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Abstract
Wet clutch are widely used in various components of modern cars, such as automatic 

transmissions and differentials. Tribological properties play a crucial role in the performance 

of such clutch. A negative gradient of the µ-v curve imposes a higher risk for vibrations. 

There are also others factors affecting clutch performance. An experimental approach is 

important in investigating wet clutch tribology, since modern computer tools are not yet able 

to simulate tribochemistry in the contact. 

An advanced test rig is presented for the study and development of clutches and their 

behaviour. Friction-speed characteristics can be monitored in the test rig. It is also possible to 

change the damping and stiffness of the system. Thermal conditions can be investigated both 

in the rotary and stationary parts.

The test rig has been designed in such way that the RC-measuring system is possible to use. 

An initial study of the prospects of the RC-system has been performed with some results from 

this investigation given in this paper.  
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Introduction 

1.1 Drive train
Cars have always had a need for a power train for propulsion. In the early days of automotive 

transport, the power train of an exclusive car consisted of an engine, primitive gearbox, and a 

chain to the rear wheels.  

The main reason why there is a need for transmission in cars is the limitations of the engine. 

A modern gasoline engine is capable of producing power over a span from 1000 to 6000 rpm. 

This fact results in a very limited speed span see figure 1. This is true for a well designed 

gasoline engine, but the general trend in engine development is to use turbo diesel engines. 

These engines have high fuel efficiency and they deliver full torque at low revolutions, often 

below 2000 rpm. The top speed of these engines is around 4500rpm. This calls for a wider 

gear ratio range. 

Figure 1. Gear/speed. 

Another aspect of development in the automotive industry is the desire from manufactures to 

produce a more efficient and more comfortable vehicle than competitors. The first simple to 

drive car was the Mercedes Simplx from 1903 [3].   

The desire for comfort and simplicity for the driver motivated the development of automatic 

transmission (AT). The biggest advantage of AT has historically been that it is simpler to 

operate than manual transmission. The driver can concentrate on the traffic around instead of 

shifting gears.

AT is a lot more popular in the USA than in Europe, mainly due to tradition. This is probably 

due to the fact that US cars was a lot more powerful during the 1950s than the European 

vehicles, and the early ATs had poor efficiency.

Another advantage of AT is the ability to deliver torque during gear changing, which a 

manual gearbox is unable to do. This is called power shifting and is a great benefit in, for 

example, overtaking.  
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One of the single most important parts of the AT is the wet clutch. They are used both as 

lock-up clutches and for gear shifting. The performance of the clutch determines the overall 

performance of the AT.   

Recently the greenhouse effect has received considerable attention. The emission of 

greenhouse gases has become an important design aspect for the manufacturers. This has led 

to the efficiency of the power train increasing during recent years. It therefore makes sense to 

attempt to improve the less efficient parts of the power train.

One aspect where the manual transmission has traditionally had an advantage over the AT is 

efficiency and for this reason it could be said to also be better in environment aspect. This is a 

fact that has altered over recent years, improved ATs have been produced and advanced 

electronic engine and transmission controllers increase the efficiency of the package by 

selecting the best operating condition based on driver inputs through the throttle pedal. 

2 Wet clutches 
A wet clutch consists of a reaction plate and a friction plate that are squeezed together in order 

to transmit torque from one shaft to another shaft. The wet clutch sits in an oil bath or oil is 

pumped through the contact. It is common to place these contacts in series, as shown in figure 

2, to increase the amount of torque that can be transmitted.  

As discussed in the previous section, wet clutches are an important part of the drive trains. 

They are used for lock-up clutches in the torque converter, gear shifting in the AT, as starting 

clutches and as limit-slip differentials. 

Figure 2. Wet clutch. 

2.1 Lock-up 
The torque converter allows for smooth start-ups. The main task of the lock-up clutch is to 

lock up the torque converter in order to increase the efficiency of the AT by creating a 

mechanical link between the turbine and the impeller as shown in figure 3. A lot of good 

quality articles have been writhen on this area of research e.g. [1].

In general the main problem with AT is the torque converter. In today’s modern cars with 

smaller engines and better fuel economy it is popular to use the new turbo diesel engines. 

They produce a lot of torque at very low engine speed. This leads to greater losses in the 

converter and jeopardizes the environmental gains from the more efficient engine.  There 

have been attempts made by replacing the torque converter with a wet clutch [7], in order to 

increase the efficiency and the start-up performance.  

The use of starting clutches in automatic transmission, is not a new idea. In fact, it was 

already done as early as 1949 by Borg-Warner in a 3-speed AT [5]. 
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Figure 3. Torque converter [1]. 

2.2 Shifting clutches 
The task of the shifting clutch is to shift gear in the AT. This is done when the clutch releases 

one gear whilst engaging another as shown in figure 4. This area has been investigated by 

Holgerson [11]. The main work in this area has been focused on making smooth gear shifting. 

One of the main advantages of the AT is so called power-shifting. It is possible to change 

gears without losing torque, for example during overtaking. A lot of work has been done to 

make this shifting process smooth and to reduce the shifting time.   

Another area of wet clutch research is prolonging the lifetime of shifting clutches in the AT 

without losing performance. 

Figure 4. Schematic of an AT [4]. 

