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Abstract

The interactions between tires and roads are basic mechanisms that alter the dynamic states
of vehicles. A fundamental understanding of tire-road interactions is clearly demanded in tire
design to achieve performance improvements. The emergence of various tire sensors provides
an opportunity to make accurate measurement of the physical quantities that are involved in
tire-road interactions.

This thesis aims to measure and analyze the in-plane deformation of rolling tires through its
direct correlations with the steady-state in-plane tire forces. To date, there is no existing tire
sensor that can measure both the tread and carcass deformations. A multi-laser sensor system
has therefor been developed in the thesis to measure the in-plane deformation of different tire
parts, including the tread, carcass, and inner liner.

Measurements on tread deformation were conducted on both passenger car and truck tires. A
non-uniform tread deformation was observed in the measurement and was interpreted as
follows: the asymmetric deformation in the longitudinal direction is a direct indicator of the
rolling resistance and the non-uniform deformation in the lateral direction reflects the
contribution of separate parts to the rolling resistance. The evolution and variation of tread
deformations were investigated with different tire types, operational conditions, and tire states.
The deformation of the carcass was first analyzed with the flexible ring tire model and then
validated through tire sensor measurements. Coupled deformations of the tire carcass in the
tangential and radial directions were observed. Indicators based on measured radial carcass
deformations are proposed for the estimation of the in-plane tire forces. In addition, the partial
inner contours were also measured for truck tires under static conditions for various inflation
pressures and loads. The measurements can help tire designers to obtain optimum inner tire
contours.

In summary, this thesis shows that the tire sensor can act as a powerful tool for tire research
and development. The relations between the in-plane deformation and in-plane tire forces that
have been obtained are useful in gaining an understanding of the physical mechanism of
observed phenomena, e.g., the rolling resistance, and in the design of basic estimation
algorithms, e.g., for the estimation of in-plane tire forces, which are important factors in the
development of green and intelligent tires.
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1. Introduction

1.1 Background

The pneumatic tire has been an essential automotive component since its
inception and plays a significant role in the safety, mobility, handling, comfort,
and fuel economy of vehicle systems. In the year 2013, about 263.6 million tire
units (for cars and trucks) were sold in the European Union, which represents
about 20% of the global tire market [1]. In the next decade, it is anticipated that
the size of global market will continue to experience consistent growth because
of rapid increases in vehicle sales in the emerging economies. Improvements in
the performance of tires, even minor ones, can contribute significantly to
resolving challenges in the transport sector, such as global warming, air
pollution, and the energy crisis. To promote more sustainable mobility, the
development of modern tires is driven towards a resource-efficient direction, in
addition to fulfilling the conventional design requirements, which are durability
and safety. Regional tire labeling systems are published or being introduced by
local regulators worldwide, e.g., the European Union, the United States, Japan,
South Korea, and China, to increase public awareness on tire performance,
including the rolling resistance, wet grip and, in some cases, also rolling noise
[2].

The tire influences vehicle fuel economy and CO2 emissions mainly through
its rolling resistance performance. It has been established that the rolling
resistance of tires can account for as much as 17-21% of the total fuel
consumption of ground vehicles, while the contributions are even higher for
heavy-duty vehicles [3]. From a broader perspective, 58% of the global oil
consumption and about 20% of total global greenhouse gas emissions come
from the transport sector. Lowering the rolling resistance of tires is listed as a
key issue to investigate in both the European Commission White Paper for
Transportation [4] and the European Green Car Initiative roadmap [5] to
achieve the EU’s long-term targets, including improving transport efficiency by
50% by 2030 and reducing CO2 emissions in transport by 60% by 2050.Tire
manufactures have made considerable efforts to reduce the rolling resistance
through the development of new tread patterns, tire structures, and
compounds. As a direct consequence, the rolling resistance performance of
modern radial tires was greatly improved by introducing innovative
technologies such as silica filler, weight reduction, and functionalized polymers.
In addition, it is claimed in studies [6]-[8] that every reduction by 10% in the
rolling resistance promises a 1 to 2% increase in the fuel economy.
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For electric and hybrid cars, the reduction of the rolling resistance is more
important in increasing the driving range per charge, as a result of improved
energy efficiencies in the other vehicle parts. This market segment, with
especially rigorous requirements in terms of rolling resistance performance, has
been established and products such as Michelin Energy E-V and Continental
eContact have already been released to the public. Those tires adopted designs
with low weights, low aspect ratios, and large radiuses to minimize the tire
deformation during contacts. Such design leads to a 20-30% improvement in
rolling resistance performance compared to conventional tires, and the energy
saved corresponds to about a 6% improvement in the travel range.

In addition to a ‘green’ tire with lower fuel consumption and CO2 emissions,
an ‘intelligent’ tire with the ability to provide tire-road information is also
desired. It is expected that the electrification of a tire can transform the tire from
a passive vehicle component into a proactive component that is better suited to
future vehicle systems. Being able to capture information about tire-road
interactions, especially tire forces and moments, will be beneficial for many
advanced driver assistance systems (ADAS), including adaptive cruise control
(ACC), anti-lock braking systems (ABS), intelligent speed adaptation (ISP), etc.
Meanwhile, the advanced warning function regarding challenging driving
conditions, such as driving on wet and slippery roads, can be very useful in
assisting drivers to choose a safe driving strategy, and therefore preventing
traffic accidents. In future, it will be possible to share the real-time road
information among drivers, road maintainers, and other stakeholders through
car-to-car (C2C) and car-to-infrastructure (C2I) communication.

Fundamental understandings of tire-road interactions are essential in the
development of ‘green’ or ‘intelligent’ tires. The vehicle, tire, and road form a
coupled system and need to be studied together because of their mutual
influences. The interactions between tires and roads are basic mechanisms that
alter the dynamic states of a vehicle. On one hand, the interactions develop the
desired tire forces and moments to support vehicle weights and to implement
drivers’ commands to vehicles, such as braking, accelerating, and cornering. On
the other hand, interactions such as the aquaplaning, abrasion, and rolling
resistance lead to degradations of vehicle performance in terms of safety,
durability, and economy. However, it is not easy to obtain or accurately measure
information regarding tire-road interactions, because the specific location for
sensor operations has a harsh environment and experiences disruptive impacts.
The harsh environment inside the tire cavity, with large temperature variations
(from the ambient temperature to 20 degrees higher), high accelerations (at 200
km/h, acceleration up to 3000 standard gravity), and large deformations (a
strain up to 0.3 during the contact), requires reliable, low-weight, and
modularized sensors.

Over the past decade, the emergence of various tire sensor systems has
provided a foundation for a paradigm shift using experimental measurements
in studies of tire-road interactions. One well-known example of tire state
monitoring systems is the tire pressure monitoring system (TPMS), which is
widely installed into mass-produced vehicles and legislated in the European
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Union and the United States. Additionally, more physical quantities, such as the
dynamic contact stresses and accelerations on inner liners, can be measured
nowadays. This allows the theoretical analysis in the early phase of design
through such means as the finite element model (FEM) to be experimentally
validated and the design process greatly shortened. New opportunities are
provided by tire sensor systems to revolutionize the conventional ‘build-and-
test’ mentality that was adapted in the tire development process and led first to
the building of different variations and then to testing to decide performance
directions [9]. Furthermore, it provides a way to measure characteristics of final
tire products which is difficult to predict because of their complex construction
and manufacturing process.

