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Abstract 
This master thesis is an introduction of a research project at Luleå University of Technology 
regarding tire friction during winter conditions. The purpose of the research project is to 
improve the understanding of the tribology in a tire and road contact during winter conditions 
and also facilitate winter testing of automotives.  
 
This thesis describes the mechanisms involved during friction generation under summer 
conditions. Based on this theory it is concluded that surface roughness is important for friction 
generation. Therefore, the thesis is aimed towards the roughness of ice and its effect on 
friction between tire and ice.  
 
Two tools are developed that are supposed to be used in conjunction with experiments to 
investigate if and how roughness of an ice surface contributes to generation of friction in a tire 
and ice contact. The first tool is a technique to make a replica of an ice surface and then 
measure the topography of the replica using an interferometer. Some evaluation of the 
measurement method is done and the method is promising. The second tool is a test rig for 
measuring of the friction between a rubber wheel and an ice surface. It consists of a rail with a 
rubber wheel connected to it. The wheel is translated along the rail and the wheel will roll on 
the ground surface. Braking torque is applied to the wheel and torque and slip rate is 
measured. The test rig is supposed to be used in controlled laboratory conditions on an 
artificially made ice surface. The rubber wheel is a solid, truck tire compound, rubber ring 
with a diameter of 79 mm. During the braking sequence, torque and sliprate is measured and 
logged. The normal force and translation speed can be varied between 20 – 100 N and 0 – 1 
m/s respectively. Description, technical data and a user’s guide for the rig is included in the 
thesis.  
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1. Introduction 
The north of Sweden has a cold climate which is suitable for winter testing of cars. Here, a 
number of entrepreneurs have specialized in providing testing facilities, infrastructure and 
other services that is desired by the automotive industry.  
When testing vehicles, the tires are a very critical component for the handling and 
performance of a vehicle. All the forces that accelerate the car in any direction are reacted 
through the tires (except aerodynamic forces). The properties of ice are very sensitive to 
changes in the environment and so is the friction between the tire and ice surface. The varying 
friction properties make it difficult to do field testing with good repeatability. The 
understanding of the friction between rubber and ice is today limited and a better 
understanding of the friction could help the testing entrepreneurs to provide more consistent 
testing conditions. 
CASTT – is a centre for automotive system technologies and testing at Luleå University of 
technology. The ambition of the centre is to support the local automotive testing entrepreneurs 
and their costumers [10]. One of its research projects is tire friction during winter road 
conditions and a part of that is this thesis. 
There are many factors that are likely to affect friction such as surface roughness, ice 
chemistry, mechanical properties of ice, rubber compound, sliding velocity, humidity, normal 
load and foreign substances (NaCl, sand etc.). With the use of a friction test rig, a controlled 
environment and good knowledge about the properties of ice, the tribology of an ice/rubber 
interface could be investigated and better understood. With better knowledge about what is 
governing the friction between rubber and ice, the hope is to facilitate and improve field 
testing of tires and cars in general. In this report I will describe how friction is generated on a 
summer surface. This theory is well documented and easy to find in literature. However, is it 
applicable on a snow or ice surface? The theory concludes that surface roughness is a very 
important factor for the generation of friction. It was therefore decided to aim this project 
towards the roughness factor and to make it possible to measure its influence. This is the field 
of this master thesis. 

1.1. Aims 
• To develop a method in order to measure the roughness of an ice surface. 
 
• To design and build a test rig for measurement of friction between rubber and ice in a 

controlled laboratory environment.  

1.2. Limitations 
• The work will only focus on how the roughness of the ground surface affects grip. 
 
• The rig will only measure longitudinal grip and not lateral. 
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2. Outline of the thesis 
The contents of this project were not defined from the beginning. All that was known was that 
it should deal with tire friction during winter conditions. The work begun with studies of 
literature to gain knowledge of the theory about tire friction. The field was also discussed with 
people from the department of civil engineering who possess scientific knowledge about snow 
and ice. With more knowledge about snow, ice and tire friction, the contents of this project 
could be decided and planning be done. The theory in chapter 3 describes some important 
properties of rubber and how friction is generated during summer conditions. 
 
The literature study gave clues of which factors that are most influent. The roughness factor 
was one of them and the project was focused towards it. It was realized that there where no 
existing method for measurement of the roughness on ice and this was needed and developed. 
Chapter 4 covers the development of this method and some validation of the method is done. 
 
To be able to isolate these individual factors as much as possible, it was decided to develop a 
test rig for use in a climate room.  
Then concept criteria’s for the test rig were generated and some preliminary concepts were 
developed and evaluated.  
The chosen concept was detail designed and required components were searched for on the 
market and purchased.  
The method used for development of the rig can be visualized with a figure from Ulrich & 
Eppinger (2005) (see figure 1). The initial concepts for the rig are described in chapter 5 and 
the design of the chosen concept is explained in chapter 6. 
 
Chapter 7 describes the data logging and control system that is needed to operate the rig to 
collect the measured data.  
 
Chapter 8 is a short guide for the user on how to operate the rig. 
 

 
Figure 1.  Product development process. [1] 
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3. Theory 
This chapter explain why rubber is good to generate friction. The mechanical properties of 
rubber and the mechanisms involved when generating friction on a dry surface (not ice) is 
described. 

3.1. Rubber properties 
Rubber is a viscoelastic material. That means that the material has both viscous and elastic 
properties when the material is subjected to mechanical stress. The elastic component is not 
time dependent and creates a force that only depends on strain. 
 
