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1 Abstract
Most modern passenger cars have disc brakes on the front wheels, which unlike drum brakes are
not sealed off to the ambient air. During braking, there is wear to both the rotor and the pads.
This wear process generates particles, which may become airborne. In field tests it is difficult to
distinguish these particles from others in the surrounding environment. It may be preferable to
use laboratory test stands where the cleanness of the surrounding air can be controlled. The
validity of these test stands has to be verified by comparison with field tests and therefore a test
series has been conducted. These tests were performed in Stockholm, Sweden, in urban traffic.
Low metallic type brake pads and gray cast iron rotors were tested. The results indicate that this
test methodology can be used to study the number and mass concentrations as well as size
distributions of particles generated from car disc brakes. Overall, the measured mean particle
number and mass diameters of the airborne particles were 0.39 µm and 1.5 µm, respectively.
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3 Introduction
Several studies have shown an association between adverse health effects and the concentration
of airborne particles in the atmosphere [1–3]. In urban environments, airborne particles can come
from different sources, for example, demolition and construction [4], resuspended road dust [5],
wheel-to-rail contact [6, 7], car-to-road contact [8, 9], and disc brakes [10, 11]. During braking
both the rotor and the pads are worn and this process generates wear particles, some of which
become airborne. Limit levels for PM10 (airborne particles with an aerodynamic diameter smaller
than 10 µm) is set in EU by the EC (European Commission) and in U.S. the limit levels for PM10
are set by the EPA (Environmental Protection Agency). In this technical report the focus is on
airborne wear particles. However, wear particles from disc brakes also have an esthetical
influence because some of them get stuck on the visible surfaces of the wheel rims.

The wear particles originate from the rotors and the pads. Most rotors used in passenger cars are
made of grey cast iron. The brake pads can be made of many different material compositions
[12]. Essentially, brake pads are of three types: non-asbestos organic (NAO), semi-metallic and
low metallic. According to [10] the NAO type brake pads have a relatively low brake noise and
low wear rates but lose braking capacity during high temperature. Semi-metallic type brake pads
have a high steel fibre and iron powder content and low wear but are noisier than the other pad
types. Low metallic type of brake pads have a relative high content of abrasives which results in a
high friction and a good braking capacity at high temperatures. In the present work a grey cast
iron rotor and low metallic pads are tested.

When measuring airborne brake wear particles in field tests, it can be difficult to distinguish these
from others in the surrounding environment, that is, from other traffic-generated aerosols.
Although several studies have been focused on the study of wear and friction at the pad to rotor
interface in laboratory test stands, few of them [13, 14] have focused on online measurements of
airborne wear particles. Also, passenger car field tests are rare. Sanders et al [10] measured
particle and mass concentrations of airborne particles in a field test and compared the results
with those measured in dynamometer tests. Wahlström et al. [15] measured number and mass
concentration of airborne particles in a field test and made comparisons with results from a pinon-disc test stand and from a disc brake assembly test stand. The representativity of the test stand
measurements should be verified by comparison with field tests and therefore a field test series
was conducted. The purpose of this technical report is to describe and present the results from
these field tests in Stockholm, Sweden.

4 Experimental setup
A passenger car was used in this field test. A brake corner at the front wheel in this passenger car
consists of a knuckle, the wheel bearing, and the disc brake assembly. The disc brake assembly in
turn consists of a ventilated rotor, a sliding calliper with a single piston, and two brake pads (see
Figure 1). The finger side brake pad includes a K-type thermocouple that measures the
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temperature near the finger side pad-to-rotor contact. The pads used in this brake corner are
made of low metallic material and the rotor is made of grey cast iron. The speed of the car is
measured by a built-in Hall effect sensor in the wheel bearing, with 48 pulses per revolution. The
signals from the speed sensor and the pressure sensor are connected to an HBM Spider 8
amplifier, which in turn is connected to a computer for storage of the measured data.

Figure 1. Disc brake assembly with a single piston floating caliper and a ventilated rotor.

