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The Role of the Tyre 

Tyres are complex and subject to: 

– Extensive research and development in mechanical design 

      and material chemistry 

– Involves Extensive Testing and Computer Modelling 

– Manufacturing is complex 

– Future Contribution as an Intelligent Tyre 

 

Issues that effect tyre performance include: 

– Grip - handling safety on different surfaces 

– Fuel Economy (20% of fuel lost due to tyre rolling  

      resistance) 

– Noise (most of what you hear is from tyres) 

– Durability and off-road performance 

– Emissions (wear  and rubber particles)  
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History of Tyres  

The first pneumatic tyre, 1845 by  

Robert William Thomson. 
http://www.blackcircles.com/general/history 

John Boyd Dunlop 

reinvented the pneumatic 

tyre in1887 
http://www.lookandlearn.com/blog/2065

4/john-dunlop-was-the-vet-who-

invented-the-pneumatic-tyre/ 

In 1895 the pneumatic tyre was first 

used on automobiles, by Andre and 

Edouard Michelin. 
http://www.blackcircles.com/general/history 

http://polymerprojecttopics.blogspot.com/2010/08/radial-

tyre-vs-bias-tyre.html 

Michelin first introduced steel-belted 

radial tires in Europe in 1948 
http://polymerprojecttopics.blogspot.com/2010/08/r

adial-tyre-vs-bias-tyre.html 

Michelin first announced 

the TWEEL in 2005, 
http://auto.howstuffworks.com/twe

el-airless-tire.htm 

Pirelli introduced the 

CYBERTYRE in 2005, 
https://www.youtube.com/watch?v

=3ATEh0hIERk 
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• Tyre Testing 

     - Flat-bed test machines 

     - Drum machines 

     - Test Trailers 

     - Vehicle Based 

• Tyre States 

    - Load 

    - Slip Ratio 

    - Slip Angle 

    - Camber Angle 

• Contact Patch 

     - Pressure 

     - Friction (Hysteresis, Adhesion, Wear) 

     - Axis System 

•  Forces and Moments  

     - Simple Physical Models (Equivalent Volume) 

     - Braking and Traction 

     - Lateral Force and Aligning Moment 

     - Rolling Resistance and Overturning Moments 

    

Complex Friction/Stress Behaviour 

in the Tyre Contact Patch 

What is Vehicle Dynamics? 
Tyre Forces and Moments 

Flat-bed tyre test machine (image 

courtesy of Calspan Corporation)  

Courtesy of G. Mavros 
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Vehicle Dynamics is a complex 

science . It includes: 

 

The Role of the Tyre in 

Vehicle Dynamics 

• The Vehicle 

• The Road or Terrain 

• The Driver 

• The tyre is the only contact between the 

vehicle and the road 

 

Analyse This! 



Vehicle Dynamics Simulation 

• 1990 Rolls Royce Silver Spirit ADAMS Full 

Vehicle Model 

• Very Large Model - 160 DOF 

• All linkages and nonlinear bushes modelled 

• Sub-frames and body torsional stiffness included 

• Roll bars modelled as Finite Element type beams 

• Compliance in the steering column included 

• Driveline, speed and steering controllers 

• Full Interpolation Tyre Model 

• Simulations – Suspension Kinematics, Durability, 

Steady State Cornering, Step Steer, Double Lane 

Change 

• Three months of consulting in 1990 same as an 

undergraduate student project in 2016 

 

 

Apollo DN 3500 Workstation (1990) 

Rolls Royce Silver Spirit (Silver Spur) 



CAE Environment 

Finite Element Analysis – linear, non-linear, 

stress analysis, light-weighting, crash analysis, 

optimisation (NASTRAN, ABAQUS, 

HYPERWORKS, LS-DYNA, …) 

 

Occupants – Human Body Models, crash 

protection, seated comfort (LS-DYNA, 

RADIOSS, THUMS, …) 

 

Pedestrians – legislative impactor tests, 

real world scenarios, active systems (LS-

DYNA, MADYMO, …) 

 

Computer Aided Design (CAD) – 

components, systems, styling, ergonomics, 

visualisation (CATIA, SolidWorks, …) 

 

Electronics and Control  – electrical 

loads, systems simulation, 

automation (Matlab, Modellica, …) 

 

Vehicle Dynamics  – Multibody Systems (MBS), ride, 

handling, suspensions (ADAMS, SIMPACK, …) 

Tyre Models – analytical, empirical, physical (Magic 

Formula, Ftire, …) 

 

Powertrain  – engines, transmissions, 

hybrids, electric vehicles, battery 

systems, tribology, emissions (Ricardo 

WAVE , …) 

