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Abstract: Rolling resistance (RR) is key research content for developing low-carbon energy-saving
tires, and the resultant change in the tire temperature field exerts a crucial impact on tire perfor-
mance. Currently, there is no accurate and systematic analysis method for solving the steady-state
temperature field (SSTF) and RR of tires with complex patterns and non-pneumatic tires (NPTs),
which are characterized by discontinuous structure in the circumferential direction. A solution
strategy that entails SSTF and RR based on explicit transient rolling analysis and thermal-mechanical
coupling is proposed and its accuracy is verified using the SSTF test pertaining to the low-speed
and low-load capacity non-pneumatic tire (LSL-tire), which exhibits a 7.56% and 6.94% average
temperature deviation for the outer surface center of the tread and for the outer surface center of
spokes, respectively. Uniaxial tensile mechanical property tests and dynamic mechanical analysis
(DMA) of the utilized rubber and polyurethane (PU) materials were conducted, and their specific heat
capacity, thermal conductivity, and density were tested. Based on three-dimensional nonlinear finite
element simulation and considering the characteristics pertaining to the loss factor of viscoelastic
materials changing with temperature, the SSTF and RR of the LSL-tire under different loads and
velocities were analyzed. The results indicate that the influence of load and speed on the SSTF
of LSL-tire is quite significant, whereas the influence of speed on the RR is not apparent. For all
conditions, the highest steady-state temperature points of the tread are located in its center, and in
the spokes they are located in the joint between spokes and the outer ring; the spokes contribute the
most to the RR, followed by the tread.

Keywords: rolling resistance; steady-state temperature field; non-pneumatic tire; explicit transient
rolling analysis

1. Introduction

Rubber or PU (for NPTs), the main component of tires, is a typical viscoelastic material
that produces energy loss during deformation. The external work stored in the loading
process cannot be completely released when unloaded, and part of the energy is utilized
to overcome the friction inside the material, which is manifested as heat; thus, the tire is
heated or heat is dissipated to the environment. Moreover, the resultant temperature rise
in the tire will affect its material properties, which in turn affects the service life of the tire.
Thus, RR is a key parameter in the tire design process.

For a 10% reduction in RR, the fuel economy of light trucks and passenger cars should
be increased by 0.5% to 1.5%, and by 1.5% to 3% for heavy trucks [1]. For pure electric
vehicles, due to the existence of the battery, their body weight is 10% to 20% heavier
than that of fuel vehicles, and the energy utilization efficiency of the vehicles’ power and
transmission system is relatively enhanced; therefore, reducing tire RR is a more effective
method of enhancing their mileage. Transportation vehicles contribute approximately 58%
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of oil consumption and 20% of greenhouse gas emissions worldwide [2]; therefore, low RR
tire technology is crucial research content for the development of green vehicles. Many
scholars have performed valuable studies on the RR or SSTF of tires using the finite element
(FE) method. Based on whether the energy dissipation algorithm of viscoelastic materials
encapsulated by FE commercial software is adopted, it can be divided into the following
two categories.

The first method includes three modules, namely the deformation module, the energy
dissipation module, and the heat transfer module. Scholars have exhibited different opin-
ions on the aforementioned three modules. Shida et al. [3] analyzed the RR of radial tires
based on static FE analysis. The stress and strain of all elements along the circumferential
direction corresponding to a certain element on a cross section are regarded as the stress
and strain cycle when the element rolls for a revolution. Furthermore, the homogenization
method [4] is utilized to obtain the equivalent loss tangent of the anisotropic rubber-based
composite materials. Hall et al. [1] utilized the principal stress, principal strain, and loss
modulus, which are influenced by temperature, strain amplitude, and frequency, to calcu-
late the hysteresis energy and heat generation rates. Lin et al. [5] utilized the ratio of the
loss modulus to the complex modulus as the hysteresis factor, and the hysteresis energy
loss was expressed as a function of the hysteresis factor and strain energy. Tang et al. [6]
utilized the steady-state transport (SST) function of Abaqus simulating the free rolling state
of the tire to obtain the elastic strain energy. The hysteresis energy algorithm is similar
to the study conducted by Lin. Li et al. [7], who utilized the linear interpolation method
and the modified Kraus model [8] to express the loss modulus. Moreover, the deformation
analysis was based on the implicit environment. Convective heat transfer coefficients
between the solid tire’s surfaces and air were determined based on references [9,10]. He
et al. [11] continued to explore the study conducted by [7] using the co-simulation method
based on Abaqus and Endurica. Based on the Lagrangian model, the Lagrangian–Eulerian
model, and the plane strain model, which both exist in an implicit environment, the RR
and temperature field are analyzed. Ding et al. [12] developed a tire–pavement interaction
model in which the asphalt pavement’s thicknesses and moduli were set with different
values to analyze the tire’s RR. Park et al. [13] proposed a novel simulation methodology for
which Abaqus user subroutine UHYPEL was utilized to embed strain–stress–temperature
curves to characterize the thermomechanical properties of cap ply. Cho et al. [14,15] and
LEE et al. [16] established a 3D full-patterned tire model with two different patterns and
performed a static contact analysis. Furthermore, the strain cycles of each element in one
sector during a revolution are estimated by determining the stress of elements at the same
position in the circumferential direction. Fu et al. [17] converted the six-dimensional stress
and strain into equivalent stress and strain to calculate the heat generation rate, and they
analyzed the SSTF of NPTs based on the implicit environment. Marin et al. [18] analyzed
the boundary and initial conditions in the thermoelasticity theory for micropolar materials
with pores, and they obtained some results regarding the existence and uniqueness of a
finite energy solution.

