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Abstract: Two novel nonpneumatic tires named Tweel-2,
designed based on the commercial Tweel model, and
Saddle with hyperbolic paraboloid spokes are proposed
in this study. Four nonpneumatic tire samples were suc-
cessfully prepared with the 3D printing technology to
measure and analyze and compare their properties. The
results of quasi-static compression experiments showed
that with the same relative density, the vertical bearing
capacity of Tweel-2 tire was 1.4 times that of Tweel tire,
while the vertical bearing capacity of the saddle tire was
4 times and 2.4 times that of Tweel and honeycomb
tires, respectively. The finite element simulation method
was used to explore the mechanism of improvement in
vertical bearing capacity and energy absorption of the
Tweel-2 and saddle design. The so-called circumferential
unit in Tweel-2 and honeycomb tires enhances the defor-
mation coordination between the spokes of Tweel-2 and
increases the critical bearing capacity of the spokes by
shortening the length of the deformation zone, so that
more external work can be consumed under the same
vertical deformation. The spatial configuration of the
hyperbolic paraboloid can optimize the spatial stress dis-
tribution of the saddle tire and makes sure that a bigger
amount of material deforms and participates in energy
absorption, thus improving the overall strain energy level
of the spokes.
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1 Introduction

Tires are the only medium between a vehicle’s body
and the ground. Its basic function, besides driving the
vehicle, is to bear the weight of the vehicle’s body, and
at the same time, it can absorb the impact of rough roads
on the vehicle through its own deformation, so as to
achieve buffering and damping [1-3]. Pneumatic tires
have the advantages of lightweight, low energy loss,
and so on, and it has dominated the world tire market
for more than 100 years [4]. However, due to the struc-
tural form of the inner pneumatic tube, air leakage or tire
burst is an insurmountable challenge for the safe service
of the pneumatic tires. In recent years, researchers have
replaced the inner pneumatic tube with elastic materials
or deformable elastic structures and proposed nonpneu-
matic tires with the resistance of puncture and blowout
[5-7]. Currently, vertical load, vertical stiffness, absorbed
energy, and the like are used as main evaluation indexes
of mechanical properties of the tire [8-12]. In the initial
stage of quasi-static vertical compression, with the increase
of vertical deformation, the vertical load on the tire increases
nearly linearly, and the slope of the load-displacement
curve is the vertical stiffness. The greater the vertical stiffness
in this stage is, the greater the vertical load for the same
vertical deformation is, which means the vertical bearing
capacity of the tire is higher [8-10]. Meanwhile, the greater
the integral area under the load—displacement curve is, the
higher the energy absorbed through the deformation of the
tire during the bearing process is, which means better buf-
fering and damping performance [11].

Researchers have applied honeycomb structures with
lightweight, high strength, and excellent energy absorp-
tion properties [13-18] to the deformable structure layers of
nonpneumatic tires (Figure 1(a)) and have developed a lot of
lightweight and topology optimization designs to improve
the vertical bearing capacity of nonpneumatic tires.

Ju et al. [4] and Kim et al. [19] designed a honeycomb
tire with an average cell expanding angle of 15.76°, which
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Figure 1: Nonpneumatic tires. (a) Honeycomb tire [6]; (b) Tweel tire [25]; (c) AC tire [26]; (d) interconnected mesh tire [10]; (e) Kucwheel

[22]; and (f) grid type tire [24].

had the same geometric dimension and similar vertical
stiffness as those of the conventional pneumatic tire, but
more compliant, being the vertical load born by the honey-
comb tire about 88% that of pneumatic tires at the same
vertical strain.

Jin et al. [1] used the same average cell expanding angle
and slightly increased hub and tread radiuses of the pneu-
matic tire, while the vertical load born by the honeycomb
tire under the same vertical strain was 103% that of con-
ventional pneumatic tires. Further research has shown that
the vertical stiffness of the approximately linear stage of the
honeycomb tire can be improved by reducing the average
cell expanding angle or increasing the cell wall thickness
[4,11,19] and by reducing the cell side length or in-creasing
the cell density [11,20], but the greater the vertical stiffness
is, the lower the energy absorbed by the structure at this
stage is, for a specific practical strain range.

