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The objective of the study is to utilize the cross-

sectional computation capabilities of a computer to calculate

the revolutions per minute, to determine the volume of metal

being removed by the machine cutter at any point in the

programmed path, and to output the feed rate that the partic-

ular situation requires.

The six chapters which present the information are as

follows: ChapterI, introduction; Chapter II, analysis of

factors affecting the computation of speed and feed rate

parameters; Chapter III, organization of the input by the

numerical control programmer; Chapter IV, modifications to

the computer software; Chapter V, evaluation of the benefits

of utilizing computed speed and feed rates; Chapter VI,

summary, findings, conclusions, and recommendations.
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CHAPTER I

INTRODUCTION

Numerical control programming may be defined as a process

whereby a numerical control programmer analyzes a diagram of

a part and defines the part in a geometric array suitable for

machine cutter path interface. The finished product of the

programmer is then either processed manually for a specific

numerical control machine, or forwarded through a computer

which processes the geometry and outputs the program for a

specific numerical control machine. The output commonly is

in the form of a paper or mylar tape impregnated with the

data for the machine. A more recent development entails the

coupling of the computer output directly to the machine con-

trol system (7).

Numerical control programming, commonly addressed as

NC programming, began as a strictly manual process whereby

the programmer wrote out every detail of the program.

Included were the definition of the geometry, the organization

of the cutter paths, the insertion of the preparatory commands,

and the insertion of the miscellaneous functions. As compared

to the latest methods of programming, this procedure was quite

laborious and the probability of error was imminent. This was

especially true in the area of preparatory commands and

1
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miscellaneous functions since these varied from one machine

to another. Also, nonconsistent geometry proposed a major

barrier to manual programming (3, p. 1).

With the advent of computers in numerical control pro-

gramming, prerequisities such as preparatory commands and

miscellaneous functions are programmed into the computer

for automatic insertion into the numerical control program

for any machine system. Complicated geometry is now handled

by a computer and the limitations are basically those of the

computer. As stated by Rogers, the development of interactive

computer-aided design techniques along with that of numeri-

cally controlled machine tools has led to the development of

more effective methods of surface representation (10, p. 157).

The large decrease in programming time coupled with the

enormous computing capability of modern computers make com-

puter numerical control programming virtually a new field as

compared to manual programming.

In today's very competitive business world each business

firm must continually seek improved methods of conducting its

varied activities if it is to survive and to retain its competi-

tive position. These improved methods are normally measured

in terms of reduced costs, reduced manhours, reduced lead-

time, better products, and maintenance of creative word

environment (2, p. 1).

As stated by Walsh (9), the design of an aerospace

vehicle is predicated on a multitude of requirements of each
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of the systems and technical disciplines comprising the total

design activity. In order that each technical discipline be

properly interfaced with all other disciplines and the

integrity of the vehicle performance and specification

requirements maintained, close intergroup coordination is man-

datory. As a result of the necessary design and production

interactions, there is often a difficulty in effecting a

smooth and orderly response to the required alignment of the

specific design and production tasks to satisfy the requirements.

Reaction time by all affected parties must be closely coordi-

nated to prevent jeopardizinng major program milestone

schedules. Design and production changes vary from being

minor in nature to the very complex; but both require that

the manufacturer exploit every available technique, talent,

and design. Later changes are made on a timely basis to pre-

vent schedule compromises. The use of computer graphics in

numerical control programming is one major method whereby the

manufacturer can meet these goals. As stated in a McDonnell

Douglas report:

The aircraft industry, because of the cost of
its materials and the complexity of its product,
offers unique opportunities for rapid payback of
investment in computer aided manufacturing and its
often separately identified component computer aided
design (1, p. 67).

The process of designing and manufacturing the complex

parts of the aerospace industry requires the coordinated

efforts of many technical disciplines. Effective interface



among these groups demands that each understand the design

engineer's concept completely. Heretofore, the only medium

for communicating the concept has been the two-dimensional

engineering drawing; however, it was difficult to insure

that every discipline was working with the latest revision

to the drawing and that every individual interpreted the

drawing the same way. This leads to the possibility of

erroneous drawing interpretations, mis-matched fixture com-

ponents, and many pieces of corrective action paperwork, all

contributing needless increased costs and program schedule

delays (4, pp. 395-397).

Today, designers are no longer restricted to creating

part or entire vehicle definitions within the constraints

of two-dimensional descriptive geometry. Such is the cae

with numerical control programmers (2, p. 1). With the

use of a computer graphics system, programmers are now able

to define parts using a wide variety of geometric entities

enabling the creation of fully surfaced three-dimensional

models as well as two-dimensional models. Once the part is

geometrically defined, the numerical control programmer is

able to insert cutter paths and automatically determine their

validity. He may also view the model from any vantage point

desired by rotating it about any designated spatial axis, thus

providing better visibility if its geometric definition.

The discussion below details the procedure for using

a computer graphics system as shown in Figure 1. The
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Figure 1--Components of a computer graphics system.

numerical control programmer is seated at either a cathode-

ray-tube design console or an input drafting terminal. The

cathode-ray-tube, .commonly addressed as a CRT, is basically

a sophisticated television that displays the geometry and

cutter paths being created. The drafting terminal is an

electronic drafting table that has the same basic function

as the CRT terminal which is to display information from

the computer. The drafting table creates various sized



6

paper drawings of the computer program. The CRT may present

a display in the proper proportions but not physically to a

certain scale since obviously a ten foot long part could not

be placed on a CRT. Most computer graphics systems will

accommodate more than one CRT or drafting terminal as shown

in Figure 1. A paper copy of the information on the CRT is

available with the use of a hard copier. Either unit has a

telewriter which is a keyboard type terminal which functions

as an input source whereby the programmer may address the

computer. The computer can respond to any of the input

sources thus completing the numerical control programmer and

computer graphics interface.

With the computer graphics system operational, the

programmer first inputs the name of the part to be machined,

the scale of the drawing, and a maze of input data that is

required for the computer to handle the geometrical data as

desired. The computer is then ready to accept any geometry

or cutting path data necessary to execute the program. As

the programming proceeds, the computer is placing the data

on a storage disc. This disc not only serves as storage for

part geometry and numerical control programs, but it is also

the location of a complex software package. The software

package consists of the routines that the computer consults

when making various computations and decisions. When the

program is complete, the finished part may be placed on a

magnetic tape if a permanent record is needed (8). As shown
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in Figure 1, several input sources may be attached to the

computer thus making use of as much of the computer time as

is possible. The teletype with tape punch capability is

another input source of great value. With this device, a

paper tape can be made of the input data for the computer.

This tape can then be read into the computer at any time.

