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[57] ABSTRACT 

A three-dimensional article and a method of manufac 
turing it, said article comprising individual increments 
in the form of rods that are premachined or preformed 
and assembled in registry, said rods being precut to 
discrete lengths, one end of each rod forming an in 
crement of a precalibrated surface contour, each in 
cremental surface being located in an optimum plane 
tangent to the precalibrated surface, the rod lengths 
and the cutting angles for the individual rods being 
determined by numerical control techniques. 

3 Claims, 13 Drawing Figures 
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I NCREMENTAL CONSTRUCTION OF THREE 
DIMENSIONAL OBJECTS HAVING 

PREMACHINED ROD ELEMENTS AND METHOD 
FOR FORMING THE SAME 

GENERAL DESCRIPTION OF THE INVENTION 

This application is a division of copending applica 
tion Ser. No. 749,685 ?led Aug. 2, 1968, now US. Pat. 
No. 3,605,528. That application is assigned to the as 
signee of the instant application. 
Our invention is related generally to the manufacture 

of three-dimensional objects, such as metal forming 
dies, although the teachings of our invention can be ap 
plied also to construction of other objects such as die 
casting dies, plastic molds and other objects of various 
geometry. 

It is possible also to employ the teachings of our in 
vention in forming objects that are related indirectly to 
the metal forming art. Examples of such objects might 
be tooling aid devices, ?xtures and objects which might 
otherwise be formed by casting techniques. 
We prefer to use metal rods of hexagonal shape in 

building a die or other article. The rods are precut to 
length using a numerically controlled cut-off machine, 
the ends of each of the rods forming surface increments 
that are optimally tangent to a curved surface contour 
of a precalibrated surface. The point of tangency 
between the incremental tangent surface and the 
curved surface is located at the rod center. 
An automated, numerically-controlled identi?cation 

and assembly procedure makes it possible to identify 
individual rods and to position them in proper registry 
with the rod ends forming the equivalent of a rough 
machined surface for a casting. ' 

The individual rods may be bonded together by braz 
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ing, diffusion brazing, adhesive bonding, chemical ' 
bonding or other bonding procedures to form a solid 
section. The section then can be ?nish machined to a 
required surface contour. 40 

In the case of a metal forming die, the upper die sec- ' 
tion and the lower die section can be formed simultane 
ously. The basic procedure used during the numerically 
controlled rod cutting step produces registering ele~ 
ments of the upper and lower die sections, the 
matching ends of the two rods forming increments of 
the rough machined die surface equivalent for their 
respective die sections. The die surface angle formed 
during each angular cut for the rod for one die section 
is necessarily the proper die surface angle for the cor 
responding rod for the remaining complementary die 
section. 
The numerical de?nition of the ?nished die surface is 

determined with computer assisted data processing 
steps. The surface itself is normally de?ned initially in 
two dimensions on a surface layout, although other 
techniques have been used. A series of points on 
character lines and section lines on the two-dimen 
sional surface draft is translated by interpolation into a 
mathematically continuous surface. With aid of a com 
puter, a network of mathematically computed points in 
space can be obtained with suf?cient density so that the 
points de?ne the finished surface in three dimensions. 
Tangent vectors for each of the points thus com 

puted can be determined by partial differentials with 
reference to each of two coordinate planes. Having 
determined these vectors, a surface normal can be 
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2 
determined mathematically by using, for example, a 
cross-product method. It is this normal vector that 
determines the cutting angle for the die surface end of 
the rod, and the point at which each normal is deter— 
mined is made to correspond to a point lying on the axis 
of . the individual rod. Where compound curvature 
precludes a unique common plane, the center in trans 
lated to assure sufficient machining stock. Similarly, 
the location of extreme angles, determined to be still in 
saw range, are adjusted for variations in saw kerf. 
The computed data is prepared with known data 

processing procedures and used to generate a control 
tape which is adapted for controlling a numerically 
controlled cut-off machine. Intelligence stored in the 
tape includes data necessary to obtain the proper rod 
length for each of the individual rods, the die surface 
angle for each of the rod ends, and the identi?cation 
number for each rod. It is desirable to side-stripe the 
rods to assist in orientation during ?nal assembly. 