The second method utilizes the ALLCD (energy dissipated by viscoelasticity, creep,
and swelling) in the post-processing energy outputs of the FE commercial software
Abaqus2018 as the hysteresis energy loss. Kim et al. [19] utilized Maxell models to con-
struct viscoelastic constitutive equations, which are expressed as a Prony series. The rolling
stroke of the NPT along the forward direction is set at 1 m and the obtained ALLCD is
the hysteresis energy loss generated when the tire travels per unit distance (i.e., the RR
of the tire). Yoo et al. [20,21] also utilized the aforementioned method to calculate the
hysteresis energy loss of NPTs with lattice spokes, for which the spokes and shear band
are divided into several subcomponent sets. For the thermal analysis, the average heat
generation rate of each subcomponent set is utilized as the heat generation rate of each
element. Moreover, Jin et al. [22] utilized a similar method to calculate the hysteresis energy
loss, and the RR of three categories of NPTs with different support structures are analyzed.
Veeramurthy et al. [23–25] utilized the Prony series to represent the linear viscoelastic
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behavior of materials, and the RR of NPTs were analyzed based on the 2D plane strain
model. Aldhufairi et al. [26,27] utilized the parallel rheological framework and the Prony
series to characterize the viscoelasticity. Kiran et al. [28] analyzed the influence of three
categories of hyperelastic constitutive models on the RR of NPTs.

Currently, the simulation technology pertaining to the SSTF and RR of pneumatic
tires can basically satisfy industrial application requirements. Applying the symmetric
model generation (SMG) capability and SST analysis to complete the 3D modeling and free
rolling simulation of pneumatic tires is a typical simulation method that is widely applied.
However, SST analysis exhibits some limitations. It requires the following: the 3D model
generated using a 2D cross-section or a single 3D sector through SMG capability should
exhibit continuous streamlines which regulate the motion of the material, and the chosen
repetitive angle segment must be small enough to ensure that the material convection is
accurate. Moreover, the correlation between the friction stress and the deformation history
of the circumferential discontinuous structure of the tire on the contact surface is ignored.
Therefore, for solving the SSTF and RR of tires with complex patterns and NPTs (whose
typical characteristics are discontinuous in the circumferential direction) using SST analysis,
theoretical error exists.

Herein, a novel strategy for solving the SSTF and RR of NPTs based on explicit
dynamic analysis and considering the loss factor of viscoelastic materials, which varies
with temperature, is proposed. Moreover, the strategy, which is not only applicable to tires,
can also be theoretically be applied to any object composed of viscoelastic materials, and
the strategy does not assume that the steady-state temperature of each radial cross-section
of the tire is the same. The main contents of the paper include the LSL-tire structure, SSTF
experiment, material experiment, hysteresis theory of viscoelastic material, heat generation
rate and RR algorithm of NPTs, and FE simulation of transient rolling and heat transfer.
Furthermore, the accuracy of the FE simulation is verified. The SSTF and RR of the LSL-tire
under different loading and velocity conditions are analyzed and discussed in detail.

