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ABSTRACT

Recently, the development of non-pneumatic tires (NPT) such as the Michelin
Tweel is receiving increased attention due to potential advantages over pneumatic tires
such as low mass, no run flat, good contact pressure distribution, and low rolling
resistance (RR). This study focuses on the design of a NPT based on properties of
vertical stiffness, contact pressure, and rolling energy loss. Using a finite element (FE)
model, a parametric study is conducted to study the effect on vertical stiffness, contact
pressure, and rolling resistance (RR) response considering three design variables: (1)
thickness of the spokes, (2) the shear band thickness, and (3) shear modulus of the shear
band and spokes of the NPT. The first two design variables are geometric parameters of
the NPT while the third design variable is a material parameter. Using the three design
variables, a design of experiments (DOE) is performed to study the effect on RR, contact
pressure, and vertical displacement. Results from the DOE are used to create response
surface models (RSM) for the objective function (minimal RR) and constraints on
vertical deflection and contact pressure. The analytical RSM function is optimized for
minimizing the rolling loss subjected to the given constraints. In addition, a design
sensitivity study is performed to evaluate the influence of the design variables on the
output response. Results indicate that all the design variables have significant effect on
RR, with the shear band thickness and shear modulus having the greater effect.
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CHAPTER 1 : MOTIVATION FOR ROLLING RESISTANCE
The development of non-pneumatic tires (NPT) such as the Michelin Tweel [1] is
receiving increased attention due to potential advantages over pneumatic tires.
Pneumatic tires have been in use for more than a century, yet they have limitations still,
such as high rolling resistance, low durability, susceptibility to running flat due to
punctures, and a need for regular checking to maintaining correct air pressure. To
overcome these problems, a non-pneumatic tire design was proposed by Michelin [1].
Research has been undertaken at Clemson University in collaboration with Michelin over
the past few years in developing many analytical and numerical models as well as
prototypes to study the various characteristics of the NPT [1-10].
NPT design is driven by the critical characteristics of the pneumatic tire namely
mass, stiffness, durability, contact pressure, and rolling resistance. Rolling resistance is
one of the main characteristics of interest as it contributes to the fuel consumption of
vehicles. Stiffness and contact pressure distribution are other important properties to be
addressed when designing a NPT.
1.1 Design of Non-Pneumatic Tire (NPT)
The NPT concept described in [1] consists of a composite ring, with at least two
circumferential reinforcements separated by a radial distance. The composite ring is
called as shear beam and it has a low modulus material is sandwiched between the
reinforcements. During rolling, the material between the reinforcements is subjected to
shear loading and deforms primarily in pure shear. A uniform, yet discrete, distribution

1

of spoke pairs is designed to connect the ring to the hub of the wheel and they deform due
to buckling. Figure 1.1 shows the structure of the NPT.
It is the design of shear beam and spokes which allows for the potential to
achieve a relatively uniform surface contact distribution with the ground under load. The
spokes and ring are manufactured in a mold with imbedded reinforcements. A rubber
tread is bonded to the outer ring to provide traction. Use of PU for the spokes and the
shear band having low viscoelastic energy loss than rubber may result in design of NPT
with low rolling resistance [23]. The use of hyperelastic materials such as PU is
important because of their shearing properties that contribute to the flexibility, energy
loss, damping, and the pressure distribution between the NPT and the road [18, 23].

Figure 1.1 Non-Pneumatic Tire (NPT)
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When the NPT is loaded at the hub center, the composite ring flattens in the
contact area, forming a contact patch. The deformable spokes buckles due to the applied
load. The spokes out of the contact area do not undergo deformation and remain in
tension [1].

Figure 1.2 shows the buckling phenonmemon of the NPT due to the

application of static load.

Buckling

Figure 1.2 Deformed NPT due to the application of the load

1.2 Rolling Resistance
Rolling resistance can be defined as the resistance offered by the tire when it rolls
over a flat rigid surface [11-13]. Primarily, it occurs due to the deformation of the tire at
the contact zone and it is attributed to the use of viscoelastic material in the tire structure.
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Viscoelastic materials are preferred due to their flexibility and their damping properties
In order to achieve these benefits, some trade-offs are made in the design of tires. Unlike
elastic materials, viscoelastic materials do not store 100% of energy during deformation.
It actually loses or dissipates some of this energy in the process in the form of heat. This
dissipation is known as hysteresis. During rolling under the application of the load, the
circumferential position of NPT keeps changing causing cyclic shear in the shear layer.
Due to cyclic shear, material is loaded and unloaded periodically resulting in hysteresis.
Figure 1.3 shows the stress-strain curve of a viscoelastic material. Hysteresis is
the area between the loading and the unloading curve of the stress-strain diagram. StressStain behaviors of several elastomeric materials are discussed in [14, 15]. By reducing
the area between the curves rolling resistance of NPT can be reduced significantly. This
can be done by optimizing the structure and material parameters of the NPT for reduced
rolling resistance without compromising the vertical stiffness and the contact pressure of
NPT .

Figure 1.3 Stress-Strain plot for a viscoelastic material
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Hysteresis is considered to be the main contributor to the energy loss in tires as it
constitutes about 90 to 95% of the total energy loss in the tires [16]. Hence the use of
viscoelastic materials results in energy loss thereby resulting in rolling resistance.
Friction between the tire and the road is the second factor resulting in energy loss
in the tires. This typically occurs due to the slip of the tire on the surface of the road.
This factor contributes to about 5-10% of the total energy loss in tires [16].
The third and the least factor which contributes to the energy loss in tires is
Windage. This loss is due to the aerodynamic resistance. It contributes to about 1.5 to
3% of the total energy loss in tires [16].
The rolling resistance (RR) can be defined by the energy dissipated or energy lost
per distance rolled [17],
FR 

Wd
D

Where FR is the rolling resistance, Wd is the energy dissipated or energy lost, and D is
the distance rolled by the tire.
Rolling resistance of the tire is the most important factor contributing to the
vehicle fuel consumption and it also raises the temperature of the tire [16-21]. In the
current automotive fleet, tires have a short lever on fuel economy; roughly 10% decrease
in rolling resistance gives 1% better fuel economy [22]. Rolling resistance is affected by
a number of factors such as load, tire geometry, speed, temperature, contact pressure
between the tire and the road, and the use of materials and their properties [22].
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1.3 Previous Work
Research has been undertaken in Clemson University in collaboration with
Michelin for the development of Non-Pneumatic tire. The work presented in [23], is
about the rolling resistance of NPT with porous composite elastomeric shear band.
Porous composite shear band was formed by removing the material from the continuous
shear band. The loss of stiffness was compensated by the use of composite materials in
the porous shear band. Numerical experiments were conducted to study the energy loss
of NPT with continuous layer shear band and porous composite shear band. It was
shown that the rolling resistance of the NPT with porous elastomer shear band was low in
comparison to the rolling resistance of NPT with continuous shear band without
compromising the stiffness of the structure
In [24], work was done to determine the material and geometric requirements for
a Non-Pneumatic Wheel shear beam for low rolling resistance using a systematic
optimization approach. The use of elastomeric shear layer was replaced by linear elastic
shear layer and the appropriate material properties of the linear elastic material to exhibit
the characteristics of elastomeric material were determined.

The concept of meta-

materials was introduced and explored further in [25-34].
In [35], work was done to determine the optimal geometry (size of shear band and
spokes) for minimizing the rolling resistance subjected to a constraint on vertical
stiffness. A systematic design approach was followed to perform the structural (size)
optimization. The optimized geometry resulted in 17.49% reduction in rolling resistance
when compared to the existing geometry.
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In [36], material properties of NPT were analyzed for their effects on static load
deflection, vibration, and energy loss from impact rolling over obstacles. Hyperelastic
material models like Mooney Rivlin, Marlow, and Neo Hookean were fitted to the
experimental data.

