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Abstract 
Friction induced noises are connected to the perception of product quality and durability, and are a concern in 

the automobile industry. These noises, such as squeaks, are a result of a number of factors ranging from decisions 

made during the product development process to incompatibility of material mating pairs. 

These problems are often resolved with a slow and costly “find-and-fix” approach, which preferably should be 

replaced by approaching the problems during the design stage of the product development process itself. This is 

achieved by discovering the risk for the squeak phenomenon using simulations. Squeak is a result of a stick-slip 

phenomenon, which is an unsteady motion where the force responsible for the motion alternates between the static 

and dynamic frictional force. 

The simulations performed at Volvo Car Corporation use an input parameter from a Ziegler stick-slip test 

machine (Ziegler SSP-01) and in order to improve the simulations, more realistic conditions have to be used during 

tests which corresponds to an actual vehicle environment. To accomplish this, a wide range of input parameters 

has to be available.  

In this work, a comparison between the Ziegler SSP-01 machine and the MCR502 rheometer has been done 

using numerous tests and test parameters, with a focus on normal load and sliding velocity. The results gathered 

indicated no correlation between the measured coefficients of friction. However, the test machines indicate a risk 

for stick-slip during similar conditions. 

 

Keywords: Friction induced noises, Stick-slip phenomenon, Ziegler SSP-01, MCR502, Experimental 
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Nomenclature 
 

𝜇 = Coefficient of friction [-] 

𝐹 = Friction force [N] 

𝑁 = Normal load [N] 

𝑚 = Finite mass [kg] 

𝑘𝑠 = Spring stiffness [N/m] 

𝑣 = Velocity 

𝛼 = Angle of plates in MCR502 [°] 

𝐹𝑁,𝑇𝑟𝑖𝑏𝑜 = Normal load acting on one plate [N] 

𝐹𝑓 = Frictional force [N] 

𝑠𝑠 = Sliding distance [m] 

𝐹𝑁,𝑀𝐶𝑅 = Normal force distributed over three plates [N] 

𝑙 = Lever arm [m] 

𝑟𝑏𝑎𝑙𝑙  = Radius of the ball specimen [m] 

𝑀 = Torque acting on one of the MCR502 plates [Nm] 

𝑟 = Radius of the circular contact area [m] 

𝑅′ = Effective radius [m] 

𝐸′ = Effective modulus of elasticity [Pa] 

𝜈1, 𝜈2 = Poisson’s ratio for the interacting surfaces [-] 

𝐸1, 𝐸2 = Modulus of elasticity for the surfaces [Pa] 

𝑅𝑥
′ , 𝑅𝑦

′  = Effective radius in X- and Y- direction [m] 

𝑟1,𝑥 , 𝑟2,𝑥, 𝑟1,𝑦, 𝑟2,𝑦 = Radius of the ball in X- and Y- direction [m] 

𝐴 = Circular contact area [m2] 

𝑝𝑚 = Average contact pressure [Pa] 

𝑝𝑚𝑎𝑥 = Maximum contact pressure [Pa] 

𝑑 = Diameter of the circular contact area [m] 

𝑠𝑠,𝑚𝑖𝑛  = Total minimum sliding distance over three plates [m] 



 

 

𝑛𝑛𝑒𝑐 = Number of revolutions to achieve equal sliding distance in the MCR502 and the Ziegler 

SSP-01 [m] 

𝑠𝑠,𝑧𝑖𝑒𝑔𝑙𝑒𝑟  = Sliding distance in the Ziegler SSP-01 [m] 

𝑂𝑟𝑜𝑡  = Perimeter of an ellipse [m] 

𝑤𝑤,𝑝𝑙𝑎𝑡𝑒,𝑋 = Wear width of the plate specimen in X-direction [m] 

𝑤𝑑,𝑝𝑙𝑎𝑡𝑒  = Wear depth of the plate specimen [m] 

𝑘 = Constant used to calculate the perimeter of an ellipse [-] 

𝑠𝑠,𝑟𝑜𝑡,𝑟𝑒𝑣  = Sliding distance per revolution [m] 

𝑣𝑠,𝑎𝑝𝑝𝑟𝑜𝑥 = Approximated sliding velocity [m/s] 

𝜔 = Angular velocity [rad/s] 

𝑏1,2 = Deformation depth [m] 

𝑣𝑠,𝑑𝑒𝑓𝑜𝑟𝑚 = Sliding velocity considering deformation depth [m/s] 

𝑣𝑠,𝑟𝑎𝑡𝑖𝑜 = Ratio between approximated sliding velocity and sliding velocity considering   

deformation depth [-] 

𝑤𝑑,𝑏𝑎𝑙𝑙  = Wear depth of the ball [m] 

𝑟𝑤 = Radius of the wear contact area [m] 

𝑤𝑑,𝑏𝑎𝑙𝑙1 = Wear depth of the ball when there is no wear on the plate [m] 

𝑣𝑠,𝑚𝑎𝑥 = Maximum sliding velocity along the wear contact area [m/s] 

𝑣𝑠,𝑚𝑖𝑛  = Minimum sliding velocity along the wear contact area [m/s] 
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1. Introduction 
Friction induced noises, including squeaks, are a concern in the automobile industry and affect the customer’s 

view of the product. Squeaks are perceived as direct indicators of product quality and durability by customers [1] 

[2].  

According to recent reports and surveys, noises such as squeaks and rattles (S&R) are the most important 

concerns among customers. These noises are a result of product development decisions, changing manufacturing 

tolerances, material defects, incompatibility of material mating pairs, assembly flaws, motion and interference, or 

some combination of all these factors. Due to an increasingly competitive global marketplace, it is of high interest 

to detect, rank and identify the root cause and then solve these problems to produce S&R-free vehicles [3]. 

The methodology to solve these problems is often a “find-and-fix” approach which is slow and costly and 

should be replaced by approaching the squeak phenomena during the design stage in the product development 

process [4]. 

To avoid this “find-and-fix” approach, squeak and rattle (S&R) simulations such as the E-LINE™ method are 

used to discover the risk for squeak during the design stage in order to prevent it. These simulations result in a 

parameter called Max Principal Peak to Peak amplitude, obtained in the main direction of the relative motion path, 

which is compared with results from a Ziegler stick-slip test machine (Ziegler SSP-01) [5] [6].  

As the simulations develop it is important to explore test methods which can mimic the actual vehicle 

environment. An effort to accomplish this is to examine alternative test methods and identify those which can 

provide a wider range of parameters. These parameters serve as a tool for improvement and would be a step towards 

developing simulations such as the E-LINE™ method and as an assessment criterion for computer-aided 

engineering (CAE). Besides improving the simulations, it is useful to know if there is a correlation between 

different test methods since there are numerous of different methods of measuring frictional behavior available on 

the market. 

At the CAE Solidity department, at Volvo Car Corporation, there are many activities related to the 

improvement of S&R. A few of these activities are shown in Figure 1.1 and the complete overview is shown in 

Appendix A. This master thesis project aims at addressing the red marked activities in Figure 1.1 which are utilized 

by the E-LINE™ creation in the CAE preprocessor ANSA [7]. 

 

 
Figure 1.1. A process overview from CAE Solidity. 
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 Objective 

To increase the capability of interior assembly simulations of automotive plastic parts, more realistic conditions 

have to be used during tests in order to obtain a broad range of input parameters for the simulation process. This 

is achieved by exploring alternatives to the existing Ziegler SSP-01 at Volvo Car Corporation. The aim of this 

thesis work is to explore the possibility to use the MCR502 rheometer from Anton Paar as a compliment to the 

Ziegler SSP-01. This is accomplished by finding a relation between the coefficient of friction results from the 

Ziegler SSP-01 and the MCR502 through performing tests using similar conditions in both these test apparatuses. 