 

Computational Fluid Dynamics (CFD)  

– aerodynamics, flow, sprays, cooling, 

dirt deposition (STAR CCM, 

PHOENICS, OpenFOAM, …) 

 



CAE Environment 
Tyre Modelling Challenges 

A tyre model is needed for advanced 

vehicle dynamics simulation: 

 

• Ride 

• Handling 

• Durability/Off - Road 

 



Components of Tyre Friction Force 

The tyre frictional force has four components: 

– Hysteresis 

– Adhesion 

– Viscous 

– Abrasion 

(Torbrugge, 2015) 

Friction Force = FHysteresis + FAdhesion + FViscous + FAbrasion   



Tyre Forces and Moments Shown Acting 

in the SAE Tyre Axis System 
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Generation of Slip in a Free Rolling Tyre 
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Generation of Rolling Resistance in a Free 

Rolling Tyre 
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Generation of Force in a Braked Tyre 
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From Clark, Samuel (1971), Mechanics of Pneumatic Tires, 

National Bureau of Standards Monograph 202, United 

States Department of Commerce, Washington  



Braking Force versus Slip Ratio 

  0.0                                  Slip Ratio                            1.0 

Fz = -2 kN 

Fz = -4 kN 

Fz = -6 kN 

Fz = -8 kN 

Braking Force versus Slip Ratio 

Slip Angle = 0 

Camber Angle = 0 

Longitudinal  Stiffness 
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Braking Force versus Slip Ratio 

(continued) 
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Forces and Moments due to Slip and 

Camber Angle 

Slip Angle 
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Generation of Lateral Force and Aligning 

Moment due to Slip Angle 

Limit Lateral Stress μp 

Direction of 
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Front Rear 

Direction of 

Wheel Travel 
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 Slipping Starts 
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From Clark, Samuel (1971), Mechanics of Pneumatic Tires, 

National Bureau of Standards Monograph 202, United 

States Department of Commerce, Washington  
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Plotting Lateral Force versus Slip Angle 

19 

-Slip Angle α (degrees) 

Fz = -2 kN 

Fz = -4 kN 

Fz = -6 kN 

Fz = -8 kN 
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Tyre Testing 

• Lateral force with slip/camber angle 

• Aligning moment with slip/camber angle 

• Longitudinal force with slip ratio 

• Used to parameterise tyre models 

 

Courtesy of Dunlop TYRES Ltd. 



Commonly Available Rigs Flat-Trac 

• A sandpaper belt is mounted around 

two drums, with a flat section in the 

centre supported by an air bearing. 

• Independent control of belt and wheel 

speed.  

• Wheel can be loaded, steered, etc. 

For: 

• Repeatability due to controlled 

environment 

• Flat surface between the drums. 

 

Against: 

• Sandpaper is not fully 

representative of any real road 

surface.  

• Cannot typically be used for cleat 

testing. 



• Rigid drum covered with either sandpaper  

• or on some ‘internal drum’ rigs a Tarmac / 

Asphalt / Ice surface.  

 

 

Commonly Available Rigs - Drum 

Source: Google Stock Images 

For: 

• Realistic road surface (on some rigs). 

• A cleat can be attached for ride and 

durability models. 

 

Against: 

• Curved contact patch. 

• Drum size can be increased making 

the contact patch flatter; however, this 

increases weight and inertia meaning 

more torque is required to drive the 

tyre into slip, additionally this makes it 

harder to accurately control slip 

thereby inducing ‘grip slip’ problems.  

 



Commonly Available Rigs – Lorry/Trailer 

Lorry (Truck) with tyre testing rig mounted below the floor of the trailer.  

 

 

 

 

 

 

 

 

 

For: 

Ability to test on any surface the lorry can drive over.  

   

Against: 

Moving datum point.  

Exposed to weather influences.  

Can not drive the tyre (braking and free rolling only).  

Tyre physical size and max load limitations. 

Source: www.tass-safe.com 

Courtesy of G. Mavros Loughborough  University 



Alternative Rigs – Vehicle Based 

with Wheel Force Transducers 

• On-vehicle tyre characterisation. 

• Sensors built into wheel hub. 

 

For: 

• More realistic testing conditions. 

• More cost effective than traditional rig testing.  

• Can test on any surface the vehicle can drive 

on.  

Against: 

• Poor signal to noise ratio. 

• No constant sweeps, cannot maintain constant 

load/camber, etc. 

• Same repeatability issues as lorry testing. 

(weather, surface changes) 



Alternative Rigs - Camber Ridge 

• Potentially the first: “repeatable tyre testing on a flat road surface”. 

