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WO 2018/227276 PCT/CA2018/050534

WHEEL COMPRISING A NON-PNEUMATIC TIRE

CROSS-REFERENCE TO RELATED APPLICATION

This application claims priority from U.S. Provisional Patent Application 62/520,227 filed

on June 15, 2017 and incorporated by reference herein.

FIELD

This disclosure relates to non-pneumatic tires (NPTs) for vehicles (e.g., industrial
vehicles such as construction vehicles; agricultural vehicles; all-terrain vehicles;
automobiles and other road vehicles; etc.) or other devices, including to performance

metrics and test methodologies for materials used to make NPTs.

BACKGROUND

Non-pneumatic tires (NPTs) have advantages over pneumatic tires because they
cannot fail due to air pressure loss. However, NPTs may suffer in performance relative
to pneumatic tires. For example, NPTs may often be less compliant or heavier or more

expensive.

Historically, NPTs have functioned in compression, with contact patch forces
transmitted via compression. An example is a so-called “solid” tire, such as those used
in fork lift trucks. Improvements in compression-based NPTs usually involve creating a
structure in the tire, such as holes or recesses, thereby adding compliance and
removing weight. Examples of tires that embody such concepts notably include U.S.
Patents 4,921,029, 5,023,040, 8,056,593 and 5,223,599 among others.

NPTs that work primarily in tension have also been developed. U.S. Patents 8,104,524,
6,769,465 and 7,013,939 disclose NPTs comprising a circumferentially reinforced band
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connected to a central hub via deformable connecting elements that function primarily in
tension. Such tension-based NPTs hold promise for being able to function more

similarly to pneumatic tires.

More recently, a tension-based NPT has been disclosed that may not comprise
circumferential reinforcement. U.S. Patent 9,751,270 discloses a NPT comprising an
annular beam that may not comprise circumferential reinforcement. Instead, complex
geometries are disclosed that enable a composite-like response to a structure that can

be constructed from isotropic materials, including elastomers.

Reinforced elastomers, such as cord/rubber composites, may resist tension-induced
crack propagation by virtue of presence of reinforcement. Mechanics of crack
propagation indicate that cracks tend to grow in a direction perpendicular to an applied
oscillating tensile force. An annular beam that bends in a contact area of an NPT with a
surface develops tensile stresses in its circumferential direction. Thus, circumferential
reinforcement may inhibit formation and propagation of cracks across the annular beam
in its lateral direction. Prior disclosures of NPTs with reinforced circumferential bands

show these types of cord/elastomer architectures.

Without reinforcement, an elastomeric material used to make a tension-based NPT
should intrinsically be strongly resistant to crack propagation. The material should have
a modulus of elasticity sufficient to carry the stress with appropriately small strains, yet
simultaneously resist crack formation and propagation. Unlike NPTs that work in
compression, such tension-based NPT may have thinner cross sections that work in
tension, thereby further heightening importance of tension-induced crack propagation

resistant materials.

Some compression-based NPT patent applications reference materials with a
combination of favorable material properties and unique process-related characteristics.
U.S. Patent Application Publication 2009/0110894 discloses cast polyurethane (PU)

formulations having good flex fatigue, hysteresis, and abrasion performance, while
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giving process requirements that are favorable for large, thick-walled compression-
based NPTs. The polyurethane formulation may enable a long pot life, with the curing

reaction triggered only when a certain elevated temperature is reached.

Tension-based fatigue performance is not disclosed in U.S. Patent Application
Publication 2009/0110894; rather, flex-based fatigue performance is disclosed as it may
be sufficient for compression-based NPTs, but such flex-based fatigue performance is
insufficient for tension-based NPTs, as discussed later herein. Modulus values
disclosed in that publication are several (e.g., three to five) times less than values which
may be necessary for tension-based NPTs. Processing characteristics are disclosed in
that publication which are favorable for large parts with thick cross-sections used in
compression-based NPTs. For such parts, it may be advantageous to fill the entire
mold with a prepolymer that is already mixed with a blocked curative, then heat the
entire, filled mold to a high temperature that triggers reaction. Relative to traditional cast
PU tolylene diisocyanate (TDI) formulations, this process is more complicated. For a
conventional PU, the exothermic curing reaction occurs due to mixing of the prepolymer
and curative, regardless of mold temperature. Precise control and uniformity of mold
temperature are not required. Furthermore, heating, cooling, then reheating a mold

may hurt cycle time and increase costs.

Tension-based NPTs have relatively thin cross-sections, and have different processing
needs than thick-walled compression-based NPTs. On its face, what makes U.S. Patent
Application Publication 2009/0110894 interesting for thick compression-based NPTs
would make it uninteresting for tension-based NPTs. Therefore, based on data
contained in U.S. Patent Application Publication 2009/0110894, there would be no

incentive to use materials from this class of elastomer in tension-based NPTs.

Still other prior disclosures address other elastomer material specifications related to
fatigue. However, these specifications have addressed flex fatigue, not tension fatigue.
For example, U.S. Patents 4,921,029 and 5,023,040 specify a preferred level of
Demattia Flex Fatigue (ASTM D813) or Texus Flex (ASTM-E3629-78). Cantilevered
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Beam Flex Test (ASTM D-671) is specified in U.S. Patent 9,751,270. Still other
documents specify values of hardness, hysteresis, and/or ultimate strain to failure. None
of these tests address a fundamental crack propagation rate of a material in presence of

an oscillating tensile stress.

For these and other reasons, there is a need for improvements in NPTs for vehicles and

other devices, including in material performance and specifications.

SUMMARY

According to various aspects of this disclosure, there is provided a wheel for a vehicle
(e.g., a construction vehicle, an all-terrain vehicle, or other off-road vehicle) or other
device, in which the wheel comprises a non-pneumatic tire that may be designed to
enhance its use and performance, including, for example, to be able to be used longer
and/or in more challenging conditions, such as, for instance, by being more resistant to
cracking or other damage which could lead to premature failure (e.g., due to
manufacturing artifacts and/or rocks and other hazards that can cut, chip, or tear it
during use). The non-pneumatic tire comprises an annular beam configured to deflect at
a contact patch of the non-pneumatic tire and an annular support extending radially
inwardly from the annular beam and configured to support loading by tension. An
elastomeric material of at least one of the annular beam and the annular support may
have selected properties, including greater crack propagation resistance when subject

to tensile stress.

For example, according to an aspect of this disclosure, there is provided a non-
pneumatic tire comprising an annular beam that is elastomeric and configured to deflect
at a contact patch of the non-pneumatic tire as the non-pneumatic tire rolls on a ground
surface. The non-pneumatic tire comprises an annular support that is elastomeric,
extends radially inwardly from the annular beam and is configured to deform such that,
when the non-pneumatic tire is loaded, an upper portion of the annular support above

an axis of rotation of the non-pneumatic tire is in tension. A crack propagation rate of an
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elastomeric material of at least one of the annular beam and the annular support is no

more than 1e-4 mm/cycle at a strain energy release rate of 3 N-mm/mm?.

According to an aspect of this disclosure, there is provided a non-pneumatic tire
comprising an annular beam that is elastomeric and configured to deflect at a contact
patch of the non-pneumatic tire as the non-pneumatic tire rolls on a ground surface. The
non-pneumatic tire comprises an annular support that is elastomeric, extends radially
inwardly from the annular beam and is configured to deform such that, when the non-
pneumatic tire is loaded, an upper portion of the annular support above an axis of
rotation of the non-pneumatic tire is in tension. A crack propagation rate of a thermoset
elastomeric material of at least one of the annular beam and the annular support is no

more than 1e-4 mm/cycle at a strain energy release rate of 3 N-mm/mm?.

According to an aspect of this disclosure, there is provided a non-pneumatic tire
comprising an annular beam that is elastomeric and configured to deflect at a contact
patch of the non-pneumatic tire as the non-pneumatic tire rolls on a ground surface. The
annular beam is free of substantially inextensible reinforcement running in a
circumferential direction of the non-pneumatic tire. The non-pneumatic tire comprises an
annular support that is elastomeric, extends radially inwardly from the annular beam
and is configured to deform such that, when the non-pneumatic tire is loaded, an upper
portion of the annular support above an axis of rotation of the non-pneumatic tire is in
tension. A crack propagation rate of an elastomeric material of at least one of the
annular beam and the annular support is no more than 1e-4 mm/cycle at a strain energy

release rate of 3 N-mm/mm?.

According to an aspect of this disclosure, there is provided a non-pneumatic tire
comprising an annular beam that is elastomeric and configured to deflect at a contact
patch of the non-pneumatic tire as the non-pneumatic tire rolls on a ground surface. The
non-pneumatic tire comprises an annular support that is elastomeric, extends radially
inwardly from the annular beam and is configured to deform such that, when the non-

pneumatic tire is loaded, an upper portion of the annular support above an axis of
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rotation of the non-pneumatic tire is in tension. The annular support comprises a
plurality of spokes and each of the spokes extends freely from the annular beam
towards a hub for at least a majority of a radial distance between the annular beam and
the hub. A crack propagation rate of an elastomeric material of at least one of the
annular beam and the annular support is no more than 1e-4 mm/cycle at a strain energy

release rate of 3 N-mm/mm?.

According to an aspect of this disclosure, there is provided a non-pneumatic tire
comprising an annular beam that is elastomeric and configured to deflect at a contact
patch of the non-pneumatic tire as the non-pneumatic tire rolls on a ground surface. The
non-pneumatic tire comprises an annular support that is elastomeric, extends radially
inwardly from the annular beam and is configured to deform such that, when the non-
pneumatic tire is loaded, an upper portion of the annular support above an axis of
rotation of the non-pneumatic tire is in tension. The annular support comprises a
plurality of spokes and each of the spokes has a free span length of at least 15% of an
outer diameter of the non-pneumatic tire. A crack propagation rate of an elastomeric
material of at least one of the annular beam and the annular support is no more than

1e-4 mm/cycle at a strain energy release rate of 3 N-mm/mm?.

According to an aspect of this disclosure, there is provided a non-pneumatic tire
comprising an annular beam that is elastomeric and configured to deflect at a contact
patch of the non-pneumatic tire as the non-pneumatic tire rolls on a ground surface. The
non-pneumatic tire comprises an annular support extending radially inwardly from the
annular beam and configured to deform such that, when the non-pneumatic tire is
loaded, an upper portion of the annular support above an axis of rotation of the non-
pneumatic tire is in tension. At least one of the annular beam and the annular support
comprises a thermoset polyurethane elastomer made of a low-free MDI prepolymer

reacted with a heat-activated diamine cure.

