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Vehicle dynamics behavior is impact by numerous components

Brake System

• Actuation
• Hydraulic
• Caliber
• Disk
• Valves
• …

Vehicle Dynamics

Vehicle Bodies

• Masses
• Dimension
• Inertia
• Stiffness
• …

Suspension, K&C

• Axle
• Spring
• Damper
• Stabilizer
• Bushing
• …

Steering System

• Rack
• Column
• Wheel
• Power Unit
• …

Tires & Wheels

• Tire
• Wheel
• TPMS

Powertrain System

• Engine
• Clutch
• Transmission
• Driveline
• …

Controls

• Brake Control 
(ESC)

• Steering Control
• Suspension 

Control
• Drivetrain Control
• Engine Control
• …

Aerodynamics

• Vehicle area
• Coefficients
• Wings, under-

floor
• …
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The tire is the “BLACK MAGIC” for transmission of forces between vehicle and track
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Tire History

1839: The American chemist Charles Goodyear manufactures rubber-sulfur mixtures and

accidentally discovered the vulcanization (patent application 1844).

1888: Scottish veterinarian John Boyd Dunlop building a pneumatic tire for his son's 

tricycle and reports this to the first bicycle tire for a patent.

1895: The French Industrielen Édouard and André Michelin build the first pneumatic tire

for an automobile (L'Eclair - the flash).

1904: The company Continental (founded in Hanover in 1871) builds the first profile tires

for automobiles. 

1943: Continental patented the tubeless tire. 

1946: The Michelin brand (founded in 1889 in Clermont-Ferrand) patented the radial tire.

Goodyear

Dunlop

A. MichelinÉ. Michelin

L‘Eclair
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Tire History
Ranking of Tire Manufacturer1960:   Discovery of the aquaplaning effect. 

1970’s: Production of the first steel-belted tires. 

1990’s: New Materials

• Silica replaces partially carbon black (enhanced wet performance, 

rolling resistance is reduced). 

• „Run-on-Flat“-Systems.

• Lightweight tires (mass and rolling resistance reduced).

2001: New Materials

• BioTRED technology - Goodyear replaces carbon black and silica

partially cornstarch (Reduction of rolling resistance, wear, and weight).
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The tire is the “BLACK MAGIC” – how tire works

https://www.youtube.com/watch?v=BPYxLeW6WjM

https://www.youtube.com/watch?v=BPYxLeW6WjM
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Global requirements for tires

Vehicle Dynamics & Safety Economy

• High speed strength
• Durability
• Force transfer

(dry, wet, snow, ice)
• Straight running, corning stability
• Handling, steering precision
• Mass

• Roll resistance
• Purchase cost
• Wear
• Mileage

Environmental properties

• Partial emission (rubber)
• Energy demand for the 

production
• Resources saving and 

protection.
• Recycling

Comfort

• Uniformity (Rundlauf)
• Rolling noise
• Rolling behavior
• Vibration
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Tire construction and component functions

Bandage
• High Speed Resistance.
• Uniformity
• Comfort

Stahl cord belt (2 layer)
• Handling
• Roll Resistance
• Comfort.

Textile cord Carcass
• Endurance
• Dimensional stability.

Inner Liner
• Airtightness.

Side wall
•Damage protection.

Apexes
•Driving stability.
•Steering & comfort 

behavior 

Steel Core
•Bead seating

Tread 
• Force transfer
• Wear
• Handling.
• Noise.
• Aquaplaning.
• Comfort.
• Roll Resistance

high-strength steel cord
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Tire types

• Cords of each carcass plies are laid each other at 

an acute angle. 

• Advantage: good comfort.

• Disadvantage: worse driving stability, higher role 

resistance.

• The carcass cords are laid at an angle of 90 ° to the 

running direction. 

• Advantage: driving stability, better role resistance.

• Disadvantage: comfort.

