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Abstract

The vibrations arising in the sharpening of large disc blades used in paper roll cutting machines are a crucial problem for

paper manufacturing quality. In this work the results of an experimental investigation carried out on a reduced scale

versatile test rig are presented and discussed. A series of tests were carried out varying the characteristic parameters of the

process such as the grinding contact force, the contact friction, the grinding wheel and blade relative positions, and the

sharpening time length. The Fourier transform was applied to the disc displacement signals and analyses of the waterfall

plots obtained for the different cases show the influence of the operation and design parameters on the system dynamic

behaviour.

r 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Vibrations arising during the sharpening process of disc blades are a crucial problem in paper
manufacturing. In particular, since paper rolls are cut by disc blades, defects in the blade edge caused by
vibrations in sharpening, though small, can cause remarkable quality and productivity losses. Common
practice has shown that in some cases the disc edge exhibits a periodic thickness irregularity caused by such
vibrations. In the technical literature no specific work is reported but similar problems such as those related
to grinding [1], saw blades, turbine rotors, computer magnetic recording discs [2,3] and brake discs [4–6] are
dealt with.

The problems mainly concern the response of a rotating disc to an external transverse force. It is well
established [7–12] that a rotating disc, with respect to an inertial frame, displays a response that can be viewed
as the superposition of a forward travelling wave motion and a backward travelling wave motion. With
increasing disc rotational speed the frequency associated with the backward travelling wave approaches zero
and a divergence instability arises, led by a transverse load applied to the rotating disc. The disc rotational
speed at which this happens is identified as a critical speed [13].
ee front matter r 2006 Elsevier Ltd. All rights reserved.
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Another type of instability occurs on account of the coalescence of two vibratory modes. This phenomenon,
called lock-in instability, may be due to the coupling of natural modes of the contacting parts. In the case of a
pin-on disc system this coupling depends on the relation between the tangential force that excites bending
vibrations of the pin and the transverse force that excites the disc. That relation may be due to pin inclination
or to friction [6,14].

Moreover interface friction couples longitudinal and transversal degrees of freedom making the system
potentially unstable. The motion may become intermittent with stick and slip phases [15]. Unfortunately
friction vibrations are quite often unpredictable because the dependency of friction on velocity varies
randomly with contamination, surface finish, misalignment of sliding surfaces and other factors.

In previous work, Carmignani et al. [16] simulated the sharpening process of a disc blade by means of the
explicit finite element code LS-DYNA

s. Some phenomenological aspects were shown highlighting the most
important parameters affecting them such as stiffness, contact force and rotational speed. The results of an
experimental investigation carried out on a commercial paper cutting machine with fixed operating parameters
were also presented and discussed.

This paper reports the experimental work carried out on a versatile test rig designed and set up to study the
vibrations arising in the sharpening process of disc blades and the influence of different operation and design
parameters. Preliminary analytical work supported the analysis of the experimental results in the identification
of the vibratory modes, including modal analyses of the finite element models of the test rig components.
2. The test rig

The test rig (Figs. 1 and 2) was designed to reproduce the sharpening process allowing the parameters of the
process to be easily varied.

The sharpening process in the machine is achieved by means of the translation of a face grinding wheel that
is pushed on the disc by a pre-loaded spring. The disc is made of steel and has a 380mm outer diameter and a
40mm inner hole. Its standard thickness is 3mm but discs with different thickness can be tested. The disc is
fastened to a rotating shaft by an annular clamp with outer radius of 45mm. Clamping discs with different
Pneumatic actuator
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Fig. 1. Schematic top view of the test rig.
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Fig. 2. Photo of the test rig: (a) front view and (b) rear view.
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diameters can be used in order to change the radius of the inner constraint on the disc and consequently
change its natural frequencies. The face grinding wheel is cylindrical with a 50mm outer diameter.

