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Abstract – Tire cavity noise is becoming more prominent as the speed of electric vehicles is getting higher.
This study aims to use a built-in sound-absorbing material to reduce tire cavity noise. First, the radial force
was extracted by rolling analysis, and the tire cavity noise was obtained. Then, in order to investigate how
the placement of sound-absorbing material affects the noise reduction, sound-absorbing material was applied
to the inner side of tire’s side and tread position respectively. Finally, studies were done on the impact of
sound-absorbing material’s density, flow resistance, porosity, and thickness on tire noise reduction. The best
way to reduce noise with a 215/55R17 tire was to apply sound-absorbing material at side position. The density,
porosity, flow resistance and thickness of the sound-absorbing material were 55 kg/m3, 0.95, 5000 Pa�s/m2 and
40 mm, respectively. The A-weighted sound pressure level decreased by 27.7 dB compared with that before the
built-in sound-absorbing material. In response to the uncertainties on the reduction achieved by the sound-ab-
sorbing material, this study offers some recommendations for noise reduction of tire cavity. The studied effect is
limited to the tire cavity, and the effect on the emitted sound energy has not been evaluated.
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1 Introduction

Electric vehicles have emerged as the primary driver of
the global automotive industry’s transformation and
growth, according to the most recent planning for the sector
[1, 2]. With the improvement of the national standard of liv-
ing, people’s demand for both automobile comfort and a
better surrounding environment has also risen significantly,
and this is inextricably linked to automobile tire noise.
Because electric cars are generally quieter than conven-
tional vehicles with combustion engine, tire noise is becom-
ing more of an issue for them between 45 and 100 km/h [3].
Studying how electric vehicle tires reduce noise is essential.

Vibration and aerodynamic noise are the two basic types
of tire noise [4]. The excitation force applied by the road
surface causes the vibration and cavity resonance of the tire
structure, which is the primary cause of tire noise and vibra-
tion. The air disturbance noise of the tire rotation stroke and
the air column resonance noise between the tread groove and
the road surface make up the aerodynamic noise.

Tire vibration noise has a relatively large impact on the
overall acoustic emission of electric vehicles, but its impor-
tance is slightly different compared to tire rolling noise and
tire-road surface contact noise. Tire rolling noise is the noise
generated by tires rolling on the road surface, and is mainly

related to the material of the tires [5], the tread pattern and
the condition of the road surface. Rolling noise is especially
noticeable at high speeds. Tire-road contact noise mainly
originates from the friction and impact between the tire
and the road surface, especially on uneven road surfaces.
It is also affected by speed, road surface characteristics
and tire design.

Due to the relatively quiet operation of electric motors,
tire vibration noise becomes more prominent. The majority
of tire vibration noise is low-frequency, occurring between
20 and 500 Hz. Noise in this frequency range has a greater
noise impact on people inside electric vehicles, and has an
impact on the acoustic comfort of pedestrians and residents.
Noise in this frequency range can be recognized by the
human ear, causing vibration of the eardrum and affecting
hearing. In addition, prolonged exposure to noise in this fre-
quency range can cause health problems such as headaches,
insomnia, anxiety and stress, and therefore can have an
impact on human comfort. In particular, noise in the lower
frequency range can propagate more easily and can have a
more direct impact on the human body, such as headaches
and fatigue. Therefore, when designing and planning urban
transportation systems, consideration needs to be given to
reducing the impact of vehicle noise on pedestrians and res-
idents in order to improve their acoustic comfort. This
study primarily examines tire vibration noise since noise
in this frequency range has a significant impact on cab*Corresponding author: zhoupan734@163.com
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occupant comfort. Unless otherwise specified, the noise
referred to below shall mean vibration noise.

Figure 1 shows the sound generation mechanism of tire
vibration noise. Under road excitation, the vibration of tire
structure leads to resonance of tire cavity and sound
radiation.

According to the mechanism of tire vibration and noise,
the reduction of tire vibration and noise can be studied from
two aspects: suppressing the excitation source and improv-
ing the transmission path [6–9]. Kamiyama reduced tire
cavity noise by adding a Helmholtz resonator to the rim
[8]. Kim et al. used the finite element and boundary element
methods to analyze the acoustic-vibration coupling between
the tire structure and the air cavity, and obtained the
conclusion that the optimization of tire contour size can
effectively reduce the radiation noise [9]. Qiao et al. investi-
gated the assessment criteria of tire vibration noise and the
impact of sound-absorbing material on cavity noise using a
finite element model and simulation test. The findings
demonstrate that the goal of reducing interior cavity noise
can be accomplished by modifying the tire tread hardness
and structure stiffness parameters [10]. This will also lessen
the driving force or restraining force on the road surface to
the tire and eliminate the tire’s closed cavity gas’s
resonance.

In addition, there are also many scholars on the tire
built-in sound-absorbing material simulation research
[11–13] and experimental research [14]. On the premise of
ensuring the accuracy of the simulation model, most of
the researches were conducted through simulation.
Mohamed and Wang demonstrated that the resonance
noise of a tire cavity can be decreased by adding a sound-
absorbing material to the rim [15]. Although the mechanism
underlying the effect remains unclear, Simone and Abom
demonstrated that the cavity resonance can be successfully
suppressed by introducing porous sound-absorbing materi-
als into the tire cavity [16]. Zhou et al. investigated the rela-
tionship between the sound absorption coefficient of porous
materials and the noise reduction effect [17] when various
porous materials were applied to the inner surface of tires
based on the tire force transfer rate model.