The car was prepared with four particle instruments which measured particle concentrations.
Two test tubes were mounted near the outlet of the front right disc brake (see Figure 2) and two
test tubes were mounted in the front of the car (see Figure 3). The concentrations of airborne
particles near the outlet of the brake were measured online during the test runs by a GRIMM [16]
optical counter and a DustTrak photometer. Connected to the tubes in the front of the car
another GRIMM and DustTrak registered the background concentrations. GRIMM is an optical
particle counter (light scattering) called Aerosol Spectrometer, which measures airborne particles
from 0.25 µm to 32 µm in 31 size intervals and concentrations from 1 particle/dm3 to 2·106
particles/dm3 with a sample flow rate of 72 l/h (0.02 l/s). The particle concentration is stored
every sixth second. An optical particle counter is sensitive to the shape and refractive index of the
particles, which means that the measured particle sizes and thus number distributions are
approximate [17]. The DustTrak is a photometer which reports the mass concentration in
mg/m3. This instrument is also of type light scattering and can measure particle concentrations
corresponding to respirable size, PM10, PM2.5 or PM1.0 size fraction. It was used without preprecipitator in these experiments and then measured particles between 0.1 and 10 µm. The
instrument is calibrated with a standardized test dust, which has a different size distribution,
density and refractive index than the here measured particles. Thus the output from this
instrument can only be used as a relative measure, but is useful to register changes in time of
generated particle mass [18].
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Figure 2. Photo of the test tubes for particle measurements mounted directly after the piston side brake pad on the
piston side.

Test tubes
Figure 3. Photo of the test tubes for measurements of the background particle concentration mounted in the front of
the test car.

5 Test procedure
Five test runs was performed on a test track (see Figure 4) in Stockholm, Sweden. To purpose of
this test track was to simulate urban driving. It contains one part of country roads were the traffic
flow is relative low and the mean speed of the car was around 30 km/h and one part of highway
were the traffic flow is higher. To reduce the influence of re-suspended, traffic generated particles
in the background, two of the tests were conducted at night time with low traffic. Three tests
were conducted at day time when it rained to minimize particle re-suspension from traffic.
Each test run took about 17 minutes. During the test runs, the brake cylinder pressure and the
car speed were measured with a sampling frequency of 1200 Hz. The finger side pad temperature
was sampled at 3 Hz. The particle concentrations were stored every six seconds. The particle
instruments were switched between each test, i.e. the instruments used for the front were used
for the brake in next test run, and vice versa.
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Figure 4. Map of the test track in Stockholm, Sweden. The yellow marked road is high ways (≈ 70 km/h) and
the white marked road is country roads (≈ 30 km/h). Test track conditions; 1: Weak downhill slope. 2: Country
road intersection. 3: Country road intersection. 4: Slipway on to high way. 5: Highway intersection with traffic
light. 6: Country road intersection. 7: Weak downhill slope.

6

6 Results
The results from the field test are presented in sections 6.1 to 6.5. For simplicity, the measured
particle concentrations are divided into a coarse particle fraction (particles with measured
diameters between 1 µm and 32 µm) and a fine particle fraction (particles with measured
diameters lesser than 1 µm).
In Figure 7, Figure 11, Figure 15, Figure 19, and Figure 23 the maximum normalized fine fraction
particle concentrations as measured by the GRIMM instrument, brake cylinder pressure and car
speed are presented.
In Figure 8, Figure 12, Figure 16, Figure 20, and Figure 24 the maximum normalized coarse
fraction particle concentrations as measured by the GRIMM instrument, brake cylinder pressure
and car speed are presented.
The measured mass and particle concentration near the disc brake and in the background can be
seen in Figure 9, Figure 13, Figure 17, Figure 21 and Figure 25. Note that the background particle
concentration as measured with the GRIMM instrument is small relative to the particle
concentration near the brake. The measured background mass concentration can also be
distinguished from the mass concentration near the brake.
The measured brake cylinder torque, finger side pad temperature and car speed can be seen in
Figure 10, Figure 14, Figure 18, Figure 22, and Figure 26.
Characteristic particle and volume size distributions corrected for the background concentrations
in the front of the car during the tests are presented in Figure 5 and Figure 6. The characteristic
particle and volume concentrations were calculated between different times for different test
runs, see Table 1. These time intervals were chosen for periods when the particle concentration
increased after an increase in cylinder brake pressure.
In Table 2 the particle and volume concentrations used for normalization of the particle and
volume size distributions are presented. Note that all tests have a maximum peak in the mean
particle size concentration, in the fine fraction, between 0.35 µm and 0.5 µm. Table 3 presents
the particle and volume-weighted mean diameter for each test run and an overall mean and
standard deviation. Also, most of the particles generated are in the fine fraction. In Table 4 the
mean particle and mass concentration measured in the front of the car is presented and in Table
5 is the mean particle and mass concentration measured near the brake presented.
Table 1. Time intervals to calculate the characteristic normalized size distribution for the different test runs.
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Interval 1 [min]

Interval 2 [min]

Night run 1

7-9

14-17

Night run 2

3-4

5-6

Day run 1

5-6

13-16.5

Day run 2

1-2

3-4

Day run 3

1-4

5-7

Figure 5. Mean normalized particle size distributions as measured with the GRIMM instrument.
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Figure 6. Mean normalized volume size distributions as measured with the GRIMM instrument.

