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ABSTRACT

A test program was carried out to evaluate the feasibility
of a discrete die surface (DDS) for sheet metal forming. A DDS con-
tains a positionable array of discrete elements which may be arranged
to form a desired sheet shape. A DDS test fixture was designed,
fabricated, and tested tc determine its feasibility in terms of accuracy ,
repeatability, shape limitations, and surface quality. The fixture was
a mated die configuration with spherically tipped pins as the discrete
elements.

The results showed dimpling of the sheet surface did not
occur. The nominal repeatability of the system was 1.5%, and the set up
accuracy 6%. The DDS was determined feasible in the configuration used
and recommendations were made for future work in the area.

Thesis Supervisor: Dr. David E. Hardt
Title: Assistant Professor of Mechanical Engineering
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CHAPTER 1
INTRODUCTION

1.1 An QOverview

A discrete die surface (DDS) appears to be an attractive re-
placement for a conventional forming die to reduce costs of sheet metal
forming by simplifying or automating die design and fabricatién. A DDS
is a surface consisting of discrete elements that can be positioned to
form a desired contour. The control and positioning aspects of a DDS
system, as well as the mechanical feasibility of a one-dimensional
die have been previously demonstrated (Hardt and Gossard (1980)). The
next Togical step in evaluating the DDS concept was to test the feasi-
bility of the forming process using a two-dimensional DDS. To meet
this objective, a DDS test fixture was designed, fabricated, and
tested to determine its feasibility in terms of accuracy, repeatability,
shape limitations, and surface quality. The complete program involved
conceptual analysis, material considerations, experimentation, and data
evaluation. It was determined that the DDS was feasible in the con-
figuration used, with acceptable repeatability and no observable
dimpling of the sheet metal surface. Also, some recommendations
toward the goal of a working DDS system have been established in this

report.
1.2 Background

Before beginning a detailed description of this test pro-

gram, it may be worthwhile to review the subject of die forming in
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general and prior work with the DDS which led to the present re-
search.

Die forming is the most commonly used method of sheet metal
forming of sheets with compound curvature (where the formed sheet
has curvature in more than one direction). The four most frequently
used methods for die forming are illustrated in Figure 1.1. These
are: hydroforming, where the sheet is compressed between a die and
a compliant pad; mated die forming, where it is compressed between
two mated dies; stretch forming, where the material is stretched
over a die; and spin forming, where it is pressed against a spinning
die with a blunt tool. Manufacture of the dies themselves is an
expensive process since they must be machined, then adjusted by a
trial and error method to account for material springback (elastic
recovery of the metal upon unloading). Also, they must be stored
when not in use if they are to be used again. This makes the pro-
cess quite costly for short production runs. The concept of the DDS
arose to answer the problems of die design and storzge. With a
DDS, all of the die configurations could be programmed and stored

in a computer.

One application of the DDS concept has been found in
Japan, where ship hulls are formed in sections in a giant, 3 row
press (Iwasaki et al. (1977)). In this machine, 30 hydraulic rams
are located both above and below the hull sheet. The rams are

displaced until the correct curvature of the sheet is reached.
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FIGURE 1.1: CONVENTIONAL DIE FORMING METHODS
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Since the curvature is slight, and the material quite thick in this
application, the discontinuities of the forming surface do not cause

any problems in forming.

Original work on the DDS concept at M.I.T. began in the
Fall of 1978. The initial work was with the control and positioning
of a DDS (Gos§ard et al. (1980)). Appendix A contains details re-
lated to this work. After this initial stage, a one-dimensional 8
pin DDS was built and some experiments were performed (Hardt and
Gossard (1980)). This was the first experimentation done with a
ODS and showed that the control, positioning, and locking of the
device worked well. Some results for one-dimensional forming (bending
in one direction) were obtained and showed the concept worthy of

further study.

The author of this thesis was closely involved with the
initial developments of the DDS and it became apparent that a two-
dimensional DDS had to be built to test the feasibility of the con-
cept as it applied to forming sheets of compound curvature. This
led to the design, fabrication, and testing of a DDS text fixture

which was the subject of this research.

1.3 Organization

The remainder of this report is divided into five chapters
which describe the complete research program. Chapter 2 describes

the basic principles of a DDS system and some initial design con-
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siderations. Chapter 3 examines material considerations and how they
pertain to the design of a DDS. Chapter 4 covers the objectives and
methods of an experiment performed using a DDS. Chapter 5 analyzes
the results of this e:periment in terms of four feasibility criteria.
Finally, Chapter 6 draws conclusions on the basis of the analysis

in Chapter 5, and makes some suggestions for future work.
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CHAPTER 2
BASIC PRINCIPLES AND DESIGN OF A DISCRETE DIE SURFACE

2.1 Introduction

A discrete die surface (DDS) is a surface composed of dis-
crete elements that can be positioned to form a desired contour. This
type of die is different from a conventional die, in that these dis-
crete elements are individually adjustable, and their positions
may be programmable; and in that the forming surface is discontinuous.
The basic principle is to replace the "one-shot" milled die with a
die composed of individual components which may be easily rearranged
to form different die surfaces. A control concept that could be ex-
panded to a three-dimensional surface which could be programmed to
form contours in sheet metal was the subject of the precursor to this
work. Since the original interest was in the area of control, a
prototype DDS was built to show that the control concept was feasible,
as was described in Section 1.4.2 (Hardt and Gossard (1980)). From
their original tests, the need arose to investigate the mechanical
and material-properties parts of the process. To meet this need,

a simple, manually-controlled machine that was adjustable, but not
programmable, was built to investigate the various aspects of the

forming process.
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2.2 Types of Forming Where the DDS has Application

Three types of forming were investigated using the DDS sur-
face concept. Some original work was done using rubber pads for
forming. The problem that occurred with this type of forming was
that the sheet metal was only supported at discrete points on one
side and across the entire surface of the other side. (See Figure
2.1a). This resulted in a Targe amount of dimpling in the formed
metal. (See Figure 2.1b) Another type of forming, that was considered
but never implemented, was stretch forming. In this process, the
material would have been stretched over the die. (See Figure 2.2).

This method is commonly used in-industry and is a prime subject

for future work. For the present work, however, it was rejected

because of the complexity of the machine design and the certainty

that the dimpling problem would be exacerbated for reasons similar

to rubber pad forming. The final type of forming considered, which

was eventually implemented, was mated-die forming. With this technique,
the pins contact both sides of the sheet and three point bending

6ccurs at each pin tip, except at the outer rows of pins. (See

Figure 2.3). This approach will be considered in detail in the follow-

ing sections.

2.3 Design of a Test Fixture for DOS Forming

2.3.1 Introduction

Many choices were available in designing a machine to imple-

ment the discrete surface concept. The factors considered ia the
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FIGURE 2.1: RUBBER PAD FORMING WITH A DDS
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design of the DDS were: 1) Cost and ease of fabrication, 2) Ease of
positioning, 3) Accuracy and 4) Minimization of discrete errors. Weighting
the relative importance of these factors differently would result in
many different desians. To minimize discretization errors, for ex-
ample, a design was considered that would have used several different
types of elements from which a set could be chosen to form the most
accurate surface, as illustrated in Figure 2.4. The pins in this
figure are square in cross-section. If they were rotated to match
the appropriate angles and then positioned, a fairly accurate, nearly
continuous surface could be produced. A problem with this concept is
that to fabricate a different surface, the pins would need to be
reassembled and totally rearranged. The surface that was eventually

used was composed of identical pins which only required assembly once.

2.3.2 Pin Selection

After the approach of the identical pins was selected,
the cross section and tip shape were determined. Incorporated into
the design were considerations of accuracy, methods of securing the
separate elements for forming, adaptation of the approach for auto-
matic pin positioning and size. A small device was built originally
with hexagonal pins to take advantage a "wedging" effect to lock
them in place. These pins were hard to arrange so that they would
all lock uniformly, and no apparent advantage was obtained over
using less costly round pins. Thus the final design was fabricated

using round pins in a "close-packed" arrangement to keep the pin
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centers as close as possible. The tips of the pins were made spherical
to minimize the dimpling effect over a wide variation in shapes.
Selection of the tip radius was made on the basis of two competing
considerations. A Targer radius would produce less dimpling of the
surface at the pin tip, while a smaller radius would allow a greater
angle of bending without producing dimpling near the edges of the

pins. Section 3.2.2 investigates this dimpling problem in detail

and describes one method for choosing the proper pin tip radius.

2.3.3 Locking the Pins

Once the pin design was completed, a method for locking
the pins rigidly together was established. The original work on
the "automatic" DDS was done with the pins being Tocked by air
plena. (See Figure 2.5). Problems with the arrangement for a
prototype design were that the pin housing design was complex, and
the packing of pins was limited by the plenum size. It was decided
that if the pins could be individually positioned and then all
of the pins locked at once, a simpler locking device could be
designed. From this decision, a single locking device was chosen
to hold the pins in place during the forming. The most important
consideration in the design of this device was that after the pins
were positioned they not be allowed to move relative to each other
when the clamping device was activated. This problem is minimized
when the pins are packed as tightly as possible. Another consid-

eration was that the pins stay locked in place when the forming
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force was applied. The device described in Section 4.2.2 was able to
withstand typical forming forces using a single lockingdevice. This

capability is dependent upon a sufficiently large clamping force.

2.3.4 Pin Positioning

The pins must be positioned before they are locked together
for forming. Three different pin positioning concepts were considered:
1) individual pin positioning, 2) row positioning, and 3) surface
positioning. The individual-pin positioning approach uses a 3-axis
manipulator that positions each pin individually. For example, a
three axis milling machine under servo control is sufficient to
position the pins (see Figure 2.6). While this approach is attrac-
tive for use with automatic control, the calculations necessary for
determining the pin positions are overly complicated for this experi-
ment. The row-position approach uses a flat plate machined to the
desired shape to position an entire row of pins. This approach in
general would require a separate plate to position each row. How-
ever, for this experiment, a single shape was selected for all rows.
The adjacent row positions were calculated mathematically and the
row-positioner positioned accordingly. The surface positioning con-
cept uses an entire surface which is machined to the shape desired for
the die surface. Since this requires difficult fabrication techniques,
the row-positioning concept was chosen as a compromise between the
_positioning ease afforded by the surface-positioning concept and the

fabrication simplicity of the individual-pin concept.
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In all three cases, the thickness of the material and the
pin tip radius were taken into account when calculating the mating
die shape. If they were not taken into account, there would be no place
for the material to go when the die was closed, and unknown stresses
would be added to the sheet. The method used here for calculating

the mating die pin positions is described in Section 4.4.3.

2.4 Summary

The DDS system is a positionable matrix of discrete elements
that can be locked in place to form a surface suitable for die-forming
sheet metal. The design chosen for experimental work was a mated-
die set-up composed of spherically-tipped round pins with a single
locking device. The pins were positioned by rows and locked in place.
A device was built and experiments performed, which are described
in Chapter 4. First, however, some of the material consideraticns
were investigated analytically to determine what criteria need to be

evaluated in the experiments. This is the subject of the next chapter.
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CHAPTER 3
MATERIAL CONSIDERATIONS

3.1 Introduction

In order to implement the design of the DDS test fixture,
't is necessary to examine the effects of a DDS on the material being
formed. These effects include; springback, buckling, dimpling, aniso-
tropic behavior, and end effects caused by positioning sensitivity.
Analysis of these effects will provide some insight into the decisions

behind selection of both the pin tips and material to be formed.

This chapter is divided into two sections. Section 3.2
describes each of the five forming effects, while Section 3.3 defines
the significant conclusions drawn from consideration of these effects

as they relate to the experiment.

3.2 DDS Forming Effects

3.2.17 Springback

0f utmost importance in the forming process is consideration
for material sEringbackupon unloading of the die. Springback is the
elastic recovery of the metal upon unloading. A typical moment-curva-
ture plot for simple bending where the moment is only applied along
one axis of the sheet is shown in Figure 3.1. (The curvature, K, as
shown in the Figure, equals the reciprocal of the radius of curvature
of the metal). When the moment is decreased, the graph follows the

slope of the elastic region, resulting in linearly decreasing curvature
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TYPICAL MOMENT CURVATURE PLOT

FIGURE 3.1:
Point of unloading
Moment, M ;
Plastic j‘“:z Elastic recovery
Region / upon unloading
Elastic f
Region |
/
{
'l‘
j
I




-27-

upon unloading. A formula for determining springback was developed

in the M.I.T. report on "Sequential Forming of Sheet Metal Parts"
(Gossard et al. (1980)). Using a piecewise - linear approximation of
the moment-curvature relationship, and assuming the behavior of the
material to be elastic-perfectly plastic (see Figure 3.2), a relation-
ship between the loaded curvature and the predicted unloaded curvature

was defined as follows:

R s R (1-v3) 5 R (1-v9) ’
L. Ay L y L
Ru 1 3( FT ) + 4( T ) (3.1)
where: RL = TJoaded curvature
Ru = unloaded curvature
= yield stress
qy yie re
v = Pojsson's ratio
E = modulus of elasticity
t = thickness of sheet

This formula only applies to simple curvature where the moments
are applied about one axis only. In the rare cases where the DDS
would be used for simple curvature, this formula could be used to
account for the, amount of overbend necessary to obtain the desired

unloaded curvature.
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In the case of compound curvature, where moments are applied
about two axes, springback determination becomes much more complicated.
Compressive stresses in the plane of the sheet are induced during
plastic deformation which distribute the springback across the sheet
in a complex fashion, and the compressive stresses increase near the
cuter edges of the sheet. This may be seen by examination of Figure
3.3. In this figure, a disc is tc be formed over a sphere with a
radius of 1.5". Circumference lines are drawn at distances of 1" and
2" from the point "A" on both the surface of the sphere and the un-
formed disc. At 2" from point A, the circumference of the sphere
is 8.6" while the circumference of the disc is 12.6". To have the
disc fit on the sphere at this point, a compressive strain of:

12.6" - 8.6"

€in. = 26 =.32 in/in

would be induced in the disc. This is a very high compressive strain
and it is quite 1ikely that buckling will occur unless some form of
tensile stress is added to counteract the compressive stress caused
by this strain. It is also seen that the strain increases with dis-
tance away from the center, as evidenced by the lower strain at the 1"

circumference line.

. 6.3 -5.5 _ ..
in. - 8.3 13 din/in
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The combination of in-plane compressive stresses and axial
bending stresses make the springback for compound curvature hard to
predict. Presently, mostly trial and error methods are used to de-

termine the overbend for compound curvature cases.

3.2.2 Buckling

The compressive strains described in the last section may
be sufficiently large to cause buckling of the material to occur.
This is a phenomenon which occurs in continuous-die forming and is
dealt with by restraining the material in such a way as to cause
counteractive tensile stress to occur during forming. Another method
i~ to allow the material to buckle out near the ends and cut out the

center portion for use.

With a DDS, the buckling problem may be more pronounced
because of the discontinuities of the die surface. The smaller radius
of the pin tip, as compared with the die radius, may cause localized
bending moments which would initiate the buckling action. This subject
will be studied in Section 5.3.4 where the results of DDS experimenta-

tion will be discussed.