On the commercial side, with the gradual maturity of
polyurethane hyperelastic materials in commercial fields,
Jang et al. [21] and Kucewicz et al. [22] have successively
launched two commercial nonpneumatic tires, Tweel
(Figure 1(b)) and AirFree Concept (AC) (Figure 1(c)),
respectively. Aboul-Yazid et al. [23] numerically analyzed
the vertical stiffness of the honeycomb tire, the Tweel tire,
and the AC tire with the same spoke thickness, and the
results showed that the total mass of the latter two kinds
of tires was slightly higher than that of the honeycomb
tire, and the vertical stiffness of the Tweel tire was the
highest, about 2.3 times that of the honeycomb tire and

3.8 times that of the AC tire, respectively. Rugsaj and
Suvanjumrat [9] experimentally measured the vertical
stiffness of the Tweel tire with a spoke thickness of
5mm, which was 109% of the upper limit of the vertical
stiffness of the pneumatic tire. Rugsaj and Suvanjumrat [10]
proposed an interconnected mesh spoke tire (Figure 1(d))
and compared it with the honeycomb tire and Tweel tire
with the same relative density. It is found that under the
same vertical deformation, the vertical load born by the
interconnected mesh spoke tire was 1.2 and 1.4 times that
of the honeycomb tire and the Tweel tire, respectively.
Kucewicz et al. [22] proposed a Kucwheel (Figure 1(e))
and compared it with the honeycomb tire, the Tweel tire,
and AC tire with the same relative density. The numerical
results showed that for the same vertical deformation, the
vertical load born by the Kuc tire was similar to that of the
honeycomb design, 1.4 times that of the Tweel tire, and
much higher than that of the AC tire. Referring to the geo-
metric dimensions of the 195/50R16 pneumatic tire, Zhang
et al. [24] proposed a grid type tire (Figure 1(f)) and com-
pared it with the honeycomb tire, the Tweel tire, and the
AC tire with the same relative density and the same spoke
thickness of 5 mm. It is found that under the same ver-
tical deformation, the vertical load born by the grid type
tire was similar to that of the honeycomb tire and 1.7 and
1.2 times that of the Tweel tire and pneumatic tire,
respectively.

Among the relatively mature commercial nonpneu-
matic tires, with the same relative density, the vertical
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bearing capacity of the honeycomb tire is higher than
that of the Tweel tire, and both are higher than that of
the AC tire. However, nonpneumatic tires with novel
structural designs, such as the Kucwheel, interconnected
mesh, spoke and grid type tires, only have a very limited
improvement in vertical bearing capacity, compared to
the honeycomb tire.

Surprisingly, nature provides us with another example
of an exquisite structure with excellent energy absorption.
It was observed by Patek et al. [27], Devries et al. [28], and
Tadayon et al. [29] that there is a saddle structure in the
forelimb of a mantis shrimp, which is equivalent to a flex-
ible biological spring, and in which a large amount of
deformation energy can be stored. The mantis shrimp
can release this energy instantaneously to achieve a fatal
attack on its prey. Further research by Tadayon et al. [30]
showed that the stress distribution on the surface of the
saddle structure is relatively uniform in a pressure bearing
process, which can effectively reduce stress concentration.

Two new nonpneumatic tire designs are proposed in
this article. Combined with the 3D printing technology,
static compression experiment, and finite element simu-
lation, the quasi-static compression processes of the
honeycombh, Tweel, Tweel-2, and saddle tire samples
were studied and the quantitative characterization of
the vertical bearing performance and the deformation
energy absorption of the four types of samples were
given. Furthermore, the mechanism of significant improve-
ment in the static mechanical properties of tires with the
Tweel-2 and saddle designs were discussed, which provides
an idea for the novel structural design of nonpneumatic
tires.
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2 Experimental details and results

2.1 Nonpneumatic tire models

Four nonpneumatic tire samples of Tweel, Tweel-2, honey-
comb, and saddle were designed. The Tweel and honey-
comb samples were referred to as prototypes of nonpneu-
matic tires available in the market, while the Tweel-2
sample was an optimized one based on Tweel, and the
saddle sample was a novel nonpneumatic tire structure
in which bionic elements were introduced. The design
parameters are described in Figure 2(a). The tire samples
were printed by Object260 Connex3 (Stratasys Ltd USA)
with a print precision of 16 um in the layer deposition
direction with high-quality mode and standard resolution
of 600DPI (dots per inch) in the print plane [31], and the
printing material was T8430. T8430 is a composite mate-
rial with mixed properties created by combining Verowhite
and Tangoplus [32], two basic photopolymers for the 3D
printer, at a specific concentration. All of these possible
combinations are preconfigured and selectable by using
the production software Objet Studio (Stratasys Ltd USA)
to ensure predictable, repeatable results, and these mate-
rials are called digital materials by Straysis. The relative
density of the tire sample is defined as the actual material
volume divided by the volume, which is (R + t,)°b of
cylindrical space occupied by the tire, where R and t; are
the inner radius and wall thickness of tire outer ring,
respectively, and b is the axial thickness of tires. The rela-
tive density of the four-tire samples was 22.3%, the axial
thickness was b = 15 mm, the wall thickness of the inner
and outer rings was t; = 1.20 mm, and the radiuses of inner

Figure 2: (a) Nonpneumatic tire samples and corresponding structure units: (b) Tweel tire; (c) Tweel-2 tire; (d) honeycomb tire; and

(e) saddle tire.
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and outer rings were r = 27.15mm and R = 50.00 mm,
respectively. The structural layer was between the inner
and outer rings and was divided by 24 groups of
structural units with equal central angles of 15°, see
Figure 2(b)—(e). The sample center o was the origin of
coordinates (0, 0, 0).

