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Abstract 

Besides particulate emissions from engine exhausts, which are 

already regulated by emission standards, passenger car disc brakes 

are a source of particulate matter. With the current car fleet it is 

estimated that up to 21% of the total traffic related PM10 emissions in 

urban environments originate from brake wear and reduction of brake 

dust emissions is subject of current research. For the purpose of 

reducing brake dust emissions by choosing low-emission operating 

points of the disc brake, the knowledge of the emission behavior 

depending on brake pressure, wheel speed, temperature and friction 

history is of interest. According to the current state of research, 

theoretical white box modeling of the emission behavior is 

complicated due to the complexity of tribological contact between 

pad and disc. Thus experimental black box modeling is supposed to 

describe emission behavior. In order to minimize the influence of 

disturbances and therefore to improve prediction accuracy of such 

empirical models, system identification methods based on periodical 

test signals, such as brake pressure sine, are used for this application. 

To adopt these test signals, which are established in transfer function 

measurements, to the application of brake particle measurements and 

to develop an experimental design, system theoretical quantities, such 

as cutoff frequency, signal to noise ratio and hysteresis, are 

determined in dynamometer tests. Therefore measurements of the 

system’s response to step and sine test signals are analyzed. System 

identification is executed and the applicability of periodical test 

signals to brake particle measurements is proven.  

Introduction 

As one of the main sources for particulate matter in the atmosphere, 

road traffic’s contribution to PM10 in urban environments of the EU 

is estimated to be up to 64% [1]. Besides particulate matter that is 

emitted due to the combustion process of engines, the so called 

exhaust sources, there are also non-exhaust sources as brake-, tyre-, 

clutch- and road wear. Exhaust and non-exhaust sources contribute to 

road traffic’s total emissions of particulate matter in approximately 

equal shares [2]. According to various estimations brake particle 

emissions have a share of up to 55% of the non-exhaust traffic PM10-

sources and up to 21% to all traffic related PM10-emissions in urban 

environments in EU [3]. Several studies investigated the potential 

adverse effects on human health caused by particulate matter in 

ambient air [4] and the EU took both particle mass as well as particle 

number into account for emission standards like EURO 6. 

Furthermore, the formation and health effects of brake wear particle 

emissions are investigated by publicly funded projects in the EU [3; 

5].  

Next to these studies brake particle emissions are subject of current 

research in a number of other studies and projects. In general there 

are three classes of experimental set ups that are used for the 

measurement of brake particle emissions. They differ in their 

suitability for controllability of influencing factors on one side and 

testing under real drive conditions on the other side. For the purpose 

of laboratory tests with focus on controllability of the influencing 

factors, pin-on-disc tribometers are used [6; 7]. The applied materials 

are probes that are cutted out from full scale disc brakes and pads. 

Tests on dynamometers with brake components are performed to 

investigate the behavior of full scale brake systems under controlled 

conditions [5; 8]. For the proof of transferability of the tribometers 

and dynamometers results to real world driving conditions brake 

particle emissions are also measured in test drives with full vehicles 

[5; 8]. Controllability is further discussed in the following section.  

Besides the differences in the above-mentioned experimental set ups 

there are also different approaches in the design of experiments, 

which are described in literature. Test cycles like the WLTP or USCT 

[9; 10] that are developed for the measurement of fuel consumption 

and combustion engine emissions are also applied to measure brake 

particle emissions. Their main purpose is the measurement of 

emission factors for the comparison of emissions from exhaust and 

non-exhaust sources or the comparison of different disc and pad 

materials. Another approach consists of the measurement of emission 

maps for the purpose of systematical identification of the brakes’ 

emission behavior depending on different operating points (pressure 

and speed) [11; 12]. In addition to a deeper understanding of the 

emission process one long-term objective of these identification 

measurements is to gain knowledge regarding the proper choice of 

low-emission operating points combined with regenerative braking or 

brake-by-wire applications in general. Out of this approach the 

demand for a model is derived, which predicts brake particle 

emission behavior. 