One important tire characteristic to measure is the in-plane deformation of a
tire which is a direct result of the in-plane tire forces applied to the complex
structure of a tire. Systematic measurements of the in-plane deformation of tires
can assist tire designers to understand the physical mechanism of observed
phenomena, e.g., rolling resistance, and to design basic estimation algorithms,
e.g., for the estimation of tire forces, which are important aspects of the
development of ‘green’ and ‘intelligent’ tires. Thus, an important motivation in
this thesis is to measure in-plane tire deformations using a recently developed
multi-laser tire sensor system. It attempts to provide some basic
understandings about the in-plane tire deformation on the basis of field
measurements, in order to facilitate improvements in tire performance.

1.2 Aims and scope

Taking into account the direct link between the in-plane tire deformation and
tire performance discussed above, the overarching purpose of this research is to
measure and analyze in-plane deformations of a tire, especially the tread and
carcass part, under steady-state in-plane tire forces. Currently, there is no
existing sensor system available to measure the complete tread deformation. As
a starting point, the first task of this thesis is to develop a multi-laser tire
sensor system which is able to measure deformations in the tread and
carcass parts of tires. Once the tire deformations have been measured, their
direct links to tire performance need to be identified to fill the knowledge gap
which has not been explored previously. Therefore, the second task is to
interpret the measured physical quantities and find their links to specific
aspects of tire performance, such as the rolling resistance, and in-plane
tire forces. On the basis of the proposed correlations between the tire
deformations and performance, it is worthwhile to study their applicability to
different tires with different states, e.g., in-service wear. In addition, another
task is to examine the evolution and variation of tire deformations under
different operational conditions including the vertical force, inflation pressure,
and rotational velocity. Finally, the research focuses on the feasibility of utilizing
carcass deformation measurements for the estimation of in-plane tire
forces.
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1.3 Scientific contributions

The research presented in this thesis brings new knowledge about in-plane tire
deformation to studies of tire-road interactions. The deformations of different
tire parts, including the tread and carcass, were measured with a multi-laser tire
sensor system that was developed in the thesis. Measurements were conducted
on different tire types, both passenger car and truck tires, and different tire
states, both new and used tires, and under different operational factors, such as
the vertical force, inflation pressure, and rotational velocity. The work
contributes to the advancement of this field from the following aspects.

e A multi-laser in-tire sensor system including both one-dimensional (1D)
and two-dimensional (2D) versions has been developed to measure in-
plane tire deformations. With this novel instrument, three physical
quantities, namely the tread and carcass deformations, and inner
contour of tire were obtained in measurements of a passenger car tire
and truck tires. (in Article [I] and Article [II])

e The effects of the vertical force, inflation pressure, and rotational
velocity on the tread and carcass deformation were quantified
experimentally. (in Article [I] and Article [III])

e For tread deformation measurements, asymmetric patterns were
observed in both the longitudinal and lateral directions. The asymmetric
deformation in the longitudinal direction is linked to the rolling
resistance performance of tires. In the lateral direction, a load shift effect
of the asymmetric deformation was found when the new tire was under
an increasing load. (in Article [I] and Article [III])

o For carcass deformation measurements, coupled deformations in the
radial and tangential directions were observed. The radial deformation
is influenced by both the vertical and longitudinal forces. Simple
indicators based solely on the radial deformation of the tire carcass are
proposed to estimate the in-plane tire forces. (in Article [IV])



2. State-of-the-art

2.1 Tire mechanics

The pneumatic tire is essentially a doubly-curved and multi-layered structure
made from rubber-cord composites [10], [11]. The space between the tire and
rim forms a cavity with pressurized air during the operation. The tire interacts
with roads to serve different functions for vehicle systems: to support vehicle
loads, to provide mobility, and to absorb road irregularities. In tire design,
different rubber compounds are used in separate tire parts, from the outer tread
to the inner liner, in order to maximize tire performance within aforementioned
functions. Reinforcing materials such as tire cords and bead wires are
constructed within a complex structure to provide strength and stability to the
tire carcass. It is worth noting that terms such as tread, carcass, and inner liner
are defined in tire mechanics to represent specific tire parts. However, the
terminology is not systemically defined and consistently used across different
literatures and therefore an illustration for the terms used in this thesis is
presented in Figure 1.

(a) (b) ISO 8855
Crown x
Tread A The !)lircciiml\ of T
............. houlder Wheel leading F,
Plies
Belt yF,
e top view <]
Sidewall
(Carcass) Inner liner L)
The Direction of l P~
Gravity
5 Z
Bead rear view F,
Y F,

Figure 1 lllustration of (a) tire structure and nomenclature and (b) the Cartesian coordinate
system according to the ISO 8855.

The Cartesian coordinate system for tire forces used in this thesis is defined
according to the ISO 8855. The x- axis points toward the heading direction of a
wheel, the z- axis points toward the opposite direction of the gravity vector, and
the direction of the y- axis is determined by the right-hand rule. The coordinate
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system of the flexible ring tire model is an exception that the z- axis points
toward the direction of the gravity vector, as it is widely used in the literature.

2.1.1 Rubber compounds

Natural or synthetic rubber, mixed together with other additives such as fillers
and agents, forms the rubber compound which is the major material (about 80-
90%) used in tires [10]. Rubber compounds are viscoelastic materials which
have a combined mechanical behavior that is partly viscous and partly elastic.
The hysteresis property of tire rubber plays a key role in tire design because of
its effects on both vehicle handling and rolling resistance performance.

The viscoelasticity of a rubber compound is typically characterized through
dynamic mechanical analysis (DMA), in which a periodical excitation stress
(e.g., sinusoidal excitation) is applied to the sample and its response strain is
measured, or vice versa in some cases. As a result of the viscoelastic behavior, a
time delay can be observed in the response after each excitation stress. To
mathematically describe such behavior, the excitation stress with a frequency o
and corresponding strain can be expressed in a complex notation as

o' () =ope™

g*(t) _ goe(wt+§)i (21)

where 0, and &, are the maximum stress and strain, respectively. § is the phase
lag between the stress and strain; the value is zero for pure elastic materials and
gt/2 for fluids. The complex modulus E* is the ratio between ¢”(t) and e*(t).

E*=U*(t)= 90 18 220 0055+ %0 sin 5 = E' +iE" (2.2)
e () \ & € €

where the storage modulus and loss modulus are defined as E'=(0o/€0) cosd and
E"=(00/€0)sind, respectively. The storage modulus measures the elastic
component and the loss modulus measures the viscous component of
viscoelastic materials. As shown in Figure 2 , the following relation can be found
from the definition of E"and E":

tano =E"/E' (2.3)

where tanS is also called the loss factor or loss tangent.

The loss factor is an indicator to quantify the viscoelastic behavior of rubber
compounds. A compound with a low loss tangent value, which dissipates less
energy during cyclic deformations, is clearly demanded in the development of
tires with a low rolling resistance. However, it has generally been accepted that
a higher loss tangent leads to better vehicle handling performance, such as high
wet traction and a better frictional grip. Thus, a simple reduction of the loss
factor cannot improve overall tire performance because of its adverse influences

6
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on other aspects of tire performance. This trade-off in tire design can be
explained with an extreme case: a tire cannot be constructed with purely elastic
materials since although it would have a minimum rolling resistance it could
not provide enough traction. Furthermore, the viscoelastic behavior of rubber
compounds is dependent on a number of factors, of which the most important
ones are temperature, frequency and strain amplitude.

Elastic Elastic-plastic

__ Stress
- - Strain

Amplitude

Stress

Plastic Visco-elastic

E"i

Strain

Figure 2 Viscoelastic behavior of rubber compounds.