After studying a wide variety of common sound-
absorbing materials with various types, qualities, and

specifications, Yang and colleagues were able to determine
the relationship between the materials’ thickness and noise
reduction effect as well as how this effect at various speeds
[18]. Wang and Wu investigated the impact of a given
volume of sound-absorbing material on sound pressure
under various installation positions using an acoustic simu-
lation model, and he also proposed an electrical analogy
theory based on the combination of sound-absorbing mate-
rial and air gap that is used to reduce noise [19].

To sum up, there is still a great deal of unexplored
territory in the theory and technology of vehicle tire noise
reduction. This article examines the noise reduction of tires
using different placements of sound-absorbing material.
Next, tire rolling analysis and tire noise analysis are
performed using the finite element method. Finally, a suit-
able noise-reducing method is chosen after the tire noise is
synthetically assessed using various sound-absorbing mate-
rial positions, densities, flow resistance, porosities, and
thicknesses.

2 Tire radial force extraction
2.1 Establishment of tire finite element model

The tire noise reduction idea is verified in this research
using the tire rolling noise simulation. The selection of grid
spacing and grid density needs to be considered according
to the specific simulation requirements and computational
resources. In general, the smaller the grid spacing and the
larger the grid density, the more accurate the simulation
results are, but the longer the computation time is. There-
fore, we need to choose the appropriate grid spacing and
grid density according to the simulation accuracy require-
ments and the limitation of computational resources.
Taking into account both computational time and accu-
racy, this paper ultimately settled on a finite element simu-
lation model. The experimental modal verification has
confirmed the precision of this simulation model, rendering
it suitable for subsequent simulations on tire cavity noise.

In building a finite element model of a tire, this paper’s
focus is on tire noise, therefore utilizing an analytical rigid
body for the rim and road will simplify the analysis.
Because tire models can faithfully replicate the relationship

Figure 1. Sound generation mechanism of tire vibration noise.
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between tire performance and tire components, they are
typically used for tire design purposes. As a result, a
detailed modeling of the tire’s cross section is presented in
Figure 2a.

The simulation takes into account the primary features
of the tire model, including the composite properties of the
tire cord, sidewall, and tread as well as the relatively signif-
icant deformation brought on by the elasticity of the tire
body after contact with the pavement. Rubber is nonlinear
and nearly incompressible. The tire model considers several
tire components of different materials to meet the above
characteristics. The belt is made of a linear elastic material
with a high modulus. Rubber material is a hyperelastic
material that captures incompressibility and nonlinearity
[20, 21].

The tire used in this paper is 215/55R17. This type of
tire is the most common type and can be used in a wide
range of cars (such as Audi Q2LE-TRON SUV). Therefore,
it is chosen as the object of study. As seen in Figure 2b,
symmetric model generation and symmetric result transfer
techniques are used to create a complete 3D tire model from
a 2D tire model.

For the finite element model of tire, it is very important
to determine the characteristic parameters of material accu-
rately. Because the tire is composed of a variety of materi-
als, including rubber, steel cord layer and rubber-cord layer
composite material. Each material plays a different role in
the tire: low modulus and high elongation of rubber mate-
rials used to maintain the pressure of the tire and improve
the wear resistance of the tire and road grip performance;
the cord with high modulus and low elongation is mainly
used to bear load.

The Rebar model is used to simulate the cord layer and
steel wire in the tire, which can more accurately describe
the reinforcement effect of the cord layer and the steel wire
on the rubber, and can directly calculate the internal force
and deformation of a single cord layer, it is convenient to
analyze the stress of tire skeleton structure. The material
parameters of cord layer and steel wire used in this paper
are shown in Table 1.

The rubber is modeled by the Neo-Hookean model,
which is one of the most commonly used models for simulat-
ing hyperelastic material. The expression of strain energy
density function is [22]:

U ¼ C10ð I1 � 3Þ þ 1
D1

ðJel � 1Þ2: ð1Þ

U is strain energy potential energy. C10 is shear modulus
parameter. D1 is volume modulus parameter (i.e. incom-
pressible parameter of finite element). I1 is strain tensor.
Jel is elastic volume ratio. Given the shear modulus param-
eter C10 and the volume modulus D1, the properties of
different materials can be defined. The Neo-Hookean model
material parameters of the rubber component in the tire are
shown in Table 2.

2.2 Validation of tire finite element model

In order to verify the correctness of tire finite element
model, tire stiffness test, load characteristic test, ground
characteristic test, modal test and so on can be used. In this
paper, the acoustic characteristics of tire are mainly related
to the tire modal characteristics, and weakly related to
other mechanical characteristics. Therefore, the tire modal
test is used to verify the accuracy of the tire finite element
model. Table 3 displays the test apparatus along with its
kind, name, and intended use. Figure 3 depicts the test
environment.

The first six modes of the test and simulation results are
consistent. Table 4 lists the test and simulated results of the
first six modes. The comparison indicates that there is less
than 5% relative error between the test and simulated
modal results. Therefore, the 3D tire model can be applied
to the subsequent vibration and noise simulation.

