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Abstract  In the automotive industry, brake noise is gaining lot of concern and thus has led to extensive research in this 
field. The brake noise is considered as a discomfort by the passenger and is a failure state in the eye of the manufacturer. The 
audible noise generated can be related to physical vibrations occurring in the system which is termed as stick-slip effect. Thus 
understanding this class of vibration, which is generally friction induced by having the friction coefficient varying with 
relative speed, is necessary to eliminate brake noise. This paper attempts to study the oscillation between the brake pad and 
disc using a simple 1-DOF model. In thus study, stick-slip phenomenon is simulated and studied by using complex non-linear 
friction laws and contacts between a mass and moving belt. Also, a parametric study is conducted to study the effect of mass, 
spring and friction parameters on the stick-slip effect. A transient multi-body simulation is conducted on a simple 1DOF 
model to simulate and study the stick-slip phenomenon, which includes non-linear friction law and multi-point contacts using 
LMS Virtual Lab. 
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1. Introduction 
Brakes are one of the most vital and crucial safety 

features in an automobile where the main focus is on the 
performance and functioning of the brake. However, 
automotive brake noise has become an issue for component 
manufacturers as vehicle comfort has become such an 
important factor to indicate the quality of a passenger car. 
Audible noise also contributes to environmental pollution, 
especially in urban areas, and is regarded by vehicle users 
as an indication of a fault in the braking system which in 
turn is realized as a failure state by the manufacturers. 
Large amount of money is being spent on the warranty and 
repair costs occurring due to the brake noise and vibration 
issue as the failure state has to be covered under the 
vehicle’s warranty [1]. 

Investigation into brake noise has been conducted by 
various experimental and analytic methods. Experimental 
methods, for all their advantages, are expensive mainly due 
to hardware cost and complexity in design iterations. 
Experimental studies on disc brake noise can provide 
substantially accurate solutions, provided with some 
assumptions, simplifications and can also provide critical 
improvements or modifications to resolve this problem over 
several tests and iterations which requires substantial amount  
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of time and resources. An alternate and current method to 
arrive at the solution is the numerical methods using 
computer software tools. This method is fairly accurate but 
needs to be validated beforehand to ensure the validity of the 
solutions obtained. Simulations are therefore preferred and 
emphasized during the pre-development stages. Simulation 
and analysis methods may be divided into two big categories: 
complex eigenvalue analysis in the frequency domain and 
transient analysis in the time domain which is gaining 
momentum over experimental method for their capabilities. 

During disc brake engagement, the brake lining rubs 
against the rotor and the kinetic energy is dissipated in the 
related friction process as heat. This kinetic energy is 
transferred into the energy of the contact asperities, particles, 
and atoms. Then, the energy of the motion of asperities, 
particles, and atoms translates into vibration and generates a 
sound wave [2].  

This paper focuses on the non-linear dynamic transient 
analysis of brake vibration with a multi-body dynamic 
simulation in order to study and simulate the stick-slip 
process in depth. New excitation mechanisms such as 
Coulomb’s friction law and enhanced contact mechanics are 
implemented. The multi-body dynamic simulation model 
includes a simple mass-spring-belt system which can be 
considered as simplified 1-DOF model where the mass 
represents the brake pad and belt represents the disc brake 
and the spring represents the stiffness of the system. The 
main goal is to observe and simulate stick-slip phenomenon 
with the implementation of a velocity dependent friction law 
between the brake pad and the brake disc when in contact. 
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2. Friction Induced Vibration 
Almost all types of vibration and noise problem in brakes 

are generally considered to be friction induced including 
brake squeal and brake groan. The most useful 
classification can be done by distinguishing force-excited 
from self-excited vibrations and by locating the appearing 
vibration frequencies on a frequency scale as shown in 
Figure 1. 

 

Figure 1.  Classification of Noise 

Brake squeal is the result of friction-induced vibration. It 
is perceived in the form of tonal sounds [3]. The fundamental 
frequency of tone is in the range of 1 kHz to 12 kHz. As Day 
[1] states, groan is a semi-resonant vibration, typically <200 
Hz, which is most prevalent at lower speeds and is 
considered to be caused by “stick-slip” arising from a 
negative friction-velocity characteristic. 

Conceptually, friction-induced vibration can be 
accomplished only when force-oscillations are accompanied 
by motion oscillations along the direction of the force 
oscillations with a suitable relative phase. That means, all 
type of brake noise originates as a self-excited oscillation 
which is the stick-slip phenomenon. The simplest and most 
well-known way to generate such a situation appears, when 
the coefficient of sliding friction decreases with relative 
sliding velocity [3]. Thus an appropriate friction law that 
encompasses the above criteria must be chosen. 

