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A B S T R A C T

The development of modern brake systems requires the assessment of multiple aspects. Among these, parameters 
related to the tribological behaviour, vibration, and particulate matter emission are typically evaluated using 
inertia dynamometers and tribometers. While these two testing systems have been previously compared 
regarding emissions and tribological behaviours, vibrations were not compared, nor have all these aspects been 
examined simultaneously. This study investigates the scale effects between a pin-on-disc tribometer and a 
reduced-scale dynamometer operating under dragging conditions with two levels of pressure and velocity, and a 
disc temperature not exceeding 260 ◦C. Regarding the vibration, the pin-on-disc exhibited higher and broader 
values in the normal direction, 1.3–15.5 m/s2, than the reduced-scale dynamometer, 0.37–0.42 m/s2, while the 
tangential vibrations exceeded those in the normal direction in both systems. The wear rates in the two systems 
were overall similar, in the range of 1–4 e− 14 m2/N. During the tests the disc temperature in the dynamometer 
increased at a higher rate compared to the pin-on-disc, affecting the tribological and emission behaviours: steady 
state values were obtained only in the pin-on-disc tests. The particulate concentration values observed during 
dynamometer tests better correlated with the peak values from pin-on-disc tests rather than with the steady-state 
values. This study highlights the importance of including transient values in the evaluation of pin-on-disc testing.

1. Introduction

Performance, particulate emissions, and vibration phenomena are 
among the many aspects that define the quality and application of 
modern brake systems. The evaluation of the performances of these 
systems often involves two different stages: laboratory and field tests, 
with the latter performed on the actual system in service. Laboratory 
tests are instead carried out on simpler parameters of the brake system 
and can be simplified, accelerated, or bench-type [1]. Simplified tests 
are used as a first screening to rank the performance of different friction 
materials. The testing rigs used in this stage are reduced-scale systems 
such as pin-on-disc tribometers, that enable an up-front design for fric
tion materials, usually reproducing only simplified testing conditions, 
such as dragging conditions. Conversely, full-scale inertia dynamome
ters belong to the accelerated testing stage, which simulates real oper
ating conditions. Reduced-scale inertia dynamometers, such as those 
used in Refs. [2–4], provide the advantages of small-scale systems 

allowing the same operating conditions as full-scale systems. In partic
ular, reduced-scale dynamometers, featuring specimens of standard size 
and geometry, rule out the influences from other components of the 
braking system, enabling a prompt examination of frictional contact, 
irrespective of a specific brake system. In addition, the operating and 
maintenance of reduced-scale costs are generally lower [2,5,6].

Noise and vibration phenomena generated by braking represent one 
of the major concerns in brake systems since they can affect safety or 
drive comfort, leading to a low-quality perception. More than twenty 
different vibration phenomena are typically found in disc brakes, the 
most common probably being brake squeal. For example, the work of 
Balaji et al., among others, summarized in detail the latest NVH-type 
requirements for brakes [7]. Another side effect of braking is the pro
duction of airborne Particulate Matter emissions. It is estimated that 
brake emissions account for 21 % of all the emissions coming from road 
traffic [8]. Particles below 2,5 μm in diameter are the most dangerous 
for human health [9–11]. Nevertheless, relating particulate emissions to 

* Corresponding author.
E-mail address: domenicoantonio.rita@unitn.it (D.A. Rita). 

Contents lists available at ScienceDirect

Wear

journal homepage: www.elsevier.com/locate/wear

https://doi.org/10.1016/j.wear.2024.205552
Received 4 April 2024; Received in revised form 19 July 2024; Accepted 20 August 2024  

Wear 558-559 (2024) 205552 

Available online 22 August 2024 
0043-1648/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by- 
nc-nd/4.0/ ). 

mailto:domenicoantonio.rita@unitn.it
www.sciencedirect.com/science/journal/00431648
https://www.elsevier.com/locate/wear
https://doi.org/10.1016/j.wear.2024.205552
https://doi.org/10.1016/j.wear.2024.205552
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wear.2024.205552&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


the vibratory phenomena of the braking system is relatively new 
[12–14].