3.2.3 Dimpling
A material forming effect of particular importarice to the
DDS is dimpling. Two types of dimpling may occur to the sheet during
forming (See Figure 3.4). One is a surface effect, where the pin tip

indents the material somewhat 1ike a hardness tester does. This sur-
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face effect can occur in any DDS configuration where the contact
stress of the pin tip on the material is high enough to cause plastic
deformation of the sheet surface to take place. The other effect is
"cupping" around the pin tip, where the material actually takes the
shape of the pin tip itself. The latter effect will only occur in
situations where the material is forced into the crevices between the
pin tips. Hydroforming causes cupping to take place with thin
material since it forces the material into these crevices. A thicker
material would have a higher resistance to the cupping effect because
of greater forces necessary to make it yield. The mated-die DDS

may have some surfade.dimpling but no cupping will occur since the

DDS only contacts the material at the pin tips. This was the reasoning

behind the choice of a mated-die DDS for the experiments.

To minimize the dimpling effects, some type of interpo-
lating surface can be used to distribute the load so that it is not
all carried through the pin tips. For example, rubber sheets located
between the specimen and the die would help produce this interpolating
effect. A discussion of interpolators for the DDS is covered in
Appendix B. Another way to minimize the dimpling effects is to choose
an appropriate configuration for the geometry of the pin tip. The tip
geometry should minimize the dimpling effect for all the different
shapes to be formed. The ability of the system to form different
shapes appears to be related to the smoothness of the forming sur-

face for a particular shape, which affects the susceptibility to
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dimpling. This is because when a pin tip must accomodate several dif-
ferent shapes, it cannot mate as well with a particular shape. Further
discussion of the selection of appropriate tip geometries will be

discussed later in this chapter (Section 3.3.3).

3.2.4 Anisotropy

Another phenomenon which may affect the material proper-
ties and hence, the forming accuracy, is anistropy of the material
being formed. With sheet metal, the material is usually rolled to
the desired thickness, which causes the grains of the metal to
elongate along the direction of rolling. The differences in grain
dimensions in different (orthogonal) directions causes variation in
the mechanical properties in these directions (One way to reduce
this problem is by proper heat treating of the metal). To assure
repeatability of a given forming configuration, the rolling direction
of the material should be oriented the same way in the die before
each forming. Another precaution is to use metal from the same

batch to minimize material property variations.

3.2.5 Sensitivity to Pin Position Errors

If the pins are not appropriately positioned in the DDS,
the portions of the sheet that are at Targe angles to the reference
plane of the die may have a reverse moment induced which would
affect the unloaded shape of the sheet. This is illustrated in Figure

3.5. It can be seen from this figure that if the two end pins are



-35-

Incorrect

Sheet
Curvature
Incorrect Pin Correct
Tip Position  — Sheet
T~~~ Curvature
Correct Pin
Position
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located too close together a moment will result which will bend

the metal in the opposite direction from that desired. Appendix C
analyzes the sensitivity of this effect to inaccuracy in pin posi-
tioning for the conditions of the experiment described in Chapter 4.
The results show that a reverse moment large enough to cause the
material to bend in the wrong direction will occur with a pin
positioning error around .001 in. This effect was not observed in
the experiment since rubber interpolators were used. The Tow modulus
of elasticity of the rubber caused the material to be less sensitive

to positioning errors.

3.3 DDS Design Based on Material Considerations

3.3.1 Relationship Between Pin Tip and Material Properties to
Avoid Dimpling

A mathematical relationship was developed to relate the pin
tip radius, sheet thickness, and material properties of the sheet so
as to avoid dimpling. Appendix D develops this relationship to find
a minimum size for the pin tip radius. The rubber interpolators
used in the experiment (see Section 4.4.6) were not taken into account
in this relationship, so it was not used to determine the pin tip
radius. Further development of this relationship might be useful for

designing future DDS systems.

3.3.2 Material Selection

The material chosen for the experiment to be performed in

chapter four was selected on the basis of four considerations;
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availability, Tow yield stress, Tow springback and a softness so that
it would show dimpling effects without a very large load. The material
chosen was 3003 H14 Aluminum, mostly because it was on hand, and pre-
liminary tests showed the other considerations were well met. Some

properties of the Aluminum sheet are:

Modulus of elasticity, E =~ 10x106 psi
Yield stress, oy ~ 21,000 psi
Poisson‘s Ratio, v z .33

These values are used in Chapter 5 to predict the springback according

tn the method outlined in Section 3.2.7.

3.3.3 Pin Tip Selection

Two geametries were investigated for the tips of the pins in
the DDS test fixture. These were variable curvature and spherical
geometries (See Figure 3.6). For identical pins, the most adaptable
shapes are continuous curves since any discontinuity would promote
dimpling if the material contacted the discontinuity on the pin. The
variable curvature tip could be chosen so as to minimize the dimpling
for the variety of curvatures encountered in the DDS used. This would
require an analysis of the die angles encountered, and the curvature
of the tip would have to be made so that it best accomodated the most
common angles. The spherical tip was chosen since it simplified calcu-
lations of pinpositioning (pin positioning is dependent on tip geometry

as shown in Section 4.4.3). Another reason for selecting the spherical
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FIGURE 3.6: PIN TIP GEOMETRIES

a) Spherical Tip R

b) Variable curvature
tip
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tip is that it is much easier to machine since round forming tools are
available. When choosing a radius of curvature for the tip, the
largest radius that would accomodate all of the shapes to form was
selected. A loaded bend angle of 45° was selected as maximum for

this experiment, so the radius was chosen to accomodate this angle.
With pin diameter of 1/2", Figure 3.7 shows that:

1/4

R = T5siED = .3536

The radius must be smaller than this to accomodate the 45°
angle, thus, a 11/32" radius was chosen since it was the closest

size forming tool to this radius (11/32" = .3438").

3.4 Summary

Five DDS forming effects have been considered in preparation
for the experiment. A relationship was developed between the pin-
tip radius and material dimensions, to avoid dimpling. This was not
used because the relationship didn't account for rubber interpolators
and early experimental results showed that the material selected was
not subject to dimpling in the configuration used. Material selection
was based primarily on availability with consideration for the forming
effects. Finally, the spherical geometry was chosen because of its
adaptabi]ity to different shapes. An 11/32 in. pin tip radius was
selected as a compromise between the adaptability to different shapes

of a small radius and the reduced dimpling effects of a large radius.
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CHAPTER 4
EXPERIMENTAL OBJECTIVES AND METHODS

4.1 Introduction

An experimental program was undertaken to determine the
feasibility of the DDS principles for forming sheet metal discussed
in Chapter 2. Sufficient data was collected to determine the limi-
tations and surface quality of sheet metal formed by a DDS system.
Some initial problems with the first design were resolved, and a
final set of test pieces was produced which appeared to meet the above
criteria for feasibility sufficiently well to warrant further analysis.
For this experimental program, a DDS test fixture was built, and a
method was developed for producing formed test samples. After this,
there occurred a preliminary testing, redesign and modification period.
From this test period, a final experimental method was developed, and
a set of twelve test samples were produced. Finally, these test
samples were measured to develop a data base for analysis of this im-
plementation of the DDS concept. This chapter is divided into several
subsections which discuss, respectively, the experimental equipment as
it was originally configured, the preliminary testing, and the final

experimental procedure.

4.2 Experimental Equipment

4.2.1 Introduction

A DDS system with spherically tipped pins was developed to
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be used in this experiment. The design consisted of two manually op-
erated locking devices, each containing 67 closely-spaced spherically-
tipped pins, which were positioned and lTocked in place. The pins were
separated by rubber sheets to aid in the independent positioning of
each pin, and in locking them in place. In addition to the DDS system
itself, a positioning device was fabricated. Thelockingdevice, the
pins, and the positioning device will be discussed separately in the

following sections.

4.2.2 Pin Housing

The first part of the fabrication was the pin housing,
which also served as the locking device. This consisted of steel
channels bolted and welded together to form a square housing, with a
movable steel plate on top to compress the entire array of pins. Figure
4.1 shows this housing. The four pins extending from the housing were
used to guide the mated die. Four bolts, two of which are visible,
were used to provide the compressive force on the movable plate which
is shown between the top channel and the pins. A simplified, dimen-

sional drawing of the housing is shown in Figure 4.2.

4.2.3 Pins

-~

The pins were fabricated from 1/2 inch hot-rolled steel bar
stock. An 11/32 inch radius circular forming tool was used to turn
the tips on a lathe, and the pins were cut to a seven inch length.
They were packed as tightly as possible in the housing with staggered

rows as illustrated in Figure 4.3. Rubber sheets were used as spacers
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FIGURE 4.3: PIN PACKING IN HOUSING
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between adjacent rows to limit the interaction of adjacent pins during

positioning, and to compensate for any dimensional inaccuracies in the
pins. Without the rubber spacers, when any pin was moved, the pins con-
tacting it often moved due to frictional forces. With the rubber
spacers in place, pin interaction was only possible when the spacer
moved. Movement of the rubber spacer was inhibited by the gravitational
force on all of the pins above it. The force acting on one pin by its
own weight and the weight of the other pins above it was much less than
that acting on the spacer. Therefore, motion of an individual pin was
unlikely to cause motion of the spacer which could cause motion of the
adjacent pins. The other advantage of the spacers is that it compen-
sates for the static indeterminacy caused by varying pin sizes and
spacing. The damping force will cause elastic deflection of the pins;
and the larger pins, which will be deflected first, will receive most
of the damping force. Because of the high modulus of the elasticity of
the steel pins, it might not be possible to exert a strong enough force
to lock the smaller pins in place without the spacer. A greater
variability in pin diameters can be accomcdated by the spacers because
the modulus of elasticity of the rubber is lower than that of the steel

for the loads used (with rubber, the modulus of elasticity varies with

the 1qad).

4.2.4 Positioning Device

The positioning devices used for the row positioning technique

described in Section 2.3.4 consisted of aluminum sheets with a constant radius
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cut on one end of each sheet. The sheets were milled using a rotary table
on a vertical miller. The radius and sheet thickness was chosen and the
positioners milled taking into account the éheet thickness. An example

of how the radius was determined is shown in\Figure 4.4, The radius, R],
for the concave die is obtained by adding 1/2 the metal thickness and

the thickness of one sheet of compressed rubber to the desired centerline
radius, R. The positioner of this die is convex, with a radius of R].

For the convex die, the positioner is concave with a radius of RZ’ de-
termined by subtracting 1/2 the metal thickness and one compressed rubber
sheet thickness from the centerline radius, R. The centerline radii

were selected to meet the objectives of the experiment as will be dis-

cussed in Section 4.4.3.

4.3 Preliminary Tests

4.3.1 Introduction

Before a formal experiment was formulated, a series of preliminary
tests were performed and several decisions were made regarding the nature
of this formal experiment. Also, modifications were made to the apparatus
as suggested by the results of preliminary tests. Several different points
will be discussed in this section starting with the establishment of the
forming force in Section 4.3.2. Apparatus modifications will be discussed
in 4.3.3, followed by adaption to a universal testing machine in Section

4.3.4. Finally, 4.3.5 will discuss material geometry selection.
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4.3.2 Forming Force Experiment

A test was performed to determine whether the clamping force
was sufficient to prevent pin slippage when a typical forming force
was used. It was found that a forming force of 1500 pounds did not
result in any pin slippage. At this force, however, dimpling of the
sample material occurred. This demonstrated that the force was more
than sufficient to form the metal. A forming force of 1000 pounds was
chosen since it was demonstrated not to produce dimpling. To verify
this, the dies were brougnt together at a constant rate and force was
observed as a function of time. The typical behavior of this function
is shown in Figure 4.5. The results suggest that between points A and
B of the figure, plastic deformation of the sheet occurred, and the op-
posing pins contacted each other near point B. This also suggests that
the 1000 pound force was sufficiently large for the forming in this

experiment.

4.3.3 Apparatus Modifications

Three significant modifications were made to the apparatus.
These were: welding to increase housing rigidity, machining to provide
better reference surfaces for positioning, and the addition of shims to
prevent lateral pin motion when the locking device was activated.
During the initial tests, shifting of the'housing occurred when either
the forming or locking force was applied, causing some pin movement
to occur. Since the position of the pins was referenced to the front

side of the housing, the surface of the front side was milled flat and
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perpendicular to the milling table during set-up to provide proper pin
positioning. To flatten this surface, the housing was placed on a ver-
tical miller and machined using a fly cutter. The base of the housing
was then machined perpencicular to the front side. It was found that
when the pins of a given row had spaces between them, they would
laterally shift positions when the clamp was activated. Shims were
added to the ends of the rows to eliminate the space between the pins,

hence, greatly reducing lateral pin movement on clamping (see Figure 4.6).

4.3.4 Attachment Modifications

The initial forming tests were made by placing the upper
die upon the lower die and setting wooden blocks above and below the
dies. This was found to be unsatisfactory because the upper die did
not mate the lower one correctly when a force was applied. To eliminate
this problem, four guide pins were installed as described in the pre-
vious section, and the upper die was clamped to the gripping head of a
Baldwin universal testing machine which was used to perform the forming

experiments.

4.3.5 Material Geometry Selection

It was decided to use square sheet metal test pieces of a
size that would fit the small axis of the die. These were chosen to
be of dimensions 2 5/8 by 2 5/8 by 1/16 inches thick. The square con-
figuration of the sample was selected since the Tength along a particular

axis affects the final shape of the sheet along that axis.
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4.4 Experimental Procedure

4.4.17 Introduction

After the preliminary testing was completed, a formal ex-
periment was conducted. The dies were attached to the Baldwin universal
testing machine and the samples inserted between the two rubber sheets
in the die, compressed, removed, and measured. The following subsections
describe chronologically the final experimental procedure from the radius

selection through the measurement of the test pieces.

4.4.2 Die Radii Selection

Radii were chosen to address the objectives of the experiment
which included repeatability and shape limitations. To address the
repeatability question, it was decided to produce three samples for
each shape for comparison. Four different shapes were used to determine
if the degree to whiéh the other objectives were met would be affected
by the particular shape. Prior to the actual stamping process, radii
~of curvature were selected for each of the four set-ups, and two ortha-
gonal radii were chosen for each piece. These choices for radii are
lTisted in Table 4.1. The reason for selecting these radii was that they
represent multiples of the smallest radius that can be used with this die
surface (3.5 inches) on a full size sample. Use of a smaller radius would

cause dimpling where pin edges contacted (see Figure 4.7).

4.4.3 Calculation of Pin Positions

The pins were positioned on the long axis of the dies using the
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TABLE 4.1: RADII SELECTION

Set-up Shorg Axis LongyAX15
of Die of Die
1 3.5 3.5
2 3.5 5.25
3 7.0 3.5
4 . 3.5
—~—

X >4
s

FIGURE 4.7: DIMPLING CAUSED BY LARGE CURVATURES
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row positioner described in Section 4.2.4. The shorter axis was set by
placing the row positioner in a precalculated position. The calculations
were made to account for the radius of the pin tip and the thickness of
the sheet metal and compressed rubber. When choosing the set-up for the
concave and convex die, a sheet metal and compressed rubber thickness of
3/32 inches was allowed for. The sheet metal thickness was 1/16 inch

and it was estimated that each of the 1/16 inch rubber pieces would com-

press to 1/64 inches with the 1000 pound load.

Having determined the desired die radius of curvature, the row
lTocations were determined using trigonometric considerations. The prin-
ciple of the calculation is illustrated in Figure 4.8, and can be ex-
plained as follows. It can be seen from Figure 4.8 that the distance
from the center of curvature of the die to the center point of the tip

radius for a particular pin in a convex die is

M= R-11/32 inches,

il

and for a concave die,

-
]

R+11/32 dinches.

The positions of each row correspond to the relative positions of each
of these tip radius center points. The tip center distance in the X

direction from the center of die curvature is:

X =n*-1/2
6




Z56-

T~ ‘ 11/32"

-

FIGURE 4.8: CALCULATION OF PIN POSITIONS




57-

where

L-1/2
&

equals distance between pin centers, and n = number of pins away from
the center pin. The Y distance from the center point for a particular

pin is then
After the value of Y is found for all the pins, the Y values are found
relative to the first row set.