It is possible to include rods of different hardness in 
the completed die. Rods of varying chemical composi 
tion may be used to provide variable wear resisting 
qualities in selected areas of the die surface if this is 
desired. In this instance the preprocessing steps in the 
data processing procedure for preparing the control 
tape can be modi?ed to include necessary instructions 
to provide material selection at the outset before the 
angular cuts are made. 

It is possible also under some circumstances to use 
rods other than hexagonal rods. For example, triangu 
lar rods, rods with trapezoidal cross sections or rods 
with cross sections in the shape of modi?ed squares or 
parallelograms also may be used. The rods should have, 
however, a self-orienting feature in order to permit a 
registry that establishes structural rigidity. 
Although the instant disclosure is ‘directed to a con 

struction for a metal forming die and to a method for 
making them, corresponding procedural steps can be . 
used also to form objects other than metal forming dies, 
such as die casting dies, casting equivalents of objects 
such as ?xtures, certain tooling aids, machine bases, et 
cetera. 

In making a numerical de?nition of the die surface, a 
process drawing is prepared concurrently with the nu 
merical processing of the panel surface. This includes 
all the lines necessary to describe the surface. Each line 
is given an identifying number on the drawing. The 
numbered lines on the drawing then are identi?ed on a 
body draft, showing the surface in orthogonal represen 
tation. The lines necessary to describe the surface are 
superimposed on the body draft. All lines are digitized 
and used as raw input data for the computer assisted 
processing steps. The mathematical equations of the 
characteristic lines then are determined, which infor 
mation is used to develop a matrix of points in space. 
Other factors necessary for the building of the incre 

mental die, including holes, edges or other special con 
ditions such as the size and shape of the bars, the sym 
metry or lack of symmetry of the die then are deter 
mined. 

Special regions of the die may be de?ned if this is 
necessary. For example, it may be necessary to use a 
stop-off material to prevent brazing or adhering of cer 
tain incremental rods at one location, but not at 
another. Also the rods may be required to be shortened 
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at one location, or removed, or elongated. Different 
rod material in certain regions might be required. The 
line enclosing the region in question must be de?ned 
numerically, and the relationship of that line to the 
other character lines on the surface must be deter 
mined. 

Information regarding identi?cation of therods in 
certain regions must also be determined numerically. 
Such information must include instructions for slabbing 
or grooving of the corners of the rod or permanent. 
numbering of the rods. 
A two-dimensional grid of points representing the 

corners and centers of all the rods required to make up 
the incremental die is determined. The points on this 
grid then are projected onto the numerical de?nition of 
the die surface which already is determined, as ex 
plained above, thereby providing three-dimensional 
data and surface normal data. 

After the rods are cut and oriented, a reading head 
scans the identi?cation of the individual rods and 
identifies the pieces of the rods. Odd numbered pieces 
are channeled in one direction, and even numbered 
pieces are channeled in another direction. This in ef 
fect separates the hex rod elements into complementa 
ry groups, which are the principal components of the 
punch half of the die sections and the principal com 
ponents of the die half of the die sections. - 

Following this stage, both the odd numbered pieces 
and the even numbered pieces are arranged in numeri 
cal order. This operation is automated under numerical 
control. If the numerical arrangement is interrupted by 
reason of a missing piece, a gap in the row will appear 
and a signalling device will alert the operator so that 
the missing piece may be located and inserted in the 
gap, thus allowing a continuous ?ow of rods. If necessa 
ry, a dummy piece may be inserted into the gap thereby 
allowing operation to continue. The dummy then can 
be replaced in an off-line operation with an actual rod. 

After the rods are arranged in numerical order, they 
are assembled into a ?xture of special height, width, 
and depth to permit assembly of all the rods for the par 
ticular die half involved. All of the faces of the rods that 
are identi?ed by slabbing are oriented in a common 
direction. 
The automated portion of the system may be a 

transfer line type of machine into which the raw materi 
al in the form of the hex bar stock can be introduced 
and fed through the several stations. Changes occur in 
this raw material in progressive stages, as explained 
above, as it is transferred from one station to the next. 
It ?nally emerges from the terminal end of the system 
as hex rod elements of varying dimensional charac~ 
teristics. The-processing that occurs at the servo sta~ 
tions is initiated and controlled primarily through the 
use of numerical data, although this is supported by au 
tomatic cycling devices. . ~ 

The numerical data is the result of the merging of the 
process data required for the incremental die and the 
numerical representation of the die surface, as in~ 
dicated in the schematic diagram of FIG. 1. 

