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Brake noise, a principal component of vehicle noise, is among the most critical measures of vehicle quality. +e perceived quality
of cars can be improved by reducing brake noise; therefore, vehicle manufacturers are extensively investigating the influencing
factors, generating mechanism, and solutions of brake noise. Compressive strain is one of the most influential performance
parameters of a brake pad and can be adjusted by regulating the material elastic modulus and by modifying the shape of the brake
lining. In this study, the compressive strain of a brake pad was adjusted through four methods, and the noise characteristics of
brake pads with different elastic modulus, section outlines, lining widths, and chamfers were studied through finite element
analysis and the complex-eigenvalue method. +e effects of compressive strain of a brake pad on brake noise were examined, and
an optimized brake-pad scheme was developed. A dynamometer test conducted to validate the effectiveness of the optimized
scheme confirmed a clear alleviation in brake noise.

1. Introduction

Brake noise, particularly high-frequency brake squeal, is one
of the principal components of vehicle noise; it can cause
noise pollution and directly affect ride comfort [1]. With
increase in the number of automobiles, the detrimental
effects of brake noise on the environment are becoming
increasingly severe. Disk brake, the most common brake
system, is widely used in passenger cars and light com-
mercial vehicles. +e ride comfort of a vehicle can be
substantially improved by reducing brake noise; therefore,
noise control of disk brakes has become a focal research area
in vehicle noise, vibration, and harshness (NVH) engi-
neering. In addition, noise control is currently a crucial
concern in the design and development of brake systems and
automobiles in general [2].

Brake systems—in particular, the geometrical charac-
teristics and material properties of brake-system compo-
nents—are typically modeled and analyzed through finite
element analysis, primarily the frequency-domain complex-

eigenvalue method and transient state dynamics analysis [3];
the former was first developed in the 1980s and has since
become one of the most widely used approaches in brake
design for predicting brake noise [4]. Numerous studies have
investigated the effects of geometrical characteristics (e.g.,
the geometry, structure, wear, and slots of brake lining
[5–8]) and material properties (e.g., elastic modulus,
damping, frictional coefficients, and surface characteristics
of brake-friction materials [9–12]) of brake pads on brake
noise. Because of the complexity of brake-noise analysis,
these studies have each examined one or two of the listed
factors individually, meaning that different noise reduction
methods are yet to be compared in the literature given the
lack of unified parameters.

Compressive strain is a major index of brake-pad
properties and is defined as the ratio of the compression
load-induced reduction in the thickness of a brake pad to its
initial thickness; it is measured along the direction of the
applied force (i.e., perpendicular to the friction surface); it is
useful in evaluating brake-fluid displacement during braking
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as well as brake-pedal travel and the propensity of the brake
to generate judder or noise [13]. Compressive strain is an
external physical property of a brake pad; thus, it can be
adjusted not only by regulating the elastic modulus of the
friction material but also by modifying the section outline,
lining width, or chamfer dimensions of the brake lining.
Adjusting of the compressive strain will change the stiffness,
which lead to the variation of stiffness and modal of the
brake system and affect the NVH performance during ve-
hicle braking. +us, it is necessary to study the influence of
compression strain on brake noise, so as to optimize the
lining parameters and solve the brake-noise problem of
existing products.

In this study, compressive strain was used as the unified
parameter; it was regulated through various technical
methods, and the consequent effects on noise reduction were
compared. Moreover, the assembly of brake systems
equipped with pads with different structural and material
properties was analyzed through the finite element and
complex-eigenvalue methods, and the effect of these brake
pads on brake noise was studied.

