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(57) Abstract: The invention described herein provides a non-pneumatic deformable structure having a variable stiffness spoke

o assembly that provides a method of adjusting the vertical stiffness. The structure comprises an outer annular band having a pre-
& determined stiffness, a set of spoke elements having an outer end and an inner end, where the outer end is connected to the outer
& band, with the spoke element extending inward and having its inner end connected to a hub, the hub being configured to attach the

=

structure to a vehicle axle or other apparatus capable of rotation about an axis. Each of the spoke elements has a curvilinear length
greater than the length of a straight line segment extending from a point of connection of the outer end of the spoke element with the
outer annular band to a point of connection of the inner end of the spoke element to the hub. The outer end of said spoke element is
tangent to the straight line segment, and the inner end of said spoke element is tangent to the straight line segment.
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Variable Stiffness Spoke for a Non-pneumatic Assembly

BACKGROUND

[0001] Non-pneumatic deformable structures for use in the support of loads under
rolling conditions, such as to support loads for automotive vehicles have been
described, for example in United States Patent No. 7,201,194, which is commonly
owned by the assignee of the current invention. The structurally supported, non-
pneumatic tire disclosed therein includes a reinforced annular band that supports the
load and a plurality of web spokes that transmit in tension the load forces between
the annular band and a wheel or hub. The tire supports its load solely through the
structural properties and, contrary to the mechanism in pneumatic tires, without

support from internal air pressure.

[0002] In the exemplary structure shown in Fig. 1 herein, the spokes are shown
as radially-oriented elements, which then extend more or less transversely across
the width of the non-pneumatic deformable structure. The structure acts as a "top
loading” structure meaning that the vertical load applied from the ground against a
fixed hub is resisted by tensile forces in the spokes that are generally outside of the
region where the band is in contact with the load surface. The spokes in the latter
region carry little or no load, as illustrated in Fig. 1, where these spokes have

undergone a buckling deformation.

[0003] A design characteristic of the non-pneumatic deformable structure is its
vertical stiffness. In the current context, vertical stiffness is the increment of vertical
force generated for each increment of vertical deflection or displacement upward of
the ground with the hub held fixed. Depending on the end-use load carrying
application, it may be desirable to have a structure that has a higher initial vertical
stiffness. An example of this situation would be an application where there is a high
static load, such as a piece of heavy construction equipment. In this instance, the
high stiffness limits the static vertical deflection. On the other hand, other
applications may benefit from a low initial stiffness. An example of such a use is a
hand truck where the device needs to roll easily over obstacles when lightly loaded.
One method to control the vertical stiffness of the non-pneumatic deformable

structure is to adjust the mechanical properties and dimensions of the outer band.
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However, this also affects the average contact pressure between the outer band and
the loading surface, which is an important overall design criterion for a specific
application.

SUMMARY OF THE INVENTION

[0004] The invention described herein provides a non-pneumatic deformable
structure having a variable stiffness spoke assembly that provides a method of
adjusting the vertical stiffness. Another advantage of the invention is to reduce the
stress concentration, which may develop at the ends of the spoke.

[0005] A non-pneumatic deformable structure comprises an outer annular band
having a predetermined stiffness, a set of spoke elements having an outer end and
an inner end, where the outer end is connected to the outer band, with the spoke
element extending inward and having its inner end connected to a hub, the hub
being configured to attach the structure to a vehicle axle or other apparatus capable
of rotation about an axis. Each of the spoke elements has a curvilinear length
greater than the length of a straight line segment extending from a point of
connection of the outer end of the spoke element with the outer annular band to a
point of connection of the inner end of the spoke element to the hub. The outer end
of said spoke element is tangent to the straight line segment, and the inner end of
said spoke element is tangent to the straight line segment.

[0006] In a variation of the invention, the spoke element, when viewed in a
transverse section, comprises at least two concave segments and at least one

convex segment.

[0007] In still another variation, the concave segments and the convex segment

are mutually tangent at their points of intersection.

[0008] In an exemplary embodiment described in detail herein, the concave

segments and the convex segment are each formed of circular arc segments.

[0009] These and other features, aspects, and advantages of the invention will
become better understood with reference to the following description and the
appended claims. The accompanying drawings, which are incorporated in and
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constitute a part of this specification, illustrate embodiments of the invention and,
together with the description, serve to explain the principles of the invention.