Yre] - lecalc T Yfirst row set

4.4.4 Positioning and Locking

After the calculations were made, each die was attached to

the table of a vertical miller and the rows positioned with the positioning

plates held in the quill of the miller. Since there were seven rows of
pins to be positioned, and the die surface was symmetrical, three pairs
of rows had identical positions, so only four positions were set. The
clamp was then forced against the pins by tightening the four bolts on
top. The bolts were tightened until the desired die opening, L, was

achieved.
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4.4.5 Attachment

When both dies were set and clamped, they were mated using
the four alignment pins. Next they were attached to the universal
testing machine by attaching the upper die to the gripping head and resting
the Tower die on two steel blocks on the bed of the testing machine. A

picture of this set-up is shown in Figure 4.9.

4.4.6 Forming and Shape Measurement

The test sample, a 3003H14 aluminum sheet which measured
2 5/8 inch by 2 5/8 inch by 1/16 inch, was inserted between twc 1/16
inch rubberlpads and carefully placed on the bottom die. The rolling
lines on the aluminum sheets were oriented in the same direction (along
the longer axis of the die) for all of the test specimens to avoid any
forming variations arising from the anisotropy of the metal. The shape
of the twelve test samples was then measured to establish a data base
for subsequent analysis and evaluation of the process (see Figure 4.10).
The measurements were performed as follows: A dial indicator was sus-
pended above an X-Y table and an 11 by 11 array of points was measured
on each sample. The samples were attached, convex side facing up, to the X-Y
tableusing plasticene. Eleven points were measured in the X direction,
separated by a 1/4 inch. The table was moved 1/4 inch in the Y
direction, and the process was repeated in opposite direction in X.
This continued until all eleven (11) rows were*measured (121 points).
The process was repeated for each of the remaining samples, and the

data was entered into a computer for further analysis. Appendix E shows
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the raw data and the data file on the computer.

4.5 Summary

The experimental portion of the program consisted of the
development and refinement of the necessary hardware to produce a set
of tesf samples to establish a shape data base for further analysis.
This data base was considered sufficient to answer the questions re-
garding accuracy, repeatability, shape Timitations, and surface quality.
As well as providing a data base for analysis, the experiment shed some
light on the practical considerations that have to be taken into account
when constructing a DDS system. Among these considerations were clamp
stiffness and pin stacking. Now that the data has been gathered, an
analysis to answer the questions about DDS forming may be undertaken.

This is to be the subject of the next chapter.
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CHAPTER 5

ANALYSIS OF RESULTS

5.1 Introduction

After the shape data was gathered, it was entered into the
computer so that various analyses could be performed. The first step
in analysis was the development of a program to calculate the unloaded
shape, as described by the curvature of planar sections, from the data.
The results of this analysis were then used to evaluate the DDS feasi-
bility criteria by comparison of the various curvatures. Section 5.2
will discuss the curvature calculation, and Section 5.3 will discuss

the evaluation of the results.

5.2 Calculation of Unloaded Curvature from Data

5.2.1 Unloaded Curvature Approximation

The unloaded curvature of the formed sheets can indicate
the extent of material plastic flow and elastic springback, and the
repeatability for a given set of forming conditions. Since the curva-
tures chosen in this experiment are constant along both axes of the
die, it can be seen from the moment-curvature relationship that the
curvature along those axes remains constant after springback
Therefore, the unloaded curvatures of the test sheet along the two axes
should be constants. With the data points given, arcs of constant curva-
ture can be fit through these points. The unloaded centerline radius

of curvature is the difference between the radius of one of these arcs
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and 1/2 the sheet thickness (This is because the data points are taken on
top of the sheet). Some methods for determining those arcs that most

closely fit the data are described in Section 5.2.2.

5.2.2 Methods Used to Approximate Curvature

One method that may be used to fit a circle to the data is
a least squares approximation. If it is assumed that the test piece
is measured from an aribtrary origin, then the center of the circle
is located a distance Xq» Yo from the origin. Then the equation for

the circle is:

(x - x =R (5.1)

0
Now, the measured value of y differs froem the calculated

value of y for a given R and x. The amount of error, e, is this dif-

ference. The least squares approximation is:

°(

varjable) _
5 =0 (5.2)

where

m
]
M3
)
~N
—
ul
w
S

i=1

The variables in this case are R, Xy and Yo This gives three simultan-
eous equations with three unknowns. A detailed description of this

derivation is given in Appendix F. This method was not chosen since it
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involved solution of simultaneous non-linear equations. Iterative

methods were used, but the results were unsatisfactory.

Another approach that may be used to approximate the circle
that best fits the data points is the perpendicular bisector approach.
Assuming that the data points 1lie on a circle, the perpendicular bisectors
of the Tines drawn between two sets of points should intersect at the
center of the circle. (See Figure 5.1). The radius is the distance
from this intersection to any of the points. By constructing several
perpendicular bisectors, and determining the radii from the inter-
section points, an average radius can be found. This was the method
implemented in a computer program which is discussed in the following

section.

5.2.3 Computer Program

A FORTRAN program was implemented to perform the approxi-
mation described in 5.2.2. The average radius was calculated for each
row of data points. Also, the standard deviation of the averaged radii
was calculated as an indicator of how well the data points fit the
circle. The values X5 and yo (as described in 5.2.2) were printed

for reference.

The radii were found using the following technique:

Xa = X
A B
= PN, I S . S, .2
SLT T (5.2)
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FIGURE 5.1: PERPENDICULAR BISECTOR APPROXIMATION
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Xe = Xp

SL2 = 5.
where: L1 = first perpendicular bisector slope

SL2 = second perpendicular bisector slope

Ygo¥poXpsXg = first set of data points
YnsYrsXnasXy = Second set of data points
B*=C™e™D (see Figure 5.2)

To find the y~-intersects:

y =mx +b b=y-mx

y+y X, + X

b, = —AB 5w AB (5.4)
Yoty X~ T X

b, - LD g2 C2 D (5.5)

where b1, b2 are the 4 intersects of the perpendicular bisectors.

The intersection, xo,yO is

*
Yo SL1 X0 + b

1

o SL2 * Xo b2

<
I

from these equations:

Xo = b2-b]/SL1-SL2 (5.6)



-67-
FIGURE 5.2: CONSTRUCTION OF PERPENDICULAR BISECTORS
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SL1 = slope SL2 = slope



-68-

(L2 * by - SLI * b,)
Yo © SV (5.7)

The radius is the distance from the center to one of the data points.
In this experiment the radius was found by averaging these distances

for all four data points.

2 (5.8)

_ 2
Ro= flxg=x )"+(yy-v,)
A flowchart of the computer program is shown in Figure 5.3.
The data was read into the array, CLEM. One row of CLEM was read into
the array Y. The array X, consists of the distance between the rows,
1/4". The value for each X was:

X = —%—(n-l) (5.9)

Next, four sets of points were selected from arrays X and Y
and input into the subroutine, RAD, where the radius and center point
were calculated by the method described aBove. The points selected
were four points apart (Xn’yn’xn+4’yn+4) for each perpendicular bisector.
The points selected were separated by four points because it was found
that the predicted center point wasq't as sensitive to errors in the
y-values when the points selected were farther apart. There were fewer
bisectors and hence less values for R to average with the selected points
farther apart, so a compromise of 4 points separation was chosen.

The intersections for all of these bisectors were found, and the radius
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calculated for each. Finally, the average radius, standard deviation

for the radius, and average X, and Y, were printed out, repeated for

the 11 rows in each test sheet and for all of the test sheets. From these
values, some evaluations were made and are the subject of the next

section. A Tlisting of the program is included in Appendix &.

A complete listing of the results of this program is also

shown in Appendix G.

5.3 Evaluation of the DDS Feasibility Criteria

With the unloaded sheet shape characterized by planar sheet
. radii, an evaluation of the four criteria for determining DDS feasi-
bility can take place. These criteria are accuracy of forming,

repeatability, shape limitations, and surface quality.

5.3.1 Accuracy

There are many factors that contribute to the accuracy of
a forming operation. There is the accuracy of the die itself, variables
such as forming force and material properties, as well as proper
material flow and springback. In the sheets with simple curvature,
the measured unloaded curvature was compared with a predicted value
using the springback ecuation described in Section 3.2.7.

Equation 3.1 is as follows:

2 2
R g R (1-v°) o R {1-v7)
= 143 '-Et ) + 4(“1""Et_)3 (3.1)

u
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where RL = Joaded radius of curvature
Ru = unloaded radius of curvature
= yield stress
Oy
v = Poisson's ratio
E = modulus of elasticity
t = sheet thickness

From Section 3.3.2, the values for the material properties of 3002 H14

Aluminum are given for the test sheets:

t = 1/16"
v = .33 (Poisson's ratio)
o, = 21,000 (yield stress)
. E = 1Ox106(modu1us of elasticity)

Also, for the simple curvature cases, RL = 3.5". This gives a spring-

back ratio of

L - 681 or R, = 5.14"

Averaging all of the measured values for radius of curvature of the

three samples with simple curvature gives

R = 6.02"
u

This variation in predicted and measured values for unloaded

curvature could be attributed to two factors. First, the values for
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yield stress and modulus of elasticity were handbook values which may
vary significantly from the actual values of the sheet. Secondly,

the curvature at the ends of the sheets were near zero since no moment
was applied outside of the pin contact points. With the method used
in this experiment for calculating curvature, this gave a larger
radius of curvature than if the curvature continued to the ends, as

was assumed in the springback formula.

It is not the purpose of this report to examine in depth the
springback of sheet metal in contour forming; however, the data ac-
quired may be sufficient to do preliminary analysis of springback in
two directions. Until now, determination of overbend to account for
compound curvature springback has been mostly by tria? and error.
Since the Toaded sheet curvature is known, the springback can be
evaluated for each curvature. Some empirical formulas for springback
may be formulated from the data, which may find application in auto-
mated DDS systems where overbend can be determined by trial and error

since it will be possible to change the die shape very easily.

The set-up accuracy of the die may be checked by observing
the symmetry of the formed piece about its center. For each of the
three trials in each die configuration, a method was used to find
the average accuracy. The equation used in this method is shown be-

Tow:

% accuracy = T n _12-n (5.10)
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whera n row #

A
]

average radius of curvature of three trials
for one row

First, the average radii for each row (Rn) was calculated
from the three pieces. MNext, the difference between symmetrical
points (RH-R]Z_H) was found and its percentage of the average of these
two points calculated. Finally, these percentages were averaged for
all of the rows. Table 5.1 shows quantitatively the values for this
accuracy. The average for all of the pieces was A% with a maximum
of 14%. These numbers correspond to a lack of symmetry which may be
caused by poor pin positioning or die misalignment. (see Figure 5.4)
This problem may be easily eliminated in future experiments with more

accurate die construction (the guide pins, for example, may be causing

misalignment)-and accurate pin positioning.

TABLE 5.1: ACCURACY OF DIE

Loaded Radius of Curvature, in. e .
SHEET NO.'S \—ToNE AXTS SHORT AXTS i heva M Accuracy
measured
1,2,3 3.5 3.5 Long 10.0
4,5,6 5.25 3.5 Long 13.9
7,8,9 3.5 7.0 Long 4.5
10,11,12 3.5 © Long .65
1,2,3 3.5 3.5 Short 6.2
4,5,6 5.25 3.5 Short .99
7,8,9 3.5 7.0 Short 6.1
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5.3.2 Repeatability

Another criterion for feasibility is repeatability of forming.
Factors which would affect the repeatability of the system are material
property variations, correct positioning of the sheet in the die,
chiange in the die surface with usage, and forming load variations.
This section will analyze these factors and give quantitative values

for repeatability of the DDS test fixture.

The test sheets used in this experiment were all cut from one
sheet of 3003 H14 Aluminum. The rolling lines on the sheets were all
Tined up in the same direction in the die to eliminate anisotropy ef-
fects. These two considerations should have minimized the material
property effects on repeatability. The forming force was measured to
1000 1bs, as precisely as possible. The forming force was applied with
a precision of less than 3%, taking into account the operator's ability

to observe sudden changes in force.

The repeatability of positioning the sheet in the die was
expected to affect the repeatability of the formed sheet. The edge
effects might have varied since the ends would take different positions
with respect to the pin tips. Also, if the sheet was measured in a
different position from that in which it was formed, the entire data
set would have shifted. By careful indexing of the sheet when forming

and measuring, this effect was kept to a minimnum.

The surface of the die may have varied with successive forming



-76-

because of some pin slippage. Pin slippage is a cumulative error so

that the curvature would have changed with successive formings. Since
the load distribution is carried more equally with smaller die curva-
tures, pin slippage would tend towards decreasing the curvature in the
sheet with successive formings, Figures 5.5a to 5.5g show plots of curva-
ture in one direction with position in the orthogonal direction for

the twelve samples. These figures showed no apparent successive
curvature decrease with each trial, indicating that pin slippage

was not a problem in this experiment.

As with die accuracy, a method was developed to determine
the repeatability of each of the die configurations. The equation

used in this method is shown below:

100

] [(R R )%/(n-1)1"/° (5.11)

it —
7m|_,
W

m=1 n=}

m

where n = trial # (3 trials for each configuration)
m = row # (11 rows on each sheet)
Rm = average radius of curvature of 3 trials for a single row
Rmn= radius of curvature of trial n, row m

The method was developed as follows. First, the mean and standard
deviation of the three samples for each row was found. Next, the
standard deviation was divided by the mean and multipled by 100 to
obtain the percent standard deviation. Finally, the percent standard

deviation was averaged over the 11 rows. Table 5.2 shows the results
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of this calculation.

found to be

1.5% with a maximum of 3.1%.
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The nominal repeatability of the system was

These are determined to be

reasonable values for repeatability and support the feasibility of

the DDS concept.

TABLE 5.2: REPEATABILITY

,  Loaded . Axis whose

SHEET NO.'S 5§g;u§x?: cugxz&grzgi;n. ;ggza::ge was | % Repeatability
1,2,3 3.5 3.5 Leng 2.08

4,5,6 5.25 3.5 Long 3.07

7,8.9 3.5 7.0 Long 1.03
10,11,12 3.5 o Long 1.17

1,2,3 3.5 3.5 Short 0.75

4,5,6 5.25 3.5 Short 0.98

7,8,9 3.5 7.0 Short 1.10

5.3.3 Shape Limitations

-

The shape of a part formed on a DDS is ultimately limited by

the mechanical constraints of a given DDS system as discussed in Section

2.3.2. When determining if a shape may be formed within these constraints,

the effects of compound curvature on material flow and springback must be

accounted for.

The shape is also limited by the maximum curvature to

avoid buckling (as described in Section 3.2.2),which may be more pro-

nounced in a DDS than a conventional die.

In this experiment, the

buckling and apparent springback were found to be strongly related in

s
)
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the sheets with compound curvature.

The experimental results showed that the curvature in one
direction affected the apparent springback in the orthogonal direction.
This is shown graphically in Figure 5.6.  This graph shows the curva-
ture along the long axis of the die as a function of position along
the short axis for three different test samples. The loaded radius
of curvature for all three samples on the long axis was 3.5". Sample
10 was made with no curvature along the fort axis of the die. For this
sample, the curvature along the long axis is nearly constant over all
positions along the short axis. Sample number 2 was made with a loaded
radius of curvature of 3.5" along both axes. Not only was the average
radius of curvatgre of piece #2 smaller than that of piece #10 by about
0.3" (5.5%), but variation in the curvature by approximately a factor
of two was observed with minimum curvature at the center. Sample no. 7
falls between these two curves in unloaded curvature, and had an in-
termediate value for the loaded radius of curvature in the orthogonal

direction (5.25").