 ( )εσ Felastic = . (1) 
 
The viscous stress component depends on what speed and frequency the material is subjected 
to stress, 
 
 )( tFviscous ωσ =  (2) 
 
where ω is the frequency of the applied stress. The mechanical properties of rubber is a 
combination of both the elastic and viscous properties, 
 
 ( )tFicviscoelast ωεσ ,= . (3) 
 
A viscoelastic material can be represented by two springs connected in serial and a damper 
connected parallel to one of the springs [5], [2]. The damper gives the viscous properties and 
springs represent the elastic. 
 

 
Figure 2. Mechanical model for rubber [2]. 

 
The viscoelastic properties will cause strain and stress to not follow each other in time when 
the material is subjected to a dynamic stress. The strain will be shifted in phase relative to 
stress (see figure 3) and the phenomenon is called hysteresis. In practice, it means that when 
rubber is deformed, it will need a certain time to recover the deformation when the load is 
released. 
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Figure 3. Phase shifting due to hysteresis. 

 
The viscoelastic properties are also depending on what frequency the rubber is subjected to 
stress. At a low frequency, the viscoelastic component (damper) will be small compared to the 
elastic (spring) and one say that the material is in ”rubbery state”. At high frequency the 
viscous properties will cause the material to appear very stiff and the material is in ”glassy 
state”. Hysteresis will be at maximum in an interval between glassy and rubbery state. See 
figure 4 and 5.  
 

 
Figure 4. Energy loss as a function of frequency. [3] 

 

 
Figure 5. Elastic modulus as a function of frequency. [3] 
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Energy losses arise when a viscoelastic material is subjected to stress. Some of the work 
needed to deform the material is dissipated as heat. The temperature rise will in turn alter the 
viscoelastic properties of the material. An increase in temperature will have the same effect as 
a decrease in frequency as can be seen if figure 6 and 7 are compared with 4 and 5.  

 

 
Figure 6. Energy loss as a function of temperature. [3] 

 

 
Figure 7. Elastic modulus as a function of temperature. [3] 
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The relation between temperature and frequency can be modelled by the Williams-Landel-
Ferry (WLF) equation [5];  
 

 ( )
s

s
T TTC

TTC
a

−+
−

=−=
2

1
12

)(
logloglog ωω  (4) 

 
where T is the temperature, Ts is a reference temperature, Ci is empirically determined 
coefficients and log  is the horizontal shift factor. The equation determines how much a 
curve must be shifted on a time based logarithmic x- axis, in order to get to a time-
temperature equivalent state if the temperature is changed. By time-temperature equivalence 
means that the viscoelastic behavior of the material is the same as before the temperature 
change [5], [9]. For example, it estimates how much the curve of figure 4 and 5 will be shifted 
on the horizontal axis if the temperature is changed. Figure 8 shows how a modulus/frequency 
curve will be shifted for an arbitrary change in temperature where log  is the shift factor 
that depends on the temperature change according to equation 4. 

Ta

Ta

 

 
Figure 8. The horizontal shift factor log aT. 
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3.2. Friction generation 
On a dry surface, tire friction is generated mainly by three phenomena; adhesion, deformation 
effect and wear. 
 
Deformation effect occurs when asperities on the surface ploughs through rubber. Due to 
hysteresis, the normal force between the rubber and the asperity is lower “behind” the 
asperity. A net tangential force is then created with a direction towards the propagation of 
asperities through rubber. Figure 9 illustrates how hysteresis will affect the deformation 
caused by asperities ploughing through rubber. It will cause a non-symmetric normal pressure 
over the asperities. The rubber with high hysteresis in figure 9 has no normal pressure behind 
the peak of the asperities. 
  

 
Figure 9. How hysteresis affects deformation. [2] 

 
Wear is similar to deformation effect with the difference that rubber is worn off at the 
asperities. So there is only material in front of the asperities that will act with a pressure 
towards the propagation velocity. 
 
Adhesion is caused by intermolecular Wan der Waals forces between the two surfaces. When 
rubber slides over the other surface, the viscous properties of rubber are working against the 
direction of slippage. The rubber is locally stretched until the forces become too large for the 
Wan der Waals bondings. The point of contact is then moved to a new spot and the cycle is 
repeated. The frequency for this cycle is higher than for deformation effect and the size of the 
motion is on a molecular scale. [3] 
 
The total friction can be written as a sum of these three phenomena: [2] 
 
 wearndeformatioadhesivetotal FFFF ++=  (5) 
 
All of the above described mechanisms require a slippage in the interface. It’s called micro-
slippage. 
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3.3. Sliprate 
A tire is relatively flexible. A friction force in the tire-road contact will deform the thread and 
the carcass of the tire. This deformation is much larger in size compared to the deformation 
caused by micro-slippage. The deformation is initiated in the beginning of the contact and 
increases towards the end. It’s then relieved as the pressure decreases when the tire leaves the 
contact with the ground. During braking and acceleration, the peripheral velocity of the tire 
will differ from the actual velocity of the vehicle. It’s called sliprate and is defined by 
 

 
v

vrG −
=
ω  (6) 

 
where ω is the rotation speed in radians/s, r is the loaded radius of the wheel and v is the 
translational speed of the wheel (and the vehicle). Figure 10 shows a plot for normalized 
braking force versus sliprate for a typical tire. The friction force generated in the beginning of 
the tire contact is roughly proportional to the sliprate. The sliprate in this, almost linear, 
region is mainly caused by deformation. The curve becomes non linear when the friction 
reaches a limit where the rubber starts to slide against the ground surface. After the peak at 
about G ≈ -0,2 the friction force starts to decrease due to excessive sliding speed and heat 
generation in the tire contact.  
 

