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Abstract 
With the development of contemporary drive systems that have a lower or zero 
emission of exhaust products, a significant reduction in the harmful influence of
traffic on the environment has been achieved, but today new pollutants have been
identified on the vehicle. One of such non-exhaust pollutant are brakes whose wear 
can be a significant particulate matter (PM) contributor. Examining the mechanisms
of the formation of particles during braking, and therefore, brake wear is becoming
one of the important areas of research today. There are several tests and driving 
cycles that are applied during the research of the brakes, but they are not primarily
defined for testing particle emissions during braking. UNECE (United Nations
Economic Commission for Europe) has included in its plan the introduction of 
standardised cycles that will prescribe a brake cycle whose purpose will be to
examine the formation of particles. The brake pads are made of a mixture of
different materials that ensure the longevity and efficiency of the brake system and
the applied materials have different wear intensities in certain operating
conditions. The most common laboratory tests in this area are performed using
inertial brake dynamometers. This paper presents an experimental planning
method of quantifying the influence of some of the operating parameters (initial 
speed of the vehicle, braking pressure and vehicle’s load per one brake disc-pads 
friction pair) on the airborne particulate matter for four different brake pads
materials during testing on an inertial brake dynamometer. 

 
1. Introduction 

The emission of harmful materials has been 
identified as one of the major environmental 
problems facing humanity today [1]. There are a 
large number of pollutants that are most often 
associated with industry, traffic, households, etc. 
Also, in addition to pollutants, the substances that 
are released and which we identify as pollutants 
are also important factors. Among such substances 
are also particles, which are perhaps one of the 
most dominant pollutants, which are released into 
the air and thus into the environment [2]. The 
harmfulness of particles is expressed through 

several parameters, but most often their size and 
composition of particles are taken into account, 
which depend on the source itself [3]. 

When it comes to environmental pollution 
caused by traffic, the dominant source of particles is 
vehicles [4]. In addition to the emission of exhaust 
gases, the vehicle can emit particles through 
combustion in the engine and wear of certain 
elements (so-called non-exhaust particles emission) 
[5]. Today, when there are various highly efficient 
systems for the reduction of engine exhaust gases 
emission, strict Euro emission standards and the 
intensive development of hybrid and electric 
vehicles, other sources of particles have been 
identified. One of those sources is the brakes, which 
emit particles that are caused by the wear of 
elements of friction pairs during braking (Fig. 1) [6]. 
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Bearing in mind various researches that have 
concluded that this is one of the significant problems 
of environmental pollution, there is a certain 
potential and opportunities for the introduction of 
legal regulations and standards for the reduction of 
particle emissions caused by brake wear [7]. 

 
Figure 1. Mechanism of the brake wear particles 

formation 

Brake wear is most often investigated using 
computer simulations, laboratory tests on an 
inertial brake dynamometer and pin-on-disc 
tribometers, but also by testing in real road 
conditions [8]. However, the problem in brake 
research is that standard driving cycles and tests 
for testing concerning the formation of particles in 
the braking process have not yet been defined. A 
large number of authors in research use driving 
cycles that are defined for testing brakes in the 
automotive industry. Often, researchers identify 
the formation of particles during braking using 
their own developed tests. However, there are 
indications from the UNECE (United Nations 
Economic Commission for Europe) that there will 
be a prescription of a driving cycle or tests for this 
area [9]. 

The influencing factors that would be analysed 
are the passenger vehicle wheel load, the initial 
speed in the braking process and the pressure in 
the brake system, along with the analysis of the 
impact of the application of different brake pads 
(of different manufacturers, composition and 
geometry). Furthermore, using statistical methods, 
the dominant influencing factors on the 
concentration of the resulting particles would be 
identified and a conclusion drawn as to whether 
the working parameters change their influence 
with the use of different brake pads. 

The aim of this paper is to review driving cycles 
and tests applied in brake tests from the aspect of 
wear and particle formation, only on an inertial 
brake dynamometer. Based on experiment 
planning as a method by which the optimal formula 
of all influential parameters is found, the authors of 
this paper developed their own methodology for 

testing brake particles emission in laboratory 
conditions. An inertial brake dynamometer with the 
extraction of airborne particles from the chamber 
was developed in order to simulate the kinetic 
energy of a vehicle for one brake disc-pads friction 
par. The test program provides a specific 
combination for each test so that when processing 
the results, it can be determined which of the 
factors has the greatest influence on the emission 
of PM2.5 particles. Four types of brake pads from 
different manufacturers, intended for the same 
passenger vehicle model, were tested. 
 
2. Standard driving cycles/tests applied in 

particle emission research 

In the research [10], the driving cycle used for 
testing exhaust gas emissions was applied, and the 
research was done according to the Japanese 
driving cycles JE05 and JC08. The driving cycle JC08 
is applied to test the gas emissions of gasoline-
powered passenger vehicles, while the driving cycle 
JE05 is used for the gas emissions of diesel-
powered trucks, where both cycles are related to 
urban tests. This is the reason that these tests 
include numerous braking and acceleration. The 
maximum speeds achieved in this case are 81.6 
km/h for JC08 and 87.6 km/h for JE05. According to 
[11], the average speed for the JE05 driving cycle is 
26.94 km/h, the maximum speed is 88 km/h and 
the duration of one cycle is 1800 s. For cycle JC08, 
the duration of the test was 1230 s. Figure 2 shows 
graphical representations of these tests. 