2. Analysis of Brake Noise through the Finite
Element Method

For a general vibrating system, the equation of vibration can
be expressed as follows:

M €x + C _x + Kx � F, (1)

where M, C, and K are the mass, damping, and stiffness
matrices of the vibration system, respectively, and x is the
displacement vector. For a brake system, the forcing func-
tion F is assumed to be mainly contributed by the variable
friction force at the lining-disk interface, which can be
expressed as follows [7]:

F � μKf · x, (2)

where μ is the friction coefficient between the brake lining
and disk and Kf is the friction stiffness matrix. Combining
equations (1) and (2) yields the following homogeneous
equation [14]:

M €x + C _x + K − μKf x � 0, (3)

where because of the friction force, the system stiffness is
coupled and the stiffness matrix is asymmetric, which in turn
results in asymmetry of the characteristic matrix. +erefore,
the eigenvalues of the characteristic matrix might be com-
plex under certain conditions. For an underdamped system,
the eigenvalues always occur as complex-conjugate pairs.
+e characteristic equation is

det λ2M + λC + K − μKf  � 0, (4)

λi1,2 � σi ± jωi, (5)

where λi is the eigenvalue of the ith mode of the system, σi is
the real part of the eigenvalue and represents the attenuation
coefficient of the corresponding mode, and ωi is the
imaginary part of the eigenvalue and represents the natural
angular frequency of the corresponding mode. +e damping
ratio of corresponding mode is

ζ i � −
σi

ωi

. (6)

+erefore, the stability of the system can be determined
on the basis of whether σ is positive or negative. If σi< 0, the
damping ratio is positive, the system vibration decays over
time and the system is stable. If σi> 0, the damping ratio is
negative, the system vibration does not decay over time, and
therefore the corresponding mode is unstable; in this con-
dition, the absolute value of the damping ratio reflects
system instability, and a higher value indicates a higher
probability of brake noise [15].

+e brake system of a passenger car’s front axle was
chosen as the research object in this study.+is typical brake
system has the common form of a single piston, sliding
caliper, and ventilated disc. After simplification, the finite
element model of the brake system was established using
Hypermesh 13.0 (Figure 1). +e quadratic tetrahedral
C3D10M element, which can be easily applied to complex
geometries and exhibits high-simulation performance in the
frequency domain, was used as the mesh element [16]. +e
entire brake system was meshed using 151,942 elements of
size 3–5mm.

Table 1 lists the properties of each component in the
brake system finite element model. +e material properties
were provided by the manufacturers, and the property of
brake lining was also confirmed through compression tests.
Table 2 lists all interactions existing in any brake system; in
this study, the tie and surf-surf contact interactions were
used to simulate the contact relationship between the various
surfaces. Brake noise is affected by the friction coefficient
between the disk and lining; the nominal friction coefficient
provided by the friction-material manufacturer (and cor-
rected through dynamometer tests) was used in the present
analysis. In the finite element model, the friction coefficients
of interactions corresponding to cast iron-NAO, steel-steel,
steel-cast iron without lubrication, and steel-cast iron with
lubrication were defined as 0.48, 0.10, 0.16, and 0.05,
respectively.

Figure 2 presents the boundary conditions of the
analysis; the bracket of the brake system is fixed on the
knuckle by using its threaded hole; thus, the inner surface of
both threaded holes is restricted in the model. +e disk is
clamped to the wheel hub and the knuckle by using screws;
thus, the inner and outer surfaces of the disk’s convex plate
are restricted. According to the dynamometer test result, the
braking noise mainly occurs in the constant speed drag
condition of 3 km/h, which corresponds with the brake
pressure of 3Mpa. +us, a load of 3MPa is applied on the
end face of the piston to simulate brake pressure, and the
rotational motion of the disc with an equivalent linear ve-
locity of 3 km/h is defined using the keywords MOTION
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ROTATION in the input file. After preprocessing, the brake-
system model was input to Abaqus 6.13-4, and the Lanczos
method was used to extract the eigenvalues of the system.