Several studies compared subscale dynamometers to full-scale dy
namometers. They found a good correlation between the reduced-scale 
and its reference full-scale dynamometer in terms of CoF, even if the 
hardware effects of the brake corner slightly affect the results [2,5]. 
However, little research has been done to compare and relate results 
from a simplified tribometer like the PoD and inertia-dynamometers, 
whether full-scale or reduced-scale. Veeman et al. [15] stated the 
importance of conducting tests on both pin-on-disc and brake dyna
mometer systems, due to their different thermal response. Alemani et al. 
[16] focused the comparison between a PoD and a full-scale dyna
mometer on particulate emissions and CoF. Dragging conditions were 
applied on new and used low-steel samples sliding against a cast iron 
disc. They confirmed the existence of a transition temperature (TT) that 
boosts the emissions by one order of magnitude, which is affected by the 
testing scales and by the frictional pair status. The TT observed in the 
dynamometer for used samples was nearly twice as high as that observed 
in the PoD: 380 ◦C versus 186 ◦C. In general, the dynamometer showed a 
higher temperature rise, which was explained by a lower heat dissipa
tion by conduction. Instead, the PoD showed higher values of coefficient 
of friction (CoF) but similar trends between the two test systems. Fed
erici et al. [17] compared the friction and wear resistance of a PoD and a 
reduced-scale dynamometer using two friction materials. They found a 
proportionality in the wear rates of the two testing rigs and a similar 
CoF.

Nowadays it is fundamental to delimit the application field for the 
testing equipment used to test friction materials. This permits avoiding 
the redundancy of the tests, reducing testing times, and concentrating on 
the development of friction material formulations. This study focuses on 
two testing rigs that have been scarcely compared in the literature: a pin- 
on-disc and a reduced-scale inertia dynamometer. It presents an exten
sive comparison of the tribological, thermal, vibration, and particle 
emissions of the two systems. Only Federici et al. [17] compared the PoD 
to a reduced-scale dynamometer, however, without considering the 
mechanical vibrations.

In this work, each acquired parameter is compared in terms of ab
solute value, and emphasis is also placed on the sensitivity of the systems 
to contact pressure and sliding velocity (PV sensitivity). Both systems 
reproduced dragging conditions with a contact pressure (P) of 1 and 2 
MPa, a sliding velocity (V) of 1.5 and 3 m/s, and a maximum disc 
temperature of approx. 260 ◦C. The maximum temperature was set to 
avoid reaching the transition temperature for emissions and maintain 
the typical surface characteristics of mild sliding conditions. This anal
ysis identified the primary differences between the two systems and 
their influence on tribological and emission behaviours, with particular 
attention on the role of disc temperature. Eventually, this work aims to 
improve general understanding and guide informed decisions regarding 
tribological testing.

2. Material and methodology

2.1. Materials

In this study, pins and coupons were made of a low-metallic material 
and were machined directly from commercial brake pads. The elemental 
composition of the friction material, as obtained from Energy-Dispersive 
X-ray Spectroscopy (EDXS) analysis, is listed in Table 1. The typical 
morphology and microstructure of the pad materials with an indication 
of the main ingredients is shown in the observation by the Scanning 

Electron Microscopy (SEM), see Fig. 1. The counter face discs were made 
of pearlitic grey cast iron. The specimens are presented in Fig. 2. Before 
the tests, the PoD discs were polished thoroughly with a SiC 180 grit 
abrasive paper. The PoD tribometer mounted a single pin of cylindrical 
shape together with a disc. The pins had an average height of 9 mm, an 
average diameter of 10 mm, and an average area of 78.5 mm2. The 
dynamometer was equipped with two small pads, referred to as ‘cou
pons’, and a disc. The coupons had a combined area of 7.2 cm2 and were 
positioned 180◦ apart. The pad’s Shore D hardness was approximately 
70. The disc of the PoD had a diameter of 60 mm and a thickness of 6 
mm, while the disc of the dynamometer had a diameter of 120 mm and a 
thickness of 6 mm. The effective radii were 50 mm for the dynamometer 
and 24 mm for the PoD. The discs had a surface roughness (Ra) of 1.6 ±
0.1 μm, as measured with a stylus profilometer, and an HVC hardness of 
approximately 210.

2.2. Setup and testing conditions

This study used two testing rigs: a horizontal PoD tribometer (Ducom 
Instruments, India) and a reduced-scale inertia dynamometer, also 
called subscale Dyno (LINK model 1200). The systems are depicted in 
Figs. 3 and 4, along with a description of their main components. The 
dynamometer can operate brake actions in deceleration or drag mode. 
Deceleration-mode brake actions reproduce the dynamic events as the 
applied pressure is controlled to maintain a constant vehicle decelera
tion while the speed decreases between the initial and final set-point 
velocities. In drag mode brake actions, on the other hand, the velocity 
and pressure are controlled to maintain constant values during the set 
contact time. The PoD tribometers usually operate in drag mode as the 
velocity is maintained constant during the contact, but they do not have 
systems to control the load and torque.