The use of computer graphics for numerical control

programming is in its infant stages. At present, there are

several aspects of computer graphics numerical control pro-

gramming that are either not possible or quite limited. One

area that has had little study is that of the feasibility of

utilizing the cross-sectional computation capabilities of a

computer to calculate the RPM, to determine the volume of

metal being removed by the cutter at any point in the cutter

path, and to calculate the feed rate that the particular

situation requires. Figure 2 details the different amounts

of stock to be removed at one section of a part as compared

to that at another section. As the cutter proceeds from

section A to section B, the feed rate should be proportionally

decreasing in order to accommodate the increasing volume of

metal being removed. The increase in machining efficiency

is readily apparent. This particular endeavor has been pur-

sued for many reasons including reduced machining time,

increased cutter life, better quality products, and the need
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Figure 2--Example of the varying cross-section of stock.

for better ways to define and program complex geometric sur-

faces common in the aerospace world.

As discussed by Gunter (7), in the normal numerical

control programming process, the programmer analyzes the
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cutting situation and inserts the revolutions per minute and

feed rate which he has determined from charts and personal

experience. If the cross-section of metal being cut varies

slightly, the programmer usually will input a speed and feed

that will accommodate the heaviest cross-section encountered.

It is impractical to manually change the speed and feed in

the program every time the cross-section of metal being cut

increases or decreases unless the change is drastic. The

utilization of the computer to automatically analyze the

cutting situation to determine spindle speed and output

varying feed rates would prove to be a time saving and cost

controlling factor in numerical control programming and

machining.

Purpose of the Study

The purpose of this study is to probe the fundamental

aspects of the possibilities of automatic spindle speeds and

feed rates in effort to uncover the basic requirements for

such a system and simultaneously determine its degree of

benefit to industry. This is a pioneering effort in that

little research has been done on this particular aspect of

computer graphics in numerical control programming. In

summary, the purpose of this study is as follows

1. Determine the calculations that are necessary for

stock cross-sectional analysis.

2. Determine the input required by the NC programmer

to enable the computer to compute speed and feed rates.
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3. Determine the modifications necessary to the com-

puter in order for it to make the necessary calculations.

4a Determine the possible reduction in machining time

using this system.

5. Determine the percentage of production parts that

might benefit from feed rate control.

Justification of Problem

As implied in the previous discussion, a great reduction

in machining time could be experienced if the computer were

constantly analyzing the cross-sectional cutting area of the

metal. If any change were noted, the computer could output

the feed required for the most efficient removal of the metal.

This would happen with only a slight change in the cross-

sectional dimensions of the metal being cut.

At present, a varying amount of actual machine time is

consumed with the cutter moving through a light cross-section

of metal at a slow feed rate because there is some other

portion of the cut that has a heavier cross-section. The

problem has virtually become an accepted loss.in numerical

control programming (6). The utilization of automatically

computed machine speeds and feeds could in many cases reduce

this immeasurable and highly significant loss in machine cycle

time. Since time is a prime factor when computing cost, many

machined parts could be produced at a much lower cost to the

customer. Kritzan states
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What is needed is some way to increase the
productivity of parts programmers and at the
same time reduce the elapsed time from part design
concept to numerical control machining (5, p. 71).

Limitations

The study will deal specifically with computer graphics

as used in the field of numerical control machine programming.

The study will further be limited to the programming of numer-

ical control milling machines since this system could easily

be adapted to such equipment as numerical control lathes, and

welding machines. The study will entail the computations

necessary to derive the cross-sectional area of metal to be

removed both in the billet and in the forging. Consideration

will be given to the feasibility of computing cross-section

in three-axis cutting processes only. This study is designed

to benefit the experienced numerical control programmer of

manufacturing engineer. Basic numerical control theory or

computer graphics will not be covered.

The computer software package will be studied in order

to determine the sections that will require modification to

enable the calculation of speed and feed rate. A computer

mathematician would take this information and make the nec-

essary changes in the software to increase its capability to

the degree required for cross-sectional analysis. In con-

clusion, this study will seek to conclude with the necessary

information which, when given to a computer mathematician,
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can enable a computer graphics numerical control system to

compute automatic revolutions per minute and feed rates for

any particular cut. If any aspect of this study should prove

impractical or impossible, a detailed explanation will be

included.

Definition of Terms

For the purpose of this study, the following abbre-

viations and terms common to the field of numerical control

and computer graphics will be used:

1. Computer graphics: images generated by a computer.

2. Feed rates rate of travel of a cutting tool in the

work piece expressed in inches per minute or inches per

revolution.

3. Interactive graphics: human involvement with

computer generated images.

4. Leadtime: time period to be advanced for a machined

part to be manufactured by a certain date.

5. Machine control: electronic equipment that reads

an input source such as punched tape and controls the actions

of the numerical control machine.

6. Miscellaneous functions: machine accessories such

as coolant or tool selection.

7. Numerical control: the process of controlling a

machine by feeding it instructions in the form of numbers.

Instructions are contained on punched tape, punched cards,

or magnetic tape.
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8. Preparatory commands: numerical commands that set

up the machining mode such as absolute or incremental

positioning.

9. Revolutions per minute (RPM): number of rotations

of a cutting edge in one Minute.

10. Three-axis machining: machining of parts that

require use of the three geometric axes, namely X, Y, and Z.

Procedure

The procedure followed involved the collection of data

from sources including the libraries of North Texas State

University, the University of Texas at Arlington, Texas

Christian University, McDonnell Aircraft Corporation,

Lockheed-California Company, Aerospace Industries Association

of America, Inc., Tectronix Corporation, Computervision

Corporation, Wang Instrument Corporation, Sikortky Aircraft

Corporation, Vought Corporation, and numerous periodical

references. From each of these sources various texts,

reports, and publications related to computer graphics in

numerical control were available. Typical library sources

used were texts, periodicals, computer abstracts and computer

reviews. Every company source was very accommodating in

releasing the results of their efforts in this area of

endeavor. Personal interviews with representatives in the

field of computer graphics were included in the study.
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The greatest endeavor was related to actual research

on a computer graphic's system located at Vought Corporation,

an aircraft manufacturer. The system used was developed by

Computervision Corporation, and was one of the most capable

and highly adaptable systems available on the world market.

The system was being used by structural and electrical

engineering which is typical of its capabilities.

The study was organized into five chapters as follows:

Chapter I, introduction; Chapter II, analysis of factors

affecting the computation of speed and feed rate parameters;

Chapter III, organization of input data by the numerical

control programmer; Chapter IV, modifications to the computer

software; Chapter V, evaluation of the benefits of utilizing

computed speed and feed rates; Chapter VI, summary, findings,

conclusions, and recommendations.
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CHAPTER II

ANALYSIS OF FACTORS AFFECTING THE

COMPUTATION OF SPEED AND

FEED RATE PARAMETERS

The heart of any computer graphics system is naturally

the computer itself. Typically, the size of the computer

for a graphics system is determined primarily by the

calculating requirements and by the number and type of

inputs that the computer must handle. Complex calculations

and added devices require a larger computer. The addition

of automatically computed machine speeds and feed rates

would require that the computer's processing unit be some-

what larger in order to handle the cross-section computations

and to process the programmer input parameters. The amount

of increase in size would be determined by the type and

complexity of the numerical control machining to be performed.