Diagonal Tires Radial Tires

38° - 40°
Standard Tire

30° - 35°
High Speed Tire

26°
Race Tire
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Tire construction and specification
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Tire types

Slick 
Hard

Slick 
Medium

Slick 
Soft

Slick 
Super Soft

Slick 
Rain

Slick 
Intermediate

Summer Winter All Season All Terrain
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Target conflicts (trade-off) for the development

130 %

120%

110%

100%

90%

80%

70%

100%

100%

100%

Lateral / Longitudinal Dynamic / Stability

Straight running / rut

Wet Handling

Aquaplaning

Rim Roll Off

Run flat Mileage

Roll Comfort

Roll Noise
Uniformity

Flat Spot

Mileage

Wear 
(saw tooth)

Roll Resistance

Tire Weight

Weight

Dry Handling

Comfort

S
a
fe

ty

Vehicle Dynamics & Safety

Referenz = 
100%
225/60 R 15 W
(Standard)
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Cause and effect chain / transfer path

Actuating forces

Oscillation

Oscillation

Airborne noise

Suspension

Vehicle body

Steer knuckle arm

Tie rod

Steering gear box

Steering column

Steering wheel

Driver (hand)

Seta rail

Seat

Passengers Passengers (ear)
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Tires are the interface to the road environment

Fx y

z
x

My

Fz

Fy

Coordinate system

according DIN 70.000

Mx

Mz

The behavior of the tire can be subdivide into 3 directions:

• Longitudinal Dynamic:

− Fx = longitudinal force

− My = Acceleration / Brake torque

− referred as „longitudinal“.

• Lateral Dynamics:

− Fy = lateral force

− Mx = camber torque

− Mz = Back alignment /toe torque

− referred as “lateral”

• Vertical Dynamics:

− Fz = Wheel load

− referred as „vertical“.

The overall performance is determined by the interdependence of disciplines
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Tires, some fundamentals

• When considering of forces, torques and speeds at the wheel must be made between different wheel radii:

r0 — Tire radius of the unloaded wheel (manufacturing radius).
rstat — static tire radius (Used in considerations with forces and moments).
rdyn — dynamic tire radius (Used for observations with peripheral speeds ).

• The static wheel radius is determined on a stationary, loaded wheel.

• The dynamic rolling radius is determined according to DIN 70020 with a towed wheel with a speed of 60 
km/h. Predetermined inflation pressure in each case is according the load specification. 

dynrU = 2

 

v vdynr
0r

statr

U … Rolling circumference of the towed gear

v … Translational speed

w … Rotational speed
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Tires, some fundamentals

Hysteresis:
The viscous-elastic
material returns from
a deformation first
after a while back to
the initial position
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Tire slip mechanisms – shear, slide and slip

The soft tread compound of winter tires is still flexible even at low temperatures, so that
winter tires remain slip-proof and optimally toothing with the road surface.
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Target conflicts (trade-off) for the development
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Tire longitudinal slip behavior
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Tire longitudinal characteristics: slip behavior
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Tire longitudinal characteristics: slip behavior
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The longitudinal force Fx causes

a shear deformation of the tire

tread. When transferring this

circumferential force between

tire and road a slip (S or κ)

occurs. The overall slip is put

together as a deformation

portion (deformation slip) and a

sliding portion (sliding slip).
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Tire longitudinal characteristics: slip behavior

• Transferable force are defined by the adhesion 

coefficient m.

• m is at rubber friction a function of the slip

• mh defines the maximum traction, defined al 

friction coefficient.

• The corresponding slip is defined as “critical slip” 

Sc and ~10%.

• At 100% slip the traction is decreased to the 

sliding frication mg.
Deflection

Pure
sliding

partially sliding

Critical slip

slip

traction

z

x

F

F
=m
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Tire longitudinal characteristics: slip behavior

K
ra

ft
s
c
h
lu

s
s
 m

critical slip

dry

wet

0% Slide

1-50% Slide

51-75% Slide

75-99% Slide

cκ

Fx,max

ScFx = 

For small longitudinal

forces, there is a linear

relationship between S
and Fx.

cκ = slip stiffness

( )z
x Ff

dS

dF
c ==

Influences:
• Tire pressure
• Temperature
• Local friction

zhx FF = mmax,
The maximal longitudinal force is depended on 

the friction (e.g. μh ≈ 1,1)
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Tire longitudinal characteristics: slip behavior
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Tire Rolling Resistance (RR) - Sources

Bend - Sheer

Side wall and bead areaTire surface and environmental 

air

Air turbulence

Tread of the tire

Slip to the ground

Bend - Strain - Sheer

Energy loss dissipation based on deformation 

< 15 % 60 up to 70 % 20 up to 30 %
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Tire Rolling Resistance (RR) - Sources

zRrollR FfF =,

4

100100
410 













+
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FR is often assumed to be constant and at a value of 0,01. 

for HR-tires: fR0  0,009

fR1  2,0·10-3

fR4  0,25·10-3

Roll resistance is depended of:

• wheel load

• tire pressure

• Tire temperature
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Tire lateral characteristics: side slip behavior
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Tire lateral characteristics: side slip behavior