2. Research Method
2.1. Structure of the LSL-Tire

The design velocity and rated load of the LSL-tire are 25 km/h [29,30] and 735 N [31],
respectively. The LSL-tire is composed of a tread, shear band, outer ring, inner ring, and
40 spokes which are arranged along the circumference. The outer diameter of the LSL-tire
is 252 mm, and the thicknesses of the spoke, outer ring, and inner ring are 2 mm, 2 mm, and
5 mm, respectively (Figure 1a). The tread width, tread thickness, and shear band thickness
of the LSL-tire are 60 mm, 19 mm, and 13 mm, respectively. The diameter of the glass fiber
in the shear band is 2.3 mm. There are 12 glass fibers in Enhancement Layer 1, 13 glass
fibers in Enhancement Layer 2, and 18 glass fibers in Enhancement Layer 3 (Figure 1b).
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The shear band of the LSL-tire crucially enhances the stiffness of the tread. The tread
stiffness design can be achieved by changing the type and thickness of the rubber between
the reinforcement layers and the type and geometric parameters of the reinforcement
material. The spoke crucially affects the bearing, and its stiffness can also be designed by
changing the geometric parameters and material types. The decoupling design pertaining
to the overall stiffness and grounding characteristics of the LSL-tire can be realized by
designing the stiffness of the tread and the spoke, respectively.

The material utilized in the tread and shear band of the LSL-tire is the same kind
of vulcanized natural rubber compound, which is formed by the vulcanization process
after preforming. The outer ring, inner ring, and spokes are composed of the same kind
of polyurethane, which are formed by an injection molding process. Finally, the inner
surface of the tread and the outer surface of the outer ring are bonded together by a special
adhesive; thus, the sample tire is obtained.

2.2. Hysteresis Effect of Viscoelastic Materials

When the viscoelastic material which exhibits hysteresis characteristics is deformed
under loading, it should overcome its internal friction, which will occasion a scenario in
which the strain lags behind the stress, resulting in hysteresis energy loss. The viscoelastic
material element is subjected to uniaxial sinusoidal strain [1] as depicted in Figure 2a:

ε(θ) = ε0·sinθ (1)

where ε0 denotes the strain amplitude, and θ denotes the loading phase. The corresponding
sinusoidal stress is obtained as follows [1]:

σ(θ) = σ0·sin(θ + δ) (2)

where σ0 denotes the stress amplitude, and δ denotes the lag angle. The stress and strain
are integrated in a loading period [1]:

h =
∫ θ

0
σ(θ)dε(θ) = π·ε0·σ0·sinδ (3)
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The hysteresis energy loss density h per unit volume of the material, (i.e., the area of
the hysteresis loop), is obtained, as illustrated in Figure 2b.

The storage modulus E′ of viscoelastic materials is defined as the ratio of stress to
strain amplitude in the same phase [13]:

E′ =
σ0

ε0
·cosδ (4)
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The loss modulus E′′ is defined as the ratio of stress to strain amplitude with a phase
angle difference of 90 degrees [13]:

E′′ =
σ0

ε0
·sinδ (5)

The loss factor is defined as the ratio of loss modulus to storage modulus [13]:

tanδ =
E′′

E′
(6)

where E′, E′′ and tanδ are obtained using DMA. There is a complex nonlinear relationship
between the loss factor of the viscoelastic material and its loading frequency, strain ampli-
tude, and temperature. Herein, it is simplified to consider only the nonlinear relationship
between the loss factor and temperature at a certain loading frequency.

2.3. Rolling Resistance of the LSL-Tire

The RR of tires is defined as the energy loss when the tire travels per unit distance.
The energy loss of the tire during rolling is occasioned by three aspects: the hysteresis loss
of the tire material, the friction energy loss between the tread and the ground, and the air
resistance to the tire. The hysteresis loss accounts for more than 90%; therefore, we ignore
the other two energy losses.

During the rolling process of the tire, the material elements of rubber and polyurethane
are in a complex six-directional stress state, and the solution of the hysteresis energy loss
density described in the upper section is applicable to only the uniaxial harmonic stress
state. Therefore, the six-directional stress and strain are converted into equivalent stress
and strain [32]:

εe =

√
2

3
·
√(

εx − εy
)2

+
(
εy − εz

)2
+ (εx − εz)

2 + 6
(

ε2
xy + ε2

yz + ε2
xz

)
(7)

σe =
1√
2
·
√(

σx − σy
)2

+
(
σy − σz

)2
+ (σx − σz)

2 + 6
(

σ2
xy + σ2

yz + σ2
xz

)
(8)

where εe and σe denote equivalent strain and equivalent stress, respectively, which are
fitted as a harmonic function by the Fourier series [12]:

εe(t) = aε
0 +

N

∑
n=1

[aε
n·cos(nωt) + bε

n·sin(nωt)] (9)

σe(t) = aσ
0 +

N

∑
n=1

[aσ
n·cos(nωt) + bσ

n ·sin(nωt)] (10)

where N denotes the order of the Fourier series, and accurate fitting can be achieved
when N is 26. Furthermore, taking the equivalent stress of an element in the spoke center
extracted from the finite element analysis results in Section 3, as an example, the fitting
effect is depicted in Figure 3. a0 denotes the Fourier coefficient, ω denotes the rolling
angular velocity of the tire, an and bn denote the amplitudes of the string function, and t
denotes the rolling time. Equations (9) and (10) are expressed as sine functions using the
auxiliary angle formula [33]:

