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Abstract

Wrapping machines in cigaretic factories arc equipped with
indexing drive units with roller gear cam. At present there are no
simple, visual, diagnostic techniques for predicting failure in these
units at an early stage. This paper proposes that failure could be
predicted by using either a modified version of kurtosis, or the
Wigner distribution method. The nonlinear vibration model
propaoscd in this paper takes into consideration the play between the
cam and the cam follower, and precisely simulates the actual
vibration. Statistics on the variance in play, obtained from the data
on time history, can then be used to evaluate the effects of the
damage on the cam and cam follower.

1. Introduction

There arc many types of indexing drive units which produce
intcrmittent movement. Indexing drive units with roller gear cam
are often used in rotating machines because of their numerous
advantages including high stiffness, high rotational speed, and
mechanism without play. In particular, the indexing drive units in
cigarette factory wrapping machines produce precise, intermittent
movement with roller gear cam, and are capable of high rotational
speeds. Although indexing drive units generally have excellent
durability, even occasional failure can interfere with production.
Currently, neural network techniques or acoustic emission (A.E.)
methods are used as diagnostic tools to monitor the performance of
these machines;"® however, a simpler diagnostic tool would be
more effective. This paper proposes such a technique using
vibration measurement.

2. Experimental apparatus and setup

The experiment was performed on an isolated indexing drive
unit. The setup of the apparatus is shown in Fig.1. The indexing
drive unit is driven by belts and a flywheel is mounted on the
output shaft as a load. Figure 2 illustrates schematically the
mechanism of the roller gear cam asscmbled in the driving unit, as
well as the motion of the cam follower projected onto a plane
during one revolution of the ioller gear cam. ~

The output shaft indexes and dwells during each revolution of
the input shaft. When the output shaft is in index, the cam
followers engage the helical track of the taper rib, and the output
shaft rotates. When the output shaft is in dwell, the cam followers
engage the straight track of the taper rib, and the output shaft does
not move. The experimental indexing drive unit performs one
index(0-120" ) and one dwell (120-360" ) during each revolution
{0-360" ) of the input shaft. The output shaft rotates 60° when it
is in index, and makes one revolution every 6 revolutions of the
input shaft.
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When the output shaft is in dwell, the prcload can be applied
between the cam follower and the roller gear cam by adjusting the
distance between the input/output shaft. If the cam follower ( the
shaded arca in Fig.2 ) rotates anti-clockwise at the beginning of
the index, then it rotates clockwisc at the end. Play between. the
cam follower and the taper rib is made approximately midway
through the index, which allows for reverse rotation of the cam
follower. At this point, the rotational speed of the output shaft
stops increasing and begins to decrease.

There are needle bearings between the outer/inner race of the
cam follower, as shown in the enlarged scctional view in Fig.3.
Frequent collision of the cam follower with the taper rib produces
the damagce of the needle bearings. This is the most common cause
of failure in the indexing drive unit.

Sound and acccleration measuréments were taken for the purpose
of obtaining diagnostic signals. The accelerations were measurcd
with accelerometers ( Bruel & Kjacr type 4393 ), which were
placed at the cam foHower turret in both circumferential and axial
directions. The signals were taken out through a slip-ring. In order
to monitor operating conditions of the indexing drive unit easily,
another accelerometer was positioned at the housing of the
indexing drive in the axial direction of the output shaft.

Sound pressure was measured with 1/2 inch microphone (B&K
4165, microphone amplifier, B&K 2607) at a distance of
approximately 200 mm from the housing in the dircction of the
output shaft. The endurance test for the indexing drive was
performed at a constant of 600 rpm. At the same time, the dynamic
behavior of the indexing drive and the sound which radiated from
it were measured at regular intervals.

3. Experimental results

3.1 Time history versus operation time: Figure 4 shows
four kinds of time histories in relation to operation time;
accelerations in both the circumferential and axial directions of the
cam follower turret, acceleration in the axial direction at the
housing of_the indexing drive, and sound pressure. The circled
numbers (1)-(6) indicate the number of the cam follower. The
amplitudes of impulsive signals (&) and in all accelerations
increase with operation time. Impulsive signal only appcars
after 306 hours of operation in all accelerations, and increases from
there. In the axial accelerations at the cam follower turrct and the
housing, the amplitude of impuisive signal @ of the cam follower

is less than that of the other cam followers. The significance of
this will be discussed at the end of this section.