The mobility of chains and segments in rubber compounds is distinct at
different temperatures [12]. Hence, the temperature has strong influences on
the mechanical characterization of the rubber compound, and ultimately on tire
performance. For instance, it has been established that the behavior of a rubber
compound around its glassy transient temperature has a strong influence on the
abrasion resistance. In this temperature region, the rubber compound has a
high modulus and a maximum loss angle, as shown in Figure 3. Moreover, the
skid behavior and traction of the tire are correlated to the loss angle of the
rubber compound at the temperature range from 0°C to the ambient
temperature. In the tire industry, the rolling resistance performance of a tire is
optimized on the basis of the loss angle of the rubber compound around 60°C
and a low value of the loss angle is desired. With a further increase in the
temperature, rubber compounds start to degrade and reach the limits of driving
safety. In this temperature region the loss angle indicates the heat buildup
properties [13] and its value is expected to be lower.

The excitation frequency influences the viscoelastic behavior of a rubber
compound in a similar manner to the temperature. According to the time-
temperature superposition principle (TTSP) or Williams-Landel-Ferry (WLF)
model, an increasing temperature and a decreasing excitation frequency have
the same influences on the dynamic response of rubber compounds. In terms of
the energy dissipation, two frequency ranges which correspond to distinct
physical mechanisms receive special attention [14]. First, the main excitation
frequency for a free-rolling tire ranges from 10 to 103 Hz, which is caused by
cyclical deformations caused by contact with roads. In contrast to that, for a tire
that is sliding, the main contact excitation frequency will be increased to the

7
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regime from 104 to 10°Hz as a result of the pulsating forces generated by road
asperities.

In addition, the viscoelastic behavior of a rubber compound is also amplitude-
dependent, e.g., the dynamic modulus decreases with increasing amplitude.
This dependence is especially prominent for compounds with a large proportion
of fillers subjected to moderate amplitude and low to moderate frequency [15].

Typical rubber compound

! — — — Ideal rubber compound
—~
1

|

|

|

|

|

|

|

|

N J

the glass transition
temperature Ty

Loss modulus tan$

1 ] ] 1
-50 0 50 100 Temperature(°C) -4—

0 105 10t 100 100 100 10° Frequency (Hz) —J»

Figure 3 Loss moduli of typical and ideal rubber compounds against different temperatures and
frequency ranges.

In previous tire developments, tires with optimum performance were
obtained by shifting the characteristic curve of the rubber compound. This leads
to an improvement of certain aspects of the performance of the rubber
compound by moving the curve in the desired direction, but it also sacrifices
other performance by moving the curve to the undesired direction. This will
result in a trade-off in tire design among different tire performance. In general,
the hysteresis property of a rubber compound is expected to be maximized to
increase frictional grip for vehicle braking and acceleration and to be minimized
to reduce the rolling resistance and improve the fuel economy of vehicle
systems. This dilemma is nowadays partially resolved by exploiting the
viscoelastic properties of rubber through the development of polymers and
compounding ingredients with the desired dynamic mechanical properties (see
Figure 3), which behaves differently at different temperatures and frequency
regimes of tire operation.

2.1.2 In-plane tire forces

As discussed before, one primary task of tires is to provide mobility for the
vehicle to move forwards or backwards. For a wheel moving in a straight
direction, free body diagrams of the in-plane tire forces applied to the driven
and non-driven wheels are shown in Figure 4. If the wheel is in a free-rolling
case, the in-plane forces include the vertical force from a wheel hub F,, the
vertical force from grounds F',, and the driving force Fq (for a non-driven wheel)
or the driving moment My (for a driven wheel). If longitudinal slips of the tire

8
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are in present, the corresponding traction force F; or the vehicle drag force Farqg
(for a driven wheel) is added respectively. The governing equilibrium equations
are therefore written as:

e for a non-driven wheel

F.X = Fd
force: ,
F, =F; (2.4)

moment. I, -a—F,-R=0

e for a driven wheel

force: P = Farag
' F,=F] (2.5)

moment. F,-a+F, -R=M,

This thesis limits its scope to in-plane tire deformations caused by steady-state
in-plane forces, namely the vertical forces (vertical forces) and the longitudinal
forces (the rolling resistance force, traction force, and braking force).

(a) a non-driven wheel (b) a driven wheel ZI ¥

Figure 4 In-plane tire forces applied to (a) a non-driven wheel and (b) a driven wheel.

The rolling resistance is a universal characteristic of rolling objects to resist
the rolling motion in the presence of all conditions. The rolling resistance is
defined as the loss of energy (or energy consumed) per unit of distance traveled
and the unit is therefore either Joule/Meter or Newton in different international
standards, for instance the ISO 28580 and SAE J1269 standards. This definition
reflects the fact that the rolling resistance is essentially an energy dissipation
process rather than a physical force, though the unit can be Newtons. The reason
why the rolling resistance is expressed as a pseudo-force, which has no applied
point, is due to the practice that the tire spindle force, which is equivalent to the
rolling resistance, is typically being measured instead of the energy dissipated
during traveling. Several tire models based on the energy dissipation
mechanism have been proposed recently, as shown in [16]—[18].
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In the tire labeling system, the rolling resistance coefficient (RRC), as the ratio
of the rolling resistance to the vertical force on the tire, is used to compare the
rolling resistance performance across different tires. However, the base
assumption of using RRC, which is a near-linear relationship between the
rolling resistance and vertical force, is not always valid, especially for conditions
with large tires and heavy loads, according to the studies in [19]. Typical values
for the rolling resistance coefficient are in the ranges from 0.6%-1.5% for new
passenger car tires (C1 class tires), and 0.4%-1.2% for new heavy truck tires (C3
class tires).

In terms of energy losses, there are three physical mechanisms involved,
excluding the parasitic losses such as the bearing friction. The main cause is the
cyclic deformation caused by contact with roads and two secondary mechanisms
include micro-slippages at the tire-road interfaces and aerodynamic drag.
Moreover, the cyclic deformation of the tread by the road can be further
classified into: compression, shear, and bending deformations.

In modern radial tire design, the rolling loss caused by the bending
deformation of the tread is minimized through the application of more flexible
tread patterns. The contribution of cyclic compression of the tread to the rolling
resistance loss can be explained as follows. The tread blocks experience loading
and unloading processes during their contact with the road. As a result of the
viscoelastic behavior of the rubber compound, the stress is greater in the loading
process (in the leading half) than in the unloading process (in the trailing half)
for the same strain. This results in an asymmetric normal stress distribution in
the contact patch, which has a shifted equivalent force located in the leading half
of the contact patch, as shown in Figure 5, and the equivalent force resists the
rolling motion of the tire. A similar mechanism can also be found in the shear
deformation of tread part and results in a horizontal force that resist the rolling
motion of the tire. However, the shear deformation depends strongly on the
tread compression as a result of the incompressibility of the tread compounds
(Poisson's ratio~0.5). In addition, the tread compression also affects the tire-
road friction, which is an important factor in the shear deformation. Hence, this
thesis focuses on the measurements of the compression of the tire tread using
the tire sensing technology is discussed in the next subsection. The deformation
mentioned in this thesis refers to the compression in the vertical direction.

Tire Rolling Direction

Resultant
Force

Normal Contact <
Pressure Disturbution

Stress

1. Unloading

" » Strain
Trailing Edge Leading Edge

Figure 5 Mechanism of tire rolling resistance due to compressions: the tread block within the
leading half (red) is in the loading states and the tread block within the trailing half (green) is in
the unloading process.
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One primary function of tires is to develop the desired forces to alter the
dynamic states of vehicles. In contrast to the rolling resistance force, a better
understanding of the in-plane tire forces has been gained. Different tire models
can be found covering from the (quasi-) steady to transient states, and from in-
plane to out-of-plane behavior [20]. In addition, the characteristic of tire forces
are greatly influenced by tire inflation pressure and tire wear as shown in [21],
[22].

