Makara Journal of Technology

Volume 18 | Issue 3 Article 4

12-3-2014

Analysis of Vibration Generated by the Rubbing of Flat Surfaces

Zahrul Fuadi
Department of Mechanical Engineering, Universitas Syiah Kuala, Darussalam, Banda Aceh 23111,

Indonesia, zahrul.fuadi@unsyiah.ac.id

Follow this and additional works at: https://scholarhub.ui.ac.id/mijt

b Part of the Chemical Engineering Commons, Civil Engineering Commons, Computer Engineering
Commons, Electrical and Electronics Commons, Metallurgy Commons, Ocean Engineering Commons, and

the Structural Engineering Commons

Recommended Citation

Fuadi, Zahrul (2014) "Analysis of Vibration Generated by the Rubbing of Flat Surfaces," Makara Journal of
Technology: Vol. 18: Iss. 3, Article 4.

DOI: 10.7454/mst.v18i3.2953

Available at: https://scholarhub.ui.ac.id/mjt/vol18/iss3/4

This Article is brought to you for free and open access by the Universitas Indonesia at Ul Scholars Hub. It has been
accepted for inclusion in Makara Journal of Technology by an authorized editor of Ul Scholars Hub.


https://scholarhub.ui.ac.id/mjt
https://scholarhub.ui.ac.id/mjt/vol18
https://scholarhub.ui.ac.id/mjt/vol18/iss3
https://scholarhub.ui.ac.id/mjt/vol18/iss3/4
https://scholarhub.ui.ac.id/mjt?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss3%2F4&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/240?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss3%2F4&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/252?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss3%2F4&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/258?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss3%2F4&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/258?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss3%2F4&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/270?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss3%2F4&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/288?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss3%2F4&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/302?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss3%2F4&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/256?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss3%2F4&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarhub.ui.ac.id/mjt/vol18/iss3/4?utm_source=scholarhub.ui.ac.id%2Fmjt%2Fvol18%2Fiss3%2F4&utm_medium=PDF&utm_campaign=PDFCoverPages

Makara J. Technol. 18/3 (2014), 115-120
doi: 10.7454/mst.v18i3.2953

Analysis of Vibration Generated by the Rubbing of Flat Surfaces

Zahrul Fuadi

Department of Mechanical Engineering, UniversitgmB Kuala, Darussalam, Banda Aceh 23111, Indonesia

e-mail: zahrul.fuadi@unsyiah.ac.id

Abstract

Among the phenomena that occur as a result of cbfitetween two surfaces is friction sound, in whathface
roughness is of great importance. In this studg, garameter of contact stiffness is used to explaénfrequency
characteristic of vibration generated by the rugbin flat surfaces under a small load. A 3-diskfeuration rubbing
method was used, which provides a unique charatiterof the system's frequency response functiontatoing
specific information about the rubbing vibratioftsis shown that the peak frequency of the rubbiitgation can be
explained by using a two-degrees-of-freedom modebriporating the parameter of contact stiffnesgjuantitative
relationship between the surface roughness anpahle frequency of the rubbing vibrations was ethédl.

Abstrak

Analisis Getaran yang Terjadi pada Usapan Permukaan Rata. Bunyi gesekan adalah salah satu fenomena yang
terjadi akibat interaksi kontak antara dua permokgeng dipengaruhi oleh faktor kekasaran permukBatam kajian

ini, parameter kekakuan kontak dipakai untuk mesjen karakteristik getaran yang terjadi pada sehuah
permukaan diusapkan pada sebuah permukaan yandglaim kondisi beban yang kecil. Metode usapanigordsi 3
(tiga) cakram digunakan dalam kajian ini, yang niesijkan respon frekuensi yang unik yang mengandufogmasi
karakteristik dinamik sistem. Frekuensi puncak getayang diakibatkan oleh usapan dapat dijelaskamgah
menggunakan model dinamik dua derajat kebebasay iyemgandung parameter kekakuan kontak. Pada kajian
suatu hubungan kuantitatif antara kekasaran peram#tan frekuensi puncak getaran usapan telah tkiaasi

Keywords: friction induced vibration, contact stiffness, surface roughness

1. Introduction

Friction between objects is a phenomenon encouhtere
in daily life. A common observation is that friatio
generates wear, heat, and sound. Besides wedigriric
sound has drawn attention from researchers bea#use
requirements in decreasing the noises from madkmer
in order to improve the quality of human life.