The purpose of this experiment was to find a precise relationship
between acceleration time history and the mechanism of the
indexing drive. Sound pressure time histories cannot be used for
this purpose because they do not exhibit distinct trends, as other
sounds arc mixcd in with the mecasurements. As a result,
acceleration time historics were vsed instead. Figure 5 shows the
colarged acceleration time histories for one revolution of cam
follower (1). Figure 6 shows the relation between the time history
of vibration and the motion of cam follower. The path which the
cam follower makes as it completes one revolution of the roller
gear cam has been projected onto a plane in the center of the
figure. As mentioned above, the output shaft performs one index
and onc dwell for each revolution of the input shaft. Figs.5 and 6
show the original locations and causcs of peaks @ - © Peak

occurs around the beginning of the index and is generated by
the first impulse between the cam follower and the taper rib. Peak

occurs midway through the index, when the cam follower
reverses direction. As operation time increases, there is also an
increase in play between the cam follower and the taper rib, which
produces impulsive vibrations. Peak (©) occurs at the point where
the index changes to the dwell. Since high frequency components
( impulsive vibrations ) do not occur in the early stages of
operation, it should be noted that they are generated by continual
wear on the roller gear cam and the cam follower, and/or by an
increase in play in the rotating body. Thus, there is a correlation
between indexing drive failure and variations in amplitude for
peaks ® and . Furthermorc, the axial accelcration time
historics at the housing rcsemble those at the cam follower turret.
Since the axial acceleration at the housing can be mcasured more

easily, it.is henceforth utilized for analysis purposes in this paper.

3.2 The acceleration time history in failore: After 567
hours of operation, the indexing drive began to display intermittent
petiods of inactivity. The sound pressure level decreascd suddenly
as well. The indexing drive looked as if it were no longer
revolving, and operation was halted. Figure 7 compares the
circumferential and axial acceleration time histories during this
period with those of normal operation. When the indexing drive is
in a period of inactivity, the amplitude of peak decreases. The
increase in play between the cam and the cam follower rclieves the
engaging shock, at which point both vibration and sound pressure
levels decreases. Therefore, it is possible to conclude that there is
a correlation between abnormal vibration and a failure in the
indexing drive unit.
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3.3 Dismantling of the indexing drive unit: After the above
abnormal vibration occurred, the indexing drive unit was
dismantled and examined. Figure 8 shows photos of both the inner
and outer races, as well as the needles of cam follower (4), which
suftered serious damage. In addition, smearing was obscrved on
the surface of the outer race. This was most likely generated by
either insufficient cooling or poor lubrication for abnormally high
heating in bearings, due to irregular contact with the race. Flaking
was found on the inner race and the needles. Furthermore, the
surfaces of needles are exfoliated, most likely becausc a heavy
load had been applicd to needles when the output shafts was in
index.® It can be predicted that the needles of the cam follower
would soon be broken with higher revolution and/or a heavier load
than the rate. ‘
Smearing and scrious damage produced by impulsive forces was
also obscrved on the surface of the rolier gear cam ( no photo
available ). The acceleration amplitude increased when the damage
to roller gear cam was more serious. Since the cain was worn down
by high revolutions and a heavy load, the preload between the cam
and the cam follower decreased. Therefore, it is assumed that high
frequency components would most likely be generated in
acceleration. Finally, it was noted earlier that the amplitude of
impulsive peak (&) in the axial acceleration of cam follower
was lower than that of the other cam followers. Since this cam
follower also sufferced damage, it can be concluded that detecting
abnormalities in the first impulsive peak of the time history in the
axial acceleration of the output shaft is a good predictor of damage.

4.  Analysis of experimental results
4.1 Time domuim analysis techniques: Numerous magnitude and
-time Uomain techniques are available for vibration diagnostics. The

analysis of the individual lime histories of vibration signals is in
itself a very useful diagnostic procedure. Several magnitude
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parameters can be extracted from the time history of vibration,
including variance, r.m.s. level, absolute mean value, maximum
value, the crest factor and kurtosis.  Kurtosis, the fourth statistical
moment, is widely used in machinery diagnostics, pacticularly with
rolling element bearings. Figure 9 shows trends of these statistical
magnitude paramcters for circumferential and axial accelerations
with respect to operation time. Based on the figures, the followed
can be discerned: (1) the parameters for circumferential acceleration
vary more than those for axial acceleration; (2) the variance, the
r.m.s. value, the absolute mean value and the maximum valve
increase with operation time; (3) the crest factor stays almost
constant regardless of operation time; and (4) for circumferential
accelcration, kurtosis increases suddenly just prior to failure of the
indexing drive unit, but with axial vibration, it reaches a peak at
200 hours and then decreases..

