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Rolling resistance (RR) is a key factor affecting vehicle energy efficiency and fuel consumption,
and it is strongly influenced by tire design parameters. In this study, the effects of tire mass and
key geometric parameters, including dynamic sidewall, dynamic diameter, and seated width, on
RR are systematically investigated through experimental measurements and analytical modeling.
Unlike conventional studies that primarily focus on applied load, this work emphasizes the influence
of the tire’s intrinsic mass and incorporates multiple design parameters within a unified framework.
To better represent tire behavior under rolling conditions, dynamic (functional) geometric param-
eters are used instead of nominal values. Based on experimental data obtained under controlled
conditions in accordance with ISO 28580, individual relationships between each parameter and RR
are established using curve-fitting techniques. A comprehensive model is then developed by combin-
ing these effects through different weighting approaches. In particular, a novel sliding normalization
model (MSN) is proposed to adaptively determine variable weighting coefficients. Unlike constant
and sigmoid-based methods, the MSN approach adjusts parameter weights based on their normal-
ized positions within the dataset range, thereby improving flexibility and predictive performance.
The proposed model is validated using 27 tire samples, including 21 test tires and 6 additional tires
not used in model calibration. The results show that the MSN approach achieves a lower prediction
error than conventional weighting methods. The model demonstrates strong predictive capability
within the investigated parameter ranges. It should be noted that the proposed framework is semi-
empirical and is developed under controlled testing conditions, with operational variables such as
inflation pressure, temperature, and velocity kept constant. Therefore, the model’s applicability
beyond the studied domain requires further investigation. Nevertheless, the present study provides
a practical, adaptable approach for analyzing the influence of tire design parameters on RR and
lays a foundation for future model development.
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1. Introduction

Rolling resistance (RR) is a critical factor influencing vehicle energy efficiency, fuel consump-
tion, and environmental impact. As regulations on emissions and energy performance become
increasingly stringent, improving tire performance has become a key focus in both academic
research and industrial development. RR is primarily associated with energy dissipation mech-
anisms within the tire structure, including hysteresis losses in the rubber and tire deformation
during rolling.

Previous studies have extensively investigated the effects of operational parameters, such
as vertical load, inflation pressure, temperature, and speed, on RR. In particular, the effect of
applied load (vehicle weight) has been widely analyzed and incorporated into both experimen-
tal and analytical models. However, comparatively less attention has been given to the role of
the tire’s intrinsic properties, especially the influence of the tire’s own mass and its interaction
with geometric design parameters. The investigation of RR has been approached through exper-
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imental testing or finite element modeling (FEM). Experimental studies have provided direct
measurements of rolling forces under varying loads, velocities, and material conditions. However,
such methods are time-intensive and costly, as they require specialized testing drums and the
fabrication of tire samples.

A fundamental understanding of RR is closely related to energy dissipation mechanisms
within the tire structure. Walter and Conant (1974) demonstrated that RR primarily originates
from hysteresis losses in the viscoelastic materials of the tire. During rolling, cyclic deformation
of the tire leads to continuous energy dissipation, as part of the mechanical energy is converted
into heat and cannot be fully recovered. Their work revealed that these energy losses depend
not only on material properties but also on tire structural characteristics and the nature of
deformation. This indicates that RR is inherently governed by both material behavior and
tire design parameters.

Further studies have emphasized the role of tire design and material composition in RR.
Martini (1983) demonstrated that tread compounding significantly affects energy losses, as
modifications in rubber formulation can alter hysteresis behavior. However, improvements in
RR are often accompanied by trade-offs with other performance characteristics, such as traction
and wear resistance. This indicates that tire performance optimization is inherently a multi-
parameter problem involving both material and structural design considerations.

In addition to material effects, the influence of design and construction parameters has been
widely investigated. Walter (1983) analyzed the impact of several key design variables on RR and
cornering force, showing that tire performance is strongly affected by the combined influence of
multiple parameters. The study also demonstrates that improvements in one performance aspect
may affect others, underscoring the multi-parameter, interdependent nature of tire design.

Recent studies have highlighted the importance of testing conditions in RR measurements.
Ejsmont et al. (2025) investigated the influence of temperature on RR measurements and demon-
strated that tire behavior is highly sensitive to thermal conditions. Due to viscoelastic effects,
increasing temperature reduces material stiffness and hysteresis losses, thereby lowering RR. The
study showed that RR values vary significantly during the heating phase and emphasized that
accurate measurements must be performed under thermal equilibrium conditions. These find-
ings highlight the critical role of temperature control and thermal history in obtaining reliable
RR data. In addition, Ejsmont et al. (2024) compared different RR measurement methods and
surface conditions, demonstrating that measured values vary significantly depending on testing
approach and contact characteristics. The study showed that factors such as surface roughness
and testing configuration influence tire deformation and energy dissipation, leading to discrepan-
cies between laboratory and real-world results. These findings indicate that RR is not an intrinsic
constant, but rather a system-dependent parameter influenced by measurement conditions and
surface interactions.

More recent studies have adopted combined experimental and numerical approaches to an-
alyze tire performance. Liang et al. (2020) evaluated RR and grip characteristics using both
testing and simulation, and demonstrated that improvements in RR are often associated with re-
ductions in grip performance. Their findings highlight the multi-objective nature of tire design,
where performance optimization requires balancing competing criteria. Comprehensive reviews
have further emphasized the multi-factor nature of RR.

Ydrefors et al. (2021) provided a comprehensive review demonstrating that RR is governed
by complex interactions among material properties, tire design, and operating conditions. While
hysteresis losses in viscoelastic materials are the primary source of energy dissipation, the study
showed that factors such as temperature, load, inflation pressure, and speed significantly influ-
ence tire deformation behavior and energy losses. Their findings reveal that RR is inherently
a multifactor, nonlinear phenomenon and cannot be accurately described by a single parameter.

