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Abstract

Airborne tire and road wear particles (TRWP) are gaining regulatory attention, but labora-
tory methods for their measurement are not yet standardized. This study aimed to quantify
how controllable chassis-dynamometer operating parameters affect airborne TRWP mea-
surements and to identify the operating limits of the DLR TRWP-Measurement System.
A two-level factorial design in tire inflation pressure (1.8/3.8 bar) and chamber temper-
ature (11/35 °C) was realized in two sequential blocks at rear-wheel toe settings of 48’
and 30/, bracketed by reference measurements. Particle number was measured with a
condensation particle counter (MCPC, 7 nm-2 pm) and an optical particle sizer (OPS,
0.3-10 um), from which an optical mass proxy was derived. Higher chamber temperature
increased the cumulative MCPC response by a factor of 3.6 (95% CI 1.8-7.2), whereas higher
inflation pressure reduced the OPS number response by 18% (95% CI 12-24%); the OPS
mass proxy decreased by approximately 17% with temperature. Toe settings above 48’
caused progressively rising particle signals and irregular tread wear. The MCPC response
under reference conditions doubled over the campaign, showing that drift monitoring and
blocked, randomized run orders are prerequisites for factorial airborne TRWP testing.

Keywords: tire and road wear particles (TRWP); non-exhaust emissions; design of experi-
ments; chassis dynamometer; method development; particle number; particulate mass; tire
wear; Euro 7

1. Introduction

Air pollution remains one of the most significant environmental and public health
challenges worldwide. Although exhaust emissions from road transport have been sub-
stantially reduced through stricter emission standards, improved combustion technologies,
and exhaust after-treatment systems, emissions from non-exhaust sources are becoming
increasingly important [1-4]. The relative importance of non-exhaust emissions is further
increased by vehicle electrification, because operational tailpipe emissions are eliminated
while mechanically generated particle emissions remain. Battery electric vehicles eliminate
tailpipe emissions during operation, but continue to generate particulate matter through
mechanical wear processes, including tire wear, brake wear, road surface abrasion, and the
resuspension of deposited road dust [3,5-7]. Consequently, non-exhaust sources are ex-
pected to account for an increasing proportion of particulate emissions from road transport
as regulated tailpipe particulate matter emissions decline [3,8-11].
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Among non-exhaust sources, tire and road wear particles (TRWP) have gained consid-
erable scientific and regulatory attention. TRWP are generated through complex mechanical
and thermo-mechanical interactions at the tire-road interface, including abrasion, fatigue,
adhesion, and smearing. Tire-derived particles have been reported across a broad size
range (from a few nanometers up to several hundred micrometers), although the source
attribution and physical state of particles in the ultrafine range remain unclear and highly
method-dependent [12-15]. Coarser (micrometer range) TRWP predominantly deposit
near the emission source or are transported through road runoff, contributing to terres-
trial and aquatic microplastic contamination. Smaller particles may remain airborne for
longer periods and contribute to traffic-related particulate matter exposure, although the
specific health effects attributable to airborne TRWP remain subject to ongoing investiga-
tion [2,9,12,15,16]. Freshly generated airborne TRWP may contain tire-derived polymers
and fillers, mineral road material, organic additives, and trace elements, with their com-
position and morphology depending on tire formulation, surface properties, operating
conditions, and the particle-generation mechanism. Subsequent environmental aging can
further modify the particles and their associated chemical compounds [17-20].

Regulatory developments increasingly reflect the importance of non-exhaust emissions.
The Euro 7 framework from the European Union introduces dedicated requirements for non-
exhaust sources, with brake particle emissions addressed through PMjg (particulate matter
with an aerodynamic diameter less than or equal to 10 pm) limits and tire abrasion included
in the regulatory framework (European Commission 2024) [11,21-23]. Current regulatory
approaches to tire abrasion are based primarily on gravimetrically determined tire mass
loss normalized by driving distance. Standardized test procedures have been developed
and abrasion limits have now been developed for passenger car and van tires, while further
implementation and activities for refinement of the framework remain ongoing [8,21,22].
However, gravimetrically determined tire mass loss does not describe the partitioning of
worn material between non-airborne deposits, coarse debris and airborne particles in PM
(particle mass) and PN (particle number) emissions, and this airborne fraction may differ
from the total worn material in size distribution, atmospheric relevance and measurement
sensitivity [9,11,15,16,24]. Reliable laboratory methods capable of quantifying airborne
TRWP emissions under reproducible conditions are therefore essential for scientific research
and future regulation [25-28].

TRWP measurement approaches range from material- and component-scale laboratory
rigs to chassis dynamometers, controlled test-track experiments, and on-road measure-
ments, each offering a different balance between experimental control, source attribution
and real-world representativeness. On-road measurements provide real-world relevance,
but are strongly affected by traffic conditions, meteorology, background aerosol concentra-
tions, and simultaneous emissions from brakes, road wear, and resuspended dust [4,11,26].
Laboratory approaches, including tire test rigs and chassis dynamometer facilities, provide
greater control over driving cycles, environmental conditions, and sampling configura-
tions. However, unsuitable contact, loading, surfaces, third-body interactions or thermal
boundary conditions may produce non-representative wear regimes despite the high
degree of experimental control [27-29]. Cross-study comparability is affected at three
levels: particle generation under different tire—surface and operating conditions; particle
collection and transport through different sampling geometries and flow systems; and
particle detection and processing using instruments with different size ranges, measure-
ment principles, and background treatments. These differences complicate comparison of
reported concentrations, particle-number responses, particle-mass estimates, and emission
factors [11,28,30-32].
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A further limitation is the limited use of statistically planned experimental method-
ologies. The interaction between operational conditions remains under-evaluated. Design
of Experiments (DoE) provides a structured statistical approach for investigating several
factors simultaneously, estimating interactions and comparing systematic factor effects
with experimental variability, provided that randomization, replication, and experimental
stability are adequately maintained [33-35]. Its application to airborne TRWP emission
measurements remains limited, although such methods are essential for improving ro-
bustness and defining operational boundaries, especially because particle generation is
sensitive to operating factors including tire inflation pressure, vertical and lateral loading,
speed, temperature, and wheel alignment, whereas the measured response additionally
depends on the particle-size range and detection principle of the selected instruments [13].

The aim of this study is to evaluate whether a factorial Design of Experiments can quan-
tify the influence of controllable chassis-dynamometer operating parameters on airborne
TRWP measurements and, at the same time, delimit the conditions under which such mea-
surements are repeatable. Using the German Aerospace Center (DLR) TRWP-Measurement
System [26,27,32] and a two-level factorial design, the influence of controllable laboratory
parameters on cumulative particle number responses and an optically derived mass proxy
is investigated while evaluating measurement repeatability and identifying test conditions
associated with unstable or non-representative particle-generation behavior. The study
therefore addresses three questions: (i) which selected laboratory factors significantly affect
the particle number responses and the optically derived mass proxy; (ii) whether interac-
tions between these factors can be resolved using factorial analysis; and (iii) whether the
same experimental approach can identify conditions under which the tire-surface system
no longer exhibits stable and representative wear behavior.

To answer these questions, four research tasks were defined: (T1) to identify, in a
screening phase, wheel-alignment settings that cause unstable particle generation and thus
define the operating window (Section 3.1); (T2) to quantify the main and interaction effects
of tire inflation pressure and chamber temperature on the three responses (Sections 3.2-3.5);
(T3) to separate within-point repeatability from campaign-dependent drift using repeated
WLTCs and bracketing reference measurements (Section 3.6); and (T4) to derive require-
ments for boundary conditions and quality control in future airborne TRWP test protocols
(Section 4).

2. Materials and Methods
2.1. Test Facility, Vehicle and Tire

All experiments were conducted under controlled laboratory conditions at the DLR
using a chassis dynamometer facility with a climate chamber specifically configured for the
investigation of airborne TRWP emissions. The four metallic-coated rollers provide a repro-
ducible tire-surface contact, but differ from real pavement in curvature, thermal response,
material composition, and third-body behavior. Consequently, the measured factor effects
are interpreted as specific to the investigated tire-roller system, while the transferability
of their numerical magnitude to on-road conditions is not assumed. Laboratory testing
was selected to reduce variability arising from meteorology, traffic, and ambient aerosol
concentrations, as well as to enable controlled variation in selected test parameters. The
controlled environment enables the systematic variation in selected operating parameters
while maintaining constant boundary conditions throughout the measurement campaign.