εe(t) = aε
0 +

N

∑
n=1

[Aε
n·sin(nωt + ϕε

n)] (11)

σe(t) = aσ
0 +

N

∑
n=1

[Aσ
n·sin(nωt + ϕσ

n)] (12)
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where An =
√

a2
n + b2

n, ϕn = arctan( an
bn
). The lagging angle of the viscoelastic material is

added to the phase of equivalent stress [33]:

σe(t) = aσ
0 +

N

∑
n=1

[Aσ
n·sin(nωt + ϕσ

n + δ)] (13)

Lubricants 2023, 11, x FOR PEER REVIEW 6 of 19 
 

 

𝜀௘(𝑡) = 𝑎଴ఌ + ෍ሾ𝐴௡ఌ ∙ sin (𝑛𝜔𝑡 + 𝜑௡ఌ)ሿே
௡ୀଵ  (11) 

𝜎௘(𝑡) = 𝑎଴ఙ + ෍ሾ𝐴௡ఙ ∙ sin (𝑛𝜔𝑡 + 𝜑௡ఙ)ሿே
௡ୀଵ  (12) 

where 𝐴௡ = ඥ𝑎௡ଶ + 𝑏௡ଶ, 𝜑௡ = arctan (௔೙௕೙). The lagging angle of the viscoelastic material is 
added to the phase of equivalent stress [33]: 

𝜎௘(𝑡) = 𝑎଴ఙ + ෍ሾ𝐴௡ఙ ∙ sin (𝑛𝜔𝑡 + 𝜑௡ఙ + 𝛿)ሿே
௡ୀଵ  (13) 

 
Figure 3. Fitting curve of equivalent stress. 

The equivalent stress and strain of each viscoelastic material element are integrated 
in a single rolling period of the tire, and the hysteresis energy loss density of the element 
is obtained [33]: 

ℎ௘ = න 𝜎௘(𝑡)ଶగ ఠൗ
଴ 𝑑𝜀௘(𝑡) = ෍ሾ𝑛 ∙ 𝜋 ∙ 𝐴௡ఌ ∙ 𝐴௡ఙ ∙ sin(𝜑௡ఙ − 𝜑௡ఌ + δ)ሿே

௡ୀଵ  (14) 

The sum pertaining to the product of the hysteresis energy loss density of each vis-
coelastic material unit and unit volume is the whole hysteresis energy loss of the tire 
when it rolls one cycle [33]: 

𝐸௟௢௦௦ = ෍ ෍ሾ𝑛 ∙ 𝜋 ∙ 𝑉௠ ∙ 𝐴௡,௠ఌ ∙ 𝐴௡,௠ఙ ∙ sin൫𝜑௡,௠ఙ − 𝜑௡,௠ఌ + δ௠൯ሿே
௡ୀଵ

ே௘௟௘
௠ୀଵ  (15) 

where 𝑚 denotes the unit number, 𝑉௠ denotes the unit volume, and δ௠ denotes the lag 
angle of the unit. When the tire attains the SSTF, the temperature of each unit is differ-
ent, which results in different lag angles. The ratio of the hysteresis energy loss to the 
rolling distance during one rolling cycle is the RR of the tire [12]: 𝐹ோ = 𝐸௟௢௦௦2𝜋𝑟  (16) 

where 𝑟 denotes the rolling radius of the tire. 

2.4. Heat Generation Rate of Element 
The hysteresis energy loss of the viscoelastic material is converted into heat; thus, 

the tire is heated. The heat generation rate of the element is obtained using the following 
formula [15]: 

Figure 3. Fitting curve of equivalent stress.

The equivalent stress and strain of each viscoelastic material element are integrated in
a single rolling period of the tire, and the hysteresis energy loss density of the element is
obtained [33]:

he =
∫ 2π

ω

0
σe(t)dεe(t) =

N

∑
n=1

[n·π·Aε
n·Aσ

n·sin(ϕσ
n − ϕε

n + δ)] (14)

The sum pertaining to the product of the hysteresis energy loss density of each vis-
coelastic material unit and unit volume is the whole hysteresis energy loss of the tire when
it rolls one cycle [33]:

Eloss =
Nele

∑
m=1

N

∑
n=1

[
n·π·Vm·Aε

n,m·Aσ
n,m·sin

(
ϕσ

n,m − ϕε
n,m + δm

)]
(15)

where m denotes the unit number, Vm denotes the unit volume, and δm denotes the lag
angle of the unit. When the tire attains the SSTF, the temperature of each unit is different,
which results in different lag angles. The ratio of the hysteresis energy loss to the rolling
distance during one rolling cycle is the RR of the tire [12]:

FR =
Eloss
2πr

(16)

where r denotes the rolling radius of the tire.