 

 
Figure 2. Japanese driving tests: (a) ЈС08 and (b) ЈЕ05; 
adapted from Hagino et al. [10], licensed under CC BY 

4.0 

It is certainly important to mention two tests 
that are also applied in the automotive world, and 
which can be a significant indicator for the choice 
of braking parameters. The mentioned two tests 
are NEDC (New European Driving Cycle) and WLTP 
(Worldwide harmonized Light vehicles Test 

(a)

(b)
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Procedure). The NEDC test is performed so that the 
maximum speed is varied up to a maximum of 120 
km/h, while the average speed is 34 km/h, the 
maximum deceleration is 1.04 m/s2 and the 
average deceleration is 0.5 m/s2. In the case of the 
WLTP test, the maximum speed is 131 km/h (56.5, 
76.6, 97.4 and 131.3 km/h). In this case, the 
maximum deceleration is 1.58 m/s2, while the 
average deceleration is 0.39 m/s2 [12]. 

For the particle emission test by Woo et al. [13] 
FTP-75 (Federal Test Procedure) was used and it 
should be noted that this is one of the tests 
conducted in the USA. Based on [14], it was found 
that the average speed is 34.12 km/h, the length of 
the simulated journey is 17.77 km, and the duration 
is 1877 s, while based on [15] it can be concluded 
that the maximum speed was 91.25 km/h. Some of 
the speed values that vary are 36.86, 49.57, 51.82, 
76.44 and 91.25 km/h. Figure 3 is a graphical 
representation of this test. 

 
Figure 3. Graphical representation of FTP-75; 

adapted from [14] 

In the research [13], another cycle that can be 
used for testing particles produced by brake wear is 
presented, namely 3h-LACT (Los Angeles City 
Traffic). This is one of the tests intended for 
vehicles intended for the American market [16]. 
Based on [17], it can be seen that a shortened 
version of this test was applied in the LOWBRASYS 
(LOW environmental impact BRAke SYStem) 
project. The maximum speed achieved in this test is 
154.33 km/h, the minimum value is 16.90 km/h, 
and the average speed value is 53.79 km/h. During 
the test, 217 brakes were applied, and the pressure 
in the brake system was 15 bar [18] (Fig. 4). 

Sanders et al. [19] applied two different tests, 
the Urban Dynamometer Program (UDP) and the 
test that is a braking simulation according to Auto 
Motor und Sport magazine (AMS). In the case of 
UDP, the simulated initial braking and deceleration 
speeds were varied. Speeds are simulated in the 
range from 37 to 89 km/h, and the deceleration 
varied from 0.6 to 1.6 m/s2. The initial temperature 

depended on the vehicle for which the research 
was conducted, but for passenger vehicles, it 
ranged from 54 to 177 °C. There were exactly 24 
different parameter variations, and each test was 
repeated 41 times. The AMS test consisted of a 
total of 10 repetitions of braking with a 
deceleration of 0.8 g from the vehicle's initial 
speed of 100 km/h, the test was repeated 3 times, 
and i.e. a total of 30 brakings were performed. 

 
Figure 4. Graphical representation of 3h-LACT and 

LACT-20; adapted from Mathissen et al. [18], licensed 
under CC BY 4.0 

Perricone et al. [20] used modified SAE 2707 
braking cycles in their test, where parameters 
were varied, namely initial speed, deceleration and 
initial temperature. The entire test was divided 
into several phases and each of the phases 
(braking cycle) had several repetitions in the 
presented research. Each phase in this cycle was 
supposed to simulate certain road conditions and 
road categories. Initial speed (vo), final speed (ve), 
initial temperature (To), deceleration (a) and 
braking number (n) are defined. 

In the research [21], a brake cycle based on the 
SAE J2707 method B standard, which is used in the 
automotive industry to evaluate the wear of 
friction pairs of the braking system and is known as 
Block Wear Evaluation, was applied. The initial 
speeds applied in this case are 50, 80, 100, 150 and 
180 km/h, and the deceleration is also varied. The 
number of brakes varies depending on the brake 
section, but generally, they are 5, 10, 20 and 50 
brakes. In this case, half of the braking (stopping) 
prescribed by the SAE J2707 standard for running-
in friction pairs was performed. 

A similar methodology was also applied in 
research [22], where the same test was applied, only 
a shortened version of it. In the research of the 
authors Ferrer Almirall and Mateu Cabre [23], a 
comparative analysis of different driving tests used 
around the world, such as those performed in China, 
Europe and the USA, was performed. The tests used 
in China are Yellow Mountain and Shanghai, Mojacar 
and Barcelona are shown as European tests, while 
the Los Angeles test was used as a test from the 
USA. The minimum and maximum speeds of the 

https://doi.org/10.3390/atmos10090556
https://creativecommons.org/licenses/by/4.0/


S. Vasiljević et al. | Tribology and Materials 2 (2023) 8-19 

 11

driving cycles vary, but the minimum speed in the 
comparison of all tests is 20 km/h, while the 
maximum speed is 120 km/h, but depending on the 
test these values differ. Average speeds per test are 
Yellow Mountain: 42 km/h, Shanghai: 42 km/h, 
Mojacar: 61 km/h, Barcelona: 39 km/h, and Los 
Angeles: 39 km/h. It can also be observed that the 
deceleration values range from 0.5 to 4 m/s2. 

Research [24,25] showed that in the tests of 
brake wear and the formation of particles, they 
used the so-called AK Master test that is normally 
conducted under the SAE J2522 standard [26]. It 
was observed that during the test, various tests 
prescribed by the standard can be carried out, but 
when analysing the resulting particles, 
speed/pressure tests are most often carried out, 
where the initial speeds, final speeds and 
pressures in the brake system are varied. In Table 
1, according to the previously mentioned 
references, the values of the speed parameters are 
shown, while for each test in reference [25] the 
pressure (pk) was varied from 10 to 80 bar. 

