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ABSTRACT

The dynamic cutting forces in single point metal cutting
operations were measured in detail using a specially aesigned
three-component piezoelectric dynamometer. From data reduc-
tion analyses performed on the cutting force fluctuations it
was concluded that the cutting forces in single point metal
cutting can be considered as a stationary, random ﬁrocess with
a Gaussian distribution only for finishing operations.

Some of the more important properties of the cutting
force fluctuations that were determined are: the probability
density, the root mean square value and the power spectral
density. Finally a mathematical model is proposed to repre-
sent the cutting force fluctuations. This model will serve
as a more accurate forcing function in dynamic and stability

analyses of machine tools.



ACKNOWLEDGMENTS

The author wishes to express his gratitude to his super-
visors Dr. M.0.M. Osman and Dr. T.S. Sankar under whose guid-
ance and advice this investigation was carried out.

The support of the National Research Council of Canada
through a post graduate scholarship is gratefully acknowledged.

Thanks are also due to Mr. Gordon Boast for his assist-
ance with the data acquisition system (Electronics Associates
690 Hybrid Computer) and to the technical staff of the Machine

Shop at Sir George Williams University.



ABSTRACT. .

TABLE OF CONTENTS

. L] . [ . . . L] . . . . . ° . L] . . .

ACKNOWLEDGMENTS ¢ & o & 4 4 o « o o o o o o o o o

TABLE OF CONTENTS « « o + ¢ ¢ o o o o o o o o o &

LIST OF TABLES - . . ° . . . L] . ] 3 . [ . . . [ .

LIST OF FIGURES . o - . . . . . . . . ] . . . . .

NOMEN CLATURE . . . . . . . . . . [ . [ . . . . . .

CHAPTER 1:

CHAPTER 2:

2.1

CHAPTER 3:
3.1

3.2

INTRODUCTION. o ¢ o « o 2 o « o o o &

MEASUREMENT OF THE DYNAMIC CUTTING
FORCES IN TURNING + 4 & o « o o o o &

Static Force Measurements During
Orthogonal Machining. . . « . . . . .

Static Force Measurements During
Oblique Machining « . . « « o 4 o + &

Dynamic Force Measurements During
Machining « . & v v ¢ ¢ v ¢« 4 o o o .

Brief Description of the Dynamometer
Used for Measuring Cutting Forces . .

EXPERIMENTAL SET~UP AND TEST RESULTS.
Experimental Set-up « .+ « .« . . o . .
Static Calibration of the Dynamometer
Dynamic TeStS . v v v o & o « o & o .

Accuracy of the Cutting Force
Measurements. . . . . . . . . . . . .

Experimental ResultS. o« . o o o o o .

page

10

18
18
19
21

22

23



CHAPTER 4:

4.1

4.3

CHAPTER 5:

REFERENCES .

APPENDIX A .

—-ivy-

DATA PROCESSING, ANALYSIS AND
MATHEMATICAL FORMULATION OF THE
CUTTING FORCE FLUCTUATIONS . . .

Data Processing of the Cutting
Force Signals. « ¢« o « o « o « &

Statistical Analysis of the Data
Points of the Force Signals. . .

4,2.1 Testing for the Stationarity

of the Cutting Forces . .
4.,2.2 Testing for the Degree of
Randomness of the Cutting
Force Fluctuations Using
Autocorrelation Functions

4,2.3 The Probability Distribution

of the Random Cutting Forces.

4.2.4 Frequency Analysis of the
Force Fluctuations. . . .

A Mathematical Model for the Cutting

Force Fluctuations . « « o o o &

CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE WORK:e ¢« ¢ « o « o o+ o « &

39

39

41

42

44

46
47

49

64

66



—V-

LIST OF TABLES

page
Cutting conditions used in the experiments. . . . 34

Results of stationarity tests for the
three force signals . . . . v v ¢ v v v 4 o o o . 54



1.1

2.1

2.2

2.4

2.5

2.6

2.10

3.1

-vi-

LIST OF FIGURES

Random fluctuations of the cutting force
while cutting (after Bickel [11]). . . . . .

Three force component lathe tool
dynamometer. « . « .+ ¢ 4+ o . o o o o o o o

Piezoelectric three-component measuring
platform for measuring the three
orthogonal force components. « . « « o « o &

Piezoelectric two-component measuring
platform for measuring a force and a
torque around the force axis . . « . « .« o .

Piezoelectric three-component dynamometer
for measuring the three orthogonal force
COMPONENES &« o + o ¢ o « o o o o s o o o o »
Forces between tool and workpiece. . . . . .

Simple two component lathe tool
dynamometer. . ¢ « o ¢ o o o o o o o o o o o

Comparison of orthogonal (left) and non-
orthogonal cutting « « o « o « o o« o « o « @

Force components acting on a single point
turning tool & . ¢ ¢ 4 4 4 4 e e e e e o e .

Cross-section of the three-component
dynamometer. . . o « o + o o o o o o o o o

Machine tool used in the experiments and
saddle with four bolts to mount dynamometer.

Equipment layout for dynamic cutting force
MEASUrEMENtS « o & o o o o o o o o o o o « &

Block diagram of the test set-up and
instrumentation for the dynamic force
measurements .« o ¢« ¢ ¢« o « o . o 2 e 2 s .

Circuit diagram of a charge amplifier. . . .

Functional schematic of the X-Y-Z compensator.

Set-up for static calibration of the three-
component piezoelectric dynamometer. . . . .

page

12

12

13

13

14

14

15

15

16

17

25

26

27

28

29



3.6

3.7

3.8
3.9

3.10

-vii-

Specially designed tool holder for applying
uniaxial forces along three mutually
perpendicular directionS. « « o« « o « o o @

Static calibration factors for the three-
component piezoelectric dynamometer . . . .

Machine tool-dynamometer vibration system .

Frequency response curve of the machine
tool-dynamometer. . « « « o ¢« o ¢ o o o o o

Equipment layout for determination of the
frequency response of the vibratory system.

Block diagram of the set-up for the deter-
mination of the frequency response, . . . .

Effect on the signal when resetting the
charge amplifiers to a higher sensitivity
range L] [ ] . L] - L ] L] . L d . L ] - L] ® L L] . [ ] L]

Tool material and geometry used for the
cutting testsS o ¢« ¢ ¢ 4 4 e 4 6 e e o o o

3.14, 3.15, 3.16 Fluctuations of the cutting

4.1

force components while cutting. . . . . . .

Schematic arrangement for measuring,
digitizing and transmitting the force
SIignals ¢« ¢ ¢ o o ¢ o o o s e 4 e o o o o o

Plots of autocorrelation function. a)

Sine wave. b) Sine wave plus random noise.
c) Narrow-band random noise. d) Wide-band
random NOiSE€e o o o o o o o o o o o s o o o

Autocorrelation plots for the three cutting
force signals « « o &+ « v o v s s e o s . .

Amplitude density curve for the force fluc-

.tuations for rough cut. « « «. « « o + o « o

Amplitude density curve for the force fluc-
tuations for mediumcut . . . . . . . . . .

Amplitude density curve for the force fluc-
tuations for finishingcut. ... . . . . . .

Normality curve for the fluctuations in
roughing operation. « "« ¢« o« v o ¢ o « o + @

o« . 28
N 30
o« 31
o . 31
.« 32
o o 33
. . 34
o« . 35
.36,37,38
. . 52
. . 53
. . 55
.« . 56
. . 57
o« 58
o« o 59



-viii-

4.8 Normality curve for the fluctuations in
medium CUte & ¢ v 4 4 4 4 e . e . e .. e

4.9 Normality curve for the fluctuations in
finishing operation « «. ¢« . & v ¢ v ¢ . o .

4.10 Power spectral density plots for the three
cutting force signals . . « . & . 4 . & . .

4.11 Three superimposed Gaussian distributions .

60

61

62
63



-ix—-

NOMENCLATURE

The following represent symbols and notations utilized in

this work. Some of these

appear for the first time

2 Coordinate direction
Y Coordinate direction

X Coordinate direction

symbols are also defined as they

4

of the main cutting force

in the text.

of the feed force

of the radial force

F, Main cutting force component

Fy Feed force component

Fy Radial force component

M Frequency modulation
Ve Chip velocity

|4 Cutting velocity

i Inclination angle

Q Charge produced by piezoelectric cells in dynamometer
X Charge amplifier gain

v Voltage

K Angle of approach

k' End cutting edge angle

ab Back Rake

Yo Clearance Angle

Y Side rake
r Tool nose radius

t Chip thickness
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Depth of cut

Feed and frequency

Mean value of the sample points in the ith interval
Mean square value (or variance) of the sample points

th interval

in the i
Sample record obtained from digitizing a force signal
Autocorrelation function

Power spectral density

Critical frequency

Amplitude density

Variance

Time lag



CHAPTER I

INTRODUCTION

For over one hundred years researchers in the field of
manufacturing science have been attempting to measure accu~
rately the cutting forces during machining. Machinability
of workpiece materials, power requirements for machine tools,
optimal'cutting conditions and, most importantly, the dynamic
behaviour and stability of machine tools depend directly on
the magnitude and frequency of cutting forces. For a better
understanding of the mechanics of metal cutting, it is then
necessary to have an exact description of these cutting forces.