Xu et al. (2025) demonstrated that advanced material engineering at the rubber-filler in-
terface can significantly improve tire performance. By introducing chain difunctionalization
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in styrene-butadiene rubber via thiol-ene click reactions, the interfacial interaction with silica
was substantially enhanced, leading to improved filler dispersion and a more stable rubber-filler
network. This resulted in reduced hysteresis losses and a significant decrease in RR, while si-
multaneously improving wet grip and wear resistance. These results show that RR is not only
governed by macroscopic design parameters but is also strongly influenced by molecular-level
interfacial phenomena.

Pillai and Fielding—Russell (1992) introduced an energy-based framework for evaluating RR
by defining a whole-tire hysteresis ratio. They developed a simple equation for tire RR, in terms
of the whole-tire hysteresis ratio, tire load, and footprint dimensions based on energetic consid-
erations. Their approach established a direct relationship between RR and the energy dissipated
during cyclic deformation, providing a macroscopic metric that links viscoelastic material be-
havior to overall tire performance. This work demonstrated that RR can be fundamentally
interpreted as a manifestation of energy loss within the tire structure.

On the other hand, numerical studies using FEM and thermo-mechanical simulations have
enabled predictive analysis of RR based on viscoelastic properties. However, they often depend
on empirical assumptions and may overlook parameter interdependencies.

Ebbott et al. (1999) investigated the coupled thermo-mechanical behavior of tires using fi-
nite element analysis and demonstrated that RR is strongly influenced by temperature evolution
within the tire. Cyclic deformation generates heat, which alters viscoelastic properties and hys-
teresis losses, creating a nonlinear feedback mechanism. Their results indicate that accurate
prediction of RR requires simultaneous consideration of thermal and mechanical effects.

Shida et al. (1999) demonstrated that RR can be effectively estimated using static finite ele-
ment analysis by incorporating equivalent hysteresis effects. Their approach significantly reduced
computational complexity while maintaining reasonable accuracy, thus highlighting the practi-
cality of numerical modeling in tire performance prediction. However, the use of simplified static
representations also indicates limitations in fully capturing coupled dynamic and rate-dependent
behaviors.

Luchini et al. (2001) studied tire RR for a group of radial medium truck tires, both exper-
imentally and numerically (FEA modeling). They investigated the effect of tread depth on tire
RR and demonstrated that increasing tread depth increases energy dissipation through greater
cyclic deformation of the rubber. Their results showed a clear positive correlation between tread
depth and RR, indicating that even small geometric variations can significantly influence hys-
teresis losses. This study highlights the strong dependence of RR on geometric design parameters
and the trade-off between energy efficiency and traction performance.

Ma et al. (2007) developed an energy-based model to compute RR by analyzing hysteresis
losses in viscoelastic rubber materials. Their approach demonstrated that RR arises from cyclic
energy dissipation during deformation and can be quantitatively predicted from material proper-
ties. The study provided a fundamental link between viscoelastic behavior and tire performance,
emphasizing that RR is primarily governed by material-induced energy losses.

Wang et al. (2018) proposed a region-based framework for RR analysis, demonstrating that
energy dissipation is spatially non-uniform within tire structures. By dividing the tire into crown
and non-crown regions and performing finite element-based sensitivity analysis, they showed
that the crown region, particularly the tread, dominates RR with nearly 70 % contribution.
At the same time, other components such as the sidewall, carcass, and apex contribute to
the remaining portion. The study further revealed that different structural parameters exhibit
location-dependent sensitivity, indicating that RR is governed by both the magnitude and spatial
distribution of energy loss. This work highlights the limitations of purely global models and
underscores the importance of localized structural optimization.

Mangal et al. (2021) introduced a variable modulus framework to optimize RR by tailoring
the spatial distribution of mechanical properties within the tire. Their results showed that RR is
closely linked to viscoelastic deformation, where an increased modulus reduces hysteresis losses,
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while a lower modulus enhances grip. By strategically varying the modulus across different
regions, the study demonstrated the potential to mitigate the traditional trade-off between RR
and traction. This work highlights the critical role of material distribution in governing tire
energy dissipation and performance.

Jittham et al. (2022) employed finite element analysis to investigate the RR behavior of
pneumatic and solid tires, providing insight into the role of structural configuration and material
behavior. Their results showed that tire structure significantly affects deformation patterns,
stress distribution, and energy dissipation mechanisms. These findings demonstrate that RR is
not solely determined by material properties but is strongly influenced by the interactions among
structure, material behavior, and contact mechanics. They showed that increasing the contact
area reduced tire RR, whereas increasing the tread depth increased it.

Ydrefors et al. (2024) investigated RR at low temperatures and found that lower temperatures
significantly alter the viscoelastic behavior of tire materials. Increased stiffness and changes in
hysteresis characteristics lead to higher energy dissipation and, consequently, increased RR.
The study further demonstrated that tire behavior under low-temperature conditions deviates
from standard testing assumptions, underscoring the need to account for real-world operating
conditions in RR analysis.

Most existing studies examine individual parameters independently, whereas in practical tire
design, multiple parameters, such as diameter, sidewall, and seated width, are simultaneously
varied. This limitation restricts the applicability of existing models when multiple design vari-
ables are modified concurrently. Furthermore, conventional approaches often rely on nominal
geometric parameters that may not accurately reflect tire behavior under rolling conditions,
where deformation alters the effective geometry.

While previous research has extensively examined the influence of applied load on RR, the
tire’s own mass has not been explicitly treated as a separate parameter. This may be attributed
to the dominant influence of external loading conditions in typical operating scenarios, as well as
the practical difficulty of isolating tire mass effects experimentally. In this study, an effort is made
to account for tire mass within the modeling framework explicitly.

To address these limitations, the present study investigates the combined effects of key tire
design parameters, including tire mass, dynamic sidewall, dynamic diameter, and seated width,
on RR. In contrast to nominal values, dynamic (functional) geometric parameters better capture
the tire’s actual deformation characteristics during rolling.

