as shown. By utilizing a pair of frictional
drive rollers 44 and 46, together with a motor 48 for driv-
ing one of the rollers 46, the sheet-like material 28 can be
fed through the cutting position 32 of the work station 30.

With the arrangement illustrated in Fig. 7, the
cutting means also includes means for focusing a laser beam
50 from the generating device 34 onto the sheet-like materi-
al 28 at the cutting position 32. This preferably includes
a lens 52 through which the laser beam 50 passes before
reaching the sheet-like material 28 at the cutting position
32. The cutting means also includes means for directing the
laser beam 50 from the generating device 34 about the sheet-
like material 28 to form the required shapes at the cutting
position 32. This preferably includes a pair of mirrors 54
and 56 adapted to direct the laser beam 50 from the generat-
ing device 34 through the lens 52. As shown, the mirrors 54
and 56 are spaced from the generating device 34, the lens
52, and one another.

In a preferred embodiment, the means for directing
the laser beam 50 includes a positioning table 58 for sup-
porting the mirrors 54 and 56 for axial movement along mutu-
ally perpendicular axes 60 and 62. The positioning table 58
supports one of the mirrors 54 for movement toward and away
from the generating device 34 along the axis 60, and it also
supports the other of the mirrors 56 for movement with the
one of the mirrors 54. Additionally, the positioning table
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58 supports the other of the mirrors 56 for movement toward
and away from the one of the mirrors 54 along the axis 62.

As will be appreciated from Fig. 7, the mirrors 54
and 56 move in a plane generally parallel to the plane of
the sheet-like material 28 at the cutting position 32. It
will also be seen that the positioning table 58 supports the
lens 52 for movement with the other of the mirrors 56 such
that the lens 52 is adapted to move with the mirrors 54 and
56 in a plane geherally parallel to the plane of the mir-
rors. Moreover, the lens 52 is also supported for move-
ment along an axis 64 generally perpendicular to the plane
of the mirrors 54 and 56.

As previously mentioned, the lamination assembling
means includes an assembly station 38 having a location 66
for stacking the individually contoured laminations 24. It
will also be appreciated that means are provided for moving
the individually contoured laminations 24 from the cutting
position 32 of the work station 30 to the stacking location
66 of the assembly station 38. In the embodiment illustrat-
ed in Fig. 7, the moving means is an electromagnetically
operated pick-up plate 68 movable between the cutting posi-
tion 32 of the work station 30 and the stacking location 66
of the assembly station 38.

As shown, the apparatus 20 preferably includes a
grinding belt 70 intermediate the cutting position 32 of the
work station 30 and the stacking location 66 of the assembly
station 38. The pick-up plate €8 is adapted to place the
individually contoured laminations 24 in contact with the
grinding belt 70 during movement from the cutting position
32 of the work station 30 to the stacking location 66 of the
assembly station 38. In this manner, any rough edges creat-
ed during cutting can be removed between the cutting posi- i
tion 32 of the work station 30 and the stacking location 66
of the assembly station 38.
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Also as shown, the assembly station 38 includes a
spring biased stacking plate 72 at the stacking location 66
disposed for axial movement in a stack holder 74 adapted to
receive and retain the individually contoured laminations
24. The stack holder 74 is adapted for limited movement in
a plane parallel to the plane of the stacking plate 72 and
includes at least one retaining lip 76, and preferably a
pair of retaining lips, adapted to cooperate with the spring
biased stacking plate 72 to retain the individually con-
toured laminations 24 therebetween. With this construction,
the individually contoured laminations 24 each have an iden-
tical generally rectangular outer contour and the stacking
plate 72, stack holder 74, and retaining lips 76 cooperate
with the generally rectangular contour to assemble the indi-
vidually contoured laminations 24 into the form of the
three-dimensional object 22.

Preferably, the stacking plate 72 includes a pair
of locating pins 78 adapted to precisely position the indi-
vidually contoured laminations 24 into the form of the
three-dimensional ocbject 22. For this purpose, the indivi-
dually contoured laminations 24 each have a pair of pin-
receiving locating holes 80 (see Fig. 12) in the generally
rectangular outer contour outwardly of any inner contour
such as 82.

Referring once again to Fig. 7, the electromagne-
tically operated pick-up plate 68 is operatively associated
with the lens supporting portion 52 of the positioning table
58. The pick-up plate 68 is adapted to be placed in contact
with the individually contoured laminations 24 at the cut-
ting position 32 of the work station 30 to be electromagnet-
ically attached thereto, and the positioning table 58 is
adapted to move the individually contoured laminations from
the cutting position 32 of the work station 30, first, to
the grinding belt 70 and, next, to the stacking location 66
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of the assembly station 38. Thereafter, the individually
contoured laminations 24 are adapted to be released from the
pick-up plate 68 and are adapted to be spot brazed with the
laser beam generating device 34 at the stacking location €6
of the assembly station 38.

In an alternative embodiment illustrated in Fig.
14, the apparatus 20' has a conveyor belt 84 for directly
transporting the individually contoured laminations 24' from
the cutting position 32' of the work station 30' to the
stacking location 66' of the assembly station 38'. The
gsheet-like material 28' is preferably a sheet-like plastic
ribbon having a pressure sensitive adhesive on the top 28a'
thereof covered with a surface protecting tape 86, although
it is also contemplated that the sheet-like plastic ribbon
may be provided without a pre-coated adhesive in which case
the apparatus 20' would include a coating station where a
thin layer of adhesive would be applied to the ribbon prior
to cutting. With the former type of material, the apparatus
20' includes means such as a roller 88 for removing the tape
86 before the plastic ribbon 28' enters the cutting position
32' of the workstation 30°'.

Still referring to Fig. 14, the assembly station
38' comprises a stacking device 90 including a movable plate
92 at the stacking location 66'. The plate 92 is disposed
on a stacking platform 94 for axial movement to press indi-
vidually contoured laminations 24' assembled on the plate 92
to the next adjacent individually contoured lamination 24'
carried from the cutting position 32' of the workstation 30'
to the stacking location 66' of the assembly station 38'.
Moreover, as shown, a load cell 96 is alsociated with the
plate 92 to ensure a force sufficient to cause an adhesive :
bond between the individually contoured laminations 24'.

In still one other alternative embodiment illus-
trated in Fig. 8, the lamination forming means includes a
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plurality of workstations 30a", 30b", 30c", 304", etc., each
having a position 32a", 32b", 32c", 324" etc., for cutting
the sheet-like material 28" into the required shapes at
their respective cutting positions. The cutting means may
include a single laser beam generating device 34" operative-
ly associated_with each of the workstations 30a", 30b",
30c", 304", etc. through beam splitters 98, 100, 102, 104,
etc. together with means for directing and focusing laser
beams 106, 108, 110, 112, etc. from the beam splitters 98,
100, 102, 104, etc. onto the sheet-like material 28" at the
cutting positions 32a", 32b", 32¢", 324" etc. With this
arrangement, the apparatus 20" offers high speed formation
of an integral three-dimensional object 22" from a plurality
of individually contoured laminations 24".

Still referring to Fig. 8, the means for directing
and focusing the laser beams 106, 108, 110, 112 etc. in-
cludes a pair of mirrors and a lens supported for movement
at each of the positioning tables 58a", 58b", 58c", 58d"
etc. The positioning tables 58a", 58b", S8c", 58d", etc.
preferably include respective pairs of mirrors 54a" and
56a", 54b" and 56b", 54c" and 56c", 54d" and 564", etc. and
respective lenses 52a", 52b", 52c", 524" etc., all of which
operate in the manner described in detail in connection with
corresponding components of the single positioning table 58
illustrated in Fig. 7, with the exception that the mirrors
54a%, 54b", 54c", 544" etc. are movable toward and away from
the perspective beam splitters 98, 100, 102, 104, etc. rath-
er than with respect to the laser beam generating device
34", With this arrangement, a plurality of individually
contoured laminations 24' can be cut simultaneously at the
respective workstations 30a", 30b", 30c", 304" etc. to expe-
dite the formation of the three-dimensional object 22".