First, for the Tweel, Tweel-2, and honeycomb sam-
ples, the centerlines of the wall sections of the structural
units were generated; second, the unit wall thicknesses ¢
were set as 1.19, 1.00, and 1.24 mm, respectively; and
finally, the thickness b along the x direction was set as
15 mm, and thus, a three-dimensional geometrical model
was obtained. The specific process of generating the
centerlines of the wall sections of the structural units is
as follows. For the Tweel sample (Figure 2(b)), referring
to the photo of Michelin’s Tweel tire, two radii were
drawn, which form an angle of 4.19°, respectively, with
the left and right boundaries of the sector with a central
angle of 15°; the two radii intersect with the inner ring
centerline arc, at points A and B, respectively; and with A
and B as the starting points, two spline curves that fit
with the Tweel picture and intersect with the outer ring
centerline at points A’ and B’ were, respectively, drawn.
The radial curves AA’ and BB’ are the centerlines of the
wall sections of a Tweel structural unit. For the Tweel-2
sample (Figure 2(c)), a middle ring centerline arc, was
added between the inner and outer rings of the Tweel
sample, which intersects with the curves AA’ and BB’ at
points A” and B”, respectively. The two radial curves AA’
and BB’ were connected by a circumferential arc A”B” to
form the centerlines of the wall sections of a Tweel-2
structural unit. In addition, the adjacent Tweel-2 struc-
tural units were connected by a circumferential arc B”C”.
For the honeycomb sample (Figure 2(d)), the inner ring
section centerline arc, intersects with the left and right
boundaries of the sector with a central angle of 15° at
A, and By, respectively. Concentric arcs arc,, arc,, and
arcs were, respectively, drawn, connecting quarter points
of the radial distance between arc, and the outer ring
section centerline arc,. With A; and B; as the starting
points, straight lines forming included angle a; with
the vertical direction were drawn, intersecting with arc;,;
at A;,; and B;,,, respectively, where ay, = 8.76°, a; = 18.61°,
a =9.57°, a3 =22.02°, and the average cell expanding
angle was 14.74°. Radial broken lines Ag—A;—A,—As—A and
Bo—B;—B,—Bs—B, were connected by circumferential line seg-
ments A;B; and A3Bs at the 1/4 and 3/4 equal diversion points
to form the centerlines of the wall sections of a honeycomb
structural unit. In addition, the adjacent honeycomb struc-
tural units were connected by a circumferential line segment
B,C, along the centerline of the middle ring section.
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Compared with the aforementioned three structures,
the projection plane of the structural unit of the saddle
sample on the yoz plane is different (Figure 2(e)). A
saddle surface p;p, was generated, with a control equa-

(z +38.866)? (x+0.210)2 .
f Y77 Eia e -2(y + 1.370); and then,

wall thickness t = 1.41mm and thickness b = 15mm
were given, and in an arc-shaped projection area on the
two sides of the spoke with the tire section height R-r-t;
as the chord length and 1 mm as the height, the two sides
of the spoke were cut along the direction y to obtain
the three-dimensional geometrical model of the saddle
spoke. The two orthogonal parabolas p, and p, were the
main parabolas of the structural unit, which have oppo-
site mouths, but a common vertex and a symmetrical
axis. The saddle surface p;p, was generated by making
the vertex of p, slide on p; and keeping p, parallel to its
original plane during sliding.

Obviously, the structural units of Tweel-2 and saddle
samples are composed of radial spokes, while those of
Tweel-2 and honeycomb samples are composed of radial
spokes and circumferential elements. All these aforemen-
tioned geometric design parameters are tuned to make
the four nonpneumatic tire samples have constant total
mass. The subsequent stress analysis showed that the
spoke was the main force bearing member when the
sample bears the vertical load. For the convenience of
description, spokes were numbered as No. 1, No. 2, and
No. 5, as shown in Figure 2(a). The spokes of the Tweel
and Tweel-2 tires were curved panels with small curva-
tures, while the spokes of the honeycomb and saddle tires
were corrugated plates and hyperbolic parabolic plates,
respectively. In addition, the spokes of the Tweel-2 and
honeycomb tires were connected by the circumferential
elements, and the spokes were interrelated with each
other.