The experimental investigation was performed using the DLR TRWP-Measurement
System, which has been developed to quantify airborne TRWP generated at the tire-road
interface during chassis dynamometer operation [26,27]. In contrast to conventional open

https://doi.org/10.3390/atmos17101011


https://doi.org/10.3390/atmos17101011

Atmosphere 2026, 17,1011

4 0of 28

(nozzle-based) sampling approaches, the DLR measurement system employs an enclosed
collection concept designed to isolate the sampling volume from external influences.

In line with the DLR methodology, the collected particles are referred to as TRWP,
although on the chassis dynamometer the road component is replaced by the metallic
roller coating.

The main boundary conditions that were kept constant during the measurement
campaign are summarized in Table 1. Experimental variables were classified into three
groups: nominally fixed test-system conditions, intentionally varied DoE factors, and
monitored variables. This distinction prevents intentionally varied or time-dependent
quantities from being incorrectly treated as constant boundary conditions.

Table 1. Nominal fixed test-system configuration and nominally constant experimental conditions.

Category Parameter Condition

DLR climate-controlled
chassis-dynamometer facility,

Test facility Location and facility type Stuttgart, Germany; type
MAHA AIP-ECDM 48 L/4 mot
4 x 1219 mm, single driven
. Dynamometer rollers, all-wheel drive mode,
Test facility . ) . iy i .
configuration simulated i3 driving resistance
EPA coefficient
BMW i3, test mass: 1353.6 kg,
Vehicle Test vehicle candidate tire (rear left) vertical
load: 338.0 kg
Tire Tire specification 225/45 R17 all—se?son passenger
car tire
Dynamometer surface Roller surface Porous metallic-coated

chassis-dynamometer roller

Worldwide harmonized Light
Driving procedure Driving cycle Vehicle Test Cycle (WLTC) 3b:
driven by Stihle robot driver

Four consecutive WLTCs per
DoE point; WLTC 1 as
conditioning cycle, WLTC 2—4 as
repeated measurements

Driving procedure Number of repetitions

2.2. Particle Generation and Sampling

The measurement system displayed in Figure 1 combines a wheel-enclosure module,
a controlled extraction channel, isokinetic sampling nozzles and the time-resolved aerosol
instrumentation.

The methodology follows a three-step approach comprising particle generation, parti-
cle collection and particle analysis, as illustrated in Figure 2.

In the generation step, TRWPs are produced at the tire-roller contact zone during
chassis dynamometer operation. Particle generation and release are influenced by the
driving cycle, tire inflation pressure, wheel alignment, chamber, and tread temperatures,
vertical loading, tire condition, roller-surface properties and longitudinal slip [13,14,26].
These boundary conditions determine the mechanical interaction between the tire tread and
the roller surface and therefore influence the formation of airborne particles. By conducting
the experiments under controlled laboratory conditions, the generation of TRWP can be
investigated with reduced interference from uncontrolled environmental effects.
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Brechtel MCPC
(57 nm-=2pm) _

TSI OPS
(0.3-10um)

Figure 1. Schematic representation of the DLR TRWP-Measurement System encapsulating the tire
and the two aerosol instruments used for this study.

GENERATION ANALYSIS

Tire size Collector geometry Instrument type
Tire pressure Main tube geometry Temperature
Tire tread type System material Relative humidity
Tire condition Suction flow
Tire vehicle alignment Tubing geometry
Tire roller alignment Tubing properties
Tire load
gﬂi:!z type Driving speed Sampling orifice geometry

Driving behavior Background PN

Temperature
Relative humidity

Figure 2. Three-step methodological framework for airborne TRWP measurements, consisting of
particle generation, particle collection and particle analysis. Part of the DLR TRWP measurement
methodology. Adapted from [26].

In the collection step, particles generated within the tire-roller contact zone are cap-
tured by an enclosed sampling system (also called a housing system) positioned around
the test wheel and integrated into the wheel assembly. The enclosure reduces uncontrolled
dilution with chamber air and provides a more defined extraction pathway. At the same
time, it modifies the local wheel airflow and therefore forms an integral part of the collec-
tion efficiency and particle-transport characteristics of the system. The generated aerosol
is continuously transported through dedicated conductive sampling lines towards the
aerosol instrumentation. The extraction volume flow was 170 m®/h and identical for all test
points. The aerosol instruments were placed inside the climate chamber, and their exhaust
flows were routed outside the chamber. Particular attention was paid to maintaining
stable sampling conditions in order to minimize particle losses caused by gravitational
settling, inertial deposition, diffusional deposition or electrostatic effects during aerosol
transport [32]. The enclosed sampling concept therefore supports repeatable airborne
particle measurements and enables systematic investigations of experimentally controlled
influencing parameters [26].

2.3. Laboratory Analysis Methods

In the analysis step, the transported aerosol is characterized using complementary
particle measurement instruments. The MCPC (Mixing Condensation Particle Counter,
Model 1720, Brechtel [36], Hayward, CA, USA) measured the total number concentration of
particles above its nominal lower detection diameter of 7 nm (upper limit of 2 um) without
providing size-resolved information. Its measurement principle is based on enlarging
small aerosol particles by condensation with n-butanol vapor so that they can be optically
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counted [36]. The condensation-growth principle provides high counting sensitivity for
small particles. However, the measured particle number concentration (PNC) must remain
within the instrument’s specified coincidence and saturation limits (1 x 10° #/cm?). In this
study, size-resolved optical particle number concentrations were measured using an Optical
Particle Sizer (OPS, Model 3330, TSI [37], Shoreview, MN, USA), which classifies particles
into 16 optical-equivalent diameter channels over the nominal range of 0.3-10 um. From
the OPS size distribution, an optically derived mass proxy was calculated by converting the
measured particle number concentration in each size channel into an equivalent particle
volume, assuming spherical particles and a unit density of 1 g #/cm?3. The contributions of
all channels up to the selected size limit were then summed. For mgps 2 5, the OPS channel
spanning 2.156-2.685 um was included. The resulting quantity is a size-weighted optical
mass proxy and should not be interpreted as a measurement of PM; 5 or PM;g. The OPS
uses optical-equivalent rather than aerodynamic particle diameter, a sharp size cut instead
of the conventional 50% aerodynamic cut-off, and an assumed density that is lower than the
effective density typically reported for TRWP. In addition, particle sizing may be affected
by optical properties, and coarse-particle transport losses were not corrected. The OPS
mass proxy was therefore used only for relative comparisons between test conditions.

OPS diameters represent optical-equivalent diameters based on light-scattering mea-
surements and the instrument calibration; differences in particle refractive index and
morphology may therefore influence the reported size distribution [16]. Thus, the MCPC
provides high sensitivity for particle number, whereas the OPS enables size-resolved charac-
terization and the calculation of a size-weighted mass proxy within the optically detectable
size range.

The combination of MCPC and OPS allows the airborne TRWP response to be evalu-
ated with three complementary response variables, which are defined in Section 2.5: the
cumulative MCPC number concentration, the cumulative OPS number concentration and
the cumulative OPS mass proxy. This multi-instrument approach is important because
changes in operating parameters may affect not only the number of particles but also their
size distribution. The properties regarding design, isokinetic sampling and background
influence are described in Celenlioglu et al. [32].

In addition to the online MCPC and OPS measurements, selected test conditions were
sampled using an Electrical Low-Pressure Impactor (ELPI+, Dekati, Kangasala, Finland)
to collect size-fractionated particles for complementary microscopic analysis. For the
temperature comparison presented in Section 3.3, particles collected on ELPI stage 9, with a
nominal aerodynamic cut-off diameter (D50) of approximately 604 nm, were examined by
scanning electron microscopy (SEM, Ultra Plus, Zeiss, Oberkochen, Germany). Comparable
substrate areas were evaluated using consistent imaging conditions. Both substrates
were sampled for approximately 160 min under identical flow conditions, and only one
substrate per condition was analyzed. The SEM analysis was used as qualitative supporting
evidence of differences in particle loading; no systematic particle counting or gravimetric
quantification was performed.

2.4. Experimental Design and Test Sequence

A statistically planned Design of Experiments was employed to investigate the influ-
ence of experimentally controllable operating parameters on airborne TRWP emissions
under laboratory conditions. The selected methodology enables the simultaneous evalua-
tion of several influencing parameters while also identifying potential interaction effects
between factors. This increases the information obtained from a limited number of ex-
periments and provides improvement for a statistically robust basis for identifying the
dominant sources of experimental variability [34,35]. The design and the test sequence
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were defined in five steps: selection of factors, selection of factor levels, screening of the op-
erating window, definition of the factorial run sequence, and definition of the measurement
procedure at each test point.