The disc shaft is quite stiff so as not to affect the vibrational behaviour of the flexible disc. The rotational
motion is transmitted to the shaft by an asynchronous three-phase motor through a belt drive. The rotational
speed can be varied continuously by means of an inverter controlled by a PC up to 1500 rev/min which is a
common operating speed for sharpening commercial machines.

The shaft rotational velocity can be inferred by processing the signal of a displacement non-contacting
transducer (Proximitors) triggered by grooves on the shaft. Similar sensors, placed on plate supports fitted
on the bearing block, measure the disc out-of-plane displacements. Each plate support can be placed
independently from the others at any angular position. Moreover the sensors can be moved radially.
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Fig. 3. Schematic of the disc and grinding wheel contact conditions and velocity vectors in (a) parallel configuration and (b) tilted

configuration.
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The grinding wheel shaft is fitted inside an axially translating sleeve by means of two rolling bearings so that
it can freely move axially and rotate at the same time. The rotating disc drags the grinding wheel due to
friction. The rotation of the abrasive wheel shaft can eventually be blocked.

The translating system is pushed against the disc by a spring whose pre-load can be continuously varied
from almost 0–200N by means of a thread sleeve. The translating system has a 1.3 kg mass and the pushing
spring has a 16.6N/mm stiffness coefficient. The resulting natural translating frequency is about 113 rad/s
(18Hz), corresponding to the natural frequency of the commercial paper cutting machine. However such a
frequency can be easily modified by changing the pushing spring. A proximity probe measures the axial
vibration of the grinding wheel. The translation of the grinding wheel is driven by unlocking the translating
sleeve either manually or by a pneumatic actuator driven by a PC-controlled solenoid valve so that different
sharpening sequences can be set.

In the reference configuration the disc and the grinding wheel rotational axes are parallel and the contact
occurs on an area by the disc edge (Fig. 3(a)), in rolling sliding friction conditions. The rotational axis of the
grinding wheel can be tilted by 21 on a plane tangent to the disc edge. Thus the contact occurs on a point of the
disc edge (Fig. 3(b)). The pitch circles of the two bodies, projected on the same plane, are no longer tangent
but cross each other in the contact point where the velocity vectors are no longer parallel. Therefore the
grinding wheel rotational frequency will be likely lower than in the reference case and there will be also a
relative velocity component and consequent sliding friction. Actually in the commercial paper cutting machine
taken as a reference, the disc blade has a tapered edge and the grinding wheel shaft is inclined both radially
and tangentially with respect to the disc blade. The grinding wheel radial inclination corresponds to the angle
of the conical edge surface. For the sake of manufacturing simplicity and to focus the investigation on the
coupling between the disc nodal diameter modes and the grinding wheel modes that seemed the likely cause of
the blade sharpening defects, the test rig disc was made flat and only the tangential inclination was
reproduced.

The equipment is driven and sensor data are acquired by a PC provided with the National Instruments
DAQ board PC-M10-16E-4 through specific programs developed in the LabVIEWTM environment. The DAQ
system includes an antialiasing filter.

3. Experimental investigation

In order to evaluate the effect of each parameter on the onset of self-excited vibrations during the
sharpening process, a reference sharpening test whose conditions are summarised in Table 1 was performed.
The sharpening process was intermittent, namely a 1 s sharpening was followed by a 1 s break and again by a
1 s sharpening. The test was repeated at different rotational speeds of the disc: the speed was increased from
100 rev/min (1.6Hz) up to 1500 rev/min (25Hz) in 100 rev/min steps.