2.1. Transient Analysis 

Transient analysis need not make important theoretical 
assumptions underlying the complex eigenvalue analysis 
such as constant contact area between pad and disc, linear 
friction laws etc. The non-linear transient method can 
analyse the effect of time-dependent loads and functions as 
well as perform a stability analysis. The solutions are 
appropriate for situations that are far from the equilibrium 
position or when nonlinearities exist in the system. It allows 
simulating operating conditions by running the nonlinear 
transient process from the initial state to steady state [4]. The 
frequency content can be extracted from the time series by 
applying an FFT (Fast Fourier Transform) principle. FFT is 
an algorithm that converts time domain data to frequency 
domain. 

The main advantage of implementing this process is that, 

it allows sophisticated nonlinear friction laws to be used in 
the system along with any time dependent loads which is a 
crucial input to simulate friction induced vibration. This 
gives more accurate and realistic results compared to other 
processes. The only drawback of transient analysis is its 
formidable computing time and resource heavy systems to 
run the simulations. The advantages of transient analysis 
over the complex eigenvalue analysis such as non-linear and 
time varying loads and functions can help in studying the 
system in its operating state and the implementation of 
complex non-linear velocity dependent friction laws, seem to 
outweigh its shortcomings and thus make it a viable option 
for brake noise analysis. 

2.2. Simplified 1-DOF Model 

Frictionally induced dynamic instabilities in the brake 
may be generated by asperity contact and the physical 
mechanisms of friction which in turn create time-varying 
frictional forces at the friction interface to act as the source 
function for brake noise. As previously explained, stick-slip 
or the µ-speed characteristic of the friction material is 
thought to contribute to the source instability of brake noise 
and can be the source of certain types of brake noise (e.g. 
groan, squeal). In order to understand the source of brake 
noise, a simple 1-degree of freedom model can be 
constructed using a simple mass-spring-damper system with 
friction as shown in the Figure 2. The vibration is produced 
by a one-degree-of freedom vibrator, which rubs against a 
belt moving at constant speed. If the one-degree-of-freedom 
vibrator is transferred theoretically to the wheel brake, then 
the mass “M” represents the brake mass and the elasticity “k” 
as well as the damping “c” represent the elasticity and 
damping of the suspension strut and the brake coupled to the 
mass. The uniform movement of the belt simulates the 
rotation of the brake disc [5]. 

 

Figure 2.  DOF model 

If µ is assumed to decrease linearly with sliding velocity, 
the equations of motion of the pad will be as indicated in the 
below equations: 

𝑀𝑀𝑥̈𝑥 + 𝑐𝑐𝑥̇𝑥 + 𝑘𝑘𝑘𝑘 = 𝐹𝐹𝑓𝑓              (2.1) 
𝑀𝑀𝑥̈𝑥 + 𝑐𝑐𝑥̇𝑥 + 𝑘𝑘𝑘𝑘 =  𝜇𝜇𝑑𝑑𝐹𝐹𝑛𝑛            (2.2) 

𝑀𝑀𝑥̈𝑥 + 𝑐𝑐𝑥̇𝑥 + 𝑘𝑘𝑘𝑘 =  [𝜇𝜇𝑠𝑠 − 𝛼𝛼(𝑉𝑉 − 𝑥̇𝑥)]𝐹𝐹𝑛𝑛      (2.3) 
𝑀𝑀𝑥̈𝑥 + (𝑐𝑐 − 𝛼𝛼𝐹𝐹𝑛𝑛)𝑥̇𝑥 + 𝑘𝑘𝑘𝑘 = (𝜇𝜇𝑠𝑠 − 𝛼𝛼𝛼𝛼)𝐹𝐹𝑛𝑛     (2.4) 

The dampingterm (𝑐𝑐 − 𝛼𝛼𝐹𝐹𝑛𝑛)  would be negative, 
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representing instability, if (𝛼𝛼𝐹𝐹𝑛𝑛 > 𝑐𝑐) and the amplitude of 
the pad vibration would then increase. The negative µ-speed 
dependence is known to aggravate noise caused by other 
mechanisms at low speeds. The self-excited, stick-slip 
oscillation characteristics can be examined by the following 
equation. 

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑉𝑉 − 𝑥̇𝑥              (2.5) 

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 =  � 𝑉𝑉, 𝑥̇𝑥 = 0         𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
 0, 𝑥̇𝑥 = 𝑉𝑉                     𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

�    (2.6) 

Coulomb’s friction law characterizes the differing friction 
coefficients for varying relative sliding velocities as shown 
in Figure 3. 