The tire carcass is the only transmission path for tire forces and moments
between the contact patch, where the forces and moments are developed, and
the rim, where the forces and moments are eventually applied to the vehicle
body. One direct effect of the transmission of the forces and moments is the
deformation of carcass in three directions. In the equatorial plane of the tire, the
deformations mainly include radial deflection and tangential distortion. It is
therefore of great interest to investigate the relationship between the in-plane
tire forces and in-plane deformation, which can form the basis of the algorithm
for the development of the tire sensor.

2.1.3 Flexible ring tire model

The flexible ring tire model, one of the Ring on Elastic Foundation (REF)
models, is an important tool for simulating and analyzing the deformation of a
tire carcass. It is based on the observation that a tire behaves in a similar way to
an elastic ring under the influence of excitation forces at a low frequency range
of 0-300 Hz [23]-[25]. Thus, the flexible ring tire model has been widely used
to investigate in-plane tire behavior [26]—[28] . In this model, a tire is described
as an elastic ring with parallel springs connected, in both the radial and
tangential directions, to the rim, as shown in Figure 6 (a). For tire-road contacts,
a single-point contact model for the vertical force Fy and longitudinal force F, is
used instead of a distributed contact model. This is an appropriate
simplification for measurements conducted on a curved surface, since the
contact patch length is shorter than on a flat surface and the contact forces are
closer to the contact center.

Because of the high extensional stiffness of the modern radial tire, the middle
surface of the tire carcass is assumed to be inextensible [26]. Hence, the radial
deformation w and tangential deformation v of the tire carcass in a
circumferential position ¢ are governed by the following relation:

wlp)=-0v(p)/op (2.6)

The deformation of the ring is expressed in the modal expansion form, which
assumes that the response of a complex linear multi-degree-of-freedom
(MDOF) system can be represented as a weighted summation from the 15t mode
shape until the it» mode shapes of the system.
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The radial deformation w and tangential deformation v for the tire carcass
read:

Wp)=3 [y, sinlng) 4y cosng)]

n=l1

. (2.7)
w(p)= 2 [ n4,1F, cos(ng)+ n,, Fy sin(ng)]
where the pre-tension force in the carcass:
og = pObR+pAR2§22 (2.8)
modal equivalent mass:
m, = pA(1+n?) (2.9)
modal damping factor:
g, =—4pAnQ (2.10)
modal stiffness factor:
ky = (E R + 03 | R1—n? f — pobli—n?) R+ (21D
k, + kwn2 - pA(l +n? )QZ
In addition, modal participation factor 1:
A, =1/7z\/(mnn2§22 +gan—kn) (2.12)
and modal participation factor 2:
A, =n4d,. (2.13)

As shown in Figure 6 (b), the flexible ring tire model can be used to simulate
and investigate the impact of tire forces on the contour and deformation of the
tire carcass. Because of the inextensibility of the tire carcass, it is observed that
the in-plane deformation has the following two features. First, the radial and
tangential deformations of the tire are coupled. Moreover, the part of the tire
which is not in contact with the road is also deformed and is influenced by the
deformation of the tire in the contact zone.

12



State-of-the-art

@ 180°

-90°

(b)

= === Undeformed
Deformed Fa:3kN,Fx:0N

Vertical Coordinate[m]

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Longitudinal Coordinate[m]|

Figure 6 (a) The flexible ring tire model; (b) simulated tire contours from the flexible ring tire
model (inflation pressure: 2.2 bar).

2.2 Tire sensing technology

The past two decades have witnessed a remarkable evolution of tire sensor
systems since the concept first arose through the Darmstadt tire sensor in 1988
[29]-[31]. The tire sensor system provides direct measurements of tire
operating states, such as the acceleration, deformation, strain, temperature, and
inflation pressure. The measured information is then used in various
applications, which can be categorized into the following two fields:

e to improve the design of tires in the research and development (R&D)

process, and;

e to upgrade the performance of vehicle control systems.
In this thesis, Articles [I]-[III] deals with the first application area and Article
[IV] represents a case study in the second application area.

13
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Measurements of tire states can take place either inside or outside a tire. Most
existing tire sensor prototypes, including the system that will be presented in
this thesis, belong to the category of in-tire sensing methods. In addition,
applications have also been shown with sensor systems located in places outside
tires, such as the suspension, wheel, and wheel bearing, which provide indirect
measurements of tire states. Those methods are suitable for estimations of tire
forces and moments, however, they are not suitable for examining the
fundamental mechanisms of tire-road interactions, such as aquaplaning and
rolling resistance, as the role of a tire acts as a filter between the tire-road
contact and the sensor. In-tire sensors, which are closer to the tire-road contact,
provide more accurate outputs and quick responses.

The major reported sensor types used for in-tire sensing methods include
accelerometers, optical sensors, strain sensors, and polyvinylidene fluoride
(PVDF) sensors. A brief comparison of major tire sensors in terms of accuracy,
durability, cost, and influence on tire performance is presented in Table 1. Strain
sensors are low-cost sensors but have deboning problems. PVDF sensors have a
good measurement accuracy but are very sensitive to temperature changes. Hall
sensors need to be installed inside tires and therefore have low scalability for
the mass production. Recently, increasing research activities have focused on
applications with accelerometers and optical sensors (see Figure 7). With a high
overall performance, accelerometers have been used in different applications
with a promising future. In addition, optical sensors with a high measurement
accuracy are also widely used as tire sensors. However, the high cost and power
consumption limit their application areas mainly to R&D. In addition to those
sensor prototypes which have demonstrated their feasibility on tires in real
operating conditions, other sensors have also been documented which have
potential for tire-sensing applications.

Table 1 comparisons of major tire sensors (* H= high potential, M=middle potential, and L=low

potential)

Influence Applicability

Sensor Types Accurac Durabili Cost
oI U v on tire R&D/ Production

Accelerometer ‘ M H M M H/H
Optical Sensor H H H L H/M
Strain Sensor M L L M M/L
PVDF M L M M M/L
Hall Sensor ‘ M M M H M/L

The deformation of each tire part has a unique effect on tire performance.
Therefore, tire sensors have been developed to measure deformations of specific
parts, such as the following:

e sidewall deformation measurement [32], [33];

e tread deformation measurement [34];

e footprint dynamic state measurement [35]-[38], and
o footprint static states measurement [39].

14
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The tread is the only part of the tire that comes into contact with the road
during normal driving and therefore it has a significant impact on the
performance of tires, such as the traction, abrasion, and rolling resistance.
Measurements of the tread deformation can enhance the understanding of tire-
road interactions. Thus, one primary objective of this thesis is the measurement
and interpretation of tread deformation measurements.

Total No. 4 Population

e
. Optical sensor

Strain sensor

. . o [ ] Other sensors

2000 2005 2010 2015 Years

\J

Figure 7 A summary of research prototypes of tire sensor systems.

Previous attempts to measure tread deformation are various [34], [40]. One
well-known example is the Darmstadt tire sensor, as shown in [34].In this tire
sensor, an array of Hall sensors was used to detect the position of a permanent
magnet embedded in a tread element, and therefore to measure a partial
deformation of the tread element. The horizontal deformations are estimated
on the basis on differential signals between two arrays of Hall sensors in the x-
and y- directions. Meanwhile, the deformation in the z- direction is obtained
through the sum of the measurements from all the Hall sensors. The sensor
performance is mainly influenced by the sensitivity of the cross magnetic Hall
field, the size of the magnet, and the distance between the magnet and the Hall
sensors. More importantly, the sensor only measures a partial deformation of
the tread element in a sandwich structure. However, the complete tread
deformation measurement is required to study tire-road interactions,
particularly the rolling resistance. Thus, an additional tire sensor system with
an ability to measure the complete tread deformation is needed.