The majority of discussions concerning friction sdun
literature were motivated by the problem of higlurstd
pressure levels in automotive brake systems, ssgch a
brake squeal. Brake squeal is caused by self-ekcite
vibrations of brake components [1-3]. It is a noisigh-
pitched sound that causes annoyance for both the
vehicle’s passengers and for pedestrians. Various
attempts have been conducted to eliminate the §ggea
sounds of brake systems, such as the use of a@him
the back plate of the brake pad [4]. Nevertheledated
problems continue to appear in daily life.

115

One of the most important aspects of friction soisd
surface roughness. Some of the fundamental works on
the relationship between friction sound and surface
roughness were conducted by Othman et al. [5]. They
used a stylus pin on rough surfaces to investitfate
relationship between dry friction sound and surface
roughness. This work later led to the developméra o
device for measuring surface roughness by measuring
the sound produced by dry friction [6]. A series of
reports have also been published by Nakai and Yokoi
[7-9]. They used a pin sliding on a rim to inveatig
various aspects of friction sound, including théeets

of rim roughness on the generated sound. Stoimehov
al. [10,11] revealed that the peak frequency dttifsh
sound generated by rubbing two flat rough surfaces
together is determined by the roughness at theacbnt
interface. The peak frequency shifts to a higher
frequency when the contact becomes smoother. Other
researchers reported that the sound level of ihgofn
sound increases with an increase of both roughareds
sliding velocity [12], as well as the area of cantd 3].
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One of the parameters that incorporate surfacehresgs

is contact stiffness. This parameter has been used
dynamics models to explain the occurrence of dynami
instabilities in friction systems, such as brakeesd, as
described in Ref. [2].

In this study, the parameter of contact stiffnesssied to
explain the vibration characteristics generated gy
rubbing of flat surfaces against each other undéegha
load. The analysis focuses on the peak frequentlyeof
vibration acceleration resulting from the slidinghe
objective is to establish a relationship betweenstirface
roughness and the peak frequency of rubbing vitmati

2. Methods

When two flat surfaces create friction, their adjes
interact, whether individually or in a group, imgiag
each other. A simulation of this phenomenon is rilesd

in Ref. [14]. In this case, it can be assumed that
magnitude of these impacts affects the amplitudd an
the frequency of the vibrations they generate. d&loee,
the magnitude is affected by the size of the agpe.,
roughness.

In order to analyze the effects of roughness on the
characteristics of the vibration, a three-disk agpnftion
was used, as described in Fig. 1. This method is an
extension of the rubbing method used in Ref. [11].
Three disks, denoted as diakdisk b, and diskc, are
stacked on top of each other. Disks designated as the
uppermost disk while disk and diskc are designated
as the middle and the lowermost disk, respectivigtis
configuration provides two contact interfaces ire th
system: the one between diakand diskb, denoted as
the upper contact interface, and the one betwesnbdi
and diskc, denoted as the lower contact interface. In the
tests, the uppermost disk was rubbed against tbdleni
disk while the lowermost disk stayed in static emmt
with the middle disk. This test configuration brinthe
upper contact interface into the friction stage dmel
lower contact interface into the static contacgeta

Upper Accelerometer.
Rubbing
direction —

Uppermost disk

Upper contact
interface

Middle disk

Lower contact »
interface

Lowermost disk

Lower
Accelerometer

Figure 1. Three-disk Configuration Rubbing by Hand
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Using this test configuration, a different conteale can

be assigned to each of these contact interfacdshiRy
the uppermost disk will cause asperity-related icigpa
on the upper contact interface, which will create
excitation in the system. The middle disk, which is
excited by the uppermost disk, will transfer the
vibration to the lowermost disk through the asjesitn
the lower contact interface, acting as the statictact.
Therefore, the magnitude of excitation is affedigdhe
roughness of the upper contact interface and
magnitude of energy transferred to the lowermaost i
affected by the roughness of the lower contactfate.

the

The specimens used in this experiment@®x15 mm
disks made of stainless steel. The weight of edsihid
0.036 kg. The lowest vibration mode of the disk is
calculated to be 65 kHz, well above the audiblegean
The roughness, Ra, of the surfaces in contact was
prepared by using sandpaper and evaluated by @asing
surface profile meter.

The rubbing of the disks is conducted by hand nudpbi
[11] in the direction of the surface grooves. Timisthod
provides no additional holding system whose rescesn
may cause additional noise in the recorded sigrta.
vibrations resulting from the rubbing test were w@ced
by using two accelerometers, a conditioning angjfi
and a PC with a data acquisition system. The sagpli
frequency was 50 kHz.

The accelerometers were positioned on the uppermost
and the lowermost disks to record the acceleratighe
normal direction (Figure 1). The analysis was cateld
using the vibration data recorded in the normadation
(normal acceleration).