Investigations on the cutting forces using the minimum
energy principle, Ernst and Merchant [1-3]*, and the slip
line solution, Lee and Shaffer [4], consider metal cutting as
a steady state process. With such an assumption it is not
possible to determine the dynamic response .of machine tools
for critical problems such as stability, optimal cutting
conditions, etc. Investigators using the above theories have
developed simple models [5-10] that give only the steady state
mean value and neglect the fluctuating component of the cutting
forces.

In the past many researchers considered the cutting forces
as being static in ﬁature. However, recent experimental in-

vestigations [11,12] have shown that they are essentially

* Numbers in brackets [ ] designate references at the end of
the thesis.




dynamic, thereby making it possible to obtain a valuable in-
sight into metal cutting phenomena. By measuring the main
cutting force component (Fz) and radial force component (Fx)
due to the dynamic variations of the uncut chip thickness and
cutting speed, Albrecht [13] was able to relate the forces
with the uncut chip thickness and cutting speed. Wallace and
Andrew [14] show that a relationship between the force oscil-
lation and the undeformed chip thickness oscillation is neces-
sary to predict the onset of instability for a machine tool
under given cutting conditions. It was also shown by Andrew
[15] that the dynamic cutting force characteristics should be
included in the prediction of chatter behaviour in horizontal
milling techniques. Kegg [16], on the other hand, gave experi-
mental techniques for measuring the dynamic cutting forces.

De Vries [17] considered the cutting forces both in ortho-
gonal and oblique machining and gave brief descriptions of the
different types of dynamometers used. Tt was shown that semi-
conductor strain gauge dynamometers have a high natural fre-
quency and a high sensitivity enabling accurate measurements
of the small dynamic fluctuations. BHsu and Choi [18] studied
the difficult problems of measuring the cutting forces in ob-
lique cutting. They studied the effect of neglecting the inter-
actions of the cutting force components on each other during
force measurements and explained a method of correcting these.

It is known that a dynamometer with a very high natural

frequency is required for an accurate measurement of metal



cutting forces. Crisp and Seidel [19] designed, tested and
used a dynamometer, with a natural frequency of 60 KHz, to
measure the exact force fluctuations that occur during cutting,
between a single grain on a grinding wheel and the workpiece.
Such a high natural frequency was obtained by the use of
piezoelectric quartz elements as force transducers.

Piezoeletric quartz elements were first used by Bickel
[11] for cutting force measurements and showed that the cut-
ting forces are not only dynamic but also random in character.
Figure 1.1 shows Bickel's results. Further experiments car-
ried out by Peklenik and Sata [12] showed clearly the random
nature of the cutting force fluctuations both in the main cut-
ting and feed directions. Consequently, Peklenik and Kwiat-
kowski [20] concluded that no further progress would be poss-
ible in predicting machinability, tool life, resistance of
machine tools to chatter and optimal cutting conditions unless
the cutting forces are considered time dependent.

Based on this reasoning Kwiatkowski and Bennett [21] de-
termined the dynamic characteristics of machine-tool structures
with a random force exciting the machine tool. Further, Kwiat-
kowski and Al Samarai [22] and Opitz and Weck [23] developed
relationships between cutting forces and displacements of
machine system using probabilistic techniques. Recent work
by Sankar and Osmanv[24,25] characterized the random force
fluctuations as stationary and Gaussian. Using such a mathe-

matical model, they determined the response of a machine tool-



spindle system and also developed a short time acceptance test
for machine tools. 1In all the above mentioned analyses the
cutting forces were modelled as a stationary, Gaussian process
with no experimental justifications.

In the present investigation an experimental verification
of the nature of the metal cutting forces is made and statis-
tical properties, such as probability distributions, spectral
densities, etc., are evaluated. Furthermore, a new mathema-
tical model for the cutting force fluctuations is proposed
based on the experimental evidence.

In the second chapter the principles of static and dy-
namic force measurements in orthogonal and obligue machining
are explained. Then a brief description of different types
of dynamometers developed to measure static and dynamic cut-
ting forces is given, followed by a detailed description of
the dynamometer used in the investigation.

The experimental set-up for measuring the dynamic cut-
ting forces is described in Chapter 3, along with the static

and dynamic calibration procedure used for calibrating the

dynamometer. Also a technique for increasing the force mea-
suring accuracy is explained and experimental results of three
cutting tests are presented.

The experimental results are data processed and statis-
tical analyses are pérformed, in Chapter 4, for determining
the statistical properties of the cutting force fluctuations.

Based on these statistical properties a mathematical model is



formulated for describing the cutting force fluctuations.
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CHAPTER 2

MEASUREMENT OF THE

DYNAMIC CUTTING FORCES IN TURNING

The dynamometers that were initially used were capable
of measuring only the static component of the cutting forces.
As technology progressed and the need for more accurate mea-
surements developed, better force measuring instruments were
designed. The many types of dynamometers developed may be
classified into two basic categories, (i) strain gauge dyna-
mometers primarily used for static force measurements and (ii)
piezoelectric dynamometers for dynamic force measurements.

The strain gauge dynamometers are widely used in metal
cutting research. Different constructions are used to in-
crease the accuracy and natural frequency so as to measure
not only the static forces but also the dynamic forces. Fig-
ure 2.1 illustrates the features of a three component strain
gauge dynamometer that measures all the cutting force compo-
nents in an oblique turning operation. Natural frequencies
of these dynamometers are of the order of 200-1000 Hz (13,15,
16,18,26] and the response times are large. Therefore they
can only measure the steady components of the cutting forces.
To measure the components of the dynamic forces it is neces-
sary that the naturai frequency of the dynamometer be larger
than the highest frequency of that particular component of the

force.



The piezaelectric dynamometers on the other hand have
very high natural frequencies and can therefore be employed
+o measure the dynamic forces. Dynamometers using piezo-
electric crystals have been developed by Kistler [(27] and
Micheletti [28]. Figures 2.2, 2.3, and 2.4 show three dynamome-

ters that use piezoelectric crystals for furce measurement.

2.1 Static Force Measurements During Orthogonal Machining

In orthogonal metal cutting the resultant force between
the cutting tool and the workpiece is assumed to act along
the dashed line, shown in Figure 2.5a. Consider now the free
body diagram of the tool-chip-workpiece system. The cutting
tool exerts a force on the chip represented by the cutting
force vector Ry, as in Figure 2.5b. A force vector Rq equal
and opposite to R, acts on the cutting tool as shown in Figure
2.5c.

In this case, a strain gauge dynamometer will measure
simply the vertical and the horizontal static components of

RT.

The assumption made here is that the force on the chip
is equal in magnitude but opposite in direction to the force
on the tool.

This assumption is true if the cutting tool exerts a force
only on the chip. However, it is known that the tool may also
exert a force directly on the surface of the workpiece. It

is this extra force which contributes to plastic deformation

on the finished surface of the workpiece [29}. Figure 2.6



shows a typical strain gauge dynamometer used to measure the

forces in orthogonal cutting.

2.2 Static Force Measurements During Oblique Machining

The cutting force in orthogonal or two-dimensional machin-
ing discussed in the previous section is only a special case
of the force in general oblique cutting. Oblique cutting takes
place when the inclination angle is not equal té zero. The
inclination angle is defined as the angle between the tool cut-
ting edge and the perpendicular to the cutting velocity vector.
Figure 2.7 illustrates the difference between orthogonal and
oblique cutting and shows how the inclination angle is measured.

In the majority of cutting operations such as single point
turning, drilling, milling, etc., the tool is always inclined
at some angle to the workpiece and therefore results in ob-
ligque machining. In this case an additional force component
exists and must be included in force measurements., Figure 2.8
describes all the three components of the force acting on a
single point tool. These are: (a) tangential component in a
direction tangent to the workpiece, (b) longitudinal component,
referred to as the feed component, and is in the direction par-
allel to the axis of the workpiece and (c) the radial component

in a direction normal to both tangential and feed components.