Based on experimental measurements conducted under controlled conditions in accordance
with ISO 28580, individual relationships between each parameter and RR are established using
curve-fitting techniques. A comprehensive analytical model is then developed by combining
these effects within a unified framework. The originality of this work lies in the formulation of
an analytical structure that integrates the independent empirical relations of each design factor
into a unified model.

Unlike conventional weighting approaches such as constant or sigmoid-based models, which
rely on predefined functional forms, the present study introduces a sliding normalization model
(MSN) to determine weighting coefficients in a data-adaptive manner. In this approach, the
contribution of each parameter is dynamically adjusted based on its relative position within
the dataset range, allowing the model to better reflect variations in parameter influence with-
out imposing prior assumptions. Therefore, the MSN provides a more general and adaptable
framework for modeling RR than the other two approaches.

It should be noted that the proposed framework is semi-empirical, in which the total RR
is represented as a weighted superposition of individual parameter effects. Although explicit
interaction terms are not included, variable weighting coefficients enable indirect consideration
of concurrent parameter influences. The proposed model is validated using independent ex-
perimental data and demonstrates improved predictive performance compared to conventional
weighting approaches. However, the model is developed within a specific parameter range and
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under controlled testing conditions, and its applicability beyond this domain requires further
investigation.

The remainder of this paper is organized as follows. Section 2 describes the experimental
work and data acquisition. Section 3 presents the analytical modeling. Section 4 presents a com-
prehensive analytical model, and finally, Section 5 discusses the results and model validation.

2. Experimental work

An ISO 28580-based RR testing machine (as shown in Fig. 1) is employed to measure the RR
of the test tires. The system includes controlled loading, speed, and environmental conditions
to ensure repeatability and accuracy of the measurements.

Fig. 1. Schematic of the experimental setup used for RR measurements in accordance with ISO 28580.

Prior to experimentation, the Design of Experiments (DoE) framework was established,
comprising the selected parameters, the number of tests, replications, environmental condi-
tions, permissible and impermissible errors, estimates and approximations, testing procedures,
standards, requirements, and constraints. All aspects of the test — requirements, conditions,
specifications, tolerances, errors, correction factors, and the testing procedure — conformed to
ISO 28580 (2018 edition) and ECE Regulation No. 117 (2016 edition).

The RR measurements were conducted using a drum-type testing machine. The apparatus
consists of a steel drum with a 2m diameter, designed to minimize vibration and ensure stable
test conditions. During the tests, the tire was mounted on the spindle and brought into con-
tact with the rotating drum, where a normal load equivalent to 80 % of the tire’s maximum
allowable load was applied. All tests were performed under controlled laboratory conditions,
with an ambient temperature maintained at 25°C, a constant inflation pressure of 210kPa
(£3kPa), and a steady rolling speed of 22.2m/s (£0.14m/s). Prior to data acquisition, each
tire underwent a warm-up phase of approximately 30 minutes to reach thermal equilibrium. The
RR force was then measured under steady-state conditions, and multiple measurements were
performed to ensure repeatability and reliability of the results. All test procedures, tolerances,
correction factors, and measurement protocols were implemented in accordance with ISO 28580
requirements to ensure consistency and comparability of the obtained data. Operational param-
eters such as inflation pressure, temperature, and speed were kept constant in order to isolate
the effects of tire design parameters. Incorporating these operational variables into the model is
considered a direction for future research.

Table 1 shows selected parameters related to the testing equipment and testing conditions.

2.1. Design parameters and test tires

This study focuses on the design-parameter group among the four parameter groups — tire
design parameters, environmental parameters, tire performance parameters, and road parame-
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Table 1. Parameters related to the testing equipment and testing conditions.

Parameter Value
Drum diameter of the RR machine 2m
Ambient temperature in the drum, 1 meter above the drum, and 15 centimeters 25°C
below the drum
Linear test velocity / Speed of the drum (Class C1 tires) 22.2m/s (+£0.14m/s)
Tire acceleration 0.14m/s?
Tire pressure (ambient air) 210kPa (+3kPa)
Tire warm-up time 30 min
Tire Spindle force (Class C1 tires) Min: 100 ¥

Max: 200N

The load applied to the tire is 80% of the tire’s maximum allowable load

ters — that influence RR. Unlike the other three groups, design parameters are specific to the tire
manufacturer and designer. The study meticulously and comprehensively analyzes four param-
eters from the design-parameter group: tire mass, overall diameter, sidewall, and seated width.
To do this, four sets of test tires are selected, each with only one of these design parameters
fixed, while the remaining parameters vary.

In the existing literature, RR has been predominantly analyzed in relation to external load,
which represents the operational weight applied to the tire. Consequently, the contribution of
the tire’s own mass has not been explicitly isolated or systematically investigated. This is likely
due to the experimental challenges associated with decoupling tire mass from other design pa-
rameters. The present work addresses this limitation by explicitly considering tire mass as an
independent variable. By incorporating tire mass as an independent parameter, the proposed
model provides a more comprehensive representation of RR behavior. It is foreseeable that an
increase in tire weight will lead to greater heat generation, increased energy loss, and conse-
quently higher RR. To quantify tire mass effects, two test tire series were selected. Each series
is geometrically identical to the others, but their compounds — and hence their masses — dif-
fer (as shown in Table 2). The compounds employed in this study are of three types, and the
densities of these compounds fall between 0.9 g/cm? and 1.2g/cm?.

Herein, the examination of the influence of the tire sidewall on RR presents a fundamental
difference from prior research. The numerical value of the tire sidewall is computed from the
tire diameter rather than from the tire width. In addition, the dynamic sidewall derived from
the dynamic diameter is employed here. Because the aspect ratio (the sidewall-to-width ratio) is
a bivariate parameter, and its consideration does not permit precise isolation of the individual
effects of tire sidewall and tire width on RR, the effect of tire sidewall, instead of the aspect
ratio, is examined here. In evaluating the influence of tire sidewall on RR, not only must all
geometric parameters (except for the sidewall) of the tested tires be identical, but the material
of the sidewall of the tires must also be the same. In this study, five test tires are used, each
with a different sidewall (and mass), while keeping other design parameters, including width,
constant (as shown in Table 2).