Some three axis machine parts might require very little in

extra capability in a computer, but others might require

laborious mathematical progressions. Keeping this in mind,

the first step is to analyze the objective of computed speeds

and feeds and to determine the parameters required for a

computer to output speed and feed rates.

16
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Of prime consideration in the computation of automatic

cutter speeds and feeds are part configuration, material

composition, and cutter configuration. These three param-

eters are closely related in that a small change in any one

may cause a marked change in the final result. It is this

direct influence that requires the three parameters be dis-

cussed simultaneously. It is imperative that a state of

technical respect be maintained among part, material, and

cutter configuration since this accounts for a high efficiency

factor (4). As discussed in chapter I, a certain amount of

machining time is invaribly lost in the typical numerical

control machining process due to the fact that cutting feed

rates are typically not adjusted for minor changes in volume

of metal being removed. The programming time element and the

impracticality of such an endeavor eliminate any possibilities

for solving this problem in conventional programming procedures.

Part Configuration

Two majorcconsiderations in the computation of automati-

cally computed speeds and feeds are the part configuration and

the forging or billet from which it is to be machined. The

geometric properties of the part and its source metal will

determine the practicality and, in many instances, the effec-

tiveness of the utilization of automatic speeds and feeds.

Figure 3 details an ideal situation for the utilization of

automatic speeds and feeds using a forging. As seen, the
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Figure 3--An example displaying the change in cross-
section of stock to be removed.

cross-section area of the part from section A to section B

The cross-section of the forgingis increasing drastically.,
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is increasing in a similar manner; hence, the volume of metal

which must be removed is also increasing from section A to

section B.

Manual Approach as a Comparison

If an attempt were made in conventional numerical control

programming to adjust the feed rate as the cutter 
progressed

from section A to B, several pseudo check entities would 
have

to be added between section A and section B, The cutter

would have to be programmed to stop at each check entity,

decrease the feed rate by some precalculated amount, then

proceed to the next check entity where the same process 
would

reoccur. The check entities would have to be not over one

inch apart. If this part were sixty inches long, the pro-

gramming time and sheer laborousness of the program would

make it impractical to attempt. The result would be inade-

quate in that the machine would be constantly starting and

stopping causing cutter marks on the part, and the efficiency

of the cutting process would be low (6).

The use of automatically programmed speeds and feeds

eliminates all of the above mentioned problems. In this

mode, the computer uses the parameters input by the programmer

to evaluate the amount of metal to be removed at any one

instant between section A and B. With this information, the

computer outputs a constantly varying feed rate for the 
cutter

as it moves from section A toward section B. Thus, as the
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cut progresses and the volume of metal to be cut increases,

the feed rate is constantly decreasing to prevent overloading

the cutter or machine. In many instances, this can be a

practical solution to a problem that began with the invention

of the first machining tool. It is important to note that

the computed RPM for a situation will vary little or none

at all, due to such factors as cutter wear and surface feet

per minute allowable. The chief cause of cutter wear is

spindle RPM (7, p. 1).

Calculation of Stock Cross-section

The principal problem in computing machine speeds and

feeds is obtaining the input data for the computer. The

geometric design of the part and the forging must be analyzed

and the parameters derived which will enable the most effi-

cient cutting operation. The example in Figure 3 is ideal

for speed and feed computation. The computer would be given

the coordinates for a cross-section area computation at

section A and B. Knowing the distance from A to B, the

computer could calculate the increase in volume of metal per

delta change in position from section A to B. Knowing the

cutter parameters and the machine capabilities, the computer

can output a prorated feed rate function that will be con-

stantly decreasing as the volume of metal to be cut increases.

Figure 4 gives the details of cross-section computation. The

total area of metal to be removed equals the sum of triangles
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Figure 4--An example of stock cross-section computation.
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T1 and T2, and rectangle R1. The accuracy of these calcu-

lations typically need to be within 75 percent of the exact

cross-section (2, Iv. D., p. 1).

Limitations of Conventional NC Approach

The example in Figure 5 makes obvious the limitations

of manually calculating stock cross-sections. Here, there

is an area of the part from section A to B that is similar

to Figure 3. At section B however, the configuration of the

part changes as seen from section B to section C. It is

possible to calculate cross-sections and obtain the desired

results; but a part with several geometric configurations

would cause many problems in its description using conven-

tional programming techniques. If the metal to be removed

is more than the cutter can cut in one pass, more compli-

cations arise.

The use of computer graphics makes the situation

encountered in Figure 5 easily feasible. The programmer

would either type or digitize the coordinates outlining

the forging per the blue print. The calculation section of

the computer could then calculate the volume of metal being

removed for any cutter position. This information would

later be used to break down the cut sequence and add the

feed rates as needed.
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Figure 5--An example of a multi-configuration partdisplaying the different cross-sections.

Bar Stock as a Source Material

A part to be machined from bar stock as shown in Figure
6 would lend itself readily to percentage computation. Its
rectangular form enables easy determination of the cross-

section of metal to be removed. The 25 percent margin in

5EC TION C--C
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cross section calculation would be virtually eliminated.

Bar stock also tends to be more rigid and will accept heavier

machining practices. There is more metal to be removed sur-

rounding the parts; hence, a stronger cutting situation exists

down to the last roughing cut,

Structural Properties of the Part

The structural properties of the part require careful

consideration. Whether to be derived from a forging or a

billet, a part with fragile entities such as thin flanges

or unbraced members must be analyzed to determine how much

cutting force it can withstand. Heavy cutting forces can

even tear a part from its fixture (1). Thus, the holding

capability of the fixture must be considered regardless of

whether the part is fragile or not. A nonsupported member

obviously cannot withstand the same force as that of a mem-

ber which is clamped or bolted to the fixture. These factors

must be considered by the computer when computing speeds and

feed rates. Thus the rigidity of the part and the holding

fixture must be expressed in mathematical terms for the

computer.

Material Composition

The type of material to be machined along with the cutter
composition is of major consideration when computing automatic
speeds and feeds. The composition of a part may be of various
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materials such as aluminum, steel, or titanium. Each sit-

uation requires a unique speed and feed rate combination as

well as the proper type of cutter. For example , an end mill

made of high speed steel will not last nearly as long when

milling stainless steel as will a carbide insert cutter. Thus

the computer must receive necessary parameters describing the

material composition of the part as well as that of the

cutter.
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Cutter Parameters

In a similar manner, the parameters of the cutter and

the machine itself must be expressed mathematically to the

computer. A cutting tool can withstand only a certain amount

of force. Aside from the possibility of cutter breakage due

to high forces are the problems with increased heat at the

cutting edge and premature dulling of the cutting edge,

An important feature of all milling
operations is that the action of each cutting
edge is intermittent. Each tooth is cutting
during less than half of a revolution of the
cutter, and sometimes for only a very small
part of the cycle. Each edge is subjected to
periodic impacts as it makes contact with the
work, is stressed and heated during the cutting
part of the cycle, followed by a period when it
is unstressed and allowed to cool. Frequently
cutting times are a small fraction of a second
and are repeated several times a second,
involving both thermal and mechanical fatiggue
of the tool (8, p. 10).