Figure 2 shows the Power Spectral Density (PSDy of
three-disk configuration rubbing tests acquired by
accelerometers positioned on the uppermost and the
lowermost disks together with the backgrouoavé

140 | Upper

accelerometer
120 Rubbing
direction

of disk a Ra

Ra:

P1

100

= ([0

P2
i

80

Lower

2.4 kHz accelerometer

60

e

From lower accelerometer

Power Spectral Density (PSD) of
Acceleration, dB/Hz (re 1mm/s2)

L
Background  grom ypper accelerometer

0 4 8
Frequency, kHz

12

Figure2. Comparison between Power Spectral Density
(PSD) of Acceleration Obtained from Upper and
Lower Accelerometers and that of Background

Acceleration
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Spectral Density. Observed in the figure are twgoma for the upper and lower contact interfaces were
peaks at frequencies of 2.4 kHz and 4.8 kHz. These prepared, as listed in Table 1. Two test conditimese
peaks were acquired by both accelerometers without designed, namely test condition A and test conaiBo

any significant differences. Thus, the position tbé

accelerometer does not affect the resulting vafuibhe In test condition A, the roughness of the uppertacn
peak frequency. Therefore, in further discussio® w interface was kept at a same roughness value,ate.,
have decided to present only the data recorded fhem Ra=0.55um, while the roughness of the lower contact

accelerometer placed on the lowermost disk. interface varied from Ra=08m to Ra=0.02um. In test
_ _ condition B, the roughness of the upper contact
3. Resultsand Discussion interface varied while that of the lower contadeiface

] ] ] o was kept at a roughness value of Ra=QBb
Contact configuration with similar roughness Ra at

both contact interfaces. Fig. 3(a) shows the PSD of
normal acceleration of the three-disk configuratrath
all surfaces in contact having similar roughnedsias
Ra=R&=0.45 um. The similarity of the surface
roughness was confirmed by separate tests. Itasnsh
that the peak frequency that occurred from rubloinky
disk a and diskb is similar to that which occurred from
rubbing only diskb and diskc (i.e., 3.5 kHz). However,
when disksa, b, and ¢ were put into the three-disk Raz/ﬂjj
configuration, two peaks emerged. The first peak Ras= Ra:=0.45um
occurred at a frequency of 2.4 kHz and the secored o " - R
occurred at a frequency of 4.8 kHz. The first paak Frequency, kHz

the second peak are denotedPasandP2, respectively.

-
N
=]

2.4 kHz (a)
i 3.5kHz

-
(=]
=]

Power Spectral Density (PSD) of
Acceleration, dB/Hz (re 1mm/s?)

o
(X 8

-
L)
=]

(b)

Fig. 3(b) shows the effect of surface roughness,dRa
the frequency of peaRl1 and pealP2. In the first case,

the upper contact roughness;Red the lower contact
roughness Rehave a roughness of 0.4f. In the second
case, Raand Ra have a similar roughness of 0.fiB.

It can be observed that both peRf and peakP2
moved to higher frequencies as the surface roughnes
became smoother. The shift in peak frequency as the
result of roughness changes confirms the findings 0 4 8 12 16
reported previously in Ref. [10]. The shift in frencies

of P1 and P2 as the result of surface roughness is ”
summarized in Fig. 3(c). -

-
(=]
=]
iyl
—-

a
1 b
! ! Ra;A c

-]
=]

]

Ra=0.45um
Ra;=Ra;=Ra ——Ra=015um

Power Spectral Density (PSD) of
Acceleration, dB/Hz (re 1mm/s?)
3 3

o

Frequency, kHz

(c)

Contact configuration with different roughness Ra at
contact interfaces. Fig. 4 shows the PSD of
acceleration resulting from rubbing the three-disk
configuration with different levels of roughnessthée
upper and the lower contact interfaces. As givethn
figure, each disk of this contact pair produced a
different peak when rubbed separately. The upper
contact interface, between digk and diskb, has a 0
roughness Ra of 0.58m, and the rubbing of these disks 0 0.2 0.4 0.6 0.8
together produced one peak at a frequency of 3% kH Roughness, Ra

The lower contact interface, between disknd diskc,

has a roughness Ra of 0,281. Rubbing distb and disk Figure3. Rubbing of 3-disk Configurations with Similar
¢ produced a peak at a frequency of 4.9 kHz. When Roughness at Both Upper and Lower Contact
disksa, b, andc were put into a three-disk configuration, Inter faces; Comparison between Power Spectral

Density (PSD) obtained from 2-disk Configura-
peakP1 occurred at a frequency of 2.5 kHz and peak tion and that from 3-disk Configuration (a),

