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Abstract: With the implementation of strict emission regulations and the use of cleaner fuels, there
has been a considerable reduction in exhaust emissions. However, the relative contribution of tire
wear particles (TWPs) to particulate matters is expected to gradually increase. This study conducted
laboratory wear experiments on tires equipped on domestically popular vehicle models, testing the
factors and particle size distribution of TWPs. The results showed that the content of tire wear particle
emission was mainly ultrafine particles, accounting for 94.80% of particles ranging from 6 nm to
10 µm. There were at least two concentration peaks for each test condition and sample, at 10~13 nm
and 23~41 nm, respectively. The mass of TWP emission was mainly composed of fine particles and
coarse particles, with concentration peaks at 0.5 µm and 1.3–2.5 µm, respectively. Both the number
and mass of TWPs exhibited a bimodal distribution, with significant differences in emission intensity
among different tire samples. However, there was a good exponential relationship between PM10

mass emissions from tire wear and tire camber angle. The orthogonal experimental results showed
that the slip angle showed the greatest impact on TWP emission, followed by speed and load, with
the smallest impact from inclination angle.

Keywords: vehicle emission; tire wear; laboratory test; size distribution; influencing factors

1. Introduction

The study of vehicle emissions has long been a crucial focus in the field of research.
To tackle the increasingly significant problem of vehicle pollution and decrease vehicle
emissions, scientific researchers have devoted extensive efforts to enhance engine thermal
efficiency, refine fuel quality, and create new exhaust-after-treatment devices [1,2]. Addi-
tionally, numerous countries and regions worldwide have taken significant measures, such
as imposing stricter vehicle emission standards, placing restrictions on vehicle purchases
and regional driving, promoting the development of rail transit, offering new standard
fuels like ethanol gasoline, and encouraging the replacement of old vehicles [3–5]. These
scientific research and policy initiatives have played a pivotal role in mitigating urban
vehicle pollution.

Motor vehicles are a major contributor of particulate matter in the environment
through their exhaust emissions, as well as non-exhaust emissions from sources such
as tire wear, brake pad wear, road dust, road wear, and other parts such as clutches [1,6].
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With the implementation of stricter motor vehicle emission standards and the increasing
promotion of new energy vehicles, exhaust emissions from motor vehicles are expected to
decrease, while non-exhaust emissions will become a more significant source of pollution.
However, current research and regulations on particulate matter emissions from motor
vehicles primarily focus on exhaust emissions, with limited attention given to non-exhaust
emissions, particularly in China’s atmospheric environment field due to a lack of relevant
emission control standards [7–10]. As new energy vehicles significantly reduce non-exhaust
emissions, and even reach zero in the case of pure electric vehicles, non-exhaust particulate
emissions require further attention.

New energy vehicles, especially pure electric vehicles, have demonstrated significant
emission reductions for tailpipe particulate matter. However, due to the increase in vehicle
weight (generally 24% heavier) and improved performance, non-exhaust emissions such as
brake and tire wear emit more particulate matter than traditional fuel vehicles [11]. This
further increases the contribution of non-exhaust to particulate matter emissions from motor
vehicles, potentially making non-exhaust emissions the most significant anthropogenic
source of particulate matter in urban areas worldwide. To strengthen the regulation of such
non-exhaust particulate matter emissions, the Euro 7 proposal for the first time includes
brake particulate matter emissions and tire wear under control and proposes relevant limit
requirements. At present, the Euro 7 proposal only provides classification rules for different
types/grades of tires. Specific limit requirements have not been proposed yet. According
to the EU plan, the corresponding limit values will be established by the end of 2024 [12].

Tires are one of the important components of motor vehicles. They directly contact
the road surface and work together with the suspension to cushion the impact on the
vehicle during driving, ensuring a comfortable ride and smooth driving experience. Tires
also ensure good adhesion between the wheels and the road surface, improve traction,
braking, and passing ability, and play an important role in supporting the weight of the
vehicle. As the tire surface rubs against the road surface during vehicle operation, frictional
forces are generated, leading to tire wear and making tires one of the sources of airborne
particulate matter [13–17]. During the interaction between the tire and road surface, friction
and sliding occur, leading to micro-cutting and tearing. The contact area between the tire
and road surface is constantly under stress, with the accumulated friction energy reaching
a critical point, causing localized detachment in the form of debris and resulting in wear.
Schallamach et al. pointed out that rubber samples under unidirectional abrasion are
abraded with the formation of surface abrasion patterns. The appearance of such patterns is
regarded to be because of the relative friction sliding of an elastomer characterized by low
elasticity modulus over another harder counter face, and is thus referred to as an important
abrasion characteristic or specified as the pattern abrasion, a special wear mechanism of
rubber and tires [18,19].