Table 1. Applied pressure and speed values according 
to the AK Master test 

Pressure 
series 

Initial speed, 
km/h 

Final speed, 
km/h 

Brake 
pressure, bar

4.1 40 5 
4.2 80 40 
4.3 120 80 
4.4 160 130 
4.5 200 70 

10, 20, 30, 
40, 50, 60, 

70, 80 

 
Furthermore, one of the tests that are carried 

out, which is outside the brake cycles, is the 
European directive for brake testing. This directive 
[27] is not specifically related to brake wear, but it 
is related to the testing of brakes, more precisely 
replacement disc brakes and elements. According 
to the source [27], these tests are performed 
based on the change of braking parameters and 
are applied to vehicles of categories M1 and M2. 
According to ECE R90, it is prescribed what 
equipment an inertial brake dynamometer must 
have. Two tests are defined, namely pressure 
variation and initial temperature. In the first test, 
brake pressures varied in the range from 1.5 to 5.1 
MPa, at an initial speed of 80 km/h, while the final 
speed is 30 km/h; 32 repetitions are prescribed. In 
the case of the second test, the initial 
temperatures are in the range of 100 to 483 °C. 
The initial speed is 100 km/h, while the final speed 
is 5 km/h. The pressure is always 16 MPa. 

A braking test cycle based on the Worldwide 
harmonized Light vehicles Test Procedure (WLTP) 
database that is used to measure exhaust 
emissions from cars has already been developed. 
Further work will be needed to determine how to 
handle conventional and non-conventional light-
duty vehicles (i.e. hybrids, electric cars), as well as 
trucks. In addition, Working Party on Pollution and 
Energy (GRPE) will also need to assess how to take 
into account technologies such as regenerative 
braking systems used to recharge batteries in 
electric and hybrid vehicles, and more generally 
Advanced Driver Assistance Systems (ADAS), which 
are changing the way braking systems are used. 
 
3. Custom brake tests developed by different 

researchers 

The overview of standard tests shown above is 
significant for researchers in the field of tribological 
characteristics of brakes and the formation of 
particles, who can develop their tests [28]. 

In the research [29] of vehicle brakes with an 
inertia of 50 kgm2, a test was carried out in 5 cycles 
of 500 braking at speeds from initial 60 km/h to 
stopping. Braking was performed with a constant 
deceleration of 2 m/s2. Each cycle has a constant 
temperature at the start of braking, the first at 
100 °C, the second at 200 °C, the third at 300 °C, 
the fourth at 400 °C and the fifth again at 100 °C. 
The purpose of repeating the cycle at 100 °C is to 
check whether the wear repeats at the same 
intensity even after exposure to high temperatures. 

In [30], a comparative measurement was 
performed on a tribometer and a dynamometer 
using a driving cycle designed to simulate urban 
driving for air brake emission measurements. This 
cycle is based on vehicle tests carried out in the 
city of Bergamo, Italy. Interesting for our research 
are the deceleration values in this test, which 
change from 0.16 to 0.31 m/s2, and depending on 
the initial speeds, which had values of 36, 52, 57, 
70 and 79 km/h. 

In the research conducted by Hagino et al. [31] 
an analysis of the concentration of particles 
produced by brake wear, as well as particles 
released by re-accelerating the vehicle, was 
performed. In relation to research [10], in this 
case, no braking cycle was applied, but only certain 
braking parameters were varied. As in the previous 
research, two passenger vehicle brakes and one 
light truck brake were used. In this case, the speed 
of the vehicle was varied, i.e. the simulated speed 
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on the inertial brake dynamometer and 
deceleration. Thus, the speeds had values of 20, 40 
and 60 km/h, while the decelerations were 0.5, 
1.0, 1.5 and 3.0 m/s2. A deceleration of 3.0 m/s2 
was not applied for the truck due to the load. The 
release of particles during the re-acceleration of 
the vehicle was also examined. 

Iijima et al. [32] varied the deceleration and 
speed in their research on the formation of 
particles due to brake wear. It should be kept in 
mind that in the research they examined more 
brake pads, while the number of parameter 
variations differed depending on the brake pad. 
The number of brakes at certain parameters also 
differed. The simulated speeds were 40, 50 and 60 
km/h, while the applied decelerations were 1.0, 
2.0 and 3.0 m/s2. 

In the study of the emission caused by brake 
wear during braking [33], the pressure in the 
braking system and the simulated speed of the 
vehicle were varied. The varied speeds were 80 
and 100 km/h. The pressures applied in this case 
were 5 and 10 bar. For a speed of 100 km/h, both 
pressure values were varied, while for a speed of 
80 km/h, only a pressure of 10 bar was applied. 
 
4. Development of inertial brake 

dynamometer for brake particle emission 
measurement 

Inertial brake dynamometers are one of the 
most commonly used brake testing devices. The 
advantage of inertial brake dynamometers is that 
it enables the testing of real, serially produced car 
brakes that are mounted and activated in the same 
way as on a vehicle, but can be tested under 
controlled conditions. Such tests belong to the 
group of tests that are closest to the actual braking 
process on the road. An inertial brake 
dynamometer (BrakeDyno 2020) was developed at 
the Faculty of Engineering of the University of 
Kragujevac. In order to simulate the kinetic energy 
of one-quarter of the vehicle, a flywheel is applied, 
which is driven by an electric motor, and at the 
end of the shaft there is a rotor, i.e. passenger 
vehicle brake disc. The selection of the kinetic 
energy value, instead of the usual use of a 
combination of different inertial masses, is 
achieved by changing the rotation speed of the 
flywheel mass. In this way, the change in the 
simulated initial braking speed and a load of one-
quarter of the vehicle is achieved according to the 
mathematical model shown in Grujić et al. [34]. 

The disc brake is activated using pneumatic and 
hydraulic mechanisms. The entire braking process, 
selection of the initial speed, pressure and load 
corresponding to one-quarter of the vehicle, is 
controlled electronically. 