The apparent springback observed in these sheets did not coin-
cide with what would be predicted, suggesting that buckling of the
material occurred. With compound curvature, compressive stresses are
introduced in the sheet as the material attempts to flow in-plane in
such a way that higher compressive stresses occur away from the center
of the sheet. Since the elastic compressive stress is a major contribu-

tor to springback, the distribution of springback is weighted towards the



Curvature Along Long Axis of Die
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SHEET #1

"

Row # on Short Axis of Die

FIGURE 5.6: RELATIONSHIP BETWEEN LOADED CURVATURE AND
SPRINGBACK
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outside edges of the sheet. This was not observed, suggesting that

some buckling or plastic flow took place.

The effect of buckling was to decrease the apparent spring-
back along the edges of the sheet, especially with Targe compound
curvatures. This effect is shown graphically in Figure 5.7. This
graph shows the mapping of the first test sheet with loaded radii of
curvature of 3.5" x 3.5". Along the edges of the sheet most of the
curvature is located in the center, while there is hardly any curvature
near the corners. This suggests that a small amount of buckling
occurred, originating at the center of each edge. It appeared that
the material bent over the four Tines of pins connecting the center

points of each edge so that the curvature was greatest along these Tines

(see Figure 5.8).

Quantitative information about buckling was not obtained in
this experiment, although the effects were not found to be severe.
Future experimentation could be undertaken to determine the relation-
ship between springback and buckling, and how buckling effects can be
minimized. Restraint of the edges of the sheet may be a way to counter-

act the compressive stresses which cause buckling.

5.3.4 Surface Quality

The primary consideration when evaluating surface quality of
a DDS system is dimpling effects. In this experiment, rubber inter-
polators were used and no dimpling was observed by visual inspection.

Since the surface of the aluminum is quite lustrous, and the spatial
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frequency of the pins was relatively high, visual inspection was con-
sidered a satisfactory technique for determining surface quality. No
indication was found by inspection which would indicate that the sheet
was formed by a DDS as opposed to a continuous die surface. The reason
for this result is probably the choice of a mated die configuration which
eliminated the cupping effect as described in Section 3.2.3, and use

of rubber interpolators and low forming forces to minimize surface

dimpling.

Before it was realized that visual inspection was a satis-
factory technique, a computer program for evaluating dimpling effects
was begun. This program, using a Fast Fourier Transform, would have
evaluated the spatial frequency characteristics of surface variations.
The intention was to measure the émplitude at spatial frequencies
corresponding to the pin separations. A listing of this program as
it currently exists, is included as Appendix H. The program has not
yet been completely debugged, and is presently not operational. Al-
though this program was not required in this experimentation, it might
be useful in the future to quantify the dimpling effect in cases where

visual inspection shows that this effect occurs.

5.4 Summary

A computer program was written and used to calculate the radii
of curvature using the perpendicular bisector method. The results of
this computer program were analyzed in terms of the DDS feasibility

criteria discussed in Chapter 4. The significant observations made in
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this chapter are as follows:

1)

With simple curvature, the predicted unloaded curvature for
the test sheets varied from the measured value by 16%. This
variation could be caused by mis-measurement or material
property variations.

Using symmetry about the center of the sheet as an indicator
of die accuracy, the accuracy was found to be nominally 6%
with a maximum of 14% of the curvature. The inaccuracy was
probably caused by die and/or positioner misalignment.

With compound curvature, springback varied with a change in
curvature in either direction, and with location on the
sheet.

Buckling occurred to a small degree along the ends of the
sheet and affected the measured unloaded radius. This was
probably caused by lack of support on the outside edges.

The repeatability of the process was found to be nominally
1.5% with a maximum of 3.1% of curvature.

Dimpling was not a problem in this experiment primarily be-
cause of the opposed die configuration and the use of rubber
interpolators.

These results suggest that the DDS concept is quite feasible

for die-forming of sheet metal. The results also identify areas for

future work which is to be the topic of the next chapter.
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CHAPTER 6
CONCLUSIONS

6.1 Experimental Conclusions

The experimental procedure was successful in that it produced
a set of test samples which provided useful information concerning the
feasibility criteria. From analysis of these test samples the general
conclusion was that the DDS concept is feasible for this configuration.

In support of this statement several specific observations were made.

First, a visual inspection of the surfaces of the test sheets
indicated that dimpling did not occur in any case,primarily because of the
use of mated dies and rubber interpolators. With compound curvature,
buckling or plastic flow observed to effect the unloaded shape of the
test sheet more severely than springback, although it only occurred
near the edges of the sheet. The repeatahility was found to vary with
different die set-ups, with a nominal value of 1.5%. and a maximum value
of 3% of curvature. The set-up accuracy was estimated to be nominally
6% with a 14% maximum, as indicated by symmetry about the center of the
test sheet. These values of accuracy were 1ikely caused by die or pin
positioner misalignment. Also, in sheets with compound curvature, the
curvatu}e in one direction was found to affect the spfingback in the
orthogonal direction in a complex fashion. Finally, the springback
equation for simple curvature was verified with a 16% difference be-

tween the measured and calculated radius of curvature.
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6.2 Future Work

The data produced in this experiment may still uhdergo further
analysis. As a more precise method for determining the curvature of the
formed piece, the least squares approach described in Section 5.2 and
Appendix F could be used. Also, some quantitative measure of buckling
could be developed and related to springback in such a way that an

empirical method for predicting the unloaded shape could be formulated.

In this experiment, the measurement method used was rather
tedious. An automatic measuring system which could send data directly
to a computer for analysis would greatly spegd up the process of mea-
surement, so a larger data bank could easily be produced. This could
be used to more accurately determine the repeatability of the system.
Also, an experiment could be conducted which compared different methods
of restraint on the edges of the test sheet to reduce the buckling
effect. If a conventional die could be obtained, and a DDS positioned
to agproximate its shape, a comparison could be made of the accuracy
and repeatability of a DDS as compared with a conventional die. An
experiment where a particular set-up was repositioned several times
could be undertaken to determine the repeatability of die set-up.
Finally, different die shapes and test materials should be experimented
with, and if dimpling occurs, different interpolrators investigated to
eliminate the dimpling. Future DDS design could incorporate the re-
lTationship between pin tip radius and material properties discussed in
Section 3.3.1 and Appendix D. Spectral analysis described in Section

5.3.5 and Appendix H could be utilized to quantify the dimpling effects.
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APPENDIX A
POSITIONING AND CONTROL GF A DDS

This appendix discusses the research the author was in-
volved with in regards to the positioning and control of a DDS.
For detailed information on experimentation related to the positioning
and control aspects of a DDS see the Air Force report (Gossard et.al
(1980)). The initial work on the control of a DDS grew out of a con-
trol concept used with a programmable backgage. Figure A.1 shows
the set up for one row. The pins are held by a retaining bar and the
housing is moved away from the retaining bar. As a pin reaches jts
correct position with respect to the housing, a locking device is
activated and the pin moves along with the housing. The Tocking
devices are air plena lTocated in the housing above each of the pins.
A computer controls solenoid valves connected to each of these
plena. As mentioned, earlier in this report, this design is limited
to the closeness of pin packing since the pins have to account for

the thickness of the air plena.

Other methods were investigated to lock the pins. One
method used wedging action to lock the pins (see Figure A.2). A
wooden prototype was built and did not work so further work was not
done. The next idea was to pack the pins together and lock them with
one large damping device. The pins needed to move independently of

each other for positioning before the clamp was activated. Spacers

-90-



o, —
1 .
Just before pin . . gzsigzlggn"
position is Securing device "Off"
reached i
E;/////////J[7 77777
ARRINII R NN
-t X; % Desired pin position
Securing device
After pin positionﬁ “On" l—-—x.——- Retention Device
is reached ] “Off"
¥
L; 7777727777727, 227777777 772
\
A13133 1295111

FIGURE A.1: AUTOMATIC PIN POSITIONING

b

FIGURE A.2: PIN LOCKING WITH WEDGES

AN -

/ \ A —
Cricsion WW// I

-91-




were inserted between rows to achieve this result. The proposed
positioning concept for future work is a 3 axis manipulator that

will position the pins individually before Tlocking.

As DDS systems get larger, the problem of locking gets
more complicated. One idea for larger systems is to have a locking
device for each row of pins and use square pins. (See Figure A.3).
This eliminates the problem of different pin locking forces caused
by size differences in pins. With this configuration, an entire row
may be positioned at once using a dummy pin-housing arrangement. The
dummy pins could be positioned using the method described at the
beginning of this appendix, then forces against the pins of the actual
DDS.

The control and positioning concepts are important areas
for future development if the DDS is to be used more extensively.
The choice of control is dictated by the size of the DDS and larger

systems will require more sophisticated control devices.

-
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APPENDIX B
INTERPOLATING SURFACES AMD DEVICES

The purpose of an interpolating device in a DDS is to mini-
mize the material effects (such as dimpling) caused by the discon-
tinuities of the IDS surface. This may be achieved by supporting the
material between the points where it is contacted (See Figure B.1).
The two types of interpolators developed in this research project

were surface interpolators and pin tip interpolators.

A group of M.I.T. undergraduate students (Brooks, M. (1980))
did some experiments with rubber tipped pins for use as interpolators.
They found that the pin tip geometry shown in Figure B.2 worked the
best. The concave shape of the pin tips cause them to provide more
support out near the edges where surface discontinuities occur. This

interpolator appears quite feasible and merits further investigation.

The type of interpolator used in the test fixture for this
experiment was a surface interpolator composed of rubber sheets lo-
cated on both sides of the sheet metal to be formed. The increased
contact area caused by the use of the rubber sheet interpolator is
comparable to increasing the pin tip radius, which decreases the chances
of dimpling. This interpolator proved to be quite effective in this

experiment, with no dimpling observed.
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Interpolating devices are an important subject for future
work with the DDS. OQOther types of devices, such as a network of
woven straps (see Figure B.3) could be used for interpolators, and

experiments performed with them.
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APPENDIX C

MATERIAL SENSITIVITY TO PIN POSITIONING ERRORS

Section 3.2.5 discusses the sensitivity of the formed
material to the positioning error of the pins. This Appendix
determines the maximum sensitivity of the material to positioning

for the DDS test fixture used in this experiment.

If the outside pins in the upper and lower dies are located
too close together, a reverse moment resul*s which will bend the
metal in the opposite direction from that desired. A section of the
sheet can be approximated to be a simply supported beam as shown in

Figure C.1. In this Figure pins A and B are the pins on the outside

rows and: Xy = distance between contact points of pins

A and B

Xy = distance between contact points of pins
B and C

R = pin tip radius

D = pin diameter

t = sheet thi;kness

a = angle of sheet to reference angle of die

Using trigonometry, the distances X and X, are:

X1 2(R + t/2)tana (c.1)

- X
X2 sino 1
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The maximum deflection of a simply supported beam (max y) equals

2
Ma ( L

max ¥ = - =3) 31

3/2
2.2
)

—~
(@]
w

~—

where M = max moment

L = Tlength of the beam (in this case, x]+x2)

a = distance from support to force (in this case, x2)
E = modulus of elasticity of material
I = moment of inertia of material

To have bending occur, the stress in the sheet caused by

the moment must be at least equal to the yield stress of the material

M = oy/IC (C.4)
where oy = yijeld stress of material
C = one half the thickness of the sheet, t/2

Combining equations C.4 and C.3, and substituting Xy +Xos and t:

2 2 "
-cyx2 x] + 2x]x2 3/2

- {
max y = 372t E 3 )

(C.5)

In this experiment, the values for these variables are given as:
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oy = 21,000 psi

E = 10 x 106 psi
t = 1/16"

R = 11/32»

D = 1/2"

Plugging these values into Equations C.1, C.2, and C.5, and

equation in terms of y, Xy and Xo is formed.

2 2 1/2
.0224 x x1 + 2x]x2

max y = - X 2 ( 3 ) (C.6)
where X1 = .75 tana
Xy = .5/sina-.75 tana

with an angle (a) of 30°, this gives a max y value of .002" the

pin movement is less than this mas y value so y < .002".

This number seems quite small considering the accuracy of
the positioning method. In the experiment, this effect was not
observed. This was probably because of the rubber interpolators with
a lower modulus of elasticity which decreased the sensitivity. This
approximation doesn't take into account that the moment arm on the
sheet changes as the pins get closer together, and that the sheet is
not really simply supported. In the future, a method could be

developed to take these factors into account.
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APPENDIX D

RELATIONSHIP BETWEEN PIN TIP RADIUS
AND MATERIAL PROPERTIES TO AVOID DIMPLING

Section 3.3.1 discusses a relationship between the pin tip
radius and material properties which may be used to avoid dimpling
of the sheet surface. This appendix describes the development of
this relationship in the case where interpolators are not used. If
the modulus of elasticity of rubber which varies with force can be
accounted for in the equation, this relationship will also be useful

when using rubber interpolators.

For forming to occur without dimpling, the bending stress of
the material must exceed its yield stress, and the contact stress of
the pin tip on the sheet surface must be less than the yield stress of
the material. As a crude approximation, the sheet may be modelled as
a cantilever beam with a pin at one end (see Figure D1). The maximum

moment in the sheet is then:

M FL (D.2)

moment
force of pin
distance between pins

where M

This moment must be large enough to cause the material to yield, so

g = ————>g0 (D.3)
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FIGURE D.1:

CANTILEVER BEAM
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where o = forming stress

oy = yield stress
c = 1/2 sheet thickness (t)
I = moment of inertia
For this situation, —— = 1/§t = 52
_Lto Lt
12

Combining Equation (D.2) and (D.3).

g = >0 (D.4)

Now an equation can be used to find the contact stress of the
pin tip on the sheet. Equation (D.5) was derived from an equation in

"Formulas for stress and Strain" (Roark and Yarren (1975)):

F
Max. c. = 1.5
¢ ma
a = 0.721° JFOC, (D.5)
1 -wv 2 T -wv 2
- T, 2
E E; E,
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where F = force on pin
ag_ = maximum contact stress
a = radius of circular contact area

D = tip diameter

vy = Poisson's ratio for pin

E] = modulus of elasticity for Pin
vy = Poisson's ratio for sheet

E] = modulus of elasticity for sheet
CE = material properties constant

Simplifying and combinihg in Equation (D.5),

o, = .9185 Fl1/3 D‘2/3CE‘2/3 (D.6)

To avoid dimpling, the contact stress must be less than the yield stress

An inequality can be formed by substitutina Gy for O

Cubing both sides of this relationship and dividing through by oyz gives:

>
y 242n 2
cyD CE

Equations (D.7) and (D.4) can now be related

-105-



6F . 7749F
2 T e
y E

With more algebraic manipulation and substituting for CE’
the relationship can be formulated for the tip diameter, D.

.3594¢t

This relationship gives a minimum size for the tip radius,
D/2, in terms of material properties and thickness. In the future,
the relatijonship might be modified to account for property and thickness

variations when rubber interpolators are added.
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APPENDIX E
DATA

The following pages are data recorded during the shape measurement
described in section 4.4.6. A1l of the numbers are measured in inches
and in all cases, the rows are data recorded along the long axis of the
die and the columns are the data recorded along the short axis. Pages 110-119
are the raw data as it was recorded, and pages 120-122 are the
data specifications Tor each sheet and the reference number for.that sheet

in the data file.