The emission amount, particle size distribution, and chemical composition of TWPs are
influenced by multiple factors, including tire properties, road structure, vehicle characteristics
and conditions, and driving style [20–23]. Generally, tire manufacturers set the service life
of tires at three years, which may vary based on the mileage, with a maximum of five years.
Thus, the amount of tire wear is considerable. Previous studies have shown that tire wear is
mainly influenced by tire properties (tire type, size, mileage, and age), road surface properties
(material, pattern, humidity, temperature), and vehicle driving conditions (speed, acceleration,
braking, turning, tire pressure) [24,25]. In addition, frequent and rapid acceleration and
braking as well as poor road conditions can generate more tire wear particles [21,22].

The analysis of particulate matter emission sources in the European road transporta-
tion sector shows that non-exhaust particulate matter has reached 85% of total road par-
ticulate matter emissions, with the vast majority coming from braking and tire wear [26].
Even electric vehicles with zero exhaust emissions cannot avoid particulate matter emis-
sions caused by braking and tire wear. Early studies on TWPs utilized scanning electron
microscopy to analyze from a microscopic perspective. Dannis et al. found that the av-
erage size of TWPs was 20 µm, with only a small fraction of particles being smaller than
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3 µm. Camatini et al. studied the particle size of tire wear collected from an automotive
testing facility using scanning electron microscopy and found that the particle size could
reach several hundred micrometers [27]. However, particles with a size larger than tens of
micrometers will quickly settle due to the effect of gravity. Pierson et al. discovered that
only 10% by weight of TWPs had a size smaller than 3 µm, and only a small fraction of wear
particles actually entered the air. Most of them settled directly onto the road or nearby areas.

Laboratory experiments have shown that TWPs are distributed in sizes both below
100 nm and above 30 µm, indicating that tire wear contributes to submicron-sized particles.
Kreider et al. analyzed TWPs’ size distribution using laser diffraction and transmission
optical microscopy, finding that the volume-based size distribution followed a unimodal
pattern with peak sizes of 75 µm and 100 µm [28]. Therefore, the proportion of PM10 in
TWP is low, ranging from approximately 0.1% to 10%. This observation is supported by
Fauser’s research [29], which indicates that most TWPs generated by tire–road friction
settle on the road surface, and only 5% of the total suspended particulate matter in cities
come from particles that enter the air directly or through resuspension, with these particles
exhibiting a bimodal size distribution and particles smaller than 1 µm, accounting for over
90% of the total mass.

There are two main methods for studying TWPs: laboratory testing and road measure-
ment [1,30,31]. Andreas Dahl et al. studied the ultrafine particles in TWPs using the VTI
road simulator and found that the mean diameter of TWPs (by number) was 15~50 nm [32].
The emission factor was 3.7 × 1011 particles/veh/km at an initial braking speed of 50 km/h
and 3.2 × 1011 particles/veh/km at 70 km/h. Marcel Mathissen et al. used an EEPS (TSI)
installed between the tire and the road surface to test TWPs in a vehicle testing facility,
and analyzed the emission characteristics of ultrafine particles generated by tire wear on
the road surface [33]. They found that particles were produced in the range of 6~562 nm,
with the maximum value appearing at 30~60 nm, and that the emission rate increased
significantly when the tire was skidding. Dall’Osto et al. used a tire wear test machine and
particle size spectrometers (APS and SMPS, TSI) to detect the particle size distribution of
particles in the range of 6 nm to 20 µm, and found two peak values at 35 nm and 85 nm [34].
Fauser et al. believed that the mass particle size distribution of tire wear particles entering
the air showed a bimodal mode, with particles below 1 µm accounting for more than 90%
of the total mass [29]. Chang et al. used a tire test bench to analyze the factors that may
affect the number and particle size distribution of tire wear particles and found a single
peak mode with a peak diameter of 10~200 nm. The peak size varied due to factors such
as tire model, wear resistance index, and experimental conditions (such as temperature
and humidity). Kwak et al. conducted road experiments and laboratory simulations and
found that the number and particle size distribution of tire wear particles followed a single
peak mode [35]. The peak size varied, with a peak diameter of 60 µm for the former and
30~40 nm for the latter. This study did not find any significant effect of driving speed on the
number and particle size distribution. Therefore, different studies have come to different
conclusions about the particle size distribution, and the differences can be significant.

