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Abstract. Brake squeal is commonly defined at frequency upper than 1000 Hz and occurs if the system has a
very high amplitude mechanical vibration with sound pressure level above 120 dB. Many studies are devoted
to this problem and many of recent ones show that contact conditions and friction material behavior have a
major influence on squeal occurrence. To investigate this aspect, an experimental set-up has been developed
in this study. It is based on a simplified system in order to focus on the influence of the material in the one
hand and surface conditions in the other hand. In this paper, the design of the pin-on-disc is described and an
analytical model is also presented in order to understand the dynamic behavior of the system. Macroscopic
aspects are investigated by varying the pin geometry. The results show clearly the influence of the variation
of the contact length size on squeal occurrence. Comparison with the model shows good agreement and
exhibit the necessity of considering an improved model of the friction material behavior. This study also gives
information on the comprehension of squeal mechanisms.
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1 Introduction

It is commonly accepted by the scientific community that
self-excited vibrations initiated by frictional forces can
lead to noise in brake systems. This is particularly true
for the squeal, which is characterized by high frequencies
(1–10 kHz) and high sound pressure levels of up to 120 dB
[1]. Even though the reliability of the system itself is unaf-
fected, the squeal phenomenon is annoying to users and
remains one of the major challenges faced by the indus-
try of transportation. Although there are many available
models for predicting the dynamic behavior of brake sys-
tems, the conditions for the occurrence of such self-excited
vibrations are still not fully understood. On a global point
of view, it is now assumed that squeal is linked to a mode
lock-in corresponding to self-excited vibrations when sys-
tem frequencies merge [2–4]. More precisely, the natural
modes of the system vary with the contact loading and
coalesce with contact condition, thereby leading to unsta-
ble modes. Typical squeal frequency spectra show one or
more fundamentals closely associated with disc natural
frequencies and their harmonics showing that pad con-
straining effects are not excessive enough to alter the mode
shapes. During braking, self-excited vibrations may be
triggered by favorable pressure, sliding velocity, tempera-
ture and humidity conditions. Despite this understanding,

* e-mail: vincent.magnier@polytech-lille.fr

brake squeal still appears as a hazardous phenomenon
because it is affected by many factors. Even if the
mode lock-in appears as necessary conditions, influencing
parameters need to be considered. It is important to bear
in mind that the contact at the friction interface is not
perfect and is a very complex tribological situation with
non smooth surfaces, material transformation beneath the
contact, third body layer of wear particles accumulation,
etc. [5–7]. Recent works have shown that the evolution
of the friction material, surfaces and tribolayer, with a
braking sequence, could influence the activation of squeal
occurrence [8]. In the experiments of [9] it is, for exam-
ple, shown that surface topology evolution and material
transformation beneath the surface lead to the emergence
of squeal of an automotive disc brake system. However, the
system is very complex and it is difficult to identify which
parameter is relevant. In other works, focused on friction
material evolution and tribology, it is shown that the situ-
ation is complex as the friction material is modified by the
thermal, mechanical and tribological loading as far as the
tribolayer [10–12]. In order to highlight the role of these
parameters, one way is to investigate on a reduced set-up
with a simplified and well identified dynamic behavior,
with squeal occurrence which could be influenced by an
evolution of material and tribolayer.
In terms of modeling, many works have been done, with

complex or reduced models. The last ones are generally
developed to explain the system dynamic phenomena as
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Fig. 1. Experimental set-up.

mode-coupling by Hoffmann and Gaul with a two degrees
of freedom model [6]. Ouyang et al. [13] investigated the
effects of stiffness and damping variation by means of a
complex modal analysis applied to a simplified model.
More complex models, introducing the description of

components and connections, boundary and loading con-
ditions help to identify more quantitatively each system
parameter on instabilities. Triches et al. [14] used a finite
element model to study the effects of varying the friction
coefficient, temperature, braking pressure, wear and mate-
rial properties. For example, they demonstrated that an
increase in temperature modifies the contact stiffness and
potentially reduces the propensity for brake squeal. Dai
et al. [15] carried out a numerical investigation of the effect
of adding chamfers to pad linings and found that chamfer-
ing lowers the propensity for instability. More recent works
introduce enriched material and surface parameters and
their evolution with loading, showing as in experiments,
that they could influence the instability [16]. Reference
[17] propose a numerical strategy which allows to inte-
grate the roughness at the interface into a complete brake
with a squeal study. They show that the roughness is
important to consider. At this scale with an experimental
point of view, [18] show that the roughness in the con-
tact could be a factor for reducing or suppressing squeal.
From a point of view more macroscopic always in mod-
eling, [19] aims to take different pads position in the
process of the prediction of squeal noise and to investigate
the sensitivity of the squeal propensity to these various
contact interfaces.
The present work is in the way of investigating the effect