BrakeDyno 2020 uses a series of sensors through 
which different output variables can be monitored 
(brake pad temperature, braking torque, pressure, 
braking time, etc.) [35]. It should be kept in mind 
that the inertial dynamometer is designed to allow 
easy adaptations for various measurements and 
research. Figure 5 shows the appearance of 
BrakeDyno 2020, which has been modified in order 
to measure the concentration of particles produced 
by the wear of friction pairs of brakes. 

 

 
Figure 5. BrakeDyno 2020 adapted for particle 

emission measurement 

Having in mind the problem of the presence of 
particles that do not occur due to brake wear, 
during the test it is necessary to enable the 
measurement of only the particles formed by the 
brakes. This is solved by isolating the brake itself in 
a closed chamber from which the particle 
measuring device draws air with brake wear 
particles. In this way, the particle measuring device 
retracts and measures only the airborne particles 
formed during the braking process, while the other 
particles remain outside the chamber and the 
device does not retract those particles. The 
appearance of the chamber itself is different 
depending on the experimental installation used 
for measurement and the volume of the chamber 
does not affect the measured average airborne 
particle concentration. 
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Figure 6 shows the chamber and the installation 
that was used to measure the average 
concentration of airborne wear particles. As shown, 
the disc brake is located inside a chamber that is 
hermetically sealed. The chamber is closed with 
plexiglass on all sides, except in the parts through 
which air passes inside the chamber and when air is 
extracted from the chamber with the particles 
being measured. Before the air enters the chamber, 
it is purified through an HEPA filter, which aims to 
keep all particles from the environment, and thus 
clean air enters the chamber. This eliminates the 
possibility of measuring particles that are not the 
product of brake wear. The resulting particles are 
measured using the Trotec PC220 (Fig. 7). The 
device has its air extraction pump, but there was a 
need for an additional device that helps the 
extraction of particles by reducing the pressure. 
This extraction of particles and air from the 
chamber can lead to the creation of a vacuum, and 
for that reason, there is a filter and a part of the 
chamber from which air enters the chamber, and it 
is purified through a filter. Thus, as much air is 
extracted from the chamber, as much air is drawn 
into the chamber through the filter. 

 
Figure 6. Scheme of chamber and installation for 

measuring particles on BrakeDyno 2020 

Control of the test bench for testing disc brakes 
is realised through a computer, where automatic 
control is made in the software package 
LabVIEW™, as well as defining the initial data 
about the simulated vehicle and setting the 
braking parameters. The computer communicates 
with the test bench through the A/D converter, 
which has the task of sending command signals 
and collecting signals from the encoder. The 
command signal that is sent from the computer to 
the test bench, through the A/D converter, is a 
signal for defining the angular velocity of the 
engine. In addition, the role of the A/D converter is 
to discretise analogue signals from the sensors and 

transfer them to the computer, where the 
obtained measurement results will be stored in the 
computer's memory, and which will later be 
processed and analysed. 

 
Figure 7. Position of the particle-measuring device 

Extraction of air and particles from the chamber 
is done from the upper side of the chamber. The 
position of the particle-measuring device is shown 
in Figure 7, as well as the construction of the 
adapter by which the device is connected to the 
chamber. 

An asynchronous electric motor with a nominal 
power of 18.5 kW is used to drive the test bench, 
i.e. to drive the flywheel. The connection between 
the electric motor and the flywheel shaft is 
achieved via an electromagnetic coupling. That is 
why it is important to enable precise geometric 
adjustment both horizontally and vertically of the 
electric motor shaft axis with the axis of the 
flywheel mass shaft, so that vibrations do not 
occur during operation, which would, in the worst 
case, cause the electric motor shaft to break. 

The flywheel shaft is supported on both sides 
via two rolling bearings on the support structure of 
the test bench base. At the other end of the 
flywheel shaft, there is a brake disc that is firmly 
connected to the shaft. The floating brake calliper 
is attached to the support base via the calliper 
bracket and the force sensor, so when the brake is 
activated, there is a slight movement of the 
calliper carrier. As the sensor measures the force, 
and the moment arm is known, the braking torque 
can be simply calculated. It was found in the 
research of other authors that the temperature of 
the brake friction pairs influences the emission of 
particles. Two temperature sensors are installed 
inside the brake pads to measure the temperature 
at the inlet and outlet of the outer and inner brake 
pads. The brakes are activated via a hydraulic 
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brake installation that corresponds to a real 
passenger vehicle, and the hydraulic brake 
installation is activated via a pneumatic part that is 
supplied with air from the compressor. The signal 
to activate the brakes comes from the A/D 
converter. First, the pressure in the pneumatic 
installation increases, so that the air from the 
compressor reaches the pneumatic installation 
through the lines. Then the brake cylinder is 
activated, and by further increasing the pressure in 
the hydraulic brake installation, the brake pads 
press against the brake disc with increasing force, 
whereby the pressure of the brake pads is defined 
before the start of the measurement. During 
operation, the pressure is measured by pressure 
sensors, both in the pneumatic and hydraulic brake 
installation. The A/D converter is connected to a 
frequency regulator, which supplies the electric 
motor in order to start it or turn it off. 

The movement of the vehicle is realised at 
different speeds in laboratory conditions, and the 
braking process is realised in a predefined 
sequence, in certain time intervals and with certain 
braking parameters, such as e.g. deceleration. 
Brake cycles simulate the movement of vehicles in 
urban or non-urban conditions, which enables a 
comparative analysis in certain defined conditions. 
Bearing in mind that there are no brake cycles 
defined by the standard for the analysis of particle 
emissions that occur during braking, various 
authors use driving cycles that are used in 
numerous researches on motor vehicles, which 
have, in this case, the objective of examining the 
formation of brake wear particles. 