As expressed in equation (5), the eigenvalues obtained
through the complex modal analysis are complex. Based on
empirical engineering experience, modes with damping
ratio less than threshold Twere considered noisy modes. In
the literature, T varies from −0.5% to −1.0% [7, 17, 18]; in
this study, after a review of the test results, T was set at
−0.6%, and the resultant noisy modes are listed in Table 3. A
dynamometer test was also performed according to SAE
J2521 to validate the finite element method [19]; the obtained

frequency distribution and sound pressure levels (SPL) are
plotted in Figure 3. In the dynamometer test, brake squeal
was recorded at frequencies of 7800, 8800, and 11000Hz.
Brake noise appeared in the 3000–4400Hz frequency band,
but with a fragmented frequency; this behavior is due to
property changes induced in the brake system because of the
low temperatures used in the cold section of the test.
Comparing the data in Table 3 and Figure 3 shows that most
noisy modes were consistent with the frequency distribu-
tion; only the 104th mode exhibited a 4% error in frequency.
+us, the finite element model is adequately accurate for
further analysis.

(a) (b)

Figure 1: Original and finite element model of the brake system.

Table 1: Properties of components in the brake system finite element model.

Components Material Density ρ/(103kg/m3) Elastic modulus
(E/MPa) Poisson ratio ] Element type Element size (s/mm) Element number

Disc HT250 7.15 120000 0.26 C3D8R 5.0 46829
Caliper QT450 6.86 173500 0.30 C3D8R 3.5 43379
Bracket QT450 6.86 173500 0.30 C3D8R 3.5 20451
Piston 35# 7.85 212000 0.31 C3D8R 3.0 3945
Pin Q345 7.85 206000 0.28 C3D8R 3.0 1594
Backplane Q345 7.85 206000 0.28 C3D8R 3.0 5286
Lining NAO 1.61 709 0.36 C3D8R 3.0 7694

Table 2: Interactions in the brake system finite element model.

Contact pair Interaction Numbers in the model Friction coefficient
Backplate-bracket Surf-surf contact 4 0.16
Backplate-piston Surf-surf contact 1 0.10
Backplate-caliper Surf-surf contact 1 0.16
Bracket-pin Surf-surf contact 2 0.05
Piston-caliper Surf-surf contact 1 0.16
Lining-disc Surf-surf contact 2 0.48
Lining-backplate Tie 2 —
Pin-caliper Tie 2 —
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3. Methods of Adjusting the Compressive
Strain of Brake Pads

Regulating the elastic modulus of brake-friction material is
the most direct method of adjusting the compressive strain
of a brake pad. For a given brake-pad contour, the com-
pressive strain is directly proportional to the elastic modulus
of the friction materials. Since the present brake lining is
made of NAO (non-asbestos organic) material and molding
using the hot pressing process, lining with different elastic
modulus can be produced by adjusting the raw material
powder ratio or process parameters.

In this study, compressive strain is too small a measure to
reflect the differences betweenmaterials; therefore, thickness
variation of linings under a pressure of 16Mpa—a mea-
surement point specified in ISO6310:2009—was chosen as
the reference value to reflect changes in compressive strain.
By varying the elastic modulus of the friction materials, 11
sets of brake-pad models of thickness variation 85–135 μm
were fabricated; the absolute error in thickness variation was
restricted to no more than 0.05 μm. To simplify the model
and the analysis, the nonlinear characteristics of the friction
materials and backplane deformation were ignored. +e
process of establishing the model is depicted in Figure 4.

(a) (b)

Figure 2: Bracket and disk boundary conditions.

Table 3: Noisy modes in the finite element analysis.

Modal order Natural frequency (Hz) Eigenvalue (real part) Damping ratio (10−2)
64 3880.3 192.20 −0.7883
99 7809.3 307.12 −0.6259
104 8201.8 698.59 −1.3555
110 8837.3 534.63 −0.9628
134 10885.0 609.76 −0.8915
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Figure 3: Noise distribution in the dynamometer test.
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+e compressive strain of a brake pad can also be
controlled by modifying the shape of the brake lining.
However, because changes to the structure of a brake lining
is restricted by the presence of the caliper and bracket, such
modifications can be achieved only by removing parts of the
friction material, such as by narrowing the section outline,
reducing the lining width, or chamfering the pads (Figure 5).
As shown in Table 4, Δd is the thickness variation of brake
lining, E is the elastic modulus of the brake material, s is the
contour distance of the lining outline, w is the shrink width
of the lining, and φ is the angle of lining chamfer. +e brake-
pad model with a thickness variation of 85 μm was used as
the reference model. All models were classified into four
analysis groups, namely, Groups A-D, corresponding to the
four methods of regulating compressive strain, namely,
regulating the elastic modulus, narrowing the section out-
line, reducing the lining width, and chamfering the brake
pads, respectively.