2.3 Differentials 
In a four wheel drive vehicle, wet clutches are used to control torque distribution between the 

front and rear wheels, for example as in the HALDEX system that can be found in, amongst 

others, Audi and Volvo vehicles. The HALDEX system has been the subject of a doctoral 

thesis at Luleå University of Technology [Mäki, 12].

Wet clutches are also used in differentials on two wheel drive vehicles. This is to limit the 

amount of slip when for example one wheel is on ice and another on asphalt. 

2.4 DCT 
A dual clutch transmission (DCT) is a type of transmission that in latter years has found its 

way into serial production cars and is expected to rise in popularity in the near future [10]. 

This type of transmission consists of two clutches. When one gear is in use it is possible to 

preselect the next gear as shown in figure 5. When the engine is started, first gear is selected. 

The first clutch is engaged and transmits torque to the inner shaft. There is no torque acting on 
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the hollow shaft so that it is possible to select second gear. When it is time to change gear the 

first clutch is realised and the second clutch engaged. There is now no torque acting on the 

inner shaft which makes it possible to preselect first or third gear.

Figure 5. Schematic of a DCT. 

The DCT is very efficient and has the simplicity to drive an AT thanks to an electronic 

control unit. This unit is able to run the engine in the most economical performance region. 

The DCT has very short shifting times and is able to handle high torque at low revolutions 

with high efficiency. This is something that an AT torque converter has problems with [9]. 

2.5 Advantage and problems
The advantages of the wet clutch have been proven in a number of areas. The advantage is in 

many cases due to the oil. The oil makes it possible to cool the contact and also to get rid of 

wear particles. At the same time the additives are added to the contact to form the oil in a 

suitable way. This means that we can engineer the oil and friction material such that they are 

able to handle a lot of work and still continue to behave in the same way. This is something 

that can be a problem with dry clutches.  

On the other hand, it is possible to get better fuel economy with a dry clutch due to the fact 

that there is no oil to pump around. The greatest drawback of the dry clutch is the inconsistent 

dynamic behaviour.  

If a clutch is designed poorly or has been exposed to heavy wear it is possible that the torque 

capacity decreases beyond the limit for acceptable performance. Another problem can be 

shudder, friction induced vibration. This vibration can however also be found in a dry contact.  

3 Shudder
Shudder is an oscillation in the clutch. It is either a stick-slip phenomenon or an oscillation 

when the relative velocity of the surface never reaches zero. Stick-slip occurs when the sliding 

speed is relatively low. Non stick-slip occurs when the relative sliding speed is high. When 

shudder occurs in a drive train the fluctuation in the drive torque can be as illustrated in figure 

6, and therefore the acceleration of the vehicle will be unpleasant.
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Figure 6. Drive torque under shudder. 

It is also possible that the play in the drive train is so great that shudder occurs at a higher 

frequency. This will result in a disturbing noise. This can also happen when the clutch is 

placed in such way that the stiffness of the system is high enough. In any case, shudder is 

unwanted in the automotive industry.  

Shudder is a complex area. It is dependent on working conditions of the clutch such as 

temperature, normal force, transmitted torque etc. It also depends on the surface topography 

and the material of the plates in the clutch as well as oil condition. 

3.1 Oil
One of the most important components of the wet clutch is the oil. The oil has to provide a 

suitable µ/V characteristic in the contact. The oil should generate a positive gradient in the 

µ/V curve as shown in figure 7 to prevent shudder. Oil A will do this but not oil B and C 

might suffer from shudder [6]. This is the general opinion but recent work has shown that 

there are other parameters of importance, this is depending on the environment that the clutch 

is working in [13].

The oil has to be temperature stable. It must perform in a satisfactory way both during a cold 

start in cold a climate and at working temperature. 

Figure 7. Friction in the contact with different oils. 

3.2 Additives
To obtain oil with specified properties that are necessary to make the wet clutch work, the oil 

manufacturers take base oil and add an additive package. Such a package consists of different 

chemicals that, for example, function as viscosity index temperature stabilizers or friction 

modifiers [6].   
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3.3 Wear
Additives are consumed with time meaning that the oil will gradually lose its properties. This 

will cause problems and in some cases the clutch will lose its friction characteristics.  

It is common for transmissions to have some kind of ventilation. This means that it is possible 

for water to find its way into the transmission either as humid air or as pure water.  

The problem with water is that it is highly polar. This will suppress the additives acting in the 

contact. This can possibly affect the performance of the clutch in a negative way, either in the 

form of shudder or as a limitation in torque capacity.

3.4 New oil  
To satisfy increasing demands, new oils have been developed. The first automatic 

transmission fluid (ATF), named type A, was developed in 1949 by GM. Type A was 

upgraded in 1959. In 1967 the first DEXRON oil was launched and since then has been 

upgraded a couple of times [6].

The latest oil from GM was released in 2005 under the name DEXRON-VI. This oil will 

replace the old DEXRON-III. The new oil has a lot more specified properties: It does not only 

have a friction characteristic defined also meets requirements for approval of the additive 

system. Every time an upgrade of the DEXRON series is done the new oil has been reverse 

compatible with earlier transmissions [8], and with an improved lifetime as shown in figure 8. 