On the other hand, in a certain number of 
studies, some of the previously prescribed driving 
cycles are not applied, to any research area. In 
this case, the authors of the research, based on 
their own experience or that of other researchers, 
define and choose the ways of performing the 
tests themselves. The aforementioned refers to 
the formation of own tests, in terms of the 
selection of braking parameters (e.g. simulated 
initial speed, braking pressures, initial temperature, 
deceleration, etc.). 
 
5. Research results 

Based on the previously presented research, the 
authors of this paper decided on the approach that 
no standard braking cycle will be applied, but only 
certain braking parameters will be varied. The test 
program provides a specific combination for each 

test so that when processing the results, it can be 
determined which of the factors has the greatest or 
least influence on the emission of PM2.5 particles. 
Test brake parameters are shown in Table 2 [36]. 

Table 2. Test brake parameters 

Parameter Value 
Simulated vehicle's load per one 
brake disc-pads friction pair, kg 150, 250 

Simulated vehicle speed, km/h 20, 40, 60, 80 

Brake pressure in a hydraulic 
system, MPa 1, 2, 3, 4 

 
It was found that depending on the disc 

material, the temperature has a different effect on 
the resulting particle emission. The importance of 
disc coating in order to reduce the emission of 
particles generated in the braking process and to 
reduce the intensity of wear was presented in 
research [37]. In this research, it was shown that 
different materials can be used to cover the 
surface of the brake discs, as well as technologies 
that can reduce the intensity of brake wear and 
the resulting emission of particles. 

Four types of brake pads from different 
manufacturers, intended for the same passenger 
vehicle model, were tested (Fig. 8). The brake pads 
differed in their structural details, as well as their 
composition (the presence of, for example, Cu). 
The average concentration of wear particles was 
measured by varying the operating parameters 
shown in Table 2. 

Table 3 shows the material types and geometry 
of the brake pads labelled from A to D. In the case 
of formulation of brake pads B, the manufacturer 
used environmentally clean materials and a small 
percentage of metals in them. Brake pads C 
correspond to the N category of the formulation, 
which prescribes the maximum percentage values 
of metals that are allowed to be in the composition 
of brake pads. 

When defining the experiment, in order to 
apply the Taguchi method, it is necessary to 
adhere to the plan of the experiment. With this 
approach, the experiment plan is obtained much 
faster. Based on the latest literature available, the 
Taguchi method has proven to be a reliable 
method for planning experiments. The program 
provides a specific combination for each test so 
that when processing the results, it can be 
determined which of the factors has the greatest 
or least influence. 
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Figure 8. Brake pads and disc used in the research 

Table 3. Brake pads 

Brake 
pad 
code 

Brake pad type Brake pad geometry 

A semi-metallic no lots and chamfer 

B low-metallic, eco-
friendly formulation 

parallel single slot, 
parallel single chamfer 

C N category of 
formulation parallel single chamfer 

D semi-metallic parallel single slot, 
parallel single chamfer 

 
Table 4 shows which of the working parameters 

has the greatest influence on the emission of, e.g. 
PM2.5 particles for brake pad type A. The behaviour 
of other brake pad materials shows similar 
dependence so only the representative type A is 
shown in this paper. 

The conclusion is reached that the initial speed 
of the vehicle has the greatest influence, and the 
same conclusions are reached if the difference 
between the maximum and minimum values 
(delta) for each factor is observed. The higher the 
value of the difference of a factor compared to 
another, it only means that it has a great influence 
on the output size. 

Table 4. S/N ratio where the smaller-is-better 

Level Load Speed Pressure 

1 – 33.89 – 10.84 – 39.74 
2 – 41.21 – 32.84 – 35.81 
3  – 48.09 – 37.06 
4  – 58.41 – 37.58 

Delta 7.32 47.57 3.94 
Rank 2 1 3 

 
The value of the S/N ratio (brake pad type A) 

was calculated for each level of the control factor 
(Table 4) and the diagram in Figure 9 was drawn 
based on these values. 

 
Figure 9. The influence of the considered factors on 

the average S/N ratio for the mean value of the 
stopping time for PM2.5 particles (brake pad type A) 

By optimising the data using ANOVA analysis, 
the conclusion is reached that vehicle speed is the 
most influential when it comes to the emission of 
PM2.5 particles (Table 5). 

Table 5. Variance analysis (brake pad type A) 

Factor DoF Seq SS Adj MS F-ratio % 

Load 1 429.0 428.97 51.21 3.918 
Speed 3 10,254.7 3418.24 408.09 93.654
Pressure 3 64.8 21.60 2.58 0.592 
Error 24 201.0 8.38  1.836 
Total 31 10,949.5   100.00

D 

A 

B 

C 
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The effects of the considered factors on the 
average concentration of particles for brake pad 
type A are shown in Figure 10. 

 
Figure 10. Graphical interaction for the S/N ratio for 

the average concentration of particles (brake pad 
type A) 

Looking at factor X (vehicle speed), the lowest 
concentration is when the speed is the lowest, which 
is logical. Also, the lower the mass of the considered 
vehicle (factor Y), the lower is the concentration. 
However, the greater the pressure achieved in the 
brake installation (factor Z), the lower is the 
concentration. If the control factor line is close to the 
horizontal, then it has the least impact on particle 
emissions. In the case where the control factor is 
represented by a line that has a large slope in relation 
to the horizontal, it has a greater influence. Taking 
into account these rules, the minimum PM2.5 particle 
concentration is obtained for the case X1-Y1-Z4. 