Challenges for prediction of brake particle 

emissions  

Several influencing factors of particle emission behavior were 

observed in previous studies [5], which can be divided in load 

conditions and state variables. On a dynamometer load conditions 

such as brake pressure and frictional velocity can be controlled 

independently within certain limits, which are given by the 
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dynamometer’s performance characteristics. In contrast to those 

independently controllable and observable load conditions, state 

variables depend on the current and previous load conditions. State 

variables are for example integral or rather surface temperatures of 

the disc and pad which can be measured by thermocouples or 

pyrometers, as well as the tribological state of the friction layer which 

cannot be observed without in-situ-methods.  

Out of these system’s properties the requirement is derived that an 

appropriate design of experiments has to take these influencing 

factors into account by controlling and observing them. In addition to 

the influencing factors mentioned above, another phenomenon in 

form of post-braking emissions, that are described in literature [13], 

leads to additional requirements to the design of experiments. 

This paper presents a method for experiment-based black-box-

modeling using a system identification approach based on test 

signals. For the analysis of applicability of harmonic test signals for 

emission mapping, measurements on a dynamometer are performed. 

The dynamometer is equipped with an enclosure for representative 

sampling of the emitted brake particles. To adopt the amplitude and 

frequency of these harmonic test signals to the application’s 

requirements, quantities describing the systems responses, such as 

cutoff frequency, signal to noise ratio as well as emission hysteresis  

under braking and acceleration are investigated. The reproducibility 

of the system’s responses is investigated taking friction layer’s 

adaption processes to new load conditions into account, which are 

described in literature [14].  

Methodology 

According to the requirements described above of brake particle 

emission modeling, the design of experiments is divided into 6 types 

of sections:  

1. Long-term load step (stop braking)

2. Reference section (stop braking)

3. Harmonic pressure excitation with variation of the

amplitude (drag braking)

4. Harmonic pressure excitation with variation of the

frequency (drag braking)

5. Transferability section (drag braking)

6. Harmonic speed excitation after brake event (no braking)

Brake pressure’s time series of the section types are shown in (Figure 

1). For preconditioning of the friction couple an AK-Master bedding 

section is performed before the first repetition of the experiment. 

Table 1: Overview of the brake events for the different sections in the design of experiment 

section 𝒑 in bar 𝒇𝒑 in Hz 𝒗 in km/h 𝒇𝒗 in km/h 𝑻𝑺𝒕𝒂𝒓𝒕 in °C 𝑻𝑬𝒏𝒅 in °C 
Type of brake 

event 

Number of 

brake events 

Load steps 1 20 - 50  0 - 100 - Stop braking 50 

Load steps 2 2.5 - 50  0 - 100 - Stop braking 50 

Load steps 3 20 - 50  0 - 100 - Stop braking 50 

Load steps 4 2.5 - 50  0 - 100 - Stop braking 50 

Reference 10 - 50  0 - 100 - Stop braking 50 

Harmonic 

pressure 

(amplitude 

variation) 

𝑝0 = 5 

�̂� = 1 to 5 

0.2 50 - 50 150 Drag braking 5 

Harmonic 

pressure 

(frequency 

variation) 

𝑝0 = 5 

�̂� = 2.1 

0.1 to 0.5 50 - 50 150 Drag braking 5 

Transfer-

ability 
5 - 50 - 50 150 Drag braking 5 

Harmonic 

speed 
0 - 0 - 100 0.05 150 50 No braking 

10 (after each 

harmonic 
pressure 

excitation) 
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Figure 1: Design of experiment with 6 section types. Type 1: Load 

steps between 2.5 and 20 bar. Type 2: Reference sections with 10 bar. 

Type 3: Harmonic pressure excitation with varying amplitude. Type 

4: Harmonic pressure excitation with varying frequency. Type 5: 

Transferability section. Type 6: Harmonic speed excitation after 

brake event.  

Adaption to load steps and reference measurements 

Section type 1 consists of 200 stops with load steps after each 50 

stops from 𝑝 = 20 bar to 2.5 bar or reverse. The stops are performed 

from 𝑣 = 50 km/h to 0 km/h with disc temperatures of 𝑇𝐷𝑖𝑠𝑐 =
100 °C at the beginning of each brake event. The investigation’s 

purposes of this section is to analyze hypothetical adaption processes 

in emission behavior due to moderate load steps.  