 
Figure 10. Braking force versus sliprate for a typical tire. [4] 
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3.4. Slipangle 
The tire is also deformed during lateral acceleration. Consider a spot on the tire as it comes 
into contact with the road when a steering angle is applied. Because of the normal pressure 
and friction between the tire and the road, this spot will stick to the road and the inertia of the 
car will create a lateral deformation of the tire. The deformation will increase as the spot 
moves through the tire print and it will cause the tire to have a slipangle. It is the angle 
between the direction where the wheel is pointing and its velocity vector where the wheel is 
actually travelling. When the spot approaches the end of the tire print the deformation and 
friction force reaches a limit where it causes the spot to start slide against the ground. The 
deformation of the carcass and shear in the thread will generate the lateral force that enables a 
car to accelerate laterally through a corner. Figure 11 describes a model where the tire is 
represented by a flexible rubber ring. It shows the initial lateral deflection when the wheel is 
standing still and is subjected to a lateral force. The wheel path will then deviate from the 
heading of the wheel as it starts to roll. 
 

 
Figure 11. Model showing the mechanism of tire deformation and slipangle. When the wheel is initially 

standing still, the lateral force is causing a small lateral deflection. As the wheel starts to roll, the path of 
the wheel will be angled from its heading [4]. 

 
The point in the contact where sliding is initiated is moving towards the beginning of the 
contact and the amount of sliding is increased when the slipangle is increased. The transition 
between sticking and slipping will move forward with increased slipangle until the whole 
contact patch is slipping and the tire is skidding. At low slipangle, there is not much sliding 
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and the relation between lateral force and slipangle is linear (see figure 12). The slope of the 
line is here determined by the stiffness of the tire. At higher slipangle, slipping will increase 
and the curve will eventually reach a maximum. After the peak the curve will start to fall off 
due to the high sliding speed and the excessive build up of heat. 
 

 
Figure 12. Lateral force versus slipangle for a Goodyear tire. [4] 

 
The lateral force is always perpendicular to the tire heading. But when there is a slipangle, the 
centripetal and lateral forces are not coincident. As seen in figure 13 the centripetal force can 
be resolved into the lateral force and an induced drag force which is opposed to the tire 
heading.  

 

 
Figure 13. Induced drag. [2] 

 
Slipangle and sliprate are not to confuse with micro-slippage because the major contribution 
to slipangle and sliprate is deformation in the tire thread and carcass. 
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4. Topography measurement on ice surface 
On the basis of theory about tire friction, it can be concluded that surface topography or 
roughness plays an important role when friction is generated. To be able to investigate if it is 
of the same importance on an ice surface, a method is needed to measure topography on ice. 
 
The ice surface is sensitive to changes in the environment and it is constantly changing. So the 
measurement must be made in the same environment as the test and shortly before or after. 
An idea popped up to make an impression moulding of the surface, so that it can be stored in 
unchanged condition. The impression is then possible to analyse using interferometry. The 
difficulties involved in making a replica of the ice surface is that it is relatively soft and the 
surface should not be affected by the curing of the replica material. The replica material must 
be able to cure in temperatures below the freezing point and it should be hydrophilic so it will 
conform against the wet ice surface.  

4.1. Roughness parameters 
A number of parameters exist that quantify roughness. Extreme values can be used which 
measures the distance between the highest peak and deepest valley. But the area where the 
extreme values are taken must be defined and extreme values will differ very much from 
sample to sample. Rt is a parameter that measures the distance between the highest and lowest 
value of a sample. There are also average parameters that measure the mean deviation from a 
centreline. The RMS roughness is defined by: 
 

 ∫=
L

dxxz
L

Rq
0

2 )(1  (7) 

 
The centre line average (CLA) is also an average parameter defined by: 
 

 ∫=
L

dxxz
L

Ra
0

)(1  (8) 

 
If the surface has a Gaussian height distribution [6], either of the RMS or CLA roughness 
parameters can be used with the same significance. But because of the square term in the Rq 
parameter, it is more sensitive to outliers (peaks and valleys).  
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4.3. Wyko optical profiler 
The topography is measured in a microscope called Wyko NT1100 which analyses an 
interference-pattern to measure the surface in 3 dimensions. The resolution is 736 x 480 in x- 
and y-direction and 1 nm in the depth direction (z). The measured area can be selected from a 
minimum of 0,06x0,05 mm to a maximum of 4,95x3,97 mm with use of different objectives. 
The maximum total height difference that is possible to measure is 1 mm. 
 

 
Figure 14. Wyko NT1100 optical profiler. 

4.2. Casting 
A number of replica materials used in dental care were ordered for evaluation.  
The replicas were made on a smooth ice surface, where half of the surface was brushed with a 
steel brush. Two similar ice surfaces where placed in different climate rooms with 
temperatures of 0ºC and -10ºC. The use of two different temperatures was to investigate if it 
affects the quality of the replica and/or curing ability. All of the samples were completely 
cured after 4 hours. 
 
Practical casting properties: 
 
Flexitime easy putty 
Had high viscosity so entrapment of air was difficult to avoid. 
 
Master exact 
Came loose easily from the ice and had a lower viscosity than Flexitime. The reflectivity of 
the surface was slightly better than the other materials. 
 
Alginat 
Became fragile and was difficult to remove from the ice. 
 
Because of the subdued reflectivity on the surface of the impressions, the sensitivity in the 
microscope needs to be adjusted high. This will add more noise to the measurement. The 
noise is however reduced by making several measurements on the same spot and computing 
an average. The influence from noise will be minimal because it is random and often diverge 
much from the actual surface. So the noise make the measurement a little more time 
consuming but it does not affect the quality of the measurement. 
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Master Exact had the best ability to conform to the ice surface It has higher reflectivity which 
is beneficial for measurement in the optical profiler. Figure 15 shows the measurement of the 
brushed surface replicated with Master Exact. The image is inverted so that it represents the 
original surface and not the mirrored replica. The height scale is 150 μm from top (red) to 
bottom (blue). It is easy to recognize the brush strokes and in which direction they are made. 
 