Their shear modulus was changed keeping the Poisson‟s ratio

constant and their effect on the load deflection and vibration characteristics were studied.
Works [37-40] was focused largely on the spoke dynamics of NPT during high speed
rolling.
Contact pressure of the Non-pneumatic wheel with a cellular shear band was
investigated in [41-42]. Several complications were faced in simulating an accurate
contact pressure distribution with the use of linear elastic (isotropic/orthotropic) material
in the shear layer [41]. The work presented in [24] constrained both maximum and
average value of contact pressure for the optimization process to ensure the optimization
results in a uniform contact pressure distribution.
In this work, elastomeric material is used in the shear layer and the spokes. Linear
elastic material is used only for the reinforcements. Structural optimization performed in
[35] indicated uniform contact pressure distribution with the use of elastomeric material
in the shear layer irrespective of the changes in the thickness of the spokes and shear
band. Hence in this study only the maximum contact pressure is considered as a
constraint unlike the work in [24]. Hence this work focuses on optimization of NPT
based on their critical characteristics of rolling resistance, vertical stiffness and maximum
contact pressure. Geometric and material parameters of NPT which influences the critical
characteristics are identified. The identified parameters are optimized for minimum
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rolling loss subjected to the constraints on vertical deflection and maximum contact
pressure.
1.4 Objective of the Thesis
In conventional pneumatic tires, cords, rubber matrix and steel bead wires are the
major components [16]. Loses in cords and steel bead wires are small and can be
neglected. Rubber on the other hand is a viscoelastic material which contributes largely
to the energy loss in conventional tires. In case of NPT, the main component contributing
to the energy loss of the NPT is the shear band due to the shear loading at the contact
area. Other components that contribute to the energy loss are the spokes and the tread.
Polyurethane is preferred for the shear layer and spokes for improved endurance [36, 46].
The usage of materials and their volume play an important role as they help in reduction
of cost and rolling resistance without compromising the stiffness of the structure and the
contact pressure distribution between the NPT and the road.
The goal of the present work is to conduct a geometric size optimization of the
shear band thickness and spoke thickness of the NPT and material parameter (shear
modulus of the shear band and spokes) optimization by minimizing the rolling resistance
subjected to constraints on vertical stiffness as measured by the vertical deflection and
maximum contact pressure between the NPT and the road. Results indicate that the
optimized geometry resulted in 25-32% reduction in rolling resistance without violating
the constraints.

8

1.5 Thesis Organization
The thesis is organized into seven chapters. The finite element model and the
material properties used in the model are explained in Chapter 2. The effects of change
in geometrical parameters and material parameter (parametric study) on the response
parameters are presented in Chapter 3. The optimization problem statement & procedure,
design of experiments, DOE automation using modeFRONTIER and the design
sensitivity analysis are explained in the Chapter 4. The creation of response surface
model (RSM) and the optimization algorithms used to solve the given design problem are
discussed in the Chapter 5. Optimization results and the finite element validation using
ABAQUS are discussed in the Chapter 6. Concluding remarks are made and suggestions
are given for the future work in the final chapter.
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CHAPTER 2 : FINITE ELEMENT MODELLING AND MATERIAL PROPERTIES OF
NPT
A two dimensional NPT finite element model is considered for analysis with
ABAQUS/Standard. The finite element model is shown in Figure 2.1.

a.) Entire structure

b.) Closer view of the components of NPT
Figure 2.1 Finite element model of the NPT

As described in the introduction the NPT FE model consists of a rigid hub,
flexible spokes, inner and outer reinforcements, continuous shear band and the tread. The
shear band is sandwiched between the inner and the outer reinforcements. The model is
designed to have an outer diameter of 482.6 mm [23]. The tread has a thickness of 4 mm.
The inner and outer reinforcements have thicknesses of 0.5 mm. The rigid hub has a
diameter of 140 mm. The model has a plane stress thickness of 200 mm which defines
the width of the tire. The spoke is not straight and has an eccentricity of 0.773 mm from
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the straight plane. For this study, spoke thickness, shear band thickness and shear
modulus of polyurethane material used in the shear beam and spokes are considered as
the driving design variables. Other dimensions of the model namely the length of the
spokes, thickness of the shear beam, and thickness of the spokes varies during the design
process for the purpose of finding the optimum. It should be noted that the hub diameter
and the outer diameter remains constant during the optimization process. The change in
the shear band thickness is accommodated by the change in the spoke length.
2.1 Material Properties of the NPT
2.1.1 Linear isotropic elastic materials
The inner reinforcement and the outer reinforcement are modeled as high strength
steel (ANSI 4340) [24]. The hub ring is modeled as aluminum alloy (7075-T6). Linear
elastic properties of ANSI 4340 and 7075-T6 aluminum alloy are shown in the Table 2.1.
Table 2.1 Material properties for reinforcements [43-44]

Density, ρs
[kg/m3]

Young’s
Modulus, Es
[GPa]

Poisson’s
Ratio, νs

Aluminum-Alloy
(7075-T6)

2800

72

0.33

Steel, high strength
(ANSI 4340)

7800

210

0.29

Base Material
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2.1.2 Isotropic Hyperelastic materials
The spokes, shear beam and the tread are modeled as hyperelastic materials with
viscoelastic behavior. The spokes and the shear beam consist of the same PU material
and the tread is modeled as rubber. Finite element modeling of hyperelastic materials are
based on the experimental data. The constitutive relationship is achieved by fitting
material models for the experimental stress strain data. In this study, the shear modulus
of polyurethane is considered as the design variable and two material models namely the
Neo-Hookean and Mooney Rivlin are compared.
The general form of Neo-Hookean strain energy potential as explained in [45] is
given as,
U  C10 ( I1 - 3) 

1
( J el -1) 2
D1

Where U is the strain energy per unit volume; C10 and D1 are temperature dependent
material parameters. The Initial Shear modulus (µ0) and bulk modulus (K0) of the
polyurethane (PU) material are related to the parameters by the following relation,

0  2(C10 )

K0 

The first deviatoric strain invariant defined as

I1  12  2 2  3 2

12

2
D1



1

The deviatoric stretches are given by i  J 3 i ; J is the total volume ratio; J

el

is

the elastic volume ratio defined below and λ i are principal stretches. The elastic volume
ratio, J el, the total volume ratio, J, and the thermal volume ratio, J

th

are related by the

following expression,

J el 

J
J th

Jth is defined as,

J th  (1   th )3 ,
where ε th is the linear thermal expansion strain. This is obtained from the temperature
and isotropic thermal expansion coefficient.

 th  th T
The Mooney-Rivlin form of strain energy potential as explained in [45] is given as,
U  C10 ( I1 - 3)  C01 ( I 2 - 3) 

Where U is the strain energy per unit volume;

1
( J el -1) 2
D1

C10

, C01 and D1 are temperature

dependent material parameters. The first and second deviatoric strain invariants defined
as,

I1  12  2 2  3 2
I 2  12  2 2  3 2
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Other parameters in the Mooney-Rivlin strain energy potential are the same as
explained in the previous paragraph on Neo-Hookean material model.
Initial Shear modulus (µ0) and bulk modulus (K0) of the polyurethane (PU)
material are related to the parameters by the following relation,

0  2(C10  C01 ) , K 0 

2
D1

The shear modulus defines how the material distorts and the bulk modulus defines
the volume change in the material. Most elastomers like rubber are incompressible, yet
demonstrate high shear flexibility. The Poisson‟s ratio of the hyperelastic material is
related to the relative compressibility ratio (k0/µ0) by the following expression,



3 K 0 0  2
6 K 0 0  2

Experimental data (nominal stress vs. nominal strain) provided by Michelin are
used to define the hyperelastic model of PU. As explained before, Neo-Hookean and
Mooney-Rivlin models are used to fit the experimental data. The material coefficients of
the fitted data are shown in the Table 2.2.
Table 2.2 Material coefficients of PU for the shear layer and the spokes [46]