 Limitations 

The coefficient of friction depends on multiple factors, including sliding velocity, normal load, temperature 

and humidity [8] [9]. Due to the limited time, all these parameters will not be varied in the different test 

apparatuses, therefore the focus during this project will be to vary the sliding velocity and normal load.  
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2. Theory 
Squeak is an audible noise, induced by friction during relative motion and is a result of a stick-slip phenomenon 

between interacting surfaces. During relative motion, the elastic deformation of the contact surfaces stores energy. 

This energy is released when the static friction exceeds the dynamic friction, thus resulting in an audible squeak 

noise. Relative motions do not continually produce noises such as S&R, but these noises are always a result of 

relative motion. Therefore, if there is no relative motion, there is no S&R [4]. 

Due to the nature of the test machine configuration, the coefficient of friction is dependent on, not only the 

factors previously mentioned, but also on the type of sliding motion, e.g. unidirectional or reciprocating motion 

[10]. 

2.1. Friction 
Tribological problems have existed for a long time (approximately 5000-6000 years of recorded history) and 

tribology has recently developed into a research area [11]. The coefficient of friction, 𝜇, is a frequently discussed 

parameter within tribology and is often expressed by using the Coulomb’s friction law [12] according to      

 𝐹 = 𝜇𝑁 (2.1) 

 

where 𝐹 is the friction force and 𝑁 is the normal force. Equation (2.1) is fundamental for work regarding the 

coefficient of friction. Studies pertaining to friction are vital in understanding the stick-slip phenomenon. 

2.2. Stick-slip phenomena 
Sliding friction devices can be represented as an interface where friction is generated, a finite sliding mass 𝑚 

and some elastic properties commonly characterized by a spring with stiffness 𝑘𝑠. A representation as this is seen 

in Figure 2.1. 

 

 
Figure 2.1. Sliding friction device representation. 

As a constant velocity, 𝑣, is applied at the free end of the spring, the finite sliding mass, shown as a block in 

Figure 2.1, will eventually start moving. Initially the spring force is non-existent, but increases as the block is set 

in motion. However, the block will remain stationary until the force generated by the spring reaches a critical static 

friction force and the block is set in motion. During a steady motion the spring force is equal to the dynamic friction 

force, else stick-slip motion occurs. This unsteady motion is a result of a block motion which alternates between 

stick and slip as seen in Figure 2.2 and is likely to be exhibited by machines that are moving slowly [13] [9] [12]. 

In other words, there are distinguishable periods, the stick period where the force increases and the slip period 

where the force decreases rapidly [5].  

𝑚
𝑘𝑠

𝑣
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Figure 2.2. A representation of a stick-slip motion. 

An experimental observation worth mentioning is that this stick-slip motion always cease to exist in cases 

where the spring constant, 𝑘𝑠, is stiff enough or if the sliding velocity, 𝑣𝑠, is high enough [12]. It has also been 

noted that material pairs with a difference in static and dynamic coefficient of friction and friction-velocity curves 

with a negative slope followed by a positive slope produces stick-slip oscillations. A tendency for single stick has 

been observed at loads of 7.5 N to 15 N when the material pair has a positive slope in the friction-velocity curve 

[8]. 
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2.3. Ziegler SSP-01 functionality 
The Ziegler SSP-01 measures the frictional force, the static frictional force and acceleration of the interface 

between two sample materials. Test material samples are attached to the spring and the carrier, which are seen in 

Figure 2.3. 

 

 
Figure 2.3. The Ziegler SSP-01. 

To measure the parameters mentioned, the spring material is moved in contact with carrier material, at an 

adjustable normal force. As the carrier is moving, the spring will deflect as a result of the static friction between 

the materials, which represent a stick phase. A slip phase will occur if the return force of the spring exceeds the 

static frictional force. The acceleration and deflection of the spring is measured in order for the software to produce 

a risk priority number (RPN) in the interval from one to ten. The RPN is produced by using a special evaluation 

algorithm which is based on acceleration and the number of acceleration pulses recorded during the test and the 

data acquired from this process is later converted to the RPN. This RPN is used as a tool to analyze the risk for 

squeak of the material pair and the numbers are categorized as critical, non-critical and an in-between field. These 

groups are presented in the software using red, green and yellow color respectively. This categorization is shown 

in Table 2.1. 

 

Table 2.1. RPN categorization [14]. 

RPN Grade Comment 

1 In order The material match 

is in order. Audible 

annoying noise 

caused by stick-slip 

is not expected. 

2 In order 

3 In order 

4 Okay with some reservation The material match 

is a borderline case. 

Audible annoying 

noise caused by 

stick-slip cannot be 

excluded. 

5 Okay with some reservation 

6 Not in order 
The material match 

is critical. Audible 

annoying noise 

caused by stick-slip 

should be expected. 

7 Not in order 

8 Not in order 

9 Not in order 

10 Not in order 
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However, the most interesting parameters measured are the static and dynamic frictional forces. Hence, the 

static and dynamic coefficients of friction are computed using Equation (2.1) and are directly obtainable from the 

software [14]. The software excludes the data at the turning points. It produces two curves, reset force versus time 

and acceleration versus time, where the blue curve is the reset force and the red curve is the acceleration. A typical 

measurement is shown in Figure 2.4. 

 

 
Figure 2.4. A measurement from the Ziegler SSP-01. 

2.4. MCR502 rheometer functionality 
The MCR502 is measuring the torque, gap and deflection angle between the samples. The sample configuration 

is a ball-on-three-plates setup and is shown in Figure 2.5.  

 

 
Figure 2.5. The ball-on-three-plates configuration. 

The angle of the plates, 𝛼, in this configuration is 45° and these plates are fastened to the T-PTD 200 tribology 

cell, which ensures a precise alignment of the plates [15]. This result in a homogenous distribution of normal loads 

on the plate samples which is of high importance to achieve good measurements. The fixture where the plates are 

mounted is stationary during the measurements and the shaft where the ball is attached is set in rotation or 

oscillation by a motor.   

  

𝛼
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To determine the expressions for the parameters normal load (𝐹𝑁,𝑇𝑟𝑖𝑏𝑜), frictional force (𝐹𝑓), sliding distance 

(𝑠𝑠) and sliding velocity (𝑣𝑠), a free body diagram of the contact configuration shown in Figure 2.5 is necessary. 

The free body diagram is shown in Figure 2.6.  

 

 
Figure 2.6. Free body diagram of the contact between the ball and one of the plates. 

The normal load, 𝐹𝑁,𝑇𝑟𝑖𝑏𝑜, which is the force acting perpendicularly on one of the plates is given by  

 
𝐹𝑁,𝑇𝑟𝑖𝑏𝑜 =

𝐹𝑁,𝑀𝐶𝑅

3 cos(𝛼)
, (2.2) 

where 𝐹𝑁,𝑀𝐶𝑅 is the normal force distributed evenly over the three plates and 𝛼 is the angle of the plates. The 

lever arm, 𝑙, necessary to express the torque is given by 

 
sin(𝛼) =

𝑙

𝑟𝑏𝑎𝑙𝑙

, (2.3) 

where 𝑟𝑏𝑎𝑙𝑙  is the radius of the ball. The torque, 𝑀, acting on one of the plates is expressed as 

 𝑀 = 𝐹𝑓𝑙 (2.4) 

and Equation (2.3) in (2.4) result in  

 𝑀 = 𝐹𝑓 sin(𝛼)𝑟𝑏𝑎𝑙𝑙 . (2.5) 

From Equation (2.5) the frictional force, 𝐹𝑓, is formulated as 

 
𝐹𝑓 =

𝑀

sin(𝛼)𝑟𝑏𝑎𝑙𝑙

. (2.6) 

The frictional force is divided by the applied normal load to obtain the coefficient of friction according to 

Equation (2.1). Equation (2.2) corresponds to equations used by Pondicherry [16] and Equation (2.5) is used by 

Heyer and Läuger [17]. 