According to an aspect of this disclosure, there is provided a non-pneumatic tire

comprising an annular beam that is elastomeric and configured to deflect at a contact
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patch of the non-pneumatic tire as the non-pneumatic tire rolls on a ground surface. The
non-pneumatic tire comprises an annular support extending radially inwardly from the
annular beam and configured to deform such that, when the non-pneumatic tire is
loaded, an upper portion of the annular support above an axis of rotation of the non-
pneumatic tire is in tension. At least one of the annular beam and the annular support

comprises a thermoplastic polyether-ester block copolymer elastomer.

According to an aspect of this disclosure, there is provided a non-pneumatic tire
comprising an annular beam that is elastomeric and configured to deflect at a contact
patch of the non-pneumatic tire as the non-pneumatic tire rolls on a ground surface. The
non-pneumatic tire comprises an annular support that is elastomeric, extends radially
inwardly from the annular beam and is configured to deform such that, when the non-
pneumatic tire is loaded, an upper portion of the annular support above an axis of
rotation of the non-pneumatic tire is in tension. The annular support comprises a
plurality of spokes, and each of the spokes extends freely from the annular beam
towards a hub. A free span length of each of the spokes is at least 15% of an outer
diameter of the non-pneumatic tire. The non-pneumatic tire comprises a tread that is
elastomeric and disposed radially outward from the annular beam. A crack propagation
rate of an elastomeric material of at least one of the annular beam and the annular
support is no more than 1e-4 mm/cycle at a strain energy release rate of 3 N-mm/mm?.
An elastomeric material of the tread is different from the elastomeric material of at least

one of the annular beam and the annular support.

According to an aspect of this disclosure, there is provided a non-pneumatic tire
comprising an annular beam configured to deflect at a contact patch of the non-
pneumatic tire as the non-pneumatic tire rolls on a ground surface. The annular beam
comprises an outer annular portion, an inner annular portion, and a shearing annular
portion between the outer annular portion and the inner annular portion that are
elastomeric and configured to cause the annular beam to deflect more by shearing than
by bending at the contact patch of the non-pneumatic tire. The non-pneumatic tire

comprises an annular support extending radially inwardly from the annular beam and
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configured to deform such that, when the non-pneumatic tire is loaded, an upper portion
of the annular support above an axis of rotation of the non-pneumatic tire is in tension.
A crack propagation rate of an elastomeric material of at least one of the annular beam
and the annular support is no more than 1e-4 mm/cycle at a strain energy release rate
of 3 N-mm/mm?. A thickness tsanp Of the inner annular portion in a radial direction of the
non-pneumatic tire, a radius Rggam Of the annular beam, and a modulus of elasticity

Eganp Of an elastomeric material of the inner annular portion are related by 1.8 MPa <

EpaANDIBAND <7 MPa
RpEaM '

In various aspects of this disclosure, including those mentioned above and others
described throughout, one or both technological corridors of elastomer chemistry,
namely thermoset and thermoplasticc, may be used. While crack propagation
performance and characterization are independent of elastomer chemistry, methods of
improving crack propagation may differ between thermoset and thermoplastic
elastomers. This disclosure discloses optimization methods and crack propagation

performance for both technologies.

These and other aspects of this disclosure will now become apparent to those of
ordinary skill in the art upon review of a description of embodiments in conjunction with

the accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

A detailed description of embodiments is provided below, by way of example only, with

reference to the accompanying drawings, in which:

Figure 1 shows an example of a vehicle comprising wheels comprising non-pneumatic

tires in accordance with an embodiment;

Figure 2A shows a side-elevation view of a non-pneumatic tire of the vehicle of Figure
1 .

H
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Figure 2B shows an enlarged side-elevation view of an annular beam and a tread

portion of the non-pneumatic tire of Figure 2A,

Figure 3 shows a perspective view of the non-pneumatic tire of Figure 2A;

Figure 4 shows a side-elevation view of the non-pneumatic tire of Figure 2A when

loaded;

Figures 5A and 5B show an example of structural modeling results and maximum

principle stress predictions for the non-pneumatic tire of Figure 4;

Figure 6 shows a perspective view of an example of the annular beam according to

another embodiment;

Figure 7 shows a perspective view of an example of the non-pneumatic tire according to

another embodiment;

Figure 8 shows a deformed cross section of an annular beam having inner and outer

layers of substantially inextensible reinforcements;

Figure 9 shows a flexure test specimen in a deformed state, exposed to a bending

stress;

Figure 10 shows a tensile test specimen of an elastomeric material exposed to a stress

with an initial edge crack;

Figure 11 shows a relation between a crack growth rate and a strain energy release rate

for different thermoset elastomeric materials;
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Figure 12 shows a relation between a crack growth rate and a strain energy release rate
for a prior thermoset elastomer and an example of a thermoset elastomer of the non-

pneumatic tire in accordance with an embodiment;

Figure 13 shows a relation between a crack growth rate and a strain energy release rate

for different thermoplastic elastomeric materials;

Figure 14 shows maximum principle stress as a function of tire load in the annular beam
of Figure 5B for two different levels of modulus of elasticity of elastomeric material of the

annular beam;

Figure 15 shows a number of kilometers necessary for 1-mm crack growth as a function
of load in the annular beam of Figure 5B for two different levels of the modulus of

elasticity of the elastomeric material of the annular beam;

Figures 16 and 17 show an example of another vehicle comprising wheels comprising

non-pneumatic tires in accordance with another embodiment;

Figure 18 shows an example of another vehicle comprising wheels comprising non-

pneumatic tires in accordance with another embodiment; and

Figure 19 shows an example of yet another vehicle comprising caster wheels

comprising non-pneumatic tires in accordance with another embodiment.
It is to be expressly understood that the description and drawings are only for purposes

of illustrating certain embodiments and are an aid for understanding. They are not

intended to be and should not be limitative.

10
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DETAILED DESCRIPTION OF EMBODIMENTS

Figure 1 shows an example of a vehicle 10 comprising wheels 201-204 in accordance
with an embodiment. In this embodiment, the vehicle 10 is an industrial vehicle. The
industrial vehicle 10 is a heavy-duty vehicle designed to travel off-road to perform
industrial work using a work implement 44. In this embodiment, the industrial vehicle 10
is a construction vehicle for performing construction work using the work implement 44.
More particularly, in this embodiment, the construction vehicle 10 is a loader (e.g., a
skid-steer loader). The construction vehicle 10 may be a bulldozer, a backhoe loader,
an excavator, a dump truck, or any other type of construction vehicle in other
embodiments. In this example, the construction vehicle 10 comprises a frame 12, a
powertrain 14, a steering system 16, a suspension 18, the wheels 201-204, and an
operator cabin 22, which enable a user, i.e., an operator, of the construction vehicle 10
to move the vehicle 10 on the ground and perform work using the work implement 44.
The construction vehicle 10 has a longitudinal direction, a widthwise direction, and a

height direction.

In this embodiment, as further discussed later, the wheels 20,-204 are non-pneumatic
(i.e., airless) and may be designed to enhance their use and performance, including, for
example, to be able to be used longer and/or in more challenging conditions, such as,
for instance, by being more resistant to cracking or other damage which could lead to
premature failure (e.g., due to manufacturing artifacts and/or rocks and other hazards
that can cut, chip, or tear them during use). For example, an elastomeric material of at
least one of an annular beam and an annular support of each of the wheels 20,-204 may
have selected properties, such as greater crack propagation resistance when subject to

tensile stress.

The powertrain 14 is configured for generating motive power and transmitting motive
power to respective ones of the wheels 204-204 to propel the construction vehicle 10 on
the ground. To that end, the powertrain 14 comprises a prime mover 26, which is a

source of motive power that comprises one or more motors. For example, in this

11
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embodiment, the prime mover 26 comprises an internal combustion engine. In other
embodiments, the prime mover 26 may comprise another type of motor (e.g., an electric
motor) or a combination of different types of motor (e.g., an internal combustion engine
and an electric motor). The prime mover 26 is in a driving relationship with one or more
of the wheels 204-204. That is, the powertrain 14 transmits motive power generated by
the prime mover 26 to one or more of the wheels 204-204 (e.g., via a transmission
and/or a differential) in order to drive (i.e., impart motion to) these one or more of the
wheels 201-204.

The steering system 16 is configured to enable the operator to steer the construction
vehicle 10 on the ground. To that end, the steering system 16 comprises a steering
device 28 that is operable by the operator to direct the construction vehicle 10 along a
desired course on the ground. The steering device 28 may comprise a steering wheel or
any other steering component (e.g., a joystick) that can be operated by the operator to
steer the construction vehicle 10. The steering system 16 responds to the operator
interacting with the steering device 28 by turning respective ones of the wheels 201-204
to change their orientation relative to part of the frame 12 of the construction vehicle 10
in order to cause the vehicle 10 to move in a desired direction. In this example, a front
frame member 23, carrying front ones of the wheels 204-204 is turnable in response to
input of the operator at the steering device 28 to change its orientation and thus the
orientation of the front ones of the wheels 204-204 relative to a rear frame member 23,

of the construction vehicle 10 in order to steer the vehicle 10 on the ground.

The suspension 18 is connected between the frame 12 and the wheels 201-204to allow
relative motion between the frame 12 and the wheels 204-204 as the construction
vehicle 10 travels on the ground. For example, the suspension 18 may enhance
handling of the construction vehicle 10 on the ground by absorbing shocks and helping
to maintain traction between the wheels 20:-204 and the ground. The suspension 18
may comprise an arrangement of springs and dampers. A spring may be a coil spring, a
leaf spring, a gas spring (e.g., an air spring), or any other elastic object used to store

mechanical energy. A damper (also sometimes referred to as a “shock absorber”) may

12
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be a fluidic damper (e.g., a pneumatic damper, a hydraulic damper, etc.), a magnetic
damper, or any other object which absorbs or dissipates kinetic energy to decrease
oscillations. In some cases, a single device may itself constitute both a spring and a

damper (e.g., a hydropneumatic, hydrolastic, or hydragas suspension device).

The operator cabin 22 is where the operator sits and controls the construction vehicle
10. More particularly, the operator cabin 22 comprises a user interface 70 including a
set of controls that allow the operator to steer the construction vehicle 10 on the ground
and operate the work implement 44. The user interface 70 also comprises an instrument
panel (e.g., a dashboard) which provides indicators (e.g., a speedometer indicator, a

tachometer indicator, etc.) to convey information to the operator.