Reduced-scale testing has been used to quantify the CoF as a function 
of several testing parameters in real operating conditions [2]. To ensure 
that the same braking conditions of a reference vehicle are represented 
on the subscale dynamometer, a scaling relationship must be set 
considering the effective radii and the areas of both systems. The pa
rameters held constant between the two systems are the sliding velocity, 
the contact pressure, and the energy dissipation per unit area, following 
the energy density approach. To guarantee the equivalence between the 
specific energies, and thus a comparable disc temperature rise, a scaled 
inertia has to be mounted on the rotor of the reduced-scale dynamom
eter [2,4]. Furthermore, the rotor disc in the subscale Dyno is scaled by 

Table 1 
Elemental composition of the friction material, as obtained from EDXS (in weight%). The carbon content was not included in the analysis.

Element O Fe Zn Mg Al Sn Cu Si Ca S Cr K

(wt%) 23.8 8.63 13.83 11.92 9.73 8.71 5.33 5.18 4.96 4.9 2.55 0.46

Fig. 1. SEM micrographs of the friction material.
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computing the thermal mass, namely the ratio between the dissipated 
kinetic energy and the temperature-dependent specific heat of cast iron 
[2].

The specimens were subjected to dry sliding tests under dragging 
conditions, i.e. pressures and sliding velocities were kept constant dur
ing each application. The tests were conducted with an initial braking 
temperature between 25 and 50 ◦C. Two factors, i.e., contact pressure, P, 
and sliding velocity, V, were varied in the analysis, and two levels were 
considered for each factor, leading to four different testing parameters, 
listed in Table 2. The PV factor, reported in the same table, is the product 
between the nominal contact pressure and the sliding velocity and is 
generally proportional to the wear and the temperature rise of the 
contact temperatures. The operating range of the PoD limited the choice 
for the levels of P and V. The selected testing conditions correspond to a 
moderate urban braking action, corresponding to approx. a maximum 
vehicle speed of 30 km/h and the sliding conditions are attained in a 
mild wear regime [1].

To assess friction, wear, and emission properties, it is essential to 
ensure a suitable conformity between the surfaces of the samples. This 
condition was achieved through a bedding stage conducted before the 
actual testing period. For the PoD, the drag condition at 1.5 m/s and 1 

MPa was applied for 30 min. Previous investigations showed that this 
phase was effective in achieving a conformal contact between the pin 
and the disc [18,19]. After the bedding stage, the tests were conducted 
for 90 min, regardless of the applied P and V. This duration assures the 
establishment of a well compacted and extended secondary contact 
plateaus, and the achievement of a steady state in emissions and CoF 
trends [18,19].

The bedding stage of the dynamometer instead consisted of 320 stops 
at brake pressure of 15–46 bar, vehicle speed of 80-30 km/h, and initial 
disc temperature of 100 ◦C [20]. The choice not to surpass a disc tem
perature of 260 ◦C, aiming to maintain the typical surface characteristics 
of mild sliding conditions, limited the testing time of the dynamometer 
tests to 22 s. Fig. 5 anticipates the thermal evolution over time for the 
tests at (1 MPa, 1.5 m/s) and at (2 MPa, 3 m/s). It indicates that the 
temperature rise of the disc during the PoD tests is significantly lower 
when compared to the dynamometer, an aspect that is further addressed 
in the ‘Discussion’ section since it markedly influences the obtained 
results. Three tests were conducted for each experimental point. In the 
’Results’ section tables show the average values of the tests for the PoD 
and the dynamometer, and graphs show the curves that are closer to the 
average behaviour.

Fig. 2. Specimens: (a) pin and disc for the PoD; (b) coupons and disc for the subscale dynamometer.

Fig. 3. (a) Pin-on-disc tribometer; (b) Testing apparatus setup: (A) Deadweight, (B) Pin, (C) Disc, (D) Pin holder, (E) ambient air, (F) fan, (G) HEPA filter, (H) air inlet 
in the chamber, (I) air outlet to the OPS, (L) enclosed chamber for emission measurement.
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In case of the PoD testing, the CoF was continuously recorded at a 
sampling rate of 1 Hz, using a load cell that measures the tangential 
force exerted by the pin holder. In case of the dynamometer tests, the 
CoF (μ) was calculated by the following relationship: 

μ=
FT

FN
=

Cbrake

RS
eff

1
FN 

where RS
eff is the effective radius of the subscale Dyno, and Cbrake is the 

brake torque measured at a sampling rate of 10 sample/s.
The wear resistance of the frictional pair was evaluated in both cases 

by the specific wear coefficient (Ka), expressed by the Archard rela
tionship [21,22]: 

Ka =
ΔV
FN d 

where Δ V is the wear volume loss, FN is the applied normal load, and d is 
the sliding distance.

In particular, the wear volume was obtained by dividing the mass 
loss of the pin, or the coupon, by the material density, 2.2 g/cm3. The 
friction materials were weighed before and after the test with an 
analytical balance with an accuracy of 10− 4 g.