The other tests were carried out changing only one parameter at a time and the results were compared with
the reference test results. The variations of the test conditions are listed in Table 1. They are mainly focused on
the contact conditions between the abrasive wheel and the disc, including a reduction of the spring pre-load,
water lubrication of the contact surface to reduce friction, locking of the grinding wheel idle rotation to
increase the sliding velocity, tilting the axis of the grinding wheel by 21 to reduce the contact area, and different
continuous sharpening intervals.
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Table 1

Reference and variations of test conditions

Test conditions Reference Variation

Spring pre-load 50N 25N

Lubrication No Water

Grinding wheel rotation Idle Locked

Grinding wheel tilting angle 01 21

Sharpening sequence 1 s/1 s break/1 s 1 s; 5 s

Disc thickness 3mm 1mm
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Some tests were carried out also on a 1mm thick disc. Such a disc proved to be too compliant and, in order
to keep the vibration amplitudes small, a very low pre-load was applied to the pushing spring and the
maximum rotation speed was limited to 1100 rev/min.

3.1. Impact modal testing

The modal characteristics of the disc and of the grinding wheel support were preliminarily found by
impact tests.

A modal hammer and an accelerometer were used. The hammer was equipped with a plastic tip, which can
excite the structure up to 500Hz. The cut-off frequency of the antialiasing filter was also 500Hz. Acceleration
data acquisition was triggered by the force signal of the impact hammer.

The force signal was windowed with a rectangular window and the acceleration signal with an exponential
window. The transfer function of the system was estimated from the input (force) and output (acceleration)
signals by the MATLAB

s tfe function. Such a function finds a transfer function estimate Txy, as the quotient of
the cross spectrum of the input signal vector x and of the output signal vector y, Pxy, and the power spectrum
of x, Pxx:

Txyðf Þ ¼
Pxyðf Þ

Pxxðf Þ
, (1)

where f is the frequency. Such an estimate is useful to reduce the negative effects of a noisy output signal.
The disc was hit on its edge, perpendicularly to its plane. The accelerometer was placed diametrally

opposite. The recorded peaks of Txy (shown in Fig. 4) and natural frequencies (listed in Table 2) were
correlated to the natural modes identified by the number of nodal diameters and nodal circles (n,m). In
particular a very pronounced peak was detected at 263Hz associated with the (3,0) mode. A preliminary FEM
modal analysis eased the correlation of natural frequencies and modes (Fig. 5).

As far as the abrasive wheel support is concerned, since the natural frequency of the wheel shaft in the axial
direction was set (it was designed for 18Hz), the modal analysis regarded the natural frequencies of the
structure in the direction perpendicular to the axis. The support was hit with the modal hammer near the joint
point of the abrasive wheel in the vertical and horizontal directions. The accelerometer was placed on the
opposite side of the structure.

Figs. 6(a) and (b) show the estimation of the transfer function of the structure in the vertical and horizontal
direction, respectively. The coherence of the signals was greater than 0.99 in all the frequency range of interest
proving the validity of the results. Table 3 lists all the modal frequencies of the support. Both the vertical and
horizontal impact tests showed modes in the intervals around the frequencies of 50, 70 and 86Hz, imputed to
the translating sleeve; the measured natural frequencies are different in the two impact directions because the
sleeve is not axial symmetric but the vertical and horizontal axial planes are planes of symmetry. The higher
frequencies are associated to the support stem modes. In the vertical transfer function estimate the stem
bending mode at 250Hz was the most excited. During the horizontal test the stem torsional mode at 130Hz
was the most excited; since the torsion occurs around a vertical axis such a mode was not excited in the vertical
impact test.
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Table 2

Experimental modal testing results of the rig disc

Mode (n,m) (0,0) (1,0) (2,0) (3,0)

Nat. freq (Hz) 111 100 131 263

(n,m) are the number of nodal diameters and circles.

Fig. 5. Disc first modes obtained by FE modal analysis, n number of nodal diameters, m number of nodal circles.

15

10

5

50 100 111 131 150 200 263

Frequency [Hz]

T
xv

 [
kg

-1
]

Fig. 4. Impact test of the disc: transfer function estimation (Txy).
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Fig. 6. Impact test of the grinding wheel support: (a) vertical and (b) horizontal transfer function estimations (Txy).