• Tyre test rig on carriage mounted to rails which runs in-doors over a tarmac 

road surface.  

 

For:  

• Best of everything 

• Repeatability of a flat-trac or drum. 

• Real road surfaces as with lorry testing.  

• Can support cleat testing. 

Against: 

• Still in design phase, yet to be proven. 

• Expensive to use? 

 

Camber Ridge – www.camberridge.com 



Tyre Modelling 

Simulation of Vehicle Handling 

Interpolation models (Lookup Tables) 

Simple Equation based representations (Harty) 

Complex Mathematical Fits to Test Data (Magic  

Formula) 

Pure and Combined Slip Models 

  

Prediction of Vehicle Ride Quality  

Simple Physical Models (Stiffness/Damping) 

More Advanced Physical Models (FTire) 

 

Determination of Component Loading 

Simple Physical Models (Equivalent Volume) 

More Advanced Physical Models (FTire) 

Full Non-Linear Finite Element Models  
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Image Courtesy of US Army Cold 

Region Research Laboratory 



Vehicle/Tyre Model Interaction  

 VEHICLE MODEL 

 Wheel centre - Position, Orientation and Velocities 

  

 Mathematical  Solution at Integration Time Steps 

   
TYRE MODEL 

 Fx - longitudinal tractive or braking force 

 Fy - lateral cornering force 

 Fz - vertical normal force 

 Mz - aligning moment  

                   Mx - overturning moment 

                   My  - rolling resistance moment 

 

Tyre Model 

Fy 
Fx 

Fz 

Mz 

Tyre Model 

Fy 
Fx 

Fz 

Mz 



Fy 

Slip 
Angle a 

 

  Check plots in  ADAMS tyre rig model 

FIALA   
MODEL 

 MAGIC FORMULA  
MODELS 

 INTERPOLATION 
MODEL 

Vehicle 
Model 

HARTY  
MODEL 

LPTM  
  AIRCRAFT TYRE  

MODEL 

Aircraft 
Model 

Tool Kits 

Tyre Model/Data Assessment 

CU-Tyre Toolkit 



Toolkits - Tyre Model/Data Assessment 



The “Magic Formula” Tyre Model 

The basis of this established model is that tyre force and moment curves look like sine functions which 

have been modified by introducing an arctangent function to “stretch” the slip values on the x-axis. 

Fx 

Mz 

Slip Angle a 

Slip Ratio k 

(1) Bakker E., Nyborg L. & Pacejka, H.B., Tyre modelling for use in vehicle dynamics studies, SAE 

paper 870421. 

  

(2) Bakker E., Pacejka H.B. & Linder L., A new tyre model with application in vehicle dynamics 

studies", SAE paper 800087, 4th Auto Technologies Conference, Monte Carlo, 1989. 

  

 

Fy 



The “Magic Formula” Tyre Model 

The general form of the model (version 3) is:  

  

                                             y(x) = D sin [ C arctan{ Bx - E ( Bx - arctan ( Bx ))}]        

  
  where 

   Y(X) = y(x) + Sv    Y = Fx, Fy, or Mz 

   x = X + Sh             X = a or k 

   Sh = horizontal shift 

   Sv = vertical shift 

 D 
ys arctan (BCD) 

Sh 

X 

x 

 y  Y 

Sv 



Harty Tyre Model  

• Empirical Representation of Tyre Properties 

• Simplified Implementation compared with Pacejka 

– Faster solutions (incl real time - Playstation 2) 

– Robustness for prolonged wheelspin, low grip 

• More Complete Implementation than Fiala 

– Comprehensive slip 

– Load Dependency 

– Camber Thrust 

– Post Limit 

 

References 

 

Blundell M. V.  and Harty, D. Intermediate tyre model for vehicle handling simulation. Proc. IMechE, Part K: Journal of 

Multi-Body Dynamics, 221(K1),41-62, 2006. DOI: 10.1243/14644193JMBD51 

 

Blundell M. V.  and Harty, D. “The Multibody Systems Approach to Vehicle Dynamics” Elsevier Science, ISBN 0 7506 
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Tyre Model Comparisons 

Blundell M. V.  and Harty, D. Intermediate tyre model for vehicle handling simulation. Proc. IMechE, Part 

K: Journal of Multi-Body Dynamics, 221(K1),41-62, 2006. DOI: 10.1243/14644193JMBD51 



Component Load Prediction 

Fy 

Lateral 

loads 
Fx 

Longitudinal 

loads 
Fz 

Vertical 

loads 

FINITE ELEMENT MODEL 

ADAMS MODEL 

Tyre Modelling 

 