4. Tendency Analysis of Brake Noise

+e brake-pad models were established according to the
parameters listed in Table 4 and subject to finite element
modeling; 44 sets of data were obtained. To analyze insta-
bility in each model, tendency of instability (TOI) was in-
troduced as the stability evaluation index of the brake system
[20]:

TOI � 
i

σi

ωi

· 1000 , σi > 0. (7)

+e negative ratios of σi and ωi are the damping ratio of
the corresponding mode; therefore, according to equation
(7), TOI is positively correlated with system instability.
Table 5 presents the number of noisy modes with damping
ratio less than −0.6% and the TOI for each model, and
Figure 6 shows the TOI trend curve for each group.

Adjusting the compressive strain in Group A would
result in the largest change in the number of noisy modes
(Table 5); for example, note that the model with a thickness
variation of 115 μm has six noisy modes. +e change in the
number of noisy modes with compressive strain is not ev-
ident in the other three groups, where the number of noisy
modes ranges from 1 to 3. Regarding TOI, with increase in
thickness variation (compressive strain), the TOI of Groups
B, C, and D decreased whereas that of the Group A in-
creased. Because TOI is only an index for evaluating the
stability of brake systems, brake-noise distribution, in-
cluding frequency and damping ratio of the noisy modes,
cannot be described in Figure 6. Figures 7–10 present the
extracted brake-noise distribution of all noisy modes in
Groups A–D.

In Group A, the number of noisy modes first increases
and then decreases with the decrease in the elastic modulus
(Figure 6). Regarding noise distribution, with increase in
compressive strain, a new noisy mode with an increasing
damping ratio appeared at 3900Hz. By contrast, the

damping ratios of noisy modes with corresponding fre-
quencies exceeding 7000Hz decreased with increase in
compressive strain, and the frequencies corresponding to
these modes changed as well. In the thickness variation
range of 115–125 μm, some noisy modes disappeared with
increase in compressive strain. Accordingly, adjusting the
compressive strain of the brake pad by regulating the elastic
modulus of the brake-friction material may substantially
affect the number of noisy modes and the distribution of
brake noise. Changes in noise distribution were accompa-
nied by decrease in the damping ratio, change in the fre-
quency, and appearance or disappearance of noisy modes at
some frequencies.

By contrast, in Figure 7, all noisy-mode frequencies in
Group B were concentrated at 8600, 9100, and 9900Hz.
Except for the noisy mode with a corresponding frequency
of 8600Hz that appeared only in the model with a thickness
variation of 85 μm, the noisy modes at the other two fre-
quencies varied as the damping ratio increased with increase
in compressive strain. +erefore, changing the compressive
strain by narrowing the section outlines of the brake lining
has some effect on reducing brake noise, but this approach
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material

Finite element
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analysis

No

No
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Error of thickness
variation ≤ 0.05mm
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modulus of finite

element model
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All sets in group
has been recorded?

Modify the assembly
model of the braking

system

Figure 4: Process of adjusting the compressive strain by regulating
the elastic modulus.
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does not influence the frequency distribution of the brake
noise. Because the damping ratio decreases slowly with
increase in compressive strain, the outline of the brake lining
must be heavily narrowed to achieve significant noise
reduction.