Figure 11 shows an example of the obtained 
results for the analysis of the influence of vehicle 
speed at the beginning of the braking process for 
four types of brake pads on the average 
concentration of particles. 
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Figure 11. Influence of initial vehicle speed and brake 

pressure during measurement of PM2.5 particle 
emission 

Figure 12 is a 3D representation of the influence 
of braking parameters (brake pressure and vehicle 
speed) for different brake pads materials, i.e. 
design characteristics of brake pads on the average 
concentration of particles PM2.5 for a load of 150 kN 
(simulated mass of quarter vehicle). 
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Figure 12. Analysis of average concentration PM2.5 

particles 
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6. Conclusion 

Based on the presented research that studies 
the particles produced by brake wear, which were 
carried out on an inertial brake dynamometer, the 
following can be concluded. 

The test/driving cycle/standard that is intended 
to investigate the formation of particles due to 
wear of friction pairs has not yet been precisely 
prescribed or developed. 

Most researchers use brake cycles or tests 
prescribed for research in other areas of the 
automotive industry or list/develop their own 
driving cycles/tests. 

In the tests that were applied, different 
parameters of braking or simulated braking in 
real conditions were varied. The variation of the 
parameters depends on the driving cycles that 
have been applied or on what the researcher 
himself wants to examine. In most of the 
research, vehicle speeds, pressures in the brake 
system, braking torques, decelerations, etc. were 
varied. 

This review was important for the authors 
because they planned their research based on it 
and developed their methodology to study the 
influence of certain braking parameters and the 
type of brake pads on brake wear and the 
formation of particles. 

The inertial brake dynamometer developed for 
this research is a very complex installation that 
allows several different tests of vehicle brakes and 
changes of the various parameters with an 
additional chamber that retains the airborne 
emission product that can be breathed in by 
humans and carries a portable particle counter. 
The advantage of this measurement method is that 
the particle measuring device retracts and 
measures only the airborne particles formed 
during the braking process, while the other 
particles remain outside the chamber. With this 
method, it is not possible to measure the total 
wear material, and after each test, the brake pads 
must be thoroughly cleaned of the particles that 
remain trapped in micro-roughness on the friction 
surfaces and the chamber of heavier particles that 
the device did not extract. 
 
Acknowledgement 

The Republic of Serbia, Ministry of Science, 
Technological Development and Innovation 
supported the research presented in the article 
(grant number TR 35041). 

References 

[1] Health Effects of Particulate Matter, World 
Health Organization Regional Office for Europe, 
Copenhagen, 2013. 

[2] N. Perron, J.Sandradewi, M.R. Alfarra, P. 
Lienemann, R. Gehrig, A. Kasper-Giebl, V.A. Lanz, 
S. Szidat, M. Ruff, S. Fahrni, L. Wacker, U. 
Baltensperger, A.S.H. Prévôt, Composition and 
sources of particulate matter in an industrialised 
Alpine valley, Atmospheric Chemistry and 
Physics Discussion, Vol. 10, 2010, pp. 9391-9430, 
DOI: 10.5194/acpd-10-9391-2010 

[3] G. Shaddick, M.L. Thomas, P. Mudu, G. Ruggeri, 
S. Gumy, Half the world’s population are 
exposed to increasing air pollution, npj Climate 
and Atmospheric Science, Vol. 3, 2020, Paper 23, 
DOI: 10.1038/s41612-020-0124-2 

[4] C. Hung-Lung, H. Yao-Sheng, Particulate matter 
emissions from on-road vehicles in a freeway 
tunnel study, Atmospheric Environment, Vol. 43, 
No. 26, 2009, pp. 4014-4022, DOI: 10.1016/j. 
atmosenv.2009.05.015 

[5] A. Charron, L. Polo-Rehn, J.-L. Besombes, B. 
Golly, C. Buisson, H. Chanut, N. Marchand, G. 
Guillaud, J.-L. Jaffrezo, Identification and 
quantification of particulate tracers of exhaust 
and non-exhaust vehicle emissions, Atmospheric 
Chemistry and Physics, Vol. 19, No. 7, 2019, pp. 
5187-5207, DOI: 10.5194/acp-19-5187-2019 

[6] J. Kukutschová, P. Filip, Review of brake wear 
emissions, in F. Amato (Ed.), Non-Exhaust 
Emissions, Academic Press, London, 2018, pp. 
123-146, DOI: 10.1016/B978-0-12-811770-
5.00006-6 

[7] EuroBrake 2021: Brake emissions regulation 
imminent as non-exhaust emissions surge, 
available at: https://www.fisita.com/post/ 
eurobrake-2021-brake-emissions-regulation-
imminent-as-non-exhaust-emissions-surge, 
accessed: 25.11.2021. 

[8] A. Sinha, G. Ischia, C. Menapace, S. Gialanella, 
Experimental characterization protocols for 
wear products from disc brake materials, 
Atmosphere, Vol. 11, No. 10, 2020, Paper 1102, 
DOI: 10.3390/atmos11101102 

[9] UNECE to develop global methodology to 
measure particle emissions from vehicles’ 
braking systems, available at: https://unece.org/ 
environment/press/unece-develop-global-
methodology-measure-particle-emissions-vehicles- 
braking, accessed: 07.12.2021. 