Material Model

C10

C01

D1

Mooney Rivlin

-7.7456e6

1.6059e7

1.2444E-08

Neo-Hookean

4.912e6

0

2.1056E-08
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From the above coefficients the initial shear modulus and the bulk modulus of PU
is obtained based on the relation between the coefficients and the respective modulus as
explained in the previous section regarding Neo-Hookean and Mooney-Rivlin material
models. The initial shear modulus of PU is 16.626 MPa and the initial bulk modulus is
160.72 MPa for the Mooney-Rivlin case. The initial shear modulus of PU is 9.825 MPa
and the initial bulk modulus is 94.98 MPa for the Neo-Hookean case [46].
In this study, the shear modulus of PU is considered as a design variable and
hence during the design process the shear modulus is changed. The original value of
shear modulus is considered as a reference value. With respect to the change in shear
modulus the respective percentage increase or decrease is calculated with the help of the
reference value and appropriate changes are made to the material coefficients C10 and
C01. The initial bulk modulus is calculated with respect to the relative compressibility
ratio (k0/µ0) of 9.6667 corresponding to Poisson‟s ratio, υ = 0.45. It should be noted that
for the Neo-Hookean case, the value of C01 is zero and the change will be made only to
C10.
In [24], material and geometric parameters were optimized to minimize the square
of the difference between the target strain (desired) and maximum strain in the shear
layer. Optimal material parameters E, υ for linear isotropic elastic case and E11, E22, υ12,
G12 for linear orthotropic elastic case were determined. These material parameters were
optimized to exhibit the behavior of NPT with hyperelastic material in the shear layer.
Since hysteretic losses are negligibly small in linear elastic materials, rolling resistance
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was not explicitly considered as parameter for optimization. In this study, optimization is
performed for conventional NPT design proposed by Michelin where the shear layer is
made of low modulus polyurethane material. Optimal shear modulus of hyperelastic
material used in spokes and shear layer in accordance with the optimal geometric
parameters namely shear band thickness and spoke thickness are determined for minimal
rolling loss.
Change in shear modulus is incorporated by change in the stress-strain
relationship. Figure 2.2 shows how the stress-strain behavior changes with respect to the
change in shear modulus for the Neo-Hookean model.

Figure 2.2 Effect of change in shear modulus for the Neo-Hookean model

The curve in blue indicates the original stress-strain relationship of PU fitted to
the Uniaxial experimental data.

The initial shear modulus corresponding to Neo-

Hookean model fitted to the experimental data is 9.826 MPa as shown in the Figure 2.2.
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The other two curves are achieved by increasing and decreasing the shear modulus from
the original value. All the three curves has the same relative compressibility ratio (k0/µ0)
of 9.6667 corresponding to Poisson‟s ratio, υ = 0.45. Similar change in stress-strain
relationship can be observed for the Mooney-Rivlin case.

Figure 2.3 Effect of change in shear modulus for the Mooney-Rivlin model

The initial shear modulus corresponding to Mooney-Rivlin model fitted to the
experimental data is 16.63MPa as shown in the Figure 2.3.
Neo-Hookean material model is used to define rubber tread material.

The

coefficients were determines by fitting the experimental data provided by Michelin [36,
46]. The model is defined by the coefficients C10 = 830000 and D1 = 1.2464E-007.
Thus, the initial shear modulus of rubber 1.66 MPa and the initial bulk modulus is 16.04
MPa. The material is incompressible and has a Poisson‟s ration of 0.45 [36,46]. The
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shear modulus of tread is not considered as a design variable and hence the coefficients
of rubber stay constant throughout the optimization process.
2.1.3 Viscoelastic material properties
Time domain viscoelasticity is defined for finite strain applications where the rate
dependent elastic response is defined along with the hyperelastic material models. Linear
viscoelastic behavior is defined by a shear relaxation modulus expressed in terms of a
Prony series given by the equation,
N
P


GR (t )  G0 1   g i (1  et / i ) 
 k 1


Where GR(t) is the shear relaxation modulus, G0 is the instantaneous shear modulus of a
material, and gip and τip are parameters used to fit experimental data. The data is given in
the ascending order for three terms (N=3) in the Prony series. The Prony series constants
for PU and synthetic rubber are shown in Table 2.3 [23,47,48].
Table 2.3 Viscoelastic Prony series (N=3) constants of a PU and synthetic rubber

Poly Urethane (PU)
i

Rubber

gi

τi

gi

τi

1

0.125

0.002

0.2

0.002

2

0.125

0.02

0.2

0.02

3

0.125

0.2

0.2

0.2
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2.2 Finite element meshing and element properties
The inner/outer reinforcements and spokes are modeled with shear flexible
Timoshenko beam elements since beam approximation will be suitable for suitable for
simulating the behavior of reinforcements and spokes. The beam elements in the model
are modeled as B21 (2-node linear beam). Approximate global seed size specified in
ABAQUS is 0.006 for the beam elements. The number of elements along the length of
spokes is 14.
The 2D finite element analysis is performed under the plane stress assumption
[24, 35]. The shear layer and the tread are modeled as CPS4R (Bilinear plane stress
quadrilateral, reduced integration hourglass control) available in ABAQUS element
library for plane stress continuum elements. Global seed size specified in ABAQUS is
0.002 for the solid continuum elements in the shear layer and 0.001 for the solid
continuum elements in the tread. Figure 2.4 shows the finite element mesh created in
ABAQUS.
The numbers of elements are determined by the global seed size and the area of
the surface. When the area of the shear layer increases, the number of elements in the
shear layer increases. The global seed size is selected appropriately to achieve a fine
mesh irrespective of the changes in the geometry incurred during the optimization
process.
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Figure 2.4 Finite element mesh of the NPT in ABAQUS
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2.3 Constraints and Interactions

Kinematic coupling is created in ABAQUS to define the rigid interaction between
the center of NPT and the rim. A reference point is created at the center of NPT and is
considered as the control point for the interaction.

The rigid hub, spokes, inner

reinforcement, shear layer, outer reinforcement and the tread are assembled together with
the tie constraint. Work presented in [36, 41] used analytical rigid surface in ABAQUS
to create the ground. Hence the ground acts as a rigid body and do not deform due to its
interaction with the NPT. Discrete rigid links were used to create the rigid ground in [24].
Similarly to the previous studies, the ground acts as a rigid body (created using analytical
rigid wire in ABAQUS) and is constrained in all degrees of freedom. A node to surface
contact (Standard) interaction is defined between the road and the NPT. Friction is
defined at the contact in the tangential direction and hard contact is defined in the normal
direction. The value of coefficient of friction used is 0.15. This value is chosen typically
to avoid slip during the rolling simulation of NPT. The constraints in the model are
indicated by the yellow markers in Figure 2.5. The interaction between the ground and
the NPT is indicated in the figure. The ground acts as the master surface and the outer
surface of the tread acts as the slave surface for the interaction.
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Figure 2.5 Finite element model of NPT showing the interaction and the constraints

2.4 Loads and Boundary Conditions
The objective of the problem is to numerically measure the rolling resistance per unit
distance (FR), vertical deflection (δ) and the maximum contact pressure (cpress) of the
NPT (at a particular node at the contact zone) for different values of the geometric and
material design variables. Quasi-static analysis is performed to study the time dependent
viscoelastic material response of the NPT. Quasi-static analysis does not include mass
and inertial effects. The analysis consists of two steps namely the Static Load and the
Visco Roll. First step follows static general analysis procedure and the second step
follows Visco analysis procedure in ABAQUS.
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2.4.1 Loads
Static Load step is performed by subjecting the NPT to a vertical load of 3000N at
the hub center which is ramped for a time period of 0.1 seconds. The second step „Visco
roll‟ is performed for a time period of 0.2 seconds. The time is determined to roll the
NPT at a constant velocity of 5 m/s. The same load is maintained in the second step.

Figure 2.6 Step 1- Loads and BC's

2.4.2 Boundary Conditions
Two boundary conditions are defined namely the ground and the center (wheel
hub center of the NPT). In first step, „Center‟ is set free in y direction and rests of the
DOF‟s of the NPT are constrained. In the second step, rotation DOF (around z direction)
and translational DOF (y direction) are set free. In addition to that the translation DOF (x
direction) is set to a value of 1 meter. This boundary condition is responsible for rolling
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the NPT for a distance of 1 meter. „Ground‟ is constrained in all degrees of freedom for
both the analysis steps. The energy loss Wd is numerically measured from the ALLCD
history output in ABAQUS. ALLCD is the energy dissipated due the creep effect of the
viscoelastic materials. Shear relaxation is defined for PU and rubber. Hence the ALLCD
includes energy loss in spokes, shear layer and the tread. The vertical deflection at the
hub center is measured from field outputs.