The temperature of the PoD disc was acquired with a pyrometer, at a 
sampling rate of 1 Hz. The disc temperature of the subscale dynamom
eter was acquired at 10 Hz with a k-type thermocouple, which was 
inserted directly below the disc surface at the effective radius distance. 
Both temperature sensors were calibrated and had a measurement un
certainty of less than 1 %.

The particle number concentration was measured with an Optical 
Particle Sizer (OPS), the TSI 3330. The OPS was connected to both 
testing rigs to measure the concentration of particles in a size between 
0.3 and 10 μm. The OPS apparatus had a sampling frequency of 1 Hz and 
a self-controlled sampling flow rate of 1 l/min. Figs. 3b and 4c depict the 
schematics for the measurement setup respectively in the PoD and the 
dynamometer. Both testing rigs featured an air inlet zone and an outlet 
sampling point, where the OPS collects the sample to be measured. 
Before entering the enclosed chamber with the samples, the air was 
filtered through a HEPA filter. However, some parameters were kept 
different between the two testing rigs. The inlet air velocity of the PoD 
was set to 11.5 m/s, as determined in Refs. [23,24], leading to an air 

Fig. 4. (a) Subscale dynamometer; (b) Main dyno components: (A) Pneumatic actuator, (B) Coupons, (C) Brake rotor, (D) Enclosed brake chamber, (E) Inertia discs, 
(F) Electric motor; (c) Testing apparatus for emissions: (A) Ambient air, (B) Fan, (C) HEPA filter, (D) Coupons, (E) Enclosed chamber, (SLs) Sampling line, 
(DL) Diluter.

Table 2 
Testing conditions - parameters.

Testing 
configuration

Contact Pressure 
(MPa)

Sliding Velocity 
(m/s)

PV factor 
(MPa•m/s)

1 1 1.5 1.5
2 2 1.5 3
3 1 3 3
4 2 3 6

Fig. 5. Comparison of the disc temperature among the different testing rigs: (a) test at (1 MPa, 1.5 m/s); (b) test at (2 MPa, 3 m/s).
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flowrate of 14.1 l/min and an air exchange rate inside the chamber of 
about 1.7 times/min. The apparatus adopted for the PoD is based on the 
approach developed by Olofsson et al. [25–27]. For the dynamometer 
the inlet air velocity was set to 1 m/s, leading to an air flowrate of 910 
l/min and an air exchange rate of 20 times/min. In addition, the OPS 
was connected to a diluter, which dilutes the particle concentration by a 
factor of 10, to guarantee that the measurements fall within the upper 
limit of 3000 #/ cm3, as done in Ref. [28]. Moreover, the selection of the 
nozzle diameter at the sampling point ensured isokinetic conditions for 
the dynamometer setup. These conditions were not assured on the PoD.

The vibrations of the two systems were acquired using different ac
celerometers. For the PoD, two single-axis shear accelerometers PCB® 
Model 352A24, were placed on the pin-holder to measure the normal 
and tangential accelerations, as shown in Fig. 6a. The nominal sensi
tivity of the two accelerometers was 100 mV/g. On the other hand, a 
single triaxial accelerometer PCB® Model HTJ356B01, with a sensitivity 
of 5 mV/g, was placed at the back plate of one of the two coupons to 
simultaneously acquire the accelerations in the normal and tangential 
directions (Fig. 6b). The acquisition of the acceleration data was done 
through a ‘DEWESoft–SIRIUSm’ data acquisition system, at a sampling 
rate of 20 kHz. The root mean square (RMS) value of the acceleration, 
with a frame size of 1 s, was computed as a representative value for the 
vibration level of the system. The RMS of the acceleration was computed 
from the power spectral density of the signal, as follows: 

aRMS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
PSD(f)Δf

√

where PSD(f) represents the power spectral density of the sampled 
signal, a function of frequency, while Δf is the frequency resolution, 
which is determined by the frame size. The RMS describes the energy 
content of the signal in the time domain.

3. Results

3.1. PoD measurements

Fig. 7 depicts the evolution over time of four parameters for one 
representative trial of (1 MPa, 3 m/s). Fig. 7a shows that a thermal 
equilibrium between the disc and the external environment is not 
reached, since the disc temperature is increasing at the end of the test. A 
thermal equilibrium was reached only for (1 MPa, 1.5 m/s). Table 3 lists 
the temperatures reached by the PoD disc at the end of the test. As ex
pected, the tests with the highest PV factor reach the highest tempera
ture. The tests with a 3 MPa m/s PV factor do not exceed 100 ◦C, while 
the tests at (1 MPa, 1.5 m/s) reach the lowest temperatures. Table 3 also 
reports the steady-state values of the PoD testing as an average and 

standard deviation among the different trials. Five parameters are re
ported for all the tests: disc temperature, specific wear coefficient of the 
pin, CoF, total particle concentration, and normal and tangential 
vibrations.