 

Figure 3.  Coulomb Friction Curve 

At the start of the movement, the mass “M” accelerates 
due to the friction force to the belt velocity, 𝑥̇𝑥=V. The mass 
“M” adheres to the conveyor belt, the degree of freedom of 
the one-degree-of-freedom vibrator is thus force coupled to 
the moving belt. With the progressive deflection of the 
spring, the spring force rises until the maximum adhesion 
force is reached. When exceeding the adhesion force limit set 
by the adhesion coefficient, the mass slips on the moving belt. 
Upon transition of the system from adhesion to slip, the 
degree of freedom of the one degree-of-freedom vibrator 
ceases to be force coupled. The slipping process is 
terminated when the mass again reaches the belt velocity. 
When the damping “c” is greater than the critical damping, 
the belt velocity is no longer achieved and the movement 
enters into a damped harmonic vibration. 

3. Modeling and Simulation 
A simple spring-mass system is sufficient to understand 

and simulate the friction induced vibrations in the system. 
The complex brake system can be reduced and idealised as 
the simple 1 degree of freedom model where the brake pad is 
represented by a mass resting on the conveyor belt which 
represents the brake disc. The mass is held in place using the 
spring of suitable stiffness. The values of the mass and spring 
are appropriately chosen such that they are realistic and 
physical. 

For simulation, transient non-linear implicit solver is 

necessary to capture the non-linearity and dynamic 
instabilities in the system. In this study, LMS Virtual. Lab 
software tool provides the necessary platform to carry out the 
simulation. BDF type of solver is used in the software to 
solve the equations of motion. The input parameters are 
selectively chosen based on the literature and the objectives 
defined. 

3.1. Friction Model 

Since, friction-induced vibration can be accomplished 
only when force-oscillations are accompanied by motion 
oscillations along the direction of the force oscillations with 
a suitable relative phase, the simplest and most well-known 
way to generate such a situation is when the coefficient of 
sliding friction decreases with relative sliding velocity. 
Thus an appropriate friction law that encompasses the 
above criteria must be chosen. The most prominent friction 
model in the literature for a dynamic system is given by 
simple velocity dependence, often assumed to be 
monotonically weakening with increasing velocity such as 
the Coulomb friction law where the coefficient of static 
friction is higher than the dynamic coefficient of friction 
and the friction appears to decrease non-linearly over a 
function of velocity. In general, a monotonic sliding friction 
coefficient can be described by a functional relationship to 
relative velocity and three independent friction parameters. 

𝜇𝜇 = 𝑓𝑓𝑓𝑓 (𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 , 𝜇𝜇0,𝜇𝜇1,𝛼𝛼 )         (3.1) 

𝜇𝜇 =  𝜇𝜇0 + 𝜇𝜇1. 𝑒𝑒  −𝛼𝛼 .|𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟 |         (3.2) 

 

Figure 4.  Velocity dependent friction curve with μ0 and μ1 

From the above figure it can be seen that, static friction 
coefficient (µ0) is larger than dynamic friction coefficient (µ1) 
and µ decreases exponentially over relative velocity between 
pad (mass) and disc (belt). This forms the basis for the most 
critical parameter in this study, which is, friction parameter. 
The exponential law defined above covers the basic 
necessity for inducing and observing the stick-slip 
phenomenon as explained with help of the Coulomb friction 
law. In LMS Virtual. Lab, it is imperative that contact 
friction be defined with the help of the exponential friction 
curve, either by directly inputting the values of µ vs velocity 
or defined with a formula definition similar to the one given 
in the above equation 3.2. 
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3.2. Contacts in MBS 

Contact between objects is an important aspect in 
multi-body dynamics. It is a discontinuous, non-linear 
phenomenon and therefore requires iterative calculations. In 
contact mechanics there are multiple models for predicting 
contact forces and geometrical deformations [6]. Contact 
theory chosen for this study is the Hertzian contact theory. 
Contact is defined between the pad and disc which also 
includes the complex friction law. The contact parameters 
are so chosen such that the contact is physical and close to 
the realistic behaviour. The Hertzian contact is defined with 
Coefficient of Restitution of 1 which implies that the 
contacts are elastic in nature and allows negligible 
penetration. 

4. Results and Discussion 
In this study, the minimal model is utilized to study the 

phenomenon of Slip-Stick occurring in a disc brake. The 
slip-stick phenomenon, as described in the above chapter, is 
a friction induced vibration and occurs mainly due to the 
non-linear and velocity dependent friction parameter. 