As shown in Fig. 8, the lamination assgmbling
means includes a single assembly station 38" having a loca-
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tion 66" for stacking the individually contoured laminations
24" from all of the workstations 30a", 30b", 30c", 304" etc.
In addition, the apparatus 20" includes means such as the
electromagnetically operated pick-up plate 68" for moving
the individually contoured laminations 24" from the cutting
positions 32a", 32b", 32c", 324" etc. of the workstations
30a", 30b", 30c", 304" etc. to the stacking location 66" of
the single assembly station 38".

Still referring to Fig. 8, the apparatus 20" in-
cludes a computer assisted drafting station 36" for entering
data concerning the three-dimensional object 22" together
with means associated with the computer assisted drafting
station 36" for transferring operation controlling signals
to the work stations 30a", 30b", 30c", 304". In particular,
the signal transferring means preferably comprises a multi-
plexer 114 that is operatively associated both with the
computer assisted drafting station 36" and with the work
stations 30a", 30b", 30c", 304" etc. in conventional fashion
and the computer assisted drafting station 36" is provided
with software for determining the thickness of the indivi-
dually contoured lamination 24", for determining the indivi-
dual contours of the individually contoured laminations 24"
for determining the sequence of forming the individually
contoured laminations 24" and for determining the segquence
of assembling the individually contoured laminations 24"
into the three-dimensional object 22". With this arrange-
ment, the computer assisted drafting station 36" is opera-
tive to insure for each of the individually contoured lamin-
ations 24" éhat, after the thickness and individual contours
have been determined, the sequence of forming the individu-
ally contoured laminations 24" is such that each of the %
individual contours does not contain any other included
contour.
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While not specifically shown, it will be under-
stood and appreciated that a similar computer assisted
drafting station will be utilized with either of the embodi-
ments illustrated in Figs. 7 and 14, as well.

In still another embodiment, the lamination form-
ing means includes a plotter 116 (Fig. 10) for producing the
required shapes as negative images on a separate transparent
gheet-like material 118 for use as artwork in the chemical
etching process. The sheet-like material 118 is supplied to
the plotter 116 from a supply station housing rells or con-
tainers of the material. Referring now to Fig. 11, the use
of the plotter generated artwork in a chemical etching pro-
cess can be understood. The sheet-like material 120 for the
three-dimensional object 22 comprises a bi-metallic strip of
thin metal coated with a photoresistent material for expo-
sure to ultraviolet light. As will be appreciated, the
sheet-like material 120 must be thin in relation to the
overall size of the three-dimensional object 22 so that
gradual changes in the three-dimensional geometry can be
reproduced in the laminating process. 7

still referring to Fig. 11, the apparatus 122
supplies the sheet-like material 120 from the roll 124 to
the station 126 where selective exposure to ultraviolet
light occurs. At this station 126, the sheet-like material
118 with the plotter generated artwork is gradually unwound
from the roll 128 and rewound onto the roll 130 as the sheet-
1ike material 120 moves under the artwork at the same speed
for exposure to the ultraviolet light through the artwork
from the source 132. Preferably, the speed of the artwork
on the sheet-like material 118 and the speed of the sheet-
1ike material 120 is equalized through use of a series of
conventional sprockets (not shown) cooperating with respec-
tive mating perforations 134.
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It should be understood that the artwork could be
created by the plotter on a transparent film attached to the
metal ribbon prior to the plotting and ultraviolet light
exposure. In another wersion of this method the artwork
could be created by the plotter directly on the surface of
the metal precovered by photoresistant material.

After the exposure to ultraviolet light, a chemi-
cal etching solution is sprayéd onto the sheet-like material
120 from a nozzle 136. Individually contoured laminations
then drop onto a conveyor 138. At this point, the conveyor
138 moves the individually contoured laminations such as®
140a, 140b, 140c, and 140d to a washing station where wash-
ing solution is sprayed from a nozzle 142.

In order to fully utilize the bi-metallic materi-
al, more than one crcss}section such as 1l40a, 140b, 1l40c,
140d can be produced in any given row with each row of
etched and washed individually contoured laminations such as
140a and 140b being transported by the conveyor 138 to an-
other conveyor 144 preferably moving generally transversely
of the direction of the conveyor 138. After accepting a new
row of individually contoured laminations such as 1402 and
140b, the conveyor 148 advances to allow space for another
row of individually contoured laminations such as 140c and
1404 and to advance the first row of individually contoured
laminations onto the stack as at 150 with the unused bi-
metallic material being rewound onto a roll 152.

Referring to Fig. 13, a method of attachment for
non-contiguous portions of the same cross section can be
understood. Portions 154 and 156 are connected by means of
the thin strips 158. After stacking individually contoured
jaminations and brazing them together, the thin strips 158
can be removed by using conventional machining techniques.

Referring to Fig. 12, the pin-receiving locating
holes 80 an either be chemically etched or laser cut in the
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individually contoured laminations 24. This is, of course,
done to properly align the inner contours such as 82 during
the furnace brazing process in a brazing furnace such as
160. As with the embodiment described in Fig. 7, the align-
ment is aided by the cooperation of two locating pins such
as 78 adapted to protrude through the locating holes 80.

Referring to Figs. 1A-1C, one application of the
present invention can be understood. It will be seen that a
product part 162 is illustrated in Fig. 1A with two die or
mold halves 164 and 166 for makihg the product part 162
being illustrated in Figs. 1B and 1C. With this informa-
tion, the die or mold halves 164 and 166 can be created from
laminations in accordancé with the present invention.

In particular, the die or mold design is first
created on the computer assisted drafting station 36 (see
Fig. 2A). Next, the laser beam 50 is manipulated to cut the
individually contoured laminations 24 and the laminations
are.joined to form the three-dimensional object 22 (see Fig.
2B and 3). Then, the individually contoured laminations 24
are spot brazed by means of the laser beam 50 and thereafter
furnace brazed to complete formation of the three-dimension-
al object 22 (see Fig. 4). Finally, any roughness of the
die or mold halves 164 and 166 is removed by means such as
grinding (see Fig. 5), and the die or mold halves 164 and
166 are plated, if desired (see Fig. 6).

As will be appreciated from this description and
the schematic it describes, the present invention provides a
unique method of forming an integral three-dimensional ob-
ject from laminations. The method includes the step of
providing means for forming a material into a plurality of
individually contoured laminations in shapes required for
assembly in a pre-selected sequence into the three-dimen-
sional object. It also includes the step of providing means
for controlling the operation of the lamination forming
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means to provide the individually contoured laminations for
the three-dimensional object. The method further includes
the step of entering data concerning the three-dimensional
object into the operation controlling means and thereafter
instructing the operation controlling means to operate the
lamination forming means in a controlled manner so as to
form the plurality of individually contoured laminations.

It also includes the step of assembling the plurality of
individually contoured laminations in the pre-selected se-
quence into the form of the three-dimensional object. The
method still further comprises the plurality of individually
contoured laminations being assembled such that each of the
individually contoured laminations is integrally bonded to
the next adjacent of the individually contoured laminations
to complete formation of the three-dimensional object. With
these steps, a unique three-dimensional object formed from
individually contoured laminations results.

As will be appreciated, the lamination forming
means preferably is configured in accordance with the de-
tails of the embodiments described hereinabove. It is also
advantageous for the operation controlling means to be simi-
larly configured and to have like features for maximizing
the benefits to be gained by following the method of the
present invention. By so doing, the operation controlling
means is capable of operating the lamination forming means
in the necessary controlled manner.

With regard to the assembling step, it preferably
includes providing a location for stacking the individually
contoured laminations. The individually contoured lamina-
tions are then moved from the cutting position of the work
station to the stacking location. After moving, the indi-
vidually contoured laminations are stacked into the form of
the three-dimensional object.
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Preferably, if burrs are formed during the cutting
operation, the method includes the step of grinding the
individually contoured laminations after cutting the re-
quired shapes at the cutting position of the workstation.
This is done to remove any roughness caused by the cutting
step although it will be appreciated that this will not be
necessary in the case of the chemical etching process since
no burrs will be formed. As &ill be appreciated from the
embodiment of Fig. 7, the grinding step is performed when
needed at a point in time prior to stacking the individually
contoured laminations at the stacking locations.