The CoF and the particle concentration show a characteristic trace: in 
the initial stage of the test, they increase up to a peak value, then they 
decrease, finally entering a steady-state phase. Then, for each test, two 
characteristic values were identified: a peak and a steady-state value. 
The difference between steady state and peak emission values is sig
nificant for PV factors equal to 3 MPa m/s or greater. For the tests at (1 
MPa, 1.5 m/s) no clear peak was observed in the emission curve, even 
though a minor peak in the CoF was observed. Table 4 lists the peak 
values of the CoF and particle concentration, along with the sliding 
distance at which they occur, generally below 600 m. It is interesting to 
note that the peaks of the total concentration occur at a smaller sliding 
distance compared to the CoF. The normal and tangential vibrations 
show different behaviours compared to the friction and particle con
centration curves since no clear peaks were observed during the tests 
(Fig. 8d).

3.2. Subscale dynamometer measurements

Fig. 8 depicts the evolution over time of five parameters for one 
representative test at (1 MPa, 3 m/s): disc temperature, CoF, particulate 
emissions, and both components of vibration. A thermal equilibrium was 
not achieved by the end of the test (Fig. 8a). The final temperatures of 
the tests are documented in Table 5. The tests conducted at (2 MPa, 3 m/ 
s) approach the maximum temperature of 260 ◦C, a condition that 
limited the duration of the tests. The tests at (1 MPa, 3 m/s) exhibit final 
temperatures surpassing those at (2 MPa, 1.5 m/s), suggesting that the 
temperature rise in the dynamometer is mainly influenced by V. Also, 
the CoF does not reach a steady-state (Fig. 8b), since the values are still 
increasing at the end of the test. This behaviour becomes more evident 
for the test at (1 MPa, 1.5 m/s).

The time scale of the emission curve in Fig. 8c exceeds the test 
duration since the acquisition is delayed by 4 s, and it takes about 15 s 
for the particle concentration to return to its background value (ranging 
between 4 and 5 #/cm3). Depending on the sliding velocity, the emis
sion peak occurs at the end of the test or a few seconds earlier, as in the 
case of Fig. 8, where the peak is reached at 20 s. The sliding distances at 
which the emission peaks occur are reported in Table 6. Velocity has a 
role in decreasing the sliding distance at which the peak occurs.

Table 5 summarizes the representative values for all the parameters, 
in terms of average values and standard deviation among trials. The CoF 
and the vibrations (RMS) are represented by the final values of the tests. 
The peak value was considered instead for the particle concentration. 
The specific wear coefficient is relative to one coupon.

4. Discussion

The observed differences in the behaviors between the two systems 
will be interpreted based on their distinct characteristics. The thermal 
aspect is crucial in this study because it impacts the length of the 
dynamometer tests. Specifically, the duration of these tests was estab
lished to match the time it takes for the test at (2 MPa, 3 m/s) to reach a 
disc temperature of 260 ◦C. The intention behind this was to maintain 
mild sliding conditions and prevent the contact temperature from 
exceeding the TT for emissions. The surface of friction materials is 
significantly affected by sliding under high contact temperatures, which 
in turn impacts the performance of brake materials. In particular, the 
presence of phenolic resin as a binder in the materials causes them to 
soften as the temperature increases [29]. In addition, the stability of the 
secondary contact plateaus of the friction layer is highly affected by the 
contact temperature [30–34], and the wear regime may transition from 
mild to severe when the temperature exceeds critical values between 
300 and 400 ◦C [35,36]. Finally, regarding the emission, it has been 

Fig. 6. Vibration measurement setup: (a) Shear accelerometers (AN and AT) 
placed on the pin-holder; (b) triaxial accelerometer placed at the back of 
a coupon.
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demonstrated the existence of a TT in the range of 170–190 ◦C for the 
PoD and 300–400 ◦C for the full-scale dynamometers [16,37–39].

