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Automotive Brake Squeal Analysis Using a Complex Modes Approach  

Summary 
A methodology to study friction-induced squeal in a com-
plete automotive disc brake assembly is presented. The 
analysis process uses a nonlinear static simulation se-
quence followed by a complex eigenvalue extraction to 
determine the dynamic instabilities that are manifested as 
unwanted noise. The effects of assembly loads; nonuni-
form contact pressure between the brake linings and disc; 
velocity-, temperature-, and pressure-dependent friction 
coefficients; friction-induced damping; and lining wear can 
be included. The methodology is demonstrated with a 
representative disc brake assembly. Good correlation be-
tween the analysis results and available experimental 
data is achieved.  
 
Background 
 
The operating principle of an automobile disc brake sys-
tem is to slow a moving vehicle by pressing brake pads 
against rotating wheel discs. The friction between the pad 
linings and the disc dissipates the energy of the moving 
vehicle, resulting in deceleration. 

During brake operation, the friction between the lining and 
the disc can induce a dynamic instability in the system. 
This instability can create noise, commonly known as 
brake squeal. One possible explanation for the brake 
squeal phenomenon is the coupling of two neighboring 
vibration modes. If two modes are close to each other in 
the frequency range and have similar characteristics, they 
may merge if the coefficient of friction between the pad 
and disc increases. When these modes merge at the 
same frequency (become coupled), one of them becomes 
unstable. The unstable mode can be identified during 
complex eigenvalue extraction because the real part of 
the eigenvalue corresponding to an unstable mode is 
positive. The instability in the brake system design can be 
eliminated by changing the geometry or material proper-
ties of the brake components to decouple the modes. 

As vehicle quality improves, customers demand quieter 
brakes. Customer complaints result in significant warranty 
costs yearly, motivating the need to study brake squeal 
early in the design process. The complex modes ap-
proach is a common finite element modeling technique 
used to simulate this phenomenon (e.g., Ref. 1–11). 

Abaqus affords a straightforward brake squeal analysis 
methodology. The process consists of preloading the 
brake, rotating the disc, extracting natural frequencies, 
and computing complex eigenvalues. The approach com-
bines all steps in one analysis and accounts for friction 

Key Abaqus Features and Benefits 
• Ability to use a single model for the entire 

analysis sequence 

• The inclusion of nonlinear effects in the extrac-
tion of the complex eigenmodes 

• Ability to model each part of the brake assem-
bly independently, without the need for match-
ing meshes 

coupling and nonlinear effects without the need for matrix 
input methods or matching meshes. 

The purpose of the analysis presented here is to demon-
strate the methodology by identifying any potentially un-
stable modes in a particular disc brake system. 

Finite Element Analysis Approach 
The disc brake model under consideration is shown in 
Figure 1. It is representative of systems used in domestic 
passenger vehicles and consists of a disc, two pads posi-
tioned on both sides of the disc, pad springs, knuckle, 
hub, carrier (or anchor bracket), pistons, and caliper 
housing. Contact is defined throughout the model using a 
small-sliding formulation. Initially the friction coefficient 
between the linings and disc is set to zero. The brake 
squeal analysis using the complex modes approach fol-
lows. 
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Step 1: Bolt pre-tension and spring interference fit 
analysis  
In the first analysis step the model is brought into its as-
sembled state. Fastening forces are introduced in all the 
bolts, and a shrink-fit procedure is used to determine the 
assembled state of the springs that secure the brake pads 
in the assembly. Figure 2 displays a close-up view of a 
pad retention spring after the shrink-fit procedure. 

Figure 2:  Shrink-fit of a brake pad spring. 

Step 2: Establish disc/brake pad contact 
Figure 3 displays the caliper housing and a piston. In Step 
2 pressure is applied on the pistons and housing in a 
static analysis. The contact between the pad lining and 
the disc is, thus, established. Step 2 allows the contact 
pressure distribution on the lining surface to be deter-
mined when the disc is not rotating.  

Step 3: Establish steady-state rotational motion  
In this static step a rotational velocity is imposed on the 
disc as a predefined field variable. This provides for the 
modeling of steady-state frictional sliding between two 
bodies that are moving with different velocities. The im-
posed velocity of 9.26 rad/s corresponds to braking at low 
velocity. In addition, the friction coefficient μ is increased 
to 0.4 from 0.0. The present analysis uses a constant 
value of μ. In general, however, the friction coefficient can 
be defined as a function of the relative velocity (slip rate), 
contact pressure, and temperature. If the friction coefficient 
depends on the slip rate, the rotational velocity imposed is 
used to determine the corresponding value of μ. 

Figure 3:  Caliper and piston, with  
pressure-loaded surfaces highlighted. 

The friction coefficient is ramped up from zero to the de-
sired value to avoid the discontinuities and convergence 
problems that may arise because of the change in the 
friction coefficient that typically occurs when bodies in 
contact are moving with respect to each other. 