Problems of this nature can be controlled by inserting the

proper data parameters into the numerical control program to

govern the computer calculations. Parameters such as cutter

material, flute length, shank diameter and number of flutes

require accurate description for computer calculation data.

These also determine the strength of the cutter, its ability

to remove chips, and the chip load per flute.

Reference Standards

Accuracy in the computing of automatic speeds and feeds

is determined primarily by a set of standards with which the

computer references to make its calculations. These reference
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standards actually represent the relationship of the finished

part to the machine. As stated by Parsons (3, p. 6), the

relationships of the workpiece to the machine establish the

need for specialized machinability data for numerical control.

These relationships are:

1. Part configuration and machine configuration

2. Rigidity of parts, fixtures, and tools

3. Part material and tool life

4. Part producibility and machine configuration

Machine configuration data is manditory as a reference

standard since the machine selected to machine a part must

have the proper capabilities in dimension and in horsepower.

The computer must constantly reference these factors as its

computations progress. Rigidity of the machine tool, part,

and holding fixture also fall into the same catagory.

The part material and tool life are critical in that

the first often determines the latter. For this reason, the

part material must be assigned a standard which the computer

can recognize. Too fast a feed rate or RPM will decrease

tool life immensely. Part productibility will be drastically

affected if any of the above factors are inaccurate as refer-

ence standards.

Four and Five Axis Consideration

The possibilities for speed and feed computation might

prove even more useful in four and five axis machining since
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it is often more difficult to determine the volume of metal
to be removed in various types of contouring modes. The

ease of obtaining pseudo check entities for manual feed rate
changes is also often difficult. A problem might arise,

however, in determining the percentage of cutter load

parameters for programming input. This is due to the fact

that it is often hard to determine the excess metal to be
removed in awkward contour or skewed angle areas of a part (5).
In view of the complications stated above and based on the

fact that complex five axis calculations are extensions of
three axis theories, the possibilities for five axis feed

rate calculations will not be pursued.

Summary

In order to compute automatic speeds and feed rates

within a computer graphics system, it is necessary to consider

each of the many aspects of numerical control machining

required for the computer to make accurate calculations. An
accurate representation of the machining situation must be

presented to the computer. Failure to do so will destroy the

efficiency of the machining operation. The major parameters

involved include the part configuration, material composition,

cutter configuration, machine capabilities and strength of
part, and holding fixture and cutter. These parameters are
the basis of all calculations by the computer.
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The approach in computing data for feed rate calculation

involves calculating the cross-section of matal being removed

at successive points along a cut sequence. From this data

it is determined how much metal is being removed and to what

degree this removal rate is changing. If the change is

significant, the cut sequence must be divided into sections,

each having a unique feed rate which adjusts for the change

in cross-section of metal being removed. An advantage exists

in that a machined part with numerous geometric configurations

can utilize this concept with no difficulty. Any conventional

numerical control programming attempts at the same task might

prove futile.

A set of standards must be organized for computer referral

during the calculation processes. This is mandatory if the

final computations are to represent the actual machining

situation as to the type and material of the cutter, the type

of material of the part stock, and the limitations of the part,

holding fixture, and machine. These standards would be com-

piled from machining data sources as well as actual exper-

imentation on the numerical control machine.

The vague geometric aspects of four and five axis

machining coupled with the problems associated with the com-

puter software in this area of numerical control make these

advanced methods of machining impractical for consideration

in a developmental study. This material must be considered
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in a separate study after the three axis speed and feed rate

system has been organized.

Definition of Terms

The following terms are frequently used in chapter II

and the succeeding chapter.

1. Five-axis machining machining of parts that require

the use of the three primary geometric axis, namely X, Y, and

Z, and two rotating axes.

2. Input device: any device that can input data to a

computer. The input usually can also receive information

from the computer.

3. Psuedo check entity: an intermediate stopping point

in a machining cut sequence for purposes of changing feed

rate.
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CHAPTER III

ORGANIZATION OF INPUT DATA BY THE

NUMERICAL CONTROL PROGRAMMER

A major problem in the utilization of the computer in

numerical control machining is that of organizing the input

data required for the computer. A computer graphics system

is no exception since the heart of this system is a computer.

Extreme care must be exercised in the selection of the input

parameters and their description to the computer. Obviously,

the computer software programs must have previously been

modified to accept this input data and properly process it

to obtain accurate speed and feed rates. This aspect of the

system will be discussed in detail in chapter IV. The

accuracy of the input data by the programmer is critical in

most instances since many of the factors necessary to success-

ful numerical control machining must be carefully processed

by the computer. The objective at this point is to organize

and in some instances expand the input parameters as deter-

mined in chapter II; hence, referral to chapter II may be

necessary.

The Use of Program Nouns as Routines

The design and modification of the computer software

will have resulted in a number of computer program nouns
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which are actually routine names. The routines are made up
of descriptive data which require input by the numerical

control programmer. It is impossible to be specific as to

each noun's name since the computer software designer can

use any logical term as a noun. For example, the input

routine for the cutting tool data might be called "CGTOOL."

These routines will be addressed by the numerical programmer

at the beginning of the numerical control program.

Description of Cutting Tool Data

The cutting tool data is one of the routines in which

the numerical control programmer must supply parameters. As
detailed in Figure 7, the basic cutting tool parameters are

as follows

1. Cutter diameter

2. Cutter flute length

3. Cutter shank diameter

4. Distance of cutter holder out of spindle

5. Distance from holder to beginning of cutter flutes

6. Number of cutter flutes

7. Cutter corner radius

The cutter diameter is necessary in order to calculate

the amount of offset for each cut. A point located in the
center and at the tip of the cutter is the calculation point
for the computer. The computer must constantly refer to this
point and to the corner radius in order to place the cutting
edge of the cutter at the desired location.
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LI.

Figure 7--Cutting tool parameters.

The flute length, shank diameter, distance of the holder

out of the spindle, and distance from the holder to the

beginning of the cutter flutes, all are used to calculate

cutter deflection and determine the maximum amount of trans-

verse force that the cutter can withstand. A maximum cutter

deflection parameter must be input by the numerical control

programmer in order for the computer to have a maximum limit

in its computations.

The number of cutter flutes enables the calculation of

the chip load per flute for any combination of revolutions

per minute and feed rate, thus preventing overloading of the

cutter. The material of the cutter is used in conjunction

with this calculation. Different types of cutter material can

handle different loads for a specific cutting situation (5).
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Example of Cutting Routine

An example of a possible routine input statement is

detailed below. The statement format is that used in

automatic programmed tool programming commonly addressed

as APT. The statement is as follows:

CALL/CGTOOL, Xl,X2,X3,X4,X5,X6,X7,X8,X9,X1o

In this example X1 through XIO are scalars which desig-

nate the following (3, III. B, p. 1):

Xl=Cutter diameter in inches

X2=Cutter flute length in inches

X3=Cutter shank diameter in inches

X4=Distance of cutter holder out of spindle in inches

X5=Distance from holder to beginning of cutter flutes

X6=Number of cutter flutes

X7=Cutter material

X8=Cutter corner radius

X9=Cutter deflection

X10=Direction of cutter rotation

Scalars such as X7 above are obtained by referring to

one of the several appendices that would necessarily exist

to contain various data which must be continuously referenced.

