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Abstract; Mechanical elastic wheel (ME-wheel) is a new type of non-inflatable safety tyre, and the structure is sig-
nificantly different from traditional pneumatic tyre. In order to investigate cornering properties of ME-wheel, ex-
perimental research on mechanics characteristics of ME-wheel under steady-state cornering conditions are carried
out. The test of steady-state cornering properties of ME-wheel at different experimental parameter conditions is
conducted by test bench for dynamic mechanical properties of tyre. Cornering property curves are used to analyze
the steady-state cornering properties of ME-wheel, namely the variation tendency of lateral force or aligning torque
with the increase of side-slip angle. Moreover, evaluation indexes for cornering properties of ME-wheel are extrac-
ted and the effect of different experimental parameters (including vertical load, friction coefficient, and speed) on

cornering properties of ME-wheel is contrastively analyzed. The proposed research can provide certain reference to
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facilitate structure parameters and cornering properties optimizing process of ME-wheel.
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0 Introduction

Tyre is an important part of vehicle, which
affects driving performance of vehicle. With the
growing requirements of improving vehicle safety
performance, safety problems existing in pneu-
matic tyres such as puncture and blasting are in-
creasingly prominent, and study on tyre safety
technology is also growing. According to related
research, tyre safety technology can be divided in-
to two main categories, namely run-flat technolo-

(3] and non-pneumatic technology™”. The

gy
former refers to improving safety performance of
traditional pneumatic tyres, without changing
basic structures and performance of pneumatic
tyres. The latter refers that tyres replace encap-
sulated pressurized air in pneumatic tyres with
elastic structure, which makes the tyres not

pricked or punctured. The development of non-

pneumatic tyres (NPTs) 1is increasingly being
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concerned, owing to potential advantages over
pneumatic tyres in terms of no run-flat, no need
of air pressure maintenance, and low rolling re-
sistance. NPTs' advantages decide their usage in
vehicles of military, engineering, and so on. The
proposed mechanical elastic wheel (ME-wheel) is
a kind of NPTs.

Based on theoretical analysis, numerical sim-
ulation or experimental methods, a lot of research
work on mechanical properties of NPTs has al-

1 [4]

ready been carried out. Rhyne et a analyzed

load-bearing  deformation  characteristics  of

™ Gasmi et al. ™ presented a quasi-static

Twee
two-dimensional analytical model for a compliant
non-pneumatic tire to study the effect of structure
parameters on contact patch, vertical stiffness
and rolling resistance. Veeramurthy et al. ™ in-
vestigated the effect of geometric and material pa-

rameters of a NPT on rolling resistance, vertical
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stiffness and contact pressure. Ju et al. " studied
a non-pneumatic tire with flexible cellular solid
spokes for realizing high fatigue resistance de-
sign. Dynamic properties were also studied to re-
duce vibration during an NPT's high speed roll-

sl i et al. ™ presented a driving force

ing
model for non-pneumatic elastic wheel.

Despite numerous studies on mechanical
properties of NPTs, such as vertical, longitudi-
nal, contact characteristics, and so on, there is
little research on lateral mechanical properties of
NPTs, especially cornering characteristics. Tyre
cornering properties, namely the relationship be-
tween lateral force or aligning torque and side-slip
angle at cornering conditions, are main influence
factors of vehicle handling stability perform-

ancet’™

. At the same time, tyre cornering prop-
erties also affect useful life and wear resistance
property of tyres. Therefore, it is important to
investigate cornering properties of ME-wheel for

both theoretical analysis and practical application.

1 Structure and Load-Carrying
Mechanism of ME-wheel

ME-wheel consists of tyre bead, hinge-
groups, rigid hub and other components, as
shown in Fig. 1. Breaking traditional separated
design between pneumatic tyre and wheel, ME-
wheel adopts non-pneumatic structure which uses
hinge-groups to connect tyre bead and rigid hub.
So it seems impossible for ME-wheel to burst or
be punctured. Tyre bead is made of rubber layer
and elastic ring group which is packed in the rub-
ber layer. Elastic ring group consists of elastic
rings and elastic ring clamps which are circumfer-
ential distribution with uniform angle around
elastic rings. Hinge-group is made up of three
hinges, and its length is slightly larger than the
fit clearance. Rigid hub is placed in the middle of
tyre bead, and it hangs on tyre bead with hinge-
groups, so it is also called hang hub.