tion o

2.2 Experimental details

A self-designed and processed rigid fixture was used to
simulate a rigid hub to apply vertical pressure to the
structural layer of the tire (Figure 3). The rigid cylinder
of the fixture was closely jointed with the inner ring of the
tire sample; the upper end of the fixture was connected
with the force sensor by bolts to ensure that the central
axis of the force sensor is overlapped with that of the
sample and passes through the center of the bottom plate
of the testing machine. Uniaxial compression tests were
carried out on the samples using an MTS testing machine
(MTS Systems, Minnesota, USA), and the rising speed of
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Figure 3: Diagram of quasi-static uniaxial compression experiment.

the bottom plate was 1 mm-min~". The bottom plate of the
testing machine was adjusted to be nearly in contact with
the bottom face of the sample, and displacement and
force sensors were reset to zero. At the same time, the
height and the angle of the camera were adjusted so that
the central axis of the lens is perpendicular to the surface
of the sample and is located at the same height as the
center o of the sample at the same time.

During loading, the displacement sensor’s reading of
the testing machine is the deformation amount of the tire
sample, and the nominal strain of the tire sample can
be obtained by dividing the measured displacement by
the tire section height R—r-t;, as per GB/T 2977-2008. The
force sensor’s reading is the vertical load born by the tire
sample, and the nominal stress of the tire sample can
be obtained by dividing the measured force by 2br [33].
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The solid lines in Figure 4 are nominal stress—strain
curves of the four nonpneumatic tire samples under
quasi-static uniaxial compression. At the same time, the
evolution process of the tire sample configuration was
recorded by the camera synchronously, and the sampling
frame frequency was 1fps. The images show the strain
situation during the test and the corresponding simula-
tion results, as shown in Figure 5 for each tire at six
different time points. Stress—strain points 1 to 6 in the
experiment (solid symbols) and simulation (hollow sym-
bols) are also marked in Figure 4 according to the time
points labeled in Figure 5.

3 Numerical modeling and analysis

3.1 Material properties

According to the ASTM D638 standard, dumbbell-shaped
tensile samples with a thickness of 3 mm, width of 19 mm,
distance between grips of 65mm, and gauge section
length and width of 25 mm and 6 mm, respectively, of
stiff T8430, which has similar properties to Verowhite,
were prepared with the 3D printing technology, and uni-
axial tensile tests were performed using Instron 5848
MicroTester (Instron, Massachusetts, USA) with the load
accuracy of +0.4%. The previous study has shown that
the strain rate effect of stiff materials like Verowhite can
be ignored when the strain rate is less than 10's™.
Therefore, the material parameters of T8430 measured
at the loading rate of 5mm-min~’, i.e., the strain rate of

(b) 24
Experimental curves
sodl T Numerical results ® ©
) 72{ Yield points

\ o @

‘Saddle

_Honeycomb

rrrrr

Nominal stress (MPa)
-
1

T T
0.10

T T
015 020 025

Nominal strain

Figure 4: Nominal stress—strain curves of nonpneumatic (a) Tweel and Tweel-2; (b) honeycomb and saddle tire samples under quasi-static

uniaxial compression.
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Figure 5: Evolution of the tire shape as obtained from the camera images and FEM simulation results, for six strain points and each tire:
(a) Tweel; (b) Tweel-2; (c) honeycomb; and (d) saddle. The stress levels, in color scale, were evaluated with FEM models. (a)-(d) The first
rows are the camera images, while the second rows are the FE results.

about 1072 x s, can be used for quasi-static compression
simulation of the tire at the strain rate of about 107 x s
[34]. The experimental nominal stress—strain curve and
transformed true stress—strain curve of the T8430 are shown
in Figure 6. Three tests were repeated for the T8430 speci-
mens. The nominal stress o, and the nominal strain &,
are obtained from the experiments, while true stress o
and true strain € are obtained by formulas 0 = 0,(1 + &)
and € = In(1 + &,), respectively [35]. According to GB/T
22315-2008, a tangent line should be made within the linear
elastic range of the initial stage of the o—curve of T8430
(Figure 6(b)). A line starting at (0.002, 0) and parallel to
the tangent line is drawn and intersects the g—& curve at
point A, where the stress is o,. The slope of the two points
with the stress of 0.104 and 0.50, on the o—¢ curve is the
elastic modulus of the material. According to ASTM d638-
2003, the first point B on the o—¢ curve where the strain
increases but the stress does not increase is the yield point
of the material. Therefore, the elastic modulus, yield strength,
tensile strength, and fracture strain of T8430 are 1.028 GPa,

19.46 MPa, 20.50 MPa, and 0.326, respectively. Moreover,
the Poisson ratio and the density of T8430 are 0.30 and
1,200 kg:m >, respectively [34,36].