The simplified analytical model by Federici et al. [40] is employed to 
explain the observed differences in temperature evolution between the 
two testing rigs. This model is referred to as ’modified’ because it im
proves the original modelling approach proposed by Kennedy et al. [41]. 
This model estimates the average bulk temperature rise in the contact 
region during dry sliding tests in a PoD tribometer. The assumption is 
that all frictional power is transformed into heat at the contact interface 
and that there is perfect contact at the disc and disc-holder interface 
[40]. In this model, the evolution of the surface temperature over time is 

described by the following equation: 

Ts(t)=
μ(t) FN v

k1
l1 Apin + h Atot

disc + mdisc
Cpdisc

t

+ T0 (1) 

where k1 is the thermal conductivity of the pin, l1 is the length of the 
thermal path of the pin, Apin the nominal contact area of the pin. Atot

disc is 
the total area of the upper surface of the disc, h the heat convection 
coefficient of the disc, mdisc the mass of the disc, and Cpdisc the specific 
heat capacity of cast iron. In addition, T0 is the starting temperature of 
the test. Table 7 shows the values of the main parameters of the 
‘modified’ equation for the PoD and the dynamometer. A critical point 
lied in the evaluation of h, which was evaluated experimentally to get 
proper values for the systems. The following equation has been 
exploited: 

h=
b Cpdisc mdisc

As
(2) 

where As is the disc surface area, and b is the coefficient of heat transfer 
of the Newton’s law of cooling, in which the difference in temperature 
between the body and the environment decays exponentially as a 
function of time, as follows: 

Ts(t)=Tr + (Tmax − Tr) e− bt (3) 

Where Tr is the room temperature, it is assumed that it remains constant 

Fig. 7. An example of (a) Temperature, (b) CoF, (c) Emissions, and (d) Vibration trends demonstrated by a PoD test at 1 MPa, 3 m/s.

Table 3 
Final disc temperature and steady-state values of the PoD tests.

Testing parameters Final disc temperature Ka CoF Particle concentration Normal vibration - RMS Tangential vibration - RMS

(◦C) m2/N – #/ cm3 m/ s2 m/ s2

1 MPa, 1.5 m/s 59 (4.3 ± 0.26) e− 14 0.51 ± 0.04 670 ± 380 1.3 ± 0.34 2.95 ± 0.2
2 MPa, 1.5 m/s 94.3 (3.2 ± 0.13) e− 14 0.47 712 ± 323 2.1 ± 1.3 13.5 ± 9.5
1 MPa, 3 m/s 90.5 (1.75 ± 0.15) e− 14 0.42 ± 0.007 230 ± 110 1.6 ± 0.2 5.8 ± 3.8
2 MPa, 3 m/s 142 (1.15 ± 0.2) e− 14 0.41 ± 0.04 184 ± 23 15.5 ± 1.7 91 ± 56

Table 4 
Peak values of the PoD tests, with the sliding distance at which they occur.

Testing 
parameters

CoF Particle concentration

– Sliding distance 
for the peak (m)

#/ cm3 Sliding distance 
for the peak (m)

1 MPa, 1.5 m/ 
s

0.54 ±
0.01

563 715 ±
516

/

2 MPa, 1.5 m/ 
s

0.52 ±
0.01

530 ± 200 1875 ±
35

517 ± 273

1 MPa, 3 m/s 0.47 ±
0.01

361 ± 50 1794 ±
93

165 ± 35

2 MPa, 3 m/s 0.45 ±
0.02

455 ± 15 2731 ±
762

180 ± 40
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during the heat exchange between the body and the environment, and 
Tmax is the initial temperature of the cooling curve. The parameter b was 
computed from the cooling phase after one test at (1 MPa, 1.5 m/s), 
maintaining the same angular speed of the disc as during the test, 
without the friction samples in contact. The cooling curve data were 
then fitted using an exponential equation.

At the numerator of Eq. (1) is the friction power, μ(t) FN v, the 
product of CoF, nominal contact force and sliding velocity. The friction 
power is responsible for the contact temperature rise, and, considering 
the test at (1 MPa, 1.5 m/s), it is higher in the dynamometer by a factor 
of 7.5. In particular, the normal force applied in the dynamometer tests 
is 9 times greater than that of the PoD. At the denominator instead, there 
are three components accountable for the heat dissipation: a conductive 
component through the pin, a convective component between the disk 
and the environment, and a heat storage component inside the disc, 
whose importance decreases linearly over time. After an initial transient 

the heat storage component becomes negligible, and the constant term 
given by k1

l1 Apin + h Atot
disc remains the main component for the heat 

dissipation. Although this component is higher in the dynamometer by a 
factor of 1.6, it fails to efficiently dissipate the heat generated by the 
friction power. This qualitatively explains the higher temperature in
crease in the dynamometer tests.

Figs. 9–11 compare the four output parameters, plotted to pressure 

Fig. 8. An example of (a) Temperature, (b) CoF, (c) Emissions, and (d) Vibration trends demonstrated by a dynamometer test at 1 MPa, 3 m/s.

Table 5 
Average values of the parameters of the subscale dynamometer.