  

𝛼

𝐹𝑁,𝑇𝑟𝑖𝑏𝑜 𝐹𝑁

3

𝛼 𝑟𝑏𝑎𝑙𝑙𝐹𝑓

𝑙
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 Oscillatory torque ramp up test 

To measure the static coefficient of friction, a constant normal load, 𝐹𝑁,𝑇𝑟𝑖𝑏𝑜, is applied. This load is held 

constant while there is a ramp up of the applied torque, under an oscillatory movement at a set frequency. During 

this ramp up, the applied torque will exceed the break-away value which is seen as an abrupt change in the 

deflection angle. This break-away value results in a value for the static coefficient of friction by using Equation 

(2.1) and (2.6). The point where the applied torque exceeds the break-away value is typically presented as in Figure 

2.7. 

 

 
Figure 2.7. A typical measurement of the static coefficient of friction, in this at a normal load of 

10 N. 
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 Sliding velocity ramp up test 

To measure the tendency for stick-slip motion in the material pair a constant normal load, 𝐹𝑁,𝑇𝑟𝑖𝑏𝑜, is applied. 

This load is held constant while there is a ramp up of the sliding velocity. During this test, the sliding velocity 

dependency of the coefficient of friction is visualized, if the coefficient of friction versus sliding velocity curve 

initially has a negative slope and is followed by a positive slope, there is a tendency for stick-slip motion [8]. A 

typical measurement is shown in Figure 2.8. 

 
Figure 2.8. A typical measurement of the sliding velocity dependency of the coefficient of 

friction, in this case at a normal load of 10 N. 
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 Torque ramp up test 

To measure the static coefficient of friction, a constant normal load, 𝐹𝑁,𝑇𝑟𝑖𝑏𝑜, is applied. This load is held 

constant while there is a ramp up of the applied torque. During this ramp up, the ball will remain stationary until 

the point where the applied torque exceeds the static frictional force which restricted motion, thus resulting in a 

sliding motion. This torque is used to calculate the static coefficient of friction according to Equation (2.1) and 

(2.6). This transition point is seen as a drastic change of the deflection angle and could be presented as in Figure 

2.9. 

 

 
Figure 2.9. A typical measurement of the static coefficient of friction, in this case at a normal 

load of 10 N. 

 Constant velocity test 

To measure the coefficient of friction a constant normal load, 𝐹𝑁,𝑇𝑟𝑖𝑏𝑜, and a constant sliding velocity, 𝑣𝑠, is 

applied. These parameters are kept constant by altering the applied torque. The applied torque is used to calculate 

the frictional force as in Equation (2.6). Due to the fact that the normal load is constant and the torque is measured, 

the dynamic coefficient of friction can be calculated according to Equation (2.1). This sort of measurement can 

result in both a static and dynamic coefficients of friction. The static coefficient of friction is seen as peaks where 

the coefficient of friction consistently increases until a point where it quickly decrease. The dynamic coefficient 

of friction is seen as the value of the coefficient of friction between these peaks. Therefore, if there are no peaks, 

only the dynamic coefficient of friction can be determined.  
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 Gap measurement 

The gap value which is measured, represents the vertical position of the vertically moving part of the machine. 

The vertically moving part of the machine is shown in Figure 2.10. 

 

 
Figure 2.10. The vertically moving part of the MCR502 [18]. 

As a test progresses, the gap value measured will change from initial contact to the end of the test. The 

measurement takes into account both wear and deformation and has the highest value at initial contact and the 

lowest value in the end of a test where wear and deformation occur.  
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2.5. E-LINE™ 
As mentioned earlier the E-LINE™ method utilize the results from stick-slip tests performed in the Ziegler 

SSP-01. One of the output parameters of these tests is a so-called impulse rate which is the number of pulses 

(single stick-slip) per mm relative displacement [6]. The impulse rate output parameter is shown in Figure 2.4.  

As described in the SAR-LINE™ method, which is the predecessor to the E-LINE™ method, [5] two 

interacting parts in movement are considered, as shown in Figure 2.11, to define the impulse rate. 

 

 
Figure 2.11. Two interacting parts [5]. 

During stick-slip motion of these two interacting parts, a number of 𝑁 stick-slip cycles can occur in a time 

period Δ𝑇. By using the parameters Δ𝑇 and the 𝑔𝑙𝑜𝑏𝑎𝑙 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, the global relative displacement 

(Δ 𝑟𝑒𝑙 𝑑𝑖𝑠𝑝) can be defined. The 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 is plotted over the Δ 𝑟𝑒𝑙 𝑑𝑖𝑠𝑝, where the 

𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 is zero during the stick phase. However, the 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 is a non-zero 

pulse during the slip phase. These pulses, which are presented as a rapid velocity increase and decrease, are causing 

the squeak. To define the impulse rate, the delta relative displacement (Δ 𝑟𝑒𝑙 𝑑𝑖𝑠𝑝 𝑝𝑒𝑟 𝑝𝑢𝑙𝑠𝑒), which is necessary 

to generate at least one pulse, is used. The impulse rate is defined according to 

 
𝐼𝑚𝑝𝑢𝑙𝑠𝑒 𝑟𝑎𝑡𝑒 =

1

Δ 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑝𝑒𝑟 𝑝𝑢𝑙𝑠𝑒
 . (2.7) 

 

The 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 over the Δ 𝑟𝑒𝑙 𝑑𝑖𝑠𝑝 plot and the definition of the impulse rate is shown in 

Figure 2.12. 

 

 
Figure 2.12. Stick-slip motion and impulse rate definition [5]. 



13 

 

As seen in Figure 2.12, the number of stick-slip cycles is five over the relative displacement, thus the impulse 

rate is 5/mm. This is exemplified by using Equation (2.7) according to 

 
𝐼𝑚𝑝𝑢𝑙𝑠𝑒 𝑟𝑎𝑡𝑒 =

1

0.2
= 5 𝑚𝑚−1. (2.8) 

 

The inverse of the 𝑖𝑚𝑝𝑢𝑙𝑠𝑒 𝑟𝑎𝑡𝑒 is compared to the simulated 𝑀𝑎𝑥 𝑃𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙 𝑃𝑒𝑎𝑘 𝑡𝑜 𝑃𝑒𝑎𝑘 amplitude [5]. 

If the value of this inverse is below the 𝑀𝑎𝑥 𝑃𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙 𝑃𝑒𝑎𝑘 𝑡𝑜 𝑃𝑒𝑎𝑘, there is no risk for squeak, whereas if the 

value is above the 𝑀𝑎𝑥 𝑃𝑟𝑖𝑛𝑐𝑖𝑝𝑎𝑙 𝑃𝑒𝑎𝑘 𝑡𝑜 𝑃𝑒𝑎𝑘 there can be a risk for squeak [6].  

2.6. Hertzian contact pressure and area 
A Hertzian contact is a concentrated contact which conform the Hertzian formulae. This formula is used for 

calculating dimensions of the concentrated contacts and the contact pressures. It was derived considering three 

bases which are: 

 Elastic deformation. 

 That the stress distribution below the surface is not affected by the finite dimensions of the contacting 

bodies. 

 The surfaces are assumed to be frictionless so that only a normal pressure is transmitted. 