Peak Frequency, kHz

k

Ra;=Ra:=Ra

occurred at a frequency of 6.4 kHz. Effect of Roughness on PSD of 3-disk

Configuration (b), and Effect of Roughness on
In order to investigate the effects of roughnesstmn Peak Frequency Shift of 3-disk Configuration
frequencies oP1 and P2, various levels of roughness (©

Makara J. Technal. December 201#\Vol. 18| No. 3
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The results are summarized in Fig. 5(a) and Fig) fs(

the respective test conditions. In test conditioFAy.
5(a)), peak P1 occurred at a frequency of 2.68 fifiz
the lower contact roughness of Ra=Qr8. P1 frequency
did not seem very sensitive to the changes in noegh
value in the lower contact interface. Its frequestayed

at around 2.5 kHz within the designated roughness
range of the lower contact interface, i.e., frorF®8

pm to Ra=0.02um. On the other hand?2 frequency
increased as the lower contact interface became
smootherP2 occurred at a frequency of 5.26 kHz with
the lower contact roughness of Ra=0ifn. Its
frequency P2 increased to 8.32 kHz when the lower
contact roughness reached a value of Ra=02

In test condition B, it can be seen that both the
frequencies ofP1 and P2 do not change significantly
when the roughness of the upper contact interface i
changed. PeaR1 occurred at a frequency of around 3.4
kHz in all roughness conditions. However, P@2lonly
increased slightly from 5.36 kHz with the upper teah
roughness of Ra=0.gm to a frequency of 6.62 kHz
with the upper contact roughness of Ra=Quf2

Dynamic model for disks in contact configuration

and peak frequency estimation. The occurrence of two
peaks, P1 and P2, in the three-disk configurataom e
explained using a simple dynamic vibration modal. |
this model, a contact interface is represented $primg
having stiffness, representing the normal stiffness of
the contact. With this assumption, the two-disk
configuration system can be represented as a single
degree-of-freedom model (Fig. 6(a)), and the tluisk-
configuration system can be represented as a two-

10
Upper contact roughness
Ras=0.55 pum

(a)

Peak Frequency, kHz

—— P2
—e—Pi

0 i i

0 0.1 0.2 0.4

0.3

Lower contact roughness, Ra

-
(=]

Lower contact roughness
Ra;=0.55 um

A N

A,

—— P2
——pi

(b)

Peak Frequency, kHz

0.3 0.4

Upper contact roughness, Ra

0 0.1 0.2

Figure5. Effect of Roughness on Peak Frequency Shift in
the 3-disk Configuration for Test Condition A (a),
and Effect of Roughness on Peak Frequency Shift
of 3-disk Configuration for Test Condition B (b)

degrees-of-freedom model (Fig. 6(b)). Thus, the Table 1. Contact conditions
frequency response of a system consisting of twksdi
will have a single peak, while systems consistifig o Upper contac Upper contact
three or four disks will have double or triple psak Test roughness  roughness
respectively, as demonstrated in Fig. 7. (Ray, pm) (R&, pm)
A 0.55 0.30

%5 e 120 Rubbing direclion. 0.55 0.23

L} 3.6 kHz -

EE 100 ;4.9}ki-lz %Rm comtact— foxie 822 géi

%‘ﬁ. : Lower > 0.55 0.02

ST contact Ra: B 0.30 0.55

= 0.23 0.55

£ E Accélerometer 0.12 0.55

5% 0.04 0.55

$8 D RaS Ra:=0.55 um 0.02 0.55

e ] Rae=0.23 ym

0 4 8 12 16 Furthermore, the principle frequency of a one-DOF

Frequency, kHz

Figure4. Rubbing of 3-disk Configurationswith Different
Levels of Roughness at the Upper and Lower
Contact Interfaces, Comparison between Power
Spectral Density (PSD) Obtained from 2-disk
Configuration and from 3-disk Configuration

Makara J. Technol.

system, in this case denoted figyis determined by the
massm and the spring’s stiffnes&. The principle
frequencies of a two-DOF system, denotedfhyand

foo, are determined by the massesand m,, and the
stiffness of the spring, andk,. The frequencies df, f-

o1, andfy, can be calculated by using Eq. (1) and Eqg. (2).