These appendices would be located in a manual designed to

describe the computer graphics speed and feed system. Some

of the data used for reference is obtainable from such sources

as machinability texts and machining hand books. A good

example of a source of cutting data for reference standard



36

guides is the Machining Data Handbook (2). Other data must

be obtained by experimentation in actual machining situations.

The example using "CGTOOL" is typical of the structure that

would be used in each of the following routines.

Parameters for Machine Limitation

A second routine must be designed which will constantly

reference a particular cutting situation to the limitations

of the machine. As the cutting forces and horsepower

requirement approach the limits of the machine, the computer

must adjust the cutting variables in proper proportion. A

note should be printed in the computer output program to

make the numerical control programmer aware of the maximum

cutting situation. Cutting conditions of this nature also

have a direct influence on the useful life of the cutter.

The requirement of more horsepower means that the cutter is

in a heavy cross-section of metal; hence, a feed rate

adjustment is in order to insure a long cutter life (7, pp.

93-95).

Material Classification

Still another routine must be included to analyze such

factors as material classification and tensile strength, type

of cut and surface finish, and maximum force to be applied

to the part and holding fixture. An example of material

classification and tensile strength would be 4340 steel at

108 KSI (2, p. 167). In this example, the 108 KSI factor
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has been converted from the Brinell hardness factor in the

reference standard book as a typical requirement of a com-

puter. The hardness factor might as easily be Brinell

hardness if the computer software were so designed as to

utilize it. The above conversion example was executed on a

chart compiled by Research Laboratory Development Division (1).

This chart enables conversion from Brinell to KSI or Rockwell

"C' hardness and visa versa. Each type of metal would have a

particular code assigned to it in the computer. The numer-

ical control programmer would input this code along with the

hardness factor. Tensile strength and related material char-

acteristics are available in many machining texts, and can

be consolidated and distributed to each numerical control

programmer. The type of cut and surface finish would also be

in code form. The type of cut, whether it be rough or finish,

is necessarily considered since a roughing cut can be executed

at a faster feed rate than a finish cut in some instances.

The same fact applies for surface finish. Smoother finishes

often require a slower feed rate in comjuction with a light

cut (4, pp. 151-155).

Parameters for the Rigidity of the Part

The force that the machine places on the part and

fixture must be limited to a maximum that the machine spindle

bearings can safely handle, and typically to some lesser

force due to limitations of the part or fixture (6). For
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example, a part that is held on the fixture by clamps will

often not hnadle the cutting forces as that of a part that

utilizes locating pins and bolts. Conventional numerical

control programming techniques tend to yield a program that

utilizes considerably less of a particular machines cutting

force ability than would a program utilizing automatically

computed speeds and feeds; hence, the problem of actually

moving the part in the fixture or distorting the part is

often not of foremost consideration by the computer.

Summary

A detailed organization of the much varied input data

for the computer is mandatory in order for the computer to

properly access the cutting situation and determine the

proper spindle speed and feed rate. A set of program

nouns will be used to break the input data down into routine

parameters for the computer. There must be routine param-

eters to cover every machining variable including cutter

data, part and fixture rigidity, and part material specifi-

cations. The routine "CGTOOL" is typical of the possible

input routines, several of which would be required in order

to effectively define the cutting situation.
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Definition of Terms

1. Brinell hardness: a hardness test based on the

impression made in the test metal by a steel ball under a

certain force.

2. Centerline data: calculated points which are the

centerline of the cutter, typically at its end. These points

are calculated by a computer as a result of its knowing the

mathematical representation of the finished part and using

the cutter radius and possibly its corner radius to calculate

the cutter centerline point.

3. KSI: abbreviation for tensile strength which is

a thousand pounds per square inch.
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CHAPTER IV

MODIFICATIONS TO THE COMPUTER SOFTWARE

The field of computer science demands the dominent

position in numerical control programming in modern indus-

trial situations. The utilization of computer graphics

further entends this proclamation. Computer science is a

unique field of extreme vastness, necessitating a separate

study to actually reprogram the computer graphics software.

The computer software for numerical control processing is

written primarily in the Fortran language (1, A-1). A

general description of the software package is in order and

will be accomplished before going into the modifications to

the system. The various sections will be discussed since

this can be accomplished without probing the depths of

computer software structure.

Operation of the Numerical Control Processor

A typical numerical control computer software processor

is essentially a mathematical sequence processor with the

goal of receiving input from the numerical control programmer

and converting it into a mathematical language in which a

numerical control machine can function (2, pp. 69-72). It

should be noted that this is not the computer graphics
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processor. The computer graphics processor typically will

not have a postprocessor section as listed below. There

are five basic sections within a typical numerical control

computer processor. As indicated in Figure 8, these are as

follows (9, p. 6):

1. The control section

2. The translation section

3. The calculation section

4. The edit section

5. The postprocessor section

The control section guides the flow of the part program

through the various sections of the numerical control pro-

cessor. It performs all input and output activities. Whenever

a section of the processor has completed its assigned task, it

returns control to the control section (7, pp. 21-23). Obvi-

ously, any additions to the system would be channeled to this

section.

The translation section converts the numerical control

programmers written input program into an intermediate file

which becomes input to the other sections of processing. The

translation section converts the input description of the

geometry of the machined part to a compact form called canon-

ical forms (5, pp. 29-33). These conaonical forms along with

the numerical control programmers instructions on how to machine

the part, complete the data needed in the oncoming sections.
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The calculation section uses the data from the trans-

lation section and calculates the successive cutter positions

which represent the machined part (4, pp. 190-191). This

means that the computer must obtain the part geometry defi-

nitions for a particular area of the part to be cut, then

calculate the distance from the finished part to the center-

line of the cutter. This is accomplished by refering to the

cutter data for diameter, corner radius, and any other

parameters needed. The objective is to interpret all cutter

geometry such that when actually driven by the cutter, the

centerline offset will place the cutting edge at the boundary

of the finished part. All output from the calculation

section must be in centerline form.

The edit section has as its prime function the trans-

formation of the centerline data from the calculation section.

For example, the machined part might have been designed and

drawn on the blueprints with its coordinate axes at a par-

ticular attitude. The numerical control programmer may wish

to machine the part at a different attitude due to the design

of the holding fixture, limitations of the machine, or any

unique situation. To accomplish this the numerical control

programmer would write a transformation matrix to reposition

the axes of the blueprint system to the desired position

(6, pp. 555-558). The edit section is the stage where this

matrix is applied to the cutter centerline data to obtain

the desired machining orientation. This is one of any number
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of situations where a modification might be necessary. The

edit section also performs the calculations for printing and

plotting of the centerline data at the programmer's option

(3, pp. 8-13).