2.3 Dynamic Force Measurements During Machining

The dynamic force measurement essentially follows the same

principle as the static force measurement. That is, the resul-
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tant cutting forces is resolved into three components for
measurement purposes. The main difference is that, for the
case of dynamic force measurements, the dynamometer to be
used must measure rapid fluctuations of the cutting force,
with high sensitivity. To be able to do this adequately,
the natural frequency of the dynamometer must be at least
twice the value of the highest frequency of the three compo-
nents. Furthermore, the sensitivity must be high enough to
measure even the smallest dynamic variations. These charac-
teristics can be obtained only through a dynamometer using
piezoelectric quartz cells as force transducers. TFigures
2.2, 2.3 and 2.4 show some of the pPiezoelectric dynamometers

developed for measuring the dynamic force fluctuations [27,28].

2.4 Brief Description of the Dynamometer Used for Measuring

Cutting Forces

The dynamometer used is normally of the piezoelectric type.
Through light construction and rigid members, a natural fre-
quency of 9~10 KHz in the main cutting force and feed force
directions and 13 KHz in the radial force direction is achieved.
Figure 2.9 shows a cross-section of the dynamometer, whose main
features are:

i) tool holder,

ii) three piezoelectric cells,

iii) four bolts for preloading the three piezoelectric

cells to avoid the possibility of any separation

during operation,
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iv) base plate,

V) aluminum cover to protect cells against the cutting
fluid, and
vi) main frame, designed to be fastened rigidly by four

bolts on the saddle of the machine tool used in the
experiment. This is shown in Figure 2.10.
The maximum force that can be measured safely is 500 lbs. in
both the X (radial force) and the Y (feed force) directions

and 1000 lbs. in the Z (main cutting force) direction.
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(A)
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(B)

FIG.2.5 Forces between tool and workpiece.
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CHAPTER 3

EXPERIMENTAL SET-UP AND TEST RESULTS

3.1 The Experimental Set-Up

The set-up used for measuring the dynamic cutting forces
in turning is shown in Figure 3.1. Figure 3.2 shows a block
diégram of this set-up. The main equipment consists of

i) a lathe

ii) a special dynamometer

iii) three charge amplifiers

iv) one oscilloscope for observing the cutting force

signals

v) a magnetic tape for storing the signals.

The lathe used is a 12 hp Demoor type, with a wide range
of speeds and feeds. The charge amplifiers are of the Kistler
type. They are employed to convert the electric charge pro-
duced by the piezoelectric cell transducers in the dynamometer
into proportional voltages. Figure 3.3 shows the circuit dia-
gram for one of the charge amplifiers. The X-Y-Z compensator
includes three operational amplifiers for the three force com-
ponent signal output from the charge amplifiers. These serve
the purpose of tapping any desired portion of any one of the
outputs of the compensator and feeding it as a compensation
signal to the inputs‘of the others. When this is done for all
three components the outputs from the compensator are the ac-
tual cutting force components. Figure 3.4 shows a functional

schematic of the compensator. The magnetic tape used is a
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Hewlett Packard, 7-channel FM recording, with a bandwidth
of 10 KHZ at 60 ips recording speed and a maximum noise level
of 2 mv rms.

In order to relate signal stored on the magnetic tape
to the actual cutting force fluctuations the dynamometer must
be calibrated statically. Also it must be made certain that
the force fluctuations measured by the dynamometer are due to
cutting forces and must exclude vibrations of the tool due to
resonance in the machine tool-dynamometer system. Therefore,
besides static calibration, a dynamic test is also required
to make certain that the frequency response of the system does
not have any resonance points close to the frequencies of'the
forces to he measured, so that the test results are valid and

accurate.

3.2 Static Calibration of the Dynamometer

In this investigation, both static calibrations and dy-
namic.tests were performed with the three-component piezo-
electric dynamometer mounted on the machine tool. Figure 3.5
shows the general set-up for static calibration. For this
purpose, a special tool holder as shown in Figure 3.6 was de-
signed to allow for uniaxial forces along the three main di-
rections of force measurement. This is necessary for elimin-
ating the cross-sensitivity, as explained below.

Before the static calibration can be performed the cross-
sensitivity has to be compensated for. This was done by apply-
ing uniaxial loads, with the help of the special tool holder,

along each of the three cutting directions, indicated in Figure
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3.6. Then the X-Y-Z compensator was used to eliminate the
cross-sensitivity between the three directions. When this
was done the compensator was locked and was ready for the
static calibration.

Figure 3.7 shows the static calibration lines for the

three components (Fx, F._, Fz) of the dynamometer. The ordi-

Y
nates represent the actual electric charge produced by the
dynamometer when a uniaxial load is applied. The electrical

charge is calculated by the relation

Q = Kv (3.1)

where Q is the charge in pico-coulombs
V is the voltage read on the oscilloscope

and K is the gain set on the charge amplifiers

The calibration lines were obtained by slowly increasing
the applied load on the tool holder and recording the voltage
and amplifier setting. The magnitude of the applied uniaxial
load was measured by a Kistler force transducer that was in-
troduced between the load and the tool holder. To ensure
that any form of hysteresis is totally avoided, the loading
was increased in short steps up to a maximum and then decreased
similarly down to zero. The loading and unloading curves are
linear and coincident for the range tested. This may be seen

from Figure 3.7.
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3.3 Dynamic Tests

The purpose of these tests is to determine

(a) the natural frequencies of the tool-dynamometer sys-

tem along the three cutting directions, and

(b) whether there could exist cross-interference between

the natural frequencies of the test set-up (Figure
3.8) and the dominant frequencies of the measured
cutting forces.

To determine the natural frequencies of the tool-dynamo-
meter system the impulse load method was employed. This was
necessary since the estimated natural frequencies exceeded the
upper frequency limit of the vibration exciter that is avail-
able. By dropping a steel ball, 19/32 inches in diameter, on
each of the three faces of the tool and counting on the oscil-
loscope the number of oscillations per second, the natural fre-
quencies were found to be 13 KHz along the X direction and 9 -
10 KHz along the Y and 2 directions.

Elimination of cross—interference
requires the natural frequencies of the machine tool-dynamo-
meter vibration system (Figure 3.8), obtained through dynamic .
tests, be well removed from the frequencies of the forces mea-
sured during the experiments. A method for checking such
cross-interference is to compare the frequency response of the
system with the spectral density of the cutting forces. 1In
the event that there is interference, the peaks of the spectral

density curve will be close to the peaks of the frequency re-
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sponse curve of the system, for the particular cutting condi-
tions employed. Then the experiment has to be repeated using
different cutting conditions. Figure 3.9 shows the frequency
response of the system up to 4000 Hz. A peak around 30 Hz
may generally be expected, due to the machine tool being set
in resonance. To determine the frequency response of the ma-
chine tool-dynamometer system, Figure 3.8, a dynamic load was
applied on the tool tip. The load was kept constant by a
feed back loop controlling the Bruel and Kjaer exciter and
the output force was observed for an input force f;equency
range of 20-4000 Hz., Figures 3.10 and 3.1l show the measuring

set-up for obtaining the frequency response of the system.

3.4 Accuracy of the Cutting Force Measurements

In order to record accurately the dynamic cutting forces,
the static force (steady component) was measured separately
from the superimposed fluctuating component. This was done
by first setting the time constant of the charge amplifiers
to "long". This in effect changed the time constant of the
system to a large value enabling the steady component of the
force to be measured. The average force was calculated accor-
ding to the sensitivity setting on the charge amplifiers.
Then, for accurate measurement of the small fluctuations in
the cutting force over the static component, the charge amp-
lifiers were reset. This caused the output signals corres-

ponding to the average of the cutting force components to go
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to zero. Then the position of the time constant switch on
the charge amplifiers was changed from "long" to "short",
and the sensitivity was increased. This increease in sensi-
tivity allowed the force fluctuations to be measured with
greater accuracy. Figure 3.12 shows schematically the ef-
fect on the signal of resetting the charge amplifiers to a

more sensitive range.

3.5 Experimental Results

A set of experiments was carried out to measure the ac-
tual dynamic cutting forces during metal cutting. 'The exper-
imental set up was calibrated statically and tested dynamic-
ally as explained in sections 3.2 and 3.3. The cutting con-
ditions chosen for these tests were as follows:

Machine: 12 hp Demoor lathe

Workpiece: AISI 1020 steel, cold drawn

Tool material and geometry: As shown in Figure 3.13.

Cutting speed, feed and depth of cut: see table 3.1.

Photographs of the cutting force signals were obtained by a

camera mounted on the oscilloscope. Figures 3.14, 3.15, and 3.

show the actual force signals for the three cutting conditions
mentioned previously. The photographed signals were also re-
corded on the magnetic tape for further analysis, as will be
described in the next chapter.