Testing parameters Final disc temperature Ka – coupon CoF Particle concentration Normal vibration - RMS Tangential vibration - RMS

◦C m2/N – #/cm^3 m/s^2 m/s^2

1 MPa, 1.5 m/s 82 (1.71 ± 0.01) e− 14 0.42 ± 0.02 18.3 ± 3 0.37 ± 0.02 1.9 ± 0
2 MPa, 1.5 m/s 139 (2.53 ± 0.7) e− 14 0.43 ± 0.02 92 ± 18 0.35 ± 0.05 2.1 ± 0.3
1 MPa, 3 m/s 153 (1.48 ± 1) e− 14 0.45 ± 0.01 225 ± 45 0.4 ± 0.04 1.9 ± 0.3
2 MPa, 3 m/s 259 (3.54 ± 0.6) e− 14 0.43 ± 0.01 517 ± 99 0.42 ± 0.013 3 ± 0.04

Table 6 
Sliding distance at which the emission peaks occur.

Testing parameters Total concentration - peak occurrence (m)

1 MPa, 1.5 m/s 14 ± 14
2 MPa, 1.5 m/s 23.5 ± 0.7
1 MPa, 3 m/s 19.5 ± 0.7
2 MPa, 3 m/s 15 ± 1.4

Table 7 
Parameters of Eq. (1) and their magnitudes, for the test at 1 MPa, 1.5 m/s.

Parameters Pin on disc Dynamometer

k1 (W/mK) 2.4 2.4
l1 (m) 4e-3 5e-3
Apin (m2) 7.85e-5 7.2e-4
Atot

disc (m2) 2.7e-2 1.13e-2
mdisc (kg) 2.8 0.46
Cpdisc (J/Kg⋅K) 465 465
FN (N) 79 720
v (m/s) 1.51 1.51
μ 0.51 0.42
T0 (◦C) 30 ◦C 30 ◦C
b (1/s) 6.25e-4 4.8e-3
h (W/ m2K) 29.6 88.8
μ(t) FN v (W) 61.6 464.4
k1
l1

Apin + h Atot
disc (W/ K) 0.85 1.35
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and velocity, both of the pin-on-disc and the dynamometer. Each 
experimental point is represented by a dot, the average value of three 
trials, and by a bar, the standard deviation among the same trials.

As mentioned before, the PoD’s methodology distinguished peak and 
steady-state values for emissions and CoF. The PoD tests show higher 
CoF compared to the dynamometer at 1.5 m/s, namely 15 % for the 
steady states and 24 % for the peaks. This result can be related to the 
short duration of the dynamometer tests, which does not allow the tests 
at 1.5 m/s to reach a proper steady state. CoF values are instead com
parable at 3 m/s. Furthermore, the dynamometer shows a slight increase 
in the CoF moving from 1.5 m/s to 3 m/s, while the PoD shows an 
evident decrease for both peaks and steady-state values. Even when 
considering values at the same sliding distance (33 m) for the dyna
mometer, the CoF remains constant when passing from 1.5 m/s to 3 m/s. 
The PoD result is in accordance with Wei et al. [42] and Wahlström et al. 
[43], who showed a decrease in the CoF by increasing both P and V. 
Candeo et al. [4] instead showed a decrease in CoF as speed increased 
from 1.8 m/s to 19 m/s, and pressure from 0.3 to 2.5 MPa, in the same 
subscale dynamometer of this study.

Concerning the wear coefficient Ka, the two systems present no clear 
correlation in terms of PV sensitivity. The order of magnitude is the 
same, suggesting a mild wear regime in both cases, however, the 
dynamometer features higher values at (2 MPa, 3 m/s) and lower values 
at (1 MPa, 1.5 m/s). Moreover, the wear coefficient in the PoD decreases 
when P and V increase. This result is again in accordance with Wei et al. 
[42] and Wahlström et al. [43], who found that both pressure and ve
locity caused the decrease in the specific wear rate of a low-metallic 
material sliding against a cast iron disc if the temperature remains 
below 200 ◦C. The reason is that P induces better compactness of the 
secondary plateaus and avoids their detachments from the friction layer, 
while V decreases the shear force at the plateau region by decreasing the 
CoF [42]. However, it has to be mentioned that the specific wear coef
ficient is not properly suitable for the dynamometer tests, as steady 
states are not reached during the tests, which also explains the high 
standard deviation in the wear coefficients.