 
Figure 15. Measurement of a brushed ice surface. The height scale is 150 μm.  

 
An experiment was made where a rubber disc was rotated against the ice. A measurement was 
then made at the edge of where the rubber disc has slid. This edge is easily identified in figure 
16 and the smoother part of the measurement is where the rubber disc has slid. The height 
scale is 16 μm. It is also possible to identify the borders of the ice crystals that are formed 
during freezing. The borders are the blue valleys in figure 16.  
 

 
Figure 16. Measurement of an ice surface where a rubber disc has been sliding against the lower part of 

the surface. 
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4.5. Validation 
Impressions were made on a milled aluminium surface to be able to investigate how the 
material conforms against the surface at low temperatures. Measurements are also made direct 
on the aluminium surface. A small mark was made on the aluminium surface to be able to 
find the same spot on the aluminium and replica surfaces. The measurement of the replica is 
then mirrored so that both surfaces can be fitted against each other and compared. The 
extreme values and Rq (RMS deviation) of the surfaces are compared to see if the impression 
gets a smoother surface than original. A Fast Fourier Transform is also made to see which 
shortest wavelength the impression material can replicate. Figure 17 shows the profile over a 
length of 600 μm. The surface appears to be very rough but note that the height scale is only 
from -4 to 3 μm. It can be seen that the profiles for longer wavelengths are very close to each 
other.  

 
Figure 17. The profile of the aluminium surface compared to that of the impression. 

 
Aluminium Impression 
Ra 1,11 μm Ra 1,04 μm 
Rq 1,30 μm Rq 1,24 μm 
Rt 5,76 μm Rt 6,26 μm  
 
The centre line average (Ra), RMS deviation (Rq) and maximum roughness depth (Rt) are 
close to each other.  
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The FFT-diagram in figure 18 shows that the impression starts to diverge at wavelengths 
λ<20 μm. The rougher surface at small wavelengths might be explained by entrapment of 
small air pockets. This replica method will have low reliability if wavelengths shorter then 20 
μm are of interest. However, according to [3], tire friction due to roughness effects is caused 
by roughnesses with a size between 10 μm and 2 mm depending on rubber compound, 
temperature and sliding speed. To make roughnesses of a larger size more significant for 
friction, one could either raise the sliding speed or lower the temperature. This is imposed by 
the theory in chapter 3. 
 

 
Figure 18. FFT-diagram of the aluminium surface and the replica. 
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5. Concepts for a test rig 
To be able to observe how different factors influence friction between ice and rubber, it is 
required to measure the friction. The friction will be measured with a test rig that is used in a 
climate room. With a test rig and controlled environment, individual factors can be insulated 
as much as possible. This chapter presents the features that the test rig must have and that are 
desirable. A few concepts are then developed that satisfies these demands and some of the 
desires. Their benefits and drawbacks are considered and the most suitable concept is selected 
for further development. 

5.1. Demanded features: 
• Must be able to measure friction coefficient between ice and rubber 
 
• The equipment must be able to be used in a laboratory environment with controlled 

temperature below zero. 
 
• The rig must be able to be used with an ice surface that is manufactured under controlled 

conditions so the variations in chemical and mechanical properties of the ice will be small.  
 
• The equipment must be connected to a PC for easy and fast data acquisition and logging. 
 
• The contact must be of a ”rolling” type. I.e. the rubber should roll over the ice to get a 

more realistic pressure distribution and also a distribution of slip in the contact.  

5.2. Desirable features: 
• To simulate the conditions in a real tire-ice contact, the contact pressure should be 

approximately the same as in a typical tire-road contact. 
 
• The contact pressure should be possible to alter for investigation of its influence on 

friction. 
 
• Because friction reaches a maximum at a certain sliprate, sliprate should be possible to 

vary. 
 
• Damping could be desirable to decrease the risk for harmonic oscillation of the contact 

pressure. I.e. variation in friction and roughness in the surface could cause the wheel to 
start oscillate. 

 
• Other moveable parts should have low mass, inertia and friction to minimize its influence 

on the test results. 
 
• The equipment should be simple to use and configure for efficient testing. 
 
• Simplicity and low price is always good, if possible. 
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5.3. Concept 1 - Bounce of tire against ice surface 
The experiment is carried out by dropping a tire with an inclination against the ground. The 
bounce is recorded on video and analysed. By measuring rotation and translational velocity 
after the bounce and comparing it with before the bounce, the impulse from the bounce can be 
estimated.  
 
Benefits 
• A real tire can be used 
• The equipment is cheap to manufacture 
• It is possible to discover unexpected phenomena’s by video recording. 
• It is fast and can be used in field. 
 
Drawbacks 
• The inertia of the tire must be accurately measured. 
• Many unknown factors such as sliprate, contact pressure and slipangle. 
• The magnitude of contact pressure and slip would probably not be in the range of a real 

tire contact. 
• The video analysis can be complicated. 
 

 
Figure 19. Pictures showing how a tire bounce could be analyzed [8]. 

5.4. Concept 2 - Rail with wheel 
The equipment consists of a wheel which is translated by rail over an ice surface. By so, a real 
tire can be used in conditions similar to the real. The sliprate is controlled by braking the 
rotation of the wheel and friction force, rotation and translational velocity is measured. The 
contact pressure can be controlled with compressed air. 
 
Benefits 
• A real tire can be used 
• The rig replicates the contact of a real tire 
• Sliprate is possible to vary 
 
Drawbacks 
• The rig requires a large room with controlled temperature 
• It might be difficult to manufacture ice in the required size. 
• The cost will be high 
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Figure 20. The principle of rail with wheel. 