Radial Spring Models 

Equivalent Plane Method 

Equivalent Volume Method 

Flexible Ring Method 

Coupled Explicit FE and MBS Methods 

 

 



Durability Tyre Model 

• Originally developed in Finland for logging 

vehicles 

• Captured tyre interaction with sawn tree trunks 

on rough terrain 

• 3d Model - Discritisation into cross-sectional 

elements 

 

 

 

 
                                                                 

 

 

  

 Tyre centre line 
 Tyre centre line 

 Tyre cross-sectional elements 
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A Tyre Model for Ride & Durability Simulations 

A Flexible ring tyre model 

Tyre phenomena based on a mechanical model 

 

 Developed by Cosin (www.cosin.eu) 

The FTire Model 

FTire on Belgian Pave 



c bend. 

c 
tang. 

c 
rad. 

c 
belt 

bending stiffness 
 both  in-plane 
 and   out-of-plane 

(simplified) 

Tyre structure described with distributed mass, 
connected to rim by distributed stiffness & damping elements 

The FTIRE Model 



Road contact is modelled by 5 .. 10 mass-less tread blocks per belt segment 
               

The FTIRE Model 



3D Road/Terrain Model 

         Regular Grid Road Data Files (RGR Files) 

• Open Source software developed 

by Daimler AG VIRES GmbH 

• 3D Road Data Curved regular 

Grid (CRG) Representation 

• Data Files can be generated from 

laser scans along a road 

Belgian Block XYZ map 

Open CRG Visualisation 



FTire Animations  

Rolling over a high kerb Local Belt Deformation 



Aircraft Tyre Technology 

• EPSRC Project with AIRBUS UK  

• Simulate landing, take-off, taxiing 

• Tyre Testing by Airbus in Toulouse 

• Shimmy (Early NASA work) 

• Aircraft tyres can cost over £6k 

• They last for 50-60 landings 

• EU “Pioneering” funding looked for 

radical innovative solutions 



Future Tyre Technologies 

• Michelin has 4000 people working on tyre technology research 

• Materials chemistry, tyre construction, tread design (with wear), tyre manufacture, … 

• More advanced sensing and energy harvesting  

• Concepts to improve fuel economy (active change of form or pressure) 

• Far future move away from pneumatic tyres? 



Loss of Friction  
  

https://www.youtube.com/watch?v=mERAaeCrj0E 

• The Aquaplaning Challenge 

• Can conventional vehicle dynamics or tyre design ever solve this? 

• Pirelli Cyber Tyre  

https://www.youtube.com/watch?v=mERAaeCrj0E


Pirelli Cyber Tyre 

https://www.youtube.com/watch?v=3ATEh0hIERk 

The Tire as an Intelligent Sensor.  Ergen et al, 2009.  

https://www.isr.umd.edu/~austin/enes489p/project-

resources/EE249-Tire-Sensor.pdf 

https://www.youtube.com/watch?v=3ATEh0hIERk
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Computing Power 

What Next? 

• Computing Power is driving ever 

increasing complexity and capability in 

analysis. 

• The Apollo 11 Guidance Computer 

(AGC) had 2 kB of memory, 32kB of non-

rewritable flash-drive and 1MHz clock 

speed.  

• A typical smart phone at the time of 

writing has 1000 kB of memory, 32 million 

kB of rewritable flash drive and a clock 

speed of 1000 MHz. 

• Jaguar Land Rover 2020 Total Virtual 

Sign-off Vision. 

• Madsen (2010) discusses the Becker soil 

model in a package called 

Chrono::Engine and notes that one 

billion contact bodies might preclude 

modelling grains of sand. 

 
Madsen, J. Heyn, T. Negrut, D. Methods for Tracked 

Vehicle System Modeling and Simulation. Technical 

Report 2010-01, University of Wisconsin, 2010. 

http://sbel.wisc.edu/documents/TR-2010-01.pdf 

Courtesy of Jan Prins (JLR) 

Courtesy of MSC Software 

http://sbel.wisc.edu/documents/TR-2010-01.pdf
http://sbel.wisc.edu/documents/TR-2010-01.pdf
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Conclusions 

• A single tyre model for all applications 

does not currently exist (Magic Formula, 

FTire) 

• Tyre models are developed to address 

specific analyses (Ride, Handling, 

Durability) 

• Tyre models are only as good as the data 

supplied (Testing, Toolkits) 

• Reducing Rolling Resistance remains a 

priority ( May involve an Active Tyre) 

• Intelligent Tyres can be part of 

autonomous vehicle solutions, ADAS and 

active safety 

• “nobody believes a simulation except 

the person who did it”. 

• “everyone believes a measurement – 

except the person who did it”. 
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