The nominal radius, or the unloaded radius of a tire, also referred to as the overall radius, is
one of the important parameters that affect tire RR. The static radius for a stationary vehicle,
depending on the sidewall value and the tire compound, typically has about 5% to 10% sag
relative to the nominal radius. In contrast, the dynamic radius, which depends on vehicle and
wind velocities and the tire’s overall stiffness, is larger than the static radius. Here, the tire’s
dynamic radius is examined. To evaluate tire diameter, the tire pressure and load applied to all
test tires must match the standard values; otherwise, these influential parameters may introduce
errors in the evaluation of the tire diameter’s effect on RR. In this study, five test tires are
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Table 2. RR values measured for the test tires.
pa]?;r;lgtrvlers Tire size si]c?g\;/l:flnfrcn] di]zi)ri’ll(;l:eril l[in] Wisc(f:}fe[(rln] Mass [ke] | RRo [N/IN]| RRe
0.092 0.566 9.07 9.15 9.15
205/50R17 0.093 0.574 0.164 9.34 9.43 9.43
Mass 0.095 0.581 9.62 9.65 9.65
0.106 0.660 11.135 8.84 8.84
215/55R18 0.1085 0.670 0.174 11.350 9.08 9.08
0.11 0.677 11.530 9.21 9.21
225/55R19 0.1107 0.704 12.640 9.45 9.45
225/60R18 0.1224 0.702 12.810 9.52 9.367
Sidewall 225/65R17 0.1331 0.698 0.174 13.050 9.60 9.231
225/70R16 0.1453 0.697 12.550 9.10 9.18
225/75R15 0.1565 0.694 12.300 8.81 9.15
205/60R13 0.113 0.556 7.640 8.9 9.80
205/60R14 0.112 0.580 8.155 9.14 9.644
Diameter |205/60R15 0.112 0.605 0.164 8.715 9.31 9.31
205/60R 16 0.111 0.627 9.270 9.20 8.645
205/60R17 0.112 0.655 9.810 9.50 8.515
0.164 9.22 9.22
0.172 8.85 8.85
Seated width | 205/55R 16 0.1013 0.609 0.1756 8.350 8.40 8.40
0.1795 8.22 8.22
0.1808 8.17 8.17

employed, differing only in diameter and mass, and all other design parameters and practical
conditions (tire pressure, applied load, tire velocity, etc.) are kept constant (as shown in Table 2).

The seated width of a tire, a design parameter with a fixed value, is defined as the width of
the tire’s ground-contact patch under a standard load and inflation pressure. Herein, variations
in seated width due to changes in the tire pressure, vehicle weight, or the load applied to the
tire are not considered. An increase in seated width leads to an enlargement of the tire-ground
contact area, a reduction in vertical pressure, less localized deformation, lower energy losses,
and, consequently, a reduction in tire RR. In this study, five test tires are employed, differing
only in seated width, while all other design parameters remain the same (as shown in Table 2).

2.2. Test results

The results of the RR tests (RRg) for four design parameters — mass, sidewall, diameter, and
seated width — are presented in Table 2.

3. Analytical model

3.1. Mass effect on RR

Using the Curve Fitting Toolbox-MATLAB, a linear regression equation for the RR values
as a function of the tire mass is approximated as follows:
RR(M;) = 0.9083 M; + 0.9232,

(3.1)
RR(M,) = 0.9425 My — 1.6427,
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where RR is the RR value (RR values are shown in Table 2) and M is the mass of the test tires.
The subscripts 1 and 2 denote the two test tire series used for evaluating the effect of the tire
mass parameter on RR.

Equation (3.1) shows that the change in tire RR with mass is linear, with a slope of 90 %.
Although the tires used to examine the effect of mass are geometrically identical, and generaliz-
ing to the entire range of tires is challenging, examining tires from the Michelin and Bridgestone
brands (tires are geometrically identical but with different densities) also suggests that a linear
regression equation with a slope close to 100 % for RR as a function of the tire mass can be ap-
proximated. By extending this equation to all tires in the 8 to 12 [kg] range (which includes most
passenger tires), a linear regression equation for the influence of mass on RR is approximated
as follows (it is shown in Fig. 2):

RR(M) = 0.9 M + 0.987. (3.2)

The predicted RR values from the fitted mass-effect curve are presented in Table 3.

Table 3. Predicted RR values from the fitted curve (mass effect).

Tire size Mass [kg] | RRy | RRe RR;
9.07 9.15 | 9.15 9.15
205/50R17 9.34 9.43 | 9.43 9.393
9.62 9.65 | 9.65 9.645
11.135 8.84 | 8.84 | 11.009
215/55R18 11.350 9.08 | 9.08 | 11.202
11.530 9.21 9.21 11.364

The derived linear relationship between tire mass and RR is valid over the investigated mass
range (8kg to 12kg), which corresponds to typical passenger-car tires. Application of this re-
lationship outside this range may introduce additional uncertainty. It should be noted that
the proposed mass-RR relationship is derived empirically based on experimental data within the
investigated mass range and should not be extrapolated beyond this domain. The non-zero inter-
cept of the fitted function arises from the curve-fitting process. It does not represent a physically
meaningful condition, since a tire of zero mass is not physically realizable.

As shown in Fig. 2, RR increases approximately linearly with tire mass for geometrically
identical tires. This trend can be attributed to the increased material volume and internal
hysteresis losses associated with heavier tires. The observed linear behavior over the investigated
mass range (8 kg to 12kg) supports the use of a first-order approximation to model the mass—RR

10.0

® RR;

® RR»
— Linear (RRy)
— = Linear (RRo) |

RR [N/kN]

8.5

9 12 11 12

Mass [kg]
Fig. 2. Relationship between tire mass and RR for tires with identical geometric characteristics. The
results indicate an approximately linear trend within the investigated mass range, supporting the use of
a first-order approximation.
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relationship. It should be noted, however, that this linearity is valid within the studied domain
and may not necessarily extend beyond this range.