In summary, the characterization of TWPs is still not comprehensive enough, with
significant differences in particle size distribution and variations in research objects across
different regions. Previous studies have provided little reference value for understanding
the current status of tire wear in China. Furthermore, differences in research methods
and technical approaches have led to poor data comparability. Therefore, this study aims
to use a tire durability testing platform to investigate the particle size distribution of
tire wear emissions and the quantitative impact of various factors on particle emissions,
deepening our understanding of non-exhaust particles, particularly those generated by
motor vehicle tires in China. This study investigated the size distributions and influencing
factors of TWPs via laboratory tests. The findings will provide a theoretical basis and
scientific evidence for formulating emission standards and control policies for non-exhaust
particles, advancing motor vehicle particle pollution control, improving urban air quality,
and enhancing environmental sustainability.
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2. Materials and Methods
2.1. Sampling Information

Based on the brand and domestic usage in the Chinese market, five tire samples were
selected for wear testing, and their respective properties are shown in Table 1, includ-
ing the sample number, the country of the brand, the rated load in kilograms, and the
specification model.

Table 1. Tire sample parameters.

Sample No. Country of Brand Rated Load (kg) Specification Model

Tire 1 South Korea 690 215/55 R18 95H
Tire 2 Germany 340 195/55 R16 91H
Tire 3 China 690 205/65 R16 95H
Tire 4 Germany 615 195/55 R16 95H
Tire 5 South Korea 500 195/60 R15 88H

2.2. Sampling Method

The tire wear experiment involves simulating various tire conditions using a High
Dynamic Outsider Wheel Tester, which consists of a control system, tire, and drum, as
shown in Figure 1. The drum is roughened with tungsten carbide to increase surface
roughness, and the right drum speed drives the left tire at the same speed to simulate real-
world tire travel. By controlling the drum speed, tire load, tire inclination angle, and lateral
deviation angle, various test conditions can be completed. The wheel tester was installed in
an enclosed antistatic plexiglass chamber (length: 3.5 m × width: 2.4 m × height: 2.2 m).
A fresh air system was installed at the air inlet of the chamber to reduce the influence of
the background environment. According to Hagino et al.’s research [36], when the flow
rate is between 0.5 and 5 m3/min, it has no significant effect on the particle emission rates.
Therefore, in this study, the wind speed of the air pump was set at 6 m/s.
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Figure 1. Schematic of the tire simulator and the measurement setup.

To monitor the distribution of TWPs beneath the tire, the Electrical Low-Pressure
Impactor Plus (ELPI+) with High-Resolution Analysis Software (High-Resolution ELPI®+,
Dekati, Finland) was used to monitor the particle size of emitted particulate matter [37].
It is based on the principle of inertial impact separation and measures the particle size
distribution and mass concentration in the air in real time. It utilizes a data inversion
algorithm that gives real-time particle size distribution in up to 500 size classes 6 nm~10 µm.
In this study, the particles within the monitored size range (6 nm~10 µm) are divided into
100 size segments with a maximum time resolution of 1 s by HR-ELPI+ with a time
resolution of 1 s. By spraying powder directly onto the contact face between tires and
simulated road surfaces, the produced particles are better dispersed an emitted. Since the
sprayed powders are pure and made of relatively coarse particles, the influence of the
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nanoparticle size segment, in particular, on the particle size distribution characteristic is
relatively small and not variable.

2.3. Tire Wear Test Conditions

In order to understand the effects of various factors (speed, load, slip angle, and roll
angle) on TWPs and emission of particulate matter, multiple combination conditions were
tested in the experiment, as shown in Table 2. All conditions in the table are divided
into two groups. The first group comprises conditions 1 and 0-1~0-15, which are devised
to assess the individual factors’ impact on emissions. The second group encompasses
conditions 1 and 2~25, aiming to comprehensively examine the particle size distribution and
comprehend the diverse combinations of factors affecting tire wear and particle emissions.
Among them, the 25 conditions in the second group are designed using a mixed-level
orthogonal experimental design.

Table 2. Tire wear test conditions.