2.3 Tire rolling simulation

The radial force of tire ground position can be obtained
by calculating the radial response force of stiff pavement.
Thus, as illustrated in Figure 4, the tire radial force serves
as the boundary condition for the tire noise simulation.

The 215/55R17 tire chosen in this paper has a radial
maximum load capability of 5300 N. Figure 4a displays a
radial force of 4000 N and a load rate of roughly 75%, both
of which are in line with the force characteristics of a single
tire. As seen in Figure 4b, the radial force at the tire ground
point is subjected to a Fourier transform in order to deter-
mine the noise. The resulting radial force in frequency
domain is then transformed from the time domain. Tire
structural vibration is the primary cause of noise below
500 Hz [23]. The research on vibration noise is conducted
in the frequency range of 20–500 Hz because the lowest
noise frequency that human ear can perceive is 20 Hz and
tire vibration noise falls into the intermediate and low
frequency noise categories.

3 Tire vibration noise simulation
3.1 Calculation of tire coupling mode

The radial force of a tire, which serves as the boundary
condition for estimating the sound field inside the tire
cavity, is derived by applying the finite element method
to create the tire-road interaction model. The low frequency

Figure 2. Tire finite element model. (a) Tire section model;
(b) Rolling simulation model.
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noise area of tires, which is 20–500 Hz in the noise calcula-
tion range, greatly affects how comfortable a motorist can
drive. Consequently, the tire cavity noise simulation only
takes into account first and second acoustic radiation modes
and vibration modes of the tire. Table 5 displays the struc-
tural and acoustic radiation modal frequencies.

The tire structure stiffness is small, but its internal
cavity air density is larger. Therefore, the interaction
between vibration and air will become more pronounced.
The coupling modal frequencies of tire mode and cavity
mode are shown in the third column of Table 5, which is
obtained by computer simulation, according to the coupling
acoustic theory. Because there are many modal frequencies
of tire, only the modal frequencies which have great influ-
ence on tire noise are shown in the Table 5.

The higher order coupling modal must be solved in the
sound pressure response calculation if the sound pressure
response is to reflect additional acoustic modal features.
Table 5 further demonstrates that the structural modal
remains essentially constant at low order and that the
acoustic-vibration coupling impact is not very evident.
However, coupling’s effect on the structural modal increases
with frequency, meaning that coupling’s effect on the distri-
bution of sound pressure cannot be disregarded. When
examining the noise of the elastic structure, it is important
to take into account the coupling effect between the acous-
tic field and the structure, particularly in cases when the
structure’s modal frequency is near to that of the cavity.

3.2 Tire cavity noise simulation and result analysis

The tire acoustic simulations are conducted. First, the
acoustic simulation environment is updated with the tire
rolling simulation results. Then, the tire radial excitation
force is defined. The acoustic field point grid is established.
And the acoustic grid as seen in Figure 5 is introduced.
Configure the field point grid at the tire longitudinal inter-
face to measure 1000 � 1000 mm with a grid spacing of
10 mm. Air with a density of 1.225 kg/m3 and a sound
velocity of 340 m/s is referred to as the cavity grid. By
transferring data using the Fourier transform, the grid sur-
face’s acoustic response is computed.

The coupled acoustic-vibration model of the tire cavity
can be used to determine the tire cavity noise based on the
radial tire force input. Figure 6 illustrates the extraction of
the sound pressure distribution in the tire cavity at the peak
frequency of 205 Hz. The diagram illustrates that the sound

Table 1. Parameters of cord layer and steel wire.

Part name Density/(kg/m3) Elastic Modulus/MPa Poisson ratio

Bead wire 7850 83000 0.3
Wire (Cord layer) 3000 84000 0.4
Wire (Carcass) 2100 15000 0.4

Table 2. Parameters of the rubber component.

Part name C10/MPa D1/MPa

Tread 0.671 0.030
Cord layer 0.839 0.024
Carcass 0.503 0.040
Apex 1.006 0.020
Sidewall 0.336 0.006
Sidewall rubber 1.006 0.020

Table 3. Test equipment.

Name of device Description

Accelerometer The accelerometer is used to measure the acceleration signal of tire surface.
Force Hammer The force hammer carries on the multi-point excitation, exerts the input signal.
Data acquisition
device

The data acquisition equipment establishes two channels to collect the force signal of the force hammer and the
acceleration signal of the accelerometer.

Figure 3. Tire modal test environment.
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pressure level (SPL) on the left and right sides of the tire is
relatively low, while the higher SPL is observed at the top
of the tire cavity and ground position. The results concur
with those of Wand and Wu [19] and Yi et al. [24].

In order to better evaluate tire cavity noise, this paper
selects four field points in tire cavity as sound pressure
observation points, with specific locations as shown in
Figure 7. The SPL curve is calculated as an average of
the four field points in tire cavity, as shown in Figure 8.

The SPL has peak value at 110 Hz, 205 Hz, 330 Hz and
410 Hz. The frequency of 110 Hz corresponds to the second
vibration mode of tire. The frequency of 205 Hz corresponds
to the first cavity mode of tire. The frequency of 330 Hz
corresponds to the higher-order vibration mode of the tire,
mainly in the side of the tire. The frequency 410 Hz corre-
sponds to the second-order cavity mode of the tire.