Step 1—Selection of factors: The experimental design focused on parameters that
can be adjusted during chassis-dynamometer testing and that may affect either the tire—
surface generation process, the release and transport of airborne particles, or the resulting
instrument-level response. Because the experiment does not independently separate these
stages, the estimated factor effects are interpreted as effects on the complete generation-
collection-measurement chain. Factor selection was decided by preliminary DLR investiga-
tions, technical adjustability within the test facility, and published evidence on parameters
affecting tire wear and tire-road particle generation. The ETRTO (European Tyre and
Rim Technical Organisation) vehicle-abrasion validation study [21] was used as contextual
evidence for the sensitivity of gravimetric tire-wear testing to operational and boundary
conditions, rather than as a direct basis for predicting airborne particle responses. However,
the present DoE was not intended to reproduce a general tire wear index ranking or to
solely investigate the parameters with the strongest expected influence on total tire wear
(Table 2). Instead, the focus was on laboratory boundary conditions that can be adjusted re-
producibly within the DLR TRWP-Measurement Methodology and that may affect airborne
particle generation, measurement stability, and repeatability.

Table 2. Maximum impact numbers for selected factors affecting tire abrasion rate, adapted from the
vehicle abrasion validation study by Oelze and Biesse [21].

Factor Maximum Impact Number
Driving style 6.0
Road curviness and topography 4.0
Road surface 3.0
Vehicle 2.0
Tire design 2.0
Temperature 1.7
Wet/dry condition 1.3

Three controllable parameters were selected as DoE factors: tire inflation pressure,
chamber temperature, and wheel alignment which are listed in Table 3. Tire inflation
pressure was included because it affects the tire-surface contact patch, contact pressure
distribution, and tread deformation [38]. Climate-chamber temperature was selected
because it affects tire warm-up and rubber viscoelastic behavior and may also influence
particle formation, volatility and transport within the measurement environment [13,38].
Wheel alignment was included because it directly affects slip conditions at the tire-surface
contact and may therefore influence particle generation as well as the operational limits
of the measurement configuration [11,38]. Wheel alignment was originally planned as a
third factor but was finally treated as a blocking variable (Step 4). The tire specification,
roller surface, nominal vehicle loading, and prescribed driving cycle which are listed in
Table 3 were held nominally fixed across the investigated DoE points to reduce additional
sources of variability. Tire condition, thermal history and accumulated test distance were
monitored because these quantities evolved during the campaign.

Step 2—Selection of factor levels. Each factor was investigated at two levels (Table 3).

The selected factor levels were defined based on the adjustable operating range of
the test facility, the technical limits of the measurement system and the need to remain
within a range where stable tire operation and repeatable particle generation could be
expected. Based on the proven reference test settings, the values of the factors (high and
low) were chosen as a symmetrical increase and decrease from the reference. The low-level
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temperature of 11 °C (12 K below reference temperature) was selected as representative
of cold weather conditions in northern Europe, while the high-level temperature of 35 °C
(12 K above reference temperature) was chosen to represent hot weather conditions in
southern Europe. Standard reference tire pressure at 2.8 bar was increased and decreased
symmetrically by 1 bar to 1.8 bar and 3.8 bar. Tire inflation pressure was varied around
the reference condition to obtain a sufficiently pronounced change in tire deformation and
contact-patch conditions while remaining within the pressure limits applicable to the tested
tire. Previous experimental work on tire-road particulate emissions has demonstrated
measurable effects using pressure variations from 2.0 to 3.2 bar around a 2.6 bar reference
condition [13]. The selected pressures were additionally constrained by the tire manufac-
turer’s specified inflation limits and the applied wheel load. The toe settings were based on
the screening phase (Step 3), which showed how the toe angle can influence tire abrasion
under chassis dyno conditions. Due to the mounting of the vehicle on the chassis dyno in a
fixed position, toe angles cannot be compensated by vehicle chassis orientation. Therefore,
the angle effect is increased on the chassis dyno compared to on a road. The control arm
of the i3 model test vehicle allows continuous adjustment of the toe angle by means of an
eccentric bolt. The investigated toe levels were selected to provide a sufficiently large and
reproducibly adjustable difference for detecting a potential effect, while avoiding exces-
sively severe lateral slip conditions that could induce abnormal abrasion or a transition to a
non-representative wear regime.

Table 3. Factors of the two-level factorial design, blocking variable and reference condition.

DoE Factor Symbol Low Level High Level R;ii::r?gce Implementation Note
Nominal pressure was
Tire inflation p 1.8 bar 3.8 bar 2 8 bar aq]gsted before testing.
pressure Digital manometer type
CPG1500, 0-6 bar, =5 mbar
The chamber set point was
Climate-chamber o o o used as the experimental
temperature Ten 1= 3¢ 23°C factor; 1 °C
deviation allowed
Eccentric adjustment bolt
for toe angle (toe-in) was
manipulated within 0° and
45° angle; this resulted in
Rear-wheel the positive toe angle
toe-adjustment A 30’ 48’ 30’ values given on the left.
position Toe was run in two blocks

and is not estimated as a
factor (Step 4); the
reference setting equals the
low level

Step 3—Screening of the operating window. Before the factorial phase, toe settings
between the reference setting and values above 48" were tested. A setting was classified as
outside the operating window if the MCPC response increased progressively from cycle
to cycle instead of approaching a plateau, if the coefficient of variation (CV) of WLTC 24
exceeded 40%, or if irregular tread wear was visible. Toe settings above 48’ failed these
criteria (Section 3.1), and 48’ was therefore used as the upper toe setting. The screening data
were used only to define the operating window and are not part of the factorial analysis.
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Step 4—Factorial run sequence. Wheel alignment was originally planned as a third
factor of a 2% design. Because each toe change requires mechanical adjustment of the
eccentric bolt and re-measurement of the alignment, the toe could not be randomized and
was run in blocks. The factorial phase was therefore conducted as a 22-design in inflation
pressure and chamber temperature, realized in two sequential blocks: block 1 at toe 48’
(DoE 6, 8, 7, 9) and block 2 at toe 30’ (DoE 2, 4, 3, 5). Within each block, the chamber
temperature was alternated between consecutive points, whereas the inflation pressure was
changed only once. Reference measurements at 2.8 bar, 23 °C and at toe 30’ were performed
at the start (DoE 1) and at the end (DoE 10) of the campaign to monitor drift. Since the toe
is confounded with campaign time, it is treated as a blocking variable, and no toe effect is
estimated. The run sequence and the accumulated WLTC distance are given in Table 4.

Table 4. Test sequence of the factorial phase: 22 designs of inflation pressure and chamber temperature,
realized in two sequential toe blocks and bracketed by reference measurements.

RmOder  Dop  MockToebhedd | The e chamber - inC Disanceas
tart (km)

1 DoE 1 Reference (30") 2.8 23 0

2 DoE 6 1(48) 18 1 93
3 DoE 8 148 1.8 35 186
4 DoE 7 1 (48") 3.8 11 279
5 DoE 9 1(48") 3.8 35 372
6 DoE 2 2 (30" 1.8 11 465
7 DoE 4 2(30)) 18 35 558
8 DoE 3 2(30)) 38 11 651
9 DoE 5 2 (30" 3.8 35 745
10 DoE 10 Reference (30") 2.8 23 838

Step 5—Measurement procedure. The experimental framework was based on the
DLR TRWP measurement described in the SAE Technical Paper [26]. In the present study,
the DLR TRWP measurement methodology [26] framework was extended by integrating
a statistically planned Design of Experiments to evaluate the influence of controllable
operating parameters on airborne TRWP emissions.

The factorial dataset was obtained in the second phase. Before each run, the relevant
operating parameters were adjusted according to the run sequence in Table 4, while all
remaining boundary conditions defined during the vehicle setup and measurement setup
phases were kept constant. Each DoE point consisted of four consecutive WLTCs driven
with only short breaks for reconditioning the temperature. Background measurements were
performed prior to each measurement sequence to ensure stable measurement conditions
and response correction of particle concentration. After completion of the measurements,
the recorded data were processed according to the post-processing phase of the DLR TRWP
methodology and subsequently used for the DoE-based statistical evaluation. WLTC 1
served as a conditioning cycle to establish a repeatable thermal state of the tire; WLTC 24
are repeated measurements within the same DoE point and not independent replicates
(Section 2.6).
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2.5. Data Processing, Response Definition and Data-Quality Criteria

The processing workflow comprised synchronization of the individual measurement
signals, correction of background particle concentrations for MCPC, summation of the
concentrations over the cycle, and calculation of the OPS mass proxy (Section 2.3).