of friction material evolution and tribolayer on squeal
occurrence. To investigate this aspect, it is proposed to
develop a dedicated experimental set-up. It is based on
a simplified system in order to focus on the influence of
the material pair and surface conditions. The design of
the set-up is described and an analytical model is also
presented in order to understand the dynamic behavior of

the system. Macroscopic aspects are investigated by vary-
ing the pin geometry and loading conditions (pressure and
sliding velocities). With the dedicated instrumentation
and the numerical model, the results of squeal occur-
rence and frequencies can be understood, as far as some
parameters which are important to be considered.

2 Squeal experimental set-up

2.1 Presentation of the pin-on-disc

The idea was to design a system reaching squeal frequency
included in a range from 2 to 12 kHz in agreement with
frequency level observed in brakes, but with a controlled
dynamic behavior. Several simplified experimental set-ups
have been proposed in the bibliography. Massi et al. [20]
developed an experimental set-up to investigate the mode
lock-in phenomenon [6,15]. Oura et al. designed a bench
to investigate the influence of the contact stiffness on the
brake squeal occurrence [7]. Figure 1 presents the sim-
plified pin-on-disc architecture designed in this paper for
the experimental set-up. It is in the spirit of the system
developed by Oura et al. The bench is made of a disc and
a pin fixed on a flexible plate clamped in a rigid stand.
The disc is made of C45 steel and its boundary condi-

tions are inner fixed and outer free. The outer diameter is
215 mm and the thickness of the friction track is 15 mm.
The dimensions have been chosen to obtain eigenfrequen-
cies in the range of several kHz as for a braking system.
The pad, made of friction material, is fixed on the cen-
ter of a thin plate acting as a spring, and the extremities
of this plate are fixed on a rigid stand. The thickness of
the lame is 2 mm. The pad dimensions are 40 mm length
(sliding direction), name as “pad length” in the follow-
ing, 20 mm width and 10 mm thickness. The translation
displacement of the rigid stand is controlled to generate
the thrust load. The pad is located at 95 mm along the
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Fig. 2. FRF of the set-up obtained from impact hammer tests (disc without contact with the pin and fixed on the tribometer.

radius from the rotational center of the disc. For the tests,
the instrumentation is equipped of a microphone located
near the disc surface (100 mm) measuring the generated
squeal. Accelerometers are located on the pin housing
at the trailing edge, on the middle and at the leading
edge. A torque-meter is inserted between the disc and the
rotor. The thin plate is instrumented with two half-bridge
gauges, one at the leading edge side of the pad and one
at the trailing edge. These gauges record the deformation
of the static bending deformation of the plate which has
been calibrated to determine the corresponding normal
force during the test. Two accelerometers have been added
on the rigid stand to control the low level of vibrations on
this component.

2.2 Determination of set-up eigenfrequencies

First, the experimental frequencies of the disc and the
pad-caliper assembly have been determined without disc-
pad contact using impact hammer and acceleration mea-
surements. On the disc, the mesh allowing the positioning
of the triaxial accelerometer is composed of 3 circles and
48 radius for a total of 144 points. Figure 2 shows the
frequency response function FRF with the usual nota-
tion (n,m) of the deformed shape n is the number of
nodal diameter and m is the number of nodal circle.
The identified disc frequencies refer to modes with nodal
diameters due to the experimental configuration (out-of-
plane impact and out-of-plane acceleration measurements
on x points on the circumference and y points along the
radius). For the pin, the accelerometers have been used
in order to identify the tilting mode by phase measure-
ments between the two accelerometers located along the
pin in the friction direction, at the leading and the trailing
edges. Table 1 shows the two first eigenfrequencies of the
pin-plate assembly without contact with the disc.
Figure 3 shows the eigenfrequencies of the system with

contact between pin and disc and obtained by the same
impact hammer procedure as done for the disc. The fre-
quencies are close to the disc natural ones as the pad
constraining effects are not excessive enough to alter the

Table 1. Eigenfrequencies of the pin-plate assembly
obtained from impact hammer tests without contact with
the disc.
Pad mode 1st bending 2nd bending

Frequency (Hz) 637Hz 1187Hz

mode shapes. Accelerometers on the pin housing exhibit
the second bending shape of the pin-plate assembly which
is associated with the lowest frequency at 1750Hz consid-
ering a reduced contact length of 10 mm (this parameter is
studied later in Sect. 2.3). This is due to the combination
of the deformed shapes of the disc and pad with con-
tact. In other words at low frequency, the disc exhibits 2
waves with relatively large amplitude so that the pin-plate
assembly is preferably deformed as its second bending
shape to suit the disc deformed shape. The pin deformed
shape is harder to detect at a higher frequency as the
amplitudes are lower. It could be expected that the first
bending pin-lame assembly mode shape could be obtained
at a higher frequency for higher wave number and lower
amplitude of the disc deformation.