2.4. Heat Generation Rate of Element

The hysteresis energy loss of the viscoelastic material is converted into heat; thus,
the tire is heated. The heat generation rate of the element is obtained using the following
formula [15]:

qm =
he

T
=

ω·he

2π
(17)

where T denotes the rolling period of the tire. The temperature change of the tire during
rolling affects the loss factor of the viscoelastic material, and, subsequently, affects the ele-
ment heat generation rate until the tire attains the SSTF. The thermal–mechanical coupling
FM analysis process of the LSL-tire is illustrated in Figure 4.
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2.5. Steady-State Temperature Field Test of the LSL-Tire

The LSL-tire was assembled with the hub and parked at the test site for at least
3 h, before each test, to achieve thermal balance at ambient temperature. As depicted in
Figure 5a, the LSL-tire was installed on the test bench to test at a 25 km/h speed under a
520 N load until it attained the SSTF. Three temperature measurement points were marked
on the surface center of the tread and the surface center of spokes of the LSL-tire along the
circumference (Figure 5b), and the DTM-S1 non-contact infrared thermometer was utilized
to measure the temperature immediately after each test.
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2.6. Mechanical Properties Test of Materials

The material utilized for the LSL-tire tread is rubber, and the material utilized for its
outer ring, spokes, and inner ring is polyurethane (PU). According to GB/T 1040.2-2022 [34]
and GB/T 528-2009 [35], three dumbbell-shaped uniaxial tensile specimens of PU and
rubber were cut, and the uniaxial tensile mechanical properties were tested at the tensile
speeds of 50 mm/min and 500 mm/min as shown in Figure 6a and 6b, respectively.
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2.7. Thermodynamic Parameters and Density Test of Materials

According to GB/T 40396-2021 [36], two DMA tensile specimens of rubber and
polyurethane were cut. The dynamic mechanical analysis of the specimens under tensile
mode was performed using GABO EPLEXOR thermomechanical analyzer in the tempera-
ture range of −20 ◦C to 100 ◦C with a loading frequency of 10 Hz and a temperature rise
rate of 1 ◦C/min (Figure 7a).
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According to GB/T 19466.4-2016 [37], the solid particles of rubber and PU were utilized
as samples, and the DSC25 differential scanning calorimeter was utilized to continuously
scan them in the 0 ◦C to 50 ◦C temperature range (Figure 7b).

According to GB/T 22588-2008 [38], the thermal conductivity test samples of PU and
rubber were cut and tested using a XIATECH TC3000E thermal conductivity meter. The
densities were measured using a Byes-300c automatic electronic densitometer.

2.8. Structural Deformation Analysis

The FE model of the LSL-tire is depicted in Figure 8. All the simulation analysis work
herein was completed using the Abaqus FE software. The mechanical properties of rubber
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and PU were described using the Marlow constitutive whose strain energy potential form
is expressed as follows:

Uε = Udev

(-
I1

)
+ Uvol(Jel) (18)

where Uε denotes the strain energy stored within a unit volume of the material: Uvol
denotes its volumetric component, and Udev denotes the deviatoric component. The first

deviatoric strain invariant is
-
I1, and the elastic volume ratio is Jel. The reason for using

this constitutive is described in the previous study [39]. The material constitutive models
obtained by fitting the uniaxial tensile test data are illustrated in Figure 9. The transient
rolling analysis of the LSL-tire was performed in the Dynamic/Explicit environment of
Abaqus. The tread, shear band, outer ring, spokes, and inner ring were meshed using
eight-node and six-node linear reduced integration elements, namely C3D8R and C3D6R.
The glass fiber reinforced layers were characterized by rebar elements which are meshed
using four-node reduced integration surface elements, namely SFM3D4R. And the whole
model comprised 215,520 elements and 262,080 nodes.
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The tread, outer ring, spokes, and inner ring were constrained together by common-
node elements in the FE model. The nodes located on the inner surface of the inner ring
and the reference point located on the geometric center of the LSL-tire were constrained
together by a coupling mechanism. Furthermore, the rebar elements were embedded in the
host elements. The drum of the rolling test bench which exhibits surface-to-surface contact
with the tread is modeled using an analytical rigid surface. The contact property for which
the normal and tangential behaviors were described using the hard and penalty algorithms.
The friction coefficient between the drum and tread was set at 0.85. The whole analysis
process included two ‘Dynamic, Explicit’ steps. In the first analysis step, six degrees of
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freedom of the tire reference point and five degrees of freedom of the drum reference point
were constrained, and the latter was subjected to different displacements along the positive
direction of the z-axis to apply different loads. In the second analysis step, the rotational
degrees of freedom of the LSL-tire and the drum around the y-axis were released, and
different angular velocities were applied to the drum to change the rolling speed of the
LSL-tire.