BRIEF DESCRIPTION OF THE FIGURES OF THE 
DRAWINGS 

FIG. 1 is a schematic diagram of the method steps 
used in making incremental metal forming dies. 
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4 
FIG. 2 is a plan view of an assembled incremental 

die. 
FIG. 3 is a cross section view taken along the plane of 

section line 3-3, FIG. 2. 
FIG. 4 is a cross sectional view taken along the plane 

of section line 4—-4 of FIG. 2. 
FIG. 5 is an isometric, sectional view taken along the 

plane of section line 5-5 of FIG. 2. 
FIG. 6 is a cross sectional, geometric representation 

of a die surface formed by the ends of the rods, the ends 
being situated in planes that are tangent to the ?nished 
surface contour at the location of the rod center lines. 
It is taken along the plane of section line 6—6 of FIG. 
8. 

FIG. 7 is a cross sectional view of cooperating upper 
and lower die sections of a metal forming die, the plane 
of the section being parallel to the center lines of the in 
cremental rods. ' 

FIG. 8 is a partial plan view of the incremental rods 
of FIG. 7 as seen from the plane of section line 8-8 of 
FIG. 7. 

FIGS. 9A, 9B and 9C is a process ?ow chart showing 
the method for constructing a numerically-controlled, 
incremental, rough-machined casting equivalent. 

FIG. 10 shows a typical machine base made in a form 
of a hexagonal rod construction. 

FIG. 11 is an automotive fender stamped form a die 
of the type illustrated in FIG. 7. 

PARTICULAR DESCRIPTION OF THE INVENTION 

In FIGS. 2, 3, 4 and 5 we have illustrated one of two 
die sections for forming sheet metal. In this instance, 
the die section has a cooperating die surface in the 
form of a concavity. The cooperating die section would 
have a convex die surface that would register with the 
concavity of the die section of FIG. 2. 
Numeral 10 designates in FIG. 2 a die housing, which 

may be in the form of a steel box. The housing may be 
of any shape desired although in the FIG._2 embodi 
ment it is square. 

Situated in the housing in close registry are hex 
agonal rods 12. Each rod is cut to form an upper sur 
face, such as that shown at 14, which generally 
cooperates with an adjacent end surface of the adjacent 
hexagonal rod. The surfaces directly adjacent surface 
17 are designated by reference characters 16, 18, 20 
and 22 in FIG. 5. The height of each rod as well as the 
angularity of the end surfaces are chosen so that each 
individual surface forms an increment of a larger sur 
face having a contour that approximates the contour of 
the desired finished die surface. . 

In the embodiment shown in FIGS. 2, 3, 4 and 5, the 
row of hexagonal rods directly adjacent the vertical 
walls of the housing 10 de?nes a pilot ridge 24 which 
extends around the periphery of the die section. Each 
individual rod is formed with a segment of the ridge 24 
so that when the individual segments are joined side 
by-side they de?ne the peripheral ridge 24. This ridge 
registers with a peripheral groove in the registering die 
section so that the die sections are piloted, one with 
respect to the other, into perfect registry. 
When the die sections are brought together into re 

gistry, each incremental end surface of each rod 12 re 
gisters with a cooperating end surface of a companion 
rod for the other die section. The angle of the surface 
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for any given rod 12 in the die section of FIG. 5, for ex 
ample, would have an identical angle on the cooperat 
ing end surface for the companion rod of the other die 
section. A clearance space between these two end sur 
faces accommodates the metal thickness of the sheet 
metal that is worked by the dies. 

In FIG. 7 we have shown in cross section form a pair 
of die sections, each having a die surface that registers 
with the die surface of its companion section. The 
space between the companion end surfaces of the 
upper and lower rod segments of the upper die section 
27 and lower die section 29 is occupied by the sheet 
metal 25. 
The die sections shown in FIG. 7 have been ?nish 

machined to provide continuous, smooth, die surfaces. 
This machining process employs numerically-con 
trolled, multiple-axis, milling machines in a manner 
described in co-pending application Ser. No. 577,997, 
?led Sept. 8, 1966, which is assigned to the assignee of 
this invention. Reference may be had to application 
Ser. No. 577,997 for the purpose of supplementing this 
disclosure. '~ 