The contact between a ball and a plate is considered a Hertzian contact with an initial point contact. If the load 

is increased, an initial point contact will grow to a circular or elliptic contact area [9]. An initial point contact 

between a ball and a plate is seen in Figure 2.13. 

 

 
Figure 2.13. Initial point contact resulting in a circular contact area. 

The radius of the circular contact area, 𝑟, shown in is Figure 2.13, is an equation proposed by Hertz [19] [20] 

given by 

 

𝑟 = (3𝐹
𝑅′

𝐸′
)

1
3

 (2.9) 

 

where 𝐹 is the load, 𝐸′ is the effective modulus of elasticity and 𝑅′ is the effective radius. The definition of 𝐸′ 
is given by 

 1

𝐸′
=

1 − 𝜈1
2

2𝐸1

+
1 − 𝜈2

2

2𝐸2

 (2.10) 

where 𝐸1 and 𝐸2 is the modulus of elasticity and 𝜈1 and 𝜈2 is the Poisson’s ratio for the interacting surfaces. 𝑅′ 
is defined according to 

 1

𝑅′
=

1

𝑅𝑥
′

+
1

𝑅𝑦
′
 (2.11) 

where 𝑅𝑥
′  and 𝑅𝑦

′  is given by 

 1

𝑅𝑥
′

=
1

𝑟1,𝑥

+
1

𝑟2,𝑥

 (2.12) 

and 

 1

𝑅𝑦
′

=
1

𝑟1,𝑦

+
1

𝑟2,𝑦

. (2.13) 

The parameters 𝑟1,𝑥 and 𝑟1,𝑦 represents the ball radius in 𝑥 and 𝑦 direction, which results in  

 𝑟1,𝑥 = 𝑟1,𝑦 = 𝑟𝑏𝑎𝑙𝑙  (2.14) 

𝑟𝑏𝑎𝑙𝑙 𝑟
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where 𝑟𝑏𝑎𝑙𝑙  is the radius of the ball as seen in Figure 2.13. The radii of the plate are substituted according to 

 𝑟2,𝑥 = 𝑟2,𝑦 = ∞. (2.15) 

Equation (2.10) to (2.15) in (2.9) results in a circular contact area, 𝐴, written as 

 

𝐴 = 𝜋𝑟2 = 𝜋 (3𝐹
𝑅′

𝐸′
)

2
3

. (2.16) 

Equation (2.16) results in an average contact pressure, 𝑝𝑚, which is formulated as 

 

𝑝𝑚 =
𝐹

𝐴
=

1

𝜋
(

1

3
)

2
3

𝐹
1
3 (

𝐸′

𝑅′
)

2
3

. (2.17) 

The maximum contact pressure, 𝑝𝑚𝑎𝑥 , is given by 

 𝑝𝑚𝑎𝑥 = 1.5𝑝𝑚. (2.18) 

2.7. Sliding distance 
The Ziegler SSP-01 has an easily obtainable sliding distance due to the simplicity of the reciprocating motion 

where the entire motion takes place with the same contact point on the ball. However, in the MCR502, a point on 

the ball is in contact at the three plates, therefore the point on the ball is not in contact for a large portion of a 

revolution while rotating. To calculate the sliding distance for a point on the ball the contact distance at each plate 

has to be determined. If wear is not considered, half of the minimum sliding distance for one plate is equal to the 

radius of the circular contact area expressed in Equation (2.9) and visualized in Figure 2.13. Thus the minimum 

sliding distance for one plate is equal to the diameter of the circular contact area, resulting in 

 𝑑 = 2𝑟. (2.19) 

By using Equation (2.19) the total minimum sliding distance over the three plates is given by 

 𝑠𝑠,𝑚𝑖𝑛 = 3𝑑. (2.20) 

The number of revolutions necessary to achieve equal sliding distance in the MCR502 as the Ziegler SSP-01 

is expressed as  

 𝑛𝑛𝑒𝑐 =
𝑠𝑠,𝑧𝑖𝑒𝑔𝑙𝑒𝑟

𝑠𝑠,𝑚𝑖𝑛

, (2.21) 

where 𝑠𝑠,𝑧𝑖𝑒𝑔𝑙𝑒𝑟  is the sliding distance in the Ziegler SSP-01. 

 Rotational test sliding distance (wear on both plate and ball, elliptical shape) 

Under rotational test configurations where there is wear on both the ball and the plate an elliptical shape of the 

wear scar is assumed. The sliding distance in a rotational test with the recently mentioned wear conditions is shown 

in Figure 2.14. 

 

 
Figure 2.14. Visualization of the wear scar on the plate. 

Due to the fact that a point on a ball will pass three wear scars (three plates), thus passing three halves of 

perimeters of an ellipse. The perimeter of an ellipse [21], 𝑂𝑟𝑜𝑡 , is given by  

 
𝑂𝑟𝑜𝑡 = 𝜋 (

𝑤𝑤,𝑝𝑙𝑎𝑡𝑒,𝑋

2
+ 𝑤𝑑,𝑝𝑙𝑎𝑡𝑒) (1 +

3𝑘

10 + √4 − 3𝑘
), (2.22) 

where 𝑤𝑤,𝑝𝑙𝑎𝑡𝑒,𝑋 is the wear width in X-direction and 𝑘 is formulated as 

 

𝑘 =
(

𝑤𝑤,𝑝𝑙𝑎𝑡𝑒,𝑋

2
− 𝑤𝑑,𝑝𝑙𝑎𝑡𝑒)

2

(
𝑤𝑤,𝑝𝑙𝑎𝑡𝑒,𝑋

2
+ 𝑤𝑑,𝑝𝑙𝑎𝑡𝑒)

2. (2.23) 

The sliding distance per revolution, 𝑠𝑠,𝑟𝑜𝑡,𝑟𝑒𝑣 , can be expressed as three perimeter halves of the ellipse, 

according to 

𝑤𝑑,𝑝𝑙𝑎𝑡𝑒

𝑤𝑤,𝑝𝑙𝑎𝑡𝑒,𝑋

2

𝑠𝑠,𝑟𝑜𝑡
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𝑠𝑠,𝑟𝑜𝑡,𝑟𝑒𝑣 =

3𝑂𝑟𝑜𝑡

2
, (2.24) 

which is the sliding distance per revolution corresponding to a rotational test assuming an elliptical shape of 

the wear scar.  

2.8. Sliding velocity 
The approximated sliding velocity, 𝑣𝑠,𝑎𝑝𝑝𝑟𝑜𝑥, for a point on the ball in the MCR502 is given by 

 𝑣𝑠,𝑎𝑝𝑝𝑟𝑜𝑥 = sin(𝛼)𝑟𝑏𝑎𝑙𝑙𝜔 (2.25) 

where 𝜔 is the angular velocity of the MCR502 [17]. Equation (2.25) is an approximation of the sliding velocity 

and does not consider wear or the deformation depth (distance), 𝑏, shown in Figure 2.15.  

 

 
Figure 2.15. The relation between the deformation depth, the radius of the circular contact area 

and the radius of the ball. 