2.3 Test protocol and geometry of the pin

Before the test the surface of the pin is polished. The
system is initially loaded before the disc is rotated. First,
a 0.25 mm displacement of the rigid stand is applied,
corresponding to a load of 500 N and an average pressure
of 0.625 MPa for a contact area of 40 × 20 mm2. Before
each test, the contact surface between the disc and the
pin is measured to control the contact uniformity along
the pin length.
A constant velocity of 20 rpm is secondly applied, cor-

responding to a linear velocity of 0.1m/s on the mean
radius. The test is made of several tests of 50min.
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Fig. 3. FRF and mode shape of the experimental set-up with contact between the disc and the pin.

Fig. 4. (a) Friction pin for the different ACL. (b) Cartography
for each ACL for a normal force of 400N.

The tests have been done for different pin lengths of
40, 30, 20 and 10 mm, named ACL for Apparent Con-
tact Length. The pin width is always 20 mm. In order
to not modify the global dynamic behavior of the pin,
the mass and dimensions of the pin are modified as low
as possible for each pad dimension, by machining only a
height of 1 mm to obtain the reduced ACL (Fig. 4a). For
this study, a reduced formulation friction pad is developed.
Here, friction pad has only six components (Resin, Baryte,
Twaron fibers, Steel fibers, Mineral fibers, Graphite). This
material is developed in collaboration with the company
FLERTEX. Figure 4b shows the static contact pressure
distribution measured with pressure film sensor before the
test. Black areas correspond to a zero pressure and bright
ones to maximum intensity. Uniformity of the contact is
difficult to obtain but the test is started as soon as the
contact is obtained on the full area.

Fig. 5. Results from test with the pin of ACL 20 mm: (a)
raw signal of disc waviness, (b) raw signal of acoustic pressure,
(c) time-frequency diagram of the signal of acoustic pressure.

2.4 Experimental results

Figure 5a shows the raw signal of the disc waviness dur-
ing the last test of 5s for the pin of 20 mm length. It can
be noticed that the waviness is about 30µm. Figure 5b
presents a raw acoustic pressure signal measured by the
microphone exhibiting that the noise occurrence corre-
lates with a disc elevation. The squeal frequency is around
3400 yHz with a sound pressure level around 100 dB.
Acoustic emissions are obtained for all configurations

with sound pressure level reaching 100 dB. Figure 6 sum-
marizes the results for the four configurations and the long
duration test. Each point corresponds to an occurrence of
noise higher than 100 dB, the track being made every
5 minutes. In this figure, friction coefficient and squeal
frequencies can be seen. The main difference between
all the configurations is the frequencies involved during
the squeal period. For each configuration, a variation
of friction coefficient is obtained with values comprise
between 0.2 and 0.4. The frequencies strongly depend on
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Table 2. Squeal frequencies for all ACL configurations.

ACL (mm) 40 mm 30 mm 20 mm 10 mm
Squeal frequencies (Hz) 7800 2600/6000 3400/ 6800 1600

Fig. 6. Experimental results for all ACL configurations (a)
40 mm (b) 30 mm (c) 20 mm (d) 10 mm, points: squeal
frequencies; blue curve: friction coefficient.

the contact length. Table 2 shows the associated squeal
frequencies with each ACL. Note that squeal frequencies
are closed to the ones obtained without contact, allow-
ing identifying the disc mode shape involved. A squeal
frequency of 2600 yHz is obtained for ACL=30 mm but
it has been identified as a machine spindle eigenfrequen-
cie by separated investigations on the spindle [21]. For
ACL=20 mm, two main frequencies appear at 3400 and
6800 which have been related to fundamental and har-
monic. From the accelerometer measurements (Fig. 7),
the second bending mode of the pad was identified by a
phase shift between the leading and trailing edges. This
phase shift is clearly evidenced for ACL 10, 20 and 30 mm.
From the experimental set-up dynamic analysis and disc
eigenfrequencies, the 10 mm ACL configuration seems to
involve a mode lock-in between the second bending mode
of the pin and the (2-0) disc mode. In the same way mode
lock-in between the same pin mode and the (3-0) disc
mode seems to occur for the 20 mm ACL configuration
and with the (4-0) disc mode for the 30 mm configuration.
For the 40 mm ACL configuration any disc mode seems
to be involved.