A simple diagnostic tool should have cither a statistical
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Fig.10 Kurtosis valucs of axial acceleration calculated for (a): the
time history omitting pcak @ and (b): the time history
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Fig.9 The trends of vatious statistical parameters of the circumferential and axial accelerations with operation time
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parameter with identifying marks such a sudden change in trend
after a given/specified period of operation, or a signal which can
be easily measured on the surface of the housing. With these
factors in mind, we will now discuss the appropriateness of using
variance and kurtosis as simple diagnostic tools.

First, it is true that variance increases just before failure.
However, variance may also fluctuate for other reasons;
furthermore there is no strong correlation between the rate of
variance and operation time.

Next, although kurtosis for circumferential acceleration provides
a clear signal, it is not easy to measure. Furthermore, kurtosis for
axial acceleration can not be utilized to detect failure as it is
because it reaches its maximum value before failure, and it
indicates the amount of scatter, which makes it difficult to detect
a clear trend. In general, kurtosis is reliable only in the presence of
significant impulsiveness, caused by flaking of the bearing. In Figs.
4 and 5, impulsive peaks @ and (B) were present in the axial
vibration from the beginning of operation time. Kurtosis valucs
were calculated twice: the first time omitting  peak , and the
second time omitting peaks (&) and @B). The results are shown in

Circumferential acceleration
Axial acceleration

Fig.11 Wigner distributions for circumferential and axial
vibrations at different operation times

Cam follower@

Cam follower@

Fig.12 The physical model for circumferential vibration in order
to investigate the influence of preloading or play between the
cam and the cam follower in acccleration time history

Figs 10(a) and (b) respectively. In Fig. 10(b), kuctosis value
increases suddenly after 500 hours of operation as shown in
circumferential acceleration in Fig.9.

Thus, variance is not an appropriate diagnostic tool becausc it
does not exhibit distinct trends. However, kurtosis can be used as
diagnostic tool if peaks @ and are omitted from analysis.
Next, the Wigner distribution method will be considered.

4.2 Frequency domain analysis technique ( Wigner
distribution ): The impulsive vibration of the indexing drive would
produces a transicnt change in the frequency spectrum which can
be easily identified by analyzing one revolution of the input shaft
using the Wigner distribution method. Figure 11 shows Wigner
distributions for circumferential and axial vibrations at different
operation times. The light and dark areas indicate the magnitude of
the acceleration level. The light areas indicate a high level and the
dark arcas a low level. The level of higher frequency components
increases with operation time. These results are supported by the
fact that, as damage to the cam follower ( i.c., flaking ) increases,
frequency spectra decrease from ultra sonic frequency ( acoustic
emission ) to high frequency in the audible frequency range. The
occurrence of high frequency components in axial vibrations after
500 hours is thus cvidence of the failure of the bearing duc to
flaking. In particular, high frequency components increase
remarkably in the peak (C). Therefore, Wigner distribution can be
used as a simple diagnostic too] for the detection of high frequency
components. ’

5. Numerical simulation

To investigate the influcnce of preloading or play between the
cam and the cam follower in acccleration time history, the
circumferential vibration of the turret was calculated vsing the
maodel shown in Fig. 12. The cam follower usually contacts both
side walls of the roller gear cam's taper rib. However, due to the
preloading and play between the cam and the camy follower, the
initial angular displacements of side walls A and B for taper rib,

and @, are different. The equations of motion for the
circumferential vibration are as follows:

1161 +ky(0,-0,) +k;(8,-6,) +k,(6,-6,) +CJ(61 ‘63)

+cy(8,-0,) +c,(6,-6,)=0 (1)
1,8, +k,(8,-8,) +¢,(8,-6,)=0 @

1,8,+k,(0,-8 ) +k,(8,-6 ) +¢,(8,-6 ) +¢,(6,-6)=0  (3)

1,8,+k,(0,-0 ) +k,(8,-6,) +¢,(8,-6 ) +c,(6,-6,)=0  (4)

where, 1, 1,, I, and I, are mass moments of incrtia for the cam
follower turret, the flywheel (load), and cam followers (1) and
respectively; k, and ¢, are contact stiffness and the damping
cocfficient between the cam and the cam follower; k, and c, are
torsional stiffness and the damping coefficient of the output shaft;
ky, and c, are torsional stiffness and the damping cocfficient
between the cam follower and the cam follower turret; €, 0, 0,
and #, are angular displacements_of the cam follower turret, the
output shaft, and cam followers (1) and (@ respectively.