5.5. Concept 3 - Rotating disc 
Consists of a rotating disc made of ice. A rubber wheel is rolling on the disc, near the edge. 
The wheel is suspended by a linkage which can vary contact pressure and sliprate. Friction is 
measured by measuring the force in the suspension. 
 
Benefits 
• Sliprate can be controlled. 
• Contact pressure can be controlled. 
• Smaller and cheaper compared to the rail with wheel 
 
Drawbacks 
• The speed is limited by the radial acceleration of the ice disc. 
• The wheel roll in the same track and cause wear on the ice. 
• A customised rubber wheel is needed. 
• Because the wheel is following a radius on the disc, an aligning torque will be initiated in 

the tire contact. 
 

rotating ice 
surface 

ω1

ω2, Mb 

Ff 

F 

 
Figure 21. Principle of the rotating disc. 

5.6. Concept 4 - Carousel 
Resembles the rotating disc, but the ice is stationary and the suspension rotates the wheel 
around the ice. The suspension needs to be mounted to the ice to resist the radial acceleration 
force. 
 
Benefits 
• Sliprate can be controlled 
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• The contact pressure can be controlled, but it is more complicated compared to the 
rotating disc. 

• It is possible to use in field on natural ice. 
 
Drawbacks 
• The velocity is limited by the radial acceleration. 
• It requires a sufficient attachment to the ice. 
• A customised rubber wheel is needed. 
• Because the wheel is following a radius on the disc, an aligning torque will be initiated in 

the tire contact. 
 

ω2, Mb 

ω1

Ff 

F 

 
Figure 22. Principle of the carousel. 

 

5.7. Evaluation and choice of concept 
The choice fell on ”rail with wheel” because the abilities to control sliprate on a rolling wheel, 
and also vary normal pressure and velocity. A real tire will not be used, but a downscaled 
wheel so that the rig can be used in an existing climate room at the University. With 
manufacturability in mind and to decrease number of variables, the wheel will be made of 
solid rubber and not of pneumatic type. Figure 24 on page 26 shows a more detailed model of 
the chosen concept. 

6. Design of rail with wheel 
The overall size, loads and velocities of the rig needs to be determined in order calculate or 
estimate specifications for the components that the rig will consist of. The specifications are 
then used to find an appropriate component that is available on the market. The components 
required are the rail, wheel, brake, sensors and a normal force actuator. The requirements for 
the suspension that connects these components together can then be specified. The suspension 
is then designed to fulfil these requirements and the detail design of it is described. 

6.1. Size 
A larger wheel replicates the reality better and is less sensitive to roughness that will affect 
contact pressure.  
A smaller wheel will rotate faster and make the measurement of sliprate more exact. A small 
wheel needs also less force to produce desired contact pressure so the rig will be smaller, less 
clumsy and probably cheaper. 
The size of the wheel is constrained to 79 mm in diameter with the reason that Michelin 
already uses that size in research purpose and can supply the rig with it. The rubber compound 
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is the same as used in truck tires. The department of civil engineering possesses equipment to 
manufacture ice with length of 2 m. The stroke of the test rig is therefore set to 2 m. 

6.2. Loads 
The desired contact pressure is about 200 kPa which corresponds to normal tire pressure for 
cars. The contact area is estimated to 2 cm2 and gives a total normal force of N = 40 N. With a 
friction coefficient of μ = 0,1 the friction force will be 4 N and braking torque will be about 
0,16 Nm. 
It should be possible to vary the normal force to a maximum of N = 100 N with a friction 
coefficient of μ = 1. With these conditions the friction force will be F = 100 N and braking 
torque will be M ≈ 4 Nm. 

6.3. Velocities 
The rail should be able to give transversal velocity of v = 1 m/s. Faster speeds would results 
in higher loads, higher influence from the inertia of the moving parts and less time to acquire 
data. But 1 m/s is considered attainable. With a wheel diameter of 79 mm the rotational 
velocity will be < 250 rpm. 
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6.4. Inertia 
An extra torque is needed to overcome inertia of the rotating parts when braking: 
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Figure 23. The effect of inertia. 

 
The inertia can be compensated for in the data logging software. But it is still good to 
minimize the inertia to decrease its ability to act as a filter of the force between wheel contact 
and sensor. 

6.5. Test rig specifications: 
 

Property Dimensioning value 
Normal force, N 40 – 100 N 
Friction force, Ff 4 – 100 N 
Friction coefficient, μ 0,1 – 1  
Braking torque, Mb 0,16 – 4 Nm 
Stroke, s 2 m 
Translational velocity 1 m/s 

Table 1. A summary of the specifications for the rig. 
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6.6. Function of components 
A concept model of the test rig is seen in Figure 24. The wheel and suspension with its 
components are translated, with a constant velocity, along the rail. The wheel will roll on the 
surface that the rig is placed on. A braking torque is then applied with a brake on the axle of 
the wheel. The torque is measured by a torque sensor placed between the wheel and the brake. 
The normal load in the wheel/ground surface contact is controlled by a load cylinder 
connected to the suspension. The suspension will allow for small differences in height of the 
ground surface with relatively constant normal force.  
 

Load cylinder 

Wheel 

Suspension 

Torque 
sensor

Brake 

Rail 

 
Figure 24. The components of the rig. 

6.6. Component specification and selection 

Wheel 
Diameter 79 mm and width 17,5 mm. Compound of a truck tire. Delivered by Michelin. 

Brake 
Shall brake with a torque of M = 4 Nm and handle a power of 100 W for about 2 s. The 
rotational speed is less then 250 rpm. The braking torque should be proportional to applied 
current or voltage and not vary much with speed. 
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The brake chosen is an ”electro-magnetic particle brake” model OPB-20N from Ogura 
Clutch. The brake torque is proportional to the current and it has good performance at 
operation with constant slip.  
 