[10] H. Hagino, M. Oyama, S. Sasaki, Laboratory 
testing of airborne brake wear particle 
emissions using a dynamometer system under 
urban city driving cycles, Atmospheric 

https://doi.org/10.5194/acpd-10-9391-2010
https://doi.org/10.1038/s41612-020-0124-2
https://doi.org/10.1016/j.atmosenv.2009.05.015
https://doi.org/10.1016/j.atmosenv.2009.05.015
https://doi.org/10.5194/acp-19-5187-2019
https://doi.org/10.1016/B978-0-12-811770-5.00006-6
https://doi.org/10.1016/B978-0-12-811770-5.00006-6
https://www.fisita.com/post/eurobrake-2021-brake-emissions-regulation-imminent-as-non-exhaust-emissions-surge
https://www.fisita.com/post/eurobrake-2021-brake-emissions-regulation-imminent-as-non-exhaust-emissions-surge
https://www.fisita.com/post/eurobrake-2021-brake-emissions-regulation-imminent-as-non-exhaust-emissions-surge
https://doi.org/10.3390/atmos11101102
https://unece.org/environment/press/unece-develop-global-methodology-measure-particle-emissions-vehicles-braking
https://unece.org/environment/press/unece-develop-global-methodology-measure-particle-emissions-vehicles-braking
https://unece.org/environment/press/unece-develop-global-methodology-measure-particle-emissions-vehicles-braking
https://unece.org/environment/press/unece-develop-global-methodology-measure-particle-emissions-vehicles-braking


S. Vasiljević et al. | Tribology and Materials 2 (2023) 8-19 

 18

Environment, Vol. 131, 2016, pp. 269-278, DOI: 
10.1016/j.atmosenv.2016.02.014 

[11] Japanese JE05 cycle, available at: 
https://dieselnet.com/standards/cycles/jp_je05.
php, accessed: 19.09.2021. 

[12] A new standard – An overview of WLTP for 
passenger cars and light commercial vehicles, 
available at: https://www.volkswagenag.com/ 
presence/konzern/group-fleet/dokumente/WLTP_ 
Basic_Knowledge.pdf, accessed: 18.11.2021. 

[13] S.-H. Woo, Y. Kim, S. Lee, Y. Choi, S. Lee, 
Characteristics of brake wear particle (BWP) 
emissions under various test driving cycles, 
Wear, Vol. 480-481, 2021, Paper 203936, DOI: 
10.1016/j.wear.2021.203936 

[14] EPA federal test procedure (FTP), available at: 
https://www.epa.gov/emission-standards-
reference-guide/epa-federal-test-procedure-ftp, 
accessed: 01.10.2021. 

[15] Dynamometer drive schedules, available at: 
https://www.epa.gov/vehicle-and-fuel-emissions- 
testing/dynamometer-drive-schedules, accessed: 
01.10.2021. 

[16] What is Los Angeles city traffic test – How to 
test LACT cycle, available at: https://www.tecsa-
rd.it/en/losangeles-city-traffic-test-lact-cycle/, 
accessed: 15.10.2021. 

[17] M. Mathissen, C. Evans, Lowbrasys brake wear 
cycle – 3h LACT, Mendeley Data, 2019, DOI: 
10.17632/4cgs6myx9d.1 

[18] M. Mathissen, T. Grigoratos, T. Lahde, R. Vogt, 
Brake wear particle emissions of a passenger car 
measured on a chassis dynamometer, 
Atmosphere, Vol. 10, No. 9, 2019, Paper 556, 
DOI: 10.3390/atmos10090556 

[19] P.G. Sanders, T.M. Dalka, N. Xu, M.M. Maricq, 
R.H. Basch, Brake dynamometer measurement 
of airborne brake wear debris, SAE Technical 
Paper Series, 2002, Paper 2002-01-1280, DOI: 
10.4271/2002-01-1280 

[20] G. Perricone, M. Alemani, I. Metinöz, V. Matějka, 
J. Wahlström, U. Olofsson, Towards the ranking 
of airborne particle emissions from car brakes – A 
system approach, Proceedings of the Institution 
of Mechanical Engineers, Part D: Journal of 
Automobile Engineering, Vol. 231, No. 6, 2017, 
pp. 781-797, DOI: 10.1177/0954407016662800 

[21] M. Alemani, G. Perricone, U. Olofsson, A. 
Söderberg, J. Wahlström, A. Ciotti, A proposed 
dyno bench test cycle to study particle emissions 
from disc brakes, in Proceedings of the 
EuroBrake 2014, 13-15.05.2014, Lille, France, 
Paper EB2014-SE-001. 

[22] I. Metinöz, V. Matějka, M. Alemani, J. Wahlström, 
G. Perricone, Could pin-on-disc tribometers be 
used to study the friction/wear performance of 

disc brake materials?, in Proceedings of the 
EuroBrake 2016, 13-15.06.2016, Milan, Italy, 
Paper EB2016-MDS-010. 

[23] B. Ferrer Almirall, R. Mateu Cabre, Study of the 
Chinese brake durability patterns and 
comparison with the main worldwide 
programmes, in Proceedings of the EuroBrake 
2018, 22-24.05.2018, The Hague, Netherlands, 
Paper EB2018-VDT-020. 

[24] S. Gramstat, T. Mertens, R. Waninger, K. 
Augsburg, C. Hamatschek, D. Hesse, Functional 
coatings of gray-cast iron brake discs – Impact on 
the tribology, in R. Mayer (Ed.), Berichte aus dem 
µ-Club 2020, Springer Vieweg, Berlin, 2021, pp. 
162-170, DOI: 10.1007/978-3-662-63028-0_10 

[25] K. Augsburg, D. Hesse, Comparative study of 
brake particle emissions, in Proceedings of the 
11. Internationales AVL Forum Abgas- und 
Partikelemissionen, 03-04.03.2020, 
Ludwigsburg, Germany, pp. 1-15. 

[26] SAE J2522, Dynamometer Global Brake 
Effectiveness, 2003. 

[27] Regulation No 90 of the Economic Commission 
for Europe of the United Nations (UN/ECE) – 
Uniform provisions concerning the approval of 
replacement brake lining assemblies, drum-
brake linings and discs and drums for power-
driven vehicles and their trailers, Official Journal 
of the European Union, Vol. 61, No. L 290, 2018, 
pp. 54-161. 