In case (i), when the cam follower makes contact with both side
walls of the taper rib, equations (1)-(4) are applicable to the
regions 0,<8, and 0,>0,.

In case (ii), when the cam follower makes contact with the side
wall A of the taper rib, the following equation (5) holds instead of
Eq.(4).
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1,8,+k,(8,-6,)+c,(8,-6,)=0 (5

Equations (1), (2), (3) and (5) are applicable to the regions
0.<0,and 0,<0,.

In casc (iii), when the cam follower makes contact with the side
wall B of the taper rib, the following equation (6) holds instcad of
Eq.(3).

1,8, +k,(0,-0 ) +¢,(6,-6,)=0 (6)

Equations (1), (2), (6) and (4) are applicable to the regions
#.>0,and 0,50,

In casc (iv), the cam {ollower and the taper rib do not makes
contact with each other.  Equations (1), (2), (5) and (6) arc
applicable in this casc.

First of all, initial angular displacements 6, and @, which are
related 1o the magnitudes in the preload and the play, must be
determined. As mentioned above, when the output shaft is in index,
play always exists between the cam and the cam follower.
However, since the magnitudes in prefoad and play can not be
direetly determined, 0, and @, were estimated as follows. The
relation of driving torque to the driving angle in the experimental
indexing drive unit was measured. The driving angle was estimated
in nondimentional time T ( T=1.0 at a driving angle of 360° ).
Equations for &, and 0 were established by assuming firstly that
0, and 0, are proportional to the driving torque, and secondly by
considering four very small parameters (7,7 ,, 7,7 ,) associated
with the play and the preload for the theoretical angular
displacement 7 S(T)/3 for the cam curve without play. In actuality,
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Fig.13 Calculated acceleration time historics at 600 rpm
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Fig.14 Calculated time histories in order to examine the influence
of the failure of the cam follower on the acceleration, when
the value of 7, was taken as a random valuc

@, and 0, werc determined by dividing T into seven regions in
order to approximate the measured driving torque curve.  For
example, 0, and 0, at 0=T<£0.18 are represented by the
following equations:

n . 1
9 =—S(D- — T+ 7
=3 ()] (m*fm)smhu19 n, 0]
8,=—S8(T)-(n,-n,)sin— T+ 8
b3 (M-, "“)szxo‘w M, ®

where S(T) is function of T.

Figure 13 shows caleulated acceleration time histories at 600 tpni.
The large magnitudes of 7,7, 7, and 7, produce  high
frequency components in time histories. The impulsive peaks at
T=0.2 , 0.65 and 1.0 correspond to the measured impulsive peaks
®, and ©) in Fig.5 respectively. Figure 14 depicts calculated
time histories, which show the influence of the faiture of the cam
follower on  acceleration when the value of 7, was taken as a
random value. The parameter 7, is strongly influenced by the
constant terms in equations for &, and 0 associated with the play,
as shown in Eq(7) and (8). The cffect of 7, can be clearly
observed in time history with impulsive peaks, when the output
shaft is in dwell, TZ1.0. As a result, the increasing magnitude in
the play due to wear and failure of the cam follower can be
diagnosed by detecting high frequency components in  the
acccleration time history in dwell.

6. Conclusions

The following results were obtained from the experiment and
theoretical analysis:
(1) The acceleration time historics produced by contact between a
cam and a cam follower can be used to estimate the magnitude of
the play in the indexing drive unit as well as the damage to the
cam follower. In particular, the damage to a specific cam follower
can be determined by detecting the first impulsive peaks in the
time history of the acceleration in the axial direction of the output
shaft.
(2) The acceleration time histories in the axial direction of the
output shaft resembled those at the housing. Hence, the axial
acceleration at the housing, which is easily measured, can be
utilized to diagnose failure.
(3) Failure of the indexing drive could be detected and predicted
through (1) the kurtosis for acceleration time histories ( excluding
the first and second impulsive peaks ) in the axial direction of the
output shaft or (2) the Wigner distribution method.
(4) The proposed nonlinear vibration model takes into consideration
the play between the cam and the cam foltower, and precisely
simulates the actual vibration for the indexing drive. Effects of the
damage to the cam and the cam follower on the accelcration time
history at the housing can be estimated by the variance in the play.
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