The spectral characteristics shown in Figure 8 can
clearly demonstrate the properties of tire cavity noise at
different frequencies. However, in order to investigate the
impact of parameter variations of sound-absorbing material
on tire cavity noise and evaluate the merits of different
noise reduction schemes, a definitive evaluation parameter
is required. This paper proposes to use the A-weighted
SPL as the evaluation metric. The overall A-weighted
SPL can be obtained as following formula:

LAve ¼ 10� lg
XN
i¼1

10
LAi�V i

10

� �" #
: ð2Þ

Here LAi represents the SPL in the ith one-third octave
band within the frequency range of 20–500 Hz. Vi repre-
sents the corresponding A-weighted correction values,

which can be obtained by referring to international
standard IEC 61672-1:2013. N is the number of one-third
octave bands. The A-weighted SPL of the tire cavity is
140.5 dB (A) by taking the field point grid of the lower part
of the tire as the observation point.

4 Reduction of tire cavity noise
4.1 Introduction of sound-absorbing material

The primary parameter of the sound-absorbing material
required for tire cavity noise reduction should be used as the
reference value. And a control group is established for a
subsequent investigation. As a result, the sound-absorbing
material chosen has a thickness of 10 mm, as indicated in
Table 6 of the rubber foam material parameters. The
rubber foam and tire were filled with a 2 mm damping layer
to provide a multi-layer composite property.

The position of the built-in sound-absorbing material in
the tire is shown in Figure 9. The inside side of the tire
grounding parts cavity is the observation point of sound
pressure. The reason is that this paper mainly studies the
relationship between cavity resonance and noise. Therefore,
it is more convenient to observe the relationship between
the two when the observation point is chosen in the cavity.
The inside side of the tread is covered with sound-absorbing
material, and the sound pressure value recorded in tread
position is the result of the sound pressure measurement
made at the observation point. The inside surface of the tire
sidewall was coated with sound-absorbing material, and the
sound pressure recorded in side position. The adhesive
area of the sound-absorbing material is set to equal area,

Figure 4. Radial force at tire ground position. (a) Radial force of tire ground position in time domain; (b) Radial force of tire ground
position in frequency domain.

Table 4. Comparison of test and simulated modal results.

Modal order 1 2 3 4 5 6

Test frequency/Hz 100.31 117.21 142.09 170.46 201.02 233.36
Simulation frequency/Hz 102.65 115.95 143.47 171.44 198.81 224.31
Absolute error/Hz 2.34 1.26 1.38 0.98 2.21 9.05
Relative error/% 2.33 1.07 0.97 0.57 1.10 3.88

T. Shi et al.: Acta Acustica 2025, 9, 11 5



meaning that the total area of the two sides of the sound-
absorbing equals that of the middle, in order to control
the variables to compare the noise.

The Johnson-Champoux-Allard model (JCA model) is
used in the simulation process, which is one of the effective
medium theoretical models to describe the acoustic behav-
ior of porous acoustic material. The equivalent density

and volume elastic modulus of the model are specified as
follows [25]:

pe ¼ a0p0 1þ
de

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4jwa20gp0

ðKedÞ2

r

jwp0a0

0
BB@

1
CCA ð3Þ

Table 5. Structural and acoustic radiation modal frequencies.

Vibration modal frequency/Hz Cavity modal frequency/Hz Coupling modal frequency/Hz

102.65 Hz – 105.75 Hz
115.95 Hz – 115.19 Hz
143.47 Hz – 143.00 Hz
171.44 Hz – 171.12 Hz
198.81 Hz – 198.82 Hz
– 204.07 Hz 205.01 Hz
224.31 Hz – 224.32 Hz
269.42 Hz – 269.42 Hz
329.30 Hz – 328.26 Hz
336.22 Hz – 335.80 Hz
404.04 Hz – 403.99 Hz
406.18 Hz – 406.17 Hz
– 407.75 Hz 412.48 Hz

Figure 5. Tire acoustic simulation model.

Figure 6. Cavity pressure distribution at 205 Hz. Figure 7. Sound pressure observation points at four locations.
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Ke ¼ cP 0
1

c� ðc� 1Þ 1� 8jw

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þjPrp0wK

2
1

16g

q
Prp0wK

2
1

2
4

3
5

�1 : ð4Þ

Here a0 is tortuosity, p0 is the density of air, d is the flow
resistivity, e is porosity, w is the acoustic angular frequency,
g denotes the air dynamic viscosity, c is the insulation coef-
ficient of air, P0 is the atmospheric pressure, P0 =
101320 Pa, Pr is the air Planck constant, �1 is the thermal
characteristic length, � is the viscous characteristic length.

The JCA model considers the influence of microscopic
factors such as viscous and thermal conduction effects on
acoustic properties, and introduces five characteristic
parameters to describe the material properties, such as flow
resistance, porosity, tortuosity, viscous characteristic
length, and thermal characteristic length. Among them,
the most important parameters are porosity and flow resis-
tance, where porosity represents the ratio of the volume of
saturated fluid (generally air) in a porous material to the
total volume of the material; flow resistance is defined as
the resistance of air flowing through a unit thickness of por-
ous material. The tortuosity is a structural dimensionless
parameter, also known as the structural shape factor, that
depends only on the geometry of the porous material. The
viscous characteristic length and the thermal characteristic
length apply to higher frequencies and have little effect at
lower frequencies. Therefore, these three parameters can
be expressed as constants in the study. Density can reflect
the weight of the porous material per unit volume, and
thickness reflects the physical dimensional properties of
the porous material, and these two parameters directly
affect the propagation speed and attenuation characteris-
tics of sound waves in the material.