Table 3

Experimental modal testing results of the rig support of the abrasive wheel

Sleeve modes Support stem modes

Natural frequencies (Hz) Vertical 48; 70; 86 140; 150; 250

Horizontal 37; 52; 74; 84 130; 145; 200; 250; 275

Most significant frequencies in bold.
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3.2. Signal analysis

When conventional techniques are applied to a rotating disc, the Fourier transforms of the signals lose the
directivity information of the forward and backward travelling waves, since the measured signals are treated
as real quantities. In fact the spectra of real signals are symmetrical with respect to the origin of the frequency
axis and the peak tracks of forward and backward travelling waves are present with their conjugates. Thus the
two-sided Fourier transform of a real signal has four peaks for each mode as shown in Fig. 7.

It is possible to cancel mode peaks or alternatively their conjugates depending on the phase angle a between
the disc displacement sensors by applying the two-sided integral Fourier transform to the complex signal
p ¼ w1+iw2 where w1 and w2 are the displacement signals of two sensors. This approach is at the basis of the
directional frequency response function technique [12], which proved to be very effective in modal analysis to
identify and separate forward and backward travelling waves for each mode of interest.

Briefly, let us consider the out-of-plane displacements w1 and w2 due to a single mode (i.e. due to two
travelling waves) given by

w1 ¼ cosð�OtÞ, (2)

w2 ¼ cosðna� OtÞ, (3)

where O is the rotational velocity. The integral Fourier transform of the signal p ¼ w1+iw2 is given by

F ½cosð�OtÞ þ i cosðna� OtÞ� ¼

ffiffiffi
p
2

r
dðo� OÞ½1� sinðnaÞ�
�

þ dðoþ OÞ½1þ sinðnaÞ� þ i cosðnaÞ½dðo� OÞ þ dðoþ OÞ�
�

ð4Þ

where d is the Dirac delta function.
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Fig. 7. Example of real frequency analysis.
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Eq. (4) shows that when sin(na) ¼ 1 the effect of the conjugate modal contribution associated with n nodal
diameters vanishes. The integral Fourier transform then shows only two peaks: the peak at positive
frequencies is related to the forward travelling wave mode while the peak at negative frequencies is related to
the backward travelling wave mode. Both tracks in a waterfall plot are right tilted. In other words, separation
of the corresponding forward and backward travelling wave modes is achieved when

na ¼ ð4k þ 1Þ
p
2
; k ¼ 0; 1; 2; . . . (5)

Separation of the corresponding conjugate forward and backward travelling wave modes is achieved when

sinðnaÞ or na ¼ ð4k þ 3Þ
p
2
; k ¼ 0; 1; 2; . . . (6)

and the corresponding tracks in a waterfall plot are left tilted.
The method was used to analyse the signal obtained with two different phase angles between the sensors:

a ¼ p/2 and a ¼ p/4. Figs. 8(a) and (b) show the two-sided waterfall diagrams obtained by processing the
displacement signals for the two-phase angles, for the entire test period, in the case of an inclined grinding
wheel. According to Eqs. (5) and (6), in the considered frequency range, for a ¼ p/2 the single right-tilted
mode tracks correspond to n ¼ 1 and the left-tilted ones to n ¼ 3, while for a ¼ p/4 the single right-tilted
mode tracks correspond to n ¼ 2.

This approach is particularly useful if only data for a single rotational speed are available. Another
approach is based on the use of the waterfall spectrum diagram of a displacement signal obtained for different
rotational speeds. In this case it is possible to correlate modes and peak tracks by simply considering the
dependency of the natural frequency on the rotational speed and in particular the relationship between the
track slope and the number of nodal diameters,

oþn ¼ on þ nO;

o�n ¼ �ðon � nOÞ;

(
(7)

oþn and o�n being the forward and backward natural frequencies, respectively.
Both approaches were used to gain information about the directivity of the modes and their number of

nodal diameters to support the modal analysis carried out on the non-rotating disc.