The wheels 204-204 engage the ground to provide traction to the construction vehicle
10. More particularly, in this example, the front ones of the wheels 20:-204 provide front
traction to the construction vehicle 10 while the rear ones of the wheels 204-204 provide

rear traction to the construction vehicle 10.

Each wheel 20; comprises a non-pneumatic tire 34 for contacting the ground and a hub
32 for connecting the wheel 20; to an axle 17. The non-pneumatic tire 34 is a compliant
wheel structure that is not supported by gas (e.g., air) pressure and that is resiliently

deformable (i.e., changeable in configuration) as the wheel 20; contacts the ground.

With additional reference to Figures 2A to 5B, the non-pneumatic tire 34 has an axial
direction defined by an axis of rotation 35 of the non-pneumatic tire 34 (also referred to
as a lateral, widthwise or “Y” direction), a radial direction (also referred to as a “Z’
direction), and a circumferential direction (also referred to as a “X” direction). The non-
pneumatic tire 34 has an outer diameter Dt and a width Wr. It comprises an inboard
lateral side 47 for facing a center of the construction vehicle 10 in the widthwise
direction of the construction vehicle 10 and an outboard lateral side 49 opposite the
inboard lateral side 47. As shown in Figure 4, when it is in contact with the ground, the

non-pneumatic tire 34 has an area of contact 25 with the ground, which may be referred

13
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to as a “contact patch” of the non-pneumatic tire 34 with the ground. The contact patch
25 of non-pneumatic tire 34, which is a contact interface between the non-pneumatic
tre 34 and the ground, has a dimension L¢, referred to as a “length’, in the
circumferential direction of the non-pneumatic tire 34 and a dimension W, referred to

as a “width”, in the axial direction of the non-pneumatic tire 34.

The non-pneumatic tire 34 comprises an annular beam 36 and an annular support 41
that is disposed between the annular beam 36 and the hub 32 of the wheel 20; and
configured to support loading on the non-pneumatic tire 34 as the non-pneumatic tire 34
engages the ground. In this embodiment, the non-pneumatic tire 34 is tension-based
such that the annular support 41 is configured to support the loading on the non-
pneumatic tire 34 by tension. That is, under the loading on the non-pneumatic tire 34,
the annular support 41 is resiliently deformable such that a lower portion 27 of the
annular support 41 between the axis of rotation 35 of the non-pneumatic tire 34 and the
contact patch 25 of the non-pneumatic tire 34 is compressed or bent (e.g., with little
reaction force vertically) and an upper portion 29 of the annular support 41 above the

axis of rotation 35 of the non-pneumatic tire 34 is in tension to support the loading.

The annular beam 36 of the non-pneumatic tire 34 is configured to deflect under the
loading on the non-pneumatic tire 34 at the contact patch 25 of the non-pneumatic tire
34 with the ground. For instance, the annular beam 36 functions like a beam in
transverse deflection. An outer peripheral extent 46 of the annular beam 36 and an
inner peripheral extent 48 of the annular beam 36 deflect at the contact patch 25 of the
non-pneumatic tire 34 under the loading on the non-pneumatic tire 34. In this
embodiment, the annular beam 36 is configured to deflect such that it applies a
homogeneous contact pressure along the length L¢ of the contact patch 25 of the non-
pneumatic tire 34 with the ground. The annular beam 36 has a radius Rgeanm defined by

its outer peripheral extent 36.

More particularly, in this embodiment, the annular beam 36 comprises a shear beam 39

configured to deflect predominantly by shearing at the contact patch 25 under the

14
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loading on the non-pneumatic tire 34. That is, under the loading on the non-pneumatic
tire 34, the shear beam 39 deflects significantly more by shearing than by bending at
the contact patch 25. The shear beam 39 is thus configured such that, at a center of the
contact patch 25 of the non-pneumatic tire 34 in the circumferential direction of the non-
pneumatic tire 34, a shear deflection of the shear beam 39 is significantly greater than a
bending deflection of the shear beam 39. For example, in some embodiments, at the
center of the contact patch 25 of the non-pneumatic tire 34 in the circumferential
direction of the non-pneumatic tire 34, a ratio of the shear deflection of the shear beam
39 over the bending deflection of the shear beam 39 may be at least 1.2, in some cases
at least 1.5, in some cases at least 2, in some cases at least 3, and in some cases even
more (e.g., 4 or more). For instance, in some embodiments, the annular beam 36 may
be designed based on principles discussed in U.S. Patent 9,751,270, which is hereby
incorporated by reference herein, in order to achieve the homogeneous contact
pressure along the length L¢ of the contact patch 25 of the non-pneumatic tire 34 with

the ground.

In this example of implementation, the shear beam 39 comprises an outer annular
portion 31, an inner annular portion 33, and a shearing annular portion 38 between the
outer annular portion 31 and the inner annular portion 33 that are configured to cause
the shear beam 39 to deflect more by shearing than by bending at the contact patch 25
of the tire 34. In this embodiment, the shearing annular portion 38 comprises a plurality
of voids 561-56y between the outer annular portion 31 and the inner annular portion 33,
which may be respectively referred to as an “outer band” 31 and an “inner band” 33 of
the shear beam 39. The shearing annular portion 38 also comprises a plurality of
interconnecting members 374-37p that extend between the outer band 31 and the inner
band 33 and are disposed between respective ones of the voids 56:-565. The
interconnecting members 374-37p may be referred to as “webs” such that the shear
beam 39 may be viewed as comprising “web-like” or “webbing’ portions. In this
embodiment, the shear beam 39 comprises an intermediate band 51 between the outer

band 31 and the inner band 33 such that the openings 564-56y and the interconnecting
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members 374-37p are arranged into two circumferential rows between adjacent ones of
the bands 31, 51, 33.

Each of the inner band 33, the outer band 33 and the intermediate band 51 is an
annular part of the shear beam 39 extending continuously in the circumferential
direction of the non-pneumatic tire 34. A thickness tganp Of each of the inner band 33,
the outer band 33 and the intermediate band 51 in the radial direction of the tire 34 may
have any suitable value. In various embodiments, the thickness tganp Of the inner band
33, the thickness tganp Of the outer band 33 and/or the thickness tganp Of the

intermediate band 51 may be identical or different.

The voids 56¢-56y of the shear beam 39 help the shear beam 39 to deflect
predominantly by shearing at the contact patch 25 under the loading on the non-
pneumatic tire 34. In this embodiment, the voids 561-56y are openings that extend from
the inboard lateral side 54 to the outboard lateral side 49 of the non-pneumatic tire 34.
That is, the openings 564-56\ extend laterally though the shear beam 39 in the axial
direction of the non-pneumatic tire 34. The openings 561-56y may extend laterally
without reaching the inboard lateral side 54 and/or the outboard lateral side 49 of the
non-pneumatic tire 34 in other embodiments. In this example, a cross-section of each of
the openings 564-56y is circular. The cross-section of each of the openings 561-565 may
be shaped differently in other examples (e.g., polygonal, partly curved and partly
straight, etc.). In some cases, different ones of the openings 56,-56y may have different
shapes. In some cases, the cross-section of each of the openings 561-565 may vary in
the axial direction of the wheel 20;. For instance, in some embodiments, the openings
561-56n may be tapered in the axial direction of the wheel 20; such that their cross-
section decreases inwardly axially (e.g., to help minimize debris accumulation within the

openings 561-56y).

The shear beam 39, including the voids 561-56y and the interconnecting members 37-
37p, may be arranged in any other suitable way in other embodiments. For example, in

other embodiments, the shear beam 39 may comprise a plurality of intermediate bands
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or no intermediate band like the intermediate band 51 (see e.g. Figures 6 and 7), the
voids 564-56y and/or the interconnecting members 374-37p may have any other suitable

shapes, etc.

In this embodiment, the non-pneumatic tire 34 comprises a tread 50 for enhancing
traction between the non-pneumatic tire 34 and the ground. The tread 50 is disposed
about the outer peripheral extent 46 of the annular beam 36, in this case about the outer
band 31 of the shear beam 39. The tread 50 may be implemented in any suitable way in
other embodiments (e.g., may comprise a plurality of tread recesses, tread projections,

etc.).

The annular support 41 is configured to support the loading on the non-pneumatic tire
34 as the non-pneumatic tire 34 engages the ground. As mentioned above, in this
embodiment, the annular support 41 is configured to support the loading on the non-
pneumatic tire 34 by tension. More particularly, in this embodiment, the annular support
41 comprises a plurality of support members 42:-42¢ that are distributed around the
non-pneumatic tire 34 and resiliently deformable such that, under the loading on the
non-pneumatic tire 34, lower ones of the support members 421-421 in the lower portion
27 of the annular support 41 (between the axis of rotation 35 of the non-pneumatic tire
34 and the contact patch 25 of the non-pneumatic tire 34) are compressed and bend
while upper ones of the support members 421-421 in the upper portion 29 of the annular
support 41 (above the axis of rotation 35 of the non-pneumatic tire 34) are tensioned to
support the loading. As they support load by tension when in the upper portion 29 of the
annular support 41, the support members 42,-42t may be referred to as “tensile”

members.

In this embodiment, the support members 42:-42+ are elongated and extend from the
annular beam 36 towards the hub 32 generally in the radial direction of the non-
pneumatic tire 34. In that sense, the support members 424-421 may be referred to as

“spokes” and the annular support 41 may be referred to as a “spoked” support.
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More particularly, in this embodiment, the inner peripheral extent 48 of the annular
beam 36 is an inner peripheral surface of the annular beam 36 and each spoke 42
extends from the inner peripheral surface 48 of the annular beam 36 towards the hub 32
generally in the radial direction of the non-pneumatic tire 34 and from a first lateral end
55 to a second lateral end 58 in the axial direction of the non-pneumatic tire 34. In this
case, the spoke 42; extends in the axial direction of the non-pneumatic tire 34 for at
least a majority of a width W5 of the non-pneumatic tire 34. For instance, in some
embodiments, the spoke 42; may extend in the axial direction of the non-pneumatic tire
34 for more than half, in some cases at least 60%, in some cases at least 80%, and in
some cases an entirety of the width Wt of the non-pneumatic tire 34. Moreover, the
spoke 42; has a thickness Ts measured between opposite surfaces 59, 61 of the spoke

42, that is significantly less than a length and width of the spoke 42;.