The postprocessor section is the final link in the pro-

cessing sequence. The function of the postprocessor is to

process the centerline data and produce machine tool readable

instructions to produce a finished part on any given machine

tool (10, pp. 73-75), Thus, there is a separate postprocessor

for each machine control. Each postprocessor has a separate

callout which is specified by the numerical control programmer.

By calling different postprocessors, the programmer can use

the same centerline data on any machine control providing the

machine is capable of handling such data. As with all the

processing sections, the postprocessor section returns control

of the program to the control section when all postprocessing

is complete. This concludes the operation description of a

numerical control computer software processor.

A certain amount of change and addition is necessary to

the system previously discussed in order for the system to

compute progressive feed rates and revolutions per minute.

Also, the chain of events will change in the processor due to

the addition of the computer graphics input (8).

As discussed in chapter III, the computer in the com-

puter graphics system will receive all routine parameters,

such as cutter data and material specifications, as entered
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by the numerical control programmer. These will be stored

until such time that the entire numerical control machining

program is ready for execution. The computer will utilize

the part geometry to calculate the centerline data for the

finished part in the usual manner.

Modification to the Computer Graphics Processor

The calculation section of the computer graphics com-

puter must be modified to analyze the cross-sectional stock

information such that this data can be processed later to

obtain variable machine speed and feed rates. This is the

first modification to the computer software to be made. This

modification would be incorporated by a cadra of software

computer programmers. The procedure would involve expanding

the computation capability of the calculation section to

recognize the material stock data and proceed to calculate

the volume of metal being removed at any point along a cutting

path.

Modification to the Postprocessor

When all calculations are complete in the computer

graphics computer, the program is then ready to enter a

computer with full capabilities including postprocessing.

As viewed in Figure 9, the output from the computer graphics

computer is fed into the translation section of the main

computer. Here the input parameter routines, containing such

parameters as cutter information and material characteristics
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are digested and output in mathematical terminology. This

information is sent to the control section along with the

centerline data and stock cross-sectional information which

has simply been bypassed to the control section, When the

control section is satisfied that it has a completed set of

data, the processing continues on the edit section. The

edit section makes any requested transformations and the

new data returns to the control section. The next section

of the processing is the postprocessor. Here a second change

must be made in the software.

At this point in the processing, the calculations for

the cross-section of stock removal have been made. No

attempt has been made to calculate a speed and feed rate for

a particular machining cut or to determine if the cut needs

to be broken down into several feed rate changes. To accom-

plish this, an intermediate postprocessor must be added to the

computer software package. Here again, the construction of

the intermediate postprocessor would be accomplished by a

cadre of computer programmers that specilize in postprocessors.

All data pertaining to the computation of speeds and feeds

would be processed through the intermediate postprocessor.

Upon completion of these calculations, the data package is

ready to be submitted to the postprocessor. As previously

discussed, the postprocessor will convert the machining data

into the language of the particular machine control as

requested by the numerical control programmer.



Summary

The computer graphics system has as its primary com-

ponent a computer so designed as to be able to calculate

centerline cutter data for numerical control machining.

The basic sections of the computer processor are the control

section, the translation section, the calculation section,

the edit section and the postprocessor section, The control

section organizes and confirms the completion of the various

sections of processing. The translation section converts

all input data into canonical form for use by the calculation

section. The calculation section calculates the cutter

centerline data by utilizing the geometrical description

along with the cutting path commands supplied by the numer-

ical control programmer. The edit section transforms all

centerline data into the position requested at the option of

the programmer. The postprocessor section processes the

final centerline data into a mathematical language that the

requested machine control can utilize.

Specific changes must be made in the system just

described to enable it to output automatic spindle speeds

and feed rates. The calculation section must be modified to

recognize the stock excess as input by the numerical control

programmer and calculate cross-sections of metal to be removed

as the cutter progresses through the cut sequence. This data

will be later used to determine spindle speeds and feeds. An

intermediate postprocessor must be added between the edit and
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postprocessor sections. The function of the intermediate

postprocessor is to utilize the stock cross-sectional cal-

culation section to compute spindle speed and feed rate for

each cut sequence. If the cross-section of metal to be

removed is changing in any significant amount, the intermed-

iate postprocessor will output multiple feed rate changes as

the cut progresses. Thus, the purpose of these modifications

is fulfilled. As the stock cross-section changes, the feed

rate changes to maintain speed and efficiency in the cut

sequence.

After these calculations are completed, the data is then

sent to the postprocessor in a normal manner for processing

for a particular machine control. This completes the computer

software modifications necessary to achieve automatic spindle

speed and feed rate output.
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CHAPTER V

EVALUATION OF THE BENEFITS OF

UTILIZING COMPUTED SPEED

AND FEED RATES

Two primary objectives, as stated in chapter 1, were to

determine the percentage of production parts that might

benefit from automatically computed speed and feed rates,

and to determine the possible reduction in machining time

that might be experienced in the manufacturing of these parts.

Ideally, actual machining tests would be run and the results

documented. This was not possible due to the fact that it

was impractical for the purpose of the study to have a

computer software team modify the computer graphics software

such that it would make the necessary calculations. This

software team would be composed of computer programmers,

postprocessor programmers and systems analysts, organized as

one unit. The cost of such an endeavor would be preventive.

The only alternative was to examine previously machined

parts utilizing conventional NC programming techniques, and

estimate both the percentage of parts that would benefit from

computed feed rates, and how much decrease in machining time

might be experienced. The resulting data was recorded in
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Table I. This was accomplished at Vought Corporation, the

prime information source for this study.

Procedure for Analyzing Conventional
Machined Parts

The procedure was to examine the storage files for

parts that were machined from forgings. Each part was given

a number in column one of Table I. It was determined if the

part would lend itself to feed rate calculations to any

degree by examining for varying cross-sections in the stock

metals to be removed. If the cross-section was varying, a

YES was entered in the second column of Table I. If vir-

tually no variation occurred, a NO was entered in the second

column.

If the stock metal cross-section was varying, the entire

part was examined. An estimation of the precent of reduction

in machining time was then made as compared to the known con-

ventional NC machining time which was logged in the program

of each NC part. The estimation procedure involved ana-

lyzing all significant cut sequences, noting the conventional

programmed feed rate, and estimating the initial and final

feed rate that could be calculated by the computer graphics

system. Then, it was possible to assess how much time was

wasted in the cut sequence. The results were summed and

compared to the conventional NC machining time. The percent-

age of reduction in machining time was entered in column

three of Table I.



54

TABLE I

EVALUATION OF THE BENEFITS OF USING AUTOMATIC
FEED RATE COMPUTATIONS BASED

ON CONVENTIONAL NC PARTS
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TABLE V--Continued
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The rigidity of the part was then analyzed. This was

accomplished by examining for such elements as thin flanges,

unsupported flanges and components protruding unsupported

from the main body of the part. Parts with these character-

istics are more fragile; hence, they are more easily broken

or distorted by the heavy cutting forces generated by com-

puted feed rates. The results were then entered in column

four of Table I as either strong, sufficient, or weak.