These photographs demonstrate clearly how the cutting
force varies rapidly with time. Although similar test results

were obtained by Bickel [11], the mathematical characteristics

16
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and properties of the fluctuations were not explained. For
example, it was not known whether these fluctuations can be
considered deterministic or whether they are essentially ran-
dom. If the cutting forces are predominantly random, then
what kind of distribution do they follow? How can they be
mathematically modelled?

In the following chapter a rigorous analysis is presented
on some of the cutting force signals recorded in order to ex-~
pPlain the basic characteristics of the cutting forces. Such
information is vital in determining the dynamic responses of
' machine tools, since the cutting forces constitute the main

forcing function.
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WORKPIECE
TOOL
Ife===t— _ TOOL-HOLDER —
. — QO
Dyn. M.T.R.
C.A.
|
Al Jcomp | N f@
N 1C.R.0.
\
C.A.

’

FIG. 3.2 - Block diagram of the test set-up and instrumentation
for the dynamic force measurements

Dyn: Dynamometer
C.A.: Charge amplifier
Comp: Compensator

C.R.0.: Cathode ray oscilloscope
M.T.R.: Magnetic tape recorder
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FIG. 3.3 - Circuit diagram-of a charge amplifier
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Y

[
/

_‘;_
L1 =
)

FIG. 3.4 - Functional schematic of the x-

Y~Z compensator.

Z (main cutting force F;)

%) T Y (feed force Fy)

X (radial force Fy)

FIG. 3.6 - Specially designed too
uniaxial forces along
directions.

1 holder for applying
three mutually perpendicular
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Q[pc] . Calibrated Range [1b] 0=500 ' 0-5‘00 0-500
s D : Sensitivity [pc/1b] - 13.7 | :39., 34.3

T

Electficncharge

.

0 100 = | 1200 . .300.. 1 . 400 500 1 —y

B TR . . . (-

2——> 0 - 1001200 300 ! 400 ... 500. .

x —>— 0 100 . 200 | 300 - 400

FIG. 3.7 - static calibration factors for_thejthree—ccmponeﬁt
S - plezoelectric dynamometer. ' - A SR PP
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Cutting Tool
Dyn E:;:I;7 .
;% My

Machine Tool

=

ST 7777777777777

FIG. 3.8 - Machine tool-dynamometer vibration system.

OUTPUT FORCE / INPUT FORCE

- —
—

10

FIG.

102 108
Excitation frequency [Hz]

3.9 - Frequency response curve of the machine tool-
dynamometer system
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FINISHING MEDIUM ROUGHING
CuT CuT cuT
CUTTING SPEED
49.6 31.4 31.4
(ft/min)
FEED PER REV
.002 .010 .025
(in/rev) ‘ ‘
DEPTH OF CUT
.010 .050 .075
(in)

Table 3.1 - Cutting conditions used in the
experiments

Rangé 1, (eg. 100 1b/v)
Range 2, (eg. 5 1lb/v)
= Preload force

]

il

Superimposed dynamic force

Il

O O w w
N =

Amplifiers reset

FIG. 3.12 - Effect on the signal when resetting the
charge amplifier to a higher sensitivity
range
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AN
SECTION' /ﬂy

A-A

NS

N SECTION
B-B
B\=>/ : \}7&65
Lo

Tool material: carbide insgrt

K (angle of approach) = 45

K' (end cutting edge angle) = 35
f  (feed)

a (depth of cut)

t (chip thickness

ap (back rake) = ¢

Yo (clearance anglg) =5
g (side rake) = 0 o
Ys (side relief) = 11

r (tool nose radius) = 1/32 in.

(o]

0

\

FIG. 3.13 - Tool material and geometry used for the cutting tests.
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TYPE OF CUT: ROUGHING

‘ «;Main Cutting Force Component

Fe

: B : Static Force = 480 lbs
, ........... ..... ,,,,,,, I 50 1bs
. —

4 m sec

Feed Force Component

F
Y

Static Force = 155 1lbs

B I IR I T S TP EP P

I 20 1bs
—

2 m sec

Radial Force Component

F
X

Static Force = 93 1lbs

T 10 1bs
—

20 m sec

FIG. 3.14 FLUCTUATIONS OF THE CUTTING FORCE
COMPONENTS WHILE CUTTING
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TYPE OF CUT: MEDIUM

Main Cutting Force Component

Fe

Static Force = 200 1lbs

Ilo lbs

1l m sec

Feed Force Component

F
Y

Static Force = 65 1lbs

FIG. 3.15 FLUCTUATIONS OF THE CUTTING FORCE
COMPONENTS WHILE CUTTING
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TYPE OF CUT: FINISHING

Feed Force Component

F
b4

Static Force = 6.0 lbs

T1

1l m sec

Radial Force Component

F
X

Static Force = 3.9 lbs

1w

1l m sec

FIG. 3.16 FLUCTUATIONS OF THE CUTTING FORCE
COMPONENTS WHILE CUTTING
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CHAPTER 4

DATA PROCESSING, ANALYSIS AND MATHEMATICAL

FORMULATION OF THE CUTTING FORCE FLUCTUATIONS

In this chapter the procedure for data processing, data
analysis and mathematical formulation of the cutting force
fluctuations are explained in detail. This consists basically
of three parts:

(i) Analog-to-digital conversion of the cutting force

signal stored on the magnetic tape. This requires
a special data acquisition system.

(ii) Analysis of the digitized signal obtained from (i),
using a specially written computer program to ob-
tain the statistical properties.

(iii) Using the information obtained from (ii), a mathem-
atical model of the dynamic cutting forces in metal

cutting is proposed.

4.1 Data Processing of the Cutting Force Signals

The analog signals of the cutting forces recorded on the
magnetic tape are converted to sets of'discrete data points,
for the purpose of analysis. The conversion is made by a
sequence of programs running on an Electronics Associate In-
corporated 690 digital computer (EAI-690) and a Control Data
Corporation 6400 digital computer (CDC-6400). Figure 4.1

shows schematically the arrangement of measuring, sampling



-40-

and transmitting the force signals to the CDC-6400 computer
for analysis.

Before processing a force signal, the conversion pro-
gram for the EAI-690 is first loaded. Then the magnetic tape
output signal line is connected to an analog-to-digital con-
version channel and the magnetic tape is started. Digitizing
and storing of the force signal in the EAI-690 memory buffer
is initiated by a command from the operator. Both the reading
rate on the analog-to-digital channel and the memory buffer
are adjustable. These adjustments are explained in detail in
a later part of this chapter.

When the memory buffer is full the program on the EAI-690
automatically enters the output phase. In this phase, the
contents of the buffer are converted to a form which can be
transmitted over telephone lines. Then the transmission is
made and the digitized force signal is stored on a disc file
on the CDC-6400 computer. The data are transmitted in logical
records of eighteen data points at . a rate of thirty charac-
ters per second.

The EAI-690 computer is limited to approximately eight
thousand words of core. The actual acquisition program to-
gether with the system reserved areas take a maximum of eight
hundred words of core, leaving 7200 words for data points.

The number of points required is dependent both on the reading
rate and on the length of sample to be analysed. The reading

rate, in turn, depends on the maximum force frequency. For



-41-

the experiments conducted in this investigation, 4000 Hz is
taken to be the maximum reliable force fluctuation since the
dynamometer is reliable, according to dynamic tests in sec-
tion 3.3, only up to this frequency limit.

From the "sampling theorum" of Lathi [30], it is neces-
sary to sample the signal at a minimum rate of one-half the
period of the highest order frequency contained in the signal.
This implies that 8000 samples per second is the minimum sam-
pling rate and the signal duration is 7200/8000, or 0.9 sec-
onds. If it becomes necessary to increase the number of
data points, a second record of 7200 data points may be trans-
mitted and appended to the first record. Such a technique
was used in this investigation and thrrefore all the analyses

are based on 14400 data points per force signal.

4.2 Statistical Analysis of the Data Points of the Force Signals

Now that the force signals are digitized and stored on
a disc file, statistical analysis may be performed. The pur-
pose of the analysis is to obtain the characteristic proper-
ties of the force signals. By determining these, a mathema-
tical model of the cutting forces may be found. Therefore
the following analysis was carried out on the forces in order
to determine their characteristic properties and thus attempt
to mathematically model them.

(1) Testing of the stationarity of the cutting forces.
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(ii) Testing for the degree of randomness of the cut-
ting force fluctuations, using autocorrelation
functions.

(iii) Determination of the probability distribution of
the amplitudes of the random cutting forces.

(iv) Frequency analysis of the force fluctuations.