3.2 Finite element simulation and
experimental verification

The quasi-static uniaxial compression processes of the
nonpneumatic tire samples were simulated using finite
element software ABAQUS. Rigid body models were adopted
for the hub and the bottom plate of the testing machine, and
three-dimensional deformable solid models were adopted
for the inner ring, the outer ring, and the structural layer
of the tire. For the Tweel, Tweel-2, and honeycomb FE
model, the model meshes were based on eight-node linear
brick elements (C3D8R type) generated by sweeping techni-
ques with the element size of 0.2 mm, and the element num-
bers of the three tire samples were 1,565,550, 1,656,000, and
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Figure 6: Nominal and true stress—strain curves of T8430 under quasi-static uniaxial tension (a) and schematic diagram of determining

elastic modulus and yield strength (b).

1,647,750, respectively. For the saddle FE model, the model
mesh was based on four-node linear tetrahedron elements
(C3D4 type), generated by free mesh technique with the
element size of 0.45 mm and element number of 1,521,443.

An elastic—plastic model was adopted, and the den-
sity, elastic modulus, Poisson’s ratio, and the true stress—
strain curve of T8430 in the plastic stage were input
according to the values presented in the previous section.
For the model, it was considered, as usually accepted, to
delete the failing elements, defining the failure condition
according to the ductile fracture failure criterion, that
is, based on the yield strength value and the strain mea-
sured. The equivalent plastic strain, consistent with the
definition of the von Mises stress equation, was defined

as \2[(e - &) + (& — &) + (& — &)%]/9, where g, &,
and &; are the three principle strains [37]. Plastic defor-
mation occurs when the material reaches the yield
strength. When the strain reaches the fracture strain
of 0.326, damage initiates and the equivalent plastic strain
is0.326 — of/E, where o is the stress corresponding to the
fracture strain and E is the elastic modulus. Subsequently,
damage accumulates, and the element fails and will be
deleted when a given failure displacement 0.01 mm is
reached.

In accordance with the experimental conditions, all
degrees of freedom of the bottom plate except the z direc-
tion were constrained, and the translational and rotational
degrees of freedom of the hub in three directions were
constrained. Surface-to-surface contact was adopted between
the bottom plate and the outer surface of the tire outer ring, a
tie constraint was adopted between the outer surface of the
wheel hub and the inner surface of the tire inner ring, and
self-contact was adopted between the components of the

structural layer of the tire, to consider the case of contact after
material plying. Details of the contact definitions can be found
in the help files of Abaqus software.

Similarly, by dividing the vertical load of the center
point o of the hub and the vertical displacement of the
bottom plate by 2br and R-r-t;, respectively, the numer-
ical simulation results of the nominal stress—strain curves
of the tire samples under quasi-static compression can be
obtained (dashed lines in Figure 4). According to the nom-
inal stress—strain curves and configuration evolution dia-
grams (Figure 5), the finite element simulation results in
this article were in good agreement with the experimental
results. The simulation curves reproducing the experimental
profiles, such as fluctuation characteristics and maximum
value, and the relative errors are mainly between +10%,
except for some local strain regions, such as the initial
stage and the region of the nominal strain close to 0.4.
The mechanical properties of the nonpneumatic tire
samples within the range of 0-0.40 of the nominal
strain are focused in this article.

4 Results and discussion

4.1 Vertical bearing capacity

As shown in Figure 4, the stress—strain curves of non-
pneumatic tires show a nearly linear increase with the
vertical deformation in the initial loading stage, which
was similar to that presented in refs [4,20,22]. As described
in the study by Gibson and Ashby [38] for cell structures,
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Figure 7: Characterization parameters of the vertical bearing capacity and energy absorption performance of the nonpneumatic tire
samples. (a) Schematic diagram of parameter calculation and (b) experimental results normalized to the values of the honeycomb tire.

the stress—strain curve of the nonpneumatic tires measured
in this work, after the initial loading stage, fluctuates as the
deformation increases. That is visible in Figure 4 for honey-
comb, Tweel, and Tweel-2 tires beyond point 2, and for
saddle tire beyond point 3.

Referring to the performance evaluation indexes of
the cell structure, in this article, elastic modulus, yield
strength, and absorbed energy are used as the quantita-
tive characterization parameters of the vertical bearing
capacity and the energy absorption and damping perfor-
mance of the nonpneumatic tire samples (Figure 7(a)). At
the initial near-linear stage of the nominal stress—strain
curve, a tangent line to the initial near-linear segment of
the test curve is drawn, and it intersects with the coordi-
nate axis at a point (g, 0). With (g, + 0.2%, 0) as the
starting point, a straight line parallel to the tangent line is
drawn and intersects with the o—¢ curve at the point
(&5,05). 05 represents the yield strength of the sample.
The slope of a cord of two points where the stresses are
0.105 and 0.505 on the o-¢ curve is taken as the elastic
modulus E of the sample according to National Standards
GBT 22315-2008. When ¢ > 05, the strain stage where the
stress oscillates is entered. If friction loss or the like is
neglected, the work done by an external force under a
quasi-static loading condition will be completely trans-
formed into the energy absorbed by the structure and
stored in the form of strain energy. The integral area under
the nominal stress—strain curve is the energy absorbed by
per unit volume of the material. When the nominal strain
is &g, the total energy absorbed by the structure is equal to

j;oo(e)de multiplied by the total material volume of the

nonpneumatic tire.