Also in this embodiment, each spoke 42; extends freely (i.e., without attaching or
otherwise intersecting other material of the tire 34) from the annular beam 36 towards
the hub 32 for at least a majority (i.e., a majority or an entirety) of a radial distance Rs
between the annular beam 36 and the hub 32. More particularly, in this embodiment,
each spoke 42; extends freely from the annular beam 36 to the hub 32, i.e., for the

entirety of the radial distance R between the annular beam 36 and the hub 32.

Thus, in this embodiment, each spoke 42; may have a free span length that is a
significant fraction of the outer diameter Dt of the non-pneumatic tire 34. The free span
length of the spoke 42; is the curvilinear distance in the radial direction from one
extremity of the spoke 42; to an opposite extremity of the spoke 42;, between which
there is no attaching or otherwise intersecting material. In some embodiments, the free
span length of the spoke 42; may be at least 15% of the outer diameter D+ of the tire 34,
in some cases at least 20% of the outer diameter Dt of the tire 34, in some cases at
least 25% of the outer diameter Dt of the tire 34, and in some cases even more. Spoke
surface strains decrease with the square of the free span length of the spoke 42;; thus, it
may be advantageous for crack propagation resistance to maximize the free span

spoke length.
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When the non-pneumatic tire 34 is in contact with the ground and bears a load (e.g.,
part of a weight of the construction vehicle 10), respective ones of the spokes 42¢-42+
that are disposed in the upper portion 29 of the spoked support 41 (i.e., above the axis
of rotation 35 of the non-pneumatic tire 34) are placed in tension while respective ones
of the spokes 424-421 that are disposed in the lower portion 27 of the spoked support 41
(i.e., adjacent the contact patch 25) are placed in compression. The spokes 421-42+ in
the lower portion 27 of the spoked support 41 which are in compression bend in
response to the load. Conversely, the spokes 42:-421 in the upper portion 29 of the

spoked support 41 which are placed in tension support the load by tension.

The non-pneumatic tire 34 has an inner diameter Dt and the outer diameter Dt. A
sectional height Hr of the non-pneumatic tire 34 is half of a difference between the outer
diameter Dt and the inner diameter D, of the tire 34. The sectional height Hy of the tire
may be significant in relation to the width Wt of the tire 34. In other words, an aspect
ratio AR of the tire 34 corresponding to the sectional height Hy over the width W5 of the
tire 34 may be relatively high. For instance, in some embodiments, the aspect ratio AR
of the tire 34 may be at least 60%, in some cases at least 80%, in some cases at least
100%, and in some cases even more. Also, the inner diameter Dy, of the tire 34 may be
significantly less than the outer diameter Dt of the tire 34 as this may help for
compliance of the non-pneumatic tire 34, as well as increasing the spoke free length.
For example, in some embodiments, the inner diameter D+, of the non-pneumatic tire 34
may be no more than half of the outer diameter Dt of the non-pneumatic tire 34, in
some cases less than half of the outer diameter Dt of the non-pneumatic tire 34, in
some cases no more than 40% of the outer diameter Dt of the non-pneumatic tire 34,
and in some cases even a smaller fraction of the outer diameter Dt of the non-
pneumatic tire 34. In the specific embodiment of Figure 2A, Dy = 33", Wt = 12" and D,
= 16.5". This tire size is often used in the construction industry for example for skid-steer

loaders and telehandlers.
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The hub 32 is disposed centrally of the non-pneumatic tire 34 and connects the wheel

20; to the axle 17. The hub 32 may be implemented in any suitable manner.

The wheel 20; may be made up of one or more materials. The non-pneumatic tire 34
comprises a tire material 45 that makes up at least a substantial part (i.e., a substantial
part or an entirety) of the non-pneumatic tire 34. The hub 32 comprises a hub material
72 that makes up at least a substantial part of the hub 32. In some embodiments, the
tire material 45 and the hub material 72 may be different materials. In other
embodiments, the tire material 45 and the hub material 72 may be a common material

(i.e., the same material).

In this embodiment, the tire material 45 constitutes at least part of the annular beam 36
and at least part of the spokes 424-42+. Also, in this embodiment, the tire material 45
constitutes at least part of the tread 50. More particularly, in this embodiment, the tire
material 45 constitutes at least a majority (e.g., a majority or an entirety) of the annular
beam 36, the tread 50, and the spokes 421-421. In this example of implementation, the
tire material 45 makes up an entirety of the non-pneumatic tire 34, including the annular
beam 36, the spokes 42¢-42t1, and the tread 50. The non-pneumatic tire 34 is thus
monolithically made of the tire material 45. In this example, therefore, the annular beam
36 is free of (i.e., without) substantially inextensible reinforcement running in the
circumferential direction of the wheel 20; (e.g., a layer of metal, composite (e.g., carbon
fibers, other fibers), and/or another material that is substantially inextensible running in
the circumferential direction of the non-pneumatic tire 34). In that sense, the annular

beam 36 may be said to be “unreinforced”.

The tire material 45 is elastomeric. For example, in this embodiment, the tire material 45
comprises a polyurethane (PU) elastomer. Various considerations for selection of the

tire material 45 are further discussed below.

The non-pneumatic tire 34 may comprise one or more additional materials in addition to

the tire material 45 in other embodiments (e.g., different parts of the annular beam 36,
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different parts of the tread 50, and/or different parts of the spokes 42,-421 may be made
of different materials). For example, in some embodiments, different parts of the annular
beam 36, different parts of the tread 50, and/or different parts of the spokes 42:-42+
may be made of different elastomers. As another example, in some embodiments, the
annular beam 36 may comprise one or more substantially inextensible reinforcing layers
running in the circumferential direction of the wheel 20; (e.g., one or more layers of
metal, composite (e.g., carbon fibers, glass fibers, other fibers), and/or another material
that is substantially inextensible running in the circumferential direction of the wheel
20)).

In this embodiment, the hub material 72 is polymeric. More particularly, in this example
of implementation, the hub material 72 is elastomeric. For example, in this embodiment,
the hub material 72 comprises a polyurethane (PU) elastomer. The hub material 72 may
be any other suitable material in other embodiments. For example, in other
embodiments, the hub material 72 may comprise a stiffer polyurethane material. In
some embodiments, the hub material 72 may not be polymeric. For instance, in some

embodiments, the hub material 72 may be metallic (e.g., steel, aluminum, etc.).

The hub 32 may comprise one or more additional materials in addition to the hub
material 72 in other embodiments (e.g., different parts of the hub 32 may be made of

different materials).

The wheel 20; may be manufactured in any suitable way. For example, in some
embodiments, the tire 34 and/or the hub 32 may be manufactured via centrifugal
casting, a.k.a. spin casting, which involves pouring one or more materials of the wheel
20; into a mold that rotates about an axis. The material(s) is(are) distributed within the
mold via a centrifugal force generated by the mold’s rotation. In some cases, vertical
spin casting, in which the mold’'s axis of rotation is generally vertical, may be used. In
other cases, horizontal spin casting, in which the mold’s axis of rotation is generally
horizontal, may be used. The wheel 20; may be manufactured using any other suitable

manufacturing processes in other embodiments.
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In some embodiments, the non-pneumatic tire 34 may have a resistance to crack
propagation that is enhanced so as to reduce a potential for the non-pneumatic tire 34
to prematurely fail due to crack propagation within the non-pneumatic tire 34. Notably, in
some cases, if left unchecked, small irregularities on surfaces of the non-pneumatic tire
34 that are a product of a manufacturing process of the non-pneumatic tire 34 (e.g.,
molding) and/or wear of the non-pneumatic tire 34 (e.g., a cut or other damage on a
surface of the non-pneumatic tire 34) may arise and act as sites for cracks to be
initiated and then expanded and propagated as the non-pneumatic tire 34 undergoes
more usage cycles. For example, construction and mining tires operate in hostile
environments. Rocks and other hazards can cut, chip, or tear the structure of the tire.
Crack propagation resistance may be a key performance attribute for tires operating in

these environments.

Thus, in some embodiments, the resistance to crack propagation of the non-pneumatic
tire 34 may be increased to prevent or at least significantly limit crack propagation within

the non-pneumatic tire 34 by properties of the tire material 45.

Before discussing examples of ways in which the resistance to crack propagation of the
non-pneumatic tire 34 may be achieved based on the properties of the tire material 45
in some embodiments, certain aspects of stress and crack propagation will be

discussed, without wishing to be bound by any theory.

With further reference to Figures 5A and 5B, a finite-element model and a maximum
principle stress owax are shown for an example of the annular beam 36 of the non-
pneumatic tire 34. In this example, a modulus of elasticity E of the tire material 45 is 130
MPa, i.e., isotropic modulus E = 130 MPa. The modulus of elasticity E is Young's tensile
modulus of elasticity, which can be measured according to ISO 527-1/-2. When loaded
to a vertical load Fz, the non-pneumatic tire 34 develops its contact patch 25 such that it
has the length L. and the contact pressure P with the ground. The maximum principle

stress opmax shown in a gray color scale in Figure 5B shows that, when the non-
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pneumatic tire 34 is loaded to Fz = 20000 N, oyax = 6.4 MPa. Since E = 130 MPa, the
approximate maximum principle strain is 0.05. The location of the maximum principle
stress omax IS shown as being on the inner peripheral extent 48 of the annular beam 36.
During normal loading, the maximum principle stress omax is found on the inner

peripheral extent 48 of the annular beam 36 and increases as a function of the load F;.

Through experimentation with physical tires such as the non-pneumatic tire 34, as well
as finite-element modeling results, surprising trends relating to effects of the modulus of
elasticity E of the tire material 45, the thickness Tganp Of the inner band 33 and the load
Fz on the maximal principal stress ouax were found. Further, gaps have been identified
in current elastomer testing metrics and descriptors. Based on study of testing methods
used for metals in aerospace (e.g., aircraft and gas turbines), tension-based crack
propagation test methods have been developed that are suitable for elastomers used
for NPTs such as the non-pneumatic tire 34. Examples of specifications of crack
propagation rates as a function of a tensile stress intensity or strain energy release rate
are notably disclosed in U.S. Patents 5,213,639, 5,156,808, 6,712,315. By applying test
method development and results to tire architecture optimization, ways have been
discovered to specify materials and design values that enable NPTs like the non-
pneumatic tire 34, which may not comprise circumferentially inextensible reinforcement,
to perform at a very satisfactory level in normal and overload conditions. For example,
in some embodiments, a lack of substantially inextensible reinforcement in the annular
beam 36 in the circumferential direction of the tire 34 may be a positive design attribute,
as extensibility of the annular beam 36 may be engineered in an intelligent fashion,
such that the tension stresses in overload conditions do not overly penalize the crack

propagation resistance of the tire material 45.