Section type 2 consists of 50 brake stops performed with 𝑝 = 10 bar 

from 𝑣 = 50 km/h to 0 km/h with disc temperatures of 𝑇𝐷𝑖𝑠𝑐 =
100 °C at the beginning of each brake event. The aim of these 

sections is to investigate potential changes in emission behavior due 

to the application of harmonic test signals instead of conventional 

brake events. Section type 2 is repeated for six times between the 

other sections. 

Emission mapping with harmonic excitation 

In Figure 2 the methodology for emission mapping with harmonic 

test signals is illustrated. Due to a harmonic pressure or speed 

excitation a harmonic system’s response in form of emission rate is 

expected (see Figure 2 top left). Analysis of the emission rate’s 

frequency components with a Fast-Fourier-Transformation gives the 

signal’s mean and amplitudes at non-zero frequencies (see Figure 2 

bottom left). The mean values and the amplitudes contain information 

about the offset and the slope at a certain operating point in the 

characteristic curve of the emission behavior (see Figure 2 right). By 

measuring different operating points with this method, it is possible 

to generate an emission map that can be used for the prediction of 

particle emissions during the simulation of different brake strategies. 

This methodology provides the possibility to filter out noise and 

therefore decreases the experimental effort for emission mapping. 

Furthermore, it enables the description of the system’s physical 

transfer behavior with system theory methods, such as the 

identification of nonlinear system behavior and hysteresis due to 

phase shifts.  

 

Figure 2: Methodology for emission mapping with harmonic test 

signals, illustrated exemplary with artificial generated signals 

Section type 3 consists of 5 drag braking events performed at a mean 

brake pressure of �̅� = 5 bar and logarithmically varied pressure 

amplitudes of �̂� = 1 −  5 bar. The order of amplitude variation is 

optimized regarding a minimal regression coefficient between 

amplitude and test progress to reduce possible sequence effects.  

Regression coefficient is calculated for a quadratic fit (𝑅² = 0.05). 

Drag braking speed is 𝑣 = 50 km/h. Each braking event starts at 

𝑇𝐷𝑖𝑠𝑐 = 50 °C and is aborted at 𝑇𝐷𝑖𝑠𝑐 = 150 °C to avoid passing 

threshold temperatures for higher emission of fine and ultrafine 

particles. The research issue of this section is the investigation of an 

adequate harmonic amplitude for the application of brake particle 

emission mapping. There is a trade-off between too small amplitudes 

in terms of a too small signal to noise ratios and too big amplitudes in 

terms of a non-linear system transfer function. 

Section type 4 is identical to section type 3, except of varying the 

excitation’s frequency instead of the excitation’s amplitude. The 

value of interest is the system’s cutoff frequency which is determined 

by the transient behavior of the brake and the measurement set up. 

Regarding the application of harmonic test signals for emission 

mapping there is a trade-off between too low frequencies, which 

result in too high temperatures due to long period times, and too high 

frequencies, which results in exceeding the brake’s or the 

measurements device’s cutoff-frequency. 

Section type 5 is identical to the drag braking events in section 3 and 

4 except the harmonic excitation. All brake events in section type 5 

are performed with constant brake pressure of 𝑝 = 5 bar at a drag 

braking speed of 𝑣 = 50 km/h and temperatures 𝑇𝐷𝑖𝑠𝑐 = 50 −
150 °C. The aim of this section is the analysis of the transferability of 

the test results achieved with harmonic excitations to results achieved 

with conventional brake events. 
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Post-braking emissions 

Section type 6 is applied in the cool down periods between the drag 

braking events. During these cool down periods no brake pressure is 

applied. The velocity is varied sinusoidally with �̅� = 50 𝑘𝑚/ℎ, �̂� =

50
𝑘𝑚

ℎ
 and 𝑓𝑣 = 0.05 𝐻𝑧. The research issue of this section is the 

investigation of a dependency between velocity and number 

concentrations during post-braking-emissions. 

Experimental Setup 

Brake dust emission measurements are conducted using an air 

conditioned dynamometer (Link Engineering). The dynamometer 

applies all the necessary brake parameters, including brake pressure 

and vehicle data. Besides the applied parameters also the resulting 

parameters, especially pad and disc brake temperature are recorded. 

The dynamometer operating computer and the particle measurement 

devices are automatically synchronized in order to assure that they 

are all recorded with identical time stamps. 