With regard to the step of bonding the lamina-
tions, this preferably includes spot brazing each of the
jaminations to the next adjacent of the laminations to com-
plete formation of the three-dimensional object, although
this is not required in the chemical etching process. It
also preferably includes thereafter furnace brazing the
entire three-dimensional object, as shown in Fig. 12, after
which the three-dimensiocnal cbject becomes a unitary prod-
uct, e.g., the two die or mold halves 164 and 166 are each a
unitary portion of the overall die or mold for making the
product part 162. After furnace brazing, the method prefer-
ably includes the step of grinding the three-dimensional
object (see Fig. 5) and thereafter plating the three-dimen-
sional object (see Fig. 6), although the grinding again may
not be needed in the chemical etching process.

when the material is a sheet-like material such
as, e.g., a sheet-like plastic ribbon having a pressure
sensitive adhesive on the top, the method will include the
step of removing the surface protecting tape over the pres-
sure sensitive adhesive before the sheet-like plastic ribbon
enters the cutting position of the workstation. The method
will also include the step of pressing individually con-
toured laminations located at the stacking location to the
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next adjacent individually contoured lamination moved from
the cutting position of the work station to the stacking
location to cause an adhesive bond between the individually
contoured laminations. While not limited to the apparatus
that is illustrated in the embodiment of Fig. 14, it will be
appreciated that this apparatus can be utilized to perform
the unique method described.

Finally, the method can include the step of pro-
viding a plurality of work stations each having a position
for cutting a sheet-like material along with the step of
providing means for cutting the sheet-like material into the
required shapes at the cutting ﬁcsiticns. The cutting means
will then include a single laser beam generating device
operatively associated with each of the workstations through
a beam splitter. Moreover, the cutting means will also
include means for directing and focusing laser beams from
the beam splitters onto the sheet-like material at the cut-
ting positions of each of the workstations.

By utilizing the method of the invention, a unique
three-dimensional object formed from individually contoured
laminations ‘can be provided. This is accomplished with a
technique which can be utilized for production of complex
three-dimensional parts, dies, molds, prototypes, products
conventionally produced by machining, and even forming parts
for reconstructive bone surgery, and involves creation and
then lamination of the thin individually contoured lamina-
tions of the solid body using equipment such as computer
assisted drafting stations, plotters, laser beam generating
devices and the like. As a result, it is possible to signi-
ficantly shorten the time between the design and the manu-
facturing stages, reduce labor costs, increase productivity
and provide a flexible manufacturing systenm.

The principle of the flexible manufacturing systenm
can now be understood. A sheet metal ribbon 28 is fed into
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the workstation 30 (see Fig. 7) from a roll 40 at a supply
station 26 where the ribbon is made from .001-.030 inch
thick bimetallic material, e.g., steel clad with copper on
the bottom or any other such materials having different
melting temperatures, with the metal having the higher melt-
ing temperature constituting the thickest layer of the rib-
bon on the order of 70 to 98% .and with the remainder, i.e.,
2 to 30%, constituting the low melting temperature portion
used for brazing the individually contoured laminations 24
together, and a laser beam 50 is generated and directed to a
cutting position 32 by means of the mirrors 54 and 56 and
the lens 52 attached to the positioning table 58. As noted
before, the mirrors 54 and 56 are movable in the plane de-
fined by the axes 60 and 62 and the lens 52 is movable along
the axis 64 perpendicular thereto.

Similarly, the principle of the flexible manu-
facturing system can be understood by referring to Fig. 11.
2 sheet metal ribbon 120 is fed under the ultraviolet light
source 132, the etching nozzle 136, and the washing nozzle
142 where the ribbon is again made from .001-.030 inch thick
bimetallic material, e.g., steel clad with copper on the
bottom or any other such material having different melting
temperatures, with the metal having the higher melting temp-
erature again constituting the thickest layer of the ribbon
on the order of 70 to 98% and with the remainder, i.e., 2 to
30%, constituting the low melting temperature portion used
for brazing the individually contoured laminations 24 to-
gether, and the overall method is as previously described
hereinabove. As noted before, the individually contoured
jaminations such as 140a, 140b, 140c, and 140d are deposited
onto the stack 150 after completion of the chemical etching
process.

Referring once again to Fig. 7, by utilizing the
positioning table 58 to manipulate the laser beam 50, it is
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possible to cut an individually contoured lamination 24 for
the three-dimensional object 22. The sequence of cutting is
determined by the computer assisted drafting station soft-
ware or the programmer in such a manner that portions of the
cross-section cut first do not contain any other included
contours to ensure that there is always a small gap between
the portion of the sheet metal ribbon 28 cut and the table
168 upon which it drops after cutting. For example, when
the individually contoured lamination 24 is being cut, the
contour 170 must be cut first and the contour 172 must be
cut after it. X

When the individually contoured lamination 24 has
been cut, the positioning table 58 moves the pick-up plate
68 above and in contact with the surface of the lamination
24. An electromagnet 174 is energized to attract the lamin-
ation 24 to the pick-up plate 68 and the lamination 24 is
moved into contact with the moving grinding belt 70. By so
doing, the dross created by the melting and resolidification
of the metal at the bottom of the cut line is removed in
this operation from the lamination 24.

As will be appreciated, the grinding belt 70 can
also transport portions of the lamination 24 to be discarded
into a scrap container 176. This will be helpful, for in-
stance, when, instead of a mold or die, the system is used
to create a part prototype where it may be desirable to
discard the portion between the contours 170 and 172. For
such applications, the apparatus 20 is well suited for as-
sembling a plurality of individually contoured laminations
24 into an integral three-dimensional object 22.

More specifically, the contour 170 would be cut
first, if necesary the dross would be removed with the
grinding belt 70, and the contour 170 would be loaded onto
the stacking platform 72. Next, the portion between the
contours 170 and 172 would be discarded by first cutting the
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contour 172, then 1lifting it by means of the pick-up plate
68 and releasing it above the moving grinding belt 70 which
will transport that portion to the scrap container 176.
Finally, the outer rectangular contour 178 and the pin re-
ceiving locating holes 80 will be cut by means of the laser
beam 50.

In the embodiment illustrated in Fig. 7, the outer
rectangular contour 178 is important for stacking individu-
ally contoured laminations 24 in a manner accommodating
accurate spot brazing. As was previously done with the
inner contour 170, the outer rectangular contour 178 is
picked up and positioned above the stack holder 74 after
which it is pushed against the stack of individually con-
toured laminations 24 so that the spring 180 compresses.
When the pick-up plate 68 returns to its upper position, the
spring 180 pushes the stacking plate 72 until the individu-
ally contoured lamination 24 just loaded pushes against the
retaining lips 76.

Because of the triangular shape of the lips 76,
the stack of individually contoured laminations 24 can be
pushed down but are prevented from being pushed up beyond
the retaining lips 76. Thus, each lamination 24 ends up at
the same level after its initial loading, i.e., the level of
the retaining 1ips 76. After initial loading, the position-
ing table 58 positions the mirrors 54 and 56 where needed
and positions the lens 52 within the focal distance from the
just loaded lamination 24, and the system spot brazes the
just loaded lamination 24 to the stack with short laser
pulses.

As will be appreciated, spot brazing is needed
only to hold the individually contoured laminations 24
together temporarily until furnace brazing at a later stage
of assembly, although if each individually contoured lamin-
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tion 24 consists of a single piece of metal, the spot braz-
ing step may be omitted.

While the positioning table 58 is precise enough
to accurately locate the individually contoured laminations
24, the stacking process itself is aided by the two locating
pins 78. These pins 78, which are located perpendicularly
to the stacking plate 72, have conical ends and, when each
individually contoured lamination 24 is pushed onto the
stack, the pins 78 protrude through the locating holes 80.
If the holes 80 are not perfectly concentric with the pins
78, their inner diameters press against the conical surfaces
of the pins 78 to produce enough force to move the stack
holder 74 with respect to the stack holder housing 182.

In this connection, the stack holder housing 182
has a pair of grooves 184 disposed in a generally horizontal
plane. These grooves loosely receive a pair of tongues 186
projecting outwardly from the sides of the stack holder 74.
With this construction, the tongues 186 support the stack
holder 74 for limited movement with minimal friction in a
generally horizontal plane.