 
Figure 25. The brake delivered by Cumatix. Data can be found in appendix II. 

 

Torque sensor 
Shall measure between 0,16 – 4 Nm. 
 
Benefits 
• Measures directly on the axle with less inertia. 
• Can measure rotational speed. 
 
Drawbacks 
• Can have problems at temperature under 0 ˚C. 
• Size and weight. 
• Expensive 

Linear load cell 
Instead of a torque sensor a load cell can be used to measure tension or compression in the 
suspension linkage. 
 
Benefits 
• Lower price 
• Simple 
 
Drawbacks 
• Must be complemented by a rotational sensor. 
• Measures further away from the wheel – more inertia. 
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A torque sensor from HBM model DR20 is chosen for the smaller inertia. It has an integrated 
rotational sensor with 360 pulses per revolution. It contains no electronics to be able to handle 
the low temperatures. Maximum torque is 5 Nm. 
 

 
Figure 26. The torque and rotational sensor. Specifications can be found in attachment II. 

Load cylinder 
An inflatable cylinder that can provide a force up to 200 N. The force of 200 N is chosen so it 
can provide a force of 100 N at the wheel if the motion ratio between cylinder and wheel is 
0,5. A low spring rate is preferred so that roughness with long wavelength will have low 
influence on contact pressure between wheel and ice. The pressure in the cylinder can be 
calculated with the ideal gas law,  
 
 nRTpV =  (12)  
 
The volume in the cylinder is 

 
 sAV =  (13) 
 
and the force from the cylinder is 
 
 pAF =  (14) 
 
which gives 
 

 
s

nRTF =  (15) 

 
 
Observe that the piston area, A has been cancelled. Derivation with respect to stroke, s gives 
the spring rate; 
 

 2s
nRT

ds
dF

−=  (16) 

 
The conclusion is that the stroke should be long for a low spring rate. 
 
The chosen air cylinder is from SMC with a piston diameter of 16 mm and a stroke of 125 
mm. The maximum operating pressure is specified to 1 Mpa which equals to a force of 200 N. 
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Rail 
Length 2 m. Shall withstand the forces from the wheel and provide a translational velocity of 
1 m/s.  
 
Bosch-Rexroth has a wide range of linear modules where rail, motor and carriage are 
included. Because a ball screw is sensitive for deformations when a long rail is used, a 
solution with belt drive is chosen. A belt has lower precision in positioning but it is still 
sufficient for the needs. The included servo motor comes with a planetary gear and an 
absolute positioning sensor. The lead constant of the linear module is 20,51 mm of travel per 
revolution of the motor. 
 

 
Figure 27. Linear module type MKR 20-80 with belt drive from Bosch-Rexroth. The linear module is 

much longer then the one on the picture. Technical specifications can be found in attachment II. 

6.7. Design criteria’s of the wheel suspension 
The role of the suspension is to provide a rigid structure for the wheel and to connect it with 
the linear module. It also accommodates a mount for load cylinder, torque sensor and brake. 
The suspension needs to be lightweight so that lower forces are needed to accelerate it. A 
lightweight suspension will cause less fluctuation of the normal load over uneven surfaces. 
Low friction is needed in the suspension linkage so that stitching will have less effect on 
normal load. 

6.8. Jacking force 
With the brake mounted rigidly to only one swing arm, the brake will introduce a bending 
moment in the swing arm which will alter the normal load on the wheel.  
 

 
Figure 28. The forces acting on the wheel with a simple swing arm. 

 
This is shown with moment equilibrium around point A in Figure 28: 
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x
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The difference is called jacking force. To prevent that the normal load will vary with 
the friction force another link is added to resist the braking torque. The link, called brake link, 
will be parallel with the ground and the swing so that no vertical force components are 
introduced into the suspension. 

NFz −

 

 
Figure 29. The forces with a brake link added to the suspension. 

 
Moment equilibrium around point B: 
 
 0=⋅−⋅ yFbrFf  (19) 

⇔  

 
y
rFfFb ⋅=  (20) 

 
Moment equilibrium around point A: 

 
 0=⋅−⋅−⋅+⋅ xFzyFbrFfxN  (21) 

 
Putting eq. (20) into (21): 
 

 0=⋅−⋅−⋅+⋅ xFzy
y
rFfrFfxN  (22) 

⇔  
 FzN =  (23) 

 
Hence the normal force N is not dependent of the friction force Ff. 
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6.9. Suspension detail design 
The design features of the suspension are described below. See Figure 30Figure 31for a 
graphical representation of these features. 
 
Suspension mount 
The suspension mount has four screw holes for mounting to the linear module. These holes 
are shaped to allow slipangle to be adjusted. The purpose is to correct for misalignment in the 
manufacturing and it can also be used to investigate how a fixed slipangle affects longitudinal 
grip. The material chosen is aluminium for its low weight, good machinability and corrosion 
resistance. 
 
Load cylinder 
The load cylinder is mounted to the suspension mount with a trunnion in the front of the 
cylinder. This solution makes room for a longer cylinder and allows the cylinder to align itself 
with the suspension so that no bending is introduced in the piston rod. 
 
Swing arm 
The swing arm provides a rigid structure for the wheel, torque sensor, brake and load cylinder 
piston rod. The piston rod is mounted close to the wheel for a short load path. The swing is 
machined from aluminium. 
 
Shaft couplings 
The shaft coupling between wheel, torque sensor and brake allows the axles to be slightly 
misaligned. The size is dimensioned for 5 Nm, i.e. the same as the maximum for the torque 
sensor.  
 