Figure 8. Lifetime DEX6(green) compared to DEX3E(blue) [8]. 

3.5 Friction materials
Shudder resistance of the clutch depends on which materials are in the contact. Different 

materials act in different ways with the same oil [15]. A list of some properties that the 

friction material should have and how this affects the clutch can be found in [14].For example 

the porosity of the material acts as an oil deposit etc. There are a lot of parameters affecting 

shudder, and many of them have not yet been investigated.   

3.5.1 Carbon fibre
The best thing about carbon fibre is that it has high heat resistance and it does not char, melt 

or soften when exposed to high temperature. The carbon fibre material also has one of the less 

oil dependent friction coefficients.

Carbon fibre is a very expensive material and this limits its use in the automotive industry. 

However, research done on manufacturing processes makes this use of the material cheaper 

[14, 16].

3.5.2 Paper
Paper is a common friction material. It has been in use since the late 50s mainly because of 

the low cost and good performance under low load. The paper material has a high friction 
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coefficient but the heat resistance of the material is very limited. This means that a clutch with 

paper friction material will have problems with handling high torque. However, there are 

some paper based friction materials that have been developed with better performance. Some 

paper materials are highly porous and can therefore absorb a lot of oil in the contact, helping 

to improve the performance.  

3.5.4 Sintered bronze  
Bronze is used when the operating condition of the clutch doesn’t allow the use of paper as a 

friction material and the cost is of the same magnitude as paper [14]. The performance of the 

sintered bronze is relatively sensitive to operating conditions such as sliding speed, load and 

groove pattern but the static friction is not so sensitive to the operating conditions and is 

therefore easier to predict [18].The performance of the sintered bronze can be modified with 

the composition of the material. The friction coefficient of the material can be modified by 

changing the graphite content. An increase of the graphite content will increase the coefficient 

of friction. Another way to affect the performance of the material is to lower the elastic 

modulus this can be done by increasing the porosity. The elastic modulus correlates with the 

formation of hot spots [17].  

3.6 Reaction plates
The friction material is one of the two materials in the contact. It can vary a lot as to which 

material is used. The reaction plate is however commonly made from steel.   

The surface roughness of the reaction plates is a parameter affecting shudder. In an 

investigation of a wavy sliding surface compared to a flat surface [2], it was concluded that a 

wavy surface will cause cavitation which can lead to shudder. Another important parameter is 

the Ra value of the steel plate. If this is below a limit, shudder is likely to occur [19].

It is possible to treat the surface in such way that it can attract the additives in the oil even 

when the components have been exposed to wear such that the concentration of additives in 

the oil is lowered as shown in figure 9. This will prolong the period when the oil has 

acceptable performance [20]. 

Figure 9. Effect of surface treatment [20]. 
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3.7 Summary of shudder
Using a three mass model it can easily be shown that shudder is a result of a friction-velocity 

curve with a negative gradient, however, shudder is also a result of the system surrounding 

the clutch [21]. A map of some possible reasons for shudder in wet clutches has been 

produced by Ohkawa [22] see figure 10.

Figure 10. Map of possible causes of shudder [22] 

There are a number of reasons for shudder but there is no complete understanding of the 

phenomenon. There has been a number of quality papers published on the subject. Most of 

this work has investigated the oil and different additives. This project will be performed with 

DEXRON-VI, and will study the surface of the friction material and the effect of material 

selection. The interesting question is how we can generate a reliable friction curve that 

suppresses shudder under real operating conditions?  Is it possible to develop a clutch with so 

low consumption of oil that the lifetime becomes in reality unlimited?  

4 Research approach
Shudder, as described earlier, is a complex problem. There are a lot of factors in dynamic 

symbiosis. Therefore it is easy to miss some parts of the phenomenon when the research 

approach is determined.   

It is not possible to produce a simulation of the shudder phenomenon. This is due to the 

complicated triboconditions and the lack of understanding of shudder in combination with 

limited computer power.  

This leaves the two following alternatives to increase knowledge of the phenomenon: 

mechanical and tribochemical investigations.   

4.1 Mechanical 
One way to study the phenomenon is to build a test rig so it is possible to study shudder in the 

lab in a very controlled environment. By measurement of important operating parameters 

such as temperature, normal force and oil flow, this can permit us on understanding of the 

contact.  Testing can either be on one contact or of the full clutch package. Tests with one 

contact mean a simplification of the problem, which can be of great benefit if the goal is to 

understand the phenomenon, however, it also adds the risk that some important pieces of the 

puzzle are lost. Therefore the best testing is to combine both one contact testing with full-

scale.
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4.2 Tribochemical
To get a better understanding of the contact it can be a big help to study what tribofilms are 

generated under normal performance conditions and to compare these findings with the 

tribofilms found after shudder has occurred.  

The surface can be investigated by looking at the tribofilm that has built up during the test rig 

runs. The oil can also be analysed to determine the consumption of additives and the 

composition of wear particles in the oil.  

The best research approach is to combine the two options discussed in the previous section. 

The controlled environment in which the test is performed can provide extra understanding of 

the tribofilms. Adding oil analysis to this approach can lead to a better understanding of how 

the surface reacts to the oil and in which state of its life the clutch is.  