No. Speed (km/h) Load (%) Slip Angle (◦) Roll Angle (◦) Factor

1 40 75 2 0

Speed
0-1 60 75 2 0
0-2 80 75 2 0
0-3 100 75 2 0
0-4 120 75 2 0

0-5 60 75 2 0

Load0-6 60 80 2 0
0-7 60 90 2 0
0-8 60 100 2 0

0-9 40 75 1 0

Slip angle0-10 40 75 2 0
0-11 40 75 3 0
0-12 40 75 5 0

0-13 60 75 0 1
Roll angle0-14 60 75 0 2

0-15 60 75 0 3

2 40 80 1 1

Orthogonal test

3 40 90 2 2
4 40 100 3 3
5 40 100 5 3
6 60 75 1 2
7 60 80 2 3
8 60 90 3 3
9 60 100 5 0

10 60 100 0 1
11 80 75 2 3
12 80 80 3 0
13 80 90 5 1
14 80 100 0 2
15 80 100 1 3
16 100 75 3 1
17 100 80 5 2
18 100 90 0 3
19 100 100 1 3
20 100 100 2 0
21 120 75 5 3
22 120 80 0 3
23 120 90 1 0
24 120 100 2 1
25 120 100 3 2
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3. Results and Discussion
3.1. Number Distribution of TWPs

Figure 2 presents the results of a hierarchical cluster analysis on the number distribu-
tion of emitted particulate matter during tire wear processes. The figure demonstrates that
the particle number distribution of the five tire samples can be divided into two categories.
In Tire 1, conditions 1 to 6 and the background value belong to the first category (No. 1-1),
while the other conditions belong to the second category (No. 1-2). Similarly, in Tire 2,
conditions 1 to 5, 24, and the background value belong to the first category (No. 2-1), while
the remaining conditions belong to the second category (No. 2-2). In Tire 3, the background
belongs to the first category (No. 3-1), and all conditions belong to the second category (No.
3-2). In Tire 4, conditions 1 and the background belong to the first category (No. 4-1), while
the other conditions belong to the second category (No. 4-2). Finally, in Tire 5, conditions 5,
9, 12, 16, and 20 belong to the first category (No. 5-1), and the remaining conditions belong
to the second category (No. 5-2).
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Figure 2. Clustering result of TWPs’ number size distribution of the five tire samples (Tires 1~5).

Figure 3 displays typical particle number distribution examples of five tire sam-
ples measured by ELPI+. According to ELPI+’s particle size range, particles can be di-
vided into three size segments: PN0.1 (6 nm < Dp ≤ 0.1 µm, ultrafine particles), PN0.1–2.5
(0.1 µm < Dp < 2.5 µm), and PN2.5–10 (2.5 µm ≤ Dp < 10 µm, coarse particles). It is evident
that the majority of emitted particles from all samples are concentrated in the PN0.1 seg-
ment, accounting for an average of 94.80% of the total particle count. Within the PN0.1
segment, at least one clear concentration peak is observed. For example, in Tire 1, there
are two concentration peaks in the PN0.1 segment. In the first distribution mode (red line),
the first peak appears at 13 ± 3 nm, and the second peak at 41 ± 1 nm. In the second
distribution mode (black line), the first peak appears at 11 ± 1 nm, and the second peak
at 26.5 ± 7 nm. Similarly, Tire 2 exhibits two concentration peaks in the PN0.1 segment. In
the first distribution mode, the first peak appears at 12.8 ± 0.8 nm, and the second peak
at 34 ± 7.6 nm. In the second distribution mode, the first peak appears at 10.6 ± 0.5 nm,
and the second peak at 22.8 nm. Tire 3 and Tire 4 show only one concentration peak in
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the PN0.1 segment, at 10.8 ± 0.9 nm and 10.6 ± 0.4 nm, respectively. For Tire 5, there is
one concentration peak in the PN0.1 segment, with the two distribution modes showing
peaks in the same particle size range, at 10.3 ± 0.7 nm. For the first distribution mode of
Tire 1, Tire 2, and Tire 5, the concentration difference between the two peaks in the PN0.1
segment is small, while in the second distribution mode, the concentration of the second
peak is lower.
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On average, the particles emitted from each sample in the PN0.1–2.5 segment account
for only 5.18% of the total particle count at a smaller proportion as the particle emission rate
increases. Only No. 5 shows one concentration peak in this size range, at 0.11 µm for the
first distribution mode and 0.13 ± 0.05 µm for the second distribution mode. The number
of particles emitted in the PN2.5–10 segment is very small, averaging only 0.02%. Only Tire
5 exhibits a concentration peak in this size range, with both distributions showing peaks in
the same concentration range (7.08 ± 0.73 µm).