Longitudinal velocity Vx

Lateral velocity Vy

Drift Angle β = -arctan Vy / Vx

Velocity 

V

VR,y

VF,x

VH

VR,x

VF,y

VF

𝛼𝐹 = −arctan
𝑉𝐹,𝑦

𝑉𝐹,𝑥

𝛼𝑅 = −arctan
𝑉𝑅,𝑦

𝑉𝑅,𝑥
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Tire lateral characteristics: side slip behavior

Direction of 
motion

V

Vy

Vx

𝐹𝑦

Conicity Ply steer

𝛼 = −arctan
𝑉𝑦

𝑉𝑥

Tire side force generated by:

• Rolling diagonal to the direction of motion (side slip angle α).

• Inclination of the tire from its vertical position to the road (camber ).

• Tire conicity (geometrical)

• Ply steer (tread/belt construction)

Side slip 𝛼:

• Angle between direction of motion and direction of wheel plane.

Side force as result of side slip angle:

• Wind, centrifugal or gravity forces requested tire forces.

• The vehicle must apply side slip.
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Tire lateral characteristics: side slip behavior

• For side slip angle to approximately 4°, there 

is a linear relationship between α and Fy. 

• c is called side slip stiffness.

( )z

y
Ff

d

dF
c ==




• The maximum transferable 

lateral forces are dependent on 

maximum adhesion in lateral 
direction.

 = cFy

zyy FF = max,max, mc
Fy,max

Side slip

S
id

e
 f
o
rc

e

• Influences to c:

− Tire pressure.

− Temperature.

− Local friction

− Wheel load
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Tire characteristics for understeer behavior (qualitative)

Tire Pressure high

Tire Pressure low

𝛼 [°]

e.g. Winter Tire

𝑐𝑉 , 𝑐𝐻 [°/N]
Race Tire

𝐹𝑦 [N]

𝐹𝑦,𝑚𝑎𝑥 [N]
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Tire lateral characteristics: side slip behavior

CarMaker 3.0pre11

Model Check
Tire Characteristics Fcn(Slip,Alpha): Overview

T_TaMeTire

(front left)

 Thu, 18-06-2009, 22:15:29 WesteuropÃ¤ische Normalzeit, Page 1
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Correct inflation pressure for a good foot print

Influence to the brush, tooth and molecular adhesion effect is obvious.  
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Case 1: Understeer behavior with wheel load distribution

𝛿 =
𝑙

𝑟
+ ∆ 𝛼 → [𝛼𝐹𝐴 − 𝛼𝑅𝐴](19)

𝐹𝑦 [N]

with mv 

Front and Rear Tire

𝐹𝑦 [N]

∆ 𝛼 = 𝛼𝐹𝐴 − 𝛼𝑅𝐴

𝛼𝑉

𝛼 [°]

𝛼𝐻

𝐹𝑦 [N]

with mH

at ay = 4 m/s²

𝜶𝑭𝑨 − 𝜶𝑹𝑨 > 0 (understeer)
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Case 1: Understeer behavior with wheel load distribution

Non-LinearLinear Area

Front and Rear Tire
𝐹𝑦 [N]

𝛼𝑉
𝛼 [°]

𝛼𝐻

Reserve of 

Rear Axle

at ay = LIMIT

𝐹𝑦,𝐿𝑖𝑚𝑖𝑡 [N]

with mv 

𝐹𝑦,𝐿𝑖𝑚𝑖𝑡 [N]

with mH

∆ 𝛼 = 𝛼𝐹𝐴 − 𝛼𝑅𝐴

𝜶𝑭𝑨 − 𝜶𝑹𝑨 > 0 (understeer)
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Case 2: Oversteer behavior with tire pressure difference

∆ 𝛼 = 𝛼𝐹𝐴 − 𝛼𝑅𝐴

𝐹𝑦 [N]
at ay = 4 m/s² 

with mv = mh

Tire Pressure high

Tire Pressure low

𝐹𝑦 [N]

𝛼𝑉

𝛼 [°]

𝛼𝐻

𝜶𝑭𝑨 − 𝜶𝑹𝑨 < 0 (oversteer)
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Tire lateral characteristics: side slip behavior

Fy

FR,roll

m

Fy

m

Straight running
Driving with small 

side slip angle
Driving with big 
side slip angle

• The lateral force Fy and the rolling

resistance FR, effect to the CoG of the

deformation area.

• The x-distance from the center of foot

print is called pneumatic trail.

• The y-distance to the rim plane is

denoted by m.