TABLE E.1 DATA SPECIFICATIONS

DATA SHEETS DATA FILE LOADED RADIUS OF CURVATURE, IN.
TRIAL # |BATCH # REFERENCE # | LONG AXIS OF DIE | SHORT AXIS OF DIE

1 1 1 3.5 3.5

2 ] 2 3.5 3.5

3 1 3 3.5 3.5

1 2 4 5.25 3.5

2 2 5 5.25 3.5

3 2 6 5.25 3.5

1 3 7 3.5 7.0

2 3 8 3.5 7.0

3 3 9 3.5 7.0

1 4 10 3.5 o

2 4 11 3.5 w0

3 4 12 3.5 o
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PEST SPECIMEN MAPPING

vate: 5-(
Forming Date: 5-! Force: JVOHF Trial#: /
R;: 3.5 Matemal:.fﬂé.i/ﬁ«; Batch#: /
R,:
2'3.5 Long axts of die (3.)
He | /70 | 227 ,273| 301 315, 30i | 2ez 2071 1860 | a0
172
215] 280|322 | 34¢g| 3o | 249 | 31| 2em| 205] L+
220 | 27 |
' 270 1,320} ,355 1,379 | 388,380 350 | 306|253 20/ |
258 | 305|355 | 377 | 4op | 40| $02 | 375 | 340 |293 [FFS
295 < g‘
‘ 33L| 3w | 59 | fus L 40 | 407|323 | s | 320 281 1]
35 | 22 B
3G | .374 315 | Aot | 410 | 404 | 368| 30 | .37 265 |
R E
2 | 324 1 358 | 3 |34, | kg | 396 | 377 34w B0 | e P
a5t 7 1327 | ze0 | 377 ) 390 | 3 |36 | wy | WE | 226
|
288 125 €y | 326 Y% 250 | 3 277 | 23 | 78
A5 | 08 1 a4 ! 287 | 315 4 33 30 | 278 | ;mg | 80 | L2t
Al |58 [z 283 e L9 | g 228 | 7. |24 | o
otzs: -108-



TEST SBECILEIN HAPPING

lazte: 525

Forming Date: S-{( Force: /0cp Trizls: 2 ,
Ryt 3¢ Kzaterial: Joe3 #/-f - Bateh#: [
:‘-'(2: 3'5

Long axis of die (RZ)

| \ \ /33

4 A s

]
!-080 36| 110 240266 | 29| 272 241 8g

1361771, 294| 24) | o 339 321 30, 243|797

(] 1
I

e e

.’- e T TR, o v —— e e hndaeaketaandl CXSSNCINASWENNIN 4

1186 1257287 27,350 304 257,332] 284| 242

.: i |
L2zs | 027%] 321 350 ,3(,7{,56’2 380|,3k0 3, 254 |

P Ay

i | . 3
;.353;;‘ 503538 |, %64) 379/ 384 3Bl 374,347 .3021.2%

L.

e (1ty)

1281) 312 | 340,30 260|,387| 36, | 375 352 32429
270| 301.334) 35¢1 372 3p, 37926571, %4(1'3/0| 275

hort axis or d

234,27/ . 30p!, 3357 2577 3L5] X4 1.34) [ 31% | 272

«
~

R
B

b2 -ij'/"of ,227:25’3 249 ‘ng 'Zlbg,)77 35 08 |
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Lzte: 5-5
Forming Date: §-|

R;: 3.5

52: 25

TEST SFECINEZI IIAPPING

Force:|0OCO#
Katerial: 3003 ﬁT‘(

Long axis of die (RZ)

Trizlg: 3

Batch#: |

5121

BT - - —

128 | 190

.Ab?

-394 1.

219

151

. 043

Bl 237

i

721908 279

206 50, 1308

-

D e IOy A

L3390 1. 221

314

330,

325

304

L2067

A5

. 347

TN e e e e e

ETAA 38/

364

358

O8I

.,3ﬂo '

258

264

, 864

294

.376

3871,

389

377

324 1 2g7

g114g§

305 1,337

L2881 223

36

et e # e

L3504,

376

L3851 .

385

.376

330

301

377

378

365 -

3

277

3
.jJ) ; 25ﬁff

i

i
{

.\L7§.2J2

e e

24

.38,

_.'_359“ :

S P SR

337

30

L3605

264
338

29 6

3431

3o

2681

, 270

234

184

178

,17‘5./70

2l

249

25,

130

Notes:
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§-7
Forming Date: §
Rl: 31$

;"2: 5-,2{

Zate:

YEET

CPECILEN LIAPE

Tiic

-1

Force:

/1600 7

Katerial: 2063 /771,'

Long axis of die (Rz)

Trial;: [

Eatc

hE

2

|20

2081 22

. 210

A9/

P —

10771,

, 204 236

3
.25 A5

oy

"_Q‘H

103

155

= o o

23]

L ? L2

- — b 2=

L2541 2B)

.21

N B STy S

L3079

305,

eI NUNOVER SN

327

:330

29?

. 2&4

207

. 32)

. 253

;._.‘ WIS e e U e e

!

;'.'lcS’ _;?‘,:1‘18,

l32'

341

351

357

3457 .

. 290

A

IRl S
n i
H '

246

. 335 '
L350

364

360

. 35-3

Sesmcet oes

26| 340

356

L3522

. 34

[&\)

~

|

Short axis of die (Rg)

1

N A
o

X
b\

316

H

N
(=
—

. 260

2381

.55%

. 303

.’izef'

332

. 301

319 ]

483 -

240

2lg

Zez )

254

L AR

L3

i'/79!.|69~ 4

. 22; .

. 19]

1701
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- TOTIT rrmmTii,
TZET SEECIIZI AT LG

Zate: ;’7

Forming Date: 5 -/ Force: /Doozf T
: N Material: 3003 batchy:

Ry: .8

E.E: 525’

Long axis of die (RZ)

084 | g | L 106].203 | 207 240] .29 | 212 |81

4 o i e

45 40 |24 201|295 g |98 | L app | <233

'
e assca
H

% 349|312 | 53 |17 327[ 318 20g | 280 ]

Rt e e e S RN P RROTRY AP |

;,aq‘t

28130 13357247 a8 | Laol g

IR R S 1 BEVE IETAY e 365 3579|344

2761 51,340 V354 36710374 | 170  363] 350

. P -
- —— = e o —— ° -

=!~377 362 V326 V3421 56 ) 360 L35 338

Short axis of die (Ry)

o I1v e NIt iven e STt e -—

.24] (8 + 247 Al 333 '337 . 338 324|308

B s e T TTTRN SUN R AU A

el a0l R agg ] gag |3 300 | L ags] 2Lk

96176002081 952 1253 g0 ase | gl 2

el e e T U S

0913 1024 f.l57i.;3+ L N R TP 7
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lote: -4

L HAPPING

Forming Date: 5., Force: I0Do# Trizly: 3 .

Rt 3§ naterial: 3p03M4% Batch#: 2

Foi 528

| Long axis of cie (2,)

f75 NS 61 86 |04 [ 220].207 189 | isq | 2 | o7g

Mw/ 751 208 .94!1.2% 208258 942,90 |ap2 | j49

S B B e G B R R

BT A9 200 321 1331 337 B0 ) ma g |LPR) ag] 048]

;-115:4“}34} 321 341 3499 L3551 ,349 | 343 329 ,3j3§.2§‘f§

jf_,,ajq:joa _225 335 'S%_A.ym 34T 1,338,324 | 300 | 280 _§:
216 \2685‘;)‘7]-#:309 0 329324 31 .95 a7 - 436 “

1 SR S NSO BRGER IETA L RS N

291:9%8 | 258 323 | 29| o3| o1 | 274) @t) 38205
|57 18 ?'303_7 23] .24?“_;75‘} 2‘}_‘7 23?:—2)} A8 .lb“};
09 1./33 45,13'35,{35',9?04 213 ,205,/87 162|132 'jﬂ
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Q28T CkoCIiinin IAPPING

Force: fogo#- Irizls:

/
Material: 3,;—5-/7‘/4/ Bateh#: 3

Long axis of die (EZ)

A R .\(7:7)

e e e ] [

I 355 971] 200 | 240 200 58

L2051 2387 a55] 2457 20 11811 136 | og

- ——— -~ ————]

R SR

!

!

|

|

;{.08 411806

Rt el R o R S e rerie oo
T e ST

Q‘lq -973 ; .9\95— .275—’ ..'lf'7 .QIq .17&—‘ .

R[5 1290, 285 0 )L 253 1451,

280 L8 ;2081

L1400 ) 1.%2 1,

Jio [sT L9200 a1gt a5 272 .3\(95—_ LR38 199 | s

i
201 1243 247 |.2/9 ;.1793_‘*,.)35‘_“_;,_1

L2704, %l §,3oo L3071 292|242 207 L7 E
5.:_..____,:.3?,7.2 LAf3 1 30) 1,293 217 1,247 1.2 /75’,:
:‘ T — - a " Tt e ""-—-’_'.—"~ N _7' ;
| e
1223 120|387 | 981,292 | 254 243 | 200 169 |5
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1] (l

1:7
o0 3.

U]

e: 5-7
orming Date: 5-2

ToST CPECTILZI IAPEING

crce:

/oo

aterial: 3303,5%(

Long axis of die (2,)

7

71

2383

L5324/

= e

e e e

Job”

153

275

‘Zé]

“30

/43

— e q,...-..

.176 ,a 20

lﬁé

7@0

13

290|-277] .

e T e JO

;2L

A T = s 3t

208

. 302,

310

285 |, °

L1370 a7 [ 292 300) 2881 69 1 0257 (9. 15
2 sa Bl 305] 2% 494 | 207 2 | 192

212

H
i

L300

308 |20l

185

28R

I)(97;,a:5’g.?78

R i L

. 2?2

282

o - e,

Ldashelal

302 299

67

, 244

277 .

L TR Sy S

_,_/30 172 el iij 272 L 234:.279 | 25412106 | 7!
LY 153 ’qu .33)..Zé/ 2744,244 238 ﬁ)?q Js4 {108
Rotes ‘
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257615:(0

Forming Date: 5-7%2-

D e
Gt 7

a0 35
&

TEST S2ZCIiZl

IAPPING

Force: |DOO#
Naterial: 3,03 Hf‘f

Long axis of die (22)

4 S m T e
Trizlz: R

Satchi: 3

173

111

22 .')50

L9

212

142

. 320

24 06

’)3 .

. 23]

152

206

2]

. 24\

A58

265

276

379

[ A e S~

X

;234

267

287

2951

LR

190 |-

204

BRI

270

NPT

,2z

a5

i e B I

f
1Bl
]

. 23p

2 bb

L8 247

290

273

"

208

33

ey s e g
- ;)
I
(OA]

i
H
i

15D

LT

|
Q00

. 1798

, 254

L 240

B

.25

379

267 1 a2

Q56 A7

. 240

287

ATl

.4

25

2479

.48 ;

WS |-
L2500

.as_B .

-_’78~ ‘

Short axis of dic (Ry)

195

159

140

-116-



. b

Lrte: 5-7

Forming Date: 5- 2

R,: o©
1

£, 3.8

Fecrce: /00 07:7-‘-'
Neterial:30031H

"Long axis of die (Rz)

072

[V U

2|

196

213

213

.LO0®

189 |,

065

2l

218

208

1891

)27

078

075

2.

A2

R kSt

‘,(,75:E 22 1 64

S Wt s s et et e

075

L 076

1,077
|
I.o78

TN L s
1

LA

H
e —

197

118

ald

v
ISR PR S

N0

2k 1223

209

a2

081

, 22

A4l

123

.082

REL

.2,8 .Q~16

215

M193

125 |

,089%

2z

100

.QJq Jlaq

218

, 02

129

L0871

122 b4

00

,330 .130

.220

202

131

089

B s

, A

]
f

%.080

, 280

. 20D

. 231

230

.22

224

P L 1)

20l

233

220

-

,205 |,

,209 1,

L1202

134

o090

137

140

093

095

’ 050 r

’ le

| 2aL

236

.30

.2l

4z

094

Notes:
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TEET ZEEC

.. ILAPEING

T

Long ax

force:

/000%

Material: Zyp BE'T/

is of die (32)

Trizls: 2 ,

Eatchi: f‘

i,074
:r— o
!

C 075

i_.'_.‘i?é f‘

v e e aser s

L0717 ¢

i .¢78

i

[ SN

55'7?

630

18

PRURSY

i

3 u”l

A1y

120

Mo e

,ll‘] )

1177

M2 s

L Adk57.220

20!

192 | 112

.21k

o

.20l

NEES I PR B R
A0 R aig el

. 20|

09R i

213

IR

132 .

132 1052 |

1
P \ H
156 | 92| .21 g 220

1157

B

L0B2

682

23,170

'205’ ,

P

132

20712

216

219

221,222

200
.20k

208

230 i 225

2o LBl

-118-

ol die (l\'g)

Shorl axis



mT
P ypan)

'S8T SET

wzo PARPING

el

Force: [fYodd!
vaterial: 34p3 ‘#‘f

Long axis of cie (RZ)

192

214

293 | s

13

160

a1

ReAP

ey

R

4l

50

4l

P

LAl

ol

2l

,d2 . 212

. 22

213

113

'al

el

Al

.43

215

195

4l

225

)

,217

,I._ﬁ_ﬁ

. 084

192

225

g

L29P

Short axis ol die (Ry)

2%

1125

L AR5

P

vy

.21q

o~

214

219

22

.20

Jd23

0/27

W25

1475
.9045 ] w.}:Zl

Notes:
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112
2172
220
258
. 2205
.315
. 290
.251
200
.159
.111

.080
2136
.16
.224
.258
.281
270
.234
.198
147
.102

.068
122
«172
.206
.239
.26G8
.253
.214
.171
.124
.078

.077
.129
.183
229
« 265
«296
.290
.253
212
167
118

.084
«145
.202
.244
.278
«296
279
241
.201
.146
.Na3

.170
.225
270
.305
. 336
. 348
.329
.297
. 251
.205
.155

.136
.107
.239
.274
. 303
.312
.302
.271
231
.188
.143

<128
.181
.228
261
. 290
.305
.288
.253
.211
.167
.121

.120
171
. 221
.262
.208
.317
. 307
.275
.235
.189
.142

.128
.190
. 242
.281
.311
.320
.302
.268
.226
.176
.124

227
.2°0
.320
.350
. 370
.374
. 358
327
. 299
. 246
.202

.1e0
.244
.287
.312
.338
.346
.334
.308
.272
.232
.18¢

.186
.237
.279
.308
.329
.337
.323
.223
.255
212
.170

.15€
.204
.252
.291
. 321
.335
.326
.299
.261
.216
.170

.166
224
272
.310
.334
. 340
. 326
.297
.256
.208
.157

.273
.322
+355
.377
321
.305
.384
.360
.326
.2R7
. 243

. 240
.291
$327
.350
. 364
.368
.358
.335
.304
267
.227

. 240
.289
.323
.345
.359
362
. 350
.325
.291
.252
.212

18R
.236
.281
317
. 341
350
. 340
.316
. 2820
.238
.192

.203
.261
.303
.335
.353
.356
.342
.316
.278
.233
.184

.302
.348
.379
.402
.405
L4604
.396
.379
.350
.31
.276

. 266
.311
. 350
.369
.37¢
.380
372
.357
.330
.301
»258

. 268
.314
.347
.366
.376
.376
.368
.350
.321
.286
. 247

.208
.253
296
.330
.352
.358
351
.331
299
257
212

222
«275
317
.347
.363
+367
.356
.333
.298
.253
. 206

.315
+360
. 3R3
.405
.411
410
. 404
.390
364

.331
291

.290
.335
.364
.382
. 389
.387
.380
.365
. 340
307
. 269

.294
336
.364
.381
. 387
.385
.377
.361
337
.305
<269

.221
265
. 305
337
. 357
.364
.356
.334
.303
.264
222

+240
.290
.327
.354
.370
374
2361
.337
.302
«260
.216
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301
.34¢
.390
402
407
404
. 390
.381
.350
«310
.263