4.2.1 Testing for the Stationarity of the Cutting Forces

A proof for stationarity would theoretically involve
verification that all statistical properties of all possible
sample force records (ensemble) are invariant under time
shifts. Such verifications are not feasible in practical
terms since the number of possible sample force records for
a certain cutting condition is infinite. Howevér, by employ-
ing certain assumptions recommended by Bendat [311, which are
generally valid for a majority of random processes, practical
tests for stationarity can be developed. The assumptions are:

(1) Sample records of the cutting forces to be invest-

igated are representative of the process and\are

sufficiently long.

(ii) The stationarity test can be carried out over a
sequence of short time intervals within the same
signal.

(iii) The stationarity requirement is fulfilled if the
mean value and the autocorrelation function of the

signal prove to be invariant under time translations.
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If the mean square value (or variance) of the
digitized signal is stationary, then the autocor-

relation function is also stationary.

The stationarity of each sample record is investigated

under the above assumptions, using the following procedure.

(1)

(2)

where

(3)

The sample record is divided into 100 equal time
intervals and the data in each interval are made
uncorrelated from the next by allowing a spacing
between each interval.

The mean value and the variance for each interval

is computed and analysed in time sequence as

follows:

i = 1,2, ... 100

Xi and EE represent the mean value and the variance

of the process in the ith interval

The above mean and variance sequences are tested
for stationarity by the "run and trend tests".
These tests are explained in Bendat [31] and Ap-

pendix A gives the computer program developed to

carry out these tests.
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According to Bendat [31] the "run test" for the mean
value and the variance sequences of one hundred intervals
should give a number of runs in the range of 38-63. For
the "trend test" this number should be between 2083 and 2866.
Table 4.1 shows the results of the computer program for the
two tests on the cutting force signals. It can be seen that
the force fluctuations for the finishing cut are stationary,

while those of the medium cut and roughing cut are not.

4,2.2 Testing for the Degree of Randomness of the Cutting
Force Fluctuations Using Autocorrelation Functions

Since the main objective of this investigation is to
obtain a mathematical model of the fluctuations of the cutting
forces, it is important to determine whether these fluctua-
tions are basically random or otherwise. The determination
of the autocorrelation function is a powerful means to draw
conclusions concerning the randomness of the cutting force.

The autocorrelation function is defined by

1 N-T
R(t) = ﬁ:?.kio y (k) y(k+T) (4.1)
T = 0,1, ... 100
where N = number of sample points in a record
T = time lag

and y (k) is the sample record.
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From equation 4.1 it may be noted that the autocorrelation
characterizes the dependence of y(k) on y(k+t). This prop-
erty is valuable in discriminating between purely random and
periodic functions. Another property of the autocorrelation
function, not as clearly shown by equation 4.1 is that, at
large 1 values, the square root of the autocorrelation ap-
proaches the mean value of the signal. This is given by the
equation

1
2

m = [ R(w) ]

where m is the mean of the signal. Therefore, if any signal
contains a steady component the autocorrelation function will
approach asymptotically this mean value for large 1. Figure
4.2 shows the autocorrelation plots for some well-known sig-
nals. From these plots one can conclude that the degree of
randomness is a direct function of the rate of decay of the
oscillations. The lack of any oscillations in an autocorrel-
ation plot indicates a pure random signal.

To determine the autocorrelations for the three signals
recorded from the cutting ekperiments, a computer program
was prepared (Appendix A). This program utilizes 14,400 data
points for the analysis of each force signal. Figure 4.3
shows the normalized (with respect to R(0)) autocorrelation
plots of the three cutting force signals. From these curves

it may be seen that the three functions follow a pattern
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similar to that of Figure 4.2c. This indicates that cutting
force fluctuations are basically random and have very little
harmonic content. It may also be seen from thé same figure

that the autocorrelation curves asymptotically reach a value
in the order of .05. This suggests that the signals contain

some static component.

4.2.3 The Probability Distribution of the Random Cutting Forces

To study the amplitude density of the forces the ampli-
tude range of each is divided into an appropriate number of
intervals, N y(k). Then the sample points in each interval
are summed, and by plotting the number of data points in each
interval versus the force amplitude the amplitude density
is obtained. Figures 4.4, 4.5, and 4.6 show the amplitude
density curves of the force fluctuations for the three cuts.
It may be seen that the amplitude density for a roughing cut
exhibits high concentration of amplitudes about the mean value
of the cutting force with very small variance. 1In addition,
it has two symmetrically located peaks with respect to the
mean of the cutting force. As the cutting operation becomes
finer, the force signal contains more and more amplitudes of
the same order of magnitude and the distribution tends to be
Gaussian, as shown in Figures 4.6.

These observations are substantiated from the results
obtained from the normality curves of the three signals shown

in Figures 4.7, 4.8, and 4.9, Figure 4.7 shows the normality
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curve for the roughing cut, in which two portions have the
same slope and the middle portion has a relatively higher
slope. This difference in slopes can be explained from the
amplitude density curve Figure 4.4 where the middle portion
shows the high concentration of amplitudes and the other two
portions give symmetrical distributions with a larger vari-
ance. This pattern is maintained for the medium cut and
finishing cut, Figures 4.8 and 4.9. However, the slope of
the middle sections of the normality curves decreases, and
those of the other two sections increase, indicating a trend

towards a Gaussian distribution as the cut becomes finer.

4.2.4 Frequency Analysis of the Force Fluctuations

In order to obtain a complete picture regarding the
dominating frequencies in the cutting forces the power spec-
tral density is computed analytically. This is done by a
computer program, listed in Appendix A, that utilizes the
14,400 data points of each force signal. This program uses
the following equation, after Bendat ([31], for computing the

power spectral density.

kF
c, _ 1 Mzl nrh
G (‘—M—') = ¥ [ R(0) + 2r£l R(r) cos (T)

c
(4.3)

+ -1 Ry 7
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k = 0,1, ... M

where F, critical frequency
R(0)= autocorrelation at zero time lag

R(T)= autocorrelation at T time lag

Figure 4.10 shows the computed power spectral density
for the three cuts. Curve one corresponds to the roughing
operation, curve two to the medium cut and curve three to the
finishing operation. The medium and the roughing cuts ex-
hibit a dominating frequency at 2400 Hz where as the finish-
ing cut shows a dominating frequency at 2150 Hz. The three
curves, also show a second peak at a frequency close to zero.
This peak might be arising from the machine tool and may be
disregarded in the modelling since the forces are not likely
to have frequencies near zero.

Considering the frequencies between 480 - 3800 Hz, it may
be concluded that the cutting force fluctuations may not be
approximated as a white noise or as a wide band process., If
such an assumption has to be made to facilitate the solution
of the equations of motion in connection with stability and
dynamic analysis of machine tools [32], it is suggested that
an equivalent constant power spectrum be computed from the ac~
tual spectrum curve. This approximation has to be verified to
see if it gives similar system responses as that given by the

actual spectrum of the cutting forces.
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4.3 A Mathematical Model for the Cutting Force Fluctuations

From the previous analysis of the sample records obtained

from the three cutting experiments, it can be concluded that

the cutting force fluctuations have the following character-

istic properties.

(1)

(ii)

(iii)

(iv)

(v)

The cutting forces are dynamic in nature and not
static.

The amplitudes of the fluctuations vary randomly
with some harmonic content.

Stationarity can be assumed only for finishing
operations. Further experimental work is neces-

sary to establish the range of cutting conditions

.for which stationarity can be assumed.

The amplitudes of the force fluctuations in a
finishing operation exhibit a Gaussian distribu-
tion. However, for a roughing operation, the amp-
litudes are composed of three superimposed Gaussian
distributions — one about the average of the force
fluctuations and two symmetrically located with
respect to the central distribution.

The cutting forces exhibit similar power spectral
densities, with one dominating frequency. There-
fore, an assumption of white noise or wide band
process can not be made. However, there exists

the possibility of computing an equivalent power
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spectrum that will approximate and give similar

system responses as the actual spectrum.

From these findings the cutting forces in machining may

be modelled as follows:

(i)

(ii)

In finishing operations they can be considered as
stationary, whereas in roughing and medium cuts
this assumption is not valid and must not be made.
The amplitude density of the force fluctuations
for a finishing operation can be modelled by a
single Gaussian distribution and for a roughing
and medium cut by three superimposed Gaussian dis-
tributions. The superimposition of three Gaussian
curves is shown in Figure 4.11 and given by the

following equation.

ply (k)] = L omxp pxk)y , 1 gxp [ (k)=A),

o.V2T 20,2 o

2
1 1 V2r 20

2 2

+ 2 mxp (k)N (k) +2) ,
cz/fF 2022

where p[y(k)] is the amplitude density of the force

fluctuations
oy is the variance of the central distribution
g, is the variance of the other two distribu-
tions

A is the mean of the two side distributions
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It may be observed that for the case of a finish-
ing operation the second and third terms of equa-
tion (4.4) vanish.