After each of the individually contoured lamina-
tions 24 is spot brazed to the stack, the feeding mechanism
42 advances the sheet metal ribbon 28 and the cycle resumes.

After all of the individually contoured lamina-
tions 24 have been attached to form the three-dimensional
object 22, the three-dimensional object 22 can be placed in
the brazing furnace 160 (see Fig. 12). Unacceptable rough-
ness after brazing can be eliminated by grinding (see Fig.
5) before the mold surface is coated (by using an electro-
less nickel process or other finishing technique) to achieve
the desired tolerance and surface finish characteristics.

In the case of a mold or die, both halves are laminated
simultaneously in a single process, and cutting, dross re-
moval, loading, and spot brazing are done by the same posi-
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tioning table driven by a computer assisted drafting sta-
tion. ,

Referring once again to the embodiment illustrated
in Fig. 14, the apparatus 20' is well suited for making
plastic three-dimensional prototypes under the principles
described in detail hereinabove. The primary reason for
using plastics is to reduce the needed laser power suffi-
ciently to accommodate the useé of a compact, inexpensive
laser which can be easily installed in an engineering, de-
sign, research laboratory or model shop environment. In
effect, the apparatus 20' would be another computer output
peripheral analogous to a printer or plotter.

With the apparatus 20', the plastic ribbon 28
coated on the top with a pressure sensitive adhesive is fed
from a roll 150. A mechanism which consists of several
rollers 88 will remove the surface protecting tape 86 which
is provided to protect the surface of the plastic ribbon 28'
covered with adhesive. When the tape 86 has been removed,
the laser beam 50' will cut the individually contoured lam-
inations 24' in accordance with the seguence described here-
inabove.

With the apparatus 20' in Fig. 14, the portions
cut from the plastic ribbon 28' will drop on the conveyor
belt 84. Those portions comprising the individually con-
toured laminations 24' that are to be attached to the stack
at the stacking platform 50 will be advanced by the conveyor
belt 84 over a certain distance and positioned under the
stacking platform 94. Additionally, those portions to be
discarded will be advanced by the conveyor belt 84 until
they drop into a scrap container.

After an individually contoured lamination 24' is
positioned under the stacking platform 94, the stacking
platform 54 moves down until the stacking plate 92 presses
the stack to the individually contoured lamination 24' to be
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attached. The load cell 96 transmits feedback about the
load, and the amount of the load necessary to attach a par-
ticular individually contoured lamination 24' is calculated
by a computer. In this manner, an adhesive bond develops
between the individually contoured lamination 24' and the
renmainder of the stack, and the lamination 24' stays at-
tached to the stack when the stack moves up with the stack-
ing platform 94. .

With regard to the embodiment illustrated in Fig.
8, the apparatus 20" comprises an automated production line
utilizing the principles of the present invention. All of
the work stations 30a", 30b", 30c", 304" etc. can cut cross-
sections from metal or plastic simultaneously and can either
share the same ribbon as shown in Fig. 8, or can have an
arrangement similar to the one shown in Figs. 7 and 14 where
individual ribbon feeders are provided for each substation
positioned perpendicularly to a common carrying conveyor.
After all of the individually contoured laminations 24" have
been cut, the conveyor 192 moves them one-by-one to the
unloading substation 194 where they are removed to the
stacking station 38" in the previously described manner.

With this embodiment, there is no physical limit
to the number of work stations 30a", 30b", 30c", 304" etc.
which can be installed in the automated production line. 1In
addition, a number of such work stations can be powered by
the same laser beam generating device 34" by providing the
laser beam 50" by means of beam splitters 98, 100, 102, 104
etc. In addition, all of such work stations can share the

same computer assisted drafting station 36", conveyor belt

192, and stacking station 38" to produce both plastic and
metal parts. v

With regard to the system represented in Figs. 10
and 11, a chemical etching process is utilized to automatic-
ally produce composites. The three-dimensional composites
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can comprise specialized parts, dies, molds, product proto-

types and other objects which can be described as geometri-

cally bounded shapes. Basically, Figs. 10 and 11 are repre-
sentative of a process and apparatus that utilizes a number

of advances.

In particular, advances in the field of polymer
science have lead to the creagion of molded parts with such
good mechanical properties that they are directly replacing
metal parts. By contrast, dies and molds are now produced
primarily by machining blocks of steel with milling machines
and other conventional and numerically controlled machine
tools. With the present invention, an entirely new method
for manufacturing dies and molds is provided which takes
advantages of the advances in the field of polymer science.

In this connection, chemical etching or machining
is a process in which material is removed by chemical and
electrochemical dissolution of preferentially exposed sur-
faces of a work piece. This process, which is also known as
chemical milling, photo fabricating and photo etching, pos-
sesses many technical and economical advantages in the manu-
facture of flat metal components. Parts of intricate de-
sign, such as computer chips and printed circuit boards, are
produced by this method.

Because the metal is removed not only very pre-
cisely but also without the use of mechanical force and
heat, problems of dross, burned edges, stress, strain, warp-
ing and burrs are avoided. The tooling costs are small
compared with conventional or numerical control tooling and
time costs are reduced because of the comparatively rapid
turnarounds which can be achieved. Many materials can be
chemically milled, including aluminum, nickel, brass, cop-
per, stainless steel, spring steel and molybdenunm.

The making of a laminated mold or die with the use
of chemical milling or etching is illustrated in Figs. 10
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and 11. The mold or die design is created and then cross-
sectioned at a computer assisted drafting station and the
distance between cross-sections or laminations as specified
to be the same as the thickness of the sheet material which
is to be used. In addition, the geometry of each of the
individually contoured laminations is transmitted to a spec-
ified plotter 116 which is particularly well suited to the
production of filled areas.

If multiple plotters such as 116 are used, then
multiple individually contoured laminations for the three-
dimensional object can be manufactured simultaneously.

Thus, the critical production path elapsed time depends upon
a number of plotters such as 116 used for production of
individually contoured laminations. For instance, if each
of the individually contoured laminations require 3.5 min-
utes and if 10 such plotters are employed, the art work
required for production of a four inch thick part can be
generated within two hours.

As previously suggested, each of the individually
contoured laminations will be drawn as a negative image with
white against a dark background. The background areas will
be chemically removed in a subsequent etching process (as
shown in Fig. 11), and the negatives can be produced on
paper or mylar. In this connection, mylar could be directly
attached to or produced directly on the surface of metal
sheets coated with a photo resistant material for exposure
to ultraviolet light.

To perform the steps for chemical blanking, the
application of a photoresistant material can be done on a
large quantity basis as long as the sheets are stored and
handled with care in preparation of work pieces. Exposure
and etching operations are fairly fast, e.g., for a sheet of
metal .01 inch thick, it will take from 10 to 30 minutes to
do bath etching. Since all cross-sections can be stched
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simultaneocusly, the process is principally dependant upon
the art work production. :

After the etching has been completed and the pho-
toresistant material has been removed, the sheets must be
stacked together and laminated in a brazing furnace. Upon
completion of the brazing process, a monolithic die, mold,
prototype or other ocbject will exist from the three-dimen-
sional object formed from the "individually contoured lamina-
tions. Depending upon the final application for the object,
surface coating or finishing can be performed as previously
described. .
As shown in Fig. 5, the brazed part will have a
step-like geometry, but the step edges can be eliminated by
grinding before the surface is coated. As previously men-
tioned, the surface can be coated using the electroless
nickel process or other finishing technique to achieve de-
sired tolerances and surface finishes.

With regard to the sheet-like material utilized
for the individually contoured laminations in the laser
cutting process and the chemical etching process, it will be
understood that this is preferably a "bimaterial" meaning
that it is comprised of more than a single material. For
instance, it may comprise a bimetallic material such as
steel clad with copper, or it may comprise a metal covered
with adhesive, or it may comprise a plastic covered with
adhesive, depending upon the exact process utilized, i.e.,
whether the individually contoured laminations will be inte-
grally bonded by means of brazing or through applied pres-
sure. In addition, either or both sides of the principal
portion of the sheet-like material may be suitably covered
with the bonding material.