Prior to the ?nish machining operation, each end of 
the hexagonal rods forms an end surface that is tangent 
to the die surface contour at a point that falls on the 
center lineof the rod itself. This is illustrated in FIG. 6 
where the individual rods 12 include surfaces 26, 28 
and 30 which form tangent planes for the die surface 
contour shown at 32. The points of tangency for the 
surfaces 26, 28 and 30 coincide with the points of inter 
section of the center lines 34, 36 and 38 for the rods 12 
with the ?nished die surface 32. The region between 
the surface 32 shown in FIG. 6 and the individual tan 
gent planes provided by the surfaces 26, 28 and 30 
represents excess metal that is removed during the 
finish machining operation. The tangent planes them 
selves approximate the contour 32 after the rods are as 
sembled in registry. This is the equivalent of a rough 
machined casting of the die section. ’ 

It is not necessary, as in the case of ?nish machining 
of cast die sections, to remove large quantities of metal 
during the machining operation. No rough machining is 
required. Only a single ?nish machining operation is 
needed to transform the approximate surface contour 
provided by the tangent planes of the rod end surfaces. 
into the finished contour represented by reference 
character 32. 
The surface designated by reference character 32 in 

FIG. 6 should correspond to the mathematically deter 
mined surface de?ned by the computed points in space 
described in the preamble portion of this speci?cation. 
Suitable ?owlines, or proportionately de?ned lines on 
the surface 32 can be computed by mathematically in 
terpolating appropriate points on the speci?ed surface. 
The tangent vectors at any point along the surface to 

be machined can be determined readily by the ex 
pedient of determining a partial derivative of the equa 
tion of a line of intersection between the computed sur 
face contour and a plane parallel to one of the coor 
dinate planes. Another tangent vector containing that 
same point can be determined with respect to another 
coordinate plane. Having these two tangent vectors, it 
is possible to obtain the unit normal vector. The center 
of the cutting tool can be adjusted accordingly along 
the unit normal vector so that the cutting tool itself al 
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6 
ways machines a tangent plane at any given point on 
the computed surface. 
The machine control may include an automatic 

parabolic interpolator that requires the simultaneous 
de?nition of the three coordinates of the points. Having 
received the three coordinates of selected points in its 
control system, the milling cutter, several of which are 
known in the industry, will direct the cutting tool to 
machine the surface 32 through the three points along 
a parabolic are rather than along straight line segments 
between the points. 
The information necessary to obtain this unit normal 

vector can be used also with modi?ed computer sub 
routines to determine the normals for the incremental 
end surfaces of the rod which in turn determine the 
angle of the cutting tool that cuts the individual rod 
segments and the angular position of the rods during 
the cutting operation. 

In FIGS. ‘9A, 9B and 9C we have shown a process 
?ow chart for various machining operations and the as 
sembly procedures necessary to convert hexagonal bar 
stock into a ?nished pair of matching die sections for 
working sheet metal. The chart should be read from left 
to right. The various process steps have been indicated 
in the upper portion of the view of FIGS. 9A, 9B and 
9C; and the corresponding functions have been illus 
trated in the sketches in the lower portion.‘ The 
sketches and the method steps of the block diagram 
have been related by corresponding numbers. 
The assembly procedure has been divided into 13 

stages, each stage being identi?ed by a Roman Nu 
meral character. Between each of the stages the ?nal 
product of the previous stage is transferred and ‘re 
loaded for entry into the next stage. Which may take 
place at a different physical location. 
At the outset, a turret capable of accommodating 

hexagonal rods is loaded. If the particular die under 
consideration requires areas of varying hardness, rods 
of varying hardness are entered at this stage. Rods of 
differing alloy content also may be used. Automatic 
feeders can be provided for feeding the hexagonal rod 
stock to the turret. A preprogrammed control tape is 
provided with information which will cause the numeri 
cal control system to command the exact angular ad 
justment of the turret that will permit proper material 
selection as designated in the sketch of step I. After the 
turret position is such that a proper material is condi 
tioned for advancement through the turret, the rod is 
advanced against a ?xed stop. As the stop is withdrawn, 
a cutting tool moves across the plane of the raw bar 
stock as indicated in step number 4 for stage I. A tail 
stock, which is situated in alignment with the turret, 
then is adjusted to a proper X-axis position. The 
amount of the adjustment depends on the prepro 
grammed instruction that is provided to the control 
system by the programmed tape. Each rod, of course, 
will have its discrete position determined at step 5. It is 
different for each rod, unless, of course, the die section 
required rods of constant length. After the X-axis posi 
tion is determined for the tail stock, the bar cut in step 
4 is fed into the tail stock as indicated in step 6. At that 
time the rod is cut to length by a cut-off tool as in 
dicated in step 7. The cut rod now becomes an in 
process hex rod whose length represents the adjusted, 
computed length resulting from the computer program. 