From the data presented, it is evident that the majority of TWP emissions consist of
ultrafine particles, with concentration peaks occurring at sizes below 100 nm. Similar results
have been found in studies on the number size distribution of TWP emissions (Table 3),
such as Mathissen et al., who found that the maximum number of TWPs occurred in the
range of 30–60 nm during field tests [33], and Dall’Osto et al., who found concentration
peaks of TWPs at 35 nm and 85 nm during tire wear experiments [34]. As inferred from
on-road and laboratory measurements, intensive driving conditions could enhance the
emission of ultrafine particles and peak particle number concentrations via nucleation and
condensation processes [33,35,38].

3.2. Mass Distribution of TWPs

Figure 4 provides the typical mass distribution characteristics of TWPs from tire sam-
ples. The contribution of particles in the PM0.1 size range to the total mass of emitted
particles is minimal, accounting for only 0.05% on average. All samples exhibit concen-
tration peaks in the PM0.1–2.5 size range. In sample Tire 1, particles in the PM0.1–2.5 size
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range contribute 30.89% on average to the total particle mass, with the first concentration
peak occurring at 0.48 µm or 2.11 µm. In sample Tire 2, particles in the PM0.1–2.5 size range
contribute 4.42% on average to the total particle mass, with the first concentration peak
occurring at 0.33 ± 0.003 µm and the second at 2.12 ± 0.08 µm. In sample Tire 3, particles
in the PM0.1–2.5 size range contribute 41.88% on average to the total particle mass, with the
first concentration peak occurring at 0.49 ± 0.02 µm and the second at 2.25 ± 0.44 µm. In
sample Tire 4, particles in the PM0.1–2.5 size range contribute 36.46% on average to the total
particle mass, with the concentration peak occurring at 1.39 ± 0.07 µm or 2.16 ± 0.12 µm.
In sample Tire 5, particles in the PM0.1–2.5 size range contribute 2.86% on average to the
total particle mass, with the concentration peak occurring at 1.27 ± 0.05 µm.

Table 3. Overview of the TWPs’ number size distribution in the literature.

Reference Country Method Instrument Measured Size Range Size Distribution

This study China Tire simulator ELPI 6 nm~10 µm Bimodal
(10~13 nm, 23~41 nm)

Dall’Osto et al., 2014 [34] Spain Tire simulator APS + SMPS/CPC

APS: 523 nm~20 µm
SMPS TSI3071/CPC 3022:

15~800 nm
SMPS TSI3085/CPC 3025:

5~160 nm

Bimodal (35 nm, 85 nm)
(35 nm, 85 nm)

Mathissen et al., 2011 [33] Germany Test site EEPS 5.6~562.3 nm

Low speed: unimodal
(70~90 nm)

High speed: bimodal
(<10 nm, 30~60 nm)

Dahl et al., 2006 [32] Denmark Road simulation SMPS + CPC 15~700 nm 15–50 nm a

Kreider et al., 2010 [28] U.S. Road vacuum cleaning TOM 0.3~100 µm Unimodal (50~75 µm)
a Average number size distribution.

Atmosphere 2024, 15, x FOR PEER REVIEW 9 of 14 
 

 

3.2. Mass Distribution of TWPs 

Figure 4 provides the typical mass distribution characteristics of TWPs from tire sam-

ples. The contribution of particles in the PM0.1 size range to the total mass of emitted par-

ticles is minimal, accounting for only 0.05% on average. All samples exhibit concentration 

peaks in the PM0.1–2.5 size range. In sample Tire 1, particles in the PM0.1–2.5 size range con-

tribute 30.89% on average to the total particle mass, with the first concentration peak oc-

curring at 0.48 μm or 2.11 μm. In sample Tire 2, particles in the PM0.1–2.5 size range contrib-

ute 4.42% on average to the total particle mass, with the first concentration peak occurring 

at 0.33 ± 0.003 μm and the second at 2.12 ± 0.08 μm. In sample Tire 3, particles in the PM0.1–

2.5 size range contribute 41.88% on average to the total particle mass, with the first concen-

tration peak occurring at 0.49 ± 0.02 μm and the second at 2.25 ± 0.44 μm. In sample Tire 

4, particles in the PM0.1–2.5 size range contribute 36.46% on average to the total particle 

mass, with the concentration peak occurring at 1.39 ± 0.07 μm or 2.16 ± 0.12 μm. In sample 

Tire 5, particles in the PM0.1–2.5 size range contribute 2.86% on average to the total particle 

mass, with the concentration peak occurring at 1.27 ± 0.05 μm. 