5 Test rig
When constructing a test rig it is important to specify the demands on the equipment. This test 

rig that has been designed during this project is done to increase the understanding of shudder.

It is designed to operate in the area that is most likely to useful data and to increase the 

knowledge of shudder in a relevant way.

5.1 Standard test rig
There are a couple of test rigs available for testing of wet clutches. The design of the test rig is 

dependent on the purpose of the test. Some test rigs are built to evaluate the maximum torque 

capacity of the clutch, while others are built to investigate the friction caracteristics of a 

contact.

5.1.1 SAE#2
One of the more common test rigs is the SAE#2. It consists of a flywheel and an engine that 

accelerates the flywheel to 3600 rpm. The clutch is engaged and brakes the flywheel. This 

procedure is repeated many times a minute and continues for 50 to 100 hours. With this test it 

is possible to draw conclusions regarding the lifetime of the clutch [23].  

There is also the possibility to test the torque capacity. This is done at a lover speed and a 

high torque. The clutch package is normally spun in 0.72 rpm or 4.37 rpm.  

The SAE#2 machine is a test rig for a full clutch package which makes it possible to evaluate 

friction in the clutch and the oil. A schematic sketch is given in figure 11.  

Figure 11. Schematic of the SAE#2 
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5.1.2 LVFA
The Low velocity friction apparatus was developed by GM for measuring the µ/V 

characteristic. This is done by spinning a scaled friction material against a steel plate and 

applying a normal force. The test is performed in an oil bath. The normal force is applied in 

the form of a deadweight and rotation is driven with a flywheel permitting the study of a wide 

velocity range [6, 24, 29].

The drawback with LVFA is the fact that it is a scale test, meaning that it is possible to miss 

some phenomena. The load span is limited by the deadweight. The velocity span is very wide 

but it is not possible to study a specific slip with the flywheel. A schematic diagram of 

theLVFA is shown in figure 12.

Figure 12. Schematic of the LVFA [6] 

5.1.3 R-H
The R-H friction aperture was developed by Rodgers and Haviland during the early sixties. It 

is a version of the LVFA but it is at full scale, so it is possible to test the full clutch package 

[25].

5.2 Luleå test rigs
There has been some research done on wet clutches in Luleå both experimentally and by 

simulations. There have been two projects which have each demanded their own test rigs, 

both this projects have resulted in doctoral theses [Holgerson [11], Mäki [12]].

5.2.1 Modified LVFA
The Holmgren project was aimed at optimizing the engagement of gear shifting clutches. For 

this he built a test rig with a flywheel and an hydraulic motor. The flywheel simulated the 

engine inertia of the engine and the hydraulic motor was able to add another 66 Nm of torque. 

The normal force was applied by a hydraulic cylinder [26].   

5.2.2 Modified SAE#2 
The rig designed by Rickard Mäki was used in a development project with Haldex and Statoil 

Lubricants. This project resulted in a doctoral thesis. The test rig has an electric motor that 

drives the rotating parts of the clutch. The stationary part of the rig has a torsion bar for 

adjusting the natural frequency of the rig. A hydraulic cylinder applies the normal force [27]. 

The work continues at Luleå University of Technology with simulation by Pär Marklund. 
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5.3 Own test rig  
It was decided that the best way to investigate shudder both from an economic and research 

standpoint was to construct an own test rig. The decision to build a test rig provides a lot of 

opportunities to obtain the most benefit from the design of the test rig   

Many traditional test rigs have a problem with investigating shudder, due to the fact that they 

only test the friction characteristics of the clutch. In many cases the operating conditions of 

the clutch are not that similar to the ones that experienced in a real AT. For this reason the 

demands on the test rig were set to suitable operating conditions such as those specified in 

table 1.

Performance of the test trig    

Silding speed 0.005-3 m/s 

Oil flow 0.1-2 l/min/contact

Total oil flow 0.6-12 l/min 

Natural frequency variable Hz 

Torque  400 Nm 

Normal force 0-6 Mpa 

Table 1. Table of the test rig operating parameters  

6 Design requirements 
The design of the test rig has to fulfil a number of demands, apart from that specified above. It 

should also be designed in such way that it is easy to rebuild and develop further. This can be 

achieved by building the rig in separate modules.  

It also has to be on budget.

It is important that the test rig is temperature and pressure independent to ensure that the test 

results are a consequence of changes in the clutch and not a change in the performance of the 

test rig. To make it easier to understand the phenomenon of shudder we will start with 

investigating one contact and then extending the test with a full scale test containing six 

contacts. Therefore the test rig has to be designed so this is possible to carry out.

6.1 Concept development
A number of different concepts were generated and see appendix, evaluated with Pugh [30] 

method according to the demands on the design.  

6.1.1 Selection of the layout 
The chosen layout of the rig was that with one rotating axel driven by an electric motor and a 

stationary part which consists of a hub for holding the reaction plates. The hub is attached to a 

torsion bar to achieve the right frequency of the system. The normal force is applied by an 

hydraulic cylinder.