However, if the initial deformation depth is considered, another expression is corresponding to the sliding 

velocity, where the initial deformation depth has to be determined. By applying the Theorem of Pythagoras to the 

geometry shown in Figure 2.15, the following expression is given 

 (𝑟𝑏𝑎𝑙𝑙 − 𝑏)2 + 𝑟2 = 𝑟𝑏𝑎𝑙𝑙
2 . (2.26) 

The deformation depth is then given by  

 𝑏1,2 = 𝑟𝑏𝑎𝑙𝑙 ± √𝑟𝑏𝑎𝑙𝑙
2 − 𝑟2. (2.27) 

The sliding velocity including deformation depth, 𝑣𝑠,𝑑𝑒𝑓𝑜𝑟𝑚, is formulated as 

 𝑣𝑠,𝑑𝑒𝑓𝑜𝑟𝑚 = sin(𝛼)(𝑟𝑏𝑎𝑙𝑙 − 𝑏1,2)𝜔 (2.28) 

and the ratio between the sliding velocity considering deformation depth and the approximated sliding velocity 

is given by 

 𝑣𝑠,𝑟𝑎𝑡𝑖𝑜 =
𝑣𝑠

𝑣𝑠,𝑑𝑒𝑓𝑜𝑟𝑚

∙ 100 − 100, (2.29) 

which results in the ratio of the different sliding velocities in percent. However, if wear is considered, the 

sliding velocity, 𝑣𝑠, is given by 

 𝑣𝑠 = sin(𝛼)(𝑟𝑏𝑎𝑙𝑙 − 𝑏1,2 − 𝑤𝑑,𝑏𝑎𝑙𝑙) 𝜔, (2.30) 

where 𝑤𝑑,𝑏𝑎𝑙𝑙  is the wear depth of the ball after a certain amount of time.  

  

𝑟𝑏𝑎𝑙𝑙

𝑟𝑏𝑎𝑙𝑙 − 𝑏

𝑏

𝑟
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 Velocity profile (no wear on plate) 

Assuming that there is wear on the ball and no wear on the plate, a velocity profile of the contact can be 

expressed using the geometries shown in Figure 2.16.  

 

 
Figure 2.16. Contact between a ball and plate assuming that there is no wear on the plate. 

The radius of the wear contact area, 𝑟𝑤, is given by 

 
𝑟𝑤 = √𝑟𝑏𝑎𝑙𝑙

2 − (𝑟𝑏𝑎𝑙𝑙 − 𝑤𝑑,𝑏𝑎𝑙𝑙1)
2

, (2.31) 

where the wear depth of the ball, 𝑤𝑑,𝑏𝑎𝑙𝑙1, has to be measured and the methodology for this expression is the 

same as in Equation (2.26). The maximum sliding velocity along the wear contact area, 𝑣𝑠,𝑚𝑎𝑥, is given by 

 𝑣𝑠,𝑚𝑎𝑥 = (sin(𝛼)(𝑟𝑏𝑎𝑙𝑙 − 𝑤𝑑,𝑏𝑎𝑙𝑙1) + cos(𝛼)𝑟𝑤)𝜔, (2.32) 

and the minimum sliding velocity, 𝑣𝑠,𝑚𝑖𝑛, is given by 

 𝑣𝑠,𝑚𝑖𝑛 = (sin(𝛼)(𝑟𝑏𝑎𝑙𝑙 − 𝑤𝑑,𝑏𝑎𝑙𝑙1) − cos(𝛼)𝑟𝑤)𝜔, (2.33) 

where 𝜔 is the angular velocity of the MCR502.   

  

𝑤𝑑,𝑏𝑎𝑙𝑙1

𝛼

𝛼

𝑟𝑏𝑎𝑙𝑙

cos 𝛼 𝑟𝑤

cos 𝛼 𝑟𝑤
𝑟𝑤

𝑟𝑤
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3. Method 
This chapter contains the necessary information regarding how the tests were performed in both the Ziegler 

SSP-01 and the MCR502. The MCR502 tests were performed at Luleå University of Technology and the Ziegler 

SSP-01 tests were performed at Volvo Car Corporation in Gothenburg.  

3.1. Test specimens 
This part describes the test specimen used in the Ziegler SSP-01 and the MCR502. 

 Material data 

The ball specimens were made of Acrylonitrile butadiene styrene (ABS) and the plate specimens were made 

of Polycarbonate acrylonitrile butadiene styrene (PC/ABS). The material specifications for the materials are shown 

in Appendix B.  

 Ziegler SSP-01 specimens 

The test specimens used in the Ziegler SSP-01 is a hemisphere and a plate. The hemisphere has a radius of 6.35 

mm and the plate has a width of 10 mm, length of 40 mm and a thickness of 3 mm. A summary of the specimen 

dimensions is presented in Table 3.1. 

 

Table 3.1. The dimensions of the test specimen in the Ziegler SSP-01. 

Specimen  Dimension 

Ball R6.35 mm 

Plate 10x40x3 mm 

 

It is possible to perform one measurement on each hemisphere and one measurement on each plate, which are 

the amount of line wear scars that fit along the width of the plate. 

 MCR502 specimens 

The test specimens used in the MCR502 is a ball and three plates. The ball has a diameter of 12.7 mm and the 

plate has a width of 6 mm, length of 15 mm and a thickness of 3 mm. A summary of the specimen dimensions is 

presented in Table 3.2.  

 

Table 3.2. The dimensions of the test specimen in the MCR502. 

Specimen  Dimension 

Ball Ø12.7 mm 

Plate 6x15x3 mm 

 

It is possible to perform two measurements on each ball, the first measurement is performed on one side and 

then the ball is demounted, rotated 180° and remounted. Each plate holds four measurement points, two on each 

side.   
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3.2. Marking the plates in the MCR502 
By marking the plates and balls in a specific manner it is easy to keep the different measurement points separate. 

The plate sample holder has three positions. These positions are shown in Figure 3.1. 

 

 
Figure 3.1. Visualization of the sample holder plate positions. 

To separate the measurement positions on the plate, each plate was marked according to the system shown in 

Figure 3.2. 

 

 
Figure 3.2. Visualization of the marking system for the plates. 

The third and fourth measurement position on the plate is not visualized in Figure 3.2 because these points are 

on the other side of the plate. The third position is behind the first position, and the fourth position is behind the 

second position. 

3.3. Cleaning the specimen 
To achieve as good results as possible, all the specimens were cleaned before the measurements. Therefore, 

the cleaning procedures before tests in each of the machines are described. 

In the Ziegler SSP-01 the set of test specimens were cleaned by rubbing the specimens with isopropyl alcohol. 

After the cleaning procedure the set of test specimens were dried in air. 

In the MCR502 the set of test specimens were cleaned in ethyl alcohol (CH3CH2OH) using an ultrasonic 

cleaner. The cleaning procedure ran for three minutes in room temperature and after this procedure the set of test 

specimens were dried in air.  

3.4. Test procedure in the Ziegler SSP-01  
To measure the static and dynamic coefficients of friction, several constant sliding velocity tests were 

conducted using different normal loads. These tests were ran using different normal loads and sliding velocities. 

The different configurations of normal loads sliding velocities are presented in Table 3.3. 

 

Table 3.3. Test parameters for the Ziegler SSP-01. 

Normal load [N] Sliding velocity [mm/s] Sliding distance [mm] Repetitions 

5 4 400 4 

10 1 400 4 

10 4 400 4 

10 7 400 3 

 

The displacement for all the tests was 20 mm, which leaves a 10 mm margin on each side of the test plate. To 

achieve a sliding distance of 400 mm, 10 cycles were performed. To achieve the set normal load, the ball was 

brought into contact with the plate, and then loaded. The loading procedure was given 3 seconds to complete before 

the sliding motion began.  

1

23

Position on plate 1

Position on plate 2

Plate position in sample holder 1
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3.5. Test procedure in the MCR502 approach 1 
This part of the method contains the test procedure using the MCR502 where three sorts of measurements were 

conducted; a “control wear” process, a torque ramp up test and a constant velocity test. This is the first of two test 

approaches. 

 Finding stable contact conditions 

To achieve stable contact conditions, the duration of a so-called “control wear” process has to be determined. 