As mentioned previously in connection with the
utilization of a bimetallic material, the principal material
will comprise on the order of 70 to 98% of the sheet-like

»
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material with the bonding material comprising on the order
of 2 to 30% of the sheet-like material. It will be appre-
ciated, of course, that in the case of a bimetallic materi-
al, the principal material should have a melting point suf-
ficiently higher than the bonding material so that the prin-
cipal material will not deform during brazing. Similarly,
in the case of an adhesive bond, there will be sufficient
adhesive to create a strong bond following the application
of pressure. '

In order to form an integral three-dimensional
object from individually contoured laminations, it is highly
desirable for the individually contoured laminations to have
the same or gradually varying shape. This can be achieved
provided that each of the individually contoured laminations
comprises no more than approximately 0.125% of the entire
thickness of the integral three-dimensional object, e.g.,
approximately 0.030 inches maximum thickness for an integral
three-dimensional object up to approximately 2 feet thick.
By following these parameters, the contour will be relative-
ly smooth and require a minimum of grinding prior to plat-
ing.

Referring now to Fig. 16, still another apparatus
200 for forming an integral three-dimensional object from
laminations is illustrated and includes a station 202 for
storing and supplying a powder material 204. The lamination
forming means includes a powder receiving platform 206,
means 208 for compressing the powder 204 on the platform 206
to a predetermined thickness, and means 210 for integrally
bonding at least some of the powder 204 to complete forma-
tion of one of the individually contoured laminations. The
operation controlling means includes a computer assisted
drafting station 212 for entering data concerning the three-
dimensional object and means 214 for transferring operation
controlling signals to the lamination forming means. The
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lamination assembling includes means 216 for moving the
powder receiving platform 206 in cyclical fashion from the
powder storing and supplying station 202 to the powder com-
pressing means 208 and to the integral bonding means 210.
Preferably, the powder compressing means 208 includes a
heated roller 218 controlled by an actuator 220 regulated to
control the force of the roller 218 on the powder 204 to
achieve bonding during compression.

As will be appreciated from Fig. 16, the integral
bonding means 210 preferably comprises a computer interfaced
laser scanner. The computer interfaced laser scanner 210 is
adapted to integrally bond at least some of the powder 204
formed into a layer as at 222 on the platform 206 which is
compressed by the roller 218. After this has been done, the
integrally bonded powder comprises one of the individually
contoured laminations. '

As will be appreciated, the platform moving means
216 is a conveyor. Also, the station 202 for storing and
supplying the powder is preferably disposed above an upper
surface of the conveyor 216. In addition, a recirculation-
container 224 is preferably disposed below the upper surface
of the conveyor 216.

As shown, the platform 206 is preferably attached
to the conveyor 216 by pivotal side support mountings 226.
The platform 206 receives the powder 204 so as to form the
layer 222 while it is disposed below the container 202 with
any excess falling into the recirculation container 224 for
periodic recirculation back into the station 202. After the
powder deposition on the platform 206, the conveyor 216
moves the platform 206 under the roller 218.

As this occurs, the roller 218 is brought into
contact with the powder layer 222 by action of the linear
actuator 220. The roller 218 is preferably electrically
heated from a power supply 228 with the force of the actuat-

(3
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or 220 being regulated in order to achieve proper bonding
during compression of the powder layer 222. As will be
appreciated, the roller 218 has the advantage of having a
small area of contact with the powder layer 222 meaning that
a relatively small force from the actuator 220 is regquired
to achieve the desired pressure.

Next, the conveyor 216 moves the platform 206
under the computer interfaced .laser scanner 210. The scan-
ner sinters or melts the material within the boundaries of
the cross-section designated by the computer assisted draft-
ing station 212 to form the reguired one of the individually
contoured laminations. Then, the platform 206 is moved
around the drum 230 of the conveyor 216 (with excess powdéf
204 falling into the container 232) after which the platform
206 returns to a position under the station 202 for repeai-
ing the process to form the next of the individually con-
toured laminations.

Clearly, the apparatus 200 illustrated in detail
in Fig. 16 demonstrates that powder techniques can be util-
ized for laminated object manufacturing. In this process,
smaller laser beam intensity is regquired in comparison with
cross-section cutting techniques, such as those described
hereinabove. Instead of vaporizing metal or plastic (as
occurs in cutting), the material only has to be selectively
heated to a temperature that creates intermolecular bonds.

At such temperatures, sintering or melting of
particles of material occurs. The apparatus 200 implement-
ing this powder process is simpler, e.g., than laminating
objects from foil, since cross sections are created and
attached to the stack at the same time. Moreover, by util-
izing this technique, problems associated with non-contigu-
ous contours are entirely avoided.
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Referring specifically to Fig. 15, another method
of forming an integral three-dimensional object from lamina-
tions is illustrated. The method includes the steps of
positioning a platform 234 under a station 236 for storing
and supplying a powder material 238, depositing a quantity
of the powder material 238 on the platform 234 to form a
layer 240 of the powder material 238 of a predetermined
thickness, compressing the layer 240 of the powder material
238 to cause the powder material to be formed into a coher-
ent mass, heating at least a portion of the layer 240 of the
powder material 238 to form an individually contoured lamin-
ation 242, and repeating the depositing, compressing and
heating steps to form a plurality of individually contoured
laminations (such as 242). With this method, the individu-
ally contoured laminations such as 242 are each integrally
bonded to the next adjacent of the individually contoured
laminations by the heating steps.

Preferably, the method includes forming the indiv-
idually contoured laminations such as 242 to a thickness
substantially the same as the thickness of the layers such
as 240. It also includes providing means for contrelling
the depositing, compressing and heating steps to provide the
individually contoured laminations such as 242 for the three
dimensional object to be formed thereby. It further in-
cludes entering data concerning the three-dimensional object
into the controlling means and thereafter instructing the
controlling means to cause the powder material 238 to be
formed into.the individually contoured laminations such as
242 for the three-dimensional object. More specifically,
the controlling means preferably includes a computer assist-
ed drafting station 244 for the data entering step and means
246 for transferring controlling signals therefrom.

With reference to the apparatus and method illus-
trated in Figs. 15 and 16, the layers such as 240 of the
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powder material 238 are each of a thickness on the order of
0.002 to 0.020 inches after the compressing step. It will
also be appreciated that the compressing step is performed
either by the heated roller 218 (Fig. 16) or by a heated
press platform 248 (Fig. 15). 1In either case, the heated
portion of the layer 222 or 240 is heated by a computer
interfaced laser scanner 210 aor 250 adapted to integrally
bond at least some of the powder material 204 or 238.

In addition, it will be appreciated that the pow-
der material remaining after formation of the three-dimen-
sional object formed by the integrally bonded individually
contoured laminations is removed. This can be done as il-
lustrated in Fig. 16 by a "dumping" method or, alternative-
ly, by subjecting the respective platforms 206 and 234 to -
vibrations and/or impact. In this manner, the non-sintered
or non-melted powder surrounding the three-dimensional ob- .
ject and filling its holes and cavities is loosened and
leéves the part.

Finally, and referring to Fig. 15, the method can
utilize metal, plastic or ceramic powder 238. The powder
238 flows out of the container 236 through sieve 252 and
this deposition process can be enhanced by vibrating the
container 236. Preferably, the platform 234 stays in this
position until the powder layer 240 of desired thickness is
deposited.

As previously mentioned, the powder layer 222 or
240 is compressed by the action of the heated roller 218 or
heated press platform 248. At this stage, some intermolec-
ular bonds are formed and the powder layer 222 or 240 is
attached to the platform 206 or 234 or to the next adjacent
layer where one or more layers has already been formed.
Although the bonds are fairly weak, the compressed powder
204 or 238 stays attached even if the platform 206 or 234 is
turned upside-down.
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Referring to Fig. 15 in particular, the image of
the cross-section 254 on the computer assisted drafting
station 244 is rasterized by a computer. The geometrical
information about the cross-section 254 is transmitted from
the computer to the computer interfaced laser scanner 250
which scans the surface of the compressed powder 238 within
the boundaries of the cross-section with a laser beam.
Further, the laser beam is auicmatically focused on the
surface of the cross-section, its energy is delivered in
pulses (one pulse per raster dot), and the pulse energy is
regulated in order to sinter or melt the material to the
depth equal to the thickness of the cross-section.