The TWP emissions from tire samples also exhibit concentration peaks in the PM2.5–10 

size range. The concentration peak in sample Tire 1 occurs at 6.81 ± 0.32 μm, while in 

sample Tire 2, it occurs at 6.88 ± 0.11 μm. In sample Tire 3, the concentration peak occurs 

at either 5.78 ± 0.30 μm or 6.71 ± 0.37 μm, while in sample Tire 4, it occurs at 4.43 μm or 

6.83 ± 0.18 μm or 7.43 ± μm. In sample Tire 5, the concentration peak occurs at 2.53 and 

7.57 ± 0.25 μm. Overall, the particle mass of TWPs is mainly composed of fine and coarse 

particles, with concentration peaks appearing at 0.5 μm and 1.3~2.5 μm. This result differs 

from the findings of Kwak et al., who detected concentration peaks at particle sizes of 2~3 

μm in both test field experiments and road simulation experiments [35,38]. 

 

Figure 4. TWPs mass distributions of each tire samples (Tires 1~5). Figure 4. TWPs mass distributions of each tire samples (Tires 1~5).



Atmosphere 2024, 15, 423 9 of 13

The TWP emissions from tire samples also exhibit concentration peaks in the PM2.5–10
size range. The concentration peak in sample Tire 1 occurs at 6.81 ± 0.32 µm, while in
sample Tire 2, it occurs at 6.88 ± 0.11 µm. In sample Tire 3, the concentration peak occurs
at either 5.78 ± 0.30 µm or 6.71 ± 0.37 µm, while in sample Tire 4, it occurs at 4.43 µm
or 6.83 ± 0.18 µm or 7.43 ± µm. In sample Tire 5, the concentration peak occurs at 2.53
and 7.57 ± 0.25 µm. Overall, the particle mass of TWPs is mainly composed of fine and
coarse particles, with concentration peaks appearing at 0.5 µm and 1.3~2.5 µm. This result
differs from the findings of Kwak et al., who detected concentration peaks at particle sizes
of 2~3 µm in both test field experiments and road simulation experiments [35,38].

3.3. Emissions Intensity

The emission intensities including PM0.1, PM0.1–2.5, and PM2.5–10 emitted by tire sam-
ples with different specification models were investigated and compared under the same
conditions (speed = 80 km/h, load = 100%, inclination = 0, yaw = 3◦). As shown in Figure 5,
it is apparent that there are significant differences between the samples and each sample
has its unique characteristics. The contributions of PM0.1 to the particulate matters with
diameters ranging within 6 nm and 10 µm from Tire 1 to Tire 5 are 0.48%, 0.20%, 0.38%,
0.04%, and 0.003%, respectively. Among them, Tire 2 has the highest emissions, followed
by Tire 1, while Tire 4 has the lowest emissions. PM0.1–2.5 contributes 3.34%, 0.96%, 11.82%,
13.25%, and 0.03% of the particulate matter emissions from each sample, respectively. Tire 2
has the highest emissions, followed by Tire 4, and Tire 5 has the lowest emissions. PM2.5–10
contributes 96.18%, 98.84%, 87.80%, 86.71%, and 99.97% of the particulate matter emissions
from each sample, respectively. Tire 5 has the highest emissions, followed by Tire 2, while
Tire 3 has the lowest emissions. The results indicate that particles with coarser particle
sizes contribute more to the emissions, in the descending order of PM2.5–10, PM0.1–2.5, and
PM0.1. This suggests that the physical mechanical wear process may be the dominant
process for the generation of tire wear particles. The results gave relatively controllable
data but which may differ to some extent from the field experiments and road simulation
experiments due to the presence of other components in the actual road surface, such as
asphalt, bitumen, etc.
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3.4. Analysis of Influencing Factors

The range analysis method is the predominant technique employed for interpreting
results from orthogonal experiments within the realm of automotive emissions research.
The range analysis results for the orthogonal experimental results in this study are shown
in Table 4. The calculated range R’ is in descending order, as follows: slip angle, speed,
load, and roll angle. This indicates that among these four factors, the slip angle has the
greatest impact on PM10 emissions, followed by speed and load, and tilt angle has the
smallest impact.