3.3. Analysis of the sharpening process

In order to better understand the origin of the self-excited vibrations that sometimes arise during the
sharpening process, the interval where the grinding wheel is sharpening the edge of the disc and the subsequent
interval where the grinding wheel is removed from the disc (sharpening and break periods) were analysed
separately. The signals were first filtered in order to lower the low-frequency noise by means of a high-pass
filter with a cut-off frequency of 40Hz. Waterfall plots were obtained from the FFT of the data acquired, at
different rotational speeds, by a sensor facing the grinding wheel.
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Fig. 8. Waterfall plot processing the displacement signals of two sensors at (a) a ¼ p/2 and (b) a ¼ p/4 (intermittent sharpening test and

tilted abrasive wheel).

C. Carmignani et al. / Journal of Sound and Vibration 297 (2006) 649–663 657
Fig. 9 shows the waterfall plot obtained from the data of the reference test. Fig. 9(a) shows the behaviour of
the disc during the second sharpening period of the test sequence while Fig. 9(b) concerns the following break
period. The peaks related to the harmonics of the disc rotational speed 1� and 2� are the most pronounced.
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Fig. 9. Waterfall plot of the sharpening phases of the reference test: (a) during and (b) after the sharpening operation.

C. Carmignani et al. / Journal of Sound and Vibration 297 (2006) 649–663658
Such peaks are most probably due to the unavoidable geometric tolerance errors on the disc planarity; in fact,
they were noticed also before the first sharpening.

Then a series of peaks aligned around 86Hz can be noticed. These peaks can be correlated to the 86Hz
vertical mode of the grinding wheel support (see Table 3). Such peaks increase when crossing the harmonics of
the disc rotational speed, but the highest peak is recorded at a rotational frequency of 11.67Hz when the
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constant frequency track is crossed by both the backward travelling wave (1,0) mode track and the 7.5�
harmonic track. The latter corresponds to the rotational frequency of the grinding wheel, 7.5 times the
rotational frequency of the disc. So it seems more likely a resonance excited by the grinding wheel rotation
rather than a lock-in phenomenon since the tangential friction force is rather low in the idle wheel case. After
the sharpening period the 86Hz peaks disappear as well as the 7.5� harmonic track, as shown in Fig. 9(b).
Only the disc speed related frequencies are clearly observed while tracks of forward and backward travelling
waves are barely visible.

Further considerations will be deduced from the other experiments discussed in the following section.

3.4. Influence of operating parameters

The test carried out tilting the grinding wheel by 21 in the rotating direction is of particular interest because
it is closer to the practical case. In this configuration, the coupling of the vertical vibrations of the grinding
wheel with the flexural ones of the disc is possible even with no friction; the tangential force being related to
the transverse one simply by the tangent of the grinding wheel tilting angle. However, for a small tilting angle
as in this case, the main effect of tilting is the change of contact and friction conditions (Fig. 3). Increasing the
tilt angle can only increase the force component perpendicular to the grinding wheel axis and thus the risk of
lock-in occurrence.

The test results are shown in Figs. 10(a) and (b). The natural frequency of the grinding wheel sleeve (82Hz)
is slightly lower than in the reference case because of the different configuration and constraints. The harmonic
related to the grinding wheel rotational frequency is also lower (5.5� ) as expected (cf. par.2.1).

High broad peaks can be seen around 82Hz in a range of rotational frequencies starting from 16.67Hz.
Again, they can be related to the (1,0) disc and grinding wheel sleeve modes, but this time the 5� and 4� disc
harmonics now play a role in exciting vibrations. Higher damping than in the reference case, due to increased
sliding friction power loss, broadens the peaks. As for the reference test, after the sharpening period these
peaks vanish while the disc speed related frequencies are still present. The tracks of forward and backward
travelling waves are here more evident.