The maximum contact pressure is the

maximum value of contact pressure achieved at the contact zone during the Static load
step. Contact pressure values during the second step, Visco roll, is not considered for
optimization.

Figure 2.7 Step 2- Loads and BC's
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CHAPTER 3 : EFFECT OF CHANGES IN GEOMETRIC AND MATERIAL
PARAMETERS ON THE OUTPUT PARAMETERS (PARAMTERIC STUDY)
Before performing the optimization, a parametric study is conducted to determine
the effects of geometric design variable namely spoke thickness, shear band thickness
and material parameter namely the shear modulus of PU, on the rolling resistance (RR)
response, vertical stiffness defined by K = F / δ where F is the vertical force (=3000N)
and δ is the vertical deflection of the hub center and maximum contact pressure (cpress).
Vertical stiffness, contact pressure and RR are important design parameter of the NPT as
it influences the vehicle performance characteristics. Hence it is important to design the
NPT with a reduced RR without compromising the overall stiffness characteristics of the
tire and the contact pressure between the tire and the road.
3.1 Effects of change in shear band thickness for a constant spoke thickness and shear
modulus
In the first parametric study, the shear band thickness is varied with a fixed spoke
thickness of 3 mm and a shear modulus of 11.3 MPa. Figure 3.1 shows the variation of
the FR with respect to the change in the shear band thickness. It is observed that the FR of
the NPT is reduced with the increase in shear band thickness. This implies that when
more volume of material in the shear band is used, the NPT becomes more resistant to the
shear effect and less energy is lost while rolling.
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Figure 3.1 Variation of RR with respect to the change in shear band thickness (constant
spoke thickness = 3mm and shear modulus=11.3 MPa)

Figure 3.2 shows the variation of the vertical stiffness K, of the NPT with respect
to the change in shear band thickness. It is observed that the stiffness increased linearly
with the increase in shear band thickness. The increase in thickness of the shear band
makes the NPT more rigid and thereby increases the stiffness of the structure.
Figure 3.3 shows the variation in maximum contact pressure with respect to
change in shear band thickness. The increase in maximum contact pressure can be
attributed to the increase in the shear band thickness. Hence when the thickness of the
shear band increases more volume of material is subjected to the vertical load. This
subsequently increases the rigidity of the structure thereby increasing the magnitude of
maximum contact pressure.
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Figure 3.2 Variation of NPT vertical stiffness with respect to the change in shear band
thickness (constant spoke thickness = 3mm and shear modulus=11.3 MPa)

Figure 3.3 Variation of maximum contact pressure with respect to the change in shear band
thickness (constant spoke thickness = 3mm and shear modulus=11.3 MPa)
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Figure 3.4 shows the variation in contact pressure with respect to the change on
sbThick for a constant spoke thickness of 3mm, vertical load of 3000 N and shear modulus of
11.3 MPa. It is observed that the length of the contact patch decreases as sbThick increases

indicating the increase in stiffness of the structure.

Figure 3.4 Variation in contact pressure distribution with respect to change in sbThick
(constant spoke thickness = 3mm, vertical load=3000 N and shear modulus=11.3 MPa)

3.2 Effects of change in shear modulus for a constant spoke thickness and shear band
thickness
In the second parametric study, the shear modulus of PU is varied with a fixed
spoke thickness of 3 mm and a shear band thickness of 12.7 mm. Figure 3.5 shows the
variation of the FR with respect to the change in the shear modulus. It is observed that the
FR of the NPT is reduced with the increase in shear modulus. This is because increase in
shear modulus of a material decreases its ability to shear. This results in less deformation
of the material at the contact zone subsequently resulting in low energy loss. This is
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evident from the Figure 3.5. Shear modulus of typical PU varies between 6 and 20MPa
and hence the magnitude of shear modulus for the parametric study were chosen between
those limits.

Figure 3.5 Variation of RR with respect to the change in shear modulus of PU (constant
spoke thickness = 3mm and shear band thickness=12.7 mm)

Figure 3.6 shows the variation of the vertical stiffness K, of the NPT with respect
to the change in shear modulus of PU (constant spoke thickness = 3mm and shear band
thickness=12.7 mm). It is observed that the stiffness increased linearly with the increase in

shear modulus. The increase in shear modulus makes the NPT more rigid and increases
the stiffness of the structure.
Figure 3.7 shows the variation of maximum contact pressure with respect to the change
in shear modulus of PU (constant spoke thickness = 3mm, vertical load=3000 N and shear band
thickness=12.7 mm).Similar effect can be observed in the maximum contact pressure as in
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the previous case except the fact that the relationship between the input variable (shear
modulus) and the response (maximum contact pressure) is non-linear.
Figure 3.8 shows the variation in contact pressure distribution with respect to the
change in shMod. Similar to the previous case, it is observed that the length of the contact
patch decreases as shMod increases indicating the increase in stiffness of the structure.

Figure 3.6 Variation of NPT vertical stiffness with respect to the change in shear modulus of
PU (constant spoke thickness = 3mm and shear band thickness=12.7 mm)
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Figure 3.7 Variation of maximum contact pressure with respect to the change in shear
modulus of PU (constant spoke thickness = 3mm and shear band thickness=12.7 mm)

Figure 3.8 Variation in contact pressure distribution with respect to change in hear
modulus of PU (constant spoke thickness = 3mm, vertical load = 3000 N and shear band
thickness=12.7 mm)
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3.3 Effects of change in spoke thickness for a constant shear band thickness and shear
modulus
In the third parametric study, the spoke thickness is varied with a fixed shear
modulus of PU of 11.3 MPa and a shear band thickness of 12.7 mm. Figure 3.9 shows the

variation of the FR with respect to the change in the spoke thickness. It is observed that
the FR of the NPT is reduced with the increase in spoke thickness. This is a similar effect
as we observed in the previous cases. Due to the application of load the spokes at the
contact zone is subjected to bending deformation. Hence when the spoke thickness is
increased it suffers less deformation due to the increase in volume and thereby results in
decreased energy loss. The magnitude of spoke thickness is limited between 3-5 mm for
the parametric study due to the design constraint on spoke thickness.

Figure 3.9 Variation of RR with respect to the change in spoke thickness (constant shear
modulus = 11.3 MPa and shear band thickness=12.7 mm)
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Figure 3.10 shows the variation of NPT vertical stiffness with respect to the
change in spoke thickness for a constant shear modulus = 11.3 MPa and shear band
thickness=12.7 mm. Similar to the previous cases increase in stiffness is observed due to
the increase in design parameter. It should be noted that unlike the previous cases, the
relationship between the input variable (spoke thickness) and the response variable
(vertical stiffness) is non-linear.
Figure 3.11 shows the variation of maximum contact pressure with respect to the
change in spoke thickness and Figure 3.12 shows the variation in contact pressure
distribution with respect to the change in spoke thickness. Similar to the previous cases
increase in maximum contact pressure is observed due to the increase in spoke thickness
but the variation is insignificant when compared to the other design variables (shear band
thickness and shear modulus of PU).