In order to representatively capture the emitted brake dust particles, 

the entire brake set up is enclosed (see Figure 3). The cooling air 

flow, needed to cool the brake, is filtered by a class H13 HEPA filter 

and led through the enclosure, where the flow gets laminarized. The 

enclosure has been laid out based on CFD modeling. For cooling air 

flow rates higher than approximately 500 m³/h, the flow velocity 

around the brake is sufficiently high to keep all PM10 particles 

airborne and transport them to the outlet of the enclosure, where a 

sample is withdrawn isokinetically for the measurement equipment. 

Different inlet nozzles can be used in order to adjust the sample flow 

velocity to the variable cooling air velocity.  

Although it would be desirable to sample from the outlet tube only 

after a distance of five times the tube diameter, this is not possible 

here, due to the housing of the dynamometer. Instead, the sample is 

taken directly at the transition from the enclosure to the outlet tube, 

where a plug flow is assumed. The repeatability of the results 

obtained with this enclosure has been shown in a multitude of 

(unpublished) previous measurements.  

The sample flow first passes a PM10 impactor (model SH 10-47, 

Comde-Derenda GmbH, Stahnsdorf, Germany) according to ISO 

12341, to assure that only PM10 particles reach the measurement 

equipment. Downstream of the impactor the sample flow for the 

online measurement equipment is withdrawn through a second 

isokinetic probe. The remaining flow can be drawn through a sample 

filter to collect the PM10 particles for gravimetric analysis of the 

released particle mass and/or for chemical analysis of their 

composition. The online measurement equipment comprises a Fast 

Mobility Particle Sizer (FMPS, model 3091, TSI Inc. Shoreview, 

MN, USA), to determine the number size distribution of the released 

particles in a particle size range from 0.0056 µm to 0.56 µm (5.6 nm 

to 560 nm) based on the particles’ electrical mobility. The FMPS is 

largely identical with the Engine Exhaust Particle Sizer (EEPS, 

model 3090, TSI Inc.), which is designed to measure automobile 

emissions and has been proven to work accurately under most 

conditions [15; 16]. An Optical Particle Sizer (OPS, model 3330, TSI 

Inc.) is used to measure particle size distributions in a size range from 

0.3 µm to 10 µm, based on light scattering. The size distributions are 

measured with a high time resolution of 1 s. An additional 

condensation particle counter (CPC, model 3776, TSI Inc.), as also 

used to determine tailpipe emissions from cars, can additionally be 

used to determine the total number concentration of the released 

particles down to a particle size of 2.5 nm. The sample rate of all 

particle measurement devices is 𝑓𝑠𝑎𝑚𝑝𝑙𝑒 = 1 Hz. 

 

Figure 3: Experimental set up for brake particle measurements with 

an enclosure on a Link-dynamometer. The experimental set up was 

designed and constructed by Institute of Energy- and Environmental 

Technology (IUTA), Duisburg.  

Results 

In Figure 1 the brake pressure and coarse particles’ number 

concentration, measured by TSI OPS, is shown over time for one 

repetition of the experiment. As described in section 3, the 

experiment is divided into 6 sections (load steps, reference, 3 types of 

harmonic excitations and transferability). One repetition of the 

experiment lasts approximately 10 hours (≈ 3.6 ∙ 104 s). The number 

concentration determined by the OPS counting during standstill 

phases is 𝑁𝑂𝑃𝑆 ≈ 2#/𝑐𝑚³ and the one measured with the CPC 

𝑁𝐶𝑃𝐶 ≈ 50 #/cm³. The mean number concentrations during one 

repetition are 𝑁𝑂𝑃𝑆 ≈ 46 #/cm³  and 𝑁𝐶𝑃𝐶 ≈ 112 #/cm³. During 

the reference sections the maximum number concentrations are 

𝑁𝑂𝑃𝑆 ≈ 150 − 300 #/cm³  and 𝑁𝐶𝑃𝐶 ≈ 200 − 350 #/cm³, so the 

major amount of particles is emitted in the coarse fraction, which is 

measured by the OPS. Particle emissions occur during braking but 

also after releasing the brake pressure in the same magnitude of 

number concentrations.  

Concerning reproducibility, a factor 2 of maximum number 

concentration between single brake events of the same load occurs. 