After the explicit transient rolling analysis of the LSL-tire was completed, the stress
and strain fields of all elements except rebar elements in a single rolling period of the
LSL-tire were extracted from the result file, and the heat generation rate of all elements
were calculated according to Formula (17). When the heat transfer analysis was completed
and the LSL-tire attained the SSTF, the RR was calculated as per Formula (16).

2.9. Heat Transfer Analysis

In the proposed study, which differs from solving the temperature field of pneumatic
tires based on the 2D FE model, we solved the SSTF based on the 3D FE model of the
LSL-tire. Furthermore, eight-node heat transfer linear reduced integration brick elements
DC3D8R and six-node linear heat transfer triangular prism elements DC3D6 were utilized.
The air resistance, friction energy loss, thermal radiation, and hysteresis loss of glass fiber
were not considered, and the hysteresis loss of the viscoelastic material was utilized as the
only heat source input. The thermal conductivity, specific heat capacity, and density data
utilized for the material properties of the FE model refer to the test data in Table 1, and the
ambient temperature and the initial temperature of the LSL-tire were set at 27.8 ◦C. All
outer surfaces of the LSL-tire were subjected to convective heat transfer with air, and the
convective heat transfer coefficient was determined as per the existing literature [18]. After
the completion of the first heat transfer step analysis, the temperature pertaining to all
elements of the LSL-tire changed, and the element heat generation rate was updated using
Formula 17 according to the element temperature and the loss factor curves. Based on the
modified LSL-tire temperature field and the updated element heat generation rates, the
heat transfer analysis was performed again, and the analysis iterated until the temperature
field of the LSL-tire attains a steady state. The judgment was rationalized as follows: the
temperature fluctuation of all nodes of the LSL-tire was less than 1 ◦C.

Table 1. Thermodynamic parameters and density of the material.

Material Specific Heat
Capacity (J/(g·◦C))

Density
(g/cm3)

Standard Deviation
of Density

Thermal Conductivity
(W/(m·k))

Standard Deviation of
Thermal Conductivity

Rubber 1.476 1.206 0.12% 0.310 0.04714%
PU 1.805 1.135 0.16% 0.220 0

3. Results and Discussion
3.1. Steady-State Temperature Field Results of the LSL-Tire

The average steady-state temperatures pertaining to the surface center of the tread
and the surface center of spokes were 64.8 ◦C and 44.7 ◦C, respectively. During the
rolling process of the LSL-tire, the FLIR-E64501 thermal imager was utilized to measure its
temperature from the side, and the SSTF distribution is depicted in Section 3.4.

3.2. Mechanical Properties Results of Materials

The stress–strain test curves of rubber and PU are illustrated in Figure 10. It can be
observed that the elongation at break of polyurethane was less than that of rubber, and its
stress was significantly greater than that of rubber. The elastic modulus of the glass fiber
was provided by its manufacturer as 35 GPa.
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3.3. Thermodynamic Parameters and Density Results of Materials

The relationship curves pertaining to the storage modulus, loss modulus, and loss
factor of rubber and PU with temperature are depicted in Figure 11a,b. It can be observed
that the loss modulus and loss factor gradually tend to stabilize with the increase in
temperature.
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Curves pertaining to the specific heat capacity of the two materials with temperature
are illustrated in Figure 12, which indicates that the fluctuation of the specific heat capacity
with temperature is small. Table 1 indicates that the specific heat capacity data at 25 ◦C,
which is 1.476 J/(g·◦C) and 1.805 J/(g·◦C) for the rubber and PU, respectively, can be
utilized as the specific heat capacity value in the whole temperature range. The thermal
conductivity and densities of the two materials are also depicted in Table 1; the density and
its standard deviation are 1.206 (g/cm3) and 0.12% for the rubber and 1.135 (g/cm3) and
0.16% for the PU. Furthermore, the thermal conductivity and its standard deviation are
0.310 W/(m·k) and 0.04714% for the rubber and 0.220 W/(m·k) and 0 for the PU.
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3.4. Validation of the FE Model