At the end of this step a steady-state braking condition is 
obtained. A matched mesh between the disc and the pad 
is not required, and a fine mesh is not required for the 
whole disc; rather, it is needed only in the region where 
the pad makes contact (see Figure 4). 

Figure 4:  Disc mesh, showing refinement  
under pad contact area. 

Step 4: Extraction of real eigenvalues and mode 
shapes 
The preceding steps determine the initial stresses in the 
model and the steady-state braking conditions. In Step 4 
the real eigenvalues and mode shapes of the model are 
extracted. In this procedure the tangential degrees of free-
dom at the contact nodes, at which a velocity differential is 
defined, are not constrained. The set of eigenmodes pro-
vides the subspace for computing complex eigenvalues in 
the next step. 

Figure 1:  Disc brake model. 
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Step 5: Extraction of complex eigenvalues and mode 
shapes 

The complex modes analysis determines the complex 
eigenvalues based on the real frequency spectrum calcu-
lated in Step 4. The complex modes analysis is performed 
up to 10 kHz. Although not considered in the present 
analysis, this procedure can account for friction-induced 
damping. 

Results 

Some representative results from each analysis step fol-
low. Figure 5 shows the Mises stress distribution on the 
surface of the disc due to the bolt fastening simulated in 
Step 1. The axial force of the bolts is specified as 2 kN, 
and all bolts are tightened simultaneously. 

The surface pressure distribution on the brake linings af-
ter the application of pressure in Step 2 is shown in Fig-
ure 6a and Figure 6b. The accuracy of the complex mode 
calculation depends strongly on the accuracy of the sur-
face pressure distribution between the pad and the disc. 

After the rotational velocity is applied to the disc and the 
friction coefficient between the disc and the linings is in-
creased in Step 3, the surface pressure distribution on the 
linings changes to that shown in Figure 7a and Figure 7b. 

Figure 6b:  Contact pressure distribution on the inboard  
lining at the end of Step 2. 

Figure 7a:  Contact pressure distribution  
on the outboard lining at the end of Step 3. 

Figure 7b:  Contact pressure distribution  
on the inboard lining at the end of Step 3. 

Figure 5:  Mises stress distribution  
in the disc after bolt tightening. 

Figure 6a:  Contact pressure distribution on the                      
outboard lining at the end of Step 2. 

When the real part of a complex eigenvalue becomes 
positive for a given set of operational parameters, the cor-
responding mode becomes unstable and has the potential 
to radiate squeal noise. An unstable mode is, thus, re-
ferred to as a squeal mode.  

The disc brake system being modeled has been tested 
experimentally. The effects of two parameters, the caliper 
pressure and the friction coefficient, on the unstable 
modes were studied. 
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Brake disc vibration at 2.1 kHz and 18 rpm using electronic speckle 
pattern interferometry 

Figure 9:  Mode shapes of the unstable mode at 2.2 kHz. The snapshot from the  
test (left) shows the mode shape when the squeal noise occurs. 

Figure 8:  The predicted squeal modes at 2.2 kHz and 6.9 kHz lie in the bands  
(2.2–2.4 kHz and 6.6–7.0 kHz) observed experimentally. 
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Figure 8 displays the real parts of the complex eigenval-
ues determined when the coefficient of friction is set to 
0.4 and the caliper pressure is set to 1.5 MPa.  

Two frequency bands, corresponding to the experimen-
tally observed squeal frequencies, are also included in the 
figure.  

It is clear from Figure 8 that the predicted squeal modes 
are included in those observed in the experiment. 

As part of an experimental study presented in Abendroth 
et al. (Ref. 12), an electronic speckle pattern interferome-
try technique is used to measure the deflected shapes of 
a disc brake system. The system of Abendroth et al. 
(Ref. 12) differs slightly from that currently being simu-
lated but still allows for meaningful comparisons. 

As displayed in Figure 9, the experimentally measured 
shapes and the predicted shapes for the low frequency 
squeal mode show similarity. This mode is associated 
with out-of-plane disc motion coupled with pad modes. 

The high frequency squeal mode is dominated by tangen-
tial motion (Figure 10, next page) in which the disc exhib-
its predominantly in-plane rotational action. 

It is natural to assume that the modes with the largest real 
part of an eigenvalue are likely to be unstable. However, 
sometimes such modes are over predictions and unstable 
modes with lower values of the real part can be the actual 
squeal modes. A preferred approach to calibrating analyti-
cal models is to start with the experimental data, identify 
an unstable mode of interest, and look for it among pre-
dicted instabilities. 

Although not considered in the present analysis, Bajer et 
al. (Ref. 11) reviewed the effects of lining wear on the 
brake squeal predictions. The wearing effect causes the 
nodes at the contact surface to move by just a small 
amount, but the difference in the contact pressure distri-
bution on the linings is very significant. The improved con-
tact pressure prediction results in improved squeal mode 
correlation with the experimental data. 
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Figure 10:  Mode shape of the unstable modes at 2.2 kHz (left) and 6.9 kHz (right). The high  
frequency contour is in a cylindrical coordinate system and shows circumferential displacement magnitude 
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