Bearings 
The bearings chosen for the wheel and brake axle are double row deep groove ball bearings 
type SKF 4200 ATN9. Double row bearings are chosen for their ability to accommodate a 
moment load. The inner diameter is 10 mm to fit the dimension of the wheel and brake axle. 
The bearings for the swing are deep groove ball bearings type 628/6 -2Z. The bearings for the 
brake link and load cylinder are rodends with a maintenance free sinter bronze contact that 
have low friction and minimal play. 
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Rubber wheel 

Load cylinder 

Swing arm 

Suspension mount 

 
Figure 30. Side view of the suspension. 

 
 

Brake 

Torque sensor 
Shaft coupling 

Load cylinder 
trunnion 

Brake link 

Rotatable mount

 
Figure 31. Rear view of the suspension. 
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7. Control and data logging 
The control and data logging system consists of the motor drive module, a converter and PC 
connector module, a PC with data acquisition hardware and Labview software, sensors and a 
strain gauge amplifier. 
 

Converter 
and PC 

connector 
module 

Motor drive 
module 

PC 

Strain 
gauge 

amplifier 

Torque 
sensor

Pressure 
sensor

M 

Servo motor 
B 

Brake 

A B

CD

 
Figure 32. Block diagram over the control and data logging system. Connection specifications for the 

cables A to D can be found in attachment I. 

7.1. Motor drive module 
The servomotor of the linear module is controlled using a drive from Bosch Rexroth. At a 
given signal, the drive runs the motor between two distinct positions. The position limits of 
the servomotor are pre-programmed in the drive using software provided by Bosch-Rexroth. 
The speed of the motor during positioning is controlled by an analogue input on the drive. 1 V 
corresponds to 500 rpm. The speed of the carriage is given by multiplying the revolution 
speed of the motor with the lead constant of 20,51 mm/rev. The motor drive module also 
contains a 24 V DC power source and a filter for the 230 V AC supply. 

7.2. Converter and PC connector module 
The converter and PC connector module contains a converter card and a data acquisition 
connector board.  
The connector board provides terminals for connection to the PC with data acquisition 
hardware.  
The converter card is in house made and is used to convert signals between the sensors, the 
drive and the acquisition hardware. Its functions are: 
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• The brake requires a voltage of 24 V and its brake torque is proportional to the current. A 
0 – 5 V signal is amplified to a 24 V, 0 – 0,37 A current. 

• The acquisition hardware can not count pulses and measure analogue signals 
simultaneously. So the square wave signals from the motor and wheel speed are converted 
to analogue signals. 

• The digital inputs on the motor drive uses a voltage of 24 V and the acquisition hardware 
outputs 5 V. Three signals are converted from 5 V to 24 V and are used to reset an error in 
the drive, turn on the servomotor and to run the motor between the two positions. 

• It provides a 10 V source for the pressure sensor. 

7.3. Sensors 
The sensors are: 
• A Torque sensor that measure the torque between the brake and the wheel. 
• A Wheel speed sensor that is integrated in the torque sensor. It outputs 360 pulses per 

revolution of the wheel. 
• A Pressure sensor that measures the pressure in the load cylinder and by that also the 

normal load between wheel and ground surface. 
• Position sensor in the servo motor to allow exact positioning and measurement of the 

translation speed. This position sensor remembers the last position of the motor if the 
power to the rig is shut down.  

7.4. Strain gauge amplifier 
The signal from the torque sensor is amplified to a signal that is 1 V per measured Nm. It is 
calibrated for the sensor at the factory. 

7.5. Labview software 
The Labview program lets the operator control the rig and collects all the data from a test run. 
It’s made in National Instruments Labview which is a graphical programming “language”. 
Labview is good for data logging and allows fast development of graphical interfaces. The 
sample rate of the data logging system is 1000 samples/s. 
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8. User’s guide 
This chapter is quick guide for the user on how to operate the test rig. It describes the 
interface of the software and how to set up the rig for a test.  

8.1. Measuring procedure 
1. Make sure there are no obstacles in the path of the suspension. 
2. Turn on the power to the motor drive module. 
3. Start the Labview program and then wait a few seconds for the motor drive to boot. 
4. Inflate the load cylinder until the desired normal load is reached. 
5. Enter the desired rig speed, wheel loaded radius, maximum brake voltage and brake 

period in their respective field in the Labview program. The interface of the Labview 
program is showed in Figure 33Error! Reference source not found.. 

6. Turn off, then on the “motor on” button in Labview. 
7. Switch the target position to either high or low and start the motor by clicking run motor. 
8. Without the brake engaged, check that the slip rate reading is close to zero when the wheel 

is freely rolling. If not, tune it by changing the wheel loaded radius value. 
9. Enter the file name and path for the file that will contain the measured data. 
10. The brake is engaged by pressing the “brake on”. The brake output will then increase up 

to the “brake output” during the time entered in the “brake cycle” field. During the brake 
cycle all data will be logged and saved in the specified file. 

11. The log file is a text file with commas to separate the columns. The columns are time [s], 
wheelspeed [rad/s], sliprate, normal load [N] and torque [Nm] in the same order as 
written. 

 

 
Figure 33. The graphical interface of the Labview program. 
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8.2. Sample of test results 
A measurement is done on a relatively smooth concrete floor to demonstrate the data that can 
be gathered. The normal load is set to 49 N and translation speed is 0,4 m/s. Figure 34 shows 
a scatter plot of the collected data with torque on y- axis versus sliprate on x- axis.  
 

 
Figure 34. Scatter plot of the first test results. 

 
The relation between torque and sliprate is quite linear until it reaches a peak of 1,55 Nm at a 
sliprate between 0,15 – 0,2. There is some noise in the measured sliprate which results in that 
the data in the scatter plot is spread horizontally. The “noise” is repeated with quite low 
frequency and seems to coincide with the rotation speed of the wheel.   

8.2. Troubleshooting 
If the motor doesn’t start the wheel is either in the target position or an error in the motor 
drive has occurred. On the display on the motor drive, an error code can then be read and 
description of it be found in the manual to the drive.  
 