According to load-carrying mechanism, there

are two bearing ways for the wheels and tyres.,

Tyre bead
Hinge-group

Rubber layer Rigid hub

Elastic rings

Elastic ring
clamps

Fig. 1 Basic components of ME-wheel

namely bottom-loader and top-loader, as shown
in Fig. 2. Bottom-loader carries load through di-
rect compression from the contact area to wheel
hub. Therefore, only a small part of the wheel is
involved in carrying the load at any instant. The
typical structure of bottom-loader is rigid wheels
and solid tyres. The typical structure of top-load-
er is tensioned spoke wheel. A small deformation
of the rim by the contact force reduces the spoke
tension locally. The vector sum of the spoke ten-
sions gives the load carried by the wheel. The
load is thus suspended from the arch of the wheel
above the hub. All of the structure is involved in
carrying the load at each instant. The above anal-
ysis shows that ME-wheel functions as a top-
loader, namely the load is distributed from rigid
hub up through the hinge-groups to the arch of
tyre bead.

Ir [e

(a) Bottom-loader (b) Top-loader

Fig. 2 Load-carrying mechanism of traditional wheels

The deformation diagram of ME-wheel under
vertical and lateral force is shown in Fig. 3. When
ME-wheel bears vertical load, tensile force which
transfers from hub by hinge-groups to elastic ring

acts on upper part of tyre bead, while ground re-
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action force acts on lower part. These forces
make tyre bead elastic deformation from circle to
similar ellipse. Though there is no force acting on
the hinge-groups around contact area, they curve
naturally which caused by the deformation of tyre
bead. Other hinge-groups are subjected to ten-
sion. When ME-wheel bears lateral force from
the ground, lateral deformation of hinge-groups
does not occur due to the design of horizontal con-

figuration. Only tyre bead around contact area

generates lateral deformation.

Fig. 3 Deformation diagram of elastic mechanical wheel

under vertical and lateral force

2 Experimental Design of Steady-
State Cornering Properties of ME-
wheel

2.1 Test facility

The basic structure of test bench for dynamic
mechanical properties of tyre is presented in
Fig. 4. It is mainly composed of drive motor, ver-
tical loading mechanism, angle governing mecha-
nism, sliding plate, guide rail and test data acqui-
sition system. It is up to drive motor to realize
right and left translation of sliding plate. The
vertical loading mechanism is used to complete
the loading in vertical direction of tyre. The angle
between tyre and guide rail is adjusted through
angle governing mechanism. The different fric-
tion coefficient of road surface is simulated
through sliding plate. Test data acquisition sys-
tem is made up of several parts, including three
dimension force sensors, torque sensor, digital
display meter, and so on. Three dimension force
sensor can measure the vertical loading and lateral
force of tyre, and torque sensor can measure the

aligning torque of tyre.

(2 I

" Vertical loading

‘ mecﬁism
~Angle goverriing
mechanism

ME-wheel

Fig. 4 Basic structure of test bench for dynamic mechan-

ical properties of tyre

The test bench about dynamic mechanical
properties of tyre is used to complete the corne-
ring experiment, its basic principles is introduced
as following. Test tyre is adjusted to a certain an-
gle, namely the side-slip angle, by angle gover-
ning mechanism. The wheel is employed to im-
pose the specified vertical load F. through vertical
loading mechanism. The specified vertical loading
F. are strictly restricted by the collected data
from three dimension force sensors. Drive motor
drives the sliding table from side to the other side
as a certain speed. The sampling ranges in the
sliding plate are set. Three dimension force sen-
sor is used to gathering cornering force F,, and
torque sensor is used to gathering aligning torque
M.. Multiple sets of tests are carried out by re-
peating the steps according to the above predic-
ting procedure. In particularly, it should smear a
layer of talc evenly over the sliding plate to main-

tain uniform and stability of friction force.
2.2 Experimental content

The test of steady-state cornering properties
of a certain type of ME-wheel has been carried out
by the test bench for dynamic mechanical proper-
ties of tyre, as shown in Fig. 4. It needs to be ex-
plained that the test at different speeds is conduc-
ted on the tire high speed characteristic test plat-
form of a certain enterprise. The basic structural

parameters of ME-wheel in test include the nomi-
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nal outside diameter and sectional width of tyre
bead, the value is 940 mm and 315 mm, respec-
tively.