The characteristic values calculated for the harmonic sections also 

vary up to a factor 2 for OPS measurements. Due to single high 

concentration events in the CPC data, the reproducibility of CPC 

measurements, especially in the harmonic sections, is poor. For 

emission mapping those deviations must be taken into account in the 

form of an indication of prediction uncertainty. Also the first brake 

applications during all harmonic sections result in high 

concentrations that exceed the maximum number concentrations of 

the following brake events up to factor 8. This phenomenon occurrs 

in all three repetitions of the experiment at the beginning of the first 

brake events in section types 3 and 4 and indicates the assumption of 

adaption processes in the tribolayer that result in a change of 

emission behavior.  
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Harmonic pressure excitation while braking 

In Figure 4 the harmonic pressure excitation (𝑓 = 0.2 Hz and 𝑝 =
5 ± 3.1 bar) during a drag brake and the system’s harmonic particle 

number concentration response (𝑁 ≈ 220 ± 20 #/cm³) in time and 

frequency domain is shown. Although there are small nonlinearities 

of the pressure signal at the first harmonic wave (0.4 Hz), there is no 

system’s response at this frequency. For most of the drag braking 

events the mean number concentration increases over time. As shown 

in Figure 4 this phenomenon occurs not in all drag braking events in 

a monotonous way. The system’s response for a conventional drag 

braking event is shown in Figure 5. The coarse particle’s mean 

number concentration during applied brake pressure is in the same 

range as during the drag braking event with harmonic excitation (𝑁 ≈
150 − 250 #/cm³).  

 

 

Figure 4: Harmonic brake pressure excitation and system’s emission 

response of coarse particle’s (𝑑𝑜𝑝𝑡 = 0.3 − 10 µ𝑚) number 

concentration in time domain (left) and frequency domain (right) 

 

Figure 5: Conventional drag braking (𝑣 = 50 𝑘𝑚/ℎ) and system’s 

emission response of coarse particle’s (𝑑𝑜𝑝𝑡 = 0.3 − 10 µ𝑚) number 

concentration in time domain 

The coarse number concentration’s amplitude, measured by the OPS 

during section type 3, is plotted in Figure 6 over the pressure 

amplitude. For every concentration amplitude the according mean 

noise of the amplitudes in frequency domain is plotted. Mean noise is 

calculated as the mean concentrations of all amplitudes except the 

amplitudes at 𝑓 = [0;  0.2;  0.4] Hz with an interval of ∆𝑓 =
±0.02 Hz around these amplitudes. Between �̂� = 1 − 2.5 bar the 

signal amplitudes are only slightly higher than the noise. For pressure 

excitations with �̂� = 3 − 5 bar the system’s response amplitudes 

differ significantly from noise. The variation of this characteristic 

values during the three repetitions of the experiment is up to factor 2. 

The mean number concentrations during the transferability section’s 

conventional drag braking events were in the same magnitude as 

during the harmonic drag braking events (see Figure 5).  
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Figure 6: Amplitude of coarse particle’s (𝑑𝑜𝑝𝑡 = 0.3 − 10 µ𝑚) 

number concentration over amplitude during drag braking (𝑣 =
50 𝑘𝑚/ℎ) in section type 3 (harmonic pressure 𝑓𝑝 = 0.2 𝐻𝑧) 

The results from section type 4 are shown in Figure 7 as OPS number 

concentration amplitudes over frequency. The signal amplitudes over 

𝑓 = 0.35 Hz are smaller than the measured noise during all three 

repetitions. Signal amplitudes below 𝑓 = 0.25 Hz differ consistently 

from noise with a trend to higher amplitudes for lower frequencies. 

The highest measured amplitude occurs at the smallest excitation 

frequency of 𝑓 = 0.1 Hz. 

 

Figure 7: Amplitude of coarse particle’s (𝑑𝑜𝑝𝑡 = 0.3 − 10 µ𝑚) 

number concentration over frequency during drag braking (𝑣 =
50 𝑘𝑚/ℎ) in section type 4 (harmonic pressure excitation �̂� =
2.5 𝑏𝑎𝑟) 

Equivalent to the results presented before, in Figure 8 and Figure 9 

the results for the summed number concentrations of ultrafine, fine 

and coarse particles measured by the TSI CPC are shown. For the 

variation of pressure amplitude, the signal amplitudes are very similar 

to the OPS results but not as reproducible as the OPS number 

concentrations. The lower reproducibility is caused by singular very 

high amplitudes during the drag braking events that cannot be 

explained by the harmonic pressure excitation. Except this singular 

high concentration events the value of number concentrations 

measured with the OPS and CPC is very similar. This indicates that 

the major amount of emitted particles is within the coarse fraction. 