3 Model of the set-up

The experimental approach has exhibit possible lock-in
between modes of the pin and the disc for some noise
occurrences. It has also shown the influence of the pin
length even if only 4 ACL have been tested. To improve
this investigation, a semi-analytical model has been used.
It is based on a minimal model of three degrees of free-
dom. This model is similar to that used by [22]. The thin
plate and pin assembly are described by a two degrees of

Table 3. Parameters used for dynamical analysis.

K1 (N/m) K2(N/m) D (mm)
256×103 256×103 20

freedom system: a translational and a rotational. The disc
is modeled as a separate system with only one degree of
freedom in the normal direction. This definition is based
on the previous experimental results showing out of plane
disc modes and the pin ones. The latter corresponds to
first and second bending of the pin-plate assembly but the
corresponding deformed shapes could be seen as a trans-
lation and a tilting of this assembly, which are simulated
by the reduced model. To further investigate the dynamic
instabilities, a self-excited vibration model with this three
degrees of freedom model is proposed as illustrated in
Figure 8.

3.1 Description of the model

In the model, K1 and K2 correspond to the Y-direction
stiffness on each side of the thin plate. y1 and y2 repre-
sent the extension of these springs and d is the distance
between them. The stiffness of the friction pad is mod-
eled by a parallel distribution of springs ki whose value
is directly dependent on the material’s mechanical prop-
erties (see Sect. 3.2). yi corresponds to the extension of
each spring ki. Table 3 presents the values used in the
computation assuming an elastic behavior constant with
the loading intensity.
This analytical model was first computed in static equi-

librium under conditions of pressure and sliding. This step
rendered it possible to obtain the contact pressure distri-
bution that is injected in a complex modal analysis. The
validation of this step is shown in [21]. In the second
step of the computation, the complex eigenvalues analysis
is performed to determine the natural frequencies of the
system. The dynamic equations were as follows:

See this Equation next page.

In this study, only the out-of-plane bending modes of
the disc were considered in accordance with the experi-
mental test. The assumed disc vibration was represented
by a model with a single degree of freedom. The equivalent
mass Md was set to be equal to the mass of the disc. The
disc stiffness Kd was calculated using the eigenfrequency
determined with the finite element analysis as Md. Mp

represents the total mass, including the pad and the pad-
housing, and J is the moment of inertia calculated at the
center of mass of the plate spring. The pad-housing and
the thin plate were considered to be of steel with mechan-
ical properties set to 210000 MPa for the Young modulus
and 0.3 for the Poisson coefficient. All these parameters
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Fig. 7. Pad acceleration for all ACL configurations (a) 40 mm (b) 30 mm (c) 20 mm (d) 10 mm.

Table 4. Parameters used for dynamical analysis.

Md (kg) Kd(N/m) Mp (kg) Kp (N/m) J (kg.m2)
3.88 4.85×108 0.07 1.17×108 4.43×10−6

are presented in Table 4 and were determined from the
experimental set-up.
The value of Kp is discussed in Section 3.2 its corre-

spond to the linear stiffness of the pad. Finally, x1 (resp.
x2) corresponds to the distance between the center of rota-
tion of the pad and the spring K1 (resp. K2). After a

quasi-static solution under sliding conditions, a complex
eigenvalues analysis was performed and the results were
written as λ = α + jω. Here ω is the eigenfrequency. A
positive real part of the complex eigenvalue analysis is
being seen as an indication of instability. By examining
the real part of the system eigenvalues the modes that are
unstable and likely to produce squeal are revealed. The
goal of this study is to determine the evolution of the
eigenfrequencies of the system according to pad length
and material behavior to determine the unstable configu-
rations. These two parameters play an important role for
the pressure distribution.
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Fig. 8. Semi-analytic contact model.

Fig. 9. Experimental results for all apparent contact length
configurations.

3.2 Compressive test

To identify the material behavior compressive tests have
been done. A sample of the friction material with a steel
back plate is placed in compressive apparatus. To measure
the displacement of compressive plateaus, three Foucault
current sensors placed at 120◦ has been used. These sen-
sors offer to reduce the uncertainty of measurement due
to the wrong parallelism of each face of the pad. The
average of sensors has been used to determine the strain
calculated by := h−h0

h0
where h0 is the initial height of the

pad and h the height calculated with the displacement.
Stress is calculated by σ = F/S where F is measured by
load sensor and S is the section of the pad (20× 20 mm2).
A stress cycle is applied, it is composed by three loadings
from 0 to 1.75MPa and three unloadings.
Figure 9 presents the compressive test results.
Results exhibit a non linear behavior which could be

introduced in the relationship between contact stiffness

ki and pressure P based on the red curve. The non lin-
ear behavior could be expressed as : ki = 2.3 × 106 ×
P (n−1)/nN/m with n = 1.4286. However a linear behav-
ior could be assumed as often considered in studies of
vibrations of frictional systems as brakes. In this case
the stiffness 1.17 × 108N/m is and corresponds to the
Kp value of Table 4. It corresponds to a Young modu-
lus of 3000 MPa. Note that the material is considered as
homogeneous and isotropic.