For analytical purposes the spectral density of
the cutting forces ought to be expressed in a
mathematical form. Simple mathematical forms for
the three spectral density curves of the cutting
operation in this investigation clearly are not
possible. Further, these curves indicate neither
narrow nor wide band. However it may be possible
to reasonably represent approximately the spec-
trums in terms of a number of flat portions over

the frequency range of the force fluctuations.

This approximation can then be used for the purpose

of dynamic analysis.
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TTY
EAT | s— | N _l C.A.
COMPUTER | A/D QO 1 comp DYN. [7
CORE M.T.R. [T °
C.A.
TELEPHONE - @
DATA LINK .
. C.R.O.
Y
DYN: Dynamometer
C.A,.: Charge Amplifier
CDC-6600 COMP: Compensator
DIGITAL COMPUTER C.R.0.: Cathode Ray Oscilloscope
M.T.R: Magnetic Tape Recorder
A/D: Analog-to-Digital Converter
TTY: Teletype

DIGITAL COMPUTER
ANALYSIS

|

CUTTING FORCE
FLUCTUATION
CHARACTERISTICS

FIG. 4.1 - Schematic arrangement for measuring, digitizing
and transmitting the farrce signals
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R(7) (e)

Re(1) (b)

(¢)

(d)

FIG. 4.2 - Plots of autocorrelation function. a) Sine wave.
b) Sine wave plus random noise. c¢) Narrow-band
random noise. d) Wide-band random noise. (After
Bendat [31]).
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE WORK

The cutting forces in single point machining were mea-
sured using a specially designed three-component piezoelectric
dynamometer. Data reduction was then performed on the force
signals to determine their characteristic properties. This
was done, using a computer program written specially for this
purpose.

From the characteristic properties of the forces a math-
ematical model is proposed that describes the cutting forces
more accurately than in the past. The results of the data
analysis are as follows:

i) Cutting forces in machining are dynamic and pre-

dominantly random.

ii) The amplitudes of the force fluctuations are random
with some harmonic content.

iii) In a finishing operation the forces are stationary
but not in medium and roughing operations.

iv) While the amplitudes of the cutting forces in fin-
ishing operations exhibit a single Gaussian distrib-
ution, those for medium and roughing operations
show three superiwmposed Gaussian distributions: one
about the mean value and two symmetrically located

about the mean.
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V) The cutting forces exhibit similar power spectra
density curves, with most of the power concentrated
between 1800 Hz and 3400 Hz.

From these results it may be concluded that forces in machin-
ing have to be considered as a stationary random process in
the case of finishing operations, and can be considered to
have a Gaussian distribution. Medium and roughing operations
exhibit three superimposed Gaussian distributions,

Further work is needed for determining the range of cut-
ting conditions for which the dynamic forces can be modelled
by single Gaussian distribution. Also, the degree of error
in the system responses when approximating the actual spectral
density by a number of flat ones should be investigated.
Further investigations are also required to develop mathema- .
tical models of cutting forces in other metal cutting operations,

such as milling, drilling and grinding processes.



10.

11.

12.

13.

14.

-66—

REFERENCES

Ernst, H., and Merchant, M.E., "Chip Formation, Friction
and High Quality Machined Surface," from "Surface Treat-
ment of Metals," Trans. ASME, Vol. 29, 1941, pp. 299-328.

Merchant, M.E., "Basic Mechanics of the Cutting Process,"
Journal of Applied Mechanics, Vol. 11, 1944, pp. 168-175.

Merchant, M.E., "Mechanics of Metal Cutting Process,"
Journal of Applied Physics, parts I and II, Vol. 1s,
1945, pp. 267-275 and 318-324.

Lee, E.H., and Shaffer, B.W., "The Theory of Plasticity
Applied to a Problem of Machining," Journal of Applied
Mechanics, Vol. 18, Trans. ASME, Vol. 73, 1951, pp. 405-
413,

Rozenberg, A.M., and Yeremin, A.N., "Theoretical Equa-
tions for the Cutting Force," Vest. Mashinostroyenia,
No. 8, 1953.

Sabberwall, A.J.P., "Chip Section and Cutting Force During
Milling Operations," C.I.R.P., 1961.

Sabberwall, A.J.P., "Cutting Forces in Down Milling,"
Int. J. Mach. Tool Des. Res., No. 1, 1962.

Wallace, P.W., and Boothroyd, G., "Tool Forces and Tool
Chip Friction in Orthogonal Machining," J. Mech. Eng.
Sci., vol. 6, No. 1, 1964, pp. 74-87.

Koenigsberger, F., Design Principles of Metal Cutting
Machine Tools, The MacMillan Co., 1964.

Zorev, N.N., Metal Cutting Mechanics, Pergamon Press, 1966.

Bickel, E., "Die Wechselnden Krafte bei der Spanbildung,"
C.I.R.P. Annalen, 1963, Cincinnati.

Peklenik, J., and Sata, T., "Investigation of the Correl-
ation Theory of Cutting Process," (unpublished). Aachen,
Tokyo, 1963.

Albrecht, P., "Dynamics of the Metal Cutting Process,"
Trans. ASME, J. of Eng. for Industry, Nov. 1965.

Wallace, P.W., and Andrew, C., "Machining Forces: Some
Effects of Tool Vibration," J.Mech.Eng., Vol. 7, No. 2, 1965,



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

~67-

Andrew, C., "Chatter in Horizontal Milling, Institute of
Mechanical Engineers," vol. 179, part I, No. 28, 1964~
1965. :

Kegg, R.L., "Cutting Dynamics in Machine Tool Chatter,"
Contribution to Machine Tool Chatter, Research-3, Trans.
ASME, J. of Eng. for Ind., Nov. 1965, pp. 464-470.

De Vries, M.F., "Cutting Forces (Measurement and Appli-
cation)," ASTME, Paper No. MR 68-612, 1968.

Hsu, T.C., and Choi, C.Y., "Measurement and Representa-
tion of Cutting Force due to Obligque Machining," Int. J.
Mach. Tool Des. Res., Vol. 10, 1970, pp. 49-64.

Crisp, J., Seidel, J.R., and Stokey, W.F., "Measurement
of Forces During Cutting with a Single Abrasive Grain,"
Int. J. of Prod. and Res., Vol. 7, No. 2, 1968-69.

Peklenik, J., and Kwiatkowski, A.W., "New Concepts in
Investigating the Manufacturing Systems by Means of Ran-
dom Process Analysis," Proceedings of the I.M.T.D.R.
Conference, September 1966.

Kwiatkowski, A.W., and Bennett, F.E., "Application of
Random Force Excitation to the Determination of Recept-
ances of Machine Tool Structures," Proceedings of the
I.M.T.D.R. Conference, September 1965.

Kwiatkowski, A.W., and al Samarai, H.M., "Progress in the
Application of Random Signal Analysis Methods to the
Identification of Machine Tool Structures," Advances in
Machine Tool Des. Res., September 1968.

Opitz, H., and Weck, M., "Determination of the Transfer
Function by Means of Spectral Density Measurements and

its Application to the Dynamic Investigation of Machine
Tools under Machining Conditions," Advances in Machine

Tool Des. Res., September 1949.

Sankar, T.S., and Osman, M.0.M., "Flexural Stability of
Machine Tool Spindles Under Randomly Fluctuating Cutting
Forces," Communications of the Third World Congress for
the Theory of Machines and Mechanisms, vol. 9, paper G-19,
1971, pp. 269-280.

Osman, M.O.M., and Sankar, T.S., "Short Time Acceptance
Test for Machine Tools based on the Random Nature of the
Cutting Forces," Trans. ASME, J. of Eng. for Ind., Vol.
94, No. 4, November 1972, p. 1020.



26.

27.

28.

29.

30.

31.

32.

-68-

Lal, G.K., "Forces in Vertical Surface Grinding," Int. J.
of Machine Tool Des. Res., Vol. 8, 1968.

Gautschi, G.H., "Cutting Forces in Machining and their
Routine Measurement with Multi-Component Piezo-Electric
Force Transducers," Advances in Machine Tool Des. Res.,
September 1971.

Micheletti, C.F., Von Turkovich, B., and Rossetto, S.,
"Three Force Component Piezo-Electric Dynamometer (ITM
Mark 2)," Int. J. Mach. Tool Des. Res., Vol. 10, 1970,
pp. 305-315.

Sokolowski, A.P., "Prazision in der Metallbearbeitung,"
Veb-Verlag Technik, Berlin, 1955.

Lathi, B.P., Signals, Systems and Communicating, John
Wiley and Sons, 1965.

Bendat, J.S., and Piersol, A.G., Measurement and Analysis
of Random Data, John Wiley & Sons, 1966.