The specific content of test is as follow: (1)
The mechanical properties of ME-wheel in the
condition of steady-state cornering; (2) different
experimental parameters are set to research their
effects on cornering properties of ME-wheel. The
specific settings of working condition in test are

listed in Table 1.

Table 1 Experimental parameters of steady-state cornering

Experimental parameters Value
Side-slip angle /(%) 0—20
Vertical loading /kN 10, 15, 20
Friction coefficient 0.47, 0.79
Velocity of slipway /(km +« h™") 20, 40, 60
Heeling angle /() 0
Longitudinal slippage ratio 0

3 Results and Discussion

3.1 Steady-state cornering properties of ME-

wheel

Experimental results of steady-state corne-
ring characteristics of ME-wheel at different ver-
tical load conditions are shown in Fig. 5.

The results as shown in Fig. 5(a) reveal that
under the condition of vertical load F. =15 kN,
lateral force F, increases linearly with the increase
of side-slip angle a. When side-slip angle is bigger
than about 8°, lateral force increases slowly.
With side-slip angle continues to increase, lateral
force is close to its limit. In other conditions, the
relation curves of F,-¢ show similar trend, while
the limit value changes with diffident vertical
load. The main causes of change trend are as fol-
lows: (1) With a certain vertical load, lateral dis-
tributive stiffness and contact length of ME-wheel
remain unchanged, so cornering stiffness basic re-
mains unchanged, as a result, when side-slip an-
gle is small, lateral force has approximate linear
increase with the augment of side-slip angle; (2)
with the increase of side-slip angle, lateral force
increases to the limit, namely the maximum fric-

tion between wheel and road surface; (3) the
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Fig. 5  Steady-state cornering characteristics of ME-

wheel at different vertical load conditions

side-slip angle continues to increase, lateral force
no longer increases and side sliding of ME-wheel
occurs.

The results as shown in Fig. 5(b) reveal that
aligning torque M, presents nonlinear variation
with the increase of side-slip angle «. When side-
slip angle is 0°—4°, aligning torque increases rap-
idly with the increase of side-slip angle. When
side-slip angle is around 4°, aligning torque at-
tains to the maximum. When side-slip angle in-
creases from 4° to 12°, aligning torque decreases
sharply. As side-slip angle increases sequentially,
aligning torque declines slowly. The trend of M.-
« relation curves are similar in other conditions,
while vertical load affects the maximum of
aligning torque, namely the maximum of aligning

torque gets bigger with vertical load grows. The

main causes of change trend are as follows: (1)
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When the side-slip angle is small, with the in-
crease of side-slip angle, lateral strain of tyre
bead unit in the contact area increases, lateral
stress also increase, so that resultant of lateral
stress generates backward-shift and wheel trail
increases, then aligning torque increases; (2)
with the increase of side-slip angle, lateral strain
of tyre bead reaches limit, and the wheel starts
slippage; (3) side-slip angle continues to in-
crease, slip area extends forward, which makes
resultant of lateral stress generates forward-shift,
wheel trail decreases, and aligning torque decrea-
ses; (4) when all contact area begins to slip,
wheel trail decreases to zero or negative, then a-

ligning torque reduces to zero or negative.

3.2 Influence of experimental parameters on

wheel cornering properties

It can be obtained the experimental data of
tire cornering under different experimental pa-
rameters by the test of ME-wheel steady state
cornering performance. The test data is processed
and the characteristic curves are drawn. Charac-
teristic curves under different experimental pa-
rameters show that the trend of lateral force and
aligning torque along with the change of side-slip
angle is basically the same. Cornering stiffness,
aligning stiffness, the peak of lateral force and a-
ligning torque are chosen from cornering proper-
ties curves as evaluation indexes of cornering
properties. The evaluation indexes are used to re-
search the specific influence of different experi-
mental parameters on cornering properties of ME-
wheel.