This duration is used for all future tests to achieve stable contact conditions, resulting in conditions which are 

similar for all tests. The “control wear” process is ran using a normal load of 20 N and a sliding velocity of 10 

mm/s which enables the actual tests to be ran using a normal load and a sliding velocity which are lower than for 

the “control wear” process. To determine if the “control wear” process results in stable conditions, tests are 

conducted using a normal load of 20 N and a sliding velocity of 10 mm/s for different durations. After each test 

the data is analyzed and the start and end value of the gap measurement is compared. The delta gap, Δ𝐺𝑎𝑝, is the 

difference between the first and the last value of the gap, where the first value is measured in the beginning of the 

“control wear” process and the last value in the end of the “control wear” process. This Δ𝐺𝑎𝑝 value is compared 

between the tests and when this value is equal, the assumption that the contact has reached stable conditions is 

made. A summary of the test durations used to find stable contact conditions is presented in Table 3.4. 

 

Table 3.4. The different test durations used in the ”control wear” process. 

Duration [min] Repetitions 

5 1 

10 1 

15 1 

30 1 

60 2 

120 2 

 

The Δ𝐺𝑎𝑝 value was also used as an approximate wear depth of the plates. Hence, the test durations after the 

“control wear” process were determined using this value. 

 Wyko measurements 

After the “control wear” process the wear scars of some of the plates were analyzed using a Wyko 1100NT 3D 

optical profiler to determine the dimensions of the wear scars. The wear scars were analyzed using a magnification 

of 2.5X and the VSI (Vertical Scanning Interferometry) mode which utilizes scanning white light interferometry. 

The wear scars which were analyzed is shown in Table 3.5.  

 

Table 3.5. The plates analyzed in the Wyko. 

Case  Plate Plate position in 

specimen holder 

Position on plate “Control wear” process 

duration [min] 

#1 2 1 1 60 

#2 2 1 3 60 

#3 2 2 1 60 

#4 2 2 3 60 

#5 2 1 2 120 

#6 2 1 4 120 

#7 2 2 2 120 

#8 2 2 4 120 

 

 Data acquisition parameters test 

To determine the optimal data acquisition parameters (sampling frequency) one test was conducted. The test 

setup was: 

 Run “control wear” process for 60 min at 20 N and 10 mm/s. 

 Without leaving contact, load the specimen with 10 N instead of 20 N. 

 Run rotational test using 10 N and 4 mm/s. 

 During the rotational test several sampling frequencies was used, using a new interval for each 

frequency, e.g. 1 Hz for 60 seconds, then 2 Hz for 60 seconds etc. 
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The different sampling frequencies used is shown in Table 3.6. 

 

Table 3.6. Sampling frequencies used for the rotational test. 

Sampling frequency [Hz] Interval time [s] 

1 60 

2 60 

3.33 60 

5 60 

6.66 60 

10 60 

25 60 

50 60 

80 60 

100  60 

 

 Torque ramp up test before the “control wear” process 

Due to the fact that the actual measurements are performed after the “control wear” process, it is possible to 

run a test before this process to gain additional data during initial contact conditions. Thus, a static coefficient of 

friction measurement was conducted prior to the “control wear” process. These tests were ran using a normal load 

(𝐹𝑁,𝑇𝑟𝑖𝑏𝑜) of 10 N and a torque ramp up from 0.01 mNm to 100 mNm. The tests were automatically stopped when 

the deflection angle exceeded 20°. A summary of the tests during initial contact conditions are presented in Table 

3.7. 

 

Table 3.7. Normal loads used during the torque ramp up test before the “control wear” process. 

Normal load [N] Repetitions 

10 4 

 

 The “control wear” process 

The “control wear” process is performed between the initial contact conditions measurement of the static 

coefficient of friction and the actual tests measuring either the static or dynamic coefficient of friction. The purpose 

of this process is to achieve stable contact conditions, thus a torque ramp up test before this stage is possible. The 

“control wear” process is always conducted using a normal load (𝐹𝑁,𝑇𝑟𝑖𝑏𝑜) of 20 N and a sliding velocity of 10 

mm/s. 

 Torque ramp up test after the “control wear” process 

To measure the static coefficient of friction during stable contact conditions, torque ramp up tests after the 

“control wear” process was conducted. These tests were ran using a normal load (𝐹𝑁,𝑇𝑟𝑖𝑏𝑜) of 10 N, the same load 

as the torque ramp tests before the “control wear” process seen in Table 3.7. The torque ramp up was between 0.01 

mNm and 100 mNm and the tests were automatically stopped when the deflection angle exceeded 20°, this is 

identical to the test procedure for the torque ramp up tests before the “control wear” process. However, the torque 

ramp up tests after the “control wear” process were conducted two times instead of four.   

 Constant velocity test after the “control wear” process 

To measure the coefficient of friction several constant velocity tests after the “control wear” process were 

conducted. A summary of the tests conducted is presented in Table 3.8. 

  

Table 3.8. Test parameters for the constant velocity tests. 

Normal load (𝑭𝑵,𝑻𝒓𝒊𝒃𝒐) [N] Sliding velocity (𝒗𝒔) [mm/s] Repetitions 

10 4 4 

 

All the tests were conducted using a total sliding distance of 100 mm which was calculated using an averaged 

Δ𝐺𝑎𝑝 value. 

3.6. Test procedure in the MCR502 approach 2 
Due to a number of factors, a second method approach was used to proceed in the project. This approach is 

explained in this part of the method and the reasons for the usage of this method is described later. Three sorts of 

measurements were conducted; an oscillatory torque ramp up test, a sliding velocity ramp up test and a constant 

velocity test. 
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 Oscillatory torque ramp up test 

To measure the static coefficient of friction, several oscillatory torque ramp up tests were conducted. These 

tests were ran using different normal loads (𝐹𝑁,𝑇𝑟𝑖𝑏𝑜) and a torque ramp up from 0.1 mNm to 50 mNm, during an 

oscillatory motion at 1 Hz. The tests were automatically stopped when the deflection angle exceeded 20° and a 

summary of the tests is presented in Table 3.9. 

 

Table 3.9. Normal loads used during the oscillatory torque ramp up tests. 

Normal load (𝑭𝑵,𝑻𝒓𝒊𝒃𝒐) [N] Repetitions 

5 4 

10 4 

 

 Sliding velocity ramp up test 

To measure the tendency for stick-slip motion in the material pair, several sliding velocity ramp up tests were 

conducted. These tests were ran using different normal loads (𝐹𝑁,𝑇𝑟𝑖𝑏𝑜) and a sliding velocity ramp up from 4.7E-

7 mm/s to 470 mm/s. A summary of the tests is presented in Table 3.10. 

 

Table 3.10. Normal loads used during the sliding velocity ramp up tests. 

Normal load (𝑭𝑵,𝑻𝒓𝒊𝒃𝒐) [N] Repetitions 

5 4 

10 4 

 

 Constant velocity test 

To measure the coefficient of friction and to be able to analyze if there is a correlation between this type of test 

and the tests mentioned above, four constant velocity tests were conducted at a normal load of 10 N and a sliding 

velocity of 4 mm/s. These tests were conducted with a sliding distance of 450 mm which corresponds to the sliding 

distance of 400 mm used in the Ziegler SSP-01 for the same sliding velocity. The reason why the sliding distance 

is 50 mm longer in the MCR502 tests is due to the fact that a sliding distance of 450 mm will ensure data from at 

least 400 mm and will cover possible errors in the achieved sliding distance in the Ziegler SSP-01.  
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4. Results and discussion 
This chapter contain the results from the tests performed in both the Ziegler SSP-01 and the MCR502. These 

are analyzed to make a comparison between the results from the two machines with the aim to find a correlation 

between the results.  