Rakhit, A.K., Osman, M.0.M., and Sankar, T.S., "The Dy-

namic Response of Machine Tool Workpiece System Based on
the Random Nature of the Cutting Forces and Its Effects

on the Formation of Machined Surfaces in Turning," to be
presented in 1973-ASME Vibration Conference, Cincinnati,
September 1973.



APPENDTIX A

COMPUTER PROGRAM AND RESULTS

FOR FINISHING OPERATION



WAL

ChC b FTN V3,0=-P296 0PT=1 7.

PROGITAN RAGDOUPUT, GUTPUT, TAPELY)

CODTOENSIO Y A0, XL, XX ()L RO, 611y, EETTAT)

P e T T
o M e e ]

—_
7 ‘o~

A

i

o1

CIRE ST npST OGN, tnetud) , Filel) PDCIVA) , SHIST(120)

SUBLTIED AS vapTUAL FulFILME?T FOR THE DPEGREF OF MASTER OF

EHUGLIOPERTr 5 41 8IR GEORGE vILLTANS UNIVERSITY, APRIL 1973,

Ry APTRIS Fal27ANTIHOS MARAGDS

YSAUPLE CATA FECORD, (P DINERSLON 14429

READ BECORL T

READ (1a,30) (v(l), 1

FORMAT(ELS, ¢ ,»L‘o Y)

CORYERT £ CHT o} Wl

5= d

FCE=10

DoAY T=1,1aa00

Y{1)= YOIY*ICF

Sw 'Y(r)+iw‘
-)U"/111".

i’l,]ul Ol avny

FONMAT (1Y, // /7, 10X, 4TFFE AVERAGE OF THE SAMPLE RECORD =k,b11,4)

COOVERT DaTa 70 ZEQ0 b AY VALUE

D9 I=t,14000

YOIY=Y(T)=avyiny

- A

x4, 14470)

Tu VOLTS TG FORCH

STd Teg, tan

S =|(1?*-'(H05'~"‘-

=8 /1*‘1\ e

Palar 17y, 3o

FORTAT(/, Vo, w i v AR TAGLL OF THE SA%PLE RECORD =+,E102,4,/)

FYoS T0AT Fivie 3TATToaRITY o T T e
[t #1015
pdaw Tz,

=Jxl A4

2il=1 80

RIS

DONY Tae, - T
3R )Yy e

XiJYy=sasoo/14 0,

Sitt o=

e 7. .l':lr}.‘

S =htir (1)

AVUIHNUL 0 - -
r_-_*l

=y

PECXCY) .ot vy 003 12

I=1+1

TF’(}({[).fsr' 3 A | 1

Lhilarnat o5y o 10 1a T
fop T g

NS

feel v ) T 14



14

K=K +]

IF(Tekwa100) GO TO 14
O 10 13

PRINMT 164K

16

=0

9l

130

110
120

i14v
160
C
C
¢

21

27

23

o4

Y

“HTi

TUF(TLENLIO0) "0 TTu el T

TTIHE TTRERDTTEST

FOorRMATTISX «£#NUMBER OF RUN~ FOuU THE SEQUENCE X=£31357)
DO AU J=ls10U
L=J*lsa
K=L~-139
SH=(
GO a0 I=KelL
TQURFEY (T REZSSUMT
XX (.))=StM/lal.
Shti=()
D 91 I=1e100
SUM=SUM+XX (1)
AVG=SIM/L00.

1=1 :

IF (XX (1) OE.AVG) GO TU 120 .
1=1+1

1F (XX (1) OGELAVGY GO TOU 110
IF(T.£0.100) 6O TU 149

6O TO 130 T T T
K=K+ 1]

IF(1.EQ.100) GO TO 140
I=1+1

IF (XX (]) GE.AVG) GO TU 120
K=K+

6o 10 130
PRIMNT lnUeK
FURAAT (15X e 2UMKMER OF RUNS FOR THE SEQUENCE XX=#9124+/)

SECOND TEST Fur STATIONARITY
=0

DO 21 J=1+99

JJd=d+1

Do 21 1=JJde100

FF (X (D) GTax (1)) K=x+1
CUNTINUE T T
P lT 2K
FrnwnaT (15X e #iUnEr oF KEVE-SE ARPRANGEMENTS £OR THE SEQUENCE X=#s14
le/) -

r=i)

by 23 J=le94

SREN L

LG 23 1=JdJseluu
[F(XX () «GToXALI)) K=K+]
COMTINUE

PrRINT 24K
FORHAT (15X e #HUMHER OF REVESE ARRANGEMENTS FOR THE SEQUENCEXX=#9
la) YRR INOEHERLTS VR TR 2REYETEELD

TEST FOR RANDUMNESS




Plare¥r/F e Xa*L/HL¥ o TAeHZ::

C THE aDTOCORRLLATION TEST
N=laai)
Do 1 Ixk=lel0U
Slia=()
JI=ij=T# - — o
DO 2 J=leJJ
c SyMzy {JystY (J+ 1) +SUM
L=M-Ir
] R{IR) =SSN/ (73R0))
kO=RO/RO
PRTNT &eRO 7~ : T T T e e s e e
4 FORMAT (IHLe 20X s 2ESTIMATES F THF AUTOCORRELATION AT DIFFERENT LAG
INUMGERSZ2e//e4UXeELD &)
DO 29 [=1+50
=1+5u
29 FRINT 150eTer(1)sMeR (M)
180 TFORUAT (28X e [3¢F12e4W10X9I3.E12,4) 777 - - Tt
C
C TEST Fom NORMALLITY
FeInMT 1Y
15 FORPMAT(IHL« 10X e *DEVIATIUN FROM THE PERCENTAGE OF DEVIATIONS AT O
1%/ o 1$XQVAVrHAﬁE VA[Ut BFLow THE bIVEN DEVIATION“/)
72125 S S, . e
DO 2P0 J=let9
K=t
tL=7-5
DO 19 I=1le1sa00
IF(Y (D) JLEa7) K=K+]
10 T CONTTINUE " - T TS ST s s s s - T - T
A=K
DEV=(A/144006)34100.
PRIMT j7sZenitlV
17 FORMAT(LOXeFO . e19XeF6 1)
20 COMT INUE
o o e, e e i} ‘ I
C POwWE R SPECT2AL DENSITY ANA( YSIS
FC=460490
DO S IK=1e101
K=1k=1}
FOIK)=(FCHKY /100 .
TPI={3e1415920536%R)Y /00, 0 T — -
Sita=Q)
DG + Jik=1wa99
6 SUM=SUM+r (IR)FCOS(PT*IR)
5 GUI¥)= (] o/FCIH*(RO*+  #SUM+ (~]¥#x)#R(100))
C
(ol SHMGOTHING OF THE PUWER SPEFTRA; DENSITY : : T T T e
GG1) =G (]1)+,5506(2)
lJ\'fl 7 i\':K'l.UO
GO(K) = 29%G(K=]1) +e5uG(K) +,254G(K+1)
GGEIUL)=0%G(100) +.5%0(101)
PrImT L}
171 TFORPHAT(IHL« [H9X e =SHMUOTH STECTAL  ~ DENSITY®/s - - T e
T13Xe#FRE0 MAGNTTUDE = e4 XetF0EQ MAGNITUDE®#®/»

AL B/HZ®)




DO TOG T=1e54
NI=T+20

100 PRINTROGF (1) eGGUI) o F(NI) oG IND)
_ K9 FORMAT(I2XaFD e sk 944 s4XeF5-04FA,4)
C
C COMPUTATIONS FOR THE PROBAGILITY DENSITY HISTOGRAM
K=9x
K2=K+2
DY KR [=]eKP
88 HIST(I)=0
C=K :
A==1°25
t1=125
C=(r=-24)/C
DO Q@ lI=1el4400
o Yl=v(D)
IF(ALLT YL AND.YIeLE.BY GO TO Y8~
IF(YleLELAY GO TU 19
IF(Y1eGT o) HISTIK2)=HIST(V2) 4+,
cO TG 3
19 HISTOL)Y=HIST (L) +1.
L0 10y
- R e e e e e e
11=F
EE=F-11
IF(FFE«GTA0.00L1) E=E+1
16=F
HISTOIE ) =HIST(IE) +1.
G TTTEERE INGE — e e e
SHIGST (1) =e5% (HIST (1) +HIST (D))
DO 215 r=2+99
215 SHISTUIK)I=PSHHIST(K=1)+.5#IST(K)+,25%HIST (K+1)
SHIST(100)=9% (HIST(99)+HI=T(100))
C
e T T COMDUTEY TPRORARILLTY TDENSTTY 1H TERMS TOF PERCENTAGE OF DATATIN 77
C EACH CLASS INTERVAL
N=laa()
LU 27 T=1eK2
HISTOL) =HIST (1) /i
27 SHIST(IY=SHIST(1)/WN
DI B e e e
25 FORMAT(IHLe 15X« #PRORABILITY  DENSITY  HISTOGRAM#/417Xs#FORCE  DENS
1ITY# e 3% «#FOWCE  DENSITY#/4 | 9Xeut B NO. LB NO o %)
i) 196 =299
194 DI =A+(J=2)*C+0 5%
LG 195 J=zeni
e ey o A S L e
195 PRINT 1960 (J) «SHIST(JY e 1) s QHIST (JJ)
196 FORMAT (LTX et O 20F 860 3XaFn29FHal)
C
e CONPUTES THe PROBABILITY DISTRIRUTION
) BNy =HISTOLY -
DO 26 1=2.k2 T T T T
26 FOCY=Pn(I=-1)+HIST (D)
PLINT 198