With reference to the description of Figs. 15 and
16, the apparatus can suitably become a computer peripheral
for tool-less manufacturing of virtually any part that can
be created on the computer screen. Although some secondary
surface finishing of a three-dimensional object produced by
the apparatus may be required, the apparatus results in an
ideal method for near-net-shape manufacturing.

While in the foregoing specification a detailed
description of the preferred embodiments has been set forth,
it will be appreciated by those skilled in the art that the
details herein given may be varied without departing from
the spirit and scope of the appended clainms.
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I Claim:

1. An apparatus for forming an integral three-
dimensional object from laminations, comprising:

a station for storing and supplying a material;

means for forming said material into a plurality
of individually contoured laminations in shapes required for
assembly in a pre-selected sequence into said three-dimen-
sional object;

means for controlling the operation of said lamin-
ation forming means to provide said individually contoured.
laminations for said three~dimensional object in response to
data entered concerning said three-dimensional object; and

means for assembling said plurality of individual-
ly contoured laminations formed from said material in said
pre-selected sequence into the form of said three-dimension-
al object; .

said plurality of individually contoured lamina-
tions being assembled such that each of said individually
contoured laminations is integrally bonded to the next adja-
cent of said individually contoured laminations to complete
formation of said integral three-dimensional object.

2. The apparatus as defined by claim 1 wherein
said material stored and supplied at said station is a
sheet-like material.

3. The apparatus as defined by claim 2 wherein
said lamination forming means includes a work station having
a position for cutting said sheet-like material and means
for cutting said sheet-like material into said required
shapes at said cutting position. '
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4. The apparatus as defined by claim 3 wherein
said cutting means includes a laser beam generating device
operatively associated with said work station, means for
focusing a laser beam from said generating device onto said
sheet-like material at said cutting position, and means for
directing said laser beam from said generating device about
said sheet-like material to form said required shapes at
said cutting position. '

5. The apparatus as defined by claim 4 wherein
said means for focusing and directing said laser beam in-
cludes a lens and a pair of mirrors, said mirrors being
spaced from said generating device, said lens and one an-
other, said means for directing said laser beam including a
positioning table supporting said mirrors for axial movement
along mutually perpendicular axes.

6. The apparatus as defined by claim 5 wherein
said positioning table supports one of said mirrors for
movement toward and away from said generating device, said’
positioning table supporting the other of said mirrors for
movement with said one of said mirrors, said positioning
table also supporting the other of said mirrors for movement
toward and away from said one of said mirrors.

7. The apparatus as defined by claim 6 wherein
said mirrors move in a plane generally parallel to the plane
of said sheet-like material at said cutting position, said
positioning table supporting said lens for movement with the
other of said mirrors such that said lens is adapted to move
with said mirrors in a plane generally parallel to the plane
of said mirrors, said lens also being supported to move
along an axis generally perpendicular to the plane of said
mirrors.

£
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8. The apparatus as defined by claim 2 wherein
said operation controlling means includes a computer assist-
ed drafting station for entering data concerning said three-
dimensional object and means associated with said computer
assisted drafting station for transferring operation con-
trolling signals to said lamination forming means.

9. The apparatus as defined by claim 8 including
means associated with said computer assisted drafting sta-
tion for determining the thickness of said individually
contoured laminations, for determining the individual con-
tours of each of said individually contoured laminations,
for determining the sequence of forming said individually
contoured laminations, and for determining the sequence of
assembling said individually contoured laminations into said
three-dimensional object.

10. The apparatus as defined by claim 9 wherein
said determining means is operative to ensure for each of
said individually contoured laminations that, after the
thickness and individual contours have been determined, the
sequence of forming said individually contoured laminations
is such that each of the individual contours does not con-
tain any other included contour.

11. The apparatus as defined by claim 3 wherein
said lamination assembling means includes an assembly sta-
tion having a location for stacking said individually con-
toured laminations and means for moving said individually
contoured laminations from said cutting position of said
work station to said stacking location of said assembly
station.



WO 87/07538 PCT/US87/01326

- 42 -

12. The apparatus as defined by claim 11 wherein
said moving means is an electromagnetically operated pick-up
plate movable between said cutting position of said work
station and said stacking location of said assembly station,
said sheet-like material being a sheet metal ribbon stored
on a roll at said station and including a feeding mechanism
for advancing said ribbon from said roll to said cutting
position of said work station.

13. The apparatus as defined by claim 12 includ-
ing a grinding belt intermediate said cutting position of
said work station and said stacking location of said assem-
bly station, said pick-up plate being adapted to place said
individually contoured laminations in contact with said
grinding belt during movement from said cutting position of
said work station to said stacking location of said assembly
station.

14. The apparatus as defined by claim 12 wherein
said assembly station includes a spring biased stacking
plate at said stacking location, said stacking plate being
disposed for axial movement in a stack holder adapted to
receive and retain said individually contoured laminations
on said stacking plate, said stack holder being adapted for
limited movement in a plane parallel to the plane of said
stacking plate.

o
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15. The apparatus as defined by claim 14 wherein
said stack holder includes a retaining lip adapted to coop-
erate with said spring biased stacking plate to retain saig
individually contoured laminations therebetween, said indiv-
idually contoured laminations each having an identical gen-
erally rectangular outer contour, said stacking plate, stack
holder and retaining lip cooperating with said generally
rectangular outer contour to assemble said individually
contoured laminations into the form of said three-dimension-
al object.

16. The apparatus as defined by claim 15 wherein
said stacking plate includes a pair of locating pins adapted
to precisely position said individually contoured lamina-
tions into the form of said three-dimensional object, said
individually contoured laminations each having a pair of
pin-receiving locating holes in said generally rectangular
outer contour outwardly of any inner contour thereof.

17. The apparatus as defined by claim 12 wherein
said cutting means includes a laser beam generating device
operatively associated with said work station, means for
focusing a laser beam from said generating device onto said
sheet-like material at said cutting position, and means for
directing said laser beam from said generating device about
said sheet-like material to form said required shapes at
said cutting position, said means for focusing said laser
beam including a lens, said means for directing said laser
beam including a pair of mirrors, said mirrors being spaced
from said generating device, said lens and one another, said
means for directing said laser beam including a positioning
table supporting said mirrors for axial movement along mutu-
ally perpendicular axes.
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18. The apparatus as defined by claim 17 wherein
said positioning table supports one of said mirrors for
movement toward and away from said generating device, said
positioning table supporting the other of said mirrors for
movement with said one of said mirrors, said positioning
table also supporting the other of said mirrors for movement
toward and away from said one of said mirrors, said mirrors
moving in a plane generally parallel to the plane of said
sheet-like material at said cutting position, said position-
ing table supporting said lens for movement with the other
of said mirrors such that said lens is adapted to move with
said mirrors in a plane.qenerhlly parallel to the plane of
said mirrors, said lens also being supported to move along
an axis generally perpendicular to the plane of said mir-
rors.

19. The apparatus as defined by claim 18 wherein
said electromagnetically operated pick-up plate is opera-
tively associated with the lens supporting portion of said
positioning table, said pick-up plate being adapted to be
placed in contact with said individually contoured lamina-
tions at said cutting position of said work station to be
electromagnetically attached thereto, said positioning table
being adapted to move said individually contoured lamina-
tions from said cutting position of said work station to
said stacking location of said assembly station, said indiv-
idually contoured laminations thereafter being adapted to be
released from said pick-up plate at said stacking locaticn
of said assembly station.

20. The apparatus as defined by claim 19 includ-
ing integral bonding means for said plurality of individual-
1y contoured laminations, said integral bonding means com~
prising spot brazing of said individually contoured lamina-
tions with said laser beam generating device.
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21. The apparatus as defined by claim 11 vherein
said moving means is a conveyor belt for transporting said
individually contoured laminations from said cutting posi-
tion of said work station to said stacking location of said
assembly station, said material being a sheet-like plastic
ribbon having a pressure sensitive adhesive on the top
thereof covered with a surface protecting tape, and includ-
ing means for removing said tape before said plastic ribbon
enters said cutting position of said work station.