To ensure consistency throughout the evaluation, identical processing steps were
applied to all experiments performed during both phases. Background concentrations
were determined before each measurement sequence and subsequently subtracted from the
recorded MCPC particle concentrations. For each WLTC, the response is the cumulative
concentration @, i.e., the sum of the background-corrected concentrations recorded at
1 Hz over the evaluation interval of 1800 s; therefore, it has the unit of a concentration
(#/cm? for particle number and pg/m3 for the OPS mass proxy) and is numerically equal
to 1800 times the cycle-averaged concentration. The cumulative concentration & is a
measurement response and not an emitted quantity; an emitted particle number would
additionally require the extraction volume flow, the sampling interval, any dilution and the
size-dependent collection and transport efficiency. Since the extraction flow, the sampling
rate and the sampling configuration were identical for all DoE points, these quantities
are constant, and ratios between DoE points are identical to ratios of the cycle-averaged
concentrations. Cumulative concentration is therefore used only for the relative comparison
of test conditions, and no emission factors are derived. The three response variables are
the cumulative MCPC number concentration (MCPC-PN), the cumulative OPS number
concentration (OPS-PN) and the cumulative OPS mass proxy (mops 2.5, mops,10)- The OPS
mass proxy (Section 2.3) was summed in the same way. Representative processing outputs
are shown in Sections 3.2 and 3.3. For each DoE point, the responses of WLTC 2—4 were
averaged before the statistical analysis (Section 2.6).

The following predefined criteria were applied; they relate to instrument validity
and test conditions rather than to the magnitude of the response: (i) MCPC and OPS
concentrations below the instrument limits of 1 x 10° #/cm3 and 3000 #/cm3, respectively,
without instrument error flags; (ii) chamber temperature within +1 °C of the set point
and inflation pressure adjusted to the nominal value before each DoE point; (iii) stable
tread-temperature development over WLTC 2—4. WLTC 1 was excluded by design as a
conditioning cycle. Apart from this conditioning cycle, no WLTC of the factorial phase
was excluded. The screening-phase measurements were used only to define the operating
window (Section 2.4, Step 3).

2.6. Statistical Analysis

The experimental unit was the DoE point, defined as one uninterrupted sequence of
four WLTCs at a fixed combination of inflation pressure, chamber temperature, and toe
setting. WLTCs 2—4 were treated as repeated measurements within the same DoE point
and were averaged before the statistical analysis.

For each response, the natural logarithm of the DoE-point mean was analyzed us-
ing a model that included the overall response level, the experimental block, inflation
pressure, chamber temperature, the pressure-temperature interaction, and the remaining
unexplained variation. Pressure and temperature were coded as low (—1) and high (+1)
levels. The block term represents the two sequential toe settings (48’ first and 30’ second).
Each pressure-temperature combination was tested once in each block. Therefore, the resid-
ual error represents the variation between the two realizations of the pressure-temperature
treatments that is not explained by the overall block effect. This provides three residual de-
grees of freedom. A logarithmic scale was used because the variability within a DoE point
increased approximately in proportion to the mean response. Factor effects are therefore
reported as ratios between the responses at the high and low factor levels, together with
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95% confidence intervals and exact p-values. The estimated effects are also presented as
Pareto charts, including the critical effect corresponding to « = 0.05.

Because the experimental design was balanced, analyzing the averaged DoE-point
values is equivalent, for testing the factor effects, to a nested analysis in which WLTCs 2—4
are treated as subsamples within each DoE point.

For MCPC-PN, an additional sensitivity analysis was performed to evaluate the
possible influence of campaign drift. Each DoE-point mean was divided by the drift factor
2(distance/distance_ref) yhere distance is the accumulated WLTC driving distance from the
start of DoE 1 to the start of the respective DoE point, and distance_ref = 838 km is the
distance between the start of DoE 1 and the start of DoE 10. This represents a log-linear
increase from a drift factor of 1 at the beginning of the campaign to a factor of 2 at the start
of DoE 10, corresponding to the approximately two-fold change observed between the
reference measurements (Section 3.6).

The OPS mass proxy was available only for the toe-30" block. Since this provides only
one realization of each pressure-temperature combination, no independent error term was
available and the corresponding effects are therefore reported descriptively (Section 3.4).
Effects were considered statistically significant at « = 0.05. All calculations were performed
in Python 3.12 using the statsmodels package.

3. Results

The results are presented following the research tasks. Section 3.1 describes the screen-
ing phase that defined the operating window (T1). Section 3.2 shows the driving-cycle-
resolved particle response. Sections 3.3-3.5 quantify the effects of chamber temperature
and inflation pressure on the cumulative MCPC number concentration (MCPC-PN), the
cumulative OPS number concentration (OPS-PN) and the cumulative OPS mass proxy (T2).
Section 3.6 evaluates within-point repeatability and campaign drift (T3).

3.1. Operating Window: Wheel-Alignment Screening (T1)

The experimental program comprised two sequential phases with distinct method-
ological roles as explained in Section 2.4 (step 3). During the first phase, pronounced
deviations from repeatable particle response behavior were observed at toe settings above
48'. These deviations were characterized by unusual high particle number concentrations
and visible changes in the tire tread surface, indicating non-representative wear conditions
as shown in Figure 3. The corresponding measurements were therefore not included in
the statistical evaluation, but were used to identify unsuitable operating conditions and
refine the experimental boundary limits. The dataset used for the statistical evaluation
was obtained during the second phase, following refinement of the experimental operating
range in the first phase.

3.2. Driving-Cycle-Resolved Particle Response

Time-resolved particle number concentrations measured by the MCPC exhibited char-
acteristic variations throughout the WLTC driving cycle. Independent of the investigated
operating conditions, PNC closely followed the characteristics of the driving cycle, as
shown in Figure 4. Elevated concentrations were primarily observed during phases of
high acceleration, high deceleration, and higher vehicle speeds (Figure 4 between 1550 and
1650 s), whereas the PNC returned towards the baseline during non-generating phases
such as vehicle standstill (Figure 4 between 1000 and 1050 s). The temporal evolution
of the PNC signal demonstrates that the response is not constant over the cycle but is
concentrated in specific driving phases, particularly during dynamic sections of the WLTC.
The two conditions shown differ in inflation pressure, chamber temperature and toe block;
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their magnitudes are therefore not compared here, and factor effects are evaluated in
Sections 3.3-3.5.

141 Extreme toe angle
—— Small toe angle 60
WLTC speed
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PN concentration (#/cm3)x10*

P
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Time (s)
Figure 3. (Left) Example of unusually high MCPC particle number concentration observed during
the boundary-condition screening phase. At the smaller toe setting, the PNC approached a plateau,
whereas at a toe setting above 48’ it continued to increase, reaching up to five times the baseline
level and indicating unstable wear behavior. (Right) Visible tread-surface changes observed under
unsuitable wheel alignment conditions.
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Figure 4. Time-resolved MCPC PNC profiles over the WLTC driving cycle for repeated measurements
under selected DoE conditions (DoE 5 and DoE 6). DoE 5, 3.8 bar, 35 °C, toe 30; DoE 6, 1.8 bar, 11 °C,
toe 48'. The gray curve indicates the WLTC speed profile.

Following background correction, cumulative particle number concentrations were
calculated by summing the corrected time-resolved concentration profiles over the complete
driving cycle. Figure 5 shows an example of corrected MCPC-PN concentration profiles
after application of the background correction procedure.

The transformation from time-resolved PN concentration to cumulative PN concen-
tration reduces the visibility of short-duration peaks while retaining their contribution to
the cumulative cycle response, thereby allowing the comparison of the overall response
between repeated measurements and experimental conditions. The cumulative curves
show that the largest contribution to MCPC-PN occurred during the later dynamic section
of the WLTC, where the concentration profiles exhibited their strongest transient peaks.
The final cumulative value at the end of the driving cycle was used as the particle number
response variable for the subsequent DoE-based statistical evaluation.
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Figure 5. Transformation of time-resolved MCPC-PN concentration profiles into cumulative particle
number response variables. (Left) panel shows the transient PN concentration profiles together with
the WLTC speed profile; (right) panel shows the corresponding cumulative PN concentration curves
used for statistical evaluation.

3.3. Effects of Chamber Temperature and Inflation Pressure on Particle Number (T2)

Representative cumulative PN responses measured by the MCPC and OPS are shown
in Figures 6 and 8 for DoE points 2 to 5. These conditions allow the effects of tire inflation
pressure and chamber temperature to be compared at the same rear-wheel toe setting of
30’". The corresponding points of the toe-48’ block (DoE 6-9) showed the same qualitative
behavior; both blocks enter the statistical evaluation in Section 3.5.
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Figure 6. Representative cumulative MCPC PN profiles for selected DoE conditions (left). DoE2 blue,
DoE3 red, MCPC, (right) DoE4 green, DoE5 orange. The curves are shown together with the WLTC
speed profile and illustrate the influence of the investigated operating parameters on the cumulative
MCPC-PN response over the driving cycle.