Investigation of slip-stick process is carried out on a 
model that includes only the brake disc and the brake pad. 
All the other components such as the caliper, carrier and the 
suspension components are not included. The brake disc is 
represented by a rotating belt with constant velocity at a 
velocity less than 1.5 km/hr as is the standard in all the 
literatures. The pad is held in place through a spring and 
damper system which allows only 1 degree of freedom as 
shown in Figure 2. Contact is defined between the pad and 
disc using point to surface contact. 

The stick-slip phenomenon is investigated in depth by 
studying the effect of the critical parameters on the minimal 
(reduced) model. The parameters that are considered for this 
investigation are mass of the pad (M), spring stiffness (k), 
friction-speed characteristic (μ-V).  

These parameters are divided into three subcases and are 
varied keeping others fixed. Initially, the mass and friction 

values are kept constant and spring stiffness value is varied 
and the results are plotted. Next, a suitable spring stiffness 
value is chosen with pre-defined friction parameter and the 
mass of the pad assembly is varied and its effects are studied. 
Finally, both mass and spring stiffness are kept constant and 
only the friction parameter is varied as shown in table 1. 

Table 1.  Stick-slip study cases 

Case Fixed Parameters Variable 
Parameter Variables 

1 
Mass of pads, 

Friction, Radial 
and Axial Spring 

Tangential 
Spring 

Stiffness 

(i) 2x105N/m 

(ii) 2x106N/m 

2 Spring Stiffness, 
Friction Mass of Pads 

(i) 0.5kg 

(ii) 10kg 

3 Spring Stiffness, 
Mass of pads Friction 

(i) 0.3(Constant) 

(ii) Exponential curve 

The initial spring stiffness value is chosen such that it 
matches closely with the structural stiffness of the caliper 
assembly of a modern car. To check the sensitivity of the 
parameter, the value is multiplied by a factor of 10 and is 
then analysed. Similarly, for the second case of mass 
sensitivity, the initial value closely resembles the actual mass 
of the brake pad and is later altered to arbitrary value for 
sensitivity analysis. The friction parameter is the most 
important parameter. Constant value of coefficient of friction 
is used as a control check i.e. whether the oscillations 
obtained are actually friction induced or are they some 
random vibrations of the system. 

The results are obtained from the post-processor tool in 
the software extracted using markers on the body of the pad. 

To study the effect of spring stiffness on the stick-slip 
effect and by that understand the cause of brake groan, the 
spring stiffness (Case 1) values are changed keeping other 
input same. The result of this study is shown in figure 5. 

Now to understand the behavior of mass variation, two 
simulations are carried out with different mass values to 
study the stick-slip behavior (Case 2). The results of these 
simulations are given in figure 6. 

 
(a) 
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(b) 

Figure 5.  Displacement vs Time plot of the pad for two different spring values (a) 2x105 N/m (b) 2x106 N/m 

 
(a) 

 
(b) 

Figure 6.  Displacement vs Time plot of the pad for two different mass values (a) 0.5 kg (b) 10 kg 
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Finally, the importance of friction parameter to observe and simulate stick-slip phenomenon is studied (Case 3). Here 
friction is varied from a constant value to a velocity dependent function and its results are given below: 

 
(a) 

 
(b) 

Figure 7.  Acceleration vs Time plot of the pad for two different friction values (a) Constant friction (b) Exponential friction 

5. Conclusions 
From the results obtained for the minimal model stick-slip 

analysis, the following observations can be made: 
The motion of the pads in the tangential direction indicate 

that they are friction induced i.e. stick-slip due to the velocity 
dependent friction. The initial motion when the disc just 
starts to rotate, creep groan is observed. The creep groan 
provides the initial energy to the system and induces the next 
stick-slip cycle. Similar observations are made in other 
studies as well such as Mohammed et al [7]. 

The parameters of the system such as, mass of pad, spring 
stiffness and friction control the stick-slip phenomenon. As 
the spring stiffness is increased, the net force becomes larger 
than the frictional force and thus the sticking period is 
reduced. This leads to shorter stick-slip limit cycles and thus 
frequency changes. When the mass of the pads in increased, 

the overall inertia of the body increases and thus it absorbs 
more energy out of the system leading to longer sticking 
period. From the friction parameter check, it can be clearly 
observed that the system does not show any stick-slip or 
friction induced vibrations when the friction value does not 
vary with relative speed. Thus an exponentially decreasing 
friction value with increasing relative velocity is necessary 
criteria to induce self-excited vibrations. 

Thus, the stick-slip phenomenon is simulated and 
analyzed using the multi-body simulation on a simple 
minimal model using LMS Virtual Lab software and a better 
understanding of the stick-slip phenomenon is obtained and 
the underlying parameters that affect it are studied. 
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