22. The apparatus as defined by claim 21 wherein
said assembly station comprises a stacking device including
a movable plate at a stacking location, said plate being
disposed on a stacking platform for axial movement to press
individually contoured laminations assembled on said plate
to the next adjacent individually contoured lamination car-
ried from said cutting position of said work station to said
stacking location of said assembly station, and including a
load cell associated with said plate to ensure a force suf-
ficient to cause an adhesive bond between said individually
contoured laminations.

23. The apparatus as defined by claim 2 wherein
said lamination forming means includes a plurality of work
stations each having a position for cutting said sheet-like
pmaterial and means for cutting said sheet-like material into
said required shapes at said cutting positions, said cutting
means including a single laser beam generating device cpera-
tively associated with each of said work stations through a
beam splitter, said cutting means also including means for
directing and focusing laser beams from said beam splitters
onto said sheet-like material at said cutting positions.
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24. The apparatus as defined by claim 23 wherein
said lamination assembling means includes a single assembly
station having a location for stacking said individually
contoured laminations from all of said work stations and
means for moving said individually contoured laminations
from said cutting positions of said work stations to said
stacking location of said sing}e assembly station.

25, The apparatus as defined by claim 2 wherein
said lamination forming means includes a plotter for produc-
ing said required shapes as a negative image on a separate
gheet-like material for use as artwork for chemical etching
said sheet-like material for said integral three-dimensional
object, said sheet-like material for said integral three-
dimensional object comprising a sheet coated with a photore-
sistant material for exposure to ultraviolet light, said
lamination forming means further including an etching sta-
tion to receive said coated sheet after attachment of said
separate sheet-like material bearing said negative image.

26. The apparatus as defined by claim 25 wherein
said separate sheet-like material used as artwork is a rib-
bon having areas transparent to passage of ultraviolet
light, said ribbon being moved at the same speed as said
gheet-like material for said three-dimensional object, said
ribbon preferentially exposing said sheet-like material for
said three-dimensional object to ultraviolet light.

27. The apparatus as defined by claim 25 wherein
said separate sheet-like material used as artwork and said
gheet-like material for said three-dimensional object have
perforations adapted to cooperate with sprockets for equal-
izing the speeds thereof.

[
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28. The apparatus as defined by claim 25 wherein
said separate sheet-like material used as artwork contains
artwork for more than one of said individually contoured
laminations in a single row.

29. The apparatus as defined by claim 25 includ-
ing a conveyor moving parallel to the direction of movement
of said sheet-like material used as artwork and said sheet-
like material for said three-dimensional object and also
including another conveyor moving in a direction perpendicu-
lar to the direction of movement of said first conveyor for
transporting said individually contoured laminations to a
stack.

30. The apparatus as defined by claim 2 wherein
said lamination forming means includes a plotter for produc-
ing said required shapes for use as artwork for chemical
etching directly on said sheet-like material for said inte-
gral three-dimensional object, said sheet-like material for
said integral three-dimensional object comprising a sheet
coated with a photoresistant material for exposure to ultra-
violet light, said lamination forming means further includ-
ing an etching station to receive said coated sheet after
said negative image has been produced directly on said ‘
sheet-like material.

31. The apparatus as defined by claim 2 wherein
said sheet-like material is a bimaterial ribbon sized such
that any single one of said individually contoured lamina-
tions comprises no more than 0.125% of the total thickness
of said integral three-dimensional object defined by all of
said individually contoured laminations.
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32, The apparatus as defined by claim 1 wherein
said material stored and supplied at said station is a pow-
der.

33. The apparatus as defined by claim 32 wherein
said lamination forming means includes a powder receiving
platform, means for compressing said powder on said platform
to a predetermined thickness, and means for integrally bond-
ing at least some of said powder to complete formation of
one of said individually contoured laminations.

34. The apparatus as defined by claim 33 wherein
said operation controlling means includes a computer assist-
ed drafting station for entering data concerning said three
dimensional object and means associated with said computer
assisted drafting station for transferring operation con-
trolling signals to said laminations forming means.

35. The apparatus as defined by claim 34 wherein
said lamination assembling means includes means for moving
said powder -receiving platform in cyclical fashion from said
powder storing and supplying station, to said powder com-
pressing means and to said integral bonding means.

36. The apparatus as defined by claim 32 wherein
said powder compressing means includes a heated roller, said
heated roller being controlled by an actuator, said actuator
being regulated to control the force of said roller on said
powder to achieve bonding during compression.



WO 87/07538 PCT/US87/01326

37. The apparatus as defined by claim 32 wherein
said integral bonding means includes a computer interfaced
laser scanner, said computer interfaced laser scanner being
adapted to integrally bond at least some of said powder,
said integrally bonded powder comprising one of said indivi-
dually contoured laminations.

38. The apparatus as defined by claim 35 wherein
said platform moving means is a conveyor, said station for
storing and supplying said powder is disposed above an upper
surface of said conveyor, and including a recirculation .
container disposed below- said upper surface of said convey-
or.
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39. A method of forming an integral three-dimen-
sional object from laminations, comprising the steps of:

providing means for forming a material into a
plurality of individually contoured laminations in shapes
required for assembly in a pre-selected sequence into said
three-dimensional object;

providing means for controlling the operation of
said lamination forming means to provide said individually
contoured laminations for said three-dimensional cobject;

entering data concerning said three-dimensional
object into said operation contreolling means and thereafter
instructing said operation controlling means to operate said
lamination forming means in a controlled manner so as to
form said plurality of individually contoured laminations;
and

assembling said plurality of individually con-
toured laminations in said pre-selected sequence into the
form of said three-dimensional object:

said plurality of individually contoured lamina-
tions being assembled such that each of said individually
contoured laminations is integrally bonded to the next ad-
jacent of said individually contoured laminations to com-
plete formation of said three-dimensional object.

40. The method as defined by claim 39 including
the step of providing a station for storing and supplying
said material, said material comprising a sheet-like mater-
ial.

41. The method as defined by claim 40 wherein
said lamination forming means includes a work station having
a position for cutting said sheet-like material and means
for cutting said sheet-like material into said required
shapes at said cutting position.
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42. The method as defined by claim 39 wherein any
one of said individually contoured laminations is sized so
as to comprise no more than 0.125% of the thickness of said
integral three-dimensional object defined by all of said
individually contoured laminations.

43. The method as defined by claim 41 wherein
said cutting means includes a laser beam generating device
operatively associated with said work station, means for
focusing a laser beam from said generating device onto said
sheet-like material at said cutting position, and means for
directing said laser beam from said generating device about
said sheet-like material to form said required shapes at
said cutting position.

44. The method as defined by claim 39 wherein
said operation controlling means includes a computer assist-
ed drafting station for entering data concerning said three-
dimensional object and means associated with said computer:
assisted drafting station for transferring operation con-
trolling signals to said lamination forming means.

45. The method as defined by claim 44 including

.the step of providing means associated with said computer

assisted drafting station for determining the thickness of
said individually contoured laminations, for determining the
individual contours of each of said individually contoured
laminations, for determining the sequence of forming said
individually contoured laminations, and for determining the
sequence of assembling said individually contoured lamina-
tions into said three-dimensionl object.
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46. The method as defined by claim 45 wherein
said determining means is operative to ensure for each of
said individually contoured laminations that, after the
thickness and individual contours have been determined, the
sequence of forming said individually contoured laminations
is such that each of the individual contours does not con-
tain any other included contour.

47. The method as defined by claim 41 wherein
said assembling step includes providing a location for
stacking said individually contoured laminations, moving
said individually contoured laminations from said cutting
position of said work station to said stacking location, and
stacking said individually contoured laminations into the
form of said three-dimensional object.

48. The method as defined by claim 47 wherein
said individually contoured laminations are provided with a
pair of pin-receiving locating holes for aligning said indi-
vidually contoured laminations with respect to one another.

49. The method as defined by claim 47 wherein
said individually contoured laminations are formed such that
any non-contiguous portions are connected by at least one
connecting strip.