Based on the nominal stress—strain curves obtained
from the experiments (solid lines in Figure 4), the charac-
terization parameters of the vertical bearing performance

of the four nonpneumatic tire samples are calculated as
listed in Table 1, and the performance parameters of the
Tweel, Tweel-2, and saddle samples were normalized with
the vertical bearing performance parameters of the honey-
comb sample as shown in Figure 7(b). Among the four
samples, the honeycomb sample had the lowest elastic
modulus. The elastic modulus of the Tweel sample was
about 1.6 times that of the honeycomb sample, but the
yield strength and absorbed energy were lower than those
of the honeycomb sample, only about 0.6 times those of the
latter. Two newly designed nonpneumatic tires, Tweel-2 and
saddle, achieved the original design intention that effectively
improve the vertical bearing capacity and the energy-
absorbing capacity of the nonpneumatic tires, without
increasing the relative density of the samples. Compared
with the Tweel sample, the elastic modulus of the Tweel-2
sample increases slightly due to the increase of the circum-
ferential element in the middle of the spoke, and the yield
strength and absorbed energy were increased by more
than 40%. The elastic modulus of the saddle sample
with the hyperbolic paraboloid design on the spoke was
2.0 times that of the honeycomb sample, approximately
that of the Tweel sample, and the yield strength and
energy absorbed of the saddle sample were significantly
improved, 2.4 times that of the honeycomb sample and 4
times that of the Tweel sample, respectively.

Table 1: Vertical bearing performance parameters of the four non-
pneumatic tire samples

Characterization Honeycomb Tweel Tweel-2 Saddle

parameters

Elastic modulus (MPa) 10.15 16.34 17.76 20.60
Yield strength (MPa) 0.51 0.30 0.45 1.21
Energy absorption (J) 3.80 2.43  3.38 9.27
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4.2 Evolution of deformable structural
layers

The analysis of the deformation process of the four
nonpneumatic tire samples was obtained from the FE
models, and the corresponding stress in the spokes is
shown in Figure 5. The spokes of the nonpneumatic tire
are the main bearing components under vertical com-
pression. The spokes on the central axis first participate
in the bearing, then the spokes on both sides. The differ-
ence is that the spokes of Tweel, Tweel-2, and honeycomb
tires mainly bend and fold in the yoz plane, while the
spokes of the saddle show necking in the xoy plane of
the middle section.

As the nominal strain reaches 0.014, 0.061, 0.088,
0.269, and 0.335 at strain points @ to ® of Tweel in
Figure 4(a), respectively, the spokes No. 1, No. 2, No. 3,
No. 4, and No. 5 of the Tweel tire participate in the
bearing in turn (Figure 5(a)). During compression, these
spokes generate different degrees of bending deformation
in the yoz plane, and there are significant stress concen-
trations at both ends and centers of the spokes. As the
nominal strain reaches 0.014, 0.061, 0.104, 0.280, and
0.358 at strain points @ to ® of Tweel-2 in Figure 4(a),
respectively, the spokes No. 1, No. 2, No. 3, No. 4, and No.
5 of the Tweel-2 tire participate in the bearing in turn
(Figure 5(b)). For Tweel-2 tire, during compression, the
outer rings of these spokes generate different degrees of
bending deformation in the yoz plane until they are com-
pacted, and there are significant stress concentrations at
both ends and centers of the outer rings, while the inner
rings basically maintain the initial configuration, and the
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stress distribution is relatively uniform. As the nominal
strain reaches 0.016, 0.089, and 0.309 at strain points @,
®, and ® of honeycomb in Figure 4(b), respectively, the
spokes No. 1, No. 2, and No. 3 of the honeycomb tire
participate in bearing in turn (Figure 5(c)). During com-
pression, the corrugated plate spokes are folded and
buckled in the plane, and stress concentrations occur at
the corners, and the deformation of the bearing spokes is
restrained by the adjacent spokes due to the connection
of the circumferential elements. As the nominal strain
reaches 0.016, 0.041, and 0.211 at strain points @, @,
and ® in Figure 4(b), respectively, the spokes No. 1,
No. 2, and No. 3 of the saddle tire participate in the
bearing in turn. During compression, necking occurs in
the middle of the spoke in the xoy plane, and stress con-
centration occurs in the necking area and the lower
end part.