Figure 8 shows a ZX cross section of an example of an annular beam 80 that is in
contact with a flat contact surface and that is different from the annular beam 36 of the
non-pneumatic tire 34 discussed in embodiments considered above, notably in that it
comprises two layers of inextensible reinforcement, namely an inner layer 82 and an

outer layer 84, which together encapsulate a shear layer 86 of an elastomeric material
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having a shear modulus G and a thickness h. The outer inextensible reinforcement layer
84 has an undeformed radius Rgeam. Prior art, such as U.S. Patent 6,769,465, discloses
that:

Gh

Rppam

where: P = ground contact pressure,
G = shear layer shear modulus
H = shear layer thickness
Rseam = radius of outer reinforcement

layer 84

Given that the inner and outer layers 84, 86 are inextensible, it can be shown that the
shear layer shear angle y(x) is a function of x, which is the longitudinal distance from the

center of the contact patch 25:

Y =7— (2)
The shear deformation creates a shear stress in the shear layer 86, the resultant of
which is carried by the two inextensible reinforcement layers 82, 84. The inner layer 82
operates in tension, while the outer layer 84 operates in compression. The maximum
tension force in the inner layer 82 will occur at the tire centerline, where X = 0 in Figure
8. This force can be estimated according to the following equation, for force per unit
width:

0
Fyax = ch/z Gy(x)dx (3)

where: Lc = contact patch length

Performing the integration of Equation (3), in light of Equation (2), one obtains:
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Lc

8Rpeam

(4)

Fyax = —G

Equation (4) shows that the force, and therefore the stress, in the inner layer 82 of

inextensible reinforcement will increase exponentially with the contact patch length L.

As in some embodiments the annular beam 36 of the non-pneumatic tire 34 does not
comprise inextensible reinforcements, the relationship between the tensile stress of the
inner band 33 and the tire load is not necessarily exponential. Furthermore, ranges of
values of the modulus of elasticity E and the thickness Tganp Of the inner band 33 that
favorably decouple the maximum tensile stress from the tire load were found, in

particular in overload conditions.

Because a large volume of the tire material 45 in the inner band 33 of the annular beam
36 is solicited in direct tension, tensile stress omax in the annular beam 36 is a stress to
consider in order to reduce crack propagation. Specifically, the ZY cross section of the
inner band 33 of the shear beam 39 oscillates from near zero stress outside of the
contact patch 25, to tensile stress as the cross section rotates into the contact patch 25,
and then back to zero stress. This is similar to a tensile test specimen exposed to an
oscillating stress ©. A strain energy density of a uniaxial tensile test specimen is

approximately:

(5)
Where: O = uniaxial stress

€ = uniaxial strain

E = Young’s modulus

U = strain energy density

In a compression-based non-pneumatic tire, elastomers do not carry load in tension, but
in bending and/or in direct compression. In the non-pneumatic tire 34, the spoked
support 41 also bends in the area of the contact patch 25 and, as shown in Figure 5B,

surface stresses in the spokes 42; can equal or moderately exceed ouax in the annular
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beam 36. However, it was found that crack propagation rates for the spokes 42; may be
lower than crack propagation rates for the annular beam 36. This may result from the

potential energy of a beam, compared to the potential energy of a tensile test specimen.

Figure 9 shows a beam 90 having a thickness t, deformed to a radius of curvature p, by

a moment M. The potential energy of the beam 90 is:

MZ
v=["ay ©)

where: | = beam moment of inertia

From basic Euler beam theory:

m=Z (7)

Integrating Equation (6) taking unit beam length and depth, and substituting in Equation
(7):

_ B
U= ®)

where: p is deformed curvature

In this case, | = 1/12 t°. Also, for the deformed beam of Figure 9,
t

€= 7 (9)
Where: € = maximum strain at beam outer surface

Making these substitutions:

U =5 (10)

Taking t = 1, and noting that only 50% of the beam develops tension stress and strain:

__ Eé*

U=" (11)

Equation (11) can then be compared to Equation (5). At equal maximum strain, uniaxial

tension has six times the strain energy density available for crack propagation,
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compared to a beam in pure flexion. A flexed beam does not have a uniform strain
energy density. The strain and stress vary from zero at the neutral axis to a maximum at
the outer beam fiber. Therefore, a large volume of the beam has a low strain energy
density. This is more favorable for crack propagation resistance, compared to a uniaxial

test, for which the strain, stress, and strain energy density are homogeneous.

Yet, industry standards for elastomer crack propagation are flex tests. There is
accordingly a gap between elastomer characterization and actual functioning of the

material 45 from which the non-pneumatic tire 34 can be made.

The spoked support 41 of the non-pneumatic tire 34 does work in tension outside the
contact patch 25, with the hub 32 essentially hanging from the annular beam 36 and
supported in tension by the spokes 42;. Thus, for a tension-based non-pneumatic tire, a
tension-based definition for crack propagation may also be appropriate for spoke
material specification. Direct tension stresses in the spokes 42/-421 may be minimized
by increasing the number of spokes. Also, stresses due to bending may be reduced by
increasing the free span of each spoke 42;, such that the free span is a significant

fraction of the outer diameter D+ of the tire 34

Tension crack propagation tests were performed that consider the pertinence of uniaxial
tension testing development for crack propagation and the importance of designing and

controlling the tension stresses in the annular beam 36 and the spokes 424-427.

A uniaxial tension crack propagation test was developed for elastomers using an MTS
machine Landmark Model 370.10. Test specimen geometry is shown in Figure 10. In
the embodiment of Figure 10, b = 25 mm, and h = 50 mm, with a sample thickness of 2
mm. The MTS was programmed to apply the stress using a sinusoidal signal at 2 HZ
frequency, varying from a stress near zero to stress = ouax such that, with this loading,
Aowax= Omax. Values of omax range from 5 — 12 MPa, which correspond to maximum

uniaxial strains of 3% to 10% for the range of material modulus used.
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The presence of an initial edge crack 100 having an initial crack length a creates a
stress intensity K. A crack growth (i.e., propagation) rate per stress cycle da/dN can be
plotted relative to the stress intensity K, by testing multiple samples at different stress
levels and the same initial crack length a, or by varying the initial crack length a. Initial

crack lengths of 1 — 4 mm were appropriate for characterization of the material 45.

The stress intensity K, of the sample of Figure 10, using geometry values provided

above, is:
K;=1.120Vma (12)
where: K| = stress intensity

a = crack length

It can be advantageous to express K| in terms of a strain energy release rate T:

2

— K
T=- (13)
Thus, after substituting Equation (13) in Equation (12):
T= 12522 (14)
where: T = strain energy release rate

Using the experimental procedure described above, a given elastomer can be
characterized for its relationship between the crack propagation rate da/dN and the
strain energy release rate T. With knowledge of design values of ouax, this may serve
as an approximate value for the far-field stress applied to the material test samples.
Different levels of the strain energy release rate T may be easily created by changing
the initial crack length a. Any other suitable test method using any test specimen
geometry may be used to characterize the relationship between the crack propagation

rate da/dN and the strain energy release rate T in other embodiments.

In some embodiments, for efficient long-lasting operation of the non-pneumatic tire 34,
the crack propagation rate da/dN of the elastomeric tire material 45 at the strain energy
release rate T of 3 N-mm/mm? as measured using a sample of the tire material 45

according to the test method as discussed above, may be no more than (i.e., equal to or
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less than) 1e-4 mm/cycle, in some cases no more than 1e-5 mm/cycle, in some cases
no more than 1e-6 mm/cycle, and in some cases even less. This would position the
elastomeric tire material 45 so that it intersects a line Q in a chart shown in Figure 11,
which relates the crack propagation rate da/dN and the strain energy release rate T of

the elastomeric tire material 45 on a log-log scale.

Also, in some embodiments, the modulus of elasticity E of the elastomeric tire material
45 having this level of tension fatigue performance may be at least 90 MPa, in some
cases at least 130 MPa, in some cases at least 180 MPa, and in some cases even

more.

In some examples of implementation, under extreme use or overload conditions, crack
propagation rates at higher strain energy release rates may be more appropriate to
specify. For example, in some embodiments, with T = 6 N-mm / mm? a crack
propagation rate of no more than 1e-3 mm/cycle, in some cases no more than 1e-4
mm/cycle, in some cases no more than 1e-5 mm/cycle, and in some cases even less

may be used.

In some embodiments, a suitable elastomer for the elastomeric tire material 45 may be
a thermoplastic elastomer, such as any elastomer among the family of polyether-ester
block copolymers. This system combines attributes of moisture and microbe resistance
from the polyether component and high fatigue capability from the polyester component.
The high modulus of the elastomeric material may be achieved by choosing a lower

molecular weight hard segment.

In some other embodiments, a suitable elastomer for the elastomeric tire material 45
may be a thermoset polyurethane elastomer. Several chemical attributes may be
combined in order to achieve the desired high modulus and high crack propagation
resistance. In some embodiments, these chemical attributes may include one or more

of:
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1. Low-Free methylene diphenyl diisocyanate (MDI) prepolymer — ie., low
percentage of unreacted MDI content — i.e., less than 5 wt % free MDI, in some
cases less than 2 wt % free MDI;

2. High percentage of isocyanate (NCO) — i.e., 5.0 wt %, 6.0 wt % or higher NCO
content;

3. Use of a diamine, heat-activated curing system, such as a complex of methylene
diphenyl diamine (MDA) and NaCl, dispersed in dioctyl adipate;

4. A prepolymer designed with a range of multiple molecular weights, as opposed to
a single molecular weight that would give the same modulus after reaction with a
curative;

5. Prepolymers with backbones of ester, ether or polycaprolactone. Ether systems
tend to have a lower glass transition temperature which contributes to modulus
stability over the operating temperature range. Ether is also resistant to moisture
and microbe degradation. For a given NCO content, an ether system generally
exhibits a higher Young’'s modulus;

6. High stoichiometry (i.e., ratio of active curative groups in the curing system to
NCO groups in the prepolymer) in the range to 97% to 102% theory; and

7. Post-cure treatment at a temperature greater than 105°C, such as at least 140°C,

for 24 hours.

Any one or combination of the above chemical attributes may be present in some

cases.