50. The method as defined by claim 47 including
the step of integrally bonding said plurality of individual-
ly contoured laminations, said integral bonding step includ-
ing furnace brazing said integral three-dimensional object
and said connecting strips being removed after said furnace
brazing.
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51. The method as defined by claim 47 wherein
each of said individually contoured laminations include an
outer periphery of constant size and shape, each of said
individually contoured laminations also being provided with
at least two pin-receiving locating holes adjﬁcent said
outer periphery.

52. The method as defined by claim 54 including
the step of grinding said individually contoured laminations
after cutting said required shapes at said cutting position
of said work station prior to stacking said individually
contoured laminations at said stacking location.

53. The method as defined by claim 40 including
the step of integrally bonding said plurality of individual-
ly contoured laminations, said integral bonding step includ-
ing spot brazing said individually contoured laminations.

54. The method as defined by claim 53 wherein
said integral bonding step includes thereafter furnace braz-
ing said three-dimensional object.

55. The method as defined by claim 54 including
the step of grinding the three-dimensional object after
furnace brazing.

56. The method as defined by claim 54 including
the step of plating the three-dimensional object after fur-
nace brazing.
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57. The method as defined by claim 47 wherein
said sheet-like material is a sheet-like ribbon having a
pressure sensitive adhesive on the top thereof covered with
a surface protecting tape, and including the step of remov-
ing said tape before said ribbon enters said cutting posi-
tion of said work station.

58. The method as defined by claim 41 including
pressing individually contoured laminations located at said
stacking location to the next adjacent individually con-
toured lamination moved from said cutting position of said
work station to said stacking location to cause an adhesive
bond between said individually contoured laminations.

59. The method as defined by claim 41 including
the step of providing a plurality of work stations each
having a position for cutting said sheet-like material and
including the step of providing means for cutting said
sheet-like material into said required shapes at each of
said cutting positions, said cutting positions including a
single laser beam generating device operatively associated
with each of said work stations through a beam splitter,
said cutting means also including means for directing and
focusing laser beams from said beam splitters onto said
sheet-like material at said cutting positions.

60. The method as defined by claim 59 wherein
said assembly step includes providing a single location for
stacking said individually contoured laminations, moving
said individually contoured laminations from said cutting
positions of said work stations to said single stacking
location, and stacking said individually contoured lami-
nations into the form of said three-dimensional object.
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61. The method as defined by claim 60 wherein
said operation controlling means includes a computér as-
sisted drafting station for entering data concerning said
three-dimensional object and means associated with said
computer assisted drafting station for transferring opera-
tion controlling signals to said lamination forming means.

62. The method as defined by claim 61 including
the step of providing means associated with said computer
assisted drafting station for determining the thickness of
said individually contoured laminations, for determining'the
individual contours of each of said individually contoured
laminations, for determining the sequence of forming said
individually contoured laminations, and for determining the
sequence of assembling said individually contoured lamina-
tions into said three-dimensional ocbject. v

63. The method as defined by claim 62 wherein
said determining means is operative to ensure for each of
said individually contoured laminations that, after the
thickness and individual contours have been determined, the
sequence of forming said laminations is such that each of
the individual contours does not contain any other included
contour.
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64. The method as defined by claim 58 ipcluding
the step of utilizing a plotter for producing said required
shapes as a negative image on a separate sheet-like material
for use as artwork for chemical etching said sheet-like
material for said integral three-dimensional object, said
sheet-like material for said integral three-dimensional
object comprising a bimaterial sheet coated with a photo-
resistent material for exposure to ultraviclet light, and
including the step of providing an etching station to re-
ceive said coated bimaterial sheet after covering with said
separate sheet-like material bearing said negative image:

65. The method as defined by claim 64 wherein
said separate sheet-like material used as artwork is a rib-
bon transparent to the passage of ultraviolet light, said
ribbon being moved at the same speed as said bimaterial
sheet, said ribbon preferentially exposing said bimaterial
sheet to ultraviolet light.

66. The method as defined by claim 64 wherein
said separate sheet-like material used as artwork and said
bimaterial sheet have perforations adapted to cooperate with
sprockets for egqualizing the speeds thereof.

67. The method as defined by claim 64 wherein
said separate sheet-like material used as artwork contains
artwork for more than one of said individually contoured
laminations in a single row.
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68. The method as defined by claim 64 including a
conveyor moving parallel to the direction of movement of
said sheet-like material used as artwork and said bimaterial
sheet and also including another conveyor moving in a direc-
tion perpendicular to the direction of movement of said
first conveyor for transporting said individually contoured
laminations to a stack.

69. The method as defined by claim 39 including
the step of providing a station for storing and supplying
said material, said material comprising a powder.
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70. A method of forming an integral three-dimen-
sional object from laminations, comprising the steps of:

positioning a platform under a station for storing
and supplying a powder material;

depositing a quantity of said powder material on
said platform to form a layer of said powder material of a
predetermined thickness:

compressing said layer of said powder material to
cause said powder material to be formed into a coherent
mass;

heating at least a portion of said layer of said
powder material to form an individually contoured lamina-
tion; and

repeating said depositing, compressing and heating
steps to form a plurality of individually contoured lamina-
tions;

each of said individually contoured laminations
being integrally bonded to the next adjacent of said indivi-
dually contoured laminations by said heating steps.

71. The method as defined by claim 70 wherein
said individually contoured laminations are formed to a
thickness substantially the same as the thickness of said
layers of said powder material.

72. The method as defined by claim 70 including
the step of providing means for controlling said depositing,
compressing and heating steps to provide said individually
contoured laminations for said three-dimensional object.
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73. The method as defined by claim 72 including
the step of entering data concerning said three dimensional
object into said controlling means and thereafter instruct-
ing said controlling means to cause said powder material to
be formed into said individually contoured laminations.

74. The method as defined by claim 73 wherein
said controlling means includes a computer assisted drafting
station for said data entering step and means associated
with said computer assisted drafting station for transfer-
ring controlling signals for said depositing, compressing
and heating steps.

75. The method as defined by claim 70 wherein
said layers of said powder material are each of a thickness
on the order of 0.002 to 0.020 inches after the step of
compressing.

76. The method as defined by claim 70 wherein
said layers of said powder material are each compressed by a
heated press platform.

77. The method as defined by claim 70 wherein
said layers of said powder material are each compressed by a
heated roller.

78. The method as defined by claim 70 wherein
said heated portion of said layer is heated by a computer
interfaced laser scanner, said computer interfaced laser
scanner being adapted to integrally bond at least some of
said powder material.
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79. The method as defined by claim 70 including
the step of removing said powder material from said three-
dimensional object formed by said integrally bonded indivi-
dually contoured laminations.

80. The method as defined by claim 70 wherein
said depositing, compressing and heating steps are performed
at different stations and including means for moving said
platform in cyclical fashion from said powder storing and
supplying station, to said compressing station and to said
heating station.

[$Y]
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8l1. An integral three-dimensional cbject formed
fron laminations by a method comprising the steps of:

entering data concerning said three-dimensional
object into an operation controlling means;

instructing said operation controlling means to
operate a lamination forming means in a controlled manner so
as to form a plurality of individually contoured lamina-
tions; and

assembling said plurality of individually con-
toured laminations in a pre-selected seguence into the form
of said three-dimensional object;

said plurality-of individually contoured lamina-
tions being assembled such that each of said individually
contoured laminations is integrally bonded to the next adja-
cent of said individually contoured laminations to complete
formation of said three-dimensional object.

82. The three-dimensional object as defined by
claim 81 wherein said assembling step includes providing a
location for stacking said individually contoured lamina-
tions, moving said individually contoured laminations from
said lamination forming means, and stacking said individual-
ly contoured laminations into the form of said three-dimen-
sional object.

83. The three-dimensional object as defined by
claim 82 including the step of grinding said individually
contoured laminations prior to stacking at said stacking
location, and including the steps of integrally bonding said
plurality of individually contoured laminations by spot
brazing to form said three-dimensional object and thereafter
furnace brazing said three-dimensional object.
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84. The three-dimensional object as defined by
claim 83 including the step of grinding said three-dimen-
sional composite after furnace brazing.

85. The three-dimensional object as defined by
claim 83 including the step of plating said three-dimension-
al object after furnace brazing.

[

]
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