Figure 3.10 Variation of NPT vertical stiffness with respect to the change in spoke thickness
(constant shear modulus = 11.3 MPa and shear band thickness=12.7 mm)

33

Figure 3.11 Variation of maximum contact pressure with respect to the change in spoke
thickness (constant shear modulus = 11.3 MPa and shear band thickness=12.7 mm)

Figure 3.12 Variation in contact pressure distribution with respect to change spoke
thickness (constant shear modulus = 11.3MPa, vertical load=3000N and shear band
thickness=12.7 mm)
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CHAPTER 4 : OPTIMIZATION PROBLEM, DESIGN OF EXPERIMENTS AND
SENSITIVITY ANALYSIS
4.1 Optimization problem statement and procedure
A goal of the present work is to conduct a geometric size optimization of the
shear band thickness and spoke thickness of the NPT and material parameter optimization
(shear modulus of the PU) by minimizing the rolling resistance. The optimization
problem statement, design of experiments, DOE automation workflow and the design
sensitivity analysis are explained in this chapter.
4.1.1 Optimization problem statement
Single objective constrained optimization problem is defined as,
Objective Function: Minimize FR
Subjected to constraints:
 8 mm <= δ <= 11 mm
 0.10 MPa < =cpress < =0.30 MPa
Design Variables with Limits:
 3 mm <= spThick < =5 mm
 10 mm < =sbThick < =20 mm
 5 MPa < =shMod < =20 MPa
Where FR is the RR, δ is the vertical deflection, spThick is the thickness of the
spokes and sbThick is the thickness of the shear beam and shMod is the shear modulus.
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4.1.2 Optimization Procedure
The optimization problem is solved using a systematic approach. First a design of
experiments (DOE) is conducted by running several numerical experiments over the
design space defined by the limiting values of the design variables. The process is
automated in modeFRONTIER using ABAQUS python scripting interface. This process
is explained in detail in the section 4.3. Then the data from the DOE is used to create a
response surface model (RSM). A response surface model (RSM) generates an
approximate analytical function relating the design variables and the output response
parameters. The analytical functions are optimized by solving the given optimization
problem using different optimization algorithms.
The RSM and optimization are done using ISIGHT a commercially available
design and optimization tool. The flowchart in Figure 4.1 represents the workflow of the
optimization process.
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Design cycle
FEA Numerical tests
with ABAQUS

Design of
Experiments (DOE)

Optimization cycle

Response Surface
Model (RSM)

Optimization
Algorithm

Validation using FE
Models

Figure 4.1 Flowchart representing the Design optimization process
4.2 Design of Experiments (DOE)
Design of experiments (DOE) is conducted to investigate the responses of RR,
vertical deflection and maximum contact pressure for combinations of the design
variables. There are many DOE techniques which could be used in order to develop an

37

accurate response surface model. The technique used must ensure a good distribution of
sampling points within the design space.
The DOE technique used here is Latin Hypercube. Latin hypercube is the multidimensional extension of Latin squares sampling method [49]. This technique fills the
design space with uniformly distributed points for the primary design variable. Design
spaces of rest of the variables are filled with random combination of points. With a very
less number of experiments the Latin hypercube sampling method may not be effective in
establishing an accurate approximation of the responses. But as the number of
experiments is increased, this method establishes an accurate relationship between the
design variables and the responses [49].
Using Latin hypercube sampling method, a total number of 50 designs are
generated. Each design represents a different combination of design variables. DOE is
performed for two cases. In the first case Neo-Hookean material model is used to
represent the material PU. In the second case Mooney-Rivlin model is used to represent
PU. For both the cases the same combination of design variables are used to measure the
responses. The results from the DOE are provided in the APPENDICES.
4.3 Integration of ABAQUS with modeFRONTIER
It would be tedious process to perform DOE manually. This is because for each
experiment the geometry changes as well as material changes must be accommodated in
the finite element model and the new model must be submitted for analysis. An
alternative way is to automate the design process. Basically the data from the DOE must
be read by an interfacing tool and the necessary changes must be incorporated in the
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finite element model and submitted for analysis. Once the analysis is complete the output
response must me recorded for the corresponding input variables.
In this study, the automation process is carried out using modeFRONTIER. A
workflow is set up with number of components available in the software. The workflow
is shown in the Figure 4.2. The workflow totally consists of eight components otherwise
called as nodes. Eight different nodes can be classified as input variable node, output
variable node, input file node, scheduler node, transfer file node; DOS batch script node,
Matlab node and logic end node. The input variable node is used to define the three
design variables namely the spThick, sbThick and shMod. The limits (upper and lower) of
each design variable are set in the corresponding node properties. The input variable node
is connected to the input file node. Initially a script is developed using python object
oriented language which is used to create the finite element model based on input values
of the design variables. Based on these three values the python script generates the finite
element model, submits the model for analysis, waits for the analysis to complete, opens
the output database, fetches the necessary output responses and saves the values in
separate text files. The script is inserted into the input file node and the position of the
line in the script (row number and column number) where the change in values of the
design variables has to be made is indicated. Each and every node is connected to each
other through process I/O connector or data I/O connector or sometimes both the
connectors. The input file node is connected to the DOS batch script node through the
data connector. The DOS batch script node contains the command line for execution of
script and the script is executed in command prompt. The scheduler node is connected to
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the DOS batch script node through the process connector. Scheduler node is used to set
up the DOE/ optimization sequence and is connected to the DOE node through the data
connector. The DOE node is used to set up the design table which contains the
combinations of design variables. This table can be set up using the inbuilt techniques in
modeFRONTIER or can be custom defined by the user. The DOS batch script node is
connected to the Matlab node via process node to indicate the process sequence.
When the workflow is executed the data from the DOE is sent to the input file
node via the corresponding input variable nodes. The necessary changes in the script are
made and the script is executed in the DOS batch script node. Once the analysis is
performed, the text files with the corresponding output response is saved in the same
directory where the script is executed. The data from the directory is transferred to the
Matlab directory through the transfer file node. The Matlab script reads the data and
sends it to the output variable nodes. There are three output variable nodes defined
namely the Deflection, Maxcp and the energy loss. The data from the output variable is
recorded in the table for the corresponding DOE input. Hence the process is repeated
until all the designs are executed.
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Figure 4.2 DOE workflow set up using modeFRONTIER

4.3 Design sensitivity study
Sensitivity study is conducted to study the influence of the design variables on the
response parameter namely the RR. Normality test is conducted to check whether the data
is normally distributed. For conducting this test, the data from the DOE for both the
design variables is imported to MINITAB (commercially available statistical tool).
Normality test is performed based on Anderson-Darling (AD) statistics. The AD statistics
tests whether a sample of data follows a specified distribution. If the p-value from the AD
test is higher than the chosen significance level, we can conclude that the data follows a
normal distribution. Results of the test shows a p-value of 0.170 for spThick, 0.137 for
sbThick and 0.152 for shMod at 95% confidence level (alpha=0.05). This verifies that the
data is normally distributed. Figure 4.3 shows the probability plot based on AD statistics.
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Figure 4.3 Probability plot for the Thickness of the shear band

The effect of the design variables on the response parameter is studied using the
Pareto chart of standardized effects [50]. It determines the absolute value of the effects
which is indicated by the red line on the chart. Effect of any parameter which extends
past the line indicates that the parameter is potentially important. The line indicating the
absolute value corresponds to alpha=0.05 which means that the effects have been
calculated at 95% confidence level. Figure 4.4 show that all the design variables play a
significant role in affecting the response parameter (RR). It is observed that shear
modulus of PU and shear band thickness has a significant effect when compared to spoke
thickness. It is also observed that the combination effect of shear modulus and shear band
thickness (AB) also plays a role in affecting the RR response.
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Pareto Chart of the Standardized Effects
(response is RR, Alpha = .05)
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Figure 4.4 Pareto chart for RR response

Figure 4.5 shows the Pareto chart for the response of vertical deflection. The
influence of the design variables on the vertical deflection is similar to the influence on
the RR response. All the design variables including the interaction of AB (sbThick and
shMod) play a significant role in affecting the response. Figure 4.6 shows the Pareto chart
for the MaxCP. It is observed that spThick has no influence on the response. Hence the
design variables affecting response is the shear band thickness, shear modulus and their
interaction AB (sbThick and shMod).
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Pareto Chart of the Standardized Effects
(response is Deflection, Alpha = .05)
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Figure 4.5 Pareto chart for Vertical Deflection

Pareto Chart of the Standardized Effects
(response is MaxCP, Alpha = .05)
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Figure 4.6 Pareto chart for MaxCP
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Hence from the Pareto chart, the design variables and their influence on the
response parameters are studied. Since the design variables have a significant influence
on the output parameters, it is possible to find the optimized configurations for the design
variables by solving the optimized problem as explained in the beginning of this chapter.