Table 2. The particle and mass concentrations used for normalization of the particle and volume size distributions.
Night
run 1

Night
run 2

Day
run 1

Day
run 2

Day
run 3

Particle conc. [106 no./m3]

4

9

6

10

24

Mass conc. [106 mg/m3]

0.3

0.7

0.5

0.5

1.9

Table 3. The number and volume-weighted mean diameter for each test run and the overall mean and standard
deviation.
Night
run 1

Night
run 2

Day
run 1

Day
run 2

Day
run 3

Mean

Std

Number weighted [µm]

0.37

0.40

0.42

0.36

0.41

0.39

0.03

Vol. weighted[µm]

2.1

1.6

1.5

1.2

1.2

1.5

0.35
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Table 4. The mean mass and particle concentration as measured with the DustTrak and Grimm instrument in
the front of the car.
Night
run 1

Night
run 2

Day
run 1

Day
run 2

Day
run 3

DustTrak [mg/m3]

0.0139

0.0123

0.0062

0.0109

0.0058

Grimm [106 no./m3]

52

40

23

30

21

Table 5. The mean mass and particle concentration as measured with the DustTrak and Grimm instrument near
the brake.
Night
run 1

Night
run 2

Day
run 1

Day
run 2

Day
run 3

DustTrak [mg/m3]

0.0180

0.0242

0.0151

0.0284

0.0528

Grimm [106 no./m3]

265

491

325

551

1252
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6.1 Night run 1 (2008-08-26)

Figure 7. The green graph is the fine fraction particle concentrations as measured by the GRIMM instrument, the
blue graph is the measured brake cylinder pressure, and the red graph is the measured speed of the car.

Figure 8. The green graph is the coarse fraction particle concentrations as measured by the GRIMM instrument,
the blue graph is the measured brake cylinder pressure, and the red graph is the measured speed of the car.
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Figure 9. Fine and coarse fraction particle concentrations as measured by the GRIMM instrument during the test
time and the mass concentration as measured by the DustTrak instrument. The blue graphs are the concentrations
measured near the brake and the green graphs are the measured background concentration.
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Figure 10. Finger side pad temperature, car speed and brake cylinder pressure measured during the test run.
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6.2 Night run 2 (2008-08-26)

Figure 11. The green graph is the fine fraction particle concentrations as measured by the GRIMM instrument,
the blue graph is the measured brake cylinder pressure, and the red graph is the measured speed of the car.

Figure 12. The green graph is the coarse fraction particle concentrations as measured by the GRIMM instrument,
the blue graph is the measured brake cylinder pressure, and the red graph is the measured speed of the car.
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Figure 13. Fine and coarse fraction particle concentrations as measured by the GRIMM instrument during the test
time and the mass concentration as measured by the DustTrak instrument. The blue graphs are the concentrations
measured near the brake and the green graphs are the measured background concentration.
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Figure 14. Finger side pad temperature, car speed and brake cylinder pressure measured during the test run.
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6.3 Day run 1 (2008-08-28)

Figure 15. The green graph is the fine fraction particle concentrations as measured by the GRIMM instrument,
the blue graph is the measured brake cylinder pressure, and the red graph is the measured speed of the car.

Figure 16. The green graph is the coarse fraction particle concentrations as measured by the GRIMM instrument,
the blue graph is the measured brake cylinder pressure, and the red graph is the measured speed of the car.
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Figure 17. Fine and coarse fraction particle concentrations as measured by the GRIMM instrument during the test
time and the mass concentration as measured by the DustTrak instrument. The blue graphs are the concentrations
measured near the brake and the green graphs are the measured background concentration.
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Figure 18. Finger side pad temperature, car speed and brake cylinder pressure measured during the test run.
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6.4 Day run 2 (2008-08-28)

Figure 19. The green graph is the fine fraction particle concentrations as measured by the GRIMM instrument,
the blue graph is the measured brake cylinder pressure, and the red graph is the measured speed of the car.

Figure 20. The green graph is the coarse fraction particle concentrations as measured by the GRIMM instrument,
the blue graph is the measured brake cylinder pressure, and the red graph is the measured speed of the car.
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Figure 21. Fine and coarse fraction particle concentrations as measured by the GRIMM instrument during the test
time and the mass concentration as measured by the DustTrak instrument. The blue graphs are the concentrations
measured near the brake and the green graphs are the measured background concentration.
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Figure 22. Finger side pad temperature, car speed and brake cylinder pressure measured during the test run.
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6.5 Day run 3 (2008-08-28)

Figure 23. The green graph is the fine fraction particle concentrations as measured by the GRIMM instrument,
the blue graph is the measured brake cylinder pressure, and the red graph is the measured speed of the car.