[28] S.Ž. Vasiljević, J.D. Glišović, J.K. Lukić, N.R. 
Stojanović, I.Lj. Grujić, Analiza radnih 
parametara kočenja pri ispitivanju habanja 
kočnica i nastanka čestica na inercijalnom 
kočnom dinamometru [Analysis of braking 
parameters in testing of brake wear and 
particles formation on inertial brake 
dynamometer], Tehnika, Vol. 77, No. 2, 2022, 
pp. 195-202, DOI: 10.5937/tehnika2202195V [in 
Serbian]. 

[29] T. Rodrigues Gomes, M.R. Farias Soares, C.P. 
Bergmann, The size effect of silicon carbide 
particles on the wear of brake pad materials, in 
Proceedings of the EuroBrake 2020, 02-
04.06.2020, Barcelona, Spain, Paper EB2020-
FBR-024, DOI: 10.46720/eb2020-fbr-024 

[30] G. Perricone, M. Alemani, J. Wahlström, U. 
Olofsson, A proposed driving cycle for brake 
emissions investigation for test stand, 
Proceedings of the Institution of Mechanical 
Engineers, Part D: Journal of Automobile 
Engineering, Vol. 234, No. 1, 2020, pp. 122-135, 
DOI: 10.1177/0954407019841222 

[31] H. Hagino, M. Oyama, S. Sasaki, Airborne brake 
wear particle emission due to braking and 

https://doi.org/10.1016/j.atmosenv.2016.02.014
https://dieselnet.com/standards/cycles/jp_je05.php
https://dieselnet.com/standards/cycles/jp_je05.php
https://www.volkswagenag.com/presence/konzern/group-fleet/dokumente/WLTP_Basic_Knowledge.pdf
https://www.volkswagenag.com/presence/konzern/group-fleet/dokumente/WLTP_Basic_Knowledge.pdf
https://www.volkswagenag.com/presence/konzern/group-fleet/dokumente/WLTP_Basic_Knowledge.pdf
https://doi.org/10.1016/j.wear.2021.203936
https://www.epa.gov/emission-standards-reference-guide/epa-federal-test-procedure-ftp
https://www.epa.gov/emission-standards-reference-guide/epa-federal-test-procedure-ftp
https://www.epa.gov/vehicle-and-fuel-emissions-testing/dynamometer-drive-schedules
https://www.epa.gov/vehicle-and-fuel-emissions-testing/dynamometer-drive-schedules
https://www.tecsa-rd.it/en/losangeles-city-traffic-test-lact-cycle/
https://www.tecsa-rd.it/en/losangeles-city-traffic-test-lact-cycle/
https://doi.org/10.17632/4cgs6myx9d.1
https://doi.org/10.3390/atmos10090556
https://doi.org/10.4271/2002-01-1280
https://doi.org/10.1177/0954407016662800
https://doi.org/10.1007/978-3-662-63028-0_10
https://doi.org/10.5937/tehnika2202195V
https://doi.org/10.46720/eb2020-fbr-024
https://doi.org/10.1177/0954407019841222


S. Vasiljević et al. | Tribology and Materials 2 (2023) 8-19 

 19

accelerating, Wear, Vol. 334-335, 2015, pp. 44-
48, DOI: 10.1016/j.wear.2015.04.012 

[32] A. Iijima, K. Sato, K. Yano, M. Kato, K. Kozawa, N. 
Furuta, Emission factor for antimony in brake 
abrasion dusts as one of the major atmospheric 
antimony sources, Environmental Science & 
Technology, Vol. 42, No. 8, 2008, pp. 2937-2942, 
DOI: 10.1021/es702137g 

[33] K. Augsburg, H. Sachse, S. Krischok, R. Horn, M. 
Rieker, D. Scheder, Brake dust measurement, in 
Proceedings of the EuroBrake 2012, 16-18.04.2012, 
Dresden, Germany, Paper EB2012-TM-13. 

[34] I. Grujić, S. Vasiljević, J. Glišović, N. Stojanović, 
Simulation of vehicle's inertia using a flywheel 
mass to test disc brake system, in I. Karabegović 
(Ed.), New Technologies, Development and 
Application III, Springer, Cham, 2020, pp. 360-
367, DOI: 10.1007/978-3-030-46817-0_41 

[35] N.R. Stojanović, Identifikacija termičkih 
naprezanja disk kočnice za različite radne 

parametre kočenja [Identification of Disc Brake 
Thermal Strains for Different Braking Operating 
Parameters], PhD thesis, University of 
Kragujevac, Faculty of Engineering, Kragujevac, 
2021 [in Serbian]. 

[36] S. Vasiljević, J. Glišović, B. Stojanović, N. 
Stojanović, I. Grujić, Analysis of influencing 
factors on brake wear and non-exhaust emission 
with reference to applied materials in brake 
pads, Mobility & Vehicle Mechanics, Vol. 47, No. 
2, 2020, pp. 45-59, DOI: 10.24874/mvm.2021. 
47.02.04 

[37] S. Vasiljević, J. Glišović, B. Stojanović, A. Vencl, 
Review of the coatings used for brake discs 
regarding their wear resistance and 
environmental effect, Proceedings of the 
Institution of Mechanical Engineers, Part J: 
Journal of Engineering Tribology, Vol. 236, No. 
10, 2022, pp. 1932-1949, DOI: 10.1177/ 
13506501211070654 

 

https://doi.org/10.1016/j.wear.2015.04.012
https://doi.org/10.1021/es702137g
https://doi.org/10.1007/978-3-030-46817-0_41
https://doi.org/10.24874/mvm.2021.47.02.04
https://doi.org/10.24874/mvm.2021.47.02.04
https://doi.org/10.1177/13506501211070654
https://doi.org/10.1177/13506501211070654