45

CHAPTER 5 : APPROXIMATION AND OPTIMIZATION ALGORITHMS
5.1 Approximation using response surface method (RSM)
Response surface model (RSM) is approximation technique used to explore the
functional relationship between the design variables and the output parameters [51]. It is
developed based on a regression approach. As observed from the parametric study, the
relationship between the design variables and the response parameters are mostly nonlinear. Hence it will be insufficient if a linear regression approach is used to create the
RSM. The tabulated results from the DOE are used to create quadratic response surface
models for the RR, vertical deflection and the maximum contact pressure. The quadratic
RSM is created using ISIGHT and is represented by a second-order polynomial of the
form,

f ( x, y, z )  c0  c1 x  c2 y  c3 z  c4 x 2  c5 y 2  c6 z 2  c7 xy  c8 xz  c9 yz
Where x is the sbThick, y is the shMod and z is the spThick. As explained in the
previous chapter, the DOE is performed for 50 different combinations of design variables
for two cases. Neo-Hookean material model is used to define the hyperelastic model of
PU for the first case and Mooney-Rivlin model is used for the second case. Hence for
both the cases RSM is created for optimization. Table 5.1 shows the RSM coefficients
and their corresponding values for the response-vertical deflection for both the cases.
Table 5.2 shows the RSM coefficients and their corresponding values for the responseRR for both the cases.
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Table 5.1 RSM coefficients for the response- Vertical Deflection

Coefficients
C0
C1
C2
C3
C4
C5
C6
C7
C8
C9

Neo-Hookean
52.894349
-1.273266
-3.286609
-2.937421
0.009104
0.064574
-0.134750
0.035038
0.056859
0.102632

Mooney-Rivlin
55.594195
-1.320520
-3.518155
-3.137668
0.008810
0.068673
-0.153908
0.037743
0.060144
0.117640

Table 5.2 RSM coefficients for the response- RR

Coefficients
C0
C1
C2
C3
C4
C5
C6
C7
C8
C9

Neo-Hookean
127.202470
-3.697020
-7.775769
2.968902
0.042592
0.165893
-0.880465
0.089998
0.035105
0.036733

Mooney-Rivlin
139.718153
-4.011627
-8.970106
2.925354
0.041722
0.188282
-1.026950
0.108183
0.046994
0.086297

Table 5.3 shows the RSM coefficients and their corresponding values for the
response-RR for both the cases.

47

Table 5.3 RSM coefficients for the response- MaxCP
Coefficients
C0
C1
C2
C3
C4
C5
C6
C7
C8
C9

Neo-Hookean
-0.057146
0.007697
0.012187
-0.003978
-0.000119
-0.000256
0.001091
-0.000131
-0.000141
3.284076 e-006

Mooney-Rivlin
-0.062961
0.008013
0.012608
-0.004173
0.000121
-0.000263
0.001171
-0.000143
-0.000152
-2.206049e-006

The response surface model for the RR as functions of sbThick and shMod is
graphically shown in the Figure 5.1.

Figure 5.1 RSM for the RR objective function as functions of sbThick and shMod
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5.2 Creation of optimization workflow in ISIGHT
Optimization is performed in ISIGHT using the response surface model. A
workflow is created in ISIGHT as shown in the Figure 5.2. The workflow contains two
components namely the Approximation and Optimization1. Approximation contains the
RSM‟s of the objective functions and the constraints. The optimization algorithm, design
variables, objective function, constraints and their bounds are defined in Optimization1.
During the process of optimization the values of the design variables are sent to the
Approximation. Approximation calculates the output responses and sends it back to the
Optimization1. The algorithm check for the minimum based on its search criteria and
takes several iterations before converging to the optimum.

Figure 5.2 Workflow created in ISIGHT

5.3 Optimization algorithms
There are several optimization algorithms which can be used to solve this
problem. They can be classified as either gradient based or non-gradient based
algorithms. Gradient based algorithms use derivatives to find the direction to travel in the
design space in search for the optimum. They are suitable for both linear and non-linear
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design space. But when the design space is highly non-linear, some gradient based
algorithm has the tendency to get trapped in the local optimum and hence do not
guarantee convergence on global optimum. In such a case global optimization technique
like simulated annealing or direct numerical technique like sequential quadratic
programming can be used. Global optimization technique like GA, simulated annealing
are heuristic based search algorithms which provide a set of useful solutions before
finally settling at the global optimum.
Three optimization algorithms are selected based on the nature of the problem. A
brief explanation the techniques are given below,
5.2.1 Sequential quadratic programming (NLPQL)
Sequential quadratic programming is the most widely used optimization algorithm
for solving non-linear constrained optimization problems. It handles inequality and
equality constraints using the Lagrange function. When executed it builds a quadratic
approximation for the objective function and linear approximation for the constraints at
each iteration. It solves a quadratic programming problem to find the minimum and
updates the Hessian which determines whether the solution is a global optimum. The
main advantage with the NLPQL is that it uses quadratic approximation for the objective
function which works well in finding the optimum particularly when the function is nonlinear. This algorithm is also known to be very efficient and fast [52-55].
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5.2.2 Adaptive simulated annealing (ASA)
Simulated annealing is a heuristic approach particularly suitable to optimize
highly non-linear problems with discrete design space. Unlike other global optimization
technique like GA, this algorithm is designed to rapidly find the global optimum rather
than providing a number of better solutions. Hence it has a capability of distinguishing
between different local optima and obtains a solution with minimal cost [56-59].
5.2.3 Particle swarm optimization (PSO)
Particle swarm optimization is another heuristic based approach used for
performing global optimization of non-linear functions. It is related to both genetic
algorithm and evolutionary programming. The design of this algorithm is based on social
behavior of animal groups such as flock of birds. The process of finding the optimum is
based on food foraging activity of birds. The algorithm is initiated by an initial
population of particles or individuals. These particles change positions continuously
within the search area looking for better position. There are two parameters which can be
used to manipulate the search namely current velocity and inertia. In addition to these
parameters and the current position of the particles altogether decide the next position of
the particle. This search goes on until the optimum is found [60-62].
The reason for selecting these three optimization algorithms is to ensure that the
same global optimum is achieved using all the three algorithms. The results of the
optimization are discussed in the next chapter.
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CHAPTER 6 : RESULTS AND DISCUSSION
6.1 Results and Validation with Finite Element Model
The multivariable constrained optimization is performed for both the material
models namely Neo-Hookean and Mooney-Rivlin and the results are discussed in detail
in the two separate subsections.
6.1.1 Neo-Hookean Material Model
The optimization results achieved using Neo-Hookean material model for PU is
shown in the Table 6.1. The results includes the optimal values of design variables and
their corresponding output response using sequential quadratic programming (NLPQL),
Adaptive simulated annealing (ASA) and particle swarm optimization (PSO). The results
achieved through optimization are validated using ABAQUS by setting the design
variables to the optimum values and performing the finite element analysis. The results
from ABAQUS are also discussed in the table. It is observed that the optimization results
matched the results from ABAQUS with an error percentage of less than two percent for
all the three response parameters. This explains the accuracy of the approximation.
It should be noted that the results of optimization achieved are specific for this
problem. Different results can be achieved by setting different bounds for the constraints,
e.g. a different deflection range, δ.
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Table 6.1 Optimization results for Neo-Hookean material model

Algorithm/
Validation

sbThick
(mm)

shMod
(MPa)

spThick
(mm)

Deflection
(mm)

RR (N)

MaxCP
(Mpa)

NLPQL

19.611

10.293

3

8.000

30.970

0.109

ABAQUS

19.611

10.293

3

7.892

30.799

0.110

1.374

0.556

0.293

Error %
ASA

19.740

10.241

3

8.000

30.970

0.109

ABAQUS

19.740

10.241

3

7.895

30.795

0.109

1.337

0.568

0.333

Error %
PSO

19.973

10.148

3

8.001

30.974

0.109

ABAQUS

19.973

10.148

3

7.900

30.784

0.109

1.274

0.617

0.382

Error %

It is important to study the characteristics of NPT with the optimized
configuration. Some of the important characteristics include RR response to a variation of
load, force deflection property and contact pressure distribution. These characteristics are
compared to the previously used configuration (non-optimized) of NPT. They are plotted
together to show the improvement in design due to optimization. The optimum values
obtained using NLPQL algorithm and the reference values of design variables (previously
used NPT configuration) used for comparison are shown in the Table 6.2.
Table 6.2 Values of Design and response variables (Reference and optimized configuration)

Configuration

sbThick
(mm)

shMod
(MPa)

spThick
(mm)

Deflection
(mm)

RR (N)

MaxCP
(Mpa)

Reference

12.7

8.638

4

10.315

41.47

0.089

Optimized

19.611

10.293

3

8.000

30.970

0.109
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From the table, it can be observed that the optimization resulted in a significant
increase in the sbThick, a considerable increase in shMod and decrease in spoke
thickness. It can be observed that the optimization algorithm had kept the constraint on
vertical deflection towards its lower limit as it is known from the parametric study that
less deflection leads to less rolling resistance. It is known from the design sensitivity
study that the shMod significantly affects all the response variables. A large variation in
shMod significantly increases the vertical stiffness of the structure although it may result
in lower rolling resistance and adequate contact pressure within the bounds. Hence the
optimization algorithm had increased the sbThick significantly towards its upper bound
and found a value of shMod which satisfies the constraints.