A=5

194 FOUMAT (LML 19X e ¥ PROBABILITY

DISTRIBUTION#/417Xe#FORCE

1 FORCF  DIST#/919x g% R#ELI2X o) R*)

[y 197 J=2e5Y
NNENELS

DIST

V9T T PRINT PTZ2«N IV PDTI D CIIY PDTIT)
212 FORMAT (1 TR e2(FS leFme3e3X))

STOW

END




Y

PROBARTLITY NENSITY "HISTOGRAM

FORCE
LR
-9,90
-9,69
~9,49

-G,nR
-8.88
-8,A7
-8.47
-8,27

-7.R6
‘7065
-7.AS
-7.74
-7.04
=684
~6eR3
-6043
-6,77
6,02
=5.82
T =5.A1
"5."‘1
-5.20
-5.Nn0
=4 R0
-4 ,59
T .4 439
4,18
-3.98
-3.78
=-3.57
-3.37
-3.16
-7 9h
-2.76
‘qus
-Zojg
-?014
-"1.910
-1.73
"l «53
-1.23
-1.12
-.Q?.
~-e71
=.51
-.31
—.10

59029

-8.06

NDENSTTY FORCE DENSITY
NO, ILR NO,
«0016 o10 0841
0N0G e 31 0477
00173 .51 0097
J0n23 o7 '
0015 .92 «0202
0005 1.12 .A186
«0010 1.33 .0136
«0N16 1.53 0194
oNNYA 1.73 .029?
L0013 Y 94T T n22k
0026 .14 «N15?2
0042 ?2.135 <0174
.0NN32 ?2.55 .N153
0026 2.76 .N116
.00731 ?.96 .N180
00725 73,16 . n25a
0020 3,37 01672
«00A1 3.57 0064
.0110 .78 .0084
N077 3,98 eN1173
.0n25 4,18 .N102
NhaG T4,397 77,0080
J0NA? 4,59 .N102
00AA 44R0 .0129
.0058 S.00 .0083
0101 5,20 .0037
0153 5.41 .0043
B B R 861 T L0049
«006A8 5,82 .0039
.0090 Y .N026
.0120 ho?2 0049
.0103 A .0078
0076 heb3 .0048
0176 TRGR4T T ,0017
0301 7.04 .0019
.0208 7.6 .0018
01130 7,45 N014
0177 7.65 0014
N176 7 .84 .0016h
N14A R,06 0011
.N185 R, 27 .0005
0246 R,47 .0005
.0181 R.HT .0008
0106 8,88 .0005
01724 9.N8 «.0007
.N153 9.29 © ,0006
.0135 9,49 L0010
010/ 9,.,A9 +0008
0465 9,90 .0003

L0136 T




1
2
3
i
5
A
7
8

9

o

11
12
13
14

15

16
17
1R
19
20
21
27
>3
7a
25
26
27

.

29
30
31
32
33

an

35
36
37
38
39
40
41
47
43
44
45
4A
47
48
49
50

A-7

.1000E+01
«134AF+00 S1
-.1183F+00 52
P121F+00 _ 53
L6TIF+00 54
«1355F+00 55
- WNGL4F =01 56
«2082F+00 57
«P061F+00 58
JRARGF=01 59
W4TT6F =01 60
«1351F+00 61
«1102F4+00 h2
«1654F=-01 63
cR737F =01 A4
e 7794F =01 __ 65
h622F=01 66
W5414F=01 67
LAS3TF=01 68
W 7304F =01 69
.4576;'01 70
HBO6RF =01 B
.SRS50F-01 72
.7831F=-01 73
JALYIGF=01 74
CTUTBF=01 75
+R9NBF=01 76
«1119F+00 A
CWQ276F=01 78
HLTPF =01 79
«9179F=01 A0
«9215F=01 Al
JTRE6F=N] B2
.8941F=n1 .. 83
.1N2GF +00 R4
«05836F =N} RS
«01371F=-n1 R6
«1193F+00 a7
«1006F+00 AA
ANGPF =01 a9
WRT31F=01 90
LQ5RPF=N1 91
eRBAGF=N1 92
A4SNF=01 93
.1000F+00 94
LAN36F=01 . 95
«RPR1F=-01 QA
LANISF=01 97
.7780F =01 99
LA3ITF=0 .99
LAD11F =01 100

+7218E-01
«ST77E-01
Al44E=-0]

—TTUTEGTTMATES OF THE AUTOCORRELATION AT NIFFERENT LAG NUMBERS

.5235E-01

© JUS4RE-01

«5136E-01
«3010E-01
«2710E-01
«3085E-01

«3680E-01
«3782E-01
«3173E-01
«&1SNE=-01
«4RELE=-D]

+3920E-01.

«54NTE=01
04661E‘01
.606QE?01
«T7SR1E=N1

W T7402E=-0)
06QR7E-01

+77R7E-01
LA2SNE=N]
HPRTE=N]
CATSSE=0]

«6990E-N1
oﬁBSOE-Ol

«H668E=01
«H266E-01
066146-01
«5676F=01

«40RGE=~(]
.3419E“01
«4281E-01
«3193E-01

 e4h61E=-01

«3720E-01
«3353E-01
«2247E-01
«311RE=N]
«2490E-01

«1770E-01
«2136F=N1
«33A1F=N1
«27TASE=-N1
«1056F=01

_ «450S5E-01



SMOOTH  SPFCTRA| DENSTTY
FREQ MAGNITUNE FREN  MAGNITUDE
H7 LR/HZ H7 LR/HZ
0. L0072 2000, 0006
40, L0015 2040, «0007
R0, .0005 2080, <0007
120, .00073 2120, .0007
160, 0006 2160, 0007
200, 0006 2200, .0006
240, 0005 27240, .0005
PR0, <0003 2720, «0004
320, L0003 ?320. L0004
360, L0002 230, L0004
400, 0001 2400, «0003
440, L0001 2440, .000?
480, <0001 24R0, «N00?
520, 0001 2520, «0002
560,  +0001 2560, «0002
600, 0001 2600, «0002
640, «0001 2640, .000?
ARN . 0000] 26R0, «0002
720, .0001 2720, «000?2
760, 0001 2740, .0001
_R00, L0001 2R00. L,0002
_40, <0001 PR4LN, «000?
880, 0007 PRAN, .N007
Q20, L0007 2920, .0001
_960, 0001 PQen, «0001
1000. «0001 3000. .0001
1040,  .0001 3040, L0001
1080, «0001 3080, 0001
1120, «0001 3120, .0001
1160, 0001 31£0, .0002
1700, <0001 3200, .0002
1240, .0001 3240, D007
1280,  .0001 32”0, L0002
1320, .0001 33720, .000?
1360, 0001 3340, .000?
1400, 0002 3400. .000?
1440, 0007 3440, .000?
1480, .000? 3480, .0002
1520, N002 3520, .0007?
1560, .0002 3560, «0001
1600. .000? 3600, .0001
1640, .000? 3640, .0001
1680, .0003 3680, .0001
1720, .0003 3720, «0001
1760, 0004 3740, .0001
1800. 0004 3800, .0001
1840, 0006 3840, .0001
1880, L0005 3880, .0001
1920, .0005 3920, .0001
1960, 0006 3940, .0001
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THE AVERAGE OF

THE VARIANCE OF

a'a

THE QQMP‘LF"' RECORD

A-10

THE SAMPLE RECORD = =,2934F+00

.1199E+02

NUMRER OF RQUNS FOR THF SEQUFNCE X= 5)

NUMBER OF RUNS FORP THFE SENUFENCE XXx=50

NUMBER OF REVERSF ARRANGEMENTS FOR THE SENUENCE X=2229

NUMBER OF REVERSF ARRANGFMENTS FOR THF SEQUEMCEXX=2553
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