The motor position encoder recalls its last position when the power has been shut down. If the 
position of the suspension or motor is changed when the power is off, the position encoder 
will remember wrong position and an error in the motor drive will occur. The position reading 
needs then to be reset with the carriage positioned near the opposite side of the motor. See 
Figure 35 for better specification. If the position reading is reset in any other position of the 
carriage, the motor will run the suspension into the end of the rail and damage of the rig may 
occur.  
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30 – 80 mm

Figure 35. Reset the position encoder with the carriage in this position 
 
Reset of the position encoder is done by connecting the computer to the ps-2 type, x2 
connector on the motor drive. Configuration of the motor drive is done with the Indraworks 
software. The reset option is found under the motion tab – axis – create position data 
reference – data reference motor encoder. Then click the “set absolute measurement” button. 
See Figure 36 for a screen dump from the Indraworks software. Other configurations that can 
be done are changing functions of digital or analogue inputs and outputs, acceleration value of 
the motor and the sensitivity of the speed input (i.e. what rpm corresponds to a certain 
voltage). For more information about Indraworks and configuration of the drive, consult 
Indraworks digital help library. 
 

 
Figure 36. Screen dump from the Indraworks software. 
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9. Concluding remarks 
Two experimental tools have been developed that will be used to investigate how roughness 
influence friction between rubber and ice.  
 
The replica method is promising but further validation could prove or better define the 
reliability. However, it should be useful as relative measurement of roughness if the size of 
the roughness of interest is not too small.   
 
The test rig is fully operational and ready to be used. The test rig is a “first prototype” so there 
are of course some improvements that can be made.  
 
The sliprate is difficult to measure because it is only a small difference in the rotation speed. 
It has been experienced that wheel speed fluctuates and it seems to be caused by variation in 
the wheel radius. This variation is probably not caused by non roundness of the wheel itself 
but by compliance in the wheel mounting, bearings or suspension. A higher frequenzy noise 
in the sliprate is also experienced. It is not electrical noise; it is caused by poor mechanical 
tolerance in rotation sensor. These problems may be more obvious when measuring on an ice 
surface due to the lower friction force and therefore lower sliprate. A stiffer mounting of the 
wheel and a rotation sensor of higher quality would improve the sliprate measurement.  
 
There is some friction in the load cylinder and it will create a variation of the normal load. 
The friction is about 2 N and the variation of the load will be about the same quantity. There 
are “low friction” cylinders available on the market that could be used instead. 
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Attachment I – Cable connections 

Cable A 
Cable end, motor 

drive 
Conductor Cable end, converter 

module 
Connection Function Colour Connection 

X32 – 4 Motor speed, control Pink Dacq 22 
X16 pin 15 Motor speed, measured Purple Converter connector 6 

X32 – 2, 3, 5 Analogue GND Gray Dacq 55 
X31 – 6 Position control word Green Converter connector 13 

- - Tan - 
X32 – 1 Position High/Low Orange Dacq 17 

- - Brown - 
X31 – 4, 5 Device control word Blue Converter connector 4 

X31 – 3 Error reset White Converter connector 12 
GND GND Black Converter connector 16 

- - Red - 
+24V DC source Supply +24V Yellow Converter connector 15 

Cable B 
Cable end, strain 

gauge amp 
Conductor Cable end, converter 

module 
Connection Function Colour Connection 

Cable D pink Wheel angle A Pink Converter connector 5 
Cable D blue Wheel angle B Purple Not used 

Amp connector 5 Torque signal 0V Gray Dacq 24 
Amp connector 6 Torque signal +/-5V Green Dacq 57 

Cable C Supply +10V Tan Converter connector, tan cable 
Cable C Pressure signal + Orange Dacq 25 
Cable C Pressure signal - Brown Dacq 58 
Cable C Brake current 1 Blue Converter connector 10 
Cable C Brake current 2 White Converter connector 11 

All other GND GND Black All other GND 
Cable D red Supply +5V Red Dacq 8 

Amp connector 9 Supply +24V Yellow Converter connector 15 

Cable C 
Cable end, 
suspension 

Conductor Cable end, strain 
gauge amp 

Connection Function Colour Connection 
Pressure sensor Pressure signal - Green Cable B brown 
Pressure sensor Pressure signal + Orange Cable B orange 

Brake 1 Brake current 1 Blue Cable B blue 
Brake 2 Brake current 2 White Cable B white 

Pressure sensor GND Black GND 
Pressure sensor Supply +10V Red Cable B tan 
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Cable D 

 
 

Strain gauge amplifier terminal 
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1 GND Brake in 9 

2 5V dig in 2 Brake out 1 10 

3 5V dig in 3 Brake out 2 11 

4 24V dig out 2 24V dig out 3 12 

5 Frequency in 1 24V dig out 1 13 

6 Frequency in 2 5V dig in 1 14 

7 Frequency out 1 +24V 15 

8 Frequency out 2 GND 16 

    

Supply +10V (tan cable)  

 

Frequency out 0V (black cable) 
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Attachment II – Technical data 

Brake, Ogura Clutch OPB-20N 
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Linear module 
 

X-Axel: Linjärmodul        
          

 Linjärmodul:  Linjärmodul MKR 20-80 (Långt bord 260mm)     Slag:  
 Riktning:  Horisontal     2000 mm 

 Kombinationer: En modul     L-mått:  
 Motor:  MSK040C-0600-NN-M1-UG0 2,7Nm Absolutgivare     2480 mm 
 Växel:  LP 090 Utväxling 10:1       
 Förstärkare:  IndraDrive HC02.1E-W0012       
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Torque sensor 
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Attachment III – Drawings 
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