The rigidity of the holding fixture was considered

equally important. This was analyzed in a similar manner

as the part rigidity. The difference lay in the mode of

part retention. Perhaps the best method of holding the part

in the fixture was to use locating pins and bolts. The part
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would have to be literally torn from this type of fixture.

The second best method involved the use of locating pins

and clamps. The third and most undesirable mode of holding

involved the use of stop locators and clamps. The first

two methods utilize locator pins. These prevent movement

of the part in the fixture during machining. The third

method has no pins in the part material to maintain its

position. Hence, the part can vibrate away from the stop

locators and mislocate itself. After considering these

factors, the results were entered in column five of Table I

as either strong, sufficient, or weak. "Strong" typically

was a pin and bolt fixture, "Sufficient" was a pin and clamp

fixture, and "Weak" was a stop locator and clamp fixture.

Results of Compiled Data

The calculations resulting from the data of Table I

indicate that of twenty-four conventional NC programmed

parts using forgings, 83.3 percent would experience some

reduction in machining time. Of the 83.3 percent to benefit,

60 percent would experience a possible 12 percent reduction in

machining time, 30 percent would experience a possible 20

percent in machining time, and 10 percent would experience

a possible 30 percent in machining time.
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Potential Cost Savings

To cite an example of the cost savings of the automatic

feed rate system, sample sixteen from Table I was considered.

The conventional NC machining time for sample sixteen was

2.8 hours at a cost of $58 per hour. Therefore, the con-

ventional machining cost is $162.40. The estimated savings

in machining time using computed feed rates is 20 percent.

The computed feed rate system can complete a part in 2.24

hours at a cost of $129.92. This is a savings of $32.48

per part. Multiply this savings by 100 parts reveals that

$3248.00 has been saved. This equals the cost of producing

twenty-five extra parts at the rate of $129.92 per part.



CHAPTER VI

SUMIVARY, FINDINGS, CONCLUSIONS,

AND RECOMMENDATIONS

Summary

The philosophy behind the development and utilization

of automatically computed machine speeds and feed rates in

computer graphics was based on technical facts that were

researched at various institutions and companies that deal

with or specialize in advanced numerical control machining

techniques. The objective has been to probe out the problems

and requirements that would be encountered in modifying a

computer graphics system for spindle speed and feed rate cal-

culation. After organizing this information, it was necessary

to establish what parameters the numerical control programmer

would have to input in order to satisfy the needs of the

computer. Finally, the basic requirements for modification

of the computer software were analyzed and discussed.

An overview of the research revealed a single aspect of

computer graphics, namely, the expansion of its seemingly

infinite capabilities to include stock cross-section analysis

and speed and feed rate computations. This might be considered

typical of the possibilities of computer graphics. Computer

graphics is finding its place in many technical disciplines
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in modern industry. This fact alone makes computer graphics

a logical choice in numerical control applications.

The first endeavor was to determine and analyze the

various parameters associated with the computation of auto-

matic spindle speeds and feeds. The finished part

configuration and the forging or billet configuration must

be carefully considered since the nature of these along with

associated variables such as material composition and hard-

ness determine the volume of metal to be removed. Though

some allowance may usually be made in the calculation of the

cross-section of metal to be removed, care must be taken to

keep this allowance as low as is possible. Failure to do so

will result in a drop in efficiency due to overlaoding of

the cutter or due to a slow feed rate in a light cut.

The computer must know the kind of material to be

machined such as aluminium or steel, and if the metal is

annealed or heat treated. These are important factors in

calculating a spindle RPM and feed rate that will not impose

unnecessary wear or stress on the cutter.

A concentrated effort must be maintained towards ana-

lyzing the delta change in cross-section of metal being

removed. If this change is small, a need for a feed rate

change may be unnecessary. Any significant change in cross-

section does warrant a feed rate change and multiple feed

rate changes may be in order if the cross-section of metal

is varying drastically. A uniformly changing cross-section
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of metal will typically advocate a similar change in spindle

feed rate. How drastic the feed rate can change is easily

estimated by simply viewing the part and its source metal

outline on the screen of the computer graphics display tube.

Varying the feed rate as the cross-section of metal changes

is of great advantage over conventional numerical control

practices. It is impractical in conventional numerical con-

trol programming to place but a few pseudo check entities

in any one cut sequence. The computer can in effect place

as many pseudo check entities as is necessary to increase or

decrease the feed rate to maintain high efficiency in the

machining. The computer has no trouble calculating the cross-

section whether the source material be a billet or a forging.

There is more involvement with the forging from the numer-

ical control programmers view point since the geometric

description is usually more difficult and time consuming.

The structural properties of the part and its holding

fixture must be carefully considered. With the computer

graphics system striving to maintain high efficiency, the

result may be too high a force against the part and its

holding fixture. A limiting parameter might be necessary to

regulate the computer computations to a safe level. Often it

will be necessary to determine the degree of limitation through

actual machining of the part.

The cutter parameters serve a dual purpose in numerical

control computer graphics. First, they are used to calculate
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the amount of cutter offset required to leave the finished

dimensions of the part. Second, the cutter parameters are

used to calculate the amount of metal that can be removed

and at what rate this can occur. The specifications of the

machine itself enter into the calculations since it is

impractical to overdrive its limitations in horsepower and

travel distances.

A set of reference standards must be incorporated into

the computer software package. These describe the various

types of metals such as aluminum and steel alloys in such a

manner that the computer can reference these upon receiving

the input parameters by the programmer to aid in computing

the proper spindle RPM and feed rate. The reference standards

may be derived from machining specification texts.

Organization of the input data by the numerical control

programmer reveals the necessity of using routine nouns such

as "CGTOOL" to head the various groups of parameters. The

computer recognizes these nouns and properly accepts the

tool parameters such as cutter diameter, flute lengthand

corner radius. Routines must exist to express machine

specifications and limitations, part material classifications,

and type of cut and surface finish. Care must be taken in

the selection of the parameters that make up the routines as

they impart a detailed description of the machining situation

to the computer. If the numerical control programmer should

accidentally input the tensile strength of a particular steel
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forging as 220 KSI instead of 110 KSI, the overall computer

graphics program will be calculated at slower RPM and feed

rates than if the proper tensile strength had been input.

After determining the routines and associated parameters

necessary to fully detail the machining situation, the

computer used in the computer graphics system must be modified

to accept this information and utilize it in the calculation

of automatic spindle speeds and feed rates. The details of this

endeavor was not discussed due to the fact that the computer

software programming is a field of study in itself. However,

a rudimentary discussion of the concepts was in order, The

processor, which is the heart of the computer is composed of

the control section, the translation section, the calculation

section , the edit section, and postprocessor section. The

control section acts as a coordinator and guides the flow of

the part program through the various sections of the processor.