The influence of noise is even bigger for the frequency variation tests 

due to a slightly smaller pressure amplitude of �̂� = 2.5 bar (Figure 

9). Although the high concentration events and the higher level of 

noise, the same trends in signal’s amplitudes as in the OPS 

measurements occur for the CPC measurements. 

 

Figure 8: Amplitude of ultrafine, fine and coarse particle’s (𝑑 =
2.5 𝑛𝑚 − 10 µ𝑚) number concentration over amplitude during drag 

braking (𝑣 = 50 𝑘𝑚/ℎ) in section type 3 (harmonic pressure 

excitation  𝑓𝑝 = 0.2 𝐻𝑧) 

 

 

Figure 9: Amplitude of ultrafine, fine and coarse particle’s (𝑑 =
2.5 𝑛𝑚 − 10 µ𝑚) number concentration over frequency during drag 

braking (𝑣 = 50 𝑘𝑚/ℎ) in section type 4 (harmonic pressure 

excitation �̂� = 2.5 𝑏𝑎𝑟) 
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Harmonic speed excitation after braking 

The results for harmonic speed excitation after braking are shown in 

Figure 10 for coarse particle number concentration and in Figure 11 

for summed ultrafine, fine and coarse particle number concentration. 

The speed was sinusoidal varied with bias of �̅� = 50 km/h, 

amplitude �̂� = 50 km/h  and frequency 𝑓𝑣 = 0.05 Hz. A correlation 

between speed and number concentration is indicated by the 

frequency analysis of the maximum number concentration’s signal 

due to the harmonic but nonlinear response. In time domain the 

decrease to zero number concentration for phases of zero velocity 

occurs within the OPS measurements. With progressive time of 

excitation the amplitudes decrease in an asymptotic way to maximum 

number concentrations from �̂� = 300 #/cm3 down to 20 #/cm³. 

For the CPC the minimum values are at the level of CPC’s zero 

counting rate of �̂� = 50 #/cm3. 

 

Figure 10: Coarse particle’s (𝑑𝑜𝑝𝑡 = 0.3 − 10 µ𝑚) number 

concentration after braking event during velocity sine (�̅� = 50 𝑘𝑚/ℎ, 

�̂� = 50
𝑘𝑚

ℎ
, 𝑓𝑣 = 0.05 𝐻𝑧) without applied brake pressure (𝑝 =

0 𝑏𝑎𝑟) 

 

Figure 11: Ultrafine, fine and coarse particle’s (𝑑 = 2.5 𝑛𝑚 −
10 µ𝑚) number concentration after braking event during velocity 

sine (�̅� = 50 𝑘𝑚/ℎ, �̂� = 50
𝑘𝑚

ℎ
, 𝑓𝑣 = 0.05 𝐻𝑧) without applied brake 

pressure (𝑝 = 0 𝑏𝑎𝑟) 

Load steps and reference sections 

Adaption processes of the long-term emission rate were observed 

during the 20 bar blocks of the load step section type 1 and during the 

reference sections. During the 2.5 bar blocks the long term emission 

rate are nearly linear. The adaption of the long-term emission rate 

occurs in progressive and degressive manner. This behavior is 

reproducible for all three repetitions of the experiment. In Figure 12 

the adaption of the emission rate is illustrated exemplarily for the first 

reference section after the load step section type 1 in the second 

repetition of the experiment. The emission rate is constant at the end 

of the low load level block (𝑝 = 2.5 bar). Due to the change of load 

(𝑝 = 10 bar) emission rate is higher during the transient phase of the 

adaption process and decreases asymptotically after approximately 15 

brake applications to a constant level. 
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Figure 12: Total number of coarse particles measured by the OPS 

over time. The slope of the total number of particles is the emission 

rate, which changes due to the adaption to a new load level. 