Four paths a, b, c, and d are established by selecting all the nodes of the tread outer
surface center, the spoke outer surface center, the tread center, and the support center
along the circumferential direction (Figure 13). The SSTF of the LSL-tire is simulated at a
velocity of 25 km/h [37] under a load of 520 N [39], which is the most commonly utilized
condition for the LSL-tire, and the temperature data of all nodes in paths a and b are
extracted (Figure 14). It can be observed that the outer surface center temperature of the
tread is between 55.9 ◦C and 64.3 ◦C, and its average temperature is 59.9 ◦C, which is a
7.56% departure from the experimental value (64.8 ◦C) whose standard deviation is 0.9031.
The outer surface center temperature of the spokes is between 39.6 ◦C and 43.8 ◦C, and
their average temperature is 41.6 ◦C, which is a 6.94% departure from the experimental
value (44.7 ◦C) whose standard deviation is 0.6944. In the free rolling process of the LSL-
tire, the circumferential discontinuity of the spokes leads to different stress states of each
node located in the same path (a or b); therefore, each node exhibits different steady-state
temperatures.
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The cloud diagram and thermal imaging of the lateral SSTF of the LSL-tire are depicted
in Figure 15. It can be observed that the distribution of the simulated temperature field
is consistent with the real scenario. Among all the outer surfaces of the LSL-tire, the
temperature of the tread is the highest, followed by the outer ring surface, the spoke
surfaces, and the inner ring surface, in descending order. The temperature of the tread
decreases from the middle to both sides along the direction of the tire width, and so does
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the temperature of the outer ring surface. The temperature of the spoke surfaces decreases
from the middle to both sides along the radial direction; subsequently, it increases again.
The temperature pertaining to the outer surface of the inner ring along the radial direction
is higher than that of the inner surface. The relative error of the steady-state temperatures in
the middle of the outer ring surface and in the middle of the outer surface of the inner ring
are 6.91% and 8.19%, respectively. The highest thermal imaging temperature is 56.8 ◦C, and
this observation is rationalized as follows: the shooting angle does not cover the surface
center of the tread, which is the highest temperature point on the tread surface. Thus, the
accuracy of the FE model is verified.
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3.5. Steady-State Temperature Field and Rolling Resistance of the LSL-Tire under Different Loads

The SSTF of the LSL-tire was simulated and the RR was solved at the 25 km/h speed
under the 294 N and 520 N load, respectively. The temperature field under each condition
attains a steady state after two iterations. The iterative curves pertaining to the temperature
of nodes in the four paths are illustrated in Figure 16, where the temperature distributions
are apparently almost the same. It can be observed that the steady-state temperature of
each part of the LSL-tire increases with the increase in load, because a higher load means
larger stress and strain amplitudes, which caused higher he and qm. From Figure 16a,
it can be observed that the temperature difference between the outer surface center of
the tread and the center of the tread increases significantly with the load, and that the
average steady-state temperature increases by 74.8% and 144.9% under the two conditions,
respectively. It can be observed from Figure 16b that the temperature difference between
the outer surface center of the spokes and the center of the spokes increases with the load,
and that the average steady-state temperature increases by 10.1% and 29.5%, respectively,
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under the two conditions. It can be observed from Figure 17, the highest steady-state
temperature points of the tread are located in the center of the tread, which are 77.7 ◦C
and 171.1 ◦C, respectively; this phenomenon is different from that in which the highest
steady-state temperature point of the tread is located at the belt edge for the pneumatic
tire [14]. The distinction may be rationalized as follows: the tread structure of LSL-tire is
different from that of a pneumatic tire. The tread of the LSL-tire is the thickest in the middle
of the width direction, and the maximum equivalent stress of the tread appears at its center,
which leads to a high heat generation rate and slow heat dissipation in the tread center.
Moreover, the highest steady-state temperature points of the spokes are located in the center
of the joint between spokes and the outer ring, which are 44.0 ◦C and 73.6 ◦C, respectively.
This observation is due to the large heat generation rate at the aforementioned location.
The heat of the tread and the outer ring will diffuse there, and because the thickness at the
aforementioned location is larger compared to other positions of the spoke, the heat is not
easily lost. Reference [19] also expounds that the temperature at the junction of the spokes
and inner ring surface of the honeycomb structure NPTs is higher.
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The contribution pertaining to the RR of each part of the LSL-tire under the two
conditions is depicted in Figure 18a. It can be observed that the RR increases significantly
with the load, which is consistent with the variation trend pertaining to the RR of the
NPT that exhibits plane spokes with load in References [20,22]. The variation trend is
occasioned by the increase in equivalent stress and strain amplitudes with the load, which
leads to a scenario in which he becomes larger with the load. The RR of the LSL-tire under
the two conditions is 21.6 N and 75.2 N, respectively, and the growth rate is 248.1%. The
spokes effected the highest impact on the RR, accounting for 56.5% and 62.9%, respectively,
under the two conditions, followed by the tread, which accounted for 34.7% and 29.1%,
respectively. Therefore, it has been confirmed that the design of the material and the
geometry of the spoke are significantly crucial for reducing the RR. Figure 18b depicts the
variation in RR with the total number of elements, where the detailed values of the four
points are 80.0 N at 189,600, 76.3 N at 206,880, 75.2 N at 215,520, and 74.9 N at 226,320. It is
confirmed that the mesh density taken for the FE analysis shows convergence in predicting
the RR. Moreover, the number and size of the spoke elements exerts the greatest influence
on the RR.
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3.6. Steady-State Temperature Field and Rolling Resistance of the LSL-Tire under Different Speeds