3.2. Sidewall effect on RR

In examining the effect of tire sidewall and diameter parameters on RR, the test specimens
not only have different sidewall and diameter values but also vary in mass (as shown in Table 2).
This difference in the mass of the test specimens is due, from a technical standpoint, to the fact
that it is not feasible to produce tires with different sidewall and diameter values that have the
same mass. Therefore, by equalizing tire mass, the influence of mass changes on RR must be
removed from the test results to ensure that the findings reflect solely the effects of tire sidewall
or diameter parameters on RR. Using Eq. (3.2), the influence of mass changes on the RR values
is removed (see RR¢ in Table 2).

Using the Curve Fitting Toolbox-MATLAB, the quadratic and cubic equations are identified
as the best candidates for the fitting curve of the RR values as a function of the sidewall. First,
the accuracy of these two models is assessed using the root-mean-square (RMS) percentage error
(% RMSE) criterion:

ﬁl [RRe¢ ()~ RRatoaer ()]
N

RMSE (%) = 100\/ , (3.3)
X RRo(i)
TN
i=1

where RR¢ are the corrected test results for RR (RR¢ can be seen in Table 2), and RRpoqel

are the predicted RR values from the fitted curve (RRy and RR3 can be seen in Table 4).

Additionally, N is the number of data points.

Table 4. Predicted RR values from the fitted curve (sidewall effect).

Tire size RR¢c | RRe RRs
225/55R19 | 9.45 9.46 | 9.453
225/60R18 | 9.367 | 9.338 | 9.352
225/65R17 | 9.231 | 9.251 | 9.251
225/70R16 | 9.18 | 9.182 | 9.166
225/75R15 | 9.15 | 9.146 | 9.153

From Table 4 and using Eq. (3.3), the RMSE values are computed for each model, therefore
RMSE; = 0.18 %, RMSE3 = 0.14 %.

Considering the RSME values, both models are acceptable. Here, the more straightforward
quadratic equation is used. It should be noted that although higher-order polynomial models
(e.g., cubic) were also evaluated, they did not provide a significant improvement in accuracy
compared to quadratic models. Therefore, quadratic functions were selected to maintain model
simplicity and avoid potential overfitting. The fitted curve for the RR values as a function of
the tire sidewall (.5) is expressed as follows (it is shown in Fig. 3):

RR(S) = 105.22 5 — 34.986 S + 12.044. (3.4)

Figure 3 illustrates the effect of the dynamic sidewall on RR after applying mass correction
(RR¢). The results indicate a clear dependency of RR on sidewall height. This behavior can
be explained by the role of sidewall deformation in energy dissipation mechanisms. Tires with
larger sidewall values tend to exhibit different deformation patterns, which directly influence
hysteresis losses and, consequently, RR.
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Fig. 3. Effect of dynamic sidewall on corrected rolling resistance (RR¢). Experimental data after removing
the influence of tire mass are presented as red markers, while quadratic and cubic regression fits are shown
by black and green lines, respectively.

3.3. Diameter effect on RR

The quadratic and cubic equations are identified as the best candidates for fitting the RR val-
ues as a function of diameter. From the predicted RR values from the fitted curve (RRg and RR3
can be seen in Table 5) and using Eq. (3.3), the RMSE values are computed for each model, thus

RMSE; = 1.5%, RMSE; = 1%.

Table 5. Predicted RR values from the fitted curve (diameter effect).

Tire size RR¢c | RRs RR3
205/60R13 | 9.80 | 9.809 | 9.730
205/60R14 | 9.644 | 9.514 | 9.654
205/60R15 | 9.310 | 9.191 | 9.240
205/60R16 | 8.645 | 8.893 | 8.812
205/60R17 | 8.515 | 8.495 | 8.494

Considering the RSME values, both models are acceptable. Here, the more straightforward
quadratic equation is used. Therefore, the fitted curve for the RR values as a function of the
diameter (D) is expressed as follows (it is shown in Fig. 4):

RR(D) = —13.269 D? + 2.8 D + 12.354. (3.5)
10.0 : : .
= s i | @ RR(D)
= | { | = Polynomial (RR(D))
A, 9.5 """"""""" —— Polynomial (RR(D))
- | |
]| S N
N I— E— N e
8.0 : 3 :
0.50 0.55 0.60 0.65 0.70

Diameter [m]

Fig. 4. Effect of dynamic diameter on RR¢. Experimental data, after removing the influence of tire mass,
are presented as red markers, and quadratic and cubic regression fits are shown by black and green lines,
respectively.
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As shown in Fig. 4, increasing the dynamic diameter generally reduces RR. This can be
physically interpreted as larger diameters reducing the curvature of the contact region, thereby
decreasing cyclic deformation and associated energy losses per revolution. The trend is consis-
tent across the dataset under investigation and supports including diameter as a key design

parameter.
3.4. Seated width effect on RR
The quadratic and cubic equations are identified as the best candidates for fitting the RR
values as a function of seated width. From the predicted RR values from the fitted curve (RRq
and RR3 can be seen in Table 6) and using Eq. (3.3), the RMSE values are computed for each
model, hence

RMSE; = 0.068 (0.8 %), RMSE3 = 0.107 (1.25 %).
Table 6. Predicted RR values from the fitted curve (seated width effect).