During the bearing process, the bending deformation
of the spoke increases. The bent spoke can bear less ver-
tical load than its initial state, which leads to the decrease
of the vertical load that the whole tire sample can bear.
As the adjacent spokes participate in the bearing, the
vertical load that the sample can bear is improved. This
is the main reason for the oscillation in the nominal
stress—strain curve of the tire sample (Figure 4). In addi-
tion, there is an overlap between the spokes of the saddle
tire. When the bearing capacity of the spoke that plays
the dominant role in the vertical bearing is slightly
reduced, the adjacent spokes have participated in the
bearing, which is one of the reasons why the yield stress
and the plateau stress of the saddle tire are much higher
than those of the other three kinds of tires.
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Figure 8: Percentage of the stored strain energy relative to the total strain energy under quasi-static uniaxial compression for (a) spokes,
divided into two groups: spokes 1-3 and the rest; (b) circumferential units and treads of tire samples.
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4.3 Strain energy analysis

Figure 8 shows the percentage of the strain energy stored
in each component of the tire sample (spokes, treads, and
circumferential units) to the total strain energy during the
bearing process. With the increase of the nominal strain,
the percentages of the strain energy stored in spokes No. 1
to No. 3 decrease slowly, but are always higher than 70%
(Figure 8(a)), and the percentages of the strain energy
stored in the other spokes, the circumferential elements,
or the outer tread are always lower than 15%. In other
words, most of the energy transformed from the work
done by the external force is absorbed by spokes No. 1
to No. 3.

The evolution of the strain energy stored in spokes
No. 1, No. 2, and No. 3 are shown in Figure 9(a)—(c),
respectively. The strain energy stored in each spoke
increases monotonously with the increase of the defor-
mation of the sample. The distances between spokes No. 1,
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No. 2, and No. 3 and the central axis increase, while the
deformation degrees of the spokes after participating
in the bearing decrease in turn, and the stored strain
energy also decreases. The strain energy stored in each
spoke of the Tweel-2 tire is higher than that of the Tweel
tire. The strain energy stored in the circumferential ele-
ment itself is less, which accounts for less than 2% of
the total strain energy of the Tweel-2 tire (hollow trian-
gles in Figure 8(b)). However, the circumferential ele-
ments strengthen the deformation coordination among
the spokes and increase the critical bearing capacity of
the spokes by shortening the length of the deformation
zone, so that more external force work is consumed under
the same vertical deformation condition, thus improv-
ing the energy absorption performance of single spoke
and the whole tire. Therefore, the energy absorption per-
formance of the Tweel-2 tire is better than that of the
Tweel tire. The strain energy stored in each spoke of the
honeycomb tire is slightly higher than that of the two
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Figure 9: Strain energy stored in spoke, obtained from the FE models: (a) No. 1, (b) No. 2, and (c) No. 3.
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Tweel tires. In addition to strengthening the deformation
coordination among the spokes, the circumferential ele-
ment of the honeycomb tire also has a certain degree of
deformation, which accounts for 14% of the total strain
energy of the honeycomb tire (hollow squares in Figure
8(b)). This makes the energy absorption property of
honeycomb tire better than the Tweel and Tweel-2 tires.

DE GRUYTER

The strain energy stored in spokes No. 1 or No. 2 of saddle
tire is much higher than that of other spokes. When the
nominal strain is 0.4, the strain energy stored in spokes
No. 1 and No. 2 of the saddle tire is about 2.4 ], which is
six times that of the other spokes. This fully demonstrates
the high energy absorption performance of the hyper-
bolic parabolic panel.
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Figure 10: Strain energy field of spokes No. 1, No. 2, and No. 3 at different time points for (a) Tweel; (b) Tweel-2; (c) honeycomb; and
(d) saddle tire FE models. The honeycomb ® corresponds to the nominal strain of 0.139, which is chosen as the first time point, and there is
no element failure in the four tire samples.
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Based on the strain energy fields of spokes No. 1 to
No. 3 of the tire obtained from numerical simulation
(Figure 10), the strain energy distribution of the spokes
along the radial direction (Figure 11) was counted. Spe-
cifically, the initial configuration of the spoke was equally
divided into 20 parts along the radial direction, and the
sum of the strain energy of all elements in each equally
divided area was calculated, and the abscissa was the
distance between the midpoint of each area and the outer
wall of the inner ring, divided by R-r-t; for normalization.
During the bearing process, the Tweel, Tweel-2, and honey-
comb tires have obvious strain energy concentration
areas, which are located at the ends and centers of the
spokes (Figure 10(a)), the end and centers of the outer
rings of the spokes (Figure 10(b)), and the corrugation cor-
ners of the spokes (Figure 10(c)), respectively. With the
increase of the nominal strain of the sample, the bending
or folding degree of the spokes increases, while the position
of strain energy concentration remains unchanged, and the
value increases greatly (Figure 11(a)—(c)). Different from the
former three kinds of tires, when the nominal strain is
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smaller, such as 0.156, the strain energy of the saddle tire
is almost uniformly distributed along the radial direction,
and there is no obvious strain energy concentration area.
With the increase of the nominal strain, strain energy con-
centration occurs at the center of spoke No. 1, the center and
lower part of spoke No. 2, and the lower part of spoke No. 3,
and the strain energy level of each point in the spoke
increases at the same time (Figures 10(d) and 11(d)). Accord-
ingly, due to the structural design of the saddle, more mate-
rial in the sample deforms and participates in the energy
absorption, and thus, the saddle tire achieves the optimal
deformation energy absorption performance.