Therefore, the discussion should focus on the effect of
different parameter values of porosity, flow resistance, den-
sity and thickness on the A-weighted SPL.

4.2 Effect of density of porous sound-absorbing
material

Densities of commonly used sound-absorbing material
range from 30 to 100 kg/m3. The density of the substance
used to absorb sound increases its cost. The tread position
and side position of the tire were covered with porous
sound-absorbing material. In addition, Figure 10 gives the
A-weighted SPL of tire cavity noise when the density of
the porous sound-absorbing varies.

It can be inferred from Figure 10 that when the sound-
absorbing materials are placed on side position, the mini-
mum tire sound pressure is 122.0 dB and the density is
35 kg/m3. But observing the curve of side position in
Figure 10, the minimum value can not represent the best
noise reduction scheme under the influence of density. It
ranges from 35 to 50 kg/m3 and 65 to 80 kg/m3 which also
have relatively low A-weighted SPL. In the same way, a
range of 45–55 kg/m3 and 75–100 kg/m3 are the best noise
reduction scheme for the tread position. For applying
sound-absorbing materials to the side position, high-density
soundproofing reduces the ability of sound waves to be
reflected in space. As the density of the material increases,
the internal pores may become smaller or tighter. The abil-
ity of the material layer to absorb sound is reduced by
excessive density, which obstructs the passage of sound
waves into the inner layer. On the other hand, if the density
of the material is reduced, the internal pores may become
more loose and open. In this case, the energy loss of sound
wave transmission is small, resulting in less effective sound
absorption. Therefore, there is an optimal density for
porous sound-absorbing materials. At this density, the
material can balance the transmission rate of sound waves
to achieve the best sound absorption effect.

4.3 Effect of flow resistance of porous sound-absorbing
material

Physically speaking, flow resistance is inversely related
to fluid velocity and material thickness and directly propor-
tional to the difference in sound pressure. The fluid velocity
and material thickness were held constant throughout the
investigation, whereas the acoustic pressure difference
fluctuated. Flow resistances of sound-absorbing materials
commonly used are between 5000 and 20000 Pa�s/m2.
The tire’s tread and side are coated with the porous
sound-absorbing material. Furthermore, Figure 11 illus-
trates the variation of tire cavity noise with the flow resis-
tance of the porous sound-absorbing material.

The porous sound-absorbing material with varying flow
resistances have a positive correlation with A-weighted

Figure 8. Tire acoustic simulation result.

Table 6. Properties of sound-absorbing materials.

Physical properties Value

Density 60 kg/m3

Flow resistance 5000 Pa�s/m2

Porosity 0.95

T. Shi et al.: Acta Acustica 2025, 9, 11 7



SPL, as inferred from Figure 11. The sound pressure
differential increases with increasing flow resistance. The
sound pressure difference is calculated by subtracting the
sound pressure at the source less the sound pressure across
the from that in the porous medium. The observed noise
increases with flow resistance when the sound pressure at
the source remains constant. Therefore, the tire’s ability
to reduce noise gets worse as flow resistance rises. Further-
more, the inner side of the tread contains sound-absorbing
material that reduces noise better than the side position
when the sound pressure is lower. Consequently, when the
sound-absorbing material is pasted on the tire’s tread and
side position, a flow resistance of 5000 Pa�s/m2 can be
chosen.

4.4 Effect of porosity of porous sound-absorbing
material

The volume of pores divided by the volume of the
porous substance is known as porosity. Porosity of sound-
absorbing material commonly used is between 0.55 and
0.95. The tire’s side and tread position are coated with

porous material that absorbs sound. Furthermore, Figure 12
gives the A-weighted SPL of tire cavity noise when the
porosity of the sound-absorbing material varies.

It can be inferred based on Figure 12 that the
A-weighted SPL in the tire cavity and various porosity por-
ous sound-absorbing materials are negatively correlated at
the side position. When the porosity is 0.85, A-weighted
SPL has a minimum value at the tread position. The
amount of acoustic energy that is converted into other
energy increases with increasing pore number ratio. And
these other energies refer to thermal energy, the energy of
mechanical vibration of the sound-absorbing material, and
the small particles or fibers inside the sound-absorbing
material that undergo tiny movements (dynamic energy).
Consequently, the tire cavity noise reduction effect
improves as porosity increases. However, when the porosity
increases to a certain value, the porosity will be too large
and the consumption capacity will decrease, so there is an
optimal value. When applied to the tread position of tires,
sound-absorbing material with a porosity of 0.85 can be
utilized to minimize noise; when applied to the side position
of tires, sound-absorbing material with a porosity of 0.95
can be utilized to minimize noise.

Figure 10. A-weighted SPL of the tire cavity varying with
different material densities when the porous sound-absorbing
material is located at different sticking positions.

Figure 11. A-weighted SPL of the tire cavity varying with
different flow resistances when the porous sound-absorbing
material is located at different sticking positions.