DESCRIPTION OF THE FIGURES

[0010] Fig. 1 is a transverse section or side view of a non-pneumatic deformable
structure 100 illustrating the action of the spoke elements under and upward
deflection from an applied vertical force.

[0011] Fig. 2 is a detail view of a non-pneumatic deformable structure 100
illustrating the excess length of a spoke element.

[0012] Fig. 3a is a graphic showing the vertical load (daN) as a function of the
imposed vertical displacement (in mm) for the exemplary spoke elements having
three levels of excess length.

[0013] Fig. 3b is a graphic showing the vertical stiffness (daN/mm) as a function
of the imposed vertical displacement (mm) for the exemplary spoke elements having
three levels of excess length.

[0014] Fig. 4a is schematic view of a non-pneumatic deformable structure 100,
when loaded by an upward deflection.

[0015] Fig. 4b is detail view corresponding to the rectangular outline of Fig. 4a,
illustrating the stress concentration.

[0016] Fig. 5 is a transverse section or side view of a portion non-pneumatic

deformable structure 200 illustrating the application of recurved spoke elements.

[0017] Fig. 6a is schematic view of a non-pneumatic deformable structure 200,
when loaded by an upward deflection.

[0018] Fig. 6b is detail view corresponding to the rectangle outline of Fig. 6a,

illustrating the reduced stress concentration.

[0019] Fig. 7 is a geometric definition of a recurved spoke element showing two

concave segments and a convex segment.

[0020] Fig. 8 is a graphic showing the vertical load (daN) as a function of the

imposed vertical displacement (mm) comparing a non-pneumatic deformable
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structure 100 to the non-pneumatic deformable structure 200 having recurved spoke

elements, and including a reference having zero excess length.

DETAILED DESCRIPTION

[0021] Figure 1 is an example of a non-pneumatic deformable structure 100. The
structure comprises an outer band 110 having a predetermined stiffness. A set of
spoke-like elements 120 connect the band 110 to a hub 130. The hub 130 may then
be attached to a vehicle axle or other apparatus capable of rotation about an axis.
The stiffness of the band may be obtained through various types of reinforcements in
single or multiple layers. United States Patents No. 7,013,939 and 6,769,465
provide examples of suitable band constructions and design information to obtain a
desired load carrying capability. Figure 1 illustrates the application of a vertical load
Fz to the non-pneumatic structure 100 under conditions where the hub 130 is held
vertically immovable. The portion of the outer band 110 in contact with the ground
undergoes an upward vertical displacement A. Figure 3a is a graphical
representation of the force Fz (in daN) versus vertical displacement delta for three
levels of excess length EL (described below). Figure 3b is a graphical
representation of the vertical stiffness (in daN/mm) versus vertical displacement A.
Vertical stiffness is the slope of the force versus displacement curve for a given

displacement.

[0022] A method proposed for controlling the vertical stiffness of a non-pneumatic
deformable structure is to vary the spoke excess length EL is defined as follows and

Excess Length = K% )— 1} #100%
0

i. where Ly and L, are defined below and illustrated in Fig. 2,

is illustrated in Fig. 2,

ii. Lo, is the distance between the spoke ends.
iii. L4, is the curvilinear spoke length.

[0023] An analysis was performed on three different non-pneumatic deformable

structures with equal design specifications for materials and reinforcements in all

respects except for spoke excess length EL. For the analysis, the spoke elements
-4 -
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120 are oriented such that their end attachment points fall on radial lines whereas
the spoke elements 120 shown in Fig. 2 are oriented such that their end attachment
points fall on lines that are at some angle relative to the radial direction. Either

configuration is allowed by the above definition for spoke excess length EL.

[0024] A finite element simulation model using commercially available software
was developed to evaluate the effect of varying spoke excess length EL on the
vertical stiffness of the non-pneumatic deformable structure 100. The model is a
two-dimensional simulation, which would correspond to a non-pneumatic deformable
structure 100 having a uniform behavior throughout its transverse width. The two-
dimensional simulation is a good approximation to the behavior of an actual three-
dimensional non-pneumatic deformable structure 100. An example of the three-
dimensional structure is shown in United States Patent No. 7,013,939. The output of
the model is the vertical force per unit width of the non-pneumatic deformable
structure 100.