+e noise distribution in Group C (Figure 8) is similar to
that in Group B (Figure 7); the noisy modes were con-
centrated at specific frequencies; however, the effect of

increasing the damping ratio of noisy modes by reducing the
lining width is more significant than in Group
B. Furthermore, a new noisy mode appeared at 5900Hz with
increase in compressive strain; on reaching a damping ratio
threshold of −0.6%, it turned into a noisy mode in the model
with a thickness variation of 100 μm. Reducing the brake-
lining width can thus reduce the probability of brake noise
more effectively than does narrowing the section outline.

S

(a)

W

(b)

9

φ

(c)

Figure 5: Methods of adjusting the compressive strain by modifying the brake lining: (a) narrowing the section outline; (b) reducing the
lining width; (c) chamfering the brake pads.

Table 4: Parameter setting used in Groups A-D.

+ickness variation Δd (μm) Elastic modulus E (μm) Contour distance s (μm) Shrink width w (μm) Chamfer angle φ (degree)
85 917.0 0.000 0.00 0.00
90 866.0 0.820 4.17 39.99
95 821.0 1.590 7.47 50.89
100 779.5 2.290 10.30 57.08
105 742.5 2.940 12.56 61.02
110 709.0 3.550 14.58 63.75
115 678.0 4.110 16.37 65.80
120 650.0 4.640 17.94 67.36
125 624.0 5.135 19.36 68.60
130 600.0 5.600 20.64 69.65
135 577.5 6.040 21.80 70.45

Table 5: Number of noisy modes in Groups A-D and the corresponding TOI.

+ickness variation Δd (μm)
Number of noisy modes TOI

Group A Group C Group C Group D Group A Group C Group C Group D
85 3 3 3 3 38.85 38.85 38.85 38.85
90 3 2 1 1 41.59 30.88 30.88 28.25
95 3 2 1 1 46.44 29.37 29.37 27.01
100 3 2 3 3 51.13 32.49 32.49 28.74
105 3 2 3 2 56.67 30.10 30.10 33.54
110 5 2 2 2 58.04 27.72 27.72 35.64
115 6 2 3 3 60.96 30.53 30.53 34.52
120 4 2 3 2 52.24 32.74 32.74 30.12
125 3 1 3 1 56.13 28.47 28.47 21.41
130 3 1 3 1 56.59 26.12 26.12 18.62
135 3 1 2 1 64.08 25.45 25.45 15.91
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Although the TOI of the model decreased with increase in
width reduction, new noisy modes were introduced.

In Group D (Figure 9), the number of noisy modes
fluctuated with increasing in compressive strain. +e
damping ratios of the noisy modes with corresponding
frequencies of 8600, 9100, and 9900Hz reduced quickly, and
the model finally stabilized with further increasing in the
compression ratio; the damping ratio of the noisy mode at
5900Hz fluctuatedmarkedly in the thickness variation range
of 95–120 μm, which is in agreement with the TOI varying
curve of Group D (Figure 6). In addition, a noisy mode
appeared at 12400Hz when the thickness variation exceeded
95 μm, but it contributed little to brake noise because its
damping ratio was high in all models. Accordingly, the effect
of chamfer on brake noise is determined by chamfer size,

and the TOI and the distribution of noisy modes could be
substantially ameliorated if the chamfer is adequately large;
this approach has the strongest effect on noise reduction
among all methods of adjusting compressive strain.

5. Improvement of Brake Pad and
Dynamometer Test Verification

Among the four investigated methods for adjusting the
compressive strain of the brake pad, the method of regu-
lating the elastic modulus of friction material is not con-
ducive to the prediction of noise because it significantly
changes the distribution of noisy modes; the consequent
change in the friction material means that all brake-per-
formance validation must be redone, leading to increased
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Figure 6: TOI curve for each group.

3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000
–0.030

–0.025

–0.020

–0.005

–0.010

0.000

Frequency (Hz)

D
am

pi
ng

 ra
tio

–0.015

85μm
90μm
95μm
100μm

105μm
110μm
115μm
120μm

125μm
130μm
135μm

Figure 7: Noisy-mode distribution in Group A.
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costs and prolonged product-development cycles. +e
method of narrowing the shape may compromise the shear
strength of the brake linings because this approach is only
effective when the shape is significantly narrowed. +is
problem is also encountered in the method of reducing the
width of the brake lining. Regarding the method of
chamfering brake linings, the reduction in brake noise is
strongly dependent on the chamfer size; the model with the
largest chamfer exhibited the strongest noise reduction.
Because chamfering does not change the contact area of the

friction material and backplane, the shear strength of the
brake lining is not compromised in this approach.