6.2 Instrumentation 
To learn something about the clutch it is necessary to know the operating conditions. There 

are some parameters that are more important than others. To increase the control of the test rig 

some operating conditions have to be measured and used in a control loop to increase the test 

quality.
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6.2.1 Temperature 
Temperature is one of the most important operating parameters since there will be a loss of 

effect in the contact. This will result in rising temperature. For this reason it is important that 

the temperature measurements in the contact are rapid to detect this gradient. The oil will act 

in a different way at different temperatures and the degradation of both the clutch hardware 

and the oil will be different with the temperature. 

To understand the mechanics of the contact it is an advantage to know the temperature of the 

contact. It can be expected that the temperature in the contact will rise very rapidly so it is 

important that the measuring system is placed in such way that it represents the true 

temperature. 

6.2.2 Oil parameters 
It is important to know the temperature of the oil reservoir and to know that it is constant 

within acceptable limits. This will give a more controlled experiment. When it is time for 

aging of the oil, the temperature has to be monitored and controlled for repeatability. 

The oil flow has to be measured with fine precision so it can be used to control the pump in a 

closed loop control system. 

The pressure of the oil has to be monitored to control that the lubricant situation is relevant 

and the test is valid. 

6.2.3 Contact 
To study the lubricant regime in the contact it is possible to use the RC system. The RC 

system is developed in Luleå and can bee helpful in determine the lubricant regime in the 

contact and how it is affected under shudder. 

6.2.4 Normal force 
It is also important to have control of the normal force, not only to ensure an accurate normal 

force by control of the surface pressure but also for calculations of the coefficient of friction. 

6.2.5 Torque 
The torque is required for calculation of the coefficient of friction. The torque can also be 

used to control the speed, to simulate a start. 

By measuring the torque and making a FFT on the signal the frequency of the fluctuations of 

the torque can be found.

6.2.6 Sliding speed 
The friction as a function of the sliding speed is a very important parameter. For this reason it 

is important to have a good measuring system of rotation in the clutch. 

7 Detail design 

7.1 Design summary 
The design of the test rig consists of an electric motor that drives the clutch via a coupling that 

is torsion stiff but compensates for alignment errors. It is possible to turn around the clutch 

package and by this test whether it has any effect on which part of the clutch is rotating. The 

stationary part of the clutch is attached to a torsion bar which is fixed in the other end as 

shown in figure 13. The damping and the stiffness of the drive train is coupled to the 

stationary part of the test rig. 

Testing will include both tests with only one contact and full scale testing with a full set of 

plates. For this reason it will be necessary to make some changes to the test rig when 
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changing from the simpler test to the full scale. The reason why this is inevitable is the 

differences in transmitted torque, oil flow and energy development. 

Common construction steel is selected as a material, except where other demands on the 

material makes it necessary to have another material. The reason why this steel is chosen is 

economics and also for simplicity. The material has sufficient strength and is temperature 

stable in the expected temperature interval. This means that the behaviour of the test rig will 

be temperature independent. 

Figure 13. Cross section of the test rig. 

7.2 Simulink 
To develop the test rig a simple Simulink model was made. This model consists of a speed 

and normal force input and a torsion bar that has a mass at one end to simulate the hub of the 

clutch and is fixed at the other end. The clutch can be simulated with different friction 

characteristics. This friction module is very simple and is only a function of sliding speed, but 

it is possible to expand the module with, for example, thermodynamic and pressure 

dependence. The results from this were then used as guidelines for the design of the test rig.

For a more complete description of the simulink module see the appendices. 

7.3 Drive train 

7.3.1 Motor
To drive the clutch an electric motor is chosen. This motor is a servomotor and is able to 

handle a very wide range of velocity. The motor has a closed loop control system which gives 

4096 pulses for each rev of the motor. This allows for a very fine control of velocity of the 

clutch.

To get the right velocity the motor has a gearbox with a gear ratio of 7.24:1. The gearbox has 

been specially ordered with a reduced play to minimize unwanted excitations of the clutch. 

The gear box is of so called angel gear set to allow access to the rear end of the driveshaft. 

The frequency modifier is an ABB ACS800 to give sufficient precision in velocity control. 

Performance: The speed of the output shaft from the geared electric motor is 1 to 560 rpm and 

it is able to develop 400 Nm over that range. Above the 560rpm limit it starts to lose Torque. 

7.3.2 Normal force 
The Normal force or the surface pressure in the contact is controlled with an hydraulic 

cylinder. The cylinder that has been chosen for this is a cylinder with a hollow piston and it is 

a dual action cylinder. The reason why such a cylinder, is chosen is that it can apply a 

symmetric load on the clutch. It is possible to arrange the driveshaft in such a way that its 

bearings are inside the piston, see figure 14. This will lead to a better alignment. 
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The cylinder is controlled by a hydraulic system that is capable of applying a normal force of 

30 kN or a surface pressure of 6 MPa. The piston is capable of coping with speeds of 5 mm/s. 

Figure 14. Cross section of the Cylinder driveshaft assembly. 

7.3.3 Hollow shaft and coupling   
To be able to get oil into the contact when the hub is the rotating part of the clutch the 

driveshaft has to be hollow. This also affects the choice of gearbox for the electric motor, 

since the driveshaft has to have access at the rear for the oil supply. 

Since the driveshaft is in direct contact with the clutch and thereby moves in axial direction 

together with the piston that applies the normal force. On the other hand, the other end of 

driveshaft is fixed in the gearbox, and is therefore not possible to move in axial direction so 

the driveshaft has to be split in two parts. 