For tire deformation measurements, optical sensors are widely used because
of their high-accuracy measurements and capabilities to operate in harsh
environments. In this non-contact and non-destructive method, sensors are
fixed to the rim and not in contact with the tire being measured. In other words,
the added sensor system has no influence on the mechanical characteristics of
the tire and the inconvenience associated with tire replacements is avoided.
Typical optical sensors used in tire sensing applications can be categorized into
three groups: position-sensitive detectors (PSD) [41]-[44], lasers [33], and
cameras [45], [46].
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The cavity of a tire offers a unique environment for optical sensors. On one
hand, the closed space protects the sensor from contamination, such as dust and
water from the outside environment. On the other hand, while the dark
environment ensures that the light disturbance is minimal, it also requires
additional light sources for optical measurements. In earlier prototypes [41]-
[43], systems based on a PSD combined with light-emitting diodes (LEDs) were
demonstrated to measure carcass deformation. LEDs, which act as light sources,
were glued to the inner liners of tires and positioned facing towards the PSD,
which was fixed to the rim. Lights were focused through a lens to a light spot
and projected onto the active areas of the PSD. The detected light spot position
can therefore be used to determine LED positions caused by tire deformations.
With a similar principle, systems based on a camera with an LED were used to
measure the same quantities [44]. For better measurement reproducibility, a
one-dimensional laser triangulation sensor, instead of the PSD and LED system
in [41]-[43], was later used in [33] to measure the radial carcass deflection of a
rolling tire at a normal driving speed and under complex driving conditions such
as soil deformation and aquaplaning. The in-wheel integration design for the
optical sensor in[33], [41]-[43] forms the basis for this thesis.
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3. A multi-laser based tire sensor
system

The multi-laser based tire sensor system is a basic tool developed in this thesis
to measure the in-plane tire deformation. This section briefly presents the
system structure and methodology of the tire sensor system that was developed.

3.1 System structure

An in-tire integration solution for optical measurements of the deformation of
the tire carcass was demonstrated in a series of tire sensor prototypes developed
at Aalto University. In a recent study [33], a one-dimensional laser tire sensor
(LTS) system was developed to measure carcass deflections in a realistic
environment and also under complex driving conditions, including soil
deformation and aquaplaning. To measure tread deformations, the LTS system
was extended in Article [I] by introducing an external spot-type laser sensor, as
shown in Figure 8. This multi-laser based tire sensor system (1D) is able to
measure the deformations of a tread element on passenger car tires during
rolling. In addition, it still preserves the ability to measure carcass deformations
in the radial direction, which is demonstrated in Article [IV]. Although giving
promising results, the 1D tire sensor system has the inherent limitation that
measurements are carried out on one spot of tread in the cross-section of the
tire, but the tread deformation is not uniform along the cross-section of the tire.
To extend the capability of the system to measure tread deformations over a
wider area of the cross-section of the tire further, a 2D tire sensor system, which
has an identical methodology to the 1D system, was therefore developed (see
Figure 9) for measurements with truck tires in Article [11].

The multi-laser system consists of two laser triangulation sensors and an
optical encoder. One laser sensor (the in-tire sensor) measures the tire
deformation inside the tire cavity; meanwhile, the other one (the external
sensor) measures the tire deformation outside of the tire, as shown in Figure 9.
The dynamic loaded radius (wheel rotating axis distance from the road) can be
measured directly from the external laser sensor (Keyence LK-H150). This
sensor was fixed to a rigid mechanical support attached to the stator part of a
slip ring. Hence, the position of the external laser is stationary about the rotating
axle while a tire is rolling.
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Tread -— Inner liner
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Figure 8 The tread deformation measurement system (1D version).

The in-tire laser sensor, which is the core sensor within the system, measures
the distance from the rim to the inner liner. In the 1D and 2D versions,
respectively, two different laser sensors, a Keyence IL-065 and Keyence LJ-
V7300, were used as the in-tire sensors. Moreover, both laser sensors adapt the
laser triangulation principle and the large dynamic range of the sensors allows
measurements of objects such as tire rubber with weak reflections.

All the measurement units used in the system are industrial level sensors with
high accuracies. According to the manufacturers’ specification, the repeatability
for the external laser sensor (Keyence LK-H150) is 0.25 pm. In addition, the
repeatabilities for the in-tire laser sensors are 2 um (1D laser, IL-065) and 5 um
(2D laser, LJ-V7300), respectively.

The in-tire laser sensor was embedded into sensor housings and oriented in
specific directions. The 1D laser is positioned in such a way that the laser line is
aligned with the radial direction of the tire while the 2D laser is positioned in
such a way as to cover the largest area of interest. Then the sensor module is
mounted on a steel rim by means of tread attachments. A lubricated rubber ring
is placed in the groove between two split parts to prevent air leakage. During the
measurements, the sensor rotates with the tire and keeps a constant position
relative to the objects being measured if the relatively small rim deformation
and tire wind-up deformation are neglected.

To measure the angular position of the in-wheel sensor, optical encoders
(1024 counts/ revolution, 0.35° resolution for the 1D version and 2048 counts/
revolution, 0.175° resolution for the 2D version) within the slip ring packages
were used in the system. In addition, the slip ring packages were also utilized to
transmit the multi-channel (10 channels for the 1D version, and 20 channels for
the 2D version) analog signals from the in-tire sensor to the data acquisition
device through a rotating tire.

The sampling frequencies for the in-tire laser sensors IL-065 and LJ-V7300
were both configured to 3 kHz which implies both are able to measure vibrations
of the tire carcass. In this thesis, the excitation during measurements was not
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strong enough to fully excite high-frequency vibration modes of the tire carcass.
To study the tire in-plane dynamics, additional information on the external
excitation and circumferential position of the sensors need to be obtained and
synchronized. Moreover, since the internal sensor is fixed to the rim, the update
rate for carcass deformation profile is once per rotation. In other words, the
spatial resolution of measurement also depends on the rotational velocity.
Hence, the exact dynamic measurement ranges at different velocities shall be
determined in the future studies.

Optical Encoder

5

Laser Profilometer
(LJ-V7300)

Laser Sensor
(LK-H150)

Figure 9 The tread deformation measurement system (2D version).

Since the tread deformation is estimated on the basis of the measurements
from several sensors, the synchronization requirement is therefore rigorous.
One way of synchronizing the measurements is to generate a trigger signal and
connect it to trigger inputs for all sensors. In the 2D system, it is implemented
by using the NI module 9474 to generate a pulse train in the data acquisition
scheme. In the 1D system, since the laser sensor does not have a triggering
function, the delay time was determined experimentally.

3.2 Methodology

From the previous sensor setup, the following quantities were shown to be
possible to obtain directly from the sensors, as shown in Figure 10.
e the sidewall height Lu:
the distance from the rim to the inner liner of the tire.
e theloaded radius L2:
the distance from the axle to the surface of the drum in the vertical
direction.
e the circumferential position of the sensor 6:
the angle 0 is defined as the angle between the tire sensor and vertical
axis of the tire and 0° is aligned with the six-o’clock position.
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In addition, a constant mechanical offset Losset, which is the distance from the
starting point of the laser to the rotating axis of the wheel, is measured with a
coordinate measuring machine. According to the geometric relationship, the
thickness of the tread part under compression could be calculated as:

Ztread = L2 - (Ll + Loﬂ&et ) cost (31)

With the original tread thickness known, the tread deflection can be obtained.
For measurements conducted on the drum, the curvature of the drum should be
considered and Eq. 3.1 should be modified, as demonstrated in Article [I]. It
should be noted that the proposed tread deformation measurement should be
conducted on a hard and preferably level road surface for free rolling tires in
straight-line motion.

Side View(1D version)

Rubber
Strip

Lateral
Coordinate

Contact Patc
Coordinate

Tread Deformation
Coordinate

Figure 10. The methodology of tread deformation measurement using optical tire sensors.

For the 2D version of the in-tire sensor, since it was oriented in a specific
direction, the measurements in the laser coordinate system needed to be
transformed into the defined coordinate system and laser measurement
coordinates. In the coordinate transformation, a 9-mm-wide rubber strip was
used as a reference object and it was glued to the inner liner and behind a
circumferential groove. The rubber strip also allows the possible lateral
movement of the tire carcass to be monitored.

In practice, raw signals measured by the sensor cannot be used directly and
signal processing is needed. The typical noise in the inner profile measured by
the 2D in-tire sensor is outliers, which have unreasonably high and low values
compared to the surrounding data. The outliers are caused by the high sampling
rate and limited reflectivity of the rubber surface. To eliminate those outliers, a
filter based on the cumulative probability neighbor median [47] was used to
process the data.

20



A multi-laser based tire sensor system

The measurement signals from the external laser include both periodic errors
and random noise. The principal cause of the periodic errors was the eccentric
alignment between the rotating axes of the tire and slip ring. To reduce such
error, a pattern recognition procedure was defined to compensate for it. On the
other hand, the random noise from the road roughness (texture less than 1 mm)
was smoothed by a Butterworth low-pass filter.

3.3 Measurement environments

Since studies take place under different operational conditions for various
purposes, it is important to have controllable environments for measurements
on passenger car tires and truck tires with the tire sensor system that was
developed.

The measurements of passenger car tires were all conducted on a chassis
dynamometer in the vehicle engineering laboratory at Aalto University, Finland
(see Figure 11). The test tire was driven by a drum, which was covered with
Safety-Walk (roughness of approximately P = 60). The diameter of the drum is
1219 mm, which fulfills the minimum requirement for the drum size, 1200 mm,
defined in standards for rolling resistance measurements. The controlled speed
is able to reach 200 km/h. Moreover, the test tire could be driven in either the
forward or backward direction, which is important for the study of its rolling
resistance. The vertical force was adjustable through hydraulic cylinders
controlled by p/Q controllers. In addition, different braking forces can be
generated with a hydraulic disc brake system, which permits studies on tire
braking forces as shown in Article [IV]. To limit the scope of the studies to in-
plane tire deformations, the slip and camber angle were both adjusted to 0° in
all the studies.

Laser Sensor

Laser Sensor =
5 Encoder
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Slip Ring
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Figure 11 Assembly of the instrumented tire on a chassis dynamometer.

For the measurements with truck tires, a commercial truck (SISU Polar) was
used instead of the laboratory test rig, which was designed mainly for passenger
car tires. The instrumented tire was assembled onto a lift axle. The experiments
were performed in a parking area at Aalto University, Finland, where the cross-
section of the road has a crown shape that slopes at 2.6 % on either side of the
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road centerlines. Operational factors were controlled as follows. The vertical
force applied to the tire being measured was adjusted by alternating the
pressure of the air spring. However, it was found that the applied load .The cold
inflation pressure was adjusted and checked before each measurement. In all
the measurements on free-rolling tires, neither braking nor a drive torque was
applied to the wheel. In other words, the slip angle was set to zero and the slip
ratio was assumed to be zero. Considering the minor influence of rotation
velocity on the rolling resistance at velocities less than 100km/h and the lack of
a long enough proving ground, all the experiments were conducted only with
one velocity, at 5 km/h.

Data Acquisition Data Acquisition Tire Equipped
software t With Sensors

D L Y =

Laser
Profilometer

Figure 12 Assembly of the instrumented tire on a truck.
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4. Results and discussion

The overall results from the peer-reviewed publications are summarized in this
section. A multi-laser tire sensor system (including both 1D and 2D versions)
was developed to measure in-plane tire deformations and its methodology was
presented (see Articles [I] and [II]). Three physical quantities, namely the tread
deformation, carcass deformation, and inner contour of the tire were obtained
in measurements with a passenger car tire and truck tires.

For the tread deformation, non-uniform patterns were observed in both the
longitudinal and lateral directions (see Articles [I] to [III]). It was found that the
asymmetric deformation in the longitudinal direction is linked to the rolling
resistance performance of tires. In addition, a load shift effect of the asymmetric
deformation was found in the lateral direction.

For the carcass deformation, coupled deformations in the radial and
tangential directions were observed (see Article [IV]). It was found that the
radial deformation is influenced by both the vertical and longitudinal forces.
Indicators based on the radial deformation of the tire carcass were proposed to
estimate the in-plane tire forces.

For the partial inner contour, measurements were conducted with a truck tire
under static conditions for various inflation pressures and vertical forces.

4.1 Tread deformation

As discussed in Section 2.1.2, highly viscoelastic rubber compounds are
commonly used for tread blocks to attain better grip performance. A
considerable amount of energy is therefore lost through the cyclic deformation
of tread blocks. Hence, tread deformation was one primary physical quantity to
be measured in this thesis. The measurements were conducted first with a
passenger car tire in a laboratory environment and then with new and used
truck tires of the same type on a real truck. In a series of measurements, the
deformation of the tread was first investigated on an element located in the
middle of the tire crown, and was then extended to a wider area along the tire
cross-section.

4.1.1  Non-uniform deformation

The tread deformation in the contact patch was found in measurements to be
non-uniform in both the longitudinal and lateral directions. In the longitudinal
direction, measurements on a passenger car tire (205/55 R16) revealed an
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asymmetric tread deformation in the contact patch for the first time reported in
the literature (Article [I]). No matter whether a tire rotated in clockwise or
counterclockwise direction, larger deformations were found in the leading half
of the contact; meanwhile, smaller deformations were found in the trailing half,
as shown in Figure 13. The observed asymmetric deformation of the tread blocks
in the longitudinal direction is a direct indicator of the rolling resistance. This
statement was also confirmed by the similar asymmetric deformation pattern
observed in the measurements with truck tires, as shown in Figure 14.
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Figure 13 The asymmetric tread deformation for a radial passenger car tire (vertical force=3 kN,
velocity=10 kmh!, and inflation pressure= 2.2 bar).

In measurements with the 2D tire sensor system, the tread deformation was
also examined along the lateral direction of the tire cross-section, as shown in
Figure 14. It was found that the deformation in the lateral direction is also non-
uniform and is strongly influenced by the operational factors and in-service
wear of the tire, which will be discussed further in the next two subsections. In
addition, the partial tire-road contact patch shape can be obtained from the
tread deformation measurements. The evolution of the shape of the contact
patch against changes in different operational factors is presented in Article
[111].
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Figure 14 . The measured non-uniform tread deformation for a truck tire (vertical force=25 kN,
velocity= 5 kmh', and inflation pressure=5.5 bar).

4.1.2 The effect of operational factors

The influences of different operational factors on the tread deformation were
investigated with a passenger car tire, as shown in Figure 15 - Figure 17. The
measurements suggest that the vertical force and inflation pressure affect the
tread deformation considerably, whereas the rolling velocity of the tire in a
certain operating range (5-15 km/h), had only a slight effect on the tread
deformation.

Under three different vertical forces (2000 N, 4000 N, and 6000 N), the
deformation of the tread element appears to be smaller under a higher load, as
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shown in Figure 15. This is due to the fact that the location of the tread element
is in the middle of the crown, and a so called ‘load shift’ phenomenon existing
in the lateral direction transfers the load from the tire crown to the tire shoulder.
However, the load shift phenomenon accompanied by a load increase was not
observed within the measurement with the worn truck tire, which will be
discussed further.
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Figure 15 Comparison of the measured tread deformation for a radial passenger car tire under
different vertical forces (velocity=5 kmh-1, inflation pressure=2.5 bar).

Figure 16 depicts the tire tread deformation pattern with three different
inflation pressures (2.0, 2.5, and 3.0 bar). The comparison indicates that
similarly to the load effect, a higher inflation pressure (3.0 bar) will shorten the
length of the contact patch. Nevertheless, the magnitudes of the largest
deformations do not significantly change with changes in pressure. The same
result was observed in [25] for thermal simulations and laboratory
measurements. The contribution of the tread to the hysteretic losses is nearly
constant with pressure changes. However, the hysteretic losses in other regions,
e.g., the shoulder, sidewall, and bead, are more sensitive to changes in the
inflation pressure, which leads to the well-known observation that the overall
rolling resistance of the tire decreases with increasing inflation pressure.
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Figure 16 Comparison of the measured tread deformation for a radial passenger car tire at
different inflation pressures (vertical force=4 kN, velocity =5 kmh").
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Figure 17 illustrates the influence of different velocities on tire tread
deformation. Five different rotating velocities (5, 8, 10, 13, and 15 km/h) were
examined. Compared with the effects from the vertical force, the influence of
the velocity is relatively small. There was an observable pattern in the tread
deformation shape at different velocities. Moreover, the rotational velocity has
a minor effect on the contact length. Similar observations of the velocity on the
normal pressure can be found in [22]. These observations agree well with the
results and observations in [23], in which the velocity was also shown to have a
minor effect on the rolling resistance at velocities less than 100 km/h.
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Figure 17 Comparison of the measured tread deformation for a radial passenger car tire at
different velocities (vertical force=4 kN, inflation pressure=2.5 bar).

Increases in the rolling velocity also cause the magnitude of the deformation
in the leading half to become slightly smaller. The reasons for this phenomenon
are probably twofold. On one hand, according to [24], the rubber damping
property, which is frequency dependent, might contribute to this effect. On the
other hand, the wheel hop caused by the test rig control system might also
accounts for the magnitude changes. However, the speed range in 1D
measurement has limited to 5-15 km/h. With such a narrow speed range in the
experiment, it is difficult to draw general conclusions. Further studies need to
be done outside the range of 5-15 km/h.

4.1.3 The effect of wear

In-service wear is an inevitable process that continuously alters the behavior of
a tire over its whole lifetime. The influence of tire wear was therefore also
investigated on the basis of the measurement of new and worn tires as shown in
Figure 18. The load shift phenomenon was observed for the new tire, i.e., the
vertical force has an opposite effect on the deformation level in the shoulder part
compared to the crown part (Figure 19). The deformation level of shoulder parts
increases with an increasing load, whereas the crown parts show an opposite
trend. However, no obvious load shift effect were observed on the worn tire
(Figure 20). This can mainly be explained by the stiffening of the tread resulting
from wear. Moreover, the outer contour of the worn tire also became flattened.
It can be seen that the wear effect also has a great influence on the non-uniform
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deformation of the tread parts, thus changing the tire crown contour. This in
turn accelerates the uneven tread wear [48].

Worn Tire New Tire

Depth: ~6.5 mm

Figure 18 Worn tire and new tire used in the measurement.

According to the measurements in [49], used tires have a generally decreasing
trend in rolling resistance with tire usage. This can be related to the measured
tread deformation because a worn tire has a smaller tread deformation.
Together with a decreasing volume of the tread compound, the observation of a
lower rolling resistance with worn tires is expected. Current international
standards and labeling regulations only evaluate the rolling resistance
performance for new tires. However, the above discussion implies that the
rolling resistance performance of the tire during its whole lifetime should also
be considered.
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Figure 19 Measured tread deformation of a new tire under various loads and inflation pressure.
The white area in the measurements is caused by the rubber strip attached.
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Figure 20 Measured tread deformation of a worn tire under various loads and inflation
pressures. The white area in the measurements is caused by the rubber strip attached.

4.2 Carcass deformation

Although the carcass deformation was previously measured in [41]-[44], the
potential to use that information to estimate tire forces has not been fully
explored. This study focuses on the analysis of the deformation of the tire
carcass as a result of the applied steady-state in-plane tire forces and proposes
two indicators to correlate the radial deformation of the tire carcass with in-
plane tire forces.

The simulations with the flexible ring tire model were conducted with various
vertical forces and inflation pressures to analyze their influences on the in-plane
tire deformation, as shown in Figure 21.
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Figure 21 Simulated in-plane tire deformations under different vertical forces: (a) radial
deformations and (b) tangential deformations.

To validate the simulation results, the radial deformation of tire carcass was
measured with the in-tire laser sensor under various vertical force, as shown in
Figure 22. The same behavior can be found between the simulations and
measurements. The deformation can be further divided into two areas: the
contact zone and non-contact zone. It is found that the deformation peaks occur
during the contact between the tire and road, and the largest deformation is
obtained at the highest load. On the other hand, the radius of the non-contact
zone becomes larger with increasing loads. This is due to the high extensional
stiffness of the tire belt for a radial tire, which is almost in-extensible. Moreover,
the volume of pressurized air does not change with increasing loads which also
results in the non-contact parts being pushed outwards in the radial direction.
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Figure 22 Measured radial deformations of the tire under different vertical forces (Fx: O N,
inflation pressure: 2.6 bar) and at various inflation pressures (solid line: 2.2 bar, dashed line: 2.6
bar, and dashed-dotted line: 3.0 bar).

To correlate the radial deformation of the tire carcass to the vertical forces
applied, the measured radial deformations with angular positions were first
interpolated to 1000 equidistant circumferential positions between -180° and
180°. The mean radial deformation value w; n, as an indicator, is calculated as
follows:

Wim = Zwlaser (q)’_l P =<p<l 800)/N (41)

where wigser() is the interpolated radial deformation at a specific
circumferential position ¢. In other words, the mean radial deformation is an
average of the tire deformations in one full rotation, which include two
deformations, the inward radial deformation resulting from the tire-road
contacts and the outward radial deformation resulting from the tire structures.
The mean radial deformation is plotted against the vertical forces and
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demonstrates a near-linear relationship for all the pressures that were applied.
It can be seen that the inflation pressure has a significant influence on the radial
stiffness, in addition to the contribution of the tire structure. In both the high
load and low inflation pressure cases, the observed smaller mean deformation
values imply larger inward deformations (with a negative value) in the tire-road
contact.

The radial deformation of the tire carcass was also measured with the in-tire
laser sensor under various vertical forces, as shown in Figure 23. The
symmetricity of the radial deformation of the tire changes with the longitudinal
force that is applied as a result of the pretension force and inextensibility of the
ring structure. In addition, the simulation results with the flexible ring tire
model are similar to the measurements obtained with the tire sensors, as shown
in Figure 24. In previous studies [41], [42], the longitudinal force was estimated
on the basis of separate measurements of the longitudinal deformation of the
tire carcass. However, the present study suggests that the longitudinal force can
also be estimated on the basis of measurements of radial deformations.
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Figure 23 Measured tire radial deformation under different longitudinal forces (Fz: 3000 N and
inflation pressure: 2.6 bar).
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As a simple indicator, such asymmetricity can be measured by the difference
between the mean measured deformation values before and after the contact,
wy g, which can be calculated as follows:

Wi a= 2 {zwlaser ((/’,—1 80°< o= OO)_ zwlaser ((/’,00 Sp=< 1 800)}/]\/ (4'2)

The calculated mean value differences with negative values imply that the tire
has a smaller radius before the tire-road contact. As shown in Figure 23, the
mean value difference has a linear relationship with the longitudinal forces and
shows a dependence on the vertical force. The difference is larger at a higher
load condition.
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Figure 24 Simulated in-plane tire deformations under different longitudinal forces: (a) radial
deformations and (b) tangential deformations (Fz: 3000 N and inflation pressure: 2.6 bar).
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The proposed indicator allows the estimation of the longitudinal force to be
based solely on the measurement of the radial carcass deformation. This
demonstrates the feasibility to use the tire carcass deformation for the in-plane
tire force estimation. It should also be noted that this feature-based indicator is
relatively simple and cannot be used directly for real on-board applications. One
promising approach is using a model-based approach that utilizes the carcass
deformation as an input for the flexible ring tire model to identify the input tire
forces. However, the accuracy of such estimator highly depends on the fidelity
of parameters of the flexible ring tire model. These parameters can be
influenced by the tire inflation pressure, tire rotational velocity, and tire wear.

4.3 Inner contour

Pneumatic tires have a complex composite structure with a doubly curved
surface, which is curved both circumferentially and transversely. The tire
contour has a direct influence on the performance of the vehicle such as the
smoothness of the ride and the ease of its handling. The shape of the contour is
optimized with finite element models (FEM) to improve the tire performance
after inflation and under loads. Current tire crown optimization approaches,
such as the tension control optimization theory (TCOT), aim to improve the
tension distribution within the parts of the tire. Direct measurements of the
shape of the tire inner contour are desired, as this reflects the tension
distribution. However, the actual shape of the tire contour is rarely measured
through experiments, because of the lack of a simple and cost-effective method.
The laser-based tire sensor system provides an opportunity to measure the
inner contour of the tire under both static and dynamic conditions.

Measurements were conducted under static conditions for various inflation
pressures and vertical forces. To examine the influence of the tire inflation
pressure, the inner contours were measured at 2 bar, 4 bar, and 6 bar. As shown
in Figure 25, increasing the inflation pressure results in the tire carcass being
pushed outwards in the radial direction. Moreover, prominent changes were
observed in the shoulder part and the sidewall curvature radius decreased
slightly with an increase in the inflation pressure. According to the membrane
theory, the sidewall tension is directly proportional to the sidewall curvature
radius. In a different manner, increasing the vertical force leads to the crown
part moving in the vertical direction and a remarkable decrease in the sidewall
curvature radius. This implies a tension relaxation process in the tire-road
contact for a rolling tire discussed in [10].
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Figure 25 Measured tire inner contours under various inflation pressures (under a zero vertical
force) and various vertical forces (with a 4 bar inflation pressure).

The inner contour was also measured under service conditions. To reconstruct
the inner contour of the tire during rolling, the 2D laser profilometer needs to
rotate together with a tire for at least one revolution. The measured inner
contour shows two-phase deformations experienced by a tire in each revolution:
the contact deformation (from around -40 degrees to around 40 degrees) and
the non-contact deformation (for the remaining parts of the measurement), as
shown in Figure 26 (a). The contact deformation, with a larger amplitude, is a
result of tire-road contacts and is mainly influenced by the vertical force and
vertical stiffness of the tire. Over the tire cross-section, the system can examine
tire deformation over a larger area including parts of the shoulder and crown.
Within the contact patch, parts of the tire along the lateral direction show a non-
uniform contact deformation. For a better visualization, the measured tire inner
contour is also depicted in the polar coordinates, as shown in Figure 26 (b).
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Figure 26 Measured inner contours of the tire for one revolution: (a) in Cartesian coordinates;
(b) in polar coordinates.
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5. Conclusions

In-plane tire deformations are a direct result of the in-plane forces applied to a
tire. Therefore, the in-plane deformations in different parts of the tire contain
unique information about tire forces. For instance, deformations in the tread
part are closely related to the rolling resistance performance. On the other hand,
deformations in the carcass part are strongly influenced by the vertical force and
longitudinal forces.

Tire sensing technology provides an opportunity to measure those
deformations accurately. A multi-laser tire sensor system was developed to
measure rolling tire deformations, including the tread deformation, carcass
deformation, and the shape of inner contour. The structure and methodology of
the tire sensor system are presented in detail. In the context of different tire
performances, in-plane tire deformations were measured and analyzed with
different tire types, operational conditions, and tire states.

Tread deformation measurements were carried out, with the main interest
being in investigating its correlation with the rolling resistance. The test
matrices incorporate different potential influential factors, which are tire types,
namely the passenger car and truck tires, tire states, namely the new and used
tires, and operational conditions, namely the pressures, loads, and velocities.
Some common phenomena can be observed from the measurements and
summarized as follows.

First and foremost, non-uniform tread deformations in the contact patch were
observed in the measurements. In the longitudinal direction, larger tread
deformations were observed in the leading half of the contact patch, while
smaller tread deformations were observed in the trailing half of the contact
patch. This is a direct indicator of the rolling resistance and is observed in most
measurements. In the lateral direction, non-uniform deformations were also
observed. The deformation pattern reflects the contribution of separate parts to
the rolling resistance.

In addition, the non-uniformity of the tread deformation is also strongly
influenced by operating conditions and tire states. It is found that the tire
inflation pressure and vertical force have significant influences on the tread
deformation pattern, while the velocity, in a certain range (5-15 km/h), shows a
minor influence. In the lateral direction, for new tires, the measurements
indicate a load shift phenomenon, i.e., the largest tread deformation shifts from
the crown parts to the shoulder parts under an increasing vertical force.
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Nevertheless, this phenomenon is not observed in worn tires. This is related to
tire wear in the crown part, in which a flatter contour can be found.

In view of the above, it can be concluded that the rolling resistance
performance can be improved through the optimization of tire design and
material, as well as the maintenance of proper operational conditions, especially
the inflation pressure. In addition, an evaluation standard which incorporates
the whole-life time rolling resistance performance of tires should be considered
in the future.

Carcass deformation measurements were also conducted, with the main
interest being in the estimation of the tire forces. It was found that the radial
deformation can be used not only to estimate vertical tire loads, but also to
estimate longitudinal forces, such as braking and acceleration forces. For
vertical force estimations, the average of radial deformation is proposed as an
indicator. On the other hand, the longitudinal force can be estimated on the
basis of the symmetricity of the radial deformation of the carcass. The physical
foundation of this algorithm is the extensibility of the modern radial tire, in
which the radial and tangential deformations of the carcass are cross-correlated.
The simulation results with the flexible ring tire model confirmed this.

The partial inner contour was also measured for truck tires under static
conditions for various inflation pressures and vertical forces. The
measurements can provide valuable experimental information about tire
products for tire designers to optimize tire contours.

In conclusion, the tire-sensing technology provides promising solutions in two
major fields: 1) measuring tire behavior, and 2) sensing tire forces. In this thesis,
the measurements of tread deformations and inner contours are examples that
fall into the first category. Meanwhile, measurements of radial deformation of
the tire carcass for estimations of steady-state in-plane tire forces represent an
example of the second category. In future, with the advance of sensing
technology and deeper understanding of tire behavior, it is believed that the tire
sensor system will be able to provide more accurate and real-time information
on tire-road interactions.
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Errata

Article [Ill]

In Section 3.2.3, it should read ‘In-service wear is an inevitable process...’.
In Table 1, the contact area for the condition 8.5 bar and 5 kN is ‘41.5 em? and

the contact area for the condition 8.5 bar and 25 kN is ‘51.7 cm?’.

Article [IV]

In Figure 2, the horizontal label should read ‘Circumferential position @
[degree].

In Figure 3, the horizontal label should read ‘Circumferential position ¢
[degree]’.
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