In the MCPC measurements (Figure 6), the responses at 11 °C remained compara-
tively close across repeated measurements, with a separation between the 1.8 and 3.8 bar
conditions. At 35 °C, substantially steeper increases and higher final response values were
observed, particularly during the later dynamic sections of the WLTC. These observations
indicate a pronounced temperature-related change in the response, accompanied by re-
duced repeatability at higher chamber temperatures. A consistent pressure-related ordering
was not visible in the measurements. At 11 °C, the 3.8 bar condition tended to show slightly
higher MCPC-PN than the 1.8 bar condition, whereas at 35 °C (Figure 6 right) the variability
increased markedly, showing no clear separation between the two pressure levels.

SEM images (Figure 7) of ELPI stage 9 provided complementary qualitative evidence
for the temperature-related difference observed in MCPC-PN. The substrate collected at
35 °C showed visibly greater particle coverage than that collected at 11 °C under identical
sampling conditions. As only one substrate per condition was analyzed and no particle
counting was performed, the comparison is qualitative only.
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Figure 7. SEM analysis of collected particles by ELPI Stage 9 (nominal aerodynamic D5y = 0.60 um);
(left) DoE 2 11 °C, (right) DoE 4 35 °C. Magnification 2000 x ; identical sampling duration.

In the OPS measurements (Figure 8), the influence of tire inflation pressure was
more visible. At high-level and low-level chamber temperatures, the 1.8 bar condition
generally produced higher OPS-PN responses than the corresponding 3.8 bar condition.
The separation was consistent at 35 °C, where the lower-pressure curves remained generally
above the higher-pressure curves over the later part of the WLTC. In contrast to the MCPC
results, changing the chamber temperature did not produce a consistent systematic shift
in the OPS-PN response. At a given pressure level, the cumulative curves at 11 and 35 °C
showed overlapping ranges, indicating that the temperature-related change was less clearly
distinguishable from experimental variability in the OPS measurement range.
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Figure 8. Representative cumulative OPS particle number concentration profiles for selected DoE
conditions shown together with the WLTC speed profile. (left) OPS cumulative PN for DoE2 (blue)
and DoE3 (red); (right) OPS cumulative PN for DoE4 (green) and DoE5 (orange).

Changes in pressure result in more pronounced differences in the measured particle
concentrations, indicating a possible effect on the particle formation mechanisms of coarse
particles. The pressure-related response is therefore more readily distinguishable from
measurement variability than the temperature-related response. Nevertheless, the statistical
analysis is required to confirm the significance and magnitude of these effects.

Overall, the visual comparison shows that the investigated operating parameters were
reflected differently in the two particle number instruments. Chamber temperature was
associated with a pronounced increase in the MCPC response and its variability, whereas
tire inflation pressure was more clearly reflected in the OPS response. The magnitude and
statistical significance of these effects are evaluated quantitatively in Section 3.5.

3.4. Effects on the OPS-Derived Mass Proxy (T2)

Representative cumulative OPS mass proxies mops 10 and mops 2 5 for DoE2-DoE5 are
shown in Figure 9. All four conditions were evaluated at the same rear-wheel toe setting of
30/, allowing the effects of chamber temperature and tire inflation pressure to be compared
directly. WLTC 1 is shown for completeness but is not used in the statistical analysis.
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Figure 9. Representative cumulative OPS mass proxies mpps 19 and mops 2 5 for DoE2 and DoE3 at
11 °C (left) and DoE4 and DoES5 at 35 °C (right). Grouped bars illustrate the influence of tire inflation
pressure and DoE conditions on the mass proxy.

As shown in Figure 9 and Table 5, the mean OPS mass proxy response was consistently
higher at 11 °C than at 35 °C. At 1.8 bar, increasing the chamber temperature from 11 to
35 °C reduced the mops 10 from approximately 4.93 to 4.00 [ x 103 ug/ m?] and the mops,2.5
from approximately 4.57 to 3.37 [x 10° pg/m?]. A similar temperature-related decrease was
observed at 3.8 bar. Tire inflation pressure produced a smaller but directionally consistent
change: at both temperature levels, the 3.8 bar condition generally showed lower mass-
proxy values than the corresponding 1.8 bar condition. Thus, within the investigated
parameter range, increasing both chamber temperature and tire inflation pressure tended
to reduce the mass proxy.

Table 5. Mean, coefficient of variation (CV) and ratio mpps25/mops, 19 of the cumulative OPS mass
proxy (WLTC 2—4; means in 10® ug/m?3; toe 30").

Mean

DoE Condition = Mean mgpsj9  CV mops 19 CV mops 25 mops 2.5/MOPs 10
! ! mops,2.5 § ! §
DoE2 11 °C, 1.8 bar 493 ~1.2% 457 ~1.3% 0.926
DoE3 11 °C, 3.8 bar 4.43 ~9.4% 4.17 ~9.1% 0.940
DoE4 35°C, 1.8 bar 4.00 ~4.3% 3.37 ~3.4% 0.842
DoE5 35 °C, 3.8 bar 3.73 ~16.4% 2.83 ~14.7% 0.759

The repeated WLTC measurements additionally revealed differences in within-
condition variability. As seen in Figure 9, at 11 °C, the first WLTC showed substan-
tially higher mass responses than the subsequent repetitions for both pressure conditions,
whereas WLTC2-WLTC4 were considerably more stable, particularly for DoE2. Within-
point CVs were lower at 11 °C and 1.8 bar than at 35 °C and 3.8 bar (Table 5); with three
cycles per point, these differences are indicative only.

Comparison of mpps 25 with mops 19 provides additional information on the mass
distribution within the OPS measurement range. Increasing chamber temperature clearly
reduced the mops 2 5/mops 19 ratio in both pressure conditions. At 1.8 bar, the ratio de-
creased from 0.93 to 0.84, while at 3.8 bar it decreased from 0.94 to 0.76. In contrast,
the effect of tire inflation pressure was small at 11 °C but became more pronounced at
35 °C. Thus, although the total OPS-derived mass was lower at the elevated temperature,
the relative contribution of the 2.5-10 pm size range increased. The results therefore do
not support a simple interpretation that lower temperature merely produced a coarser
particle population.

The mass response should consequently be interpreted together with the correspond-
ing OPS-PN results as in Section 3.3. Tire inflation pressure showed a consistent direction

https://doi.org/10.3390/atmos17101011


https://doi.org/10.3390/atmos17101011

Atmosphere 2026, 17,1011

16 of 28

in both metrics, with the lower-pressure condition generally producing higher OPS-PN and
mass-proxy responses potentially due to a larger contact patch, more mechanical friction
and therefore more coarse particles. In contrast, chamber temperature produced only a
weak separation in OPS-PN while producing a pronounced decrease in OPS-derived mass.
This divergence suggests a temperature-related modification of the size-weighted aerosol
response rather than a change in particle number alone. Confirmation of a particle-size
shift, however, requires evaluation of the size-resolved OPS distributions rather than the
mass proxy alone.

3.5. Factorial Effect Estimates (T2)

Table 6 summarizes the effect estimates of the block model (Section 2.6) for MCPC-PN
and OPS-PN, and Figures 10 and 11 show the corresponding Pareto charts. Both toe blocks
enter the analysis; the error term has three degrees of freedom.

Table 6. Effects of inflation pressure (p), chamber temperature (T,) and their interaction on the
cumulative MCPC-PN and OPS-PN (block model on log-transformed DoE-point means; ratio =
response at the high level divided by the response at the low level; F with 1 and 3 degrees of freedom;
drift-normalized analysis for MCPC-PN, see Section 2.6).

Response Term Ratio 95% CI F p (Dri ft-Nopr malized)
MCPC-PN p 1.08 0.54-2.17 0.12 0.747 0.749
MCPC-PN Ten 3.59 1.79-7.20 34.0 0.010 0.012
MCPC-PN p-Ten 1.20 0.60-2.41 0.70 0.464 0.464

OPS-PN p 0.82 0.76-0.88 78.4 0.003 -

OPS-PN Tch 1.12 1.04-1.20 243 0.016 -

OPS-PN p-Ten 0.98 0.91-1.05 0.93 0.407 -

Ten

3 Positive effect (> 0)
[ Negative effect (< 0)
=== 95% (a=0.05)

p-Ten

008 0204 P06 S0s T Tol
|Effect] on In & (MCPC-PN) (=)

Figure 10. Pareto diagram of the effects on cumulative MCPC-PN. The bars show effects of tire
inflation pressure (p), chamber temperature (T,), and their interaction. The dashed line indicates the
critical value for « = 0.05 (t-distribution, three degrees of freedom).