To solve this problem, a flexible coupling was fitted between the two shafts. This coupling is 

very torsion stiff and it compensates for errors in alignment of the shafts. As already 

discussed, the driveshaft has to be able to transport oil to the clutch when the hub is the 

rotation part. This is a problem when the shafts are split up in two. To cope with this problem, 

a special pipe has been designed to fit between the two shafts. The pipe is fitted with o-rings 

to make a good seal, see figure 15. 

Figure 15. To the left cross section of the coupling and the oil pipe to the right a CAD image. 

7.4 Stator 
As already discussed earlier, the test rig consists of two major parts: one moving, already 

discussed under the heading drive train, the other stationary the so called stator. This is 

supposed to simulate the part of the drive train of the car that follows the clutch. This is also 

where the torque and the normal force are measured. 
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7.4.1 Torsion bar
The main purpose of the torsion bar is to simulate the stiffness of the drive train of the cars. 

The test rig has to be able to be modified in an easy way such that the natural frequency is 

changed. This is achieved by a torsion bar. The torsion bar has the advantage that it is 

relatively easy to manufacture. The torsion bar has two bearings close to the clutch. This is to 

ensure good alignment and to minimize the effect of bending from its own weight. 

The torsion bar has to be replaced when a full scale test is done. It is of course possible to 

design a torsion bar that can take the stress of the whole package but this will take 

unnecessary space in the lab and the deformation of the torsion bar and oscillations in sliding 

speed will not be correct if this is done. 

The other end of the torsion bar is fixed and the torque meter is installed in this foundation. 

7.4.2 Clutch module 
To investigate if it matters which part of the clutch is rotated, the basket and the hub are 

designed in such a way that it is possible to turn the package around as shown in figure 16, 

and via this action evaluate if there is any affect on the clutch performance. 

7.4.2.1 Basket 
The basket consists of on original part from GM. This is to get as close to reality as possible. 

The original part is modified so it can be assembled on both the driveshaft and the torsion bar. 

7.4.2.2 Hub 
The hub is designed in such way that it is possible to use the original hub this makes it 

possible t to achieve a realistic oil supply when the whole clutch package is tested. The oil 

will be supplied through the centre of the hub and out to the contact bout when the hub is 

stationary as well as when it is rotating. 

To use the RC system (see 7.9 for a description of the system) it is necessary that the hub is of 

a non-conductive material so PEEK is chosen. This is a polymer that can operate under high 

temperature. 

Figure 16. The hub and basket assembled in different ways. 

7.5 Disks 
When the RC system is used, the hub is made in a polymer material. This means that it has 

less inertia due to the decrease in mass. This is compensated for by adding a disk near the end 

of the torsion bar that is mounted in the hub as shown in figure 17. Changing the disk makes it 

easy to change the frequency in a simple way. 
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Figure 17. To the left cross section of the disk and clutch assembly, to the right a CAD image. 

7.6 Damping 
Damping in the drive train is an important parameter. It is possible to suppress shudder with 

sufficient damping, but the damping that has been built into the drive train affects the amount 

of torque that the drive train can handle.

For this reason the test rig has been equipped with an opportunity to insert a thin sheet of 

rubber or a polymer between the torsion bar and the mount in the fixed end, as shown in 

figure 18. This material can have variable modulus of elasticity and therefore affect the 

stiffness but if the material is compensated for in another area this effect is eliminated. If a 

system with no damping is desired then the sheets can be replaced with steel. 

Figure 18. Schematic of the damping in the torque sled. 

7.7 Oil 
The oil contains additives and if other particles are added the oil might behave in a different 

way and the test will then be invalid. So it is important that the oil won’t be contaminated by 

the system in a non natural way. For this reason extra care has to be taken when designing the 

oil system to ensure a clean system. This is achieved by using stainless steel where ever 

possible, for example using steel pipes instead of rubber hoses. 

The volume of the system has to be as small as possible in order to consume additives in less 

test cycles. 
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7.7.1 Flow 
The oil flow range that will be investigated is 0.1 to 2 l/min and contact. This means that the 

flow for the whole clutch package is between 0.6 to 12 l/min. The maximum pressure in the 

oil is 62 psi so the oil system will be equipped with a pressure gauge to monitor this. 

7.7.2 Pump
The pump and flow meter are made of steel to avoid problems with contamination.  

The pump is a gear pump for the ability to pump oil at different viscosities and the fact that it 

can be made from steel. 

It was not realistic to find a pump that was able to handle the wide flow range from 0.1 to 12 

l/min. If one pump should cover the whole range then the clutch will receive an uneven oil 

flow. The solution to this problem could have been to incorporate a big accumulator but this 

will increase the oil volume. 

It was therefore decided that it was better to purchase two pumps and change them when it is 

time to do the full-scale test.  

7.7.3 Temperature 
The test will be performed with an oil temperature of 90 

0
C. This means that the test rig will 

be very hot. The heat loss to the surrounding will be very high. To reduce this problem the 

part of the test rig that houses the clutch has been insulated as shown in figure 19. 

Figure 19. The insulation to reduce the uncontrolled heat loss. 