Figure 9. Paste position of sound-absorbing material. (a) In the middle of the tire; (b) Both sides of the tire.

T. Shi et al.: Acta Acustica 2025, 9, 118



4.5 Effect of thickness of porous sound-absorbing
material

The tire’s side and tread position, respectively, are
covered with porous sound-absorbing material. Figure 13
illustrates the variation of tire cavity noise with the thick-
ness of the porous sound-absorbing material.

Figure 13 shows the relationship between the sound
pressure of tire cavity noise and the thickness of the porous
sound-absorbing material. When the thickness of the
sound-absorbing material is less than 30 mm, the
A-weighted SPL is higher; furthermore, when the thickness
exceeds 30 mm, the sound-absorbing material on the inside
of the sidewall of the tire exhibits a stronger noise-reducing
effect than that of the sound-absorbing material on the
tread. It is worth noting that the noise reduction effect at
these two locations is also evident beyond 80 mm. In prac-
tice, however, the thickness of the sound-absorbing material
should be selected according to the actual tire tread and
side space, and the thicker the layer of the sound-absorbing
material will result in an increase in the overall volume of
the tire.

Analysis of Figure 10–13 shows that thickness and
density of the sound-absorbing material have a more signif-
icant effect on tire cavity noise than the porosity and flow
resistance. Therefore, the density and thickness of the
sound-absorbing material should be paid more attention
to if the noise reduction effect is to be obvious.

4.6 Effect of density and thickness interactions of
porous sound-absorbing material

From Sections 4.2–4.5, it is clear that the most influen-
tial parameters on porous sound-absorbing material are
thickness and density. Consequently, a more exhaustive
grid search is performed for both parameters, thickness

and density, to investigate the effect of interaction.
Figure 14 gives the A-weighted SPL of tire cavity noise
when the thickness of the porous sound-absorbing material
is 10–100 mm, corresponding to a density of 30–100 kg/m3.

Figures 14a and 14b present the data graphs of
A-weighted SPL of tire cavity noise when sound-absorbing
material is pasted on the side and tread positions, respec-
tively. These simulations have investigated the variation
of A-weighted SPL by combining different thicknesses
and densities. As can be seen from Figure 14, the
A-weighted SPL shows a clear trend over a wide range of
densities and thicknesses. In general, increasing both thick-
ness and density can effectively reduce the A-weighted SPL,
but it is not a linear relationship and there are some fluctu-
ations and peaks. The more pronounced peaks and valleys
areas are associated with specific combinations of density
and thickness, indicating that the sound pressure values
can be minimized with a combination of these parameter
values.

In Figure 14a, the A-weighted SPL reaches its lowest
value, roughly 106.0 dB, when both density and thickness
are at their maximum values; when the thickness is a
maximum of 100 mm and the density is varied, the observed
A-weighted SPL values fall within a range of 106.0–
110.2 dB, which is relatively lower compared to other
conditions The A-weighted SPL is relatively low in the
range of approximately 107.3–113.7 dB for densities of
30–50 kg/m3 and thicknesses of 75–95 mm, and in the range
of 55–100 kg/m3 and thicknesses of 80–95 mm. From
Figure 14b, it is observed that the A-weighted SPL is lowest
at about 107.9 dB when the density and thickness is at their
maximum values; the A-weighted SPL is lower for thick-
nesses of 95–100 mm and densities of 60–70 kg/m3, thick-
nesses of 90–100 mm and densities of 75–80 kg/m3, and
thicknesses of 85–100 mm and densities of 85–100 kg/m3,
and ranges from approximately 107.9–111.9 dB.

Figure 13. A-weighted SPL of the tire cavity varying with
different material thicknesses when the porous sound-absorbing
material is located at different sticking positions.

Figure 12. A-weighted SPL of the tire cavity varying with
different material porosities when the porous sound-absorbing
material is located at different sticking positions.
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This suggests that there is an interaction between the
acoustic impedance properties and the thickness and den-
sity of sound-absorbing material. Increasing the thickness
may enhance the energy absorption, while increasing the
density appropriately may improve the acoustic wave prop-
agation characteristics. By combining these two parame-
ters, the noise control performance of tires can be
significantly improved. In summary, when the material
thickness is relatively thin, the tread position for pasting
sound-absorbing material offers better sound absorption
performance than the side position. When the material
thickness is thicker, the side position is the more effective
choice for achieving optimal sound absorption. However,
in real practice, the thicker the layer of the sound-absorbing
material applied to the tire, the greater the increase in over-
all volume of the tire will be. Therefore, a certain thickness
of sound-absorbing material should be selected according to
the actual situation.

5 Optimal noise reduction scheme
5.1 Comparison of two position schemes

Based on the discussion in the Section 4, the optimal
noise reduction schemes of the two positions are compared.
To obtain Figure 15, we subtract the A-weighted SPL
shown in Figure 14 from the A-weighted SPL before
noise reduction, which is 140.5 dB (A). Figure 15 illus-
trates the difference in A-weighted SPL before and after
applying the sound-absorbing material to the interior of
the tire.