Figure 24. The green graph is the coarse fraction particle concentrations as measured by the GRIMM instrument,
the blue graph is the measured brake cylinder pressure, and the red graph is the measured speed of the car.

23

Figure 25. Fine and coarse fraction particle concentrations as measured by the GRIMM instrument during the test
time and the mass concentration as measured by the DustTrak instrument. The blue graphs are the concentrations
measured near the brake and the green graphs are the measured background concentration.
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Figure 26. Finger side pad temperature, car speed and brake cylinder pressure measured during the test run.
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7 Discussion
Some of the increases in particle concentration as measured by the Grimm can directly be
correlated with an increase in brake cylinder pressure and a decrease in car speed, i.e. a brake
event (Figure 8, Figure 12, Figure 16, Figure 20 and Figure 24). These increases were used to
calculate the mean particle size distributions for the different test runs. All tests have a maximum
peak in the mean particle size distribution, in the fine fraction, between 0.3 µm and 0.5 µm. This
is similar to the results presented by Söderberg et al. [13] who tested brake pad materials in a pinon-disc machine and measured brake wear particles online. Also, Wahlström et al. [14] used a disc
brake assembly test stand where it is possible to measure the airborne wear particle distribution
online. Mosleh et al [19] presented size distributions of wear particles collected on filters during
pin-on-disc tests with brake materials at different testing conditions. In these three studies a peak
in particle concentration occurred at about 0.35 µm which agrees with the results in this technical
report. Sanders et al [10] conducted dynamometer and vehicle tests on pad materials, but these
size distributions do not confirm the results in this report. They noted a peak in size distribution
between 1 and 2 µm.
Not all of the increases in particle concentration correlate to brake events. Also, some car
accelerations seem to correlate with an increase in particle concentration with may imply that
resuspended road dust, tyre wear and or particles generated from pad to rotor dragging enters the
test tubes near the brake. In all tests high levels in the measured particle concentration can be
noticed between 9 and 11 minutes. There seems to be a local discharge of some aerosol in this
area. One limitation of the test setup was problems with mist giving results indicating brake
particle events. The reason was that the sampled air in the tubing from the front was heated by
engine heat while transported to the instruments. This resulted in droplets drying up and water
evaporating from particles falsely indicating fewer and smaller particles at the front than at the
brake. There is need for similar temperature histories for brake and front particles.

None of the particle instruments measure actual particle geometry. In a future test series wear
particles will be collected on filters for geometric analysis. Analysis of the particles trapped by
these filters may also indicate, by comparison with particles collected on filters in test stands, that
this test method measured brake wear particles. It would also be interesting to measure the
amount of resuspended road dust during testing. In future testing it would also be interesting to
measure to which extent the brake wear becomes airborne. This can be done by weighing the
pads and rotor before and after the tests. It would also be of interest to test different type of
brake pads in future testing.

The difference between the Grimm and the DustTrak instrument can be explained since
DustTrak has a lower sensitivity for these kinds of particles. The particle size distribution (Figure
5) is similar for night run 2, day run 1 and day run 3. This can be explained by that the same
physical particle instrument was used in these three measurements. Wahlström et al. [15]
performed a test in heavy traffic with low relative air humidity and concluded that the particle
26

concentration in the surrounding air couldn’t be distinguished from the particle concentration
measured near the brake. In the present work this is not a problem due to the difference in
concentrations. Note that the mean particle concentration measured in the front of the car is not
lower for the night time tests than for the day time tests which can be explained by the rainy
weather in the day time runs.

The measured mean particle and mass concentration (Table 5) increases in following test runs,
i.e. the concentration is higher in night run 2 than in night run 1 and day run 3 is higher than day
run 2 etc. The particle and mass concentration measured in the front of the car (Table 4) don’t
follow this pattern. Note that the finger side pad temperature increases (Figure 10, Figure 14,
Figure 18, Figure 22 and Figure 26) in following test runs. One interpretation of this is that more
airborne particles are generated at higher temperatures of a brake. This result is in line with
Wahlström et al. [14] and Sander et al. [10].

8 Conclusions
The results indicate that this test methodology can be used to measure the particle and mass
concentration of airborne particles generated from a passenger car disc brake in traffic. The result
also implies that improvements to the instrumentation can be done, for example mounting the
test tubes in a way that the temperature do not differ between the tubes that go to the brake and
to the front of the car. The particle- and volume-weighted mean particle diameter is 0.39 µm and
1.5 µm, respectively.
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