The SSTF of the LSL-tire was simulated, and the rolling resistance was solved at the
15 km/h and 25 km/h velocities under the 520 N load. The temperature field under each
condition also attained a steady state after two iterations. The iterative curves pertaining to
the temperature of the nodes in the four paths is illustrated in Figure 19. It can be observed
that the steady-state temperature of each part of the LSL-tire increased with the increase
in velocity, because higher velocity meant smaller T which caused larger qm. Figure 19a
indicates that the temperature difference between the outer surface center of the tread and
the center of the tread increased significantly with the velocity, and that the average steady-
state temperature increased by 108% and 145% under the two conditions, respectively. It
can be observed from Figure 19b that the temperature difference between the outer surface
center of the spokes and the center of the spokes increased with the velocity, and that the
average steady-state temperature increased by 20% and 29.5%, respectively, under the
two conditions. Figures 17c,d and 20 indicate that the highest steady-state temperature
points of the tread were located in the center of the tread and were 103.3 ◦C and 171.1 ◦C,
respectively. Furthermore, the highest steady-state temperature points of spokes were
located in the center of the joint between the spokes and the outer ring, which were 54.4 ◦C
and 73.6 ◦C, respectively.

The RR contribution of each part of the LSL-tire under the two conditions is depicted
in Figure 21. It can be observed that the RR increased with the velocity. This observation
is occasioned by a complex balance of different trends; however, it is not apparent. First,
the lag angle of viscoelastic materials decreased with frequency in the range of frequencies
characteristic of the large-scale rolling tire deformations [1]. This effect tended to decrease
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the RR as speed increased. Second, the SSTF increased with speed, and the loss factor
decreased with increasing temperature, which also tended to lower RR with increasing
speed. These two effects, however, were more than offset by the increase in larger stress and
strain amplitudes occasioned by the tire deformation that occurred with increasing speed
due to centrifugal forces. Reference [20] also describes that the rolling angular velocity
exerts no significant effect on the RR of the honeycomb structure NPTs. The RR of the
LSL-tire under the two conditions was 74.3 N and 75.2 N, respectively, and the growth rate
was 1.2%. The spokes exerted the most considerable influence on the RR, accounting for
63.1% and 62.9% under the two conditions, followed by the tread, accounting for 28.9%
and 29.1%, respectively.
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4. Conclusions

An SSTF–RR solution strategy, based on explicit transient rolling analysis and thermal–
mechanical coupling is proposed, being suitable for tires with complex patterns and NPTs.
Based on the method, the SSTF and RR of the LSL-tire under different loads and velocities
were analyzed, and the following conclusions were obtained:

(1) Based on the SSTF experimental data of the LSL-tire, the accuracy of the solution
strategy is verified, whose prediction accuracy pertaining to the SSTF of the tread outer
surface center and the spoke outer surface center are 92.44% and 93.06%, respectively.

(2) The SSTF of each part of the LSL-tire increases significantly with increases in load and
velocity. The highest temperature point of the LSL-tire is located in the center of the
tread, and the highest temperature point of the spokes is located in the center of the
joint between spokes and the outer ring.

(3) The RR of the LSL-tire increases significantly with increases in load, and the spokes
exert the most considerable effect on the RR, followed by the tread.

(4) The RR of the LSL-tire increases marginally with velocity.
(5) The SSTF solution strategy proposed herein differs from the existing SSTF research

methods; the strategy does not assume that the steady-state temperature of each radial
cross-section of the tire is the same.

(6) The SSTF and hysteresis energy loss solution strategy proposed herein can theoreti-
cally be applied to any object composed of viscoelastic materials, not only to tires.
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