Figure 6.1 shows the

pictorial representation of the optimized and the reference configuration. Increase in
sbThick can be observed for the optimized configuration.

a.) Reference configuration

b.) Optimized configuration

Figure 6.1 Schematics of NPT (Reference and Optimized configuration)
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Both the configurations are numerically tested using ABAQUS for a wide range
of vertical load (1000-4000N) applied at the center of the NPT and their variation in RR
response is recorded. They are compared in the Figure 6.2. It is observed that the
optimum configuration has resulted in a significant reduction in the RR response. At a
vertical load of 3000N, rolling resistance of optimized and the reference configuration are
30.79 N and 41.46 N respectively. This shows a reduction in rolling resistance by
25.73%. Decrease in rolling resistance of the optimized configuration is attributed to the
increase in shMod and sbThick due to the process of optimization.

Figure 6.2 Comparison of RR for the optimized and reference configuration for NeoHookean material model

For the same range of loads, the deflection at the center of NPT is also recorded
and the load deflection plot for both the configurations is compared in the Figure 6.3.
.
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The slope of the load deflection curve defines the stiffness of the NPT. It is observed that
the optimized configuration has a higher stiffness when compared to the reference
configuration. If the stiffness of NPT is increased due to the changes in geometric or
material property, deflection will decrease as a result. Due to the optimization the shMod
and sbThick of the optimized configuration has increased when compared to the reference
configuration. As a result the optimized configuration endures less deformation due to
increase in shear stiffness.

Figure 6.3 Comparison of Load deflection plot for the optimized and reference
configuration for Neo-Hookean material model

It should be noted that the vertical deflection of the optimized configuration
hasn‟t violated the constraint imposed on it.
The results of optimization shows an increase in the shMod and sbThick when
compared to the reference configuration. It is evident from the parametric study in
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Chapter 3 that the increase in shMod and sbThick results in the increase in contact
pressure between NPT and ground. Hence, increase in contact pressure is observed for
the optimized configuration in Figure 6.4.

Figure 6.4 Comparison of Maximum contact pressure for the optimized and reference
configuration for Neo-Hookean material model

The magnitude of contact pressure along the path of contact under static loading
condition is recorded for both the configurations. Their contact pressure distribution is
compared in the Figure 6.5. The maximum value of contact pressure for the optimized
configuration is 0.110 MPa corresponding to a vertical load of 3000N. In both the cases
the patch appears to be uniform. The contact patch of the optimized configuration is
shorter than reference configuration. This is because of the increased stiffness of the
optimized configuration which subsequently leads to lower rolling loss. In the case of the
reference configuration, a larger surface area of tread material is subjected to wear at the
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contact zone. It can also be noticed in the Figure 6.5 that the reference configuration does
not meet the contact pressure requirements. This is because for the previous studies
contact pressure was not considered as a design constraint.

Figure 6.5 Contact pressure distribution for both the configurations

Figure 6.6 show the variation in contact pressure distribution with respect to the
change in vertical load (applied at the center of NPT) for the optimized configuration.
Uniform variation in contact pressure is observed, irrespective of the changes made in the
loading condition.
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Figure 6.6 Variation in contact pressure distribution with respect to change in loading
conditions for the Neo-Hookean model

6.1.2 Mooney Rivlin Model
The optimization results achieved using Mooney Rivlin material model for PU is
shown in the Table 6.3. Similar to the previous case, the optimal values of design
variables and their corresponding output response using sequential quadratic
programming (NLPQL), adaptive simulated annealing (ASA) and particle swarm
optimization (PSO) are discussed. The results from ABAQUS are also discussed in the
table. It is observed that the optimization results match the results from ABAQUS with an
error percentage of less than 1.3% for all the three response parameters. This explains the
accuracy of the approximation.
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Table 6.3 Optimization results for Mooney-Rivlin material model
Algorithm/
Validation

sbThick
(mm)

shMod
(Mpa)

spThick
(mm)

Deflection
(mm)

RR (N)

MaxCP
(Mpa)

NLPQL

20.000

10.277

3

8.000

31.124

0.110

ABAQUS

20.000

10.277

3

7.915

30.994

0.110

1.071

0.420

0.251

Error %
ASA

19.421

10.511

3

8.000

31.140

0.110

ABAQUS

19.421

10.511

3

7.902

31.009

0.110

1.237

0.420

0.147

Error %
PSO

20.000

10.272

3

8.005

31.137

0.110

ABAQUS

20.000

10.272

3

7.919

31.003

0.110

1.084

0.434

0.253

Error %

The characteristics of NPT namely the RR response to a variation of load, force
deflection property and contact pressure distribution are studied for the NPT with
Mooney-Rivlin material model for PU. These characteristics are compared to the
previously used configuration (non-optimized configuration) of NPT. They are plotted
together to show the improvement in design due to optimization. The optimum values
obtained using NLPQL algorithm and the reference values of design variables (previously
used NPT configuration) used for comparison are shown in the Table 6.4. It should be
noted that the shMod for previously used PU with Mooney-Rivlin material model is 7.98
MPa.
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Table 6.4 Values of Design variables (Reference and optimized configuration)
Configuration

sbThick
(mm)

shMod
(Mpa)

spThick
(mm)

Reference

12.7

7.984

4

Optimized

20

10.27

3

Variation in RR response with respect to the change in vertical load for both the
configurations is compared in the Figure 6.7. It is observed that the optimum
configuration has resulted in a significant reduction in the RR response similar to the
previous case. At a vertical load of 3000N, rolling resistance of optimized and the
reference configuration are 30.99 N and 45.39 N respectively. This shows a reduction in
rolling resistance by 31.72 %.

Figure 6.7 Comparison of RR for the optimized and reference configuration for MooneyRivlin material model
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Force deflection plot for both the configurations is compared in Figure 6.8.
Similar difference can be observed as in the previous case with Neo-Hookean material
model.
Changes in maximum contact pressure with respect to the variation in vertical
load for both the configuration is shown in the Figure 6.9. Similar to the previous case,
significant difference can be observed between both the configurations.

Figure 6.8 Comparison of Load deflection plot for the optimized and reference
configuration for Mooney-Rivlin material model
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Figure 6.9 Comparison of Maximum contact pressure for the optimized and reference
configuration for Mooney-Rivlin material model
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Contact pressure distribution for the Mooney-Rivlin material model is compared
the Figure 6.10.

Figure 6.10 Comparison of maximum contact pressure distribution for MooneyRivlin material model

Figure 6.11 shows the variation in contact pressure distribution with respect to the
change in vertical load (applied at the center of NPT) for the optimized configuration.
Similar to the previous case, uniform variation in contact pressure is observed,
irrespective of the changes made in the loading condition.
Schematics of the deformation of both the configurations subjected to a load of
4000N are shown in the Figure 6.12. Increase in shear band thickness can be observed in
the optimized configuration.
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Figure 6.11 Variation in contact pressure distribution with respect to change in loading
conditions for the Mooney-Rivlin model

(a) Reference configuration

(b) Deformed configuration

Figure 6.12 Deformation of Reference configuration Vs Optimized configuration for a
vertical load of 4000N
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CHAPTER 7 : CONCLUSION AND FUTURE WORK
7.1 Concluding remarks
A constrained design optimization was conducted to determine optimal values for,
shear modulus of PU, shear band thickness and spoke thickness, to achieve minimum
rolling resistance (RR) of the NPT with constraint on the vertical stiffness and maximum
contact pressure. A systematic approach was adopted for solving the design optimization
problem. Sensitivity analysis and the parametric study show that the shear modulus and
shear band thickness has a greater effect on the RR. The results of optimization are
summarized below,
For the Neo-Hookean material model, the optimized result shows a 19.2%
increase in shear modulus of PU, 54.4% increase in shear band thickness and 25%
decrease in spoke thickness to a reference design used in previous studies.
For the Neo-Hookean material model, the optimized configuration results in a
25.7% reduction in rolling resistance compared to the reference configuration without
violating the constraints in stiffness and contact pressure.
For the Mooney-Rivlin material model, the optimized result shows a 28.6%
increase in shear modulus of PU, 57.4% increase in shear band thickness and 25%
decrease in spoke thickness to a reference design used in previous studies.
For the Mooney-Rivlin material model, the optimized configuration results in a
31.7% reduction in rolling resistance compared to the reference configuration without
violating the constraints in stiffness and contact pressure.