.272
321
.357
. 300
. 388
.386
.37¢
.364
.332
.292
. 248

.27¢
.325
.358
.381
.388
.385
.378
.364
.335
.296
.251

. 210
.255
.296
330
. 351
360
«352
332
.301
«259
.214

.229
.279
.318
.348
«365
.370
.360
.338
.301
.257
.210

.262
316
. 350
.375
. 38R
L300
372
356
.321
278
222

.241
301
332
.360
.374
.375
.365
.341
.307
.265
. 216

«251
.304
.340
.364

.376
.365

2212

+340
.359
363
+350
.324
.285
240
.192

.200
£262
. 306
340
.358
.360
. 3406
.21
277
220
176
.18°
243
.219
.324
.347
352
. 341
.314
. 276
.22¢
177

.203
.255
.298
.331
.352
.356
. 342
.315
277
.230
.177

.161
.211
. 260
.302
.330
.340
.330
302
. 262
.218
170

.181
.233
.280
.319
.343
.350
.338
.308
266
.218
.167

.15N0
205
.252
<293
.321
327
. 310
275
«231
180
2124

.133
127
242
284
312
. 326
.310
.278
.238
.188
.135

.151
.207
.255
.294
.324
.330
. 311
276
.234
184
.130

.131
.185
«236
280
313
.326
.310
277
.236
.189
.140

146
.202
252
.295
. 326
.336
.318
.283
2239
.188
.137

. 090

140
201
245
. 291
205
. 266
.22¢
1790
L1020
,071

L0782
.124
100
236
276
.293
.275
.23¢
. 200
.141
.021

.023
.151
.204

. 287
.301
. 277
237
193
2141
073

.103
155
.207
.253
.220
.307
.292
.254
.212
163
111

110
.165
.218
262
.298
.311
«299
.259
.214
.162
.107



0

.160

2107

062
.086
.109
.128
144
.160
.159
.143
.129
112
.082
10
072
.073
.075
,075
.076
.076
.077
.078
. 020
. 080
. 080

.128

.161
208
. 252
.202
.321
.333
.325
.297
.258

.

.153

.163
.186
.208
.224
.234
.239
.234
.222
,208
.192
174

171
.196
.220
.237
.248
.254
.250
.238
.225
.211
.105

.173
.192
.206
.221
.234
.238
.230
.212
.200
.178
.158

.168
.166
.165
.164
.164
.164
164
.166
.166
167
.170

.126
. 241
.?225
.321
. 341
.347
.335
.30
.273
.231
.185

.205

.229
.249
.261
.270
272

.266

.210

.196
.196
.197
.108
.199
.200
.200
.200
.200
.201
.202

292
.202
.272
.261

.228
. 265
.278
.287
.289
.287
279
.269
.256
. 242

212
.211
.213
.216
.218
.219
.220
.220
.221
222
.226
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.259

.21¢8

.230

.231
.233
.236

.209
200
.330
.349
.356
.347
.324
.291
.249
.205

.245
.261
.275
.283
.289
.293
.292
.288
.278
.265
. 247

.241
.261
.277
288
.296
.301
.301
.299
.291
.27¢
.266

.239
.253
.268
.278
.285
.290
.290
.287
277
.264
.248

.208
.208
.20°
.212
.215
.218
.220
.221
.224
.226
.230

.18¢
A2
L2006
.321
. 343
.34¢
.338
.311
.274
.232

. 187

.221
.240
.257
.266
.272
277
.274
.265
.253
.238
.219

.214
.239
.257
.269
.279
.285
2R3
277
. 267
.254
.238

212
.231
. 249
.260
.269
274
.273
.265
.253
.238
.220

.188

.211

159
211
260
.302
.329
.338
.324
,205
.254
.211
.162

.181
.200
.219
.233
.242
247
.243
.233
.217
.199
.178

.173
.196
.218
.235
.247
.254
.252
244
.231
.216
.199

.175
.192
.211
.227
.238
.245
. 243
.234
.219
.201
.180

.161
.158
.158
.15%8
.160
.162
.166
.169
172
.176
.1R0

.12¢C
192
.232
272
.313
.325

.134
.137

.142

Loon

.0094
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157
156
156
.15¢
.156
.156
157
L1549
. 160
.165
.170

.161
.160
.159
.159
.158
153
.15F
.158
. 160
.164
. 169

215
D212
.212
.212
.213
.214
.215
.215
.215
.2106
.219

.214
212
.211
.211
.212
.213
.214
.215
.214
.215
.21R
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.220

L2167

L2150
216
L2173
.220
.221
.221
.221
222
.225

.215
212
.212
.213
.215
.217
.218
.219
.219
.219
.221

201
201
.201
.201
.201
.204
.205
.206
.20C
.208
.210

.1¢e3
.191
.192
.193
.195
.198
.200
.201
.201
.202
.204

.131
.131
.131
.132
.132
132
.133
.135
.136
.139
. 140

.121
.120
.120
.11¢
.115
112
121
123
.125
127
.129

L0022
L0002
.002
.00?
.002
002
.092
002
002
.092

.092

.071
072
.074
075
.075
.075
.075
075
.076
.077
.077



APPENDIX F
LEAST SQUARES FIT OF CIRCLES TO DATA

Section 5.2.2. describes a least squares fit of a circle to a
set of data points so that the radius of curvature of these points may
be approximated. Equation 5.1 is the equation for a circle with an
arbitrary center point
2 2_p2
(x = xo)% + (y -y )%=R (5.1)

where R = radius

X,y = point lying on the circle
Xgs¥q = center point.

Now the measured y value differs from the calculated y value by

an amount, e.

Yy =¥ te (F1)
where Yy = measured value of y

y = calculated value of y

e = error

Substituting eq. F1 into 5.1 and rearanging,
(Y = Yo) 78" = R = Uin = %o)" (F2)
Which may be algebraically manipulated to form
e? - 2e (¥n =Y,) (Ym -yo)2 -R? + (x - xo)z =0 (F3)

Using the quadratic equation and simplifying,

&= Yy Vo YR - (xg - Xg)? (F4)
Since the surface in this experiment is such that y, > ym and the
origin is on the same side of the curve as the center point (convex

surface), the value for e is then:
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E = é} e %
m=1 (F6)
where m = reference # for a particular point
= numbeyr of points
en = error for a particular point

In this case, from eq's. E5 and F6, E equals

2

Vo2 2 + y% + R2 - x24 -X
m .ym ‘yO yO m ZXXO 0

+2(.‘/m")’0) (Rz"x;l + 2x mxo'xo)l/z (F7)

The closest fit is when the derivative of the total squared error
with respect to each of the variables in the equation equals zero.

In this case, the variables are Xg2¥o» and R.

9

—:0

E
R

Q
m
QL
m

Qo
Qo
>
"
(o}
(>4
<
o
"
o
=
=
0o

Taking these derivatives and simplifying:

y -
9E =o0 =] 2R (W2 ) (F9)
R m=1 YR2- (X=X ) 2
98 _ . ! - Ym-Y
X, 0 E] Ax Xo)(]+/:%::£E:___ﬁr) (F10)
m=1 R -(xm-xo)
y 2 )
HBE =o-3 2y -y * /g 3
ayo o 0 m R (xm-xo) (F11)
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It appears that these equations are not easily solvable in closed form
because of the summations. Further work may be done to solve these
equations so that values are given for Xg> Yoo and R. These values

are 1ikely to fit the iata more closely than those obtained using the

perpendicular bisector method.
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APPENDIX G
COMPUTER PROGRAM LISTING AND RESULTS

A Tisting of the computer program described in section 5.2.3
and the results of this program are shown in this section. Pages 127-129
show the program 1isting with components. The results are print-outs
of the radius of curvature for each of eleven rows for each sheet.
Pages 134-136 show the radii of curvature of the sheet axis paraliel
to the short axis of the die for the first nine test sheets (the last
three sheets have no curvature along the short axis). In addition to the
radii of curvature, the standard deviation for these radii are given as an
indicator of how well the circle fit the data (see section 5.2.2). The
Tocations of the center point (x,y) are given for comparison of thi;
analysis with other methods such as the Teast squares fit described in
Appendix F. With the x,y, and R given, the error may be evaluated and

compared with the value obtained using a least squares fit. This may be

useful for future work.
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nnoon

10
112

103

30
104

105

150

181

TIIIS PROGRAM FITS A CIRCLT TO A SET OF DARTA
POINTS USING THL PRRPENDICULAR RISLCTOR HETHOD.
IT ROADS IN AN 11 X 11 ARRAY OF POINTS ALID CINDS
TR CURVATURE OF EACIH ROW.
PROGRAL! EDLP
PIMRrSION CLEM(11,11), Y(11),Y(ll),RR(B,ll),RR”(ll),RON(ll)
COMMON ¥, Y
16Y=1
DITERMINES WHICH AXIS TO CALCHLATE CURVATURT. FOR
WRITE (5,29,
FOPIAT (' OUTPUT FOP CURVATURE OF LONZ AXIS(1) OP SHORT AXIS(2)7?')
ACCFPT*,ME
WRITT{6,100)
ASKS FOP PIFCE # OF PIECT TO PR ANALYZED
FORMAT (' PIECE%#, K=')
ACCEPT* , K
IF(X.LF.0) GOTO 400
IF(IGY.CT.3) GOTO 400
DROGRAM JUMPS THROUGH DATA TO FIND PIFCE 4 REQUESTED.
no 10 1=1,150
READ(12,112) L
IF(K.EQ.L) GOTO 20
CONTINUE
FORMAT(I2)
WRITE(6,103)
FORMAT (' PLEASE TRY AHOTHER VALUD FOR K' )
GoTO 5
READS Il DAT FOR PIECFE REQUESTED
po 30 J=1,11
RTAD(12,104) (CLEM(J,N),N=1,11)
CONTINUL
TORMAT (11 (3%, F4.3))
URITE(13,105) K
FORMAT('1 SHEET #',I2,' CALC. VALUES FOP. RADIUS AMD CENTER PT.')
Do 300 J=1,11
TMITIALIZRS FOP A PARTICULAR PIECT
1.L=0
RSOT=0.
rRT=N,
YT=0,
XT=0.
nry=n,
SEPS UP X AND Y VALURS FOR A PAPTICULAR ROV
no 150 I=1,11
X(1)=(FLOAT(I)-1.)*.25
v(1)=CcLFM(J,I)
IF(NE.EQ.1) Y(I)=CLEM(I,J)
no 180 I=1,6
nPo 181 M=I+1,7
CALCULATES RADIUS BASED ON FOUR POINTS
CALL RAD(I,M,XO0,YO,R)
SUBTRACTS 1/2 SHEET THICKNLSS FROM RADIUS
R=R-.03125
LL=LL+1
TOTALS R,R**2,X0,AND YO TO FIND AVERAGES AND STANDARD
DEVIATION FOR EACH ROW
RSQT=RSQT+R**2 127-
RT=R+RT
XT =X O0+XT
YT=Y0+YT
CONT INUE



&
\

THE ORIGINAL PRINT ON THE FOLLOWING PAGES IS ILLEGIBLE



1°0 CONTINTIR
SPA=FLOAT (LL)
c FINDS MFAN AMD STANDAPD DEVIATION
RM=PT /SPA
XOM=YT /SPA
YOM=YT /SPA
RSOM=RSOT/SPA
DEV=8ORT ( (RSOM-RM**2) /(SPA-1.))
URITE(13,106) J
c PRINTS OUT RADIUS,STANDARD DTVIATION, AND CFNTER POINT
106 FORMAT (' ROWZ',I2)
VPITE(L3,107) RM,DEV, X0, YOI

107 FORMAT (' =',F8.3,' ST. DEV.=',712.4,' X=',F7.3,' Y=',FR.3)
RR(IGY,J)=1./PN

300 CONT INUE .
IGY=IGY+1
GOTOl

400 CONTINUE

DO 410 JIK=1,11
RR1=1./RR(1,JIK)
RR2=1./RR(2,JIK)
RR3=1./RR(3,JIK)
PPM(JIK)=(RR1+RR2+RR3) /3.
ROM(JIN)=(RRL**2+RP2**24NR3**%2) /3,
c CENTER POINT
410 CONTINUR
C FINDS THE ACCURACY, PCPRATARILITY, AND PLOTS
C TI'E CURVATURE (1/R) FOR THREE SAMPLES
CALL ACCUR(RRM)
CALL REPT(RRM, ROM)
CALL QPICTR(RPR,3,11)
S™OP
END

SUPROUTINE RAD(I,M,X0,Y0,®)
THIS SUBPROGRAM CALCULATES TIL RADIUS OF CURVATURE
FOR FOUR DATA POINTS
COMMON X(11),Y(11)
G=Y(I+4)-Y(I)
H=Y(M+4)~-Y(!1)
IF(4.EQ.0.) H=.001
IF(G.E0.0.) G=.001
c SLOPES
SL1=(X(I)-%(I+4))/G
SL2=(X(})-X(M+4))/H
C  Y-INTERCEPTS
Bl=(Y(I)+Y(I+4))/2.-SL1*(X(I)+X(I+4))/2.
R2=(Y(M)+Y(M+4) ) /2. -SL2* (X(M)+X(M+4)) /2.
X0=(B2-E1)/(SL2-SL1)
Y0=(SL2*B1-SL1*RB2)/(SL2-SL1)
c AVERAGE RADIUS
RALI=SORT ((X(I)-X0)**2+(Y(I)-Y0)**2)
RA2=SORT { (X(M)=X0)**24+(Y(I)-Vv0)**2)
RA3=SORT ((X (I+4)~X0)**24+(Y(I+4)-YD)**2)
RA4=SORT ( (X(M+4)=-X0) **24 (Y (I+4)=Y0) **2)
R=(RA1+RA2+RA3+RA4) /4.
RETURN

END A28

no



C
C

420

430

00

500

510

aunnOUTINE ~ocUT (RR)
PIMENSION RRI(11)
DRTERIMINES ACCURACY v COMPARING PVRTRAGL VALUES
ox OPPOSITE SIDRS OF THR CR'ITER EINE
VLI1=C.
no 420 JIK=1,5
MIK=12-JIK
VLM=ABS(RRH(JIK)-RRF(HIK))*200./(RPH(J.K)+RRH(nIK))+VLH
VIM=VLM/5.
WRITE (13,430) VLM
FORIAT (' MOMINATL PERCENT ACCURACY 15:',F7.3,'%")
RETURN
END