High NCO content can be used to obtain high modulus in polyurethane chemistries.
However, high NCO content can also result in very short pot life, when used with
conventional amine cures that begin reaction as soon as they are mixed together. A
delayed action curing system that is triggered by a mold temperature may enable easier
processing of high NCO content chemistries. Further, combining (1), (2) and (3) above
may enable a very high quality hard segment of the polyurethane which provides

temperature stability of this high modulus as well as high crack propagation resistance.
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Using multiple molecular weights tends to give a high modulus polyurethane (low
molecular weight) the crack resistance of a comparatively lower modulus polyurethane
(high molecular weight). Ether prepolymers have the advantage of moisture and

microbe resistance.

95% stoichiometry is a percentage that may be generally recommended for standard
polyurethane use. However, higher stoichiometry mixes have a small percentage of
unreacted curative, which may be beneficial for crack propagation resistance. Above
about 102% theory, other properties may begin to degrade. In one embodiment, the

range of stoichiometry may be between 97% and 102%.

Post cure at 105°C for 24 hours is generally used in most conventional thermoset
polyurethane systems, but an elevated higher temperature, such as 140°C, for 24 hours

may enhance crack propagation resistance.

Combining (1) to (7) above has been shown to confer the elastomer a high modulus,
high tensile crack propagation resistance suitable for use as the elastomeric tire

material 45.

For example, test results for three candidate materials for the elastomeric tire material
45 are shown in Figure 11. In this embodiment, these materials represent different cast,
thermoset, high modulus polyurethanes. Plotted on the log-log scale, the relationship
between the crack growth rate da/dN (Y-axis) and the strain energy release rate T (X-
axis) is linear. This is surprising, yet follows trends reported in patent literature for

metals such as steel and aluminum.

In this example, the three candidate polyurethanes are as follows:

o Elastomer A: Young’'s extension modulus = 210 MPa. This is a tolylene

diisocyanate (TDI) formulation, with an ether backbone, reacted with a diamine cure;
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Elastomer B: Young’s extension modulus = 210 MPa. This is a MDI formulation with
an ether backbone, reacted with a heat-activated diamine cure and a NCO content
of 7.0 wt %; and

Elastomer C: Young's extension modulus = 130 MPa. This is an MDI formulation
with an ether backbone, reacted with a heat-activated diamine cure and a NCO

content of 6.15 wt %.

The following observations may be made:

Elastomer B is two to three orders of magnitude better than Elastomer A in terms of
crack growth rate at a given value of strain energy release rate. At a design value
for the strain energy release rate T of 3.0 N-mm/mm?, Elastomer B’s crack growth
rate da/dN = 2.2e-7 mm / cycle, whereas Elastomer A’s crack growth rate da/dN =
6.5e-3 mm/cycle. These values of da/dN may be obtained by extrapolating the
curve fit parameters shown on Figure 11. In the equations, “Y” = da/dN, and “X” is
the design strain energy release rate;

The advantage of Elastomer B over Elastomer A increases with decreasing strain
energy release rate T. At very high levels of the strain energy release rate, such as
20 N-mm/mm?, the two elastomers have similar performance. Yet, with a crack
growth rate of 1 mm in a single cycle, this would essentially be a static type of
failure. Tear strength resistance tests such as Die C and Split are designed for such
static material characterization; and

Elastomer C has a higher level of performance than Elastomer B, yet the lines are

essentially parallel.

Elastomers A and B have the same modulus of 210 MPa, yet show extremely different

levels of tension-induced crack propagation. These materials were also exposed to flex

testing, such as is traditionally used for elastomer characterization, with the following

results:

Elastomer Unnotched Demattia Notched Demattia,
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2 mm center notch, 20%

surface strain

A No visible degradation after No crack propagation after
1076 cycles 1076 cycles

B Same as A Same as A
Same as A Same as A

After notched Demattia testing for 106 cycles, Elastomers A and C were then tested in
the uniaxial tension fatigue test. A strain of 20% was used as input, to match the 20%
surface strain that was attained in the Demattia test. Results were as follows:

o Elastomer A: cross section broke after 8 cycles; and

e Elastomer C: cross section broke after 21,000 cycles.

These results show that traditional flex fatigue tests such as Demattia are insufficient in
finding separation of material capability in crack propagation, even when the surface
strain of a flex test is matched to the tension strain of a tension test. As previously
discussed, a physical reason for this relates to the difference in strain energy in a
sample deformed in flexion vs. a sample deformed in tension. Due to the exponential
relationship between da/dN, as shown in Figure 11, reducing the strain energy release
rate T by a factor of six (e.g., from 6 N-mm/mm? to 1 N-mm/mm?) can reduce the crack

growth rate da/dN by a factor of four orders of magnitude, or more.

Tension-based NPTs such as the non-pneumatic tire 34 were manufactured with
Elastomers A and C. When tested in an overload condition, the non-pneumatic tire 34
made with Elastomer A failed after less than 100 km, whereas the non-pneumatic tire

34 made with Elastomer C did not fail even after 1000 km.

Accordingly, while Elastomer A appears to be a good choice as the tire material 45 from
a standpoint of Tear Resistance (Die C (98 N/mm) and Split (12 N/mm), hysteresis (tan
(delta) = 0.11), tensile strength (46 MPa) and the above listed flex fatigue performances,

Elastomer A did not perform well in the non-pneumatic tire 34. The development of
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uniaxial tension fatigue testing provided a discriminating test, which enabled the

successful identification of other material options, such as Elastomers B and C.

Tension-based non-pneumatic tires comprising thermoset elastomers exist.  For
example, there is an existing other non-pneumatic tire for use as a rear wheel of a riding
lawnmower, with dimension 24" x 12” — 12", and having an annular support similar in
geometry to an embodiment of the non-pneumatic tire 34 shown in Figure 7, whereby
the annular support comprises a spoke structure that extends in a radial direction and
connects a hub to an annular beam. Crack propagation performance of a spoke from
this existing other tire was measured using techniques disclosed herein. The spoke

material composition was also analyzed using laboratory techniques.

Figure 12 provides the performance of the elastomer of this existing other tire, and
compares it to the performance previously noted for Elastomer C, which may be
comprised in embodiments of the non-pneumatic tire 34. At a strain energy release rate
of 3 N-mm/mm?

e Crack growth rate of elastomer of existing other tire = 2.9E-04 mm / cycle

e Crack growth rate of Elastomer C = 2.5E-08 mm/cycle

Elastomer C thus attains a performance improvement of over 4 orders of magnitude, for

tension-based stress induced crack propagation.

Material analysis also revealed that the elastomer of the existing other tire was a
thermoset material of standard MDI formulation, with a conventional butanediol cure.
For instance, in U.S. Patent 7,201,194 which may relate to the existing other tire,
specification of the web spoke material includes Vibrathane B836 of Crompton
Corporation, now owned by Lanxess Inc. This material is a standard MDI polyester-
based formulation with a butanediol cure. Thus, neither this prior patent nor the existing
other tire employs elements previously described herein for optimizing tension-based
crack propagation. The elastomer material of the existing other tire does not meet the

material performance for certain embodiments of the non-pneumatic tire 34.

34



WO 2018/227276 PCT/CA2018/050534

Using characterization procedures disclosed herein, the inventor also tested
thermoplastic elastomers of different chemical composition. Testing revealed that the
family of polyether-ester block copolymers may give high crack propagation resistance
as well as high modulus. This system combines attributes of moisture and microbe
resistance from the polyether component, and high fatigue capability from the polyester
component. The high modulus can be enabled by choosing a lower molecular weight

hard segment.

Further, the inventor used the disclosed testing methodology to further optimize
thermoplastic elastomers for use as a non-pneumatic, tension-based tire material.
Current fundamental research indicates that bioinspired structural materials may create
opportunities for improved crack propagation resistance (e.g., see Bioinspired structural
materials, Ulrike G.K. Wegst et. al., NMAT 4089, 26 October 2014, which is
incorporated by reference herein). Bioinspired elastomers may comprise additives with
much higher stiffness than the neat, isotropic host elastomer. For example, carbon
black molecules, aramid pulp, aramid floc, and/or aramid micro-pulp may be added in
small volume fractions to a co-polymer elastomer. With appropriate thermoplastic
processing, these additives may be finely dispersed in the final elastomer. This ability
to finely disperse such additives is a virtue of thermoplastic processing as opposed to

thermoset processing.

With carbon black, for example, using thermoplastic chemistry, a master batch may be
made having a moderately large percentage of carbon black by volume — say, 25%.
Then, this master batch may be mixed at the molding company using some let-down
ratio, say, 10:1, with the primary elastomer. Thus, the volume percentage of carbon
black in the final elastomer is 2.5%, which is evenly dispersed. Such procedures are
well-known and often practiced, as carbon black has been shown to aid in

weatherability and UV resistance, in addition to its use as a colorant.
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Similar procedures can be employed for composing elastomers comprising aramid
fibers that are evenly dispersed. Aramid fibers may be processed as floc, pulp, or micro-
pulp (e.g., see DuPont Kevlar fiber. Part 3. Hybrid cords, short fibers, and their
application in composites with thermoplastics and thermosetting plastics. Plasticheskie

Massy, N. 12, 2009, pp.7-10, which is hereby incorporated by reference herein).

These fibers and/or carbon black molecules create obstacles for crack propagation in a
tensile field. A crack is inhibited from growing in a straight line, and must circumvent the
added materials which are of much higher modulus. By consequence, the strain energy

release required to grow a crack tip may be increased.

By extensive testing, the inventor has found combinations of carbon black and Kevlar
additives that improve tensile-driven crack propagation, compared to a very high

performance isotropic thermoplastic copolymer. This is shown in Figure 13.

In Figure 13:
e TPE A = high performance isotropic thermoplastic co-polymer
e TPE B = TPE A, with small percentage (e.g., 2% to 10% by weight) of carbon
black additive
e TPE C = TPE B, with small percentage (e.g., 0.5% to 2% by weight) Kelvar floc

additive

Crack propagation rates for the above elastomers are given below, for two levels of

strain energy release rate:

T = 3 N-mm/mm?* T = 6 N-mm/mm?
TPE A 5.2E-08 mm/cycle 7.8E-07 mm/cycle
TPEB 2.3E-08 3.0E-07
TPEC 2.2E-08 1.9E-07
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While already at a high level of performance, TPE A can be moderately improved by the

addition of carbon black and Kevlar floc. Furthermore, the benefits may be cumulative.

Such low values of crack propagation rate may be useful to reach adequate
performance for certain applications. For example, a 0.61 meter (24”) outer diameter
tire for use on a lawn mower has a circumference of 1.91 meters. A 20,000 km service
life results in 1.05EQ07 tire rotations, or cycles. Therefore, a crack propagation rate on
the order of 1.0E-6 mm/cycle, or lower, may be required to guarantee the desired
service life, even when the mower is operated in hostile environments containing

branches, rocks, and other debris that can cut the annular beam and/or spokes.