4 Results

This section illustrates how to determine the evolution
of the system’s eigenfrequencies in relation to the pad
length and to identify the unstable configurations. The
extremities of the springs K1 and K2 were submitted to a
vertical displacement to obtain an equivalent normal force
of 500N. In the x-direction, a translation of the disc was
applied to simulate the slip condition. The coefficient of
friction is fixed to 0.35. For the semi-analytical model,
the pin contact area was ranged from to 5 × 20 mm2

to 40 × 20 mm2. For the pad material properties, two
cases are computed. The first one takes into account a
constant stiffness corresponding to the linear behavior.
The second case considers a non-constant stiffness / non
linear behavior / where the value is deduced from the
experimental compressive test previously described. The
analysis focuses on the influence of the pad contact area
which was ranged from to 5× 20 mm2 to 40× 20 mm2. On
the Figure 10, solid lines shows the evolution of eigenfre-
quencies for linear stiffness and dashed lines for nonlinear
stiffness. The red circles represent the experimental squeal
frequencies. For each case, the eigenfrequency associated
with the translation mode of the disc was slightly modified
by the variation of the contact length. On the other hand,
the eigenfrequency associated with the tilting (rotation
around the z direction) mode of the pad and the transla-
tion mode of the pad was strongly affected by the contact
surface. Indeed, the frequency of the tilting pad modes
increased as the value of the pad length increased. For
the calculus with (3-0) disc mode, the tilting mode of the
pin and the axial mode of the disc coalesced, leading to
an unstable mode, for ACL comprised between 20 and
24 mm for the constant stiffness case. Including the non-
linear stiffness, the instability range is slightly modified
and is obtained for a pin length of 22–27 mm. Note that,
for ACL greater than 35 mm, a mode coupling is obtained,
involving the two natural modes of the thin plate.
Figure 11 shows a computation of each simulation on

the same graph considering the different mode shape
((2,0);(3,0);(4,0)) of the disc. In view of these results, four
areas of mode lock-in appear with coalescence between
two eigenfrequencies (red lines). The comparison between
experimental and numerical results shows a good agree-
ment for the identification of the squeal frequencies and
the area of instability in term of ACL. The effect of the
non-linear behavior of the material modifies the mode cou-
pling for ACL greater than 20 mm. It can also be noticed
that the mode lock-in associated with pin length equal
to 40 mm is a confusion of the two pin modes unlike the
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Fig. 10. Semi-analytic contact model for the (3-0) disc mode.

Fig. 11. Evolution of eigenfrequencies of the numerical model
(lines) with experimental results (red points) considering each
disc mode.

others modes lock-in which are a confusion of the tilt-
ing pin mode and a disc mode. These results are also in
agreement with the observed deformed shapes of the pad
illustrated in Figure 6. These results may be interpreted
in terms of brake squeal in the following manner: a change
in the brake pin geometry, (adding a chamfer, etc.) may
eliminate squeal if the contact length is changed in such a
way as to avoid mode coupling. Another conclusion is that
significant modifications in contact length lead to another
type of mode coupling.

5 Conclusion

The aim of this study was to determine the influence
of contact conditions, more specifically contact geome-
try, and friction material behaviour on pin on disc squeal
occurrence. Squeal is a complex phenomenon that involves
different couplings between the mode shapes of a brake

system. The analysis of such a phenomenon was facil-
itated by using a simplified experimental set-up and a
three degrees of freedom model. The influence of contact
geometry on squeal occurrence has been clearly shown
experimentally. The model permits to investigate the evo-
lution of the eigenfrequencies of the system with the
apparent contact length and to clarify the different types
of mode coupling results. Two simulations have been per-
formed one with linear behaviour and one with non-linear
behaviour. These results are compared with experimental
results and good agreement have been obtained espe-
cially for non-constant behaviour. The present study
only considered homogeneous contact surfaces and low
temperatures. However, in practice, brake pads are com-
posed of several components and the friction surface is
never entirely smooth [23,24]. All these factors can con-
tribute to surface localization. Therefore, the present
model may be improved by incorporating discontinuous
contact distribution.
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