Discussion 

For the harmonic excitation an amplitude of �̂� = 3 bar and a 

frequency of 𝑓 < 0.25 Hz is adequate in terms of applicability for 

emission mapping. In theory emission mapping down to operating 

points of 𝑝 = 3 ± 3 bar is possible. Smaller operating points cannot 

be reached due to the restriction to positive brake pressures. With this 

amplitude a significant difference to the noise of the signal can be 

achieved and no nonlinearities of the emission behavior occurs. The 

system’s cut-off frequency is potentially lower than 𝑓 = 0.25 Hz as 

highest amplitudes were observed for the lowest excitation frequency 

of 𝑓 = 0.1 Hz. The measured cut-off frequency describes the 

behavior of the whole experimental set up, including the brake 

system, the transfer behavior of the particles through the sampling 

and the measurement devices. An upper limit of the experimental set 

up’s cut-off frequency is determined by the sample rate of the 

measurement devices 𝑓𝑠𝑎𝑚𝑝𝑙𝑒 = 1 Hz. 

The investigation of the speed dependency of post-braking emissions 

gave a significant correlation between emission and speed combined 

with strong nonlinearities and an asymptotic decreasing amplitude 

over time. Hypothetical explanations of this behavior are the 

emission of particles due to shear forces at the pad’s surface that are 

induced by residual torque of the brake systems. Due to this 

hypothesis also the remaining concentrations after the asymptotic 

decrease can be explained. Another hypothetical explanation is the 

increase of centrifugal forces with velocity that exceed the van-der-

Waals-forces of particles which stuck to the rotating disc after the 

braking event and lead to particle emission by slinging the particles 

away from the disc’s surface.  

The adaption processes, which were hypothetically predicted in 

section 3, occur as long-term adaption of the emission rate. 

Therefore, an accurate conditioning of the friction couple has to be 

taken into account for future experiments. In addition, the observed 

effects were qualitatively reproducible over the three repetitions of 

the experiment, which indicates that the adaption processes were not 

irreversible. 

Conclusions & Outlook 

A method for system identification including mapping of the 

emission behavior of passenger car disc brakes was presented. The 

applicability of harmonic excitation with brake pressure was shown 

by the system’s harmonic response. An amplitude of 𝑝 = 3 bar and a 

frequency 𝑓 = 0.2 Hz were identified as an adequate system’s 

excitation. For the variation of excitation frequency, the highest 

measured amplitudes occurred at the lowest frequency, so further 

investigation with lower excitation frequencies is needed to 

determine a lower boundary for the estimation of the cut-off 

frequency. The transferability of the results achieved with harmonic 

excitations was investigated by a comparison to conventional drag 

braking events. Mean concentrations during harmonic and 

conventional drag braking are in the same range. Future 

investigations will focus on measurements of an emission map, 

possibly with an updated sample rate of up to 𝑓𝑠𝑎𝑚𝑝𝑙𝑒 = 10 Hz. Also 

the applicability of harmonic speed excitation while braking 

equivalent to the harmonic pressure excitation will be investigated.   

Adaption processes of the emission behavior, similar to well-known 

adaption processes of the tribolayer and coefficient of friction, have 

been hypothetically predicted. A transient behavior of the emission 

rate during load steps was qualitatively reproducibly observed over 

the three repetitions of the experiment. Thus a defined conditioning 

of the friction couple is recommended for future investigations of 

brake wear particle measurements to achieve comparable results. 

Post-braking emissions, as described in literature, have been 

investigated in terms of a speed dependency of emitted number 

concentration. Therefore, a speed sine was applied during the cool 

down phase and a correlation between number concentration and 

speed was observed. The maximum number concentrations decrease 

in an asymptotic manner and two hypothetically causal effects 

regarding the explanation of this phenomena were presented. The 

research issue of future studies will be the mapping of the post-

braking emissions, as their share to total emitted particle numbers 

was shown bigger than during the brake events itself. 
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Definitions/Abbreviations 

CFD Computational Fluid 

Dynamics 

CPC Condensation Particle 

Counter 

FMPS Fast Mobility Particle Sizer 

HEPA High Efficiency Particulate 

Air filter 

IUTA Institute for Energy- and 

Environmental Technology 

OPS Optical Particle Sizer 

PM Particulate Matter 

USCT United States City Traffic 

WLTP Worldwide harmonized 

Light vehicles Test 

Procedure  
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