7.8 Measuring 
The measuring equipment consists of a system built with National Instruments. This system 

gathers data and controls the test rig. The characteristics of the measuring system can be 

found in table 2. 

Characteristics of the 
measuring system 

Analogue out 6 

Analogue in  32 

Digital out 32 

Sampling rate 1MHz 

Table 2. Characteristics of the measuring system 

7.8.1 Normal force 
The force can be measured using the pressure difference over the hydraulic cylinder. This has 

the drawback that the friction of the moving parts is included in the measurements. Another 
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option is to use a load cell. The load cell is more expensive and has to be specially modified 

so that it is able to handle the high temperature of the oil. 

The load cell has a relatively small deformation when exposed to force. It is of a cylindrical 

type with a centre hole making it possible to fit the cell in a way that it absorbs the force as 

symmetrically as possible. The torsion bar goes through the load cell, meaning that the torsion 

bar isn’t exposed to normal forces. 

The force measured with the load cell will be used to control the hydraulic system that applies 

the normal force.  

7.8.2 Torque 
The torque measuring device will be placed in the fixed end of the torsion bar. The advantage 

of this is that the effect of heat developed in the clutch is minimized. The link between the 

torsion bar and the torque cell is an SH-Bushing from SKF. This is to protect the torque cell 

from overload. The torque cell has a high torsional stiffness. 

The Foundation is designed to be stiff, but is also equipped with an ability to alter the 

damping of the system see damping. The foundation is designed so that the measuring device 

slides on a sled. This to make sure that no normal force is absorbed by the torsion bar, as 

shown in figures 20 and 21. 

Figure20. Torque measuring foundation. 

Figure 21. Torque measuring sled. 
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7.8.3 Temperature in contact 
The temperature in the contact is very hard to measure. This is due to the rapid change in 

thermal conditions. The challenge is to find a system that is quick and doesn’t affect the 

contact. One way to get an estimation of the temperature in the contact is to use 

thermocouples in either the reaction plates or in the friction plates. The easiest way to mount 

the thermocouples is to drill a hole in the radial direction in the plate that is stationary, as 

shown in figure 22. The deep of the hole can be varied to get a more complete understanding 

of the temperature distortion over the plate. 

If the thermocouple is mounted in the reaction plate the results will be very different if the 

material in use is carbon fibre. The high thermal conductivity will result in high temperature 

in the plate, but if paper is used the insulation properties of the material will give a lower 

temperature in the plate. The measured temperature will therefore not be relevant for the 

contact.

The reaction plates will be a lot less dependent on which material is used, and by this 

reasoning is more suitable for measuring of the temperature. 

Measuring the temperature with thermocouples in the reaction plates will result in the 

thermocouples having to rotate. When the hub is rotating, the reaction plate is stationary 

meaning that it is easy to access the thermocouples. However, when the reaction plate is 

rotated it becomes a problem. The hollow shaft used for supplying the oil when the hub is 

rotating will be used to get the thermocouples out of the clutch and into the end of the shaft 

where the swivel for the oil supply used to be, this is now replaced with a slip-ring.

Figure 22 Thermocouple in steel plare. 

7.8.4 Oil flow 
The oil flow region is so big that the best measuring approach is to have two flow meters, one 

for the tests with one contact and one for the test of the whole package. The flow meter has to 

be made from steel to eliminate the risk of contamination of the oil. The type that is chosen is 

a gear type with high precision. Measuring of the oil will be done after the pump. The 

measured value will then be used to regulate the speed of the pump. 

7.8.5 Frequency 
Oscillation of the torque will be measured by making an FFT on the signal from the torque 

sensor that is placed in the end of the torsion bar, see figure 21.
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7.9 R-C system 
The RC system is a measuring system developed in Luleå. There has been great success in 

measuring the oil film thickness for a ball against a disc contact [28].

The idea of the system is to place an alternating current over the contact. Since the oil is an 

insulator it is possible to relate the film thickness to the capacity. The resistance can be related 

to the contact. 

The reason for using the RC system in the clutch is obvious; it can be used to estimate what 

happens in the contact. It can provide information on witch lubricant regime that is dominant 

in the clutch, and at witch point it changes. 

7.9.1 Possible difficulties with the RC system 
The hub that has to be used when the RC system is in use is made from a polymer. The 

polymer is not as temperature stable as steel, meaning that stiffness and damping of the 

system can change during the test cycle. This fact makes it hard to know if the effects seen in 

the tests are due to the changing performance of the test rig or due to the design of the clutch.

The use of the RC-system will be a complement to the ordinary test. The RC-system can help 

with understanding actions in the contact but requires validation of the tests with a hub in 

steel to exclude the effects of the polymer. To ensure that the polymer doesn’t contaminate 

the oil, oil analyses must be carried out to ensure that the quality of the oil is the same as 

when the steel hub is used. 

8.Design modifications 
The test rig is designed in such way so it should be easy to rebuild and develop the rig further. 

The simple modifications that are needed to do the full scale test will not be discussed  under 

this heading. This section will bring up bigger modifications that will affect the test in 

significant way. 