4.1. Contact pressure 
The maximum and average contact pressure achieved in either the Ziegler SSP-01 or MCR502 tests are 

presented in Figure 4.1. 

 

 

Figure 4.1. The maximum and average contact pressure for different normal loads. 

The normal loads 5 N, 10 N and 20 N were used during the measurements and these result in the maximum 

contact pressures 32 MPa, 40 MPa and 50 MPa respectively. The contact pressures were assumed to be similar in 

the different test machines, due to the limited wear and deformation of the test specimens. 
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4.2. Sliding distance (no wear) 
Due to the fact that the radius of the circular contact area is dependent on the applied normal load, according 

to Equation (2.9), the radius will increase with increasing normal load and thus resulting in an increased diameter 

of the circular contact area according to Equation (2.19). This is shown in Figure 4.2. 

 

 
Figure 4.2. Radius of the circular contact area varying with normal load (𝒅) and necessary 

number of revolutions to achieve the same sliding distance in the MCR502 as in the Ziegler 

SSP-01 varying with normal load (𝒏𝒏𝒆𝒄). 

As the diameter of the circular contact area increases, the available sliding distance at each plate increases. 

Thus the necessary number of revolutions, 𝑛𝑛𝑒𝑐, to achieve equal sliding distance in the MCR502 as in the Ziegler 

SSP-01 decreases. This is shown in Figure 4.2, where the calculations are performed using a sliding distance of 

450 mm in the Ziegler SSP-01.  

4.3. Results from the Ziegler SSP-01  
In this part, the results from the tests performed in the Ziegler SSP-01 are presented and discussed. The results 

presented are based on either a filtered signal of the raw data, or the raw data itself.  

 Ziegler results using the Ziegler filtered signal of the raw data 

The results which are automatically obtainable from the Ziegler SSP-01 software use a filtered signal of the 

raw data to calculate the presented quantities. The average dynamic coefficient of friction, RPN value and sliding 

distance from the tests in Table 3.3 are presented in Table 4.1. 

 

Table 4.1. Averaged results from the Ziegler SSP-01 filtered signal. 

Test Dynamic coefficient of friction [-] RPN Sliding distance [mm] 

5 N & 4 mm/s 0.22 2 454 

10 N & 1 mm/s 0.19 2 410 

10 N & 4 mm/s 0.25 3 453 

10 N & 7 mm/s 0.16 2 519 

 

The RPN values indicate that the material pair is in order and that no audible annoying noise caused by stick-

slip is expected. Thus, according to the RPN value calculated by the Ziegler SSP-01 software, stick-slip oscillation 

should not be expected. 

 Ziegler results from the raw data 

The data gathered from the measurements performed in the Ziegler SSP-01 were the acceleration and the so-

called reset force. The reset force is treated as the frictional force and is used in the coefficient of friction 

calculations according to Equation (2.1). The acceleration peaks are indicators of the transition between stick and 

slip. One of the measurements performed is presented in Figure 4.3. 
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Figure 4.3. Output data from a typical measurement, in this case at a normal load of 10 N and a 

sliding velocity of 4 mm/s. 

The static and dynamic coefficients of friction calculated from the raw data are presented in Table 4.2. 

 

Table 4.2. Averaged results from the raw data. 

Test  Static coefficient of friction [-] Dynamic coefficient of friction [-] 

5 N & 4 mm/s  0.38 0.19 

10 N & 1 mm/s  0.39 0.25 

10 N & 4 mm/s  0.42 0.21 

10 N & 7 mm/s  0.41 0.16 

 

The data from the forces measured were aligned along 0 N, which was achieved through adjusting the curves 

with the average value of the force. The static coefficient of friction was obtained from the first turning point and 

the dynamic coefficient of friction was obtained from the average of the entire run, where the reset force peaks are 

assumed to cancel each other. By obtaining the static coefficient of friction at the first turning point it will most 

likely correspond to the test results from the MCR502 tests, due to the fact that both represent the break-away from 

stationary to sliding motion. A more detailed view of the transition from stick to slip is presented in Figure 4.4. 

 

 
Figure 4.4. Detailed view of the transition from stick to slip. 

Stick
Slip
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As seen in Figure 4.4, the spring generate an acceleration at the point where the transition from stick to slip 

occur. This transition is seen as the quickly decreasing reset force at roughly 4.54 seconds. The static coefficient 

of friction is the highest value of the reset force, which is at roughly 4.54 seconds. The dynamic coefficient of 

friction is where the reset force is stable, which is at roughly 4.58 seconds. This kind of behavior has only been 

noticed specifically in the turning points and not during the constant sliding motion between turning points. 

 Ziegler results from self-filtered raw data  

The data gathered from the measurements performed in the Ziegler SSP-01 were the acceleration, the motor 

status and the so-called reset force. The reset force is treated as the frictional force and is used in the coefficient of 

friction calculations according to Equation (2.1). The motor status gives either a “-1”, ”0” or “1”. A “-1” is equal 

to movement to the right, a “1” is movement to the left. A “0” indicate the turning points. These turning points 

were identified and data points were removed before and after the points. The filtering procedure is given in   
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Appendix C. The results from the non-filtered reset force for one of the measurements is presented in Figure 

4.5. 

 

 
Figure 4.5. Output data from a typical measurement, in this case at a normal load of 10 N and a 

sliding velocity of 4 mm/s. 
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The results from the filtered reset force for one of the measurements are presented in Figure 4.6. 

 

 
Figure 4.6. Output data from filtered raw data, in this case at a normal load of 10 N and a sliding 

velocity of 4 mm/s. 

The peaks of the reset force visible in Figure 4.5 are removed and set to zero in Figure 4.6. In this case, 0.5 

seconds worth of data is set to zero, both before and after each peak from Figure 4.5. The first 0.3 seconds has also 

been set as zero due to the initial peak caused by the start of motion. The different time intervals set as zero depend 

on which group of tests are analyzed and these time intervals are shown in Table 4.3. 

 

Table 4.3. Time intervals where data is set to zero in the filtered data analysis. 

Test Initial data set to zero [s] Data around peaks set to zero [s] 

5 N & 4 mm/s  0.3 ±0.5 

10 N & 1 mm/s  0.3 ±2 

10 N & 4 mm/s  0.3 ±0.5 

10 N & 7 mm/s  0.3 ±0.3 

 

The dynamic coefficients of friction calculated from the filtered raw data are presented in Table 4.4. 

 

Table 4.4. Averaged results from the filtered raw data. 

Test Dynamic coefficient of friction [-] 

5 N & 4 mm/s  0.18 

10 N & 1 mm/s  0.15 

10 N & 4 mm/s  0.21 

10 N & 7 mm/s  0.14 

 

If the results from Table 4.4 are compared to the results produced by the Ziegler SSP-01 software shown in 

Table 4.1 there is a difference of about 10 to 20 %. It is important to note that there is a difference, but due to the 

fact that the filtered Ziegler SSP-01 data is unknown it is hard to determine how the filter procedures differ. 
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A visualization of how the dynamic coefficients of friction, presented in Table 4.4, are determined is shown in 

Figure 4.7.  

 

 
Figure 4.7. A visualization of how the dynamic coefficients of friction are determined from the 

filtered raw data. 

As seen in Figure 4.7 the dynamic coefficient of friction is determined in the interval between acceleration 

pulses, which represent the turning points that has been set to zero in the filtered data. This should be a good 

representation of the dynamic coefficient of friction, due to the fact that the turning points are excluded and the 

value for the dynamic coefficient of friction is determined from a constant sliding motion. In the interval where 

the dynamic coefficient of friction has been obtained, it is observed that the value of the coefficient of friction has 

a negative slope. 