In some examples where the annular beam 36 is unreinforced as discussed above, the
non-pneumatic tire 34 may have the modulus of elasticity of the tire material 45 E = 130
MPa and the stress owax = 130 MPa and exhibit an approximate strain € = 0.05 which
corresponds to a material that is not inextensible. Accordingly, the shear strain
developed between the outer band 31 and the inner band 33 does not follow Equation
(2) above. The shear strain y(x) does not increase linearly as the length Lc of the
contact patch 25 increases because the outer band 31 and the inner band 33 strain.

This in turn relieves and reduces the shear strain in the shear beam 39.

Since y(x) does not increase linearly with the length L¢ of the contact patch 25, the total
force carried in the inner band 33 does not follow Equation (4). In light of the character
of the crack propagation rate da/dN with the strain energy release rate T, this may be

considered a positive design attribute in some embodiments.

Through finite-element modeling optimization and physical experimentation, an
interaction between two design attributes, namely extensibility and tensile crack

propagation measurements, is now discussed.

With reference to Figure 14. there is shown the oyax variation at the inner band 33 of

the annular beam 36 with the load F7 for the finite-element model of Figure 5A, where
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the annular beam 36 and the spoked support 41 have a modulus of either E = 130 MPa
or E =210 MPa. These moduli correspond to Elastomers C and B above, respectively.

The thickness of the inner band 33 is tganp = 10 mm.

For both E=130 MPa and E=210 MPa, oyax increases with load, but the curves are

concave down. As load increases, ouax increases with a slower rate.

As the compliance of the annular beam 36 increases, i.e., with E=130 MPa compared to
E=210 MPa, this effect becomes more favorable. In fact, for the case of E=130 MPa,
Omax reaches a maximum of 6.8 MPa at FZ = 24000 N. Further increase of Fz does not

increase omax.

An annular beam design according to Figure 8 can give similar operating characteristics
as embodiments of the non-pneumatic tire 34 considered above, provided G = 5 MPa
and h =40 mm, with Rgeam = 400 mm.

Figure 14 shows the inner band oyax for this case of inextensibility. For direct stress
comparison with other results, the inner band cross section areas are assumed
identical. Perfect inextensibility of outer and inner bands creates a perfect “shear beam”
in which there is no deflection due to bending — all deflection occurs in shear. As such,
no inner and outer fiber stresses occur due to bending. Therefore, at low loads having
a small length Lc of the contact patch 25, a non-pneumatic tire having inextensible
reinforcements will develop lower band stresses than a non-pneumatic tire with
extensible bands. Extensibility enables some deflection by bending. However, as the
length L¢ of the contact patch 25 increases, the exponential character of Equation (4)
dominates, and the band of the tire with inextensible reinforcement develops higher

stress than the non-pneumatic tire without reinforcement.

In the specific embodiment of a 12.00 — 16.5” skidsteer tire, a working load may be
around 20000 N (2000 kg). At this working load, a maximum stress of between 6 to 7.5
MPa is found in the case of E = 130 MPa, E = 210 MPa and inextensibility. However,
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overloading past this working load yields very different results. At 30000 N, the case of
E = 130 MPa gives ouax = 6.3 MPa, E = 210 MPa gives omax = 9.5 MPa, and

inextensibility gives omax = 14 MPa.

With reference to Figure 11, and taking elastomer B as an example, a strain energy
release rate of 6 N-mm/mm2 gives a da/dN = 1e-4 mm/cycle. Increasing the strain
energy release rate by 50%, to 9 N-mm/mm2 gives da/dN = 1e-3, producing a 10-fold
increase. This would give 10x lower fatigue life. This is the magnitude of change

between the case of E = 210 MPa and inextensibility.

Using the measured da/dN vs. T of Figure 11 for Elastomers B and C, the number of
kilometers required to propagate an initial 3 mm crack to a 4 mm crack can be
calculated by using with the finite-element model results of Figure 14 for the two cases
of E = 130 MPa and E = 210 MPa. The results are shown in Figure 15. The increased
stiffness with E = 210 MPa results in greater stress at high loads. This results in higher
strain energy release rates at higher loads; in addition, the measured da/dN of
Elastomer B is higher (worse) than that of Elastomer C. Thus, the higher modulus of
Elastomer B gives worse performance than that of Elastomer C in overload conditions.
Hence, extensibility may be a positive design attribute, provided the required vertical
stiffness of the tire can be obtained. This may place a lower limit on the modulus of the

material 45.

Higher modulus materials — even if da/dN vs. T could be kept the same as Elastomer B

— could have even worse performance, because oyax would increase more with load.

The thickness tganp Of the inner band 33 of the annular beam 36 can be used in
conjunction with the modulus of elasticity Eganp to control oyax. tsanp can be generally
expressed as a percentage of the radius Rgeam Of the annular beam 36. Through finite-
element modeling analysis and experimentation, in some embodiments, ranges may be

as follows:
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t
0.02 < -BAND - 035

BEAM

90 MPa < Eg,yp < 210 MPa

1.8 MPa < EAg,yp < TMPa

E t
Where: EABAND = —BAND BAND

Rpeam

When these design values are combined with the earlier specifications of da/dN vs.
strain energy release rate, a highly performant tension-based non-pneumatic tire can be

designed that does not comprise inextensible reinforcement in the annular beam 36.

In some embodiments, principles discussed herein to enhance crack propagation
resistance for the tire material 45 may be applied to one or more selected parts of the
non-pneumatic tire 34, such as the annular beam 36 or the spoked support 41. For
example, in some embodiments, the tire material 45 with enhanced crack propagation
resistance may be a thermoplastic that only makes up the annular beam 36, not the
spoked support 41, which may be made of another elastomeric material. Similarly, in
other embodiments, the tire material 45 with enhanced crack propagation resistance
may be a thermoset that only makes up the annular beam 36, not the spoked support

41, which may be made of another elastomeric material.

This may relate to optimal processing for differently-sized tires with different
performance requirements. For example, it may be convenient to construct the annular
beam 36 using a process amenable to thermoset materials. The annular beam 36 may
be of a size and weight that are impractical for a thermoplastic process. The spoked
support 41 may be adhered or affixed to the annular beam 36 in a secondary process.
The spoked support 41 may be a thermoplastic material. Each spoke could be
separately constructed and affixed to the annular beam 36 via mechanical and/or
chemical means, thereby imparting a modular element of construction to the complete
tire 34.
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Elastomeric materials contemplated herein for various embodiments are processed
using any suitable means, including thermoplastic injection, hot open casting, spin
casting, and reaction-injection molding. However, there exists a class of materials which
are essentially chemically indistinguishable, yet can be processed using thermoplastic
or thermoset methods. For example, a standard polyurethane MDI ether prepolymer,
with a butanediol curative may be formulated with a very high stoichiometry of 102%, or
higher. The excess, unreacted curative in the resulting elastomer acts like a soft
segment in a thermoplastic elastomer. The elastomer, then, behaves like a
thermoplastic. Using almost identical chemistry, these constituents may be pelletized
and processed using thermoplastic methods. This class of polymer is encompassed by
embodiments of the tension-based non-pneumatic tire 34 contemplated herein, when

having high tension-based crack propagation resistance as defined herein.

While in embodiments considered above the wheel 20; is part of the construction vehicle
10, a wheel constructed according to principles discussed herein may be used as part

of other vehicles or other devices in other embodiments.

For example, with additional reference to Figures 16 and 17, in some embodiments, an
all-terrain vehicle (ATV) 210 may comprise wheels 2204-2204 constructed according to
principles discussed herein in respect of the wheel 20, The ATV 210 is a small open
vehicle designed to travel off-road on a variety of terrains, including roadless rugged
terrain, for recreational, utility and/or other purposes. In this example, the ATV 210
comprises a frame 212, a powertrain 214, a steering system 216, a suspension 218, the
wheels 2204-2204, a seat 222, and a user interface 224, which enable a user of the ATV
210 to ride the ATV 210 on the ground.

The steering system 216 is configured to enable the user to steer the ATV 210 on the
ground. To that end, the steering system 216 comprises a steering device 228 that is
operable by the user to direct the ATV 210 along a desired course on the ground. In this

embodiment, the steering device 228 comprises handlebars. The steering device 228
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may comprise a steering wheel or any other steering component that can be operated
by the user to steer the ATV 210 in other embodiments. The steering system 216
responds to the user interacting with the steering device 228 by turning respective ones
of the wheels 220,-2204 to change their orientation relative to the frame 212 of the ATV
210 in order to cause the ATV 210 to move in a desired direction. In this example, front
ones of the wheels 220,-2204 are turnable in response to input of the user at the
steering device 228 to change their orientation relative to the frame 212 of the ATV 210
in order to steer the ATV 210 on the ground. More particularly, in this example, each of
the front ones of the wheels 220,-220, is pivotable about a steering axis 230 of the ATV
210 in response to input of the user at the steering device 228 in order to steer the ATV
210 on the ground. Rear ones of the wheels 2204-2204 are not turned relative to the
frame 212 of the ATV 210 by the steering system 216.

In this embodiment, the seat 222 is a straddle seat and the ATV 210 is usable by a
single person such that the seat 222 accommodates only that person driving the ATV
210. In other embodiments, the seat 222 may be another type of seat, and/or the ATV
210 may be usable by two individuals, namely one person driving the ATV 210 and a
passenger, such that the seat 222 may accommodate both of these individuals (e.g.,
behind one another or side-by-side) or the ATV 210 may comprise an additional seat for
the passenger. For example, in other embodiments, the ATV 210 may be a side-by-side

ATV, sometimes referred to as a “utility terrain vehicle” or “utility task vehicle” (UTV).

The wheels 2204-2204 engage the ground to provide traction to the ATV 210. More
particularly, in this example, the front ones of the wheels 2204-2204 provide front traction
to the ATV 10 while the rear ones of the wheels 220,-2204 provide rear traction to the
ATV 10.

Each wheel 220, of the ATV 210 may be constructed according to principles described
herein in respect of the wheels 204-204, notably by comprising a non-pneumatic tire 234
and a hub 232 that may be constructed according to principles described herein in

respect of the non-pneumatic tire 34 and the hub 32. The non-pneumatic tire 234
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comprises an annular beam 236 and an annular support 241 that may be constructed
according principles described herein in respect of the annular beam 36 and the annular
support 41. For instance, the annular beam 236 comprises a shear beam 239
comprising openings 2561-256g and the annular support 241 comprises spokes 242;-
242, that may be constructed according to principles described herein in respect of the

shear beam 39 and the spokes 424-42+.