December 201#\Vol. 18| No. 3
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k=(F.27Pm
2r\2l m m) V4l m m,

Now consider a system consisting of three disksk i
disk b, and diskc (Fig. 8(b)). Rubbing two disks
separately, e.g., disk and diskb or diskb and diskc,
will result in one peak, as shown in Fig. 8(a).sTheak
is denoted af, The frequency off, for each case in Fig.
8(a) is decided by the roughness of the contact
interfaces. Using Eq. 1, the stiffndssan be estimated;
k, for the contact between diskand diskb, andk, for
the contact between digkand diskc. Furthermore, the
obtained values df; andk, can be used to calculate the
value offy, andfy, in the three-disk configuration (Fig.
8(b)) using Eg. 2. The calculated valuespandf,, are
compared to the experimental value$tfandP2.

- kk,
mm,

)

p1,2

m,
Rahm ”
k1
7
(a)
Ra._,| i
Raz‘-‘ &= %h
m;
k2
i
(b)
Figure 6. Dynamic Model of Disksin Contact

120

100

80 fo

60

Power Spectral Density (PSD) of
Acceleration, dB/Hz (re Tmm/s?)

20

16
Frequency, kHz

Dynamic Modeling of Disks in Configuration
and Occurrence of Peaks at Freguency Response
Functions, all Contact Interfaces have Similar
Roughness

Figure?.
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120

100

8 8 8

Power Spectral Density (PSD) of
[.*]
=]

Acceleration, dB/Hz (re 1mm/s?)

o

120

100 (k)

Power Spectral Density (PSD) of
Acceleration, dB/Hz (re 1mm/s?)

1.2 16
Frequency, kHz

A Method for the Estimation of Peak
Freguencies; Peak Frequencies Obtained from
Rubbing the Two-disk Configuration are Used
to Calculate the Contact Siffness of the
Respective Contact Combinations (a). The
Values of Contact Stiffness are Used in the 3-

disk Configuration Model (b) to Estimate the
Peak Frequenciesfy, and fg, using Equation 1

Figure8.

Effect of surface roughness on peak frequencies of
rubbing vibration acceleration. The two principle
frequencies of the three-disk configuration obtdine
from the experiment and the calculation are contpare
Fig. 9. f,n and f, were obtained using the method
described in Fig. 8 and Eq. 1 and EqP2.andP2 were
obtained from the experiment. Fig. 9(a) shows #eilts
from the condition in which both the upper and the
lower contact roughness are similar, and Fig. @ftJ
Fig. 9(c) show the results from contact conditioamd
contact condition B as described in Table 1, respedy.

It can be seen in those figures thagandfg, are in good
agreement with the experimental value Rif and P2
regardless of contact condition A or contact caadiB.
These results show that the contact stiffness peteam

is an effective parameter for representing the asarf
roughness in estimating the peak frequency of the
vibrations resulting from the rubbing of flat swés
under a light load. The change of peak frequency is

December 201#\Vol. 18| No. 3
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explained as the result of the change in cont#fests,

as shown in Ref. [11] but with better agreemeniveen
the experimental data and the model using the mdetho
in this study. In different cases, the change intact
stiffness can also be affected by the change imabr
force, contact area, and Young’s modulus.

10

(a) —— —o—fp2
8 o P1 o-P2
N —
- a5
c ]
E Ra:. u
g °
e Ra; =Ra:=Ra
2
0
0 0.2 0.4 0.6 0.8
Surface Roughness, Ra
20
—o fp1 —o— fp2 (b)
oM * P1 o P2
—
- Rai_ [ 3]
E- 12 g
3 o Ra-—¥c
g 4 o
E ° o 5 Ra; = 0.55 um
et 3
0
0 0.1 02 0.3 0.4
Lower Contact Roughness, Ra:
20
— fp1 —o— fp2 (c)
] 14 o P1 —e— P2
—
‘: Ra g
g 1 | b
Ra.
: <)
Erlse—y s frzossum
4 ‘,.?\2”—9-\_e
& P4
0
0 0.1 0.2 03 0.4

Upper Contact Roughness, Ra1

Figure9. Effect of Contact Siffness on Peak Frequencies;
Similar Roughness for Upper and Lower
Contact Interfaces (a), Different Roughness for
Lower Contact Interface (b), and Different
Roughnessfor Upper Contact | nterface (c)
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4. Conclusions

A three-disk configuration system was used to aly
the effects of surface roughness on the peak freges

of rubbing vibrations. The results can be summadras
follows: (1) The frequency of peaks that occurnedhie
three-disk configuration system is shown to have a
significant relationship with the roughness of shgface,
which is effectively represented by the parameter o
contact stiffness. A two-degrees-of-freedom model
incorporating the contact stiffness parameter was
proposed and used to estimate the quantitativeevafiu
the peak frequencies. (2) A quantitative relatigmsh
between the surface roughness and the peak freguenc
of rubbing vibrations has been established.
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