The results shown in Figure 15 are consistent with those
presented in Figure 14, indicating that the optimal noise
reduction occurs when the sound-absorbing material is
applied to the side of the tire at its maximum thickness,
regardless of the density. Specifically, the A-weighted SPL
is reduced by up to 34.5 dB (A), compared with that before
the application of sound-absorbing material. When the
sound-absorbing material is pasted on the tread of the tire
at its maximum thickness and a higher density, a more

significant noise reduction effect is observed. Specifically,
the A-weighted SPL is reduced by up to 32.7 dB (A), com-
pared with that before the application of sound-absorbing
material.

Then, an investigation into the uncertainty of the
reduced A-weighted SPL is carried out. First, a certain
range of parameter values for density and thickness is
selected. In order to reduce the overall volume and mass,
thickness values of 70 mm or more are not considered. The
thickness range of Figure 15a is selected to be 40–65 mm,
corresponding to a density range of 35–55 kg/m3; the thick-
ness range of Figure 15b is selected to be 10–55 mm, corre-
sponding to a density range of 30–55 kg/m3; and the
thickness range of Figure 15b is selected to be 10–65 mm,
corresponding to a density of 65–100 kg/m3, and the three
sets of the above ranges of values selected are called respec-
tively “Group A”, “Group B” and “Group C”. Next, the mean,
variance, maximum and minimum values of the range
values of each group were calculated, as shown in Table 7.

The mean value reflects the average of the data in each
group and the variance reflects the degree of stability of the
data. As can be seen from Table 7:
1. Overall performance: Group A has the best overall

noise reduction (highest mean value), but also has
the largest interclass variation (largest variance).

2. Stability: Although the overall noise reduction effect
of Groups B and C is not as good as that of Group
A, their interclass differences are smaller (smaller vari-
ance), indicating that the data points within these
groups are more stable.

3. Data distribution: The analysis of the maximum and
minimum values provides further insight into the dis-
tribution of the data in each group. Group A has the
widest distribution of data; while Group B and C are
more concentrated.

In summary, Group A exhibits the highest uncertainty,
while Group B and C have relatively low uncertainty and
their data points are more concentrated and stable. How-
ever, the mean value of the data in Group A is larger than
that of Group B and C. The minimum values of these three

(a) (b)

Figure 14. A-weighted SPL of the tire cavity varying with different material densities and thicknesses when the porous sound-
absorbing material is pasted at different sticking positions. (a) Sound-absorbing material pasted on the side position; (b) Sound-
absorbing material pasted on the tread position.
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groups do not differ much, so the data in Group A have a
better noise reduction effect.

The data generated for A-weighted SPL do not accu-
rately represent actual experimental data and are subject
to uncertainties, and the following are some common rea-
sons for this:
1. Model simplification error: In simulation, tires are

simplified to a certain extent in order to simplify cal-
culations and improve computational efficiency, but
these simplifications lead to errors as the model fails
to capture all the important physical features of the
actual system.

2. Uncertainty in material parameters: Simulations are
usually idealized assumptions, and actual materials
may be subject to manufacturing errors, thermal
expansion and contraction, resulting in acoustic
properties that are inconsistent with simulation
assumptions.

3. Numerical computation errors: The grid in the simula-
tion affects the accuracy of the results; too large a grid
may lead to numerical errors, while too small a grid
increases the computational burden and may affect
the efficiency of the simulation and the stability of
the results.

4. Porous acoustic materials error: In simulation, porous
materials usually use the impedance model that comes
with the software, which is able to achieve good
coupling effect with tires. However, in the actual
experimental process, the porous material may be
poorly or excessively pasted, resulting in its inability
to give full play to the expected effect, and it is
difficult to achieve perfect acoustic absorption
performance.

In summary, simulation does not fully express the real situ-
ation and complexity of the experiment, and simulation can
only present the trend and effect of the real situation.
Therefore, in practical applications, it is necessary to ensure
an accurate understanding of the simulation and minimize
the influence of uncertainty factors to improve the reliabil-
ity of the results.

Next, a set of optimal values from two different noise
reduction schemes is selected for the study. In order to
reduce the overall volume and mass, the thickness of

(a) (b)

Figure 15. Difference in A-weighted SPL of tire cavity noise before and after applying sound-absorbing material. (a) Sound-
absorbing material pasted on the side position; (b) Sound-absorbing material pasted on the tread position.

Table 7. Reliability of three different sets of data.

Group A Group B Group C

Mean value 26.0 dB (A) 21.3 dB (A) 20.8 dB (A)
Variance 9.1 dB (A) 4.2 dB (A) 3.0 dB (A)
Maximum value 27.7 dB (A) 24.8 dB (A) 24.1 dB (A)
Minimum value 12.0 dB (A) 15.2 dB (A) 12.1 dB (A)

Table 8. Properties of the final scheme.

Physical properties Tread position Side position

Density 50 kg/m3 55 kg/m3

Flow resistance 5000 Pa�s/m2 5000 Pa�s/m2

Porosity 0.85 0.95
Thickness 35 mm 40 mm

Figure 16. Comparison of two schemes.
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70 mm or more is not considered, and only the A-weighted
SPL corresponding to thicknesses of 10–65 mm and any
density are compared, and the parameter with the smallest
A-weighted SPL is selected. The scheme parameters are
shown in Table 8 and the SPL results are shown in
Figure 16.