As another example, in some embodiments, with additional reference to Figure 18, a
motorcycle 410 may comprise a front wheel 420, and a rear wheel 420, constructed

according to principles discussed herein in respect of the wheel 20.

As another example, in some embodiments, a wheel constructed according to principles
discussed herein in respect of the wheel 20, may be used as part of an agricultural
vehicle (e.g., a tractor, a harvester, etc.), a material-handling vehicle, a forestry vehicle,

or a military vehicle.

As another example, in some embodiments, a wheel constructed according to principles
discussed herein in respect of the wheel 20, may be used as part of a road vehicle such

as an automobile or a truck.

As another example, in some embodiments, as shown in Figure 19, a wheel
constructed according to principles discussed herein in respect of the wheel 20; may be
used as part of a lawnmower 510 (e.g., a riding lawnmower, such as a zero-turning-

radius (ZTR) mower) comprising caster wheels 520, 520..

Wheels constructed according to principles discussed herein in respect of the wheel 20;
may be implemented in any suitable size. For example, in addition to those mentioned
above, the inventor has developed and reduced to practice other specific non-
pneumatic tire sizes according to various embodiments. For instance, one tire
dimension that has been reduced to practice is Dt = 24.3", Wy = 11.0”, and Dy, = 12.07,

which corresponds to a tire often used in the lawn and garden industry as the rear tire
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for a riding lawnmower such as that discussed above. Another tire dimension that has
been reduced to practice is Dr = 26.5”, Wt = 10.0”, and D+, = 12.0”, which corresponds
to a tire often used in the powersports industry as a tire for an all-terrain vehicle such as
that discussed above. Another tire dimension that has been developed is Dt = 43.5,
Wr = 16.5", and Dty = 19.0”, which corresponds to a tire often used in the construction

industry for telehandler and compact front end loader vehicles.

Certain additional elements that may be needed for operation of some embodiments
have not been described or illustrated as they are assumed to be within the purview of
those of ordinary skill in the art. Moreover, certain embodiments may be free of, may

lack and/or may function without any element that is not specifically disclosed herein.

Any feature of any embodiment discussed herein may be combined with any feature of

any other embodiment discussed herein in some examples of implementation.

In case of any discrepancy, inconsistency, or other difference between terms used
herein and terms used in any document incorporated by reference herein, meanings of

the terms used herein are to prevail and be used.
Although various embodiments and examples have been presented, this was for

purposes of description, but not should not be limiting. Various modifications and

enhancements will become apparent to those of ordinary skill in the art.
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CLAIMS

A non-pneumatic tire comprising:

- an annular beam that is elastomeric and configured to deflect at a contact patch
of the non-pneumatic tire as the non-pneumatic tire rolls on a ground surface;
and

- an annular support that is elastomeric, extends radially inwardly from the
annular beam and is configured to deform such that, when the non-pneumatic
tire is loaded, an upper portion of the annular support above an axis of rotation
of the non-pneumatic tire is in tension;

wherein a crack propagation rate of an elastomeric material of at least one of the

annular beam and the annular support is no more than 1e-4 mm/cycle at a strain

energy release rate of 3 N-mm/mm?.

The non-pneumatic tire of claim 1, wherein the crack propagation rate of the
elastomeric material is no more than 1e-5 mm/cycle at the strain energy release rate

of 3 N-mm/mm?>.

The non-pneumatic tire of claim 1, wherein the crack propagation rate of the
elastomeric material is no more than 1e-5 mm/cycle at the strain energy release rate

of 6 N-mm/mm>.

The non-pneumatic tire of any one of claims 1 to 3, wherein a modulus of elasticity

of the elastomeric material is at least 90 MPa.

The non-pneumatic tire of any one of claims 1 to 3, wherein a modulus of elasticity

of the elastomeric material is at least 130 MPa.

The non-pneumatic tire of any one of claims 1 to 5, wherein the annular beam
comprises an outer annular portion, an inner annular portion, and a shearing annular

portion between the outer annular portion and the inner annular portion that are
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elastomeric and configured to cause the annular beam to deflect more by shearing

than by bending at the contact patch of the non-pneumatic tire.

The non-pneumatic tire of claim 6, wherein the shearing annular portion comprises a

plurality of voids distributed in a circumferential direction of the non-pneumatic tire.

The non-pneumatic tire of any one of claims 6 and 7, wherein a given one of the
outer annular portion and the inner annular portion is free of substantially
inextensible reinforcement running in a circumferential direction of the non-

pneumatic tire.

The non-pneumatic tire of claim 8, wherein: the given one of the outer annular
portion and the inner annular portion is the outer annular portion; and the inner
annular portion is free of substantially inextensible reinforcement running in the

circumferential direction of the non-pneumatic tire.

10. The non-pneumatic tire of any one of claims 6 and 7, wherein the annular beam is

free of substantially inextensible reinforcement running in a circumferential direction

of the non-pneumatic tire.

11. The non-pneumatic tire of any one of claims 1 to 10, wherein the annular support

comprises a plurality of spokes, and each of the spokes extends freely from the

annular beam towards a hub.

12. The non-pneumatic tire of claim 11, wherein a free span length of each of the

spokes is at least 15% of an outer diameter of the non-pneumatic tire.

13. The non-pneumatic tire of claim 11, wherein a free span length of each of the

spokes is at least 20% of an outer diameter of the non-pneumatic tire.

46



WO 2018/227276 PCT/CA2018/050534

14. The non-pneumatic tire of any one of claims 1 to 13, wherein the annular beam

comprises at least part of the elastomeric material.

15. The non-pneumatic tire of claim 14, wherein the annular beam is entirely made of

the elastomeric material.

16. The non-pneumatic tire of any one of claims 1 to 15, wherein the annular support

comprises at least part of the elastomeric material.

17.The non-pneumatic tire of claim 16, wherein the annular support is entirely made of

the elastomeric material.

18. The non-pneumatic tire of any one of claims 1 to 13, wherein the annular support

comprises at least part of the elastomeric material.

19. The non-pneumatic tire of claim 18, wherein the annular support is entirely made of

the elastomeric material.

20.The non-pneumatic tire of any one of claims 1 to 19, wherein the elastomeric

material is thermoset.

21.The non-pneumatic tire of any one of claims 1 to 19, wherein the elastomeric

material is thermoplastic.

22.The non-pneumatic tire of any of claims 1 to 21, wherein the elastomeric material is
a first elastomeric material, and the non-pneumatic tire comprises a tread disposed
radially outward of the annular beam and comprising a second elastomeric material

different from the first elastomeric material.

23. A vehicle comprising the non-pneumatic tire of any one of claims 1 to 22.
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24. A non-pneumatic tire comprising:

- an annular beam that is elastomeric and configured to deflect at a contact patch
of the non-pneumatic tire as the non-pneumatic tire rolls on a ground surface;

- an annular support that is elastomeric, extends radially inwardly from the
annular beam and is configured to deform such that, when the non-pneumatic
tire is loaded, an upper portion of the annular support above an axis of rotation
of the non-pneumatic tire is in tension, the annular support comprising a
plurality of spokes, each of the spokes extending freely from the annular beam
towards a hub, a free span length of each of the spokes being at least 15% of
an outer diameter of the non-pneumatic tire; and

- a tread that is elastomeric and disposed radially outward from the annular
beam:

wherein: a crack propagation rate of an elastomeric material of at least one of the

annular beam and the annular support is no more than 1e-4 mm/cycle at a strain

energy release rate of 3 N-mm/mm? and an elastomeric material of the tread is
different from the elastomeric material of at least one of the annular beam and the

annular support.

25.The non-pneumatic tire of claim 24, wherein the crack propagation rate of the
elastomeric material of at least one of the annular beam and the annular support is

no more than 1e-5 mm/cycle at the strain energy release rate of 3 N-mm/mm?.

26.The non-pneumatic tire of claim 24, wherein the crack propagation rate of the
elastomeric material of at least one of the annular beam and the annular support is

no more than 1e-5 mm/cycle at the strain energy release rate of 6 N-mm/mm?Z.
27.The non-pneumatic tire of any one of claims 24 to 26, wherein a modulus of

elasticity of the elastomeric material of at least one of the annular beam and the

annular support is at least 90 MPa
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28.The non-pneumatic tire of any one of claims 24 to 27, wherein the elastomeric
material of at least one of the annular beam and the annular support is a thermoset
elastomer comprising a low free MDI prepolymer and comprising a curing system

comprising diamine (MDA) and NaCl..

29.The non-pneumatic tire of any one of claims 24 to 27, wherein the elastomeric
material of at least one of the annular beam and the annular support is a

thermoplastic polyether-ester block copolymer elastomer.

30. The non-pneumatic tire of claim 29, wherein the elastomeric material of at least one
of the annular beam and the annular support comprises 2% to 10% carbon black, by

weight.

31.The non-pneumatic tire of claim 25, wherein the elastomeric material of at least one
of the annular beam and the annular support comprises 0.5% to 2% Kevlar pulp, by

weight.

32. The non-pneumatic tire of claim 25, wherein the elastomeric material of at least one
of the annular beam and the annular support comprises 0.5% of 2% Kevlar floc, by

weight.

33. A non-pneumatic tire comprising:

- an annular beam configured to deflect at a contact patch of the non-pneumatic
tire as the non-pneumatic tire rolls on a ground surface, the annular beam
comprising an outer annular portion, an inner annular portion, and a shearing
annular portion between the outer annular portion and the inner annular portion
that are elastomeric and configured to cause the annular beam to deflect more
by shearing than by bending at the contact patch of the non-pneumatic tire; and

- an annular support that is elastomeric, extends radially inwardly from the

annular beam and is configured to deform such that, when the non-pneumatic
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tire is loaded, an upper portion of the annular support above an axis of rotation
of the non-pneumatic tire is in tension;
wherein a crack propagation rate of an elastomeric material of at least one of the
annular beam and the annular support is no more than 1e-4 mm/cycle at a strain
energy release rate of 3 N—mm/mmz; and a thickness tganp Of the inner annular
portion in a radial direction of the non-pneumatic tire, a radius Rgeam Of the annular

beam, and a modulus of elasticity Eganp Of an elastomeric material of the inner

annular portion are related by 1.8 MPa < EB“;"DM < 7 MPa.
BEAM
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