Setting a large chamfer is thus a reasonable method of
adjusting the compressive strain of brake linings to reduce
brake noise. A large chamfer reduces the number of noisy
modes and increases the damping ratio of the noisy modes,
leading to a significant improvement in system stability with
little effect on the shear strength of the brake pad. Chamfered
brake pads fabricated through this approach are presented in
Figure 11.
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Figure 8: Noisy-mode distribution in Group B.
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Figure 9: Noisy-mode distribution in Group C.
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Finally, the cold section most likely to cause brake noise
in SAE J2521 was subject to a dynamometer test; the results
are summarized in Table 6.

Of the 460 stops in the test, the brake pads had 118 noisy
stops before chamfering, which reduced drastically to 6 after
chamfering.+e noise distribution in the dynamometer tests

of brake linings with and without chamfer is plotted in
Figure 12; clearly, the brake noise of the original brake pads
mostly appears as a high-sound pressure level with loose
frequency distribution, whereas in the chamfered brake
pads, the sound pressure level of all brake noise was limited
to 80 dB. Overall, the test results confirm that the occurrence
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Figure 10: Noisy-mode distribution in Group D.

Figure 11: Brake pads after chamfering.

Table 6: Noise characteristics of brake pads before and after chamfering.

Frequency range (kHz) Noise threshold (dB) Original pad Chamfered pad

2–16 ≥70 118 6
≥80 101 0

2–4 ≥70 43 1
≥80 33 0

4–6 ≥70 32 0
≥80 25 0

6–10 ≥70 37 0
≥80 37 0

10–14 ≥70 6 5
≥80 6 0

14–16 ≥70 0 0
≥80 0 0
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and intensity of brake noise can be reduced effectively by
chamfering the brake linings without changing the friction
material or lining shape.

6. Conclusion

+rough four technical approaches, the compressive strain
of a brake pad was adjusted, and the assembly of brake
system equipped with pads with different structural and
material characteristics was analyzed. Changing the com-
pressive strain of the brake pad effectively influenced the
occurrence and frequency distribution of brake noise. +e
results of the four approaches are summarized herein:

(1) Changing the compression strain of the brake pad
will affect the braking noise, but different ways of
adjusting compression will produce different effects.
Increasing the compressive strain of the brake lining
by reducing the elastic modulus of friction material
increased the probability of noise during braking;
and the probability of brake noise decreased in the
methods of narrowing the section outline, reducing
the lining width and chamfering the brake pad.

(2) Reducing the elastic modulus of the friction material
increased the number of and changed the distribu-
tion of noisy modes; moreover, this approach may
introduce noisy modes and induce strong instability;
and changing the friction material in the develop-
ment process means that all brake validations need to
be redone. +erefore, friction materials with high-
elasticity modulus should be used to avoid brake
noise at the beginning of brake-system design.

(3) Narrowing the section outline or reducing the lining
width of the brake pad had little effect on the dis-
tribution of noisy modes but could reduce the
probability of brake noise. However, the effect can
only be represented obviously when the parameters
are greatly changed, which lead to the shear strength

decrease of the brake pad. Since the loose of strength
outweighs the gain of NVH performance, these two
approaches are not recommended for brake-noise
optimization.

(4) Chamfering the brake pad strongly influenced brake-
noise suppression, and this result was validated
through dynamometer testing. Because chamfering
does not change the contact area of the friction
material and backplane, the shear strength of the
brake lining is not compromised in this approach.
+us, chamfering the brake pad is a good way for
brake-noise optimization.
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+e noise data used to support the findings of this study are
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