For MCPC-PN (Figure 10), chamber temperature exhibited by far the largest effect
(ratio 3.6, 95% CI1 1.8-7.2, p = 0.010) and was the only significant term. After normalization
for campaign drift, the temperature effect remained significant (ratio 3.3, 95% CI 1.7-6.7,
p =0.012). The effect was positive, indicating that increasing chamber temperature in-
creased the MCPC-PN response. Tire inflation pressure and the temperature—pressure
interaction were not significant (p = 0.75 and p = 0.46).

For cumulative OPS-PN (Figure 11), a different pattern was observed. Here, tire in-
flation pressure showed the largest effect and was significant (ratio 0.82, 95% CI 0.76-0.88,
p = 0.003), with a negative sign indicating that increasing tire inflation pressure re-
duced the OPS-PN. Chamber temperature showed a smaller positive effect (ratio 1.12,
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95% CI 1.04-1.20, p = 0.016), which was also significant but small compared with the pres-
sure effect. The interaction term was not significant (p = 0.41).

Ten

p-T. 1 3 Positive effect (> 0)
. i
ch i [0 Negative effect (< 0)
i -==- 95% (a=0.05)
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|Effect] on In ® (OPS-PN) (~)

Figure 11. Pareto diagrams of the effects on cumulative OPS-PN. The bars show positive and negative
effects of tire inflation pressure (p), chamber temperature (T,), and their interaction (p-T¢y,). The
dashed line indicates the critical value for « = 0.05.

The OPS mass proxy was evaluated for the toe-30" block only (Table 5). With a single
realization of each condition, no error term is available for this response, and its effects
are therefore reported descriptively. Averaged over both pressure levels, increasing the
chamber temperature from 11 to 35 °C reduced mops 109 by approximately 17% and mops 2 5
by approximately 29%. Increasing the inflation pressure from 1.8 to 3.8 bar reduced mops 19
by approximately 8% and mops 5 by approximately 12%, in the same direction as the
significant pressure effect on OPS-PN.

Overall, the statistical evaluation demonstrates that the experimentally varied pa-
rameters did not affect all particle metrics in the same way. Chamber temperature was
the dominant factor for MCPC-PN and the OPS mass proxy, but with opposite directions
for these two response variables, whereas inflation pressure was the dominant factor for
OPS-PN. The factorial design therefore enabled both the dominant influencing parame-
ters and the metric-dependent direction of their effects to be identified under controlled
laboratory conditions.

Because the error term has three degrees of freedom, only large effects can be detected:
at 80% power, the minimum detectable ratio is approximately 2.5 for MCPC-PN and 1.10
for OPS-PN. Non-significant terms, including all interactions, therefore do not demonstrate
the absence of an effect.

The pressure-temperature interaction (p-T, in Figures 10 and 11 and Table 7) was not
significant for MCPC-PN or OPS-PN.

Table 7. DoE-point means of the cumulative MCPC-PN and OPS-PN responses (mean of WLTC 2-4)
used in the factorial analysis, in chronological order.

. Chamber
DoE Block (toe) ~ Lré Pressure Temperature M(;PC-PI;I OPS-PN (10® #/cm®)  Run Order
(bar) o) (10° #/cm?)
DoE 6 1 (48") 1.8 11 2.48 26.0 2
DoE 8 1 (48') 1.8 35 4.44 31.3 3
DoE 7 1(48) 3.8 11 1.95 2.2 4
DoE 9 1 (48" 3.8 35 7.25 24.8 5
DoE 2 2 (30" 1.8 11 2.06 25.6 6
DoE 4 2 (30" 1.8 35 10.26 27.8 7
DoE 3 2 (30" 3.8 11 2.12 21.0 8
DoE 5 2 (30") 3.8 35 10.58 225 9
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The interaction contribution remained small for all evaluated response variables,
whereas the relative importance of the main effects differed substantially between MCPC-
PN, OPS-PN, and OPS mass proxy. Within the investigated factor ranges, the statistically
detectable response differences were therefore governed primarily by the main effects
rather than by temperature—pressure interactions, within the resolution limits stated above.

3.6. Repeatability and Campaign Drift (T3)

This section evaluates how the investigated operating conditions influenced the re-
peatability of the DLR TRWP-Measurement System. Within-point repeatability was as-
sessed from WLTC 2—4 of each DoE point using the final cumulative MCPC-PN and
OPS-PN responses. The DoE-point means used in the factorial analysis are listed in Table 7,
while Figures 12 and 13 show the corresponding distributions over the chronological mea-
surement campaign. The toe-48’ block (DoE 6-9) was measured before the toe-30" block
(DoE 2-5).
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Figure 12. MCPC-PN repeatability evaluation based on box plots of cumulative particle number
concentration during the optimized measurement campaign.
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Figure 13. OPS-PN repeatability evaluation based on box plots of cumulative PN concentration
during the optimized measurement campaign. The repeated measurements show sulfficient stability
for statistical comparison, while variability increased for selected operating conditions and later
measurement points.

The MCPC results in Figure 12 demonstrate that repeatability depended strongly on the
investigated operating condition. The low-temperature DoE points were characterized by
comparatively tightly grouped repeated responses, with cumulative values remaining close
to approximately 2 x 10° #/cm?3 for DoE2, DoE3, DoE6, and DoE?7. In contrast, the 35 °C
conditions produced both higher MCPC responses and substantially greater between-run
variability. This effect was already visible in the toe-48’ block (measured first), where DoE8
showed a range of ~2.9-5.0 x 10° #/cm> and DoE9 ~ 5.0-9.5 x 10° #/cm?>. The spread
became even more pronounced for selected conditions in the subsequent toe-30’ block. DoE4

https://doi.org/10.3390/atmos17101011


https://doi.org/10.3390/atmos17101011

Atmosphere 2026, 17,1011

19 of 28

was centered close to ~1.0 x 10° #/cm3, while DoE5 extended from a ~0.5-1.4 x 10° #/cm3.
These observations are consistent with Section 3.5, where chamber temperature was
identified as the dominant statistically significant factor for MCPC-PN and the elevated-
temperature conditions were accompanied by increased between-repetition variability.

The OPS response showed a different repeatability pattern (Figure 13). Across the
campaign, the cumulative OPS-PN responses remained within a substantially narrower
absolute range of 20-30 x 103 #/cm3. DoE2, DoE4, and the majority of the toe-48’ conditions
exhibited closely grouped repetitions. Larger spreads were nevertheless visible for selected
points, particularly DoE3, which extended from 19 x 10 to 24 x 103 #/cm3, and DoES5,
which extended from 19 x 103 to 26.5 x 103 #/cm?. The comparison therefore demonstrates
that repeatability was response-metric dependent: the MCPC response was considerably
more sensitive to conditions associated with elevated small-particle concentrations, whereas
the OPS response remained comparatively less dispersed over most of the campaign. This
difference is consistent with the distinct temperature and pressure sensitivities identified
for MCPC-PN and OPS-PN in the statistical evaluation.

To assess longer-term evolution independently of the factorial conditions, identical
reference measurements were performed before and after the campaign (DoE1 and DoE10;
Figure 14) at 2.8 bar, 23 °C, and at toe 30’. The start-of-campaign reference measurements
reached MCPC-PN responses of ~1.6-2.2 x 10° #/cm?, whereas the corresponding end-
of-campaign measurements reached ~3.1-4.9 x 10° #/cm? (Figure 14 right). The mean
response therefore increased by approximately a factor of two with increased spread

between repeated measurements, over an accumulated WLTC distance of approximately
840 km.
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Figure 14. Reference measurements of DoE1 (blue) and DoE10 (red) MCPC, (left) PN concentration,
(right) cumulative PN concentration.

This trend indicates an additional contribution from campaign-dependent processes
such as accumulated tire mileage, evolution of the tread and tire-roller interface, thermal
history, particle deposition or resuspension within the measurement system, or other time-
dependent experimental effects. The reference measurements are therefore essential for
distinguishing short-term within-point repeatability from longer-term campaign stability.

Overall, the results show that the DLR TRWP-Measurement System can provide
sufficiently repeatable particle responses for statistical factor evaluation once suitable
experimental boundary conditions are established, but repeatability is strongly dependent
on both the operating condition and the selected particle metric.

4. Discussion

The findings demonstrate that statistically planned experimentation provides a struc-
tured framework for identifying dominant influencing factors, quantifying their relative im-
portance, and defining operational boundaries for reliable airborne TRWP measurements.
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Unlike studies primarily aimed at comparing tire types or driving conditions [13,39-41],
the present work emphasizes the characterization of the measurement methodology itself. This
distinction is particularly relevant because repeatable and reliable laboratory measurements
constitute a prerequisite for meaningful comparison between different tire concepts and for
the development of future standardized test procedures.