SUnROUT INFE PEPT (RR! . ROM)
PETFPMINES REPFATARILITY RY ©INDING THFE PRRCENT
STANDARD DEVIATION OF THR THRLE SANPLES AT TACIT ROV
DIMENSION REM(11),ROM(11)
RTP=0.
po 500 J=1,11
REP=100*SPRT((RON(J)-RPM(J)**2)/2.)/RPH(J)+REP
REP=REP/11.
WwPITE(13,510) RI'P
FORMAT (' WMOMINAL PERCFHT REPEATAEILITY:',F7.3,‘%')
RETURN .
mED
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SHEET & 1 (31C. VIIUZS 77°® SRTITIS YR CFNTFR TT,
RONY 4
R=  4.§55 ST. PEl.= 0.14U1F400 Y= 1,214 V=
Frwe 2
T=  4.663 ST, UEV,= §.1L02E460 Y= 1,221 V=
Fruy 3
k= £.029 ST. TEV.= O0.1279E+0B V= 1,223 V=
1 £ TN
E= £.524 ST, DBIV,= P.77958-01 V= 14229 Y=
Ty € .
F=  6.769 <ST. TEV.= B.7316E-01 ¥= 1,520 VY=
FCHE A
F= 7,593 S5T. "IV.= 0,1295E+400 Y= 1,201 V=
FrW4 7
i= €.750 ST, [TV, 0.1216F+00 v= 1,214 Y=
LA L
= 5,B14 ST, TIV,= O0.1551F46D0 Y= 1,230 V¥=
FCHe ©
Fs=  E_.368 ST, TfY.= 6.2333E408 Y= 1,231 Y=
FCRY10
®= 5,074 ST, SEV.x O©.2609E40D Y= 1,267 Y=
FoRE11
§= 4,993 ST, TEV.= Q.3717E+4060 ¥= 1,168 Y=
SMEET # 2 CRLC. Y?ILEC T7F ®RPTIC 3"D CTNPFE TT,
ECHE 1
= 4,714 ST. LEV.= ©.2487E+400 Y= 1,361 Y=
TORE 2
= 4,880 ST TLEV.= O,1540E400 Y= 1,251 V=
FCRE 3 .
F= 5,126 ST. MEV.= 0,1263E400 Y= 1,273 Y=
ECWH 4
= E,761 5T, DFV.= 0.1242%400 v= 1,307 Y=
FCWZ 5
F=  6.881 ST. DEV.= 0.8121E-01 Y=  1.3pt Y=
ECWH 5
= B.141 €T, LEV.= ©.143RE400 Y=  1.307 Y=
ECWH 7
=  7.655 ST. DEV.= ©0,1862E400 Y= 1,305 Y=
ECW#
F=  §.582 ST. DEV.= 0.1709E400 Y= 1,293 Y=
j3¢’° 24
tz  6.185 ST. CEY.= 0.3215E40@ ¥=  1.280 Y=
FCRE1D
= 5,465 ST. NEV.= (0.2258F400 Y= 1,227 Y=
R4 T RR] -
€= 5,252 ST. LFV.= O0,2€55F400 Y=  1.21C Y=
S€YEET 4 3 CALC. VALTES FCT RATIUS 3" CTNIFF I7.
RORY 1 :
£z 4,858 <T. NEV.= O.Z114E400 Y= 1.310 v=
ROR# 2
5= 4,805 ST. DEV.= @.1F79E480 Y= 1,316 Y=
ROWH# 3
#= 5.180 ST. DEV.= O,1255E400 ¥=  1.323 Y=
ROWHE 4
=  5.696 ST. CEV.= O0.7762E-01 Y= 1,348 Y=
ROW® 5
= 6,809 ST, ITV,= O,U651E-01 v= 1,360 Y=
ROWY &
=  8.764 S1. PEV.= ©0,9323F-01 X=  1.357 7=
ROWH 7 .
= 7.388 ST, "EV.= -0.1666F+00 Y=  1.354 VY=
RQW# R
§=  6.256 ST. DEV.= 0,2087E+400 Y= 1,358 Y=
ROWY Q
B= 5,782 °T. CEV.= 0,3003F+00 ¥= 1.358 V=
ROW# 12
9= 5,484 ST, DEV.= O0.3335E400 Y= 1.337 Y=
T RON# 91
R= 5,291 <T. TEV.= O0.R350E400 Y=  1.29% Y=
—_— @130 e L

Radius Along Long Axis

-3.u049
-3.641
-4.02%
-4.573
-$.926
-6.80u
=5.913
~4.902
“h.428
-u4,138
-4..087

-3.73%
~3.639
~4. 145
~4.819
-€.039
-7.377
-€.867
~5.643
-5.33%
-4.605

-4.418

-3.651
-3.781
-4.184
-4.738
~5.949
-7,370
‘-R.529
-5.357
~8,852
-4.515
-4.385
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[T

Radius
SHEET + 4 CALC. Vil i-ARPPE,JRRS-AXLS cryppp pq,
PORE 1
8= 6.915 IT. DEV.= 0.4575E400 Y= 1,306 Yr 6. 149
FCHY 2
F= 70092 ST, DEVe= 0.3GuE480 VY= 1,268 Y= -6.u07
FTRM 3
ES  7.751 ST, TIV.: 0.J1uBT40B V= -1.27% Y= -7.063
FCWE o
Bz £.621 ST, TEV.= 0.280354@0 7=  1.281 Y= -§.00F
T
= 10,475 ST. BEV.= 0.327Z40D Ve  1.787 ye -9.8u8
FCue €
= 13,015 ST. DFV.= 0.3291F400 ¥= 1,206 Y= -12.u35
FCus 7 )
B= 12,638 ST, DEVe= Q.57155+400 = 1,285 Y= ~11.545
T
= 9.784 ST. DEV.= 0.2769F+480 7= 1.273 Y= -5.109
FeRe g
5= B.743 IT. CEVe= 0.3555F4Q0 %= 1,270 Y= -8.096
£CR41p
FS  8.422 ST. TEV.= Q.5243E400 Y=  1.279 Y=  -7.99p
YSTIL
F=  B.122 ST. TEV.= 0.50715400 ¥=  1.292 Y= -7.505
SHEET & 5 (21C. VEINES TCP FATINS FHE CPRTFR FT.
FCHE 1
= 6.322 ST. DEV.= 0.30708400 Y=  1.306 Y= -5.57g
TCRe 2
= 6.549 ST. DEV.z 0.2382F400 Y=  1.281 ¥= -5.792
FCH
Bz 7.29% ST. [EV.= 0.2052E400 v=  1.277 ¥v= -6.550
FCHE
B2 84255 ST. NEV.s Q.1149F400 V= 1,290 V= -7.syy
ey :
F=  10.170 ST. DEV.= 0.1047E400 ¥= 1,307 ¥= -g.s1
FCN
= 11.665 ST. LEV.= 0.1998T+400 Y=  1.338 Y= -11.038
FCRE 7
F= 10.941 ST, DEV.= 0.26B5E400 ¥=  1.335 Y= -10.306
Y TE
T F= 8.985 ST. DEV.= 0.1772E400 = -1.320 Y= -a. 308
FCW
= B.350 ST. LEV.= 0.28512400 Y=  1.308 y= 7,715
FCH#10
= 7.711 ET. DEV.: 0.2945E400 X=  1.300 1= -7.051
TITIL
= 7.206 ST. DEVes 0.2U72E400 Y= -1.305 ¥= -5.660
SHEET #+ 6 C11C. VAIUES ECR RADINS AND CEINTEF £7,
FoRa 1 '
= 6.815 SI. [EV.= 0.48775400 Y=  1.250 Y= -6. 141
FCHE 2
F=  6.B61 ST, LEV.= 0.28265400 X= 1,261 Y= -g.155
FCHY 3
Pe 74672 ST. DEV.= 0.2565E400 Y=  1.266 v= -g.g78
ECWy o
s B= B768 ST.DIV.s 0.1720E400 Y= 1,277 v= 5,009
FCW4 S
pho, 11.381 ST DEV.= 0.2033E400 Y= 1,280 Y= -10.7g8
= 14.780 ST. DEV.= 0.6824T400 Y= 1,284 v= -14,238
FCHg 7
= 12,371 ST. "TV.s 0.3657T400 V= 1,296 V= -11.792
FCuN 8
S, 90912 ST. DEVes 0.3115E400 ¥= 1,264 v=  -9.291
FCHE o
e Be€51 S1. DEVes 0.27127400 v 1.253 ve -p.228
FCHE10
© (P 8,130 ST. DEV.= 0.3886F400 Y= 1,269 v= -7.713
o 1T
T B.T60 ST.DTV.s B.5914T400 Y= .29 vs 7,853

=13T=
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Radius Along Long Axis

SHEZT & 7 (2IC. VEIUES FCF PR™IUS pV¥P CENTIR T1.

ROWy ¢

®= 5.242
ETRE 2

F= 5.301
Elas 3

k= 5.45€
Fre ¢

F= 5.750
FCwe 5

E= 6.008
FINY <

= 6.354
a7

t= 6,222
ECRe ¢
F= 5.92¢6
FCWE 9

= 5.760
FrRe

SHEFT ¢ 9
ECwe -

F= 5.2Q4

F= S.446
* 3

= 5.582
4

= £.8u43
5

= 6.169
€

F= 6.561
7

F= 6.518

2
= 6.196
e

Fx 5.984

ST.
<T.
T,

ST,

no 1. 0
- - -

2]

wu
- -

C(FPLC, VALUES 0P ®ATINS

ST. TEVe= 0,2451E400
ST. DEV.= 0.2093E+420
ST+ DEVe= 0.1902FE+00
ST. DEV.= 0.181BE+00
ST. LEV.= (Q.1896E+400
ST. TEV.= 8.1666E400
ST. DEV.= 0.1590E+0Q
ST. DEV.= 0.39515600
ST. LEV.= 0.294232+400
ST. DEV.= 0.2431E+00
ST. DEV.= 0.2212E+00

CAIC. VAIUES ¥CF RALIUS
ST. CEVe= 0.24§3F+00.
ST. DEV.= 0.1876E+00
ST. CEVe= ©,1899E+00
ST. DEV.= 0.1785E400
ST. CEVe=  0.1945F+00
ST. TEV.= @.2069E+00
ST. CEV.= 0.2877F+02
°T. LEV.= 0.2744%4+0a
SI. TEV,: 0.30L8E+00
ST. CEV.= 0.3760F+00
ST. DEV.= Q.3518E+00
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DEV.=

CEV.

FEV,

k2]

o
-
"

LEV.=
PEV,=
TEV.=
CEV.=
DFV.=

CEV,.=

0.22§2E+00
0.1663E+00
0.1u87F+00
0.1u70E+00
0.18 10E+00
0.1925E400
0.1867E+00
6.19D7F+00
0.2u76E400
0.2631E+00
0.2377E+00

X=

1.324
1.299

1263

AN CEINTED

1.267
1.2u8
1.235
1.230

- 14229

1.2u4L
1.2€2
1.292
1.298
1.2868
1.277

AML CENTEF

Y=

. 1.206
1.286
1.279
1.269
1.253
1.273
1.298
1.333
1.330
1.343
1.325

Y=

-
"

e
"

3
n

-
"

-u,35
-4,425
-u.600
-4.928
-5.30¢
-5.585%
-5.426
-§.062
-4.,933
-4.726
-4.u83

~4.U61
-6,5u8
-4.799
-5.088
-5.u52
-5.696
-5.529
~5.228
-5.071
-4.842
-4.532

-4, 442
-4.608
T
~5.033
-5.392
-5.800
-?.738
-5.37%
-5. 143
~5.03u
4,795
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L

SHEET #12 catc SR RAIRRE LR ARE conren pr.
1

.- =

ROW#

R= Se831 STe DEVe=
ROwWs 2

R= 6023 STe DEVez
ROWH 3

R=s 66301 STe DEVe=
POWE &

Q= 6004 ST. DEVe=
ROWH S

Rz 4961 STe DEVe=
ROWH 6 .

R= 54942 ST DEV,=
ROWE 7

R= 5936 STe DEV.=
ROWH 8

R= 5,953 STe. DEV.=
RCWH

R= 5960 STe DEVe=
ROWH1"

R= 54571 SY. DEV,=
ROWH#11

R= 5,831 STe DEVe=

SHEET #11 CALC. VALUES FCR RADJUS

ROw# 1
R= 6020 STe DEVe=
ROWY 2
R= 64168 ST. DEV.
ROWH 3
R= 6e1R9 ST. DEV.

ROWa 4 .

R= 64210 ST. DEV.=
ROWE S

R= 60178 STe DEVes
ROWS &

R= 60166 STe DEV.=
Rowe 7
R= 66142 STs DEVe=
ROWY 8

R= 64169 STa DEVes=
ROWY 9

R= 60215 STe DEVe=
ROWS1Z

R= 62150 E£T. DEVes
ROW#11

R= 64018 STa DEVe=

SHEET 412 CALCe. VALUES FOR RADIUS

RO 4 1
R= 54746 STe DEVe=
RCWa 2
R= 56895 ST DEVes
ROWH 3
= $.978 ST. DEV.=
ROWH 4
= 5957 STe DEVe=
ROW# S5
5962 STe DEVez
&

= 54945 STe DEVe=
ROWSE 7

= 5.538 ST. DEVe=
8

Rz 54938 ST- CEVex

R= 6.024 STe DEVe=

= 6051 STe DEVe=

R= 5,976 ST, DEV.:=

0.9G96E=~01
CelZ27REsDO
Jel92:E+00
Ce15E5E400
Je2C24E+00
Le15427400
3<1850E+00
Se1€12E+800
0e1329E+00
0.12(SE+D0

3.9855E~-01

241F10E400
0e1720E+00
0.1?86E009
C.1864E+08
Ce1535E+00
Ge2294E+0D
Ce1894E+00
D.1776E+00
0+1494€+00
0.9812E-01
0.5572E-01

C.1023E+400
041154E+00
Ce1433E400
0416375400
C.150RE+00
2.1951E400
Ge171€E+00
C.1669E400
C.1521E+00
0.1047E~00D

2.8113E-01
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x= le221
Xx= 1.220
x= 1.2:5
X= 1.217
x= ie225
Xz 1.247
= 1.258
Xz 14263
x= 1.277
X= 1.28%
Xz 1.292
AND CENTEFR
x= 1.297
X= 1.294
Xx= 1.29%
X= 1.296
x= 1.201
Xz 1.312
x= 1.313
Xz 1.316
X= le312
x= 1.306
¥z l1.298

AND CENTER

X=

1.255
14254
1.259
1.260
1.263
1.273
1.287
1294
1,292
1283

1.277

-5.420
~5.873
-5.459

~£e265

< 4 o e g -
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Radius Along Short Axis

SHEET 4 1 CAIC. VALUES TCC PALTIUS AND CFNIFP ©7,

ROWH 1

R= 4.928 ST, DEV.=

ax

FIkY 2
R= $.029 ST, IT
ECHY 3

R= §.556 ©€T. TEV.=

FCRE 4

Re
TCWE 5

6.234 ST, LEV.=

5
E= 7.265 , ST, LEV.=

I(RY 6
FIWE

FONY

&= 7.793 ST. DEV,=
7

t= 6.891 ST. TFV.=
8

F= 5.967 ST, TEV.=

€T. If

w

ST+ DEVe=

ST. LEV.=

0.3555E+00
0.227CE+00

0.3350E+0D
0.1738E+00
0.1746E400
0-148UE+00
0.17232+400
0.9300%-01

0.1313E+00
0.1570E+00

0.1958E400

¥= -1.165 Y= -3,686
¥= =1.,188 Y= -4,09Z
¥=  -1,126 Y= -4.688
Y= -1.102 Y=  -5,404
= -1,109 Y= -6.500
Y= =1,134 Y= -7.0u¢
Y= -1.115 Y= -£,10°
Y= -1.142 Y= -£,120
V= -1.950 Y= -u.255

¥= =1.176 Y= -3,887

SYEET + 2 CALC. VPLLES FCP RADIFS AND CTRTED TT.