7 
The cut rod is transferred and loaded into a ?xture to 

permit milling cutters, operating in' tandem, to form a 
?at on one side of the hex rod. The rod is clamped and 
fed into a stop to establish a suitable position for one of 
the milling cutters. The other milling cutter is adjusta 
ble in the direction of the X-axis indicated in stage II, 
the amount of the adjustment depending upon the 
length of the rod involved. 
The milling cutter adjustment is necessary to accom 

modate varying lengths of rods, and it is made in 
response to computed data. The machined ?ats provide 
a convenient area for impression stamping an identi? 
cation number at each end of the rod such that the 
metal raised around the characters will be below the 
original surface of the material where it will not cause 
interference preventing surface-to-surface contact of 
the rods after assembly. 
The machined rod then is transferred again and 

loaded into another ?xture as indicated in stage III. 
Identifying binary codes are punched on the ?ats that 
are machined in stage II. This code identi?es a rod so 
that it can be assembled in its proper registry with the 
adjacent rods in the ?nal assembly. 
The bar is automatically positioned against an end 

stop and clamped. One marking head is ?xed and the 
other is adjustable in response to the command of the 
numerical control system to accommodate the spread 
between the ?ats previously machined. The identifying 
numbers are consecutive from end to end and progres 
sive from rod to rod. 1 

After the identifying marks have been impressed on 
the milled ?ats at each end of the rod, the ends of the 
rods are chamfered by chamfering tools that are ad 
vanced into the rod along the rod axis as indicated in 
step 2 of stage III. 
The chamfering operation can be automated. It does 

not require instructions from the numerical control 
tape. Further, each of the transfer and loading opera 
tions can be fully automated independently of the nu 
merical data in the control tape. 
The selection of the material in stage I and the posi 

tioning of the tail stock to a discrete length in stage I 
also requires instructions from numerical control tape, 
although the other functions in stage I can be fully au 
tomated independently of the numerical data. It is con 
sidered practical operation to establish groups of 
similar length bars during the previous computation to 
simplify this operation. Alternatively, maximum yield 
from standard bar lengths could be obtained by op 
timized grouping. 
The chamfered and milled rod then is transferred 

and loaded into a preoriented collect indicated in stage 
IV. The collet is oriented about the A axis in response 
to numerical control data since it must be capable of 
receiving a rod in its proper angular position with 
reference to the position orienting reference angle that 
accounts for the position of the milled flat ends. 

If the particular rod involved requires a flat side, the 
proper ?at can be machined at this stage. This is done 
by feeding the rod through the preoriented collet into 
the path of motion of a milling cutter, the X-axis posi 
tion of which is determined by numerical data in addi 
tion to the X-axis position of the cutter, it is necessary 
to properly orient the angular position of the rod prior 
to the machining. This is indicated in the step 2 in stage 
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8 
IV. This adjustment also occurs in response to numeri 
cal control instructions provided by the control tape. 

If the rod does not need milling, of course, this stage 
can be omitted. Milling may be needed, for example, 
when it is desired to provide an axial passage in the 
?nished die to permit entry of a temperature con 
trolling media or lubricant, or to provide desired 
discontinuities in the surface. 
The machined rod then is transferred to an auto 

mated transfer and load device and received by a 
preoriented collet in stage V. The angular position of 
the collet is determined with numerical data. 
A cutter blade in the cut-off machine is adjusted as 