4.1. Interpretation of Temperature and Pressure Effects (T2)

The operating parameters chamber temperature and tire inflation pressure showed
distinct effects on the measured airborne TRWP responses. Their influence differed depend-
ing on the particle metric considered, consistent with the response-specific factor effects
identified in the ANOVA and Pareto analysis in Section 3.5.

As shown in Figure 10 for MCPC-PN, which measures total particle-number concen-
tration from 7 nm to 2 um, chamber temperature exhibited a statistically significant effect.
Increasing chamber temperature led to higher MCPC-PN indicating that thermal boundary
conditions strongly affected the measured small airborne particle response, although the
present measurements cannot distinguish between changes in particle generation, airborne
release, transport, agglomeration, condensation and volatile or semi-volatile particle for-
mation mechanisms. This behavior is plausible from a tribological perspective, as tire
rubber exhibits temperature-dependent viscoelastic properties. Higher temperatures result
directly in higher tread temperature which can modify tread deformation, local frictional
behavior, and wear mechanisms within the tire-roller interaction, potentially altering
both particle generation and the size distribution of the released aerosol [13,14,40,41]. In
contrast, tire inflation pressure showed a considerably weaker influence on the MCPC
response within the investigated pressure range, suggesting that pressure-induced changes
in contact mechanics had only limited impact on the ultrafine particle fraction measured by
the MCPC.

In contrast, the PN measurements in the fine and coarse fraction (OPS measurements,
from 0.3 to 10 um) showed a different response pattern. While chamber temperature also
influenced the OPS-PN response, tire inflation pressure became more relevant with an
opposite effect compared to MCPC. Variations in tire inflation pressure alter the contact
area, contact pressure distribution, and local tread deformation, which can affect the
abrasion process and the resulting particle size distribution [13]. Lower tire pressure
increases tire deformation and enlarges the contact patch, which can increase rolling
resistance, tread block movement, and shear stresses in the tire-road contact area. Higher
tire pressure reduces the contact-patch area and tire deformation, but increases the local
contact pressure, particularly near the center of the tread. This can shift wear towards
the center of the tire and may also change the particle size distribution of emitted tire
wear particles. These mechanisms suggest that the relationship between inflation pressure
and tire wear may not be linear over a broader pressure range; however, the present
two-level design evaluates only the directional response between 1.8 and 3.8 bar. The
stronger and statistically significant pressure response in OPS-PN, compared with the
small non-significant MCPC pressure effect, indicates that the pressure-related response
was more clearly expressed within the OPS optical measurement range. Differences in
instrument size sensitivity and measurement principle should, however, be considered
when interpreting this contrast.

Since the aerosol instruments were located inside the climate chamber, all concentra-
tions refer to chamber conditions. Normalized to a common reference temperature, the
concentrations at 35 °C would increase by approximately 8% relative to those at 11 °C
(308 K/284 K). This correction would slightly enlarge the positive temperature effects
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on MCPC-PN and OPS-PN and does not change any of the conclusions. Given its small
magnitude, the temperature effect on OPS-PN is not interpreted mechanistically.

For the OPS mass proxy, the interpretation differs again because it is strongly weighted
by particle diameter (mass ~ diameter®). Even small shifts in the particle size distribution
can therefore lead to pronounced changes in the calculated mass response. The Pareto
charts show that the investigated operating parameters did not affect all particle metrics in
the same way, but instead influenced different fractions of the airborne TRWP. In particular,
increasing temperature produced a strong positive effect on MCPC-PN but a significant
negative effect on the OPS mass proxy, while the OPS-PN temperature effect remained
comparatively small. This divergence indicates that temperature altered the size-weighted
aerosol response and the direction of any underlying particle size distribution needs to be
investigated more. The OPS mass proxy showed the same negative direction, but the effect
remained below the significance threshold. Thus, the pressure-related response was more
clearly expressed in particle number than in the calculated mass within the OPS range.

The different behavior of MCPC-PN, OPS-PN, and OPS mass proxy also indicates
that the measured aerosol should not be interpreted as a single homogeneous particle
fraction. The MCPC response includes very small particles that are not captured by the OPS,
while the OPS mass proxy response is dominated by larger particles within the optically
detectable size range. If no thermal conditioning is applied, the measured PN should
be interpreted as total particle number rather than solid particle number. In this study,
preliminary measurements and separate experiments with a catalytic stripper confirmed
the presence of a volatile contribution to the measured particle-number signal [15]. Such
particles may originate from volatilization or degassing of tire constituents or from thermo-
mechanical processes occurring at the tire-roller interface [11]. Therefore, the strong
positive temperature response observed by the MCPC cannot be attributed exclusively to
an increase in solid wear-particle generation. This distinction is important because volatile
or semi-volatile particle formation, nucleation processes, or organic aerosol components
may contribute to the small-particle signal and can partly decouple PN trends from OPS
mass proxy trends.

4.2. Wheel Alignment as Operating Boundary (T1)

Wheel alignment differed fundamentally from the other investigated parameters be-
cause its influence extended beyond changes in particle emission magnitude. During
the initial boundary-condition assessment, the increased toe setting was associated with
strongly elevated and unstable particle responses together with visible alterations of the
tire tread surface. These observations indicated that the investigated operating conditions
exceeded the range in which representative airborne TRWP measurements can be obtained.
Therefore, wheel alignment was used to define the operational boundary of the measure-
ment configuration. In the factorial phase, only toe 30’ and 48’ were used, and the toe was
treated as a blocking variable; since it is confounded with campaign time, its effect on the
particle response cannot be separated from drift.

4.3. Campaign Drift, Thermal Control and Consequences for Factorial Test Design (T3)

The assessment of measurement repeatability and variability provides the basis for
deriving the operational limits of the experimental methodology. Following refinement
of the alignment settings, the second measurement phase provided sufficiently stable
conditions for statistical evaluation, although repeatability remained dependent on the
investigated operating condition. The results should therefore be interpreted primarily in
a relative manner, i.e., as differences between controlled laboratory conditions within the
applied DoE framework, rather than deducing absolute emission factors. This distinction is
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important because the objective of the study was not to derive regulatory tire wear emission
factors, but to evaluate the robustness, sensitivity, and applicable operating range of the
DLR TRWP-Measurement System.

The reference response approximately doubled over approximately 840 km of WLTC
driving (Section 3.6). For factorial TRWP studies, this has a direct consequence: consecutive
cycles within one setup quantify short-term repeatability, but not the variability between
realizations of the same condition, which in this campaign was dominated by campaign
time. Using the within-point scatter as an error term would therefore overstate the precision
of factor effects. Future designs should (i) randomize the run order within blocks of hard-
to-change factors, (ii) interleave reference points at least once per block, so that drift can
be modeled rather than interpolated, and (iii) replicate complete setups rather than cycles.
The present analysis, which uses the between-block variability as an error term, shows that
the principal temperature and pressure effects remain detectable under these conditions.

The outcome illustrates an important methodological aspect of laboratory TRWP
investigations. Experimental boundary conditions must first provide sufficiently stable and
repeatable tire-roller interactions and particle measurement responses before individual
influencing parameters can be evaluated quantitatively. In this study the benefit of the
present approach is that it allows the operating limits of the measurement methodology
to be identified. Within this study, elevated chamber temperature was found to increase
measurement variability, particularly at 35 °C, as shown in Figure 15. This indicates that
future investigations should define an acceptable variability range for thermal boundary
conditions and implement measures to control temperature-related effects more strictly.
Such measures may include longer cooling periods between driving cycles, improved
thermal conditioning of the tire, continuous monitoring of the inner tread temperature, and
stricter criteria for restarting a measurement only after the tire has returned to a defined
thermal state.
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Figure 15. (Left) MCPC particle number concentration and (right) tire tread temperature profiles
during a measurement point conducted at elevated chamber temperature.

Under the reference setup, as shown in Figure 13, repeated WLTCs produced closely
comparable tread-temperature trajectories, with the temperature increasing from approx-
imately 30-33 °C at cycle start to approximately 49-50 °C at the end of the WLTC. This
indicates repeatability of the thermal history rather than a constant tire temperature. In
the selected elevated-temperature example shown in Figure 16, greater divergence was
observed between repeated tread-temperature trajectories, while the corresponding MCPC-
PN signals exhibited substantially larger between-run differences. The particle response
varied more strongly than the tread-temperature trajectories themselves, indicating in-
creased sensitivity of the measurement response under this operating condition.
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Figure 16. Tire tread temperature profiles during reference measurements under standard tempera-
ture conditions.