ECW¥ 1

k= 5.029 ST. DEV.=
2

T. PEV.=

FCW#

= $.192 ST. FEV.=
FCHH 3

F= 5.639 S
FCWE

el
n

-3
.

w
w
N
%]
-
.

CEV.=

= 7.186 ST, CEV.=

F= 7.74@ ST. DEV,=

= 6.645 ST, LEV,=

= 5.905 ST. DEV,=
9

= 5.208 ST. DEV,.=

= 4.876 ST. CEV.=

Es 4.569 ST. DEV,=

0.2357%40p
0. 16455400
0.1222E+00
0.1671E4co
0.1820E400
0.1750%+00
0.12995400
0.1248E+80
0.11535400
8.1555E200
0.1819E+00

Y= -1,295 Y= -u,097
Y= -1.219 Y= -u.300
Y= -1.201 Y= -4.778
¥= =1,157 Y= -£,.55%
<170 Y= -6.u27
X= -1.126 Y= -7,016
Y= =1.145 Y= -5,850
X= -1.148 Y= -5.065
Y= -1,203 Y= -u,29u
Y= =1.223 Y= -3,923

~<
n
[
-
-
Y]
o
o
<
n

=3.572

SHIZT ¥ 3 CZLC. VILUFS TCF RAPING AEn CTNITR TT,

FCRE 1

F= 5+122 ST. DEV.= 0.3466E400 Y= -1.288 Y= -4.207
FCuH 2

F=  5.167 ST. DEV.= 0.ZUBOE+0D ¥= -1.199 Y= -4.283
FCY 3

F= =~ 5.581 ST. LEV.= 0.22535400 ¥= -1.962 Y= -4,735
FCKE 4

F=  Be296 ST. DEV.= 0.1925E400 Y= -1.121 Y= -5.500"
TS :
F= 7,081 ST. DEV.es 0.1480F+00 v= -1, = -6,
g 8OE+0 137 Y= -6.288
E=  8.015 ST. [IV.= 0,1960E+00 ¥= -1.103 Y= -7.313
ECHE 7 .

E=  6.917 IT. PIV.= D.1211E400 Y= -1.141 Y= -g.172
FCue o ,

Fr  6.055 ST. DEV.= 0.1217E480 ‘'Y= -1,120 Y= -5.245
FCHY 9

F= 5.311 ST. DEV.= 0.1248E400 Y= -1,173 v= -4.419
FCHH1O

F=  8.864 ST. DEV.= 0.1862E400 XY= -1.168 7= -3.938
ECWE11

= 4.533 ST. DEV.= 0.2177E400 Y= -1.201 Y= -3.629
T e e 338 - -~ ==
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Radius Along Short Axis

SUSSIT # 4 CALC. VFIUFS £C™ RATINS AVD CTNTFR 77, -
ROWH 1
k= ©.095 ST. DEV,= O0.4113E400 X=  1.399 Y= -4.084 1
FCHE 2 ]
= 5.054 ST. DEV.= O0.,23p4E+0D Y= 1.306 Y= ~-u.086
FCWE 3 .
= 5,266 5T« PEY.= O0.19u5E+00 VY=  1.286 Y= =-4.375
FOWE 4 -
=  5.496 ST. TEV.= O.1556E+80 Y=  1.24§ V= -4.59%
FCRE S
F=  S.786 ST. DEV.s O.1176E400 Y=  1.285 Y= -4.903
TCWE N
=  §.000 ST. DEV.= O0.1457E400 %= 1.238 Y= -5.140
TCHE T
= 5,853 ST. PIV.z (.1305F+00 7=  1.264 VY= ~-4.970
FCHY 8
=  5.593 ST. DIV.= @.21208400 Y= 1,227 Y= -4.705
ECWE ©
= 5,145 ST. DFV.= O0.167DE+0C0 Y= 1,255 V= -4.204
ECK#Y 3
t=  4.§17 ST. “FV.= D.21SuE+00 Y=  1.236 Y= -3.963
[ S TR
f=  4.790 ST. TEY.= ©0.22u6E+08 v=  1.265 Y= -3.815
s
SUEET 7 5 Ct1C. VAIVES FCE DAMTTE &¥[L CTHIER ©T. [
FCRE 1 N
= 04.655 ST. DEV.= 0.1915E400 Y= 1,240 Y= -3.689 E
FCRs 2 .
= 4,811 ST. DEV.= 0.1917E404 v= 1,186 Y= -3,880 Y
TR ..
=  5.045 ST. DTV.= 0.1547E+400 X=  1.188 V= -4.128 -
ECWY U .
= 5,430 ST. NEV.= O0.1586E400 X=  1.153 Y= -4.562
FCWY 5 . ¥
= 5,669 ST. DEV.= 0.1254E400 7= 1,177 Y¥= -4.802
R FCWH 6 <
= 5.924 ST. DEV.= O0.1655E+0D0 Y=  1.150 Y= -5.085 . -
ECHE 7 -
= 5,732 $T. CEV.= 0.1079E+400 ¥= 1,190 Y= -4.861
FCWE 8 3
= 5,447 ST. TEV.= 0.,1508E400 Y= 1,165 Y= <~4.566 )
) FCR® 9 |
E=  5.076 ST. DEV.= 0.1448E+0D X=  1.203 VY= -4,143 s
ECWH10 -
= 4.813 S5T. DEV.= O0.2078E+4060 Y= .1.194 Y= -3.855 3
FCWE1Y =
=  4.642 ST. DEV.= 0.1634E400 Y=  1.248 Y= -3.655 a
- :
. Li
‘WEET ¢ 6 (3LC. VPLUZS FC® RATIIS FYL CTRIFP T7. 3
TR . pr
3= 4,770 <T. [EV.= 0.2563E+0D ¥= 1,287 V= -3.783
FCWH 2 3
E= 4.854 ST, DEV.= O0.2171E+400 ¥=  1.23% Y= -3,912
ECWH 2
F= 5,148 ST. CFV.= 0.1608E+00 X=  1.276 Y= -4.193
ECWY 4
E= S5.u60 ST. DEV.= O.1676E+00 Y= 1,195 Y= -u4,585
FCWE 5 ‘
R= 5,745 ST, DTV.= 0.1470F+00 v=  1.207 Y= -4.887
FCWY €
F=  £5.995 ST. DEV.= 0.1935E400 Y=  1.187 Y= -5.16D
FCRe 7 .
§= 5,795 ST. TEV.= O0.1293E+400 Y= 1,213 V= -3.932
134T
F=  £,457 ST. DEV.= O0.1673E400 7= 1,200 Y= <-4.568
FCWe 9
= 5.110 5T. DEV.= 0.1875E+400 Y= 1,221 Y= -4.185
ST
F=  4.851 ST. CEV.= 0.2479E+00 ¥= 1,209 Y= -3.89§
ECKE11

F= 4.889 ST. TiV.s 0.2662E+00 V= 14242 Y= -3.964

e m—— e fene e e m—— ee— e - - . - -
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Radius Along Short Axis 2
eurzp ¢ 7 CRIC. VIILFS L7 Tprate Np CEFIFE PR 9
RO\H 1
16.776 ST. CEVes 0.cenaFa00 %= -1.376 YF <c,807 9
aow 2 .
gz 1C.771 ST. DEV.® 0.u77uF+00 X= =-1.266 Y% -1C.308 -
ROWY 3 o
= 11.871 ST. PEV.T g.c129E4pD  X=  -1.200 Y= -11.095 -
ROWH G g
R= 12.921 ST, LEY.S 0.6RE1E4DE X= =1.170 y= -12.453
ROWY 5 3
g= 15.104 ST. CEV.= 0.6 ScE400 X= -1.202 Y= -14.647
ROW# 6 . 1
R= 18.001 ST. TEV.S 0.5 tE+p0 ¥= -1.219 Yz -17.564 X
ROWY 7 o
= 17.229 ©~T. LFV.= 0.39027400 X= -1.213 Y% -16.771
ROWY 8
%= 14.173  ST. "FV.S 0.2tunES0D  X= -1.230 Y= -13.708 - -
ROKY 9
R= 11.922 CT1. DEV.S 0.3c€3T+00 Y= -1.255 v= -11.439
ROWE1D .
R= 10.543 ST. DEV.S 0.uc31E400 X= 1,210 v= -10.069 : -
TOROR#11
R=  9.643 ST. DEV.= 0.c 27F400 X= -1.289 v=  -9.157 -
eyzET # € CR1C. VALUFE °CF oprirs INL ATRITP TT.
ROWE 1 k- ¢
= 10.090 ST. LEV.= 0.420GE400 A= 1,377 YT -0,601 -
ROWE 2 y
Re 10.659 ST. DEV.= 0.55c1E400 X=  1.2°7 Y= -13.16% .
ROWS 3
= 411.5ou ST. TEV.= 0.6736F+00 X 1,275 Y= -11.096 -
ROWE U ! . .
. % 13.283 ST. TEV.= 0.17°5aE401 X=  1.201 Y= -17.797 :
ROWA & p .
R 15.603 ST. TEV.= 0.9188E+00 X= 1,253 Y= -15.73% -
ROW4 € ‘s
! F= 12.327 eT. DEV.= 0.P632E+00 X= 1.265 Y= -17.875 o
ROWH 7 3
R 16.826 ST. DEV.= 0.722WE+00 X=  1.W11 Y -16,349 :
ROWe ¢ =
- Re 13.762 ST. LEV." 0.25C3L+p0 Y= 1303 YF -13,26¢ 3
ROWY 9 5 .
R= .820 ST. DEV.= 2.3977E+06 X=  1.354 1% -17.322 -
n.ousw .
R= 10.§93 ST. DEV.= L 0.cu2lE400 X=  1.298 1= -16.096 4
ROWH11 =
Fz  9.605 ST. ['EV.= 0.4aULE+Q0 X= 1312 Y7 -9.208 -
b e e e
eyrET # @ CAIC. VALUES FCF BATIFS BND CTNTER T7. -
RoW¢ 4
%= 10,674 ST. TEV.= 0.1120F401 X=  1.u70 Y= -10.177 5
ROWE 2 2
3 R= 10.558 ST. CFV.= 0.5u20E+00 X=  1.211 Y= -10.078 4
RONE 3 o
&= 11.805 ST. BEV.S 0.6393F+00 X= 1.16% Y= -10.921 =
ROW4 O g‘
Re 12.788 STe DEV.? 0.6719E480 X=  1.227 V= ~11.796 &
ROWY S . . R :
= 14,483 ST. TEV.® 0.5Q06E+06 X=  1.47% V= -14.008 K,
ROWE 6
Re 17.880 ST. DIV.S 0.5202F+80 X= 1.201 Y= -17.u32 v
ROWZ 7 N -
R= 17.33% ST. TEY.® 0.66305400 X=  1.388 Y= ~16.86U 3
ROWS € o
3 R= 13.658 ST. TEV.S 0.2763E+00 X=  1.311 ¥° -13.113
onE 9 3
Re 12,170 ST. PEV.® 0.7704E+00 X= 1,349 Y= -11.66% ]
ROKA 10
g= 1C.809 ST. CEV.= 0.6117TE+00 X=  1.306 Y= -10.31€ -
ROW11
R=  5.815 OT. TEV.S p.7020E400 1= 1.348 v= -9.309
. - - - == c2136- - -




APPENDIX H
SPECTRAL ANALYSIS FOR DIMPLING

Section 5.3.4 refers to a program that was written (and never
totally debugged) to analyze the spectral distribution of any set of
eleven points on the test sheets. This appendix contains a Tisting of
this FORTRAN program.

In the program, the eleven points were read in, the FFT of these
points calculated, and the magnitude of the absolute value squared of the
FFT found. This would give an approximation of the magnitude of spacial
frequencies on the sheet. If dimpling occurred, there would be a peak
around the frequency corresponding to the dimple size, and a comparative
measure of its magnitude could be made. Dimpling was not observed in
this experiment, so this program was not implemented.

The next few pages show a listing of the program. The FFT subroutine
did not work when the program was run. With dimpling effects, a corrected
version of this program, or another spectral density approximation method

(such as periodogram averaging) could be used to quantify this effect.
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aonn

= U

200

PROGRAI} FITTY
THIS PROGRAM APPROXIMATES THC SPRECTRAL DENSITY OF
THE SPATIAL FREQUENCY OF DATA POINTS FRO!I A DDS
FORMLD SHELT METAL PART.
DIMENSION CLEM(11,11),RLGA(16)
LOGICAL CLEAR
MN=0
WRITF(6,100)
CONTINUF
INPUT THT SHEETS TO BT AVIIRAGED AND ANALYZED
FORMAT (' PIECE #,AND # OF PIECES TO AVERAGE (K,M)')
ACCFPT*, K,M
IF(K.EQ.0) GOTO 200
DO 10 I=1,150
READ(12,112) L
IF(K.EC.L) GOTO 20
CONTINIUR
FOPMAT(I2)
WRITR (6,103)
FORMAT (' PLEASFE TRY ANOTHER VALUFE FOR K' )
GOTO 5
RFAD ARRAY FROM DATA FILF FOR ONE PIECEL
DO 30 J=1,11
Do 31 N=1,11
RFAD(12,104) CLEM(J,N)
CONTINUE
CONTINUFE
FORIAT (11(3X,F4.3)) .
THE VARIABLE "CLEAR" DETERMINES HOY MANY POINTS TO AVLRAGE
CLEAR=.TRUE.
MN=MN+1
IF(MN.GT.M)GOTO 200
IF(MN.GT.1) CLEAR=.FALSE.
"SPEC" IS THE SUBROUTINE TO CALCULATE THE SPECTRAL DENSITY
CALL SPEC(CLEM,K, CLEAR, RLGA)
GOTO 1
PLOT THE SPECTRAL DENSITY
CALL OPICTR(RLGA,1,16)
STOP
FND
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C THIS SUPPPOGFPA!! CALCULATES THE FFT, AMD FIGUPES TR ACK*D
SURNOUTINT SPRC(CLEM, %, CLFAR, PLGA )
LORICAL CLEAR
COMPLFX YAP(32)
DINMEMSION CLnM(ll,ll),PLG(lG),RLGS(lG),RLGA(lG),F(16)
NLP=13
IF(.NOT.CLEAR) GOTO 100
no 110 I=1,16
RLGS(I)=n.

110 CONTINUE
NCOLS=0
100 CONTINUL

PO 300 J=1,11
DO 120 I=12,32
C INPUT ARRAY TO FFT MUST BE COMPLRX
YAP (I )=CHMPLX(0.,0.)
120 CONT INUE
DO 130 I=1,11
YAP (I)=CNMPLX(CLF!(I,J),0.)
130 CONTINUE
CALL FFT(YAP,5,1)
DO 140 I1=1,16
c MAGNITUDE SOUARED OF FFT IS CALCULATED
PLG(I)=CABS(YAP(I))**2
F(I)=FLOAT(I)/.25/32.
140 CONT INUE
IF(J.EQO.1) URITE(WLP,104)
WRITE(NLP,103) J,K
WRITE(NLP,102) (F(I),RLG(I),I=1,16)

102 FORIAT (5(F7.3,E11.3, 3X) )
103 FORMAT(' COLUMN',I4,'OF PIECE #',I4)
104 FORMAT (‘1  POWLR SPECTRUM OF HEIGHT VARIATION')

NCOLS=NCOLS+1
no 150 I1=1,16
RLGS (I)=RLGS(I)+RLG(I)
150 CONT INUE
300 CONT INUE
DO 350 I=1,16
RLGA (I)=RLGS(I)/FLOAT (HCOLS)
350 COMT INUE
RETURN
END

~139-