Table 4. The range analysis of TWPs’ orthogonal experiments.

Tire 3 Tire 4

Speed Load Roll Angle Slip Angle Speed Load Roll Angle Slip Angle

Range (R) 40,400 37,867 22,355 94,772 181,105 156,567 86,886 266,692
Converted range (R′) 36,135 33,869 22,494 84,767 161,985 157,543 87,427 238,537

Ranking 2 3 4 1 2 3 4 1

The PM10 concentration tested in the controlled variable experiment was standard-
ized (standardized concentration = PM10 concentration/the maximum PM10 concentration
obtained in each group of controlled variable experiments) to the converted PM10 concen-
tration to between 0 and 1. Then, a fitting analysis was conducted between the standardized
PM10 concentration and speed, load, slip angle, and roll angle, as shown in Figure 6 and
Table 5. The results indicate that the slip angle has the most significant effect on PM10
emissions from the three tire samples, and the slip angle has a good exponential relation-
ship with the standardized PM10 concentration (R2 > 0.999). The effect of roll angle on
standardized PM10 concentration is relatively small, and as the roll angle changes, the PM10
concentration changes are also small, consistent with the range analysis results. The effect
of speed on the standardized PM10 concentration of Tire 3 and Tire 4 is relatively significant,
and there is a good quadratic function relationship between speed and PM10 (R2 > 0.923).
The size of the tire load is related to PM10 emissions, but the differences between each
sample are large. Tire 3 has a good quadratic function relationship (R2 = 0.998) between the
load and PM10, while Tire 4 and Tire 5 show no clear pattern.
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Table 5. The fitting parameters between the influencing factors and TWPs PM10 emissions.

Speed Roll Angle Load Slip Angle

y = C + B1 × x + B2 × x2 y = A1 × exp(−x/t1) + y0

Tire 3 Tire 4 Tire 3 Tire 4 Tire 3 Tire 3 Tire 4 Tire 5

C 0.873 0.109 0.973 0.951 1.582 y0 0.05525 1.04 × 10−2 1.17 × 10−2

B1 −2.14 × 102 −4.28 × 10−3 −1.67 × 10−2 3.97 × 10−2 −3.84 × 10−2 A1 5.72 × 10−4 1.0 × 10−4 3.84 × 10−5

B2 1.84 × 104 9.73 × 10−5 8.63 × 10−3 −7.79 × 10−3 3.25 × 10−4 t1 −0.67483 −0.54625 −0.49228
R2 0.923 0.999 0.986 0.999 0.998 R2 0.999 0.999 0.999

4. Conclusions

This study applied the tire simulator testing and investigated the emission of TWPs
under different laboratory test conditions. The main findings are below.

The content of particulate matter emitted from tire wear is mainly ultrafine par-
ticles, which account for 94.80% of particles ranging from 6 nm to 10 µm. There are
at least two concentration peaks for each test condition and sample, at 10~13 nm and
23~41 nm, respectively.

The mass of TWPs emitted is mainly composed of fine and coarse particles, with
concentration peaks at 0.5 µm and 1.3~2.5 µm. Both the number and mass of TWPs show a
bimodal distribution, and the emission intensity varies significantly among different tire
samples. However, there is a good exponential relationship between the mass of PM10
emitted by tire wear and the tire slip angle. The orthogonal experimental results show
that the slip angle has the greatest impact on TWP emissions, followed by speed and
load, while the impact of roll angle is the smallest. The slip angle and standardized PM10
concentration have a good exponential relationship with a coefficient of determination
(R2) greater than 0.999. The impacts of four influencing factors on PM10 emissions in
TWPs were investigated, including slip angle, speed, load, and roll angle, where the slip
angle has the greatest impact, followed by speed and load, and tilt angle has the smallest
impact, showing different impacts to TWP emission, which has been acknowledged by
current research.

Currently, attention from researchers investigating emission factors, regulations, and
other factors related to tire wear, is simultaneously being paid to micron particles, especially
for PM10 and PM2.5. In addition, ultrafine particle exposure is strongly linked to adverse
health effects, and guidance for exposure limits has recently been provided by the World
Health Organization (WHO) [39]. Research relating to ultrafine particles produced by tire
wear process is expected to be considered in the future.
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Abbreviation Full name
TWPs Tire wear particles
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dN/dlogDp Normalized number concentration
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