4.4. Results from the MCR502 approach 1 
In this part, the results from the tests performed in the MCR502, using the first test approach, are presented 

and discussed.  

 Stable contact conditions analysis 

The results from the tests performed to find stable contact conditions are shown in Table 4.5.  

 
Table 4.5. Results from the process to find stable contact conditions. 

Duration [min] 𝚫𝑮𝒂𝒑 [mm] 

5 0.022 

10 0.030 

15 0.035 

30 0.030 

60 (first) 0.061 

60 (second) 0.051 

120 (first) 0.061 

120 (second) 0.048 

 

The results presented indicate that the Δ𝐺𝑎𝑝 for the first 60 minutes and 120 minutes test (same ball, different 

locations on the ball) is equal. However, for the second 60 minutes and 120 minutes test (same ball, different 

locations on the ball) there is a slight change of the Δ𝐺𝑎𝑝 value, but it was considered insignificant. Based on this, 

it is assumed that the test duration for the “control wear” process which is necessary to achieve stable contact 

conditions is 60 minutes. 

  

𝜇𝑑
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The average of the Δ𝐺𝑎𝑝 values obtained from measurements serve as an approximate wear scar depth of the 

plate. Data was gathered for the “control wear” process with the duration of 60 minutes in four different 

measurements. The results from these are presented in Table 4.6. 

 

Table 4.6. The 𝚫𝑮𝒂𝒑 data gathered from ”control wear” processes with the duration of 60 
minutes. 

Duration [min] 𝚫𝑮𝒂𝒑 [mm] 

60 0.061 

60 0.051 

60 0.040 

60 0.052 

 

The average of the Δ𝐺𝑎𝑝 values presented in Table 4.6 were calculated and resulted in 51 µm. 

 Data acquisition parameter analysis 

The data obtained from the data acquisition test is presented in plots visualizing the coefficient of friction 

versus the interval time. All the tests used the same interval time which was 60 seconds.  In Figure 4.8 the sampling 

frequency of 100 Hz is shown. 

 

 
Figure 4.8. Coefficient of friction versus interval time at a sampling frequency of 100 Hz. 

  



31 

 

In Figure 4.9 the sampling frequency of 10 Hz is shown. 

 

 
Figure 4.9. Coefficient of friction versus interval time at a sampling frequency of 10 Hz. 

In Figure 4.10 the sampling frequency of 2 Hz is shown. 

 

 
Figure 4.10. Coefficient of friction versus interval time at a sampling frequency of 2 Hz. 
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In Figure 4.11 the sampling frequency of 1 Hz is shown. 

 

 
Figure 4.11. Coefficient of friction versus interval time at a sampling frequency of 1 Hz. 

By analyzing the data from Figure 4.8 to Figure 4.11, the selected optimal sampling frequency is 1 Hz. This is 

due to the fact that the data is stable and there are not a lot of disturbances. However, due to the low sampling 

frequency the highest peaks and the lowest valleys might be missed. It is also observed that the coefficient of 

friction behavior changes with different sampling frequencies and this has to be investigated further. Also, more 

understanding regarding the sampling frequency and what actually happens in the contact is needed to determine 

whether the ball actually sticks or if these results show a variation in the dynamic coefficient of friction. 
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 Analysis of Wyko measurements 

The Wyko measurements resulted in several visualizations of the wear scars for different plates and an example 

of one measurement (Case #6 from Table 3.5) is shown in Figure 4.12. 

 

 

Figure 4.12. Example of a wear scar visualization.  

The wear scar example shown in Figure 4.12 is analyzed further using the software Vision32 which pertains to 

the Wyko. The dimensions of the wear scar are visualized as in Figure 4.13. 

 

 

Figure 4.13. Wear scar dimension analysis of the example wear scar. 
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An analysis as the one shown in Figure 4.12 and Figure 4.13 was performed for the plates shown in Table 3.5. 

The resulting wear scar widths in the X- and Y-directions were averaged to achieve an approximated wear scar 

dimension which corresponds to all plate positions in the holder. The Wyko analyses of the plates and the 

approximated dimensions are shown in Table 4.7.  

Table 4.7. Wear scar dimensions for all the plate measurements. 

Case Width in X [mm] Width in Y [mm] 

#1 1.025 1.256 

#2 0.975 1.173 

#3 0.921 1.311 

#4 1.082 1.063 

#5 0.978 1.441 

#6 1.099 1.425 

#7 0.961 1.469 

#8 1.002 1.370 

Average 1.005 1.314 

 

 Torque ramp up before the “control wear” process 

The four torque ramp up tests before the “control wear” process at normal load of 10 N resulted in the 

measurements shown in Figure 4.14. 

 

 
Figure 4.14. The results from the torque ramp up tests before the “control wear” process. 

The resulting static coefficients of friction given from Figure 4.14 are summarized in Table 4.8. 

  

Table 4.8. Static coefficients of friction from the torque ramp up tests before the “control wear” 
process. 

 Test 1 Test 2 Test 3 Test 4 

𝝁𝒔 (min* – max**) 0.24 – 0.30 0.12 – 0.15 0.14 – 0.18 0.11 – 0.14 

 

As seen in Table 4.8 the static coefficient of friction from Test 1 differ from the results in Test 2, 3 and 4. The 

value from Test 1 is considered an outlier and the reproducibility is good considering the behavior of the other 

three tests. From Test 2, 3 and 4 the static coefficient of friction is between 0.11 and 0.18 at a normal load of 10 

N.  
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 Torque ramp up after the “control wear” process 

The two torque ramp up tests after the “control wear” process at a normal load of 10 N resulted in the 

measurements shown in Figure 4.15. 

 

 
Figure 4.15. The results from the torque ramp up tests after the “control wear” process. 

The resulting static coefficients of friction given from Figure 4.15 are summarized in Table 4.9. 

  

Table 4.9. Static coefficients of friction from the torque ramp up tests after the “control wear” 
process. 

 Test 1  

(first slip*) 

Test 1  

(second slip**) 

Test 2  

(first slip*) 

Test 2  

(second slip**) 

𝝁𝒔 (min – max) 0.12 – 0.13 0.22 – 0.35 0.12 – 0.13 0.24 – 0.35 

 

As seen in Table 4.9 the static coefficient of friction from Test 1 and Test 2 are almost identical indicating that 

the reproducibility is very good. As seen in Figure 4.15 at a coefficient of friction value of about 0.13 there is a 

slip followed by a stick phase, which is followed by a second slip ensuing in a constant sliding motion at a 

coefficient of friction value of about 0.20. The first slip is considered as the transition from stationary (static 

friction) to sliding motion and will be compared to the other tests performed. 

 Rotational test sliding distance 

An approximate sliding distance is calculated using Equation (2.22), (2.23) and (2.24). The value of 𝑤𝑤,𝑝𝑙𝑎𝑡𝑒 

corresponds to the average of the Wyko measured widths in X-direction on the plate and 𝑤𝑑,𝑝𝑙𝑎𝑡𝑒 are approximated 

as the value of Δ𝐺𝑎𝑝 from Table 4.6. This results in a sliding distance per revolution which is approximately 3.1 

mm. Since all the actual measurements in the MCR502 approach 1 are conducted for a total sliding distance of 

100 mm, the number of necessary revolutions can be calculated using the same expression as in Equation (2.21). 

However, the parameter 𝑠𝑠,𝑚𝑖𝑛 is changed to the value of the sliding distance per revolution which is 3.0 mm and 

𝑠𝑠,𝑧