Tire size Seated width [m] | RRy | RRz | RRs
0.164 9.22 | 9.236 | 9.321

0.172 8.85 | 8.753 | 8.941

205/55R16 0.1756 8.40 | 8.511 | 8.532
0.1795 8.22 | 8.230 | 8.287

0.1808 8.17 | 8.132 | 8.299

Considering the RSME values, both models are acceptable. Here, the more straightforward
quadratic equation is used. Therefore, the fitted curve for the RR values as a function of the
seated width (V) is expressed as follows (it is shown in Fig. 5):

RR(W) = —608.9W?2 + 144.21 W + 1.9629. (3.6)
9.5 ; |
. { | ® RR(W)
< — Polynomial (RR(W))
= i | — Polynomial (RR(W))
o 9.0 NN :
=
8.5
8.0 : :
0.16 0.17 0.18

Seated width [m]

Fig. 5. Effect of seated width on rolling resistance (RRq). Experimental data are presented as red markers,
and quadratic and cubic regression fits are shown by black and green lines, respectively.

Figure 5 presents the influence of seated width on RR. The results suggest that variations in
seated width affect the contact patch geometry and stress distribution, which in turn influence
deformation behavior and hysteresis losses. Although the relationship is not strictly linear, the
observed trend confirms that seated width is an important parameter in RR modeling.

4. Comprehensive analytical model

In tire design, it is essential to have a comprehensive model that can simultaneously predict
the effects of tire geometric parameters (sidewall, diameter, and seated width) and mass on RR.
This comprehensive model can be expressed in the form of Eq. (4.1):

RR(S, D, W, M) = C(S)RR(S) + C(D)RR(D) + C(W)RR(W) + C(M)RR(M),  (4.1)
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in which the function RR(S, D, W, M) is the comprehensive model for RR, and the coefficients
C(X) represent the contribution and weight of parameter X in the comprehensive model of RR.
Herein, three approaches to determining C'(X) coefficients are presented: one assumes the coef-
ficients are constant, and two assume the coefficients are variable.

It should be noted that the proposed formulation is semi-empirical, in which the total RR is
represented as a weighted superposition of individual parameter effects. Although explicit inter-
action terms are not included, the use of variable weighting coefficients in the MSN framework
permits indirect consideration of concurrent parameter influences.

4.1. Comprehensive model with constant coefficients

The constant coefficient approach is presented primarily as a baseline model for comparison.
As expected, its predictive performance is lower than that of the adaptive weighting approaches.
To determine the constant coefficients C, mid tires are selected from each set of test tires
(as shown in Table 7), and the geometric parameters of the selected tires — including sidewall,
diameter, and seated width — as well as their masses and the predicted RR values from the fitted
curves (RR; and RRy) are substituted into the comprehensive model.

Table 7. Mid tire specifications.

Design parameters | Tire size | Dynamic sidewall | Dynamic diameter | Seated width | Mass
Mass 205/50R17 0.093 0.574 0.164 9.34
Sidewall 225/65R17 0.1331 0.698 0.174 12.640
Diameter 205/60R15 0.112 0.605 0.164 8.715
Seated width 205/55R16 0.1013 0.609 0.1756 8.350

Therefore, the equations of the comprehensive model can be simplified as follows:
9.251C + 7.844 Cy + 8.620 C'5 + 12.363 Cy = 9.251,
9.445C + 9.191 C + 9.236 C'3 + 8.831 Cy = 9.191,
9.580C + 9.138 C2 + 8.511 C3 + 8.502 Cy = 8.511,
9.70 C7 +9.098 C2 + 9.236 C'3 + 9.393 Cy = 9.393.

From solving the above system of equations, the coefficients C; are obtained. Then the coeffi-
cients are normalized to lie in the range [—1, 1] and finally substituted into Eq. (4.1), yielding
a comprehensive model with constant coefficients. Therefore

RR(S, D, W, M) = 0.244(105.220 52 — 34.986 S + 12.044)
+ 0.288(—13.269 D? 4 2.80 D + 12.354)

+ 0.458(—608.90 W2 + 144.21 W + 1.9629)
+ 0.01(0.9 M + 0.987). (4.2)

4.2. Comprehensive model with sigmoid variable coefficients

An analysis of plots derived from the analytical equations of the geometric parameters and
mass reveals an S-shaped, or sigmoid, behavior. Accordingly, the sigmoid function is adopted to
determine the coefficients of the comprehensive model. The sigmoid model employed is expressed
as follows:

RR(X)max — C(X)
C(X) — RR(X)min
The sigmoid variable coefficients are therefore determined as:
RR(X>max - RR(X)min
1+ exp[Kx (X — X¢)] '

= exp[Kx (X — X¢)]. (4.3)

O(X) = RR(X )min + (4.4)
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where RR(X )max and RR(X )min represent the maximum and minimum values of RR predicted
from the fitted curve corresponding to parameter X, Kx denotes the slope coefficient of the
sigmoid function, and X¢ denotes the value of parameter X at which RR is at its average value
(it can be seen in Table 8 to Table 11). To determine coefficient Kx, the data corresponding
to each parameter (as shown in Table 8 to Table 11) are substituted into the sigmoid model
(Eq. (4.4)), the corresponding Kx values are computed, and the most accurate Kx coefficient
is selected using the RMS criterion.

Table 8. Data corresponding to mass parameter.

M RR | RR(X)max | RR(X)min | RR(X)ave | Xc Kx
9.07 | 9.15
9.34 | 9.393 9.645 9.15 9.398 9.345 | —0.84
9.62 | 9.645

Table 9. Data corresponding to sidewall parameter.

S RR | RR(X)max | RR(X)min | RR(X)ave Xc Kx
0.1107 | 9.460
0.1224 | 9.338
0.1331 | 9.251 9.460 9.146 9.276 0.1297 | 110
0.1453 | 9.182
0.1565 | 9.146

Table 10. Data corresponding to diameter parameter.