The translation section converts numerical control programmer's

input for the succeeding stages of processing. The calculation

section uses this numerical file to calculate cutter paths

which will detail the finished machine part. The edit section

transforms the output from the calculation section into any

unique axis position as requested by the numerical control

programmer. The postprocessor processes the centerline data

from the edit section into a format for the specific machine

control as specified by the numerical control programmer.

Certain modifications must be made to the basic

processor in order for it to automatically compute spindle
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speeds and feeds. These changes would be made by a group

of software programmers. The calculation section of the

processor must be modified to analyze the cross-sectional

stock information to determine the volume of metal being

removed. An intermediate postprocessor must be added to

receive the cross-sectional stock data and actually compute

spindle speed and feed rates for the various machine cuts.

These calculations, along with the centerline data from the

edit section are then sent to the final postprocessor. This

concludes the basic operation of the computer processor and

the modifications required to enable the automatic calcu-

lation of spindle speeds and feed rates.

Findings

Development and experimentation with a computer graphics

system modified for speed and feed rate calculation will

most surely reveal that in most instances this system is the

answer to inefficient numerical control machining due to

improper RPM and feed rates. Specifically, a typical numer-

ical control machining sequence will have one feed rate for

a specific cut. The value of this feed rate will be such

that the heaviest cross-section of stock encountered can be

cut. If there is also one or more small areas of light cross-

section, the feed rate will typically not be changed due to

the laborousness of the task. Thus, the slow feed rate for

the heavy cuts will also apply in the light cut areas. This

results in the machining ineffeciency previously mentioned.



When utilizing the automatic feed rate capability of
the computer graphics system the computer constantly

analyzes the stock cross-section as the centerline calcu-

lations are made. Each time a significant change in stock

cross-section is detected, the computer automatically increases

or decreases the feed rate to satisfy the situation.

Cutter life will definitely increase as a result of
utilizing automatically computed spindle speeds and feed

rates. The number one cause of short cutter life is that

of RPM selection. In actual numerical control machine

shop situations, the RPM will commonly be too high. This
results in unnecessary wear of the cutting edges of the cutter
as a result of light chip load per flute.

In summary, the findings are as follows.

1. The calculations necessary for cross-sectional

analysis are easily processed by the computer in virtually

any situation that may arise.

2. The input necessary by the NC programmer is slightly

voluminous but entirely practical.

3. The use of reference standards compiled specifically

for automatic speed and feed rate input will serve to main-

tain accuracy by the NC programmer.

4. The modifications necessary to the computer software
are feasible and may be made by only a small group of soft-

ware specialists.

5. The reduction in machining time can be as high as

30 percent of conventional NC machine time.
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6. Reduced machining time could be achieved in 80

percent of NC programmed operations through the use of speed

and feed rate calculations.

Conclusions

In conclusion, expansion of computer graphics to include

automatic spindle speeds and feed rates displays its potential

in solving some of numerical control programmings inherited

problems. It will reduce the machining time required to

complete a finished part as compared to conventional numerical

control practices. Reduced machining time means reduced cost

per part. The cutter will maintain a more steady load which

will greatly increase cutter life. The capabilities of the

numerical control machine will be more effectively used

especially as pertaining to horsepower available.

The disadvantages are in most part extremely outweighed

by the advantages previously discussed. However, the

disadvantages must be carefully considered. There will be

some increase in computing time due to the calculations for

stock cross-section and the calculations which determine

the feed rate for each cut sequence. If a particular cut

requires several feed rate changes, there will be some

increase in the mylar tape footage for the machine control.

The numerical control programmer will have the added

burden of inserting the input parameter routines which

describe the cutter, type of metal, hardness of the metal and

all other variables that determine the final output. This



will seem quite laborious until the programmer becomes
familiar with the system.

No coverage of four and five axis machining was attempted
for some specific reasons. An attempt to pictorially display
or describe the stock cross-sectional changes that may
result during a four or five axis cut is often futile.
Research in this area will reveal unique variations of the
more basic machining results that are experienced in three
axis machining. These variations are often hard to explain
even in the most technical terminology.

From the computer software standpoint, four and five
axis machining involves a positional sequence which positions
the cutter from one position to the next and in the process
generates the multi-axis motion required. This in turn

would obligate the computer to consider this positioning

while at the some time calculate stock cross-sections for
feed rate control. This can easily become extremely involved
and inaccurate results may result. For these reasons, it was
concluded that four and five axis numerical control machining
should not be considered for use with automatically computed
spindle speeds and feed rates until experience is gained in

three axis machining.

The expansion of the numerical control version of com-
puter graphics to include automatically computed machine
speeds and feed rates is progress through modern technology
that can not only pay for itself, but actually cut cost by the
act of reducing machining time for part production.
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Recommendations

As a result of the findings and conclusions of this

research, the following recommendations are made.

1. The study should be continued and provisions be

made to modify the computer graphics software, thus

enabling the testing of the system.

2. As the testing begins, further studies should be

conducted into the degree of machining advantage realized by

the system.

3. Tests should be run on cutter life as a result of

using the system.

4. The reductions in machining time and the increase

in cutter life should be converted into financial gains.

5. The increase in computer costs should be analyzed

as compared to the gains from decreased machining time and

longer cutter life.



APPENDIX

GLOSSARY OF NUMERICAL CONTROL TERMV'S

I. Brinell hardness, a hardness test based on the impressionmade in the test metal by a steel ball under a certain
force.

2. Centerline data: calculated points which are the center-line of the cutter, typically at its end. These pointsare calculated by a computer as a result of its knowingthe mathematical representation of the finished part andusing the cutter radius and possibly its corner radius'to calculate the cutter centerline point.

3. Computer graphics: images generated by a computer.

4. Feed rates rate of travel of a cutting tool in the workpiece expressed in inches per minute or inches per
revolution.

5. Five-axis machining: machining of parts that requirethe use of the three primary geometric axis, namely X,Y, and Z, and two rotating axis.

6. Input device: any device that can input data to a com-puter, The input usually can also receive information
from the computer.

7. Interactive graphics: human involvement with computer
generated images.

8. J KS: abbreviation for tensile strength which is a
thousand pounds per square inch.

9. Leadtime: time period to be advanced for a machined partto be manufactured by a certain date.

10. Machine control: electronic equipment that reads aninput source such as punched tape and controls the actions
of the numerical control machine.

11. Miscellaneous functions: machine accessories such as
coolant or tool selection.
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12. Numerical controls the process of controlling a machine
by feeding it instructions in the form of numbers.
Instructions are contained on punched tape, punched
cards, or magnetic tape.

13. Preparatory commands: numerical commands that set up
the machining mode as absolute or incremental
positioning.

14. Pseudo check entity: an intermediate stopping point in
a machining cut sequence for the purpose of changing
feed rate.

15. Revolutions per minute (RPM): number of rotations of a
cutting edge in one minute.

16. Three-axis machining: machining of parts that require
use of the three geometric axes, namely Xi Y, and Z.
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