A second relevant boundary condition was the increasing variability observed over
the course of the measurement campaign due to time effects. This suggests that the
accumulated driving distance on the chassis dynamometer may progressively affect the
stability of particle generation. One possible explanation is a change in the tire-road contact
condition due to the gradual loss or alteration of the third-body layer between tire and drum
surface. Within this campaign, variability increased from the sixth point of the run sequence
onward, after approximately 470 km of accumulated WLTC driving; this coincides with the
change from the toe-48' to the toe-30’ block, so that accumulated distance and toe setting
cannot be distinguished as causes. The approximated value observed in this campaign
should therefore be treated as a campaign-specific indicator rather than as a transferable
upper limit. As a methodological recommendation, an accumulated laboratory distance,
connected with comparable external factors, may therefore be considered a practical upper
limit before tire conditioning should be refreshed. If tire reconditioning is introduced, the
procedure itself must be validated. Potential approaches may include controlled external
driving or a dedicated laboratory reconditioning protocol, but their ability to restore a
reproducible tread-surface state remains to be demonstrated.

Overall, these findings show that the DoE approach provides not only information
on the relative influence of selected operating parameters, but also a systematic basis for
defining the valid operating window of the measurement method.

4.4. Implications for Future Test Protocols (T4)

Current international efforts to regulate tire wear emissions primarily focus on abra-
sion mass, whereas standardized procedures for quantifying the airborne fraction remain
under development. The present study demonstrates that laboratory operating parameters
exert a measurable influence on airborne particle emissions and therefore require careful
definition within future standardized measurement procedures.

In particular, the response-specific effects of chamber temperature, the sensitivity
of the tire-roller system to wheel alignment, and the campaign-dependent evolution
observed in the repeated reference measurements demonstrate that laboratory boundary
conditions can materially affect the reported particle response. Consequently, future
standardized airborne TRWP methodologies should specify not only the measurement
instrumentation and sampling configuration but also the relevant experimental boundary
conditions and quality-control procedures. Based on the present findings, these should
include defined wheel-alignment conditions, tire inflation pressure, chamber temperature,
thermal initialization of the tire, monitoring of tread temperature, reference measurements
interleaved within the test sequence, randomized run orders within blocks of hard-to-
change factors, and criteria for acceptable within-condition variability and longer-term
response drift. The present study does not establish universal acceptance thresholds for

https://doi.org/10.3390/atmos17101011


https://doi.org/10.3390/atmos17101011

Atmosphere 2026, 17,1011

24 of 28

these parameters; rather, it identifies variables for which quantitative validity criteria
should be developed and validated in future interlaboratory investigations.

The results also show that the definition of the reported particle metric requires
harmonization. MCPC-PN, OPS-PN, and OPS mass proxy exhibited different sensitivities
to the investigated parameters. Future protocols should clearly distinguish total particle
number from solid particle number, define the relevant particle-size range, document any
thermal conditioning or volatile-particle removal, and specify the assumptions used when
optical size distributions are converted into derived mass metrics.

The integration of statistically planned experimental methodologies including the
DoE systematic, reference point measurements and variability assessments into measure-
ment protocol development may therefore contribute to improved reproducibility across
laboratories and enhance comparability between independent studies. Additionally, with
Euro 7 legislation and higher measurement standards for TRWP emission testing, reliable
and reproducible methods, environmental and operational boundary conditions become
integral parts of measurement protocols rather than secondary laboratory settings. Their
systematic identification and control can improve comparability between laboratories and
support the development of harmonized TRWP testing procedures.

4.5. Limitations of the Study

Several limitations should be considered when interpreting the presented findings.
The experimental investigation was performed using a single tire configuration under
controlled laboratory conditions. Consequently, the observed parameter effects cannot
be directly generalized to different tire types, vehicle categories, dyno types, wheel loads,
road/roller /pavement surfaces and measurement configurations. The investigated op-
erating parameters represent laboratory boundary conditions rather than the full range
of variables influencing tire wear under real-world driving conditions. The tire was op-
erated against a metallic-coated chassis-dynamometer roller rather than a real pavement
surface. The resulting contact mechanics, surface texture, airflow, particle resuspension,
and tire—surface interaction therefore differ from on-road conditions. The results should
consequently be interpreted as system-specific laboratory responses rather than direct
representations of real-road TRWP emission factors.

The evaluated response variables were based on cumulative particle concentrations
rather than total emitted particle number or distance-normalized emission factors. No
correction for dilution, extraction flow, transport losses, or collection efficiency was applied
to convert the measured concentration response into an absolute airborne emission rate.
Accordingly, the present analysis is most appropriate for relative comparison between
controlled experimental conditions.

The MCPC measurements represent total particle number within the instrument
response range because no thermal conditioning was applied upstream of the instrument
during the DoE campaign. Volatile and semi-volatile particles may therefore contribute
to the measured ultrafine particle response. Separate catalytic-stripper measurements
indicated a volatile contribution, but these measurements were not incorporated into
the factorial dataset. The strong positive MCPC temperature effect therefore cannot be
attributed exclusively to solid tire-wear particle formation.

Finally, the study was performed within a single laboratory and measurement system.
It therefore evaluates repeatability but does not establish reproducibility across laboratories.
Interlaboratory studies using harmonized protocols and common reference conditions
are required before the methodology can be considered transferable for standardized ap-
plication. In addition, the statistical analysis focused on two experimentally controllable
parameters. Although this enabled efficient identification of dominant effects, additional
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factors such as road surface characteristics, tire compound, vehicle load and humidity
may also influence airborne TRWP emissions and should be addressed in future studies.
The factorial error term has three degrees of freedom, so only large effects are detectable.
Inflation pressure was changed only once per block and the run order was not random-
ized, so that drift may bias the within-block pressure contrast; for MCPC-PN, this was
addressed by the drift-normalized analysis. The OPS mass proxy was available for one
block only and could therefore be evaluated only descriptively. The toe is confounded with
campaign time. Finally, the concentrations were not normalized to standard temperature
and pressure conditions.

5. Conclusions

This study evaluated whether a factorial Design of Experiments can quantify the influ-
ence of controllable operating parameters on airborne TRWP measurements on a chassis
dynamometer and delimit the conditions for repeatable measurements. The conclusions
are given per research task.

(T1) Toe settings above 48 produced progressively increasing particle signals and
irregular tread wear on the investigated tire-roller system. The factorial tests were therefore
limited to toe 30" and 48', and wheel alignment must be treated as a boundary condition of
the method.

(T2) Within the tested ranges, chamber temperature was the dominant factor for the
MCPC number response (ratio 3.6 between 35 and 11 °C, also after correction for campaign
drift), inflation pressure was the dominant factor for the OPS number response (ratio 0.82
between 3.8 and 1.8 bar), and the OPS mass proxy decreased by approximately 17% with
temperature. No interaction was detected, although only large interactions could have
been resolved. Because the MCPC response includes volatile particles, its temperature
effect cannot be attributed to solid wear particles alone. A single particle metric is therefore
not sufficient to characterize airborne TRWP.

(T3) Consecutive WLTCs within a design point are not independent replicates, and the
response under reference conditions approximately doubled over the campaign. Within-
point repeatability therefore overestimates the precision of factor effects; campaign drift
has to be monitored and included in the statistical analysis.

(T4) Future airborne TRWP protocols should specify wheel alignment, inflation pres-
sure, chamber temperature and the thermal initialization of the tire, and should include
interleaved reference measurements, randomized run orders within blocks of hard-to-
change factors, and predefined criteria for repeatability and drift. Under these conditions,
factorial designs provide a transferable framework for developing harmonized laboratory
procedures, including those required under Euro 7.
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Abbreviations

The following abbreviations are used in this manuscript:

ANOVA  Analysis of variance

Ccv Coefficient of variation

DoE Design of Experiments

DLR German Aerospace Center

ELPI Electrical Low-Pressure Impactor

ETRTO  European Tyre and Rim Technical Organisation

MCPC Mixing condensation particle counter

TRWP Tire and road wear particles

OPS Optical particle sizer

mops x OPS-derived mass proxy for optical-equivalent diameter < x um
o Cumulative concentration

PN Particle number

PM Particulate matter

PNC Particle Number Concentrations

PM;5 Particulate matter fraction < 2.5 um aerodynamic diameter
PMyg Particulate matter fraction < 10 um aerodynamic diameter
SAE Society of Automotive Engineers

SEM Scanning Electron Microscopy

WLTC Worldwide harmonized Light Vehicle Test Cycle
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