66

Hence as a result of optimization 25-32% reduction in rolling resistance compared
to the previous configuration is obtained. Material like high strength steel having high
modulus is preferred for the inner and outer reinforcements. Rubber with high shear
modulus (greater than 6MPa) is preferred for the tread material, if an increase in contact
pressure is desired. Ten percent reduction in rolling resistance results in one percent
better fuel economy [8]. Hence this study resulted in a refinement of NPT geometry and
its primary material characteristic through the process of optimization thereby leading to
a fuel efficient non-pneumatic tire design.
7.2 Future work
In future work, work can be done is to evaluate how much the tire vibration
modes change after the optimization process since they determine the tire comfort
properties. A multi objective optimized problem can be formulated including additional
constraints on the dynamic characteristics of the NPT.
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APPENDICES
Appendix A : Design of experiments (DOE) for Neo-Hookean material model
Designs
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

sbThick
10.000
10.200
10.410
10.610
10.820
11.020
11.220
11.430
11.630
11.840
12.040
12.240
12.450
12.650
12.860
13.060
13.270
13.470
13.670
13.880
14.080
14.290
14.490
14.690
14.900
15.100
15.310
15.510
15.710
15.920
16.120
16.330
16.530

shMod
9.290
12.650
10.820
8.060
11.730
8.980
11.430
11.120
14.490
12.960
15.410
7.760
18.470
8.370
5.610
5.920
5.310
12.040
9.900
12.350
18.160
7.450
10.510
16.330
14.800
19.080
20.000
18.780
17.550
6.220
15.710
16.630
9.590

spThick
4.347
4.592
3.531
4.429
3.408
4.184
3.082
3.122
4.224
4.673
3.653
3.898
4.020
4.959
3.449
3.245
4.918
4.306
3.286
3.612
3.571
4.878
3.041
4.796
3.735
3.367
4.551
4.388
4.837
4.469
4.633
3.939
4.143

Deflection
10.460
6.733
10.418
11.524
9.585
10.515
10.343
10.402
5.790
5.682
6.234
12.163
4.421
8.476
17.990
17.507
14.063
6.270
9.947
7.210
4.753
9.051
9.498
3.447
5.425
4.561
2.841
3.210
2.955
11.282
3.548
4.153
7.271
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RR
43.808
33.199
40.752
46.864
37.914
43.088
38.745
39.015
28.964
29.514
28.780
46.250
23.881
38.947
58.851
56.908
54.405
30.317
37.923
31.285
23.842
40.053
35.787
21.211
26.174
22.718
18.634
19.855
19.207
44.841
21.279
22.443
32.454

MaxCP
0.084
0.103
0.091
0.079
0.097
0.086
0.096
0.096
0.112
0.109
0.114
0.082
0.122
0.091
0.064
0.068
0.067
0.109
0.097
0.109
0.123
0.089
0.102
0.124
0.118
0.126
0.130
0.128
0.128
0.082
0.124
0.124
0.104

Designs
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

sbThick
16.730
16.940
17.140
17.350
17.550
17.760
17.960
18.160
18.370
18.570
18.780
18.980
19.180
19.390
19.590
19.800
20.000
10.000

shMod
19.690
17.860
16.940
6.840
14.180
17.240
6.530
13.570
8.670
5.000
16.020
15.100
19.390
13.270
10.200
7.140
13.880
9.290

spThick
3.327
4.510
3.980
4.061
3.694
4.102
3.490
3.000
3.163
4.265
3.204
3.816
5.000
3.857
3.776
4.714
4.755
4.347

Deflection
4.136
3.046
3.858
10.402
5.078
3.523
12.032
6.304
9.485
13.313
4.895
4.282
2.176
4.810
6.549
7.624
3.317
10.460
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RR
21.227
19.233
21.428
40.943
24.723
20.439
43.302
26.606
35.624
49.024
23.050
22.411
15.739
24.096
29.118
34.424
20.200
43.808

MaxCP
0.128
0.128
0.126
0.089
0.120
0.127
0.087
0.118
0.101
0.076
0.124
0.124
0.133
0.120
0.110
0.097
0.124
0.084

Appendix B: Design of experiments (DOE) for Mooney-Rivlin material model
Designs
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

sbThick
10.000
10.200
10.410
10.610
10.820
11.020
11.220
11.430
11.630
11.840
12.040
12.240
12.450
12.650
12.860
13.060
13.270
13.470
13.670
13.880
14.080
14.290
14.490
14.690
14.900
15.100
15.310
15.510
15.710
15.920
16.120
16.330
16.530
16.730
16.940

shMod
9.290
12.650
10.820
8.060
11.730
8.980
11.430
11.120
14.490
12.960
15.410
7.760
18.470
8.370
5.610
5.920
5.310
12.040
9.900
12.350
18.160
7.450
10.510
16.330
14.800
19.080
20.000
18.780
17.550
6.220
15.710
16.630
9.590
19.690
17.860

spThick
4.347
4.592
3.531
4.429
3.408
4.184
3.082
3.122
4.224
4.673
3.653
3.898
4.020
4.959
3.449
3.245
4.918
4.306
3.286
3.612
3.571
4.878
3.041
4.796
3.735
3.367
4.551
4.388
4.837
4.469
4.633
3.939
4.143
3.327
4.510
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Deflection
10.605
6.737
10.599
11.717
9.737
10.675
10.541
10.603
5.794
5.661
6.271
12.425
4.410
8.508
18.713
18.204
14.380
6.281
10.132
7.278
4.763
9.111
9.676
3.401
5.443
4.574
2.805
3.177
2.911
11.477
3.506
4.141
7.320
4.144
3.009

RR
45.057
33.561
41.892
48.423
38.832
44.304
39.805
40.081
29.188
29.708
29.063
47.925
23.975
39.628
62.877
60.581
56.914
30.610
38.892
31.720
23.974
40.885
36.621
21.135
26.369
22.823
18.552
19.798
19.099
46.248
21.244
22.504
32.931
21.298
19.163

MaxCP
0.084
0.103
0.091
0.078
0.096
0.085
0.096
0.095
0.112
0.110
0.114
0.081
0.122
0.091
0.063
0.066
0.066
0.109
0.097
0.109
0.123
0.089
0.101
0.124
0.118
0.126
0.130
0.128
0.128
0.082
0.124
0.124
0.104
0.128
0.129

Designs
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

sbThick
17.140
17.350
17.550
17.760
17.960
18.160
18.370
18.570
18.780
18.980
19.180
19.390
19.590
19.800
20.000
10.000

shMod
16.940
6.840
14.180
17.240
6.530
13.570
8.670
5.000
16.020
15.100
19.390
13.270
10.200
7.140
13.880
9.290

spThick
3.980
4.061
3.694
4.102
3.490
3.000
3.163
4.265
3.204
3.816
5.000
3.857
3.776
4.714
4.755
4.347
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Deflection
3.842
10.583
5.091
3.500
12.342
6.372
9.672
13.657
4.921
4.277
2.143
4.811
6.595
7.646
3.268
10.605

RR
21.442
42.079
24.899
20.426
44.836
26.918
36.445
51.044
23.252
22.462
15.619
24.216
29.390
34.876
20.052
45.057

MaxCP
0.126
0.089
0.120
0.127
0.087
0.118
0.101
0.076
0.124
0.124
0.133
0.120
0.111
0.098
0.124
0.084