indicated in step 2 in stage V to a proper angle, 0, with 
respect to the center line of the rod. The rod then is ad 
justed in the X-axis direction as indicated in step 3 of 
stage V. This stage requires feeding of the rod through 
the preoriented collet shown in step 1 of stage V until it 
engages a stop, and then determining the angular posi 
tion of the blade and the X-axis position of the rod. The 
rod is cut as indicated in step 4. This forms two rod seg 
ments, one of which will form an element of one die 
section and the other of which will form a complemen 
tary element of a companion die section. The cutting it 
self can be fully automated, although the angular posi 
tioning of the blade, the X-axis adjustment of the rod 
and the angular orientation of the collet each require 
instructions in the form of numerical data. 
The cut pieces are transferred through an automated 

transfer and loading device and received by ap 
propriate mounting ?xtures at stage VI where an auto 
mated wire brushing operation removes ?ash and burrs 
from the cut edges of the rods. After the rods are wire 
brushed they may be transferred to an automated con 
veyor. Selected rods are received then by a degreasing 
apparatus if this stage is desired, which immerses the 
rods into a degreasing liquid bath. The rods also may be 
grit blasted if required. 
The grit blast and the degreasing steps can be fully 

automated steps, but the copper spray step requires nu 
merical data instructions since under some circum~ 
stances it might be desired to apply stop-offmaterial in 
stead of the spray copper. This is desired if a copper 
braze for that rod is to be avoided. For example, if an 
opening is desired in the ?nished surface contour at the 
location normally occupied by a particular rod, that 
rod may be withdrawn if it is not bonded to its adjacent 
rods. 
The rods then are transferred to a station which will 

permit orientation of the rods with a scanner operation 
whereby the identi?cation numbers on the rod ends 
can be read by a reading head. This occurs, as in 
dicated, in stage X. The rods then are separated into 
odd and even numbers and are arranged in numerical 
sequence. The odd numbered rods are arranged in an 
assembly that defines one die section, and the even 
numbered rods are assembled to form the other die sec 
tion. The assembled rods are indicated in stage XIII. 
The assembled rods of FIG. 9C correspond to the as 
sembly indicated in FIGS. 2, 3, 4 and 5. 

This overall operating procedure is illustrated sche 
matically in summary fashion in FIG. 1. A numerical 
representation of the die surface is one ingredient of 
the numerical data required by the numerical system 
that controls the various process steps. In addition to 
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the numerical representation of the die surface, the nu 
merical system also requires process data necessary to 
adapt the numerical system for an incremental die pro 
gram. That includes information derived from the sur 
face normals described with reference to the points in 
space that de?ne the die surface, which information is 
used to establish the cutter angle in stage V as well as 
the orientation of the collet in stage V which holds the 
rod during the cutting operation. In addition to this, the 
added process data must be suf?cient to enable the cut 
off machine to locate the proper X-axis adjustment for 
the rod parts. 
The output data for the system is derived after the 

two process data inputs are integrated. The output data 
is used to perform the various functions indicated by 
the legends in FIG. 1. 

Having described a preferred form of our invention, 
what we claim and desire to secure by US. Letters 
Patent is: ' 

1. A pair of rough machined casting equivalents for 
cooperating die sections, each comprising a plurality of 
incremental rods with a cross section in the form of a 
regular polygon, said rods being situated in registry and 
bonded together to de?ne an integral assembly, cor 
responding ends of said rods forming discrete two 
dimensional surfaces, the end surfaces of one assembly 
being contiguous to de?ne a predetermined, three 
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dimensional die surface contour, the end surfaces of 
the rods of the other assembly being contiguous to 
de?ne a predetermined die surface contour, concave‘ 
portions of one surface contour registering with and 
being similar to the convex portions of the other sur 
face contour, each of the incremental rods of one die 
section being aligned with a companion rod in the other 
die section, the unit normal vector for the end surface 
of each of the rods of one die section being parallel to 
the unit normal vector for the adjacent end of the com 
panion rod of the other die section whereby the die sur 
face contour for one section is complementary to the 
die surface contour of the other die section. 

2. The combination as set forth in claim 1 wherein 
each of the incremental rods of one die section vis 
aligned with a companion rod in the other die section, 
the unit normal vector for the end surface of each of 
said rods of one section being parallel to the unit nor 
mal vector for the adjacent end of the companion rod 
of the other die section whereby the die surface con 
tour for one section is complementary to the die sur 
face contour of the other die section. 

3. The combination as set forth in claim 2 wherein 
said rods in cross section form a regular hexagon 
whereby said rods may be nested together to form an 
integral assembly. 