As far as the influence of the other parameters is concerned, it was noticed that the 86Hz peaks and 7.5�
harmonic were related to high friction. In fact when the pushing force was reduced thus reducing the friction
force (Fig. 11(a)) or when the contact area was sprinkled with water (Fig. 11(b)), there was a significant
reduction of the 86Hz peaks and there was no sign of the 7.5� harmonic. Similar results were obtained when
the rotation of the grinding wheel was prevented (Fig. 12) but here the explanation is the absolute absence of
the grinding wheel speed related excitation. On the other hand the higher friction power loss due to pure
sliding conditions provided high damping and lowered the disc speed related harmonic peaks. A small peak
corresponding to the (1,0) disc mode and the 86Hz grinding wheel sleeve mode, at a disc rotational speed of
13.33Hz, could suggest the occurrence of lock-in, the peak small amplitude being due to the short transient
sharpening period. In any case, the negligible effect of such a phenomenon, in the case of locked wheel where
the friction force is considerable, confirms resonance as the main cause of vibration in the case of idle wheel.

A long sharpening time (5 s) increased the disc vibration level. On the contrary, a short sharpening test
caused its reduction.

The same trends were observed in the tests on the 1mm thick disc and for different angular position of the
Proximitorss. However, when the vibratory response of the more compliant disc was particularly intense the
results were not considered reliable, because of intermittent contact between the disc and the grinding wheel
due to bounces.

4. Conclusions

This work, motivated by a paper-cutting problem, can be of interest in other fields wherever the sharpening
process involves a circular blade. Reduction of vibrations in the sharpening process is important to obtain a
blade edge straight profile and to ensure a precise cut by the blade.

The paper described the design of a test rig for the study of the vibratory behaviour of a rotating
disc subjected to a sharpening process. An experimental campaign was carried out and the vibrational
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Fig. 10. Waterfall plot of the sharpening phases of the tilted wheel test: (a) during and (b) after the sharpening operation.
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behaviour of the rotating disc was characterized pointing out the natural modes and the resonance condi-
tions. The test rig made it possible to carry out a series of tests varying the process parameters such as
the grinding contact force, duration and relative position of the two mating elements, the disc rotating speed,
the spring stiffness and the friction coefficient, in order to point out the most important variables for the
system vibrations.
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Fig. 11. Waterfall plot of the sharpening interval; test carried out (a) reducing the spring pre-load, (b) reducing the contact friction by

water lubrication.
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From the analysis of the sharpening process of the reference test we can conclude that the highest vibration
level can be ascribed to a resonance phenomenon due to the grinding wheel rotation exciting a grinding wheel
support mode and a disc mode coupled by contact friction. A careful analysis of the natural frequencies of the
two components, taking into account their operating rotating speeds, can avoid that phenomenon.
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Fig. 12. Waterfall plot of the sharpening interval; test carried out with no rotation of the grinding wheel.
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From the analysis of all the results, even though limited to the particular values of the parameters
considered, some characteristic trends on the influence of the sharpening parameters on the disc vibrations can
be summarised as follows. Tilting the abrasive wheel axis, necessary for the sharpening process, can cause a
significant increase in the resonance vibration amplitudes and the broadening of resonance peaks in a range of
rotational speeds, due to different contact and friction conditions. It should be kept as low as possible also to
avoid lock-in phenomena. The vibration level can be reduced by lowering the spring pre-load, sprinkling the
disc with water, locking the rotational displacement of the grinding wheel and reducing the sharpening time.
However, such parameters and operating conditions must be carefully considered because friction reduction
degrades the abrasive property of the grinding wheel and lengthens the sharpening process and the locking of
the grinding wheel increases tool wear and maintenance needs. A solution could be that of a controlled
rotation of the grinding wheel.

Finally, no experimental evidence was obtained of eventual lock-in instability phenomena in the case of idle
grinding wheel due to the low disc tangential force with respect to the transverse force.
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