The comparison of evaluation indexes for the
cornering characteristics of ME-wheel under dif-
ferent vertical load is shown in Fig. 6. Cornering
stiffness, aligning stiffness, the peak of lateral
force and aligning torque of wheel are affected by
vertical load. With the increase of vertical load,
cornering stiffness, aligning stiffness, the peak of
lateral force and aligning torque of wheel increase
in all. The main causes of change trend are as fol-
lows: (1) With the increment of vertical load, lat-

eral stiffness of ME-wheel increases, so that lat-

eral force needs to generate the corresponding
side-slip angle increase, thus cornering stiffness
increases; (2) with the increase of vertical load,
{riction coefficient decrease, but the decrease am-
plitude is significantly less than the increase am-
plitude of vertical load, so lateral force peak in-
creases with the increment of vertical load; (3)
with the increase of vertical load, contact length
increases, wheel trail increases, cornering stiff-
ness and lateral force are increased as well, so are

aligning stiffness and aligning torque peak.

Aligning
torque peak/
(N * m)

Cornering Lateral force Aligning

Fig. 6 Comparison of evaluation indexes for cornering

characteristics of ME-wheel at different vertical

load

The comparison of evaluation indexes for the
cornering characteristics of ME-wheel on different
friction coefficient is presented in Fig. 7. It may
be seen that friction coefficient has significant in-
fluence on the peak of lateral force and aligning
torque of wheel, yet which has no obvious influ-
ence on the cornering stiffness and aligning stiff-
ness. With an increase in the friction coefficient,
the peak of lateral force and aligning torque in-
creases evidently, while the cornering stiffness
and aligning stiffness remain almost no changes.
The main causes of change trend are as follows.
Lateral force peak is equal to vertical load and
friction coefficient. Friction coefficient increases,
lateral force peak increases, aligning torque also
increases. Under the working condition of small
side-slip angle, friction coefficient has no effect
on the lateral force and contact length, so corne-
ring stiffness and aligning stiffness remain un-

changed.
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Aligning
stiffness/ torque peak/
N-()) N-m

Cornering Lateral force Aligning

stiffness/ peak /N
™=

Fig. 7 Comparison of evaluation indexes for the corne-

ring characteristics of ME-wheel at different fric-

tion coefficient

The comparison of evaluation indexes for the
cornering characteristics of ME-wheel on different
speed is shown in Fig. 8. It can be seen that the
speed has little influence on cornering properties
of wheel at low speed; Evaluation indexes for the
cornering characteristics remain almost the same
with the rate increase. At high speed, the speed
has significant influence on the peak of lateral
force and aligning torque, but it has little influ-
ence on the cornering stiffness and aligning stiff-
ness. The peak of lateral force and aligning
torque has an evidently decreasing tendency, and
the cornering stiffness and aligning stiffness re-
main almost no changes. The main reason appea-
ring this kind of situation is that the friction coef-
ficient reduces between the ME-wheel and slip-
way with the speed increases in high rate working

condition.

20km/h 40km/h 60 km/h

Aligning
stiffness/ torque peak/
(N-()H) (N-m

Cornering Lateral force Aligning

stiffness/ pcak /N
(N - ()
Fig. 8 Comparison of evaluation indexes for the corne-

ring characteristics of ME-wheel at different

speeds

4 Conclusions

In this paper, experimental methods are used
to investigate steady-state cornering properties of
ME-wheel. The major conclusions are as follows:

(1) Lateral force and aligning torque of ME-
wheel present nonlinear variation with the change
of side-slip angle. With the increase of side-slip
angle, lateral force first linearly increases and
then remains the limit, aligning torque first in-
creases and then decreases. When side-slip angle
is about 4°, aligning torque attains to the maxi-
mum.

(2) Vertical load has a significant influence
on cornering properties. With the increase of ver-
tical load, cornering stiffness, aligning stiffness,
peak of lateral force and aligning torque increase
in all.

(3) Friction coefficient and speed have a cer-
tain influence on cornering properties. With an
increase in friction coefficient, the peak of lateral
force and aligning torque of wheel increases. At
high speed, with the speed increases, the peak of
lateral force and aligning torque has an evidently
decreasing tendency, and cornering stiffness and

aligning stiffness remain almost no changes.
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