4.4 Quasi-static load performance
improvement mechanism

Based on the vertical stress fields of spoke No. 1 at the
moment before and after failure (Figure 12), the maxi-

mum vertical compressive stress, referring to the
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Figure 11: Radial distribution curves of strain energy of (a) Tweel; (b) Tweel-2; (c) honeycomb; and (d) saddle tire samples.
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represent the nominal strain at the moment before failure.

maximum absolute value, along the radial direction of
the tire spoke was calculated (Figure 13). Similarly, the
initial configuration of the spokes was divided into 20
radial parts, the maximum vertical compressive stress
of all elements in each equal region was calculated,
and the abscissa was the distance between the midpoint
of each area and the outer wall of the inner ring, divided
by R-r-t; for normalization.

The common characteristics of the deformable struc-
tural layers of honeycomb, Tweel, and Tweel-2 tires are that
the projection of different cross sections on the yoz plane is
the same, and the stress field distribution of each spoke at
different yoz cross sections is similar. When the equivalent
strain of a certain element in the stress concentration zone
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reaches the fracture strain, a cascade failure of the element
along the x-axis will occur subsequently (Figure 12(a)—(c)),
leading to a decrease in the overall vertical compressive
stress of the spoke (Figure 13).

Different from the former three kinds of tires, the
saddle tire has different projections on the yoz plane
with different cross sections of the deformable structure
layer, and the stress field distribution of each spoke with
different yoz cross sections varies greatly. When an ele-
ment in the middle neck region of the spoke fails, no
x-direction cascade failure occurs, and the failure ele-
ments are only distributed in a small amount along the
direction of the main parabolic p; in the neck compres-
sion region (Figure 12(d)). When the element fails, the
vertical compressive stress in the vicinity of the element
continues to increase until the nominal strain reaches
0.189, and the vertical compressive stress reaches the max-
imum. Subsequently, the failure elements in the necking
area were further increased, and the vertical compressive
stress levels in each area decreased (Figure 13). In addition,
at the moment before the failure of spoke No. 1, the max-
imum vertical compressive stress of the spoke of the saddle
tire was much higher than that of the other three structures.
In other words, the spatial configuration of the hyperbolic
paraboloid can optimize the spatial stress distribution and
effectively improve the yield strength and energy absorption
properties of the saddle tire in the bearing process.

5 Conclusions

Two new nonpneumatic tires, Tweel-2 and saddle, were
designed and 3D printed for study in this article. Based on



DE GRUYTER

the static compression experiment and finite element
numerical simulation, the mechanism of improvement
in vertical bearing capacity and energy absorption per-
formance of nonpneumatic tire was studied.

Based on Michelin Tweel tire, the design of the cir-
cumferential unit was introduced in Tweel-2 tire. It was
found that the circumferential unit can strengthen the
deformation compatibility between the spokes by short-
ening the length of the deformation area. This leads to
the improvement in the critical bearing capacity of the
spokes and more external work consumed under the
same vertical deformation. Therefore, the energy absorp-
tion of a single spoke and the whole tire is improved, and
the energy absorption performance of Tweel-2 is better
than Tweel tire. The yield strength and absorbed energy
of the Tweel-2 tire are 1.4 times higher than those of
Tweel tire with similar elastic modulus.

By using the bionic design concept of flexible biolo-
gical spring for reference, the spoke was designed as a
hyperbolic paraboloid, and the saddle tire was proposed
for the first time. The spatial configuration of the hyper-
bolic paraboloid can optimize the spatial distribution
of stress and make more materials deform and participate
in energy absorption. The strain energy distribution of
spokes is more uniform under compression, and the overall
strain energy level of spokes is improved, thus effectively
improving the yield strength and energy absorption of the
tire. Under the same relative density, the elastic modulus of
saddle tire is about twice that of honeycomb tire and similar
to that of Tweel tire. The yield strength and absorbed energy
are approximately 2.4 times and 4 times those of the honey-
comb and Tweel tires, respectively.
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