It can be inferred from Figure 16 that compared
with the SPL before noise reduction, at 110 Hz and
330 Hz, the SPL decreased a little; while at 205 Hz and
410 Hz, the SPL drops obviously. According to the conclu-
sion of Section 3, the frequency of 205 Hz corresponds to the
first cavity mode of the tire; the frequency of 410 Hz corre-
sponds to the second cavity mode of the tire. It shows that
the sound-absorbing material, which is pasted on the inner
side of the tire, has a remarkable effect on reducing the
cavity resonance noise of the tire.

To compare the noise reduction effects of the two posi-
tions, their A-weighted SPLs were calculated according to
Formula (2), as shown in Table 9.

Table 9 shows that A-weighted SPL decreased by
24.8 dB using tread position noise reduction scheme. While
with the side position noise reduction scheme, the
A-weighted SPL is reduced by 27.7 dB compared with
the tire without sound-absorbing material. The noise reduc-
tion effect of side position is 2.9 dB better than that of tread
position.

5.2 The selection of noise reduction scheme

For the overall trend of A-weighted SPL, the side posi-
tion is superior to the tread position in the frequency range
before 290 Hz; however, the tread position is superior to the
side position in the frequency range of 290–320 Hz; and the
side position is superior to the tread position in the fre-
quency range after 320 Hz. Researchers can choose the best
noise reduction program according to their different needs.

A-weighted SPL is the main index of noise evaluation by
ISO and most countries, and it can reflect the subjective
evaluation of noise more accurately. As a result, A-weighted
SPL is selected as the final evaluation criterion in this study.
Considering the effect of different sound absorbing materials
at different positions and different sound-absorbing charac-
teristics on tire cavity noise, the optimal noise reduction
scheme is selected for 215/55R17 tire. That is, sound absorp-
tion on side position, density of 55 kg/m3, porosity of 0.95,
flow resistance of 5000 Pa�s/m2, thickness of 40 mm.

6 Conclusion

This study employs built-in sound-absorbing material to
reduce tire cavity noise in light of the noticeable noise
produced by tires of electric vehicles at high speeds. First,

the tire modal test is used to validate the finite element
model. Then, the finite element method is used to analyze
the rolling of the tires, and the tire radial force data is
obtained to serve as the acoustic simulation’s boundary
condition. After that, the sound pressure is obtained by
analyzing the tire cavity noise.

This study examines the impact of varying sound-
absorbing material density, porosity, flow resistance, and
thickness on tire cavity noise. Tire cavity noise is negatively
correlated with porosity of sound-absorbing material. There
is a positive association between tire cavity noise and the
flow resistance of sound-absorbing material. To achieve
the greatest amount of noise reduction, the sound-
absorbing material can be applied at the side position. This
leads to the choice of the sound-absorbing material with
density of 55 kg/m3, porosity of 0.95, flow resistance of
5000 Pa�s/m2, thickness of 40 mm. The A-weighted SPL
is reduced by 27.7 dB compared with the tire without
sound-absorbing material.

Given the experimental conditions, it is not possible for
this paper to validate the proposed noise reduction scheme
under real driving conditions since the focus of this paper is
on tire cavity noise. However, we have conducted experi-
ments on tire drop noise, which can prove that sound-
absorbing materials do have a certain effect on drop noise
reduction. Considering that the drop noise is not exactly
the same as the tire cavity noise, the noise reduction effect
of acoustic materials on the cavity noise cannot be directly
proved, so the experimental results of the drop noise were
not put into the paper. Moreover, this paper focuses on
the sound absorption performance of sound-absorbing
materials and does not analyze the mechanical durability
and environmental risks. However, the Chinese standard
T/ZZB 1740 – 2020 has put forward detailed requirements
for the durability, heat resistance and mildew resistance of
sound-absorbing materials. It can be seen from this that
there are certain standards for sound-absorbing materials
during the manufacturing and research and development
process. The sound-absorbing materials produced by manu-
facturers in our country have a certain degree of durability
and pose no environmental risks.

In this study, the noise reduction patterns of acoustic
materials when pasted on the inside of tires at different
locations are investigated. Through research and innova-
tion, quieter tire materials and designs can be developed
to effectively reduce tire noise under long-term conditions.
Effectiveness tests under real-world conditions are needed
in subsequent studies to evaluate the actual effects of noise
reduction measures and to adjust and improve them
accordingly. The effectiveness of the application and opti-
mization of sound-absorbing materials can also be further
explored in depth in subsequent studies by combining

Table 9. A-weighted SPL of two schemes.

Before noise reduction Tread position Side position

A-weighted SPL 140.5 dB (A) 115.7 dB (A) 112.8 dB (A)
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factors such as the radiated sound field of tires. The effects
studied were limited to the tire cavity and the impact on
the emitted acoustic energy was not evaluated. In future
research work, we will further investigate the effect on the
emitted acoustic energy.

Therefore, this study has a certain guiding significance
and promotion value in terms of implementation and effec-
tiveness in long-term and real-world conditions, and
through in-depth research and practice, effective methods
can be found to reduce tire noise, thereby improving the
urban environment and enhancing the quality of life of
residents.
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Appendix A

The sound-absorbing material employed in the simulation of tire
cavity noise is presented in Fig.A1.

Figure A1. The sound-absorbing material.
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