With regard to particulate emissions, a distinction can again be made 
between steady state and peak values for the PoD. Focusing on peak 
values, the particle concentration shows a similar trend between the two 

systems: it increases with P and V. The steady states of the PoD instead 
decrease when increasing V. Then it is reasonable to assume that the 
results of the dynamometer tests are closer to peak values than steady- 
state values, even if the dynamometer shows a lower sensitivity to 
pressure at 1.5 m/s. In this regard, Wahlstrӧm et al. [25] found that the 
peaks of coarse particles for a low-metallic material increased with P for 
a contact temperature below 200 ◦C. By analysing a pair of materials 
similar to this study, they showed that the peaks of the concentration 
increased and became sharper as P increased [25,43,44]. In addition, the 
absolute values of particle concentration are higher for the PoD peaks by 
a factor that varies from 5 for the test at (2 MPa, 3 m/s) to 39 for the test 
at (1 MPa, 1.5 m/s). The particle concentrations calculated at the same 
sliding distance for the two systems, result to be higher in the PoD by a 
factor that varies from 2 for the tests at 3 m/s to 5 (or higher) for the tests 
at 1.5 m/s. This result can be attributed to a scale factor between the two 
testing rigs and a difference in the measurement setup: even if the same 
OPS was used, the dynamometer had a higher air flowrate, which dilutes 
more the concentration, and this effect is not compensated by the 
smaller area of the pins compared to the coupons. Pearson’s correlation 
coefficient was computed to gain a better understanding of the rela
tionship between the emissions of the two systems. When computed for 
the PoD peak values and the dynamometer values, this coefficient dis
played a high and positive value of 0.89, whereas it remained high but 

Fig. 9. Steady states of the PoD tests: (a) CoF; (b) Wear coefficient; (c) Particle number concentration; (d) Tangential vibration; and (e) Normal vibration.

Fig. 10. Peak values of the PoD tests: (a) CoF; (b) Particle number 
concentration.
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became negative, with a value of − 0.85, when computed with the PoD 
steady state values. This result supports the observed stronger corre
spondence of peak values with dynamometer measurements for particle 
concentration.

Regarding the vibrations of the two systems, the PoD features higher 
RMS values than the dynamometer, essentially due to the lower stiffness 
of its holding system. In both testing rigs, the tangential vibration is 
higher than the normal component. The ratio between the average 
tangential and normal vibrations is of the same order of magnitude in 
the two systems. The dynamometer shows a lower PV sensitivity 
compared to the PoD, which exhibits higher variation due to its lower 
stiffness. The approach of linking PM emissions to system vibrations is 
rather interesting. In a previous study, Jayashree et al. [12] found a 
relationship between particle number concentration and system vibra
tions in PoD tests for a simplified friction material. In the current anal
ysis, the steady state of the particle concentration was found to decrease 
with V and to remain unaffected by P. On the contrary, the tangential 
and normal vibrations were found to increase with both P and V; how
ever, if we focus on the peak values, a general correlation between the 
emissions and vibrations is observed. When considering the relationship 
between vibrations and emissions, particular care should be taken, as 
both vibration and particle concentration depend on the pressure and 
velocity conditions. With these considerations in mind, Pearson’s cor
relation coefficients can still be used for comparison purposes. They 
were computed between the particle number concentration and normal 
vibrations in the two systems to gain a better understanding of their 
relationship. For the PoD, a coefficient around 0.5 indicates an inter
mediate correlation in terms of PV sensitivity between the two param
eters. Conversely, the correlation coefficient for the dynamometer is 
approximately 0.9, denoting a higher correlation.

An area of particular interest for future research remains the rela
tionship between vibration and particulate emissions. Specific tests on 
various types of friction materials should be conducted to better inves
tigate this relationship in both testing scales. Additionally, modal 
analysis should be considered to quantify the stiffness of the two systems 
and correlate it with the different values of root mean square (RMS) 
acceleration.

5. Conclusions

This study compared the CoF, wear, PM emissions, and system vi
brations between a PoD and a reduced-scale dynamometer, aiming to 
enhance the interpretation of the testing results and their relevance to 
the related fields of application. The main outcomes regarding the 
applied methodology and investigated behaviours are as follows:

1. Dragging conditions were selected to facilitate comparison between 
the two testing rigs. The higher increase in disc temperature of the 
reduced-scale dynamometer was primarily caused by higher energy 
input. Testing conditions included 1 and 2 MPa contact pressure, 
sliding velocities of 1.5 and 3 m/s, and a disc temperature below 
260 ◦C.

2. Although the two systems exhibited similar values of CoF, the PoD 
displayed PV sensitivity, whereas the CoF on the dynamometer 
remained relatively constant. This difference can be attributed to the 
distinct thermal behaviours of each system and the absence of steady 
states in the dynamometer system.

3. Kₐ values were typical of mild wear regimes, 1–4 e− 14 m2/N in both 
systems; however, steady states were not achieved in the reduced- 
scale dynamometer.

4. The particulate concentration of the dynamometer tests better 
correlated to the peak phases of the PoD tests.

5. PoD exhibited higher RMS vibrations due to its lower stiffness, while 
both systems displayed higher tangential vibration components.

6. When performing pin-on-disc testing, it becomes important to 
consider not only the steady state values, but also the peak, or 
transition, phases.
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