D RR RR(X)max | RR(X)min | RR(X)avg Xc Kx
0.556 | 9.809
0.580 | 9.514
0.605 | 9.191 9.809 8.495 9.152 0.608 45
0.627 | 8.893
0.655 | 8.495

Table 11. Data corresponding to seated width parameter.

w RR | RR(X)max | RR(X)min | RR(X)avg Xc Kx
0.164 | 9.236
0.172 | 8.753
0.1756 | 8.511 9.236 8.132 8.684 0.1731 | 350
0.1795 | 8.230
0.1808 | 8.132

Therefore, the sigmoid variable coefficients are expressed as:

C(M) =9.150 +
C(S) = 9.146 +
C(D) = 8.495 +

C(W) =18.132+

0.495

0.314

1+ exp [—0.84(M — 9.345)]’

1.314

1+ exp [110(S — 0.1297)]’

1.104

1+ exp [45(D — 0.608)]’

1 + exp [350(W — 0.1731)]

(4.5)
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The coefficients are then normalized and finally substituted into Eq. (4.1), yielding a compre-
hensive model with sigmoidal variable coefficients.

4.3. MSN comprehensive model

Here, a new model (research innovation) named the “Slide Model” (MSN) is presented. As
shown in Fig. 6, the MSN model is expressed as follows:

InViax — Y (X) [ X~ Xpin \° (46)
InYinax — In Y B Xmax — Xmin ' '

In Yiax A \

In Y(X) pEzzToIos x?\
\\

B C
Xmin X Xmax

In Yiin

Fig. 6. MSN model used to determine the coefficients of the comprehensive model.

The quantity Y (X)/Yax is regarded as the variable coefficient C(X), and Eq. (4.6) is then
rewritten as follows:

(X)mln X Xmm 2
1 X)=1
HC( ) " ( (X)max max - Xmin ’
< (X)mln > ( X Xmln >2
(X)max max - Xmin .
The above equation for the mass parameter is rewritten as follows:
RR(X)min \ { X — Xinax |
(X) . (4.8)
RR(X)maX Xmax - Xmin

All parameters of the two relations above were listed in Table 8 to Table 11. Therefore, the MSN
variable coefficients are expressed as:

C(M):exp_(g'lg’) M - 962 ]

C(X) =exp

C(X) =exp

9.645 0.55

S —0.1107
0.0458 ’

C(S) =exp
(4.9)

C(W) =exp

(55
C(D) = exp <
(: <Woof;:4> ]-
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The coefficients are then normalized and finally substituted into Eq. (4.1), yielding a compre-
hensive model with MSN variable coefficients.

It should be noted that the proposed formulation in Eq. (4.1) is semi-empirical in nature,
where the total RR is represented as a weighted superposition of individual parameter effects. Al-
though explicit interaction terms are not included, the use of variable weighting coefficients in the
MSN framework permits indirect consideration of concurrent parameter influences. The MSN for-
mulation relies on normalization within the dataset’s minimum and maximum bounds; there-
fore, its application outside the calibrated parameter range should be performed with caution.

5. Results and model validation

The results and comparisons of the models are presented in Table 12, where the predicted
values from the fitted curve and from the comprehensive models — comprising the constant coef-

Table 12. Data corresponding to mass parameter.

- E <
g z £ 8 o
. - ] E Z Q
Tire :“3 2 £ z 5 &0 = g N a
- £ 5 i 2 | FE | g8 | g | ¢4
= o o e | = = = = 8
~ ale ~ ~ ~ [t ~ ~ =

225/55R19 | 9.45 | 9.460 | 8.63 | 9.820 | 9.699

§ % 225/60R18 | 9.52 | 9.338 | 8.60 | 9.790 | 9.667
f £ | 225/65R17 | 9.60 | 9.251 | 8.58 | 9.770 | 9.644 7.5 5.5 4.1 12.64
é :% 225/70R16 | 9.10 | 9.182 | 8.57 9.75 9.63

225/75R15 | 8.81 | 9.146 | 8.56 9.75 9.61
205/60R13 8.9 9.809 | 9.49 | 9.340 | 9.37
205/60R14 | 9.14 | 9.514 | 9.36 | 9.262 | 9.288
205/60R15 | 9.31 | 9.191 | 9.27 | 9.180 | 9.20 3.6 3.8 3.7 8.715
205/60R16 | 9.20 | 8.893 | 9.19 9.10 9.12
205/60R17 | 9.50 | 8.495 | 9.07 9.01 9.03

Test tires
(diameter)

= | 205/55R16 | 9.22 | 9.236 | 9.28 | 9.123 | 9.166
é E 205/55R16 | 8.85 | 8.753 | 9.07 9.00 9.03
= < | 205/55R16 | 8.40 | 8.511 | 8.95 8.94 8.97 5.4 5.7 6.0 8.35
é % 205/55R16 | 8.22 | 8.230 | 8.83 8.88 | 8.909
=z 205/55R16 | 8.17 | 8.132 | 8.78 8.86 | 8.888
é — 205/50R17 | 9.15 9.15 9.44 | 9.423 | 9.43 9.07
g é 205/50R17 | 9.43 | 9.393 | 9.44 | 9.482 | 9.48 2.2 1.8 1.8 9.34
& | 205/50R17 | 9.65 | 9.645 | 9.45 9.54 9.54 9.62
225/65R17 9.6 8.59 | 9.895 | 9.747 13.05
205/60R17 9.5 9.08 | 9.274 | 9.30 9.81
205/60R15 | 9.31 9.27 9.19 9.21 8.715
E 205/55R16 | 8.85 9.06 9.01 9.00 8.35
“<:5 § 235/50R19 | 10.13 | N/A | 8.69 9.98 9.91 7.0 3.7 2.8 12.500
g . 165/65R13 9.7 10.12 | 9.13 9.54 5.360
215/55R18 | 8.84 8.756 | 9.38 | 9.379 11.135
215/55R18 | 9.08 8.758 | 9.434 | 9.40 11.350

215/55R18 | 9.21 8.759 | 9.58 9.48 11.530
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ficients, sigmoid variable coefficients, and MSN variable coefficients for 27 tires (comprising the
21 test tires and 6 additional tires not used in model calibration) — are evaluated against the mea-
surements obtained with the RR testing apparatus. It should be noted that, to verify the models,
the second series of tires from the mass test, with a size of 215/55R18 (without accounting for
mass changes), along with the 6 additional tires not used in model calibration, were used in
addition to the test tires.