[0025] For this model, a non-pneumatic deformable structure 100 comprises an
annular outer band 110 having an outside diameter of 300 mm, connected by the
spoke elements 120 to a hub 130 having a diameter of 150 mm. The band 110 is
approximately 9 mm thick and further comprises two concentric reinforcing coils 115
and 116, respectively, embedded in the band 110 and spaced apart radially by 7
mm. Each coil 115 or 116 comprises a circumferentially oriented winding of 4x0.26
mm steel cables as used for tire belt material and having a lateral spacing of 1.8 mm
between cables in the coil. The effective circumferential tensile stiffness of the coils
is converted to stiffness per unit width, or effectively a tensile modulus, for use in the
finite element model. The spacing of the cables in the coils also permits the flow of
material during molding of the non-pneumatic deformable structure.  This
configuration creates an annular intermediate layer 118 between the two coils having
a thickness of about 7 mm. The non-pneumatic structure 100 has twenty spoke
elements 120 that are 2.5 mm thick in the view shown in Fig. 2. The outer diameter
of the hub is 150 mm. The non-pneumatic deformable structure 100 is molded as a
unit from polyurethane supplied by Chemtura under the designation B836
VIBRATHANE.
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[0026] Three non-pneumatic deformable structures 100 with single curvature
spoke elements having excess spoke length EL of (a) 0.98%, (b) 8.59%, and (c)
22.9%, respectively were modeled. The predicted vertical force (per unit structure
width) versus deflection for these three structures is shown in Fig. 3a. The predicted
vertical stiffness (per unit structure width) versus deflection curves for these three
structures are shown in Fig. 3b. For reference, a non-pneumatic deformable
structure with zero excess length is shown as “reference” in Fig. 8. The vertical force
versus deflection has been significantly modified by changing the spoke excess
length. When the design having an excess spoke length of 0.98% is compared to
the reference structure, it can be seen that vertical load is reduced by about 10% at
displacements over 15 mm. However, the vertical stiffness for deflections over 15

mm remains comparable for the two designs.

[0027] An unexpected result is found when the variation of vertical stiffness is
compared for the three levels of excess spoke length. Fig. 3b provides the
comparison of vertical stiffness for the three single curvature designs. Design (a)
has a high initial stiffness for deflections less than about 5 mm, and thereafter
approaches a relatively constant value, on the order of 0.08 daN/mm at deflections
beyond 15 mm. Design (b) has a relatively constant stiffness throughout the range
of deflection, and Design (c) has a low initial stiffness that gradually approaches the
same value of stiffness as Design (a). This result is advantageous depending on the
type of use. For a heavy equipment application having a high static load, the high
initial stiffness is desirable to limit the static deflection of the non-pneumatic
deformable structure while maintaining a less stiff response during operation of the
equipment. On the other hand, for other applications a low initial stiffness is
desirable when the device is carrying a small load. In this case, the low stiffness
facilitates rolling over obstacles, but a higher stiffness results when a higher load is
applied to limit overall deflection of the non-pneumatic deformable structure.

[0028] Managing Stress Distribution with Increasing Spoke Excess Length: The

deformed shape of the single curvature spoke element of Design (c) having 22.9%
excess spoke length EL is shown in Fig. 4a. Figure 4b provides a detail of the area
inside the highlight rectangle showing the intersection between the spoke end and
the outer band 110. For a radial spoke element with zero excess length, the

intersection is perpendicular. As the spoke excess length EL increases the
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intersection angle between the spoke and the outer band decreases. The same
effect occurs at the intersection of the spoke element 120 and the hub 130. This
leads to a stress concentration in the region where the spokes connect to the band
110 and to the hub 130.

[0029] An alternative, improved design was developed to reduce the stress
concentration. The improved design for a deformable non-pneumatic structure 200
has a spoke profile where the attachment angle between the spoke element 220 and
the band 210 (or hub 230, not shown but equivalent to hub 130 of Fig. 1) is brought
closer in alignment with the overall tensile stress resultant in the spoke itself. This is
accomplished by employing a recurved profile for spoke element 220 having three
primary curvatures, two convex and one concave, whose design shown in Fig. 5 and
in detail in Fig. 7. The terms “concave” and “convex” are used for convenience to
indicate the sense, positive or negative, of the curvature of the spoke element 220.
Geometrically, the recurved spoke element 220, as shown in Fig. 7, is made up of
three arcs of essentially equal radius of curvature, R1, R2 and R3 that are mutually
tangent and also tangent to a line connecting the desired spoke element end
attachment points to the band 210 and to the hub 230. It is not necessary for the
three radii of curvature R1, R2 and R3 to be equal. The line connecting the end
attachment points (shown by the small circles in Fig. 7) may follow a radial direction
or have an angle relative to the radial direction.