8.1 Two rotating (flywheel) 
To replicate reality even closer, the part of the drive train that is behind the clutch in an real 

drive train will have to be replicated in a closer way. If this is to be done, it is important to 

have two rotating axles. This can be achieved by replacing the fixed end of the torsion bar 

with a flywheel. To simulate damping of the drive train the flywheel can be made like a dual 

mass flywheel. To get closer to reality the flywheel can be fitted with a hydraulic pump 

equipped with a pressure regulating valve to control the pressure of the system. This is to 

simulate the driving torque of the wheel and therefore the acceleration of the car as shown in 

figure 23 and 24. The torque can be measured in the centre of the flywheel. This makes it 

possible to use the existing torque meter and a slip ring. 

This modification is not suitable for the initial studies of the clutch. Since this means 

additional transient behaviour would be introduced to the rig, and it will not be possible to 

study a specific slip speed. 
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Figure 23. Schematic of test rig with two rotating shafts. 

Figure 24. Close up of the flywheel assembly 

9Results

9.1 The test rig 
The test rig was manufactured from the CAD design shown in figure 25 by a local company 

named TMS and Assembled in the Tribolab at the university, see figure 26 For detailed plans 

on the test rig see the appendices. 

Figure 25 The CAD model of the test rig. 
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Figure 26 Picture of the test rig.

9.2 Test of the R-C system. 
Testing of the RC system has started. The first question to answer was whether the excitation 

frequency of the R-C system had any influence. The frequency was varied from 50 to 500 

kHz. During the experiment the drive motor was stationary to avoid any effect of temperature 

or asymmetry in the test rig. 

The oil flow was 0.150 and 0.250 l/min. The normal force on the system was varied from 0 to 

7 kN, the complex part of the measurements can be found in figure 27. The real pare of the 

measurements can be found in figure 28. 

Figure 27. The complex part of the RC results with flow rate 0.150 l/min 
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Figure 28. The real part of the measurements, oil flow 0.150 l/min 

After the experiment was performed, the test rig was disassembled. A substantial amount of 

carbon particles were found in the oil and the clutch package. 

10 Conclusions 
A test rig has been developed in such a way that it is easy to develop further with small 

modifications. The test rig fulfils the demands set for it on the start of the project. 

The test rig can be modified to simulate the starting process according to the suggestion in 

8.1. This can be a grate benefit later in the project. 

The test of the RC system shows that the real part of the signal is possible to use when it 

shows a consistent behaviour independent of the frequency. The complex part shows 

unexpected performance, this is probably an affect of the conducting particles that is realised 

in to the oil from the carbon fibre friction plates.

The test was performed without oil filter and it is possible that the complex part will act in a 

more likely way if a filter is fitted to the test rig. 

11 Further work  
The test rig is now ready for service and it is therefore time to start the experimental part of 

the project. This will commence with a mapping of the shudder phenomenon, and then 

continue to test different actions to understand the cause of the shudder problem. The results 

of this will be used to design a new clutch to prevent shudder. The test will initially be with 

only one contact. This is to make it easier to understand the phenomenon. Tests will later be 

performed on a full size clutch package witch containing 6 contacts. 
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Appendix 1 

The first concept is a modified SAE#2 machine. It consists of one rotating shaft and a torsion 

bar to be able to tune the system to the correct frequency as shown in figure 1. It is also 

possible to measure the operating conditions in the clutch in a reasonably simple way. 

Figure 1. Schematic drawing of the first concept. 

Concept two is a test rig with two axles rotating as shown in figure 2. This test rig will 

replicate the reality of the clutch in a good way, but it is complex and a lot of sources to 

errors. Measuring the operating conditions of the clutch can be hard to do in a reliable and 

satisfactory way due to the fact that all the separate parts of the clutch are rotating. 

Figure 2. Schematic drawing of the second concept. 

The third concept is a modified LVFA machine. This concept consists of two plates one with 

the friction material attached to it and the reaction plate attached to the other a schematic 

drawing can be studied in figure 3. This type of equipment will neglect a lot of dynamic 

phenomenon in the clutch and it is not possible to do full scale tests.  



Figure 3. Schematic drawing of the third concept. 



Appendix 2. 



Sammanställning GM-test rig 
     

Namn Dealj nr Antal Rit nr anmärkning 

sammanställning  1 0  

Ubalk 1 1 1  

Fäste fundament 2 10 2  

Gavel 3 1 3  

Förstärkning gavel  4 1 4  

Motorfäste 5 1 5  

Motorfäste skiva 6 1 6  

Motoraxel 7 1 7  

Oljelkanal 8 1 8  

Drivaxel 9 1 9  

stoppring 10 1 10  

Insats hudraulcylinder 11 1 11  

Yttre krans 12 1 12 (ska svetsat med befintlig korg) 

Tätningshållare 13 1 13  

Hus 14 1 14  

Distansring 15 1 15  

Nav 16 1 16  

Fäste nav 17 1 17  

Lock med lastcell 18 1 18  

skivfäste 19 1 19  

Tröghetsskiva 20 1 20  

Hus skiva 21 1 21  

Torsionsstag 22 1 22  

SH Hållare 23 1 23  

Fäste M-givare 24 1 24  

Rullhållare 25 2 25  

L-balk skenfäste 26 2 26  

M-konsoll U-balk 27 2 27  

Förstärkning M-konsoll 28 1 28  


































