In addition, Fig. 7 and Fig. 8 show scatter plots comparing the RR values of the models
and the experimental results for both the test tires and the additional tires not used in model
calibration.
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Fig. 7. Comparison of RR predictions using constant, sigmoid, and MSN weighting approaches. The MSN
model shows improved agreement with experimental data across the investigated parameter range.
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Fig. 8. Validation of the proposed model using independent tire data not included in the calibration set.
The MSN approach demonstrates improved predictive performance compared to conventional methods
within the studied domain.

Figure 7 compares the predictive performance of the constant, sigmoid, and MSN weight-
ing approaches. The MSN model provides closer agreement with experimental data across the
parameter range. This improvement can be attributed to the data-adaptive nature of the MSN
weighting mechanism, which enables the model to capture variations in parameter influence
better.

As shown in Fig. 8, the validation results using independent tire data demonstrate that the
MSN model achieves the lowest prediction error among the evaluated approaches. This indicates
that the proposed method has improved predictive capability beyond the calibration dataset.
Nevertheless, it should be noted that the validation is limited to the investigated parameter
range.
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According to Table 12, the predictive accuracy of the MSN model is markedly higher for
tires that were not used in model calibration than for the other two models. For these tires, the
MSN model exhibits an error of 2.8 %, while the sigmoid model attains 3.7 % and the constant
coefficient model 7%. The MSN model’s ability to predict tire RR, not used in the formulation
of the comprehensive analytical model, demonstrates its potential for development and general-
ization, highlighting it as a key strength of the approach. The constant coefficient model, while
offering a fast, straightforward methodology suitable for multiple variables with linear variation,
exhibits the lowest accuracy among the models studied.

6. Discussion

The results of this study provide new insights into how tire mass and geometric parameters
collectively influence RR. The developed analytical framework integrates individual empirical
relations for tire mass, sidewall, diameter, and seated width into a unified formulation. Compared
to previous approaches that primarily treated these parameters independently, the present model
captures their combined influence within a consistent structure. However, the interactions are
represented semi-empirically.

The experimental analysis revealed that increases in tire mass consistently lead to higher RR
values, primarily due to greater internal energy dissipation and viscoelastic deformation during
rotation. This observation is consistent with the thermomechanical understanding that heavier
tires experience larger cyclic strain amplitudes, which increase hysteresis losses and heat gener-
ation in the tread and carcass layers. Within the investigated range, the approximately linear
relationship between mass and RR suggests that the dominant energy-loss mechanisms scale
proportionally with tire mass; however, extrapolation beyond this range should be approached
with caution.

The effects of geometric parameters — sidewall, diameter, and seated width — were also sys-
tematically evaluated. Increasing the tire sidewall reduces flexibility and increases structural
stiffness, thereby reducing RR. Similarly, larger tire diameters reduce RR by decreasing defor-
mation per unit revolution. At the same time, increasing seated width lowers RR by enlarging
the contact area, distributing the load more uniformly, and reducing localized deformation.
These trends are generally consistent with previous studies (e.g., Walter (1983) and Ebbott
et al. (1999)), while the present work extends them by incorporating tire mass into the same
analytical framework.

The proposed MSN demonstrated the best overall agreement with experimental data, achiev-
ing an average prediction error below 3%. In contrast to constant and sigmoid weighting ap-
proaches, the MSN formulation dynamically adjusts weighting coefficients based on the pa-
rameter values and their normalized ranges. This feature enables the model to partially cap-
ture nonlinear interactions among variables, although it does not explicitly represent physical
coupling mechanisms. As a result, the MSN framework offers improved predictive capability
within the studied parameter space. Nevertheless, since the formulation relies on normaliza-
tion within the dataset’s minimum and maximum bounds, its application outside the calibrated
range requires careful validation. Furthermore, extension of the model to different tire cate-
gories or operating conditions would require additional experimental data and recalibration of
the weighting functions.

7. Conclusion

This research developed and validated a comprehensive analytical model capable of predict-
ing tire RR while accounting for mass and geometric parameters. Experimental measurements
were performed using an ISO 28580-based RR testing apparatus on 21 passenger tires, pro-
viding the foundation for analytical modeling. Curve-fitting methods were applied to derive
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individual functional relationships between RR and each geometric parameter and tire mass;
these relationships were subsequently integrated into a comprehensive analytical model. Three
approaches were explored to determine the weighting coefficients that quantify each parameter’s
contribution within the model: constant coefficients, variable sigmoid-based coefficients, and
a novel MSN. The MSN approach, introduced in this study, enables the derivation of dynamic
weighting coefficients based on tire behavior within the considered dataset.

Model validation was performed by comparing the analytical predictions with experimental
measurements for 27 tires (21 test tires and 6 additional tires not used in model calibration). The
validation dataset includes tires with varying geometric and structural characteristics, providing
an initial assessment of the model’s predictive capability beyond the calibration set. The results
indicate that the MSN model provides greater predictive accuracy than the other approaches.
While the number of validation samples is limited, the results consistently show that the MSN
model performs better than the alternative methods within the studied range. The MSN model
achieves an RMS error of 2.8 %, whereas the sigmoid and constant coefficient models yield RMSE
values of 3.7% and 7%, respectively.

The proposed approach provides a practical analytical framework for evaluating the influence
of design parameters on RR. However, it should be noted that the model is semi-empirical in
nature and is validated within the studied dataset and parameter ranges; therefore, its applicabil-
ity beyond these conditions requires further investigation. In particular, the current formulation
does not explicitly account for environmental and operating conditions such as temperature,
inflation pressure, speed, and road surface, which may affect RR behavior.

The analytical framework presented here can serve as a basis for future research on multi-
parameter tire optimization. Further studies may extend the MSN formulation by incorporating
additional parameters and by validating the model using larger, more diverse datasets. In addi-
tion, coupling the proposed approach with finite element simulations or vehicle energy models
could enhance its applicability for practical tire design and energy-efficiency assessments.
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