[0030] Three non-pneumatic deformable structures 200 as depicted in Fig. 6a
with the recurved spoke elements 220 were simulated with the model. To better
illustrate the advantages of the recurved design, the amount of excess length EL for
each of the three designs was adjusted in the model to yield the same vertical
stiffness as for the single curvature structures 100 previously shown in Fig. 3a and
Fig 3b. For example, the recurved spoke element 220 required only 14% excess
spoke length as compared to 22.9% excess spoke length for the single curvature
design to obtain approximately the same vertical stiffness. The vertical load versus
deflection for the six designs (three single curvature structures 100 and three
recurved structures 200) is shown in Fig. 8, where the legend “Original design”
corresponds to the structures 100 and the legend “New design” corresponds to the
structures 200 having recurved spoke elements 220, and the legend “Reference”

corresponds to a spoke element having zero excess length EL. Figure 6b shows the
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detail of the stress concentration area at the intersection of the spoke element 220
with the band 210 for the recurved spoke design. In the single curvature spoke
element 120 (see Fig. 2), the peak stress was 0.733 daN/mm? whereas the recurved
spoke element 220 has a peak stress at the same location of 0.472 daN/mm?, a
reduction of 36%. Table 1 below shows a comparison of the single curvature and
recurved spoke designs. In each case, the recurved spoke element 220 (within a
row in the table) shows a lower principal stress than the single curvature spoke
element 120.

Table 1: Spoke Element Excess Length and Maximum Principal Stress

Single Curvature Spoke Elements Recurved Spoke Elements
Design Excess Principal Stress Excess Principal Stress
Length (daN/mm?) Length (daN/mm?)
(EL) (EL)
(a) 0.98 % 0.832 0.55 % 0.542
(b) 8.59 % 1.019 6.01 % 0.537
(c) 229 % 0.733 14.11 % 0.472

[0031] The recurved design can be said to be a more efficient design as it obtains
the same adjustment to initial and final vertical stiffness with a reduced amount of
excess spoke length and a reduced principal stress at the spoke attachment points.
The design principles disclosed have been reduced to practice for non-pneumatic
deformable structure 200 for a skid-steer application corresponding to a 12R16.5
pneumatic tire and wheel and for a hand truck application corresponding to a 10x3

pneumatic tire and wheel.

[0032] Applicants understand that many other variations are apparent to one of
ordinary skill in the art from a reading of the above specification. These variations
and other variations are within the spirit and scope of the instant invention as defined
by the following appended claims
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Claims

1. A non-pneumatic deformable structure comprising an outer annular band
having a predetermined stiffness, a set of spoke elements having an outer end
and an inner end, said outer end is connected to the outer band, said spoke
element extending inward and said inner end connected is to an inner hub, the
hub being configured to attach the structure to a vehicle axle or other apparatus
capable of rotation about an axis; each of said spoke elements has a curvilinear
length greater than the length of a straight line segment extending from a point of
connection of said outer end of said spoke element with the outer annular band to
a point of connection of said inner end of said spoke element to the inner hub,
and wherein said outer end of said spoke element is tangent to said straight line
segment and said inner end of said spoke element is tangent to said straight line

segment.

2. The deformable structure according to claim 1, wherein a transverse
section of said spoke element comprises at least two concave segments and at

least one convex segment.

3. The deformable structure according to claim 2, wherein said concave
segments and said convex segment are mutually tangent at their points of

intersection.

4. The deformable structure according to claim 3, wherein said concave
segments and said convex segment are each formed of a circular arc segment

having a radius of curvature.

5. The deformable structure according to claim 4, wherein said radius of

curvature of each of said convex and concave segments are equal to each other.

6. The deformable structure according to claim 1, wherein a difference in the
curvilinear length of said spoke element and the length of said straight line
segment defines a spoke excess length, and wherein said excess length may be
varied to obtain a predetermined level of the vertical load versus deflection

stiffness of said deformable structure.

7. The deformable structure according to claim 6, wherein said excess length
is greater or equal to than about 0.5% and less than or equal to about 15%.

-9-
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