Definition

mFnFM rollRRyz −= ,
Back alignment torque:

Ryz nFM =Simplified:

(37) (38)
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Tire lateral characteristics: side slip behavior
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Tire lateral characteristics: side slip behavior

Side slip angel
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A negative camber angle allows for the same side slip angle slightly greater lateral forces.

0 ° 3 °

Camber definition
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XY combined tire characteristics: Kam’sche Cycle

Fz

Fy

Fx Fxy

zhmaxxy FFF = μ

2

y

2

x

2

xy FFF +=

Fx

Fy

Fxy

Fmax,1 = µh ∙ FZ,1

The sum of these forces is at most as large as the maximum transferable

force between tire and road, which is the product of coefficient of adhesion

and wheel load.

So that the vehicle in the longitudinal and lateral direction can be performed

stably, i.e. the wheel moves without high sliding, the limit of adhesion

between the wheel and the road must not be exceeded.

(39)

(40)
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µh ≈ 1,0

Kurvenmittelpunkt

Bremse

1
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Kurvenmittelpunkt

µh ≈ 0,5

Bremse
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Combined tire characteristics: dynamic load distribution

Dynamic wheel load and side force 
demand at one axle.

→ Total side forces are reduced

Vehicle Dynamics Rule No. 1:

Avoid wheel load variation

𝐹𝑅 ≤ 𝜇 ∗ 𝐹𝑁 Coulombsche Friction Rule, but 𝜇 for
tire & road are strongly non-linear

Druckfehler
Innen: - ∆Z
Außen: + ∆Z
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Calculation of CoG – Center of Gravity 

Wheel Base (𝑙)

CoG height (Center of Gravity)

lRA lFA

sh

𝐹𝑧 = 0

𝑚 ∗ 𝑔0 𝑚𝐹𝐴 ∗ g • Vehicle weight (with driver) = 1.970 kg 

• mFA (front axle) = 1100 kg

• mRA (rear axle) = 870 kg

• Wheel base = 2.807 mm, 

• Center of gravity = 0,65 m 𝑚 ∗ 𝑔 ∗ 𝑙𝑅𝐴 = 𝑚𝐹𝐴 ∗ g ∗ 𝑙 𝑙𝐹𝐴 = 𝑙 − 𝑙𝑅𝐴

X

Z

Y

+

+

+
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Dynamic Wheel Load Calculation

CoG height (Center of Gravity)

lRA lFA

sh

𝐹𝑧 = 0 0 = 𝑚 ∗ 𝑔 − (𝐹𝑧,𝐹𝐴 + 𝐹𝑧,𝐻𝐴)

𝑀𝑦 = 0 0 = 𝑚 ∗ 𝑎𝑥 ∗ 𝑠ℎ −𝑚 ∗ 𝑔 ∗ 𝑙𝐹𝐴 + 𝐹𝑧,𝐻𝐴 + 𝑙

Zero Point

X

Z

Y

+

+

+

𝐹𝑧,𝐻𝐴 =
𝑚 ∗𝑔∗ 𝑙𝐹𝐴−𝑚∗𝑎𝑥∗𝑠ℎ

𝑙

𝐹𝑧,𝑉𝐴 =𝑚 ∗ 𝑔 − 𝐹𝑧,𝐻𝐴

𝐹𝑧,𝐻𝐴 𝐹𝑧,𝐹𝐴

𝑚 ∗ 𝑔
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Tire vertical characteristics: dynamic wheel load

Fz(t)

t

Fz,stat
Fz,dyn

The acting vertical tire force (wheel load) shall be composed of: 

• Static wheel load Fz,stat = constant (Gravity and vehicle mass).

• Dynamical wheel load Fz,dyn = f(t) (Relative motion of the body related to the ground).

Due to the elasticity of the rubber and the air in the tire, it comes to vertical defection. This leads 

to the formation of a contact area A between the road and tread - the tire contact area (foot print). 

About this all forces must to be transferred.

Influences to the effective foot print:

• Wheel load.

• Tire inflation pressure

• Tire construction.

• Tire dimension.

• Profile.

Sample:
245/40 R18, 2,2 bar, Fz = 4.700 N

• Brutto foot print ≈ 230 cm²

• Netto foot print ≈ 150 cm² 

140 mm

1
9

0
 m

m
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Tire characteristics measurement

1. Flat Belt Test Rig

2. Measurement Vehicle

3. Inner Drum Test Rig

4. Roller Drum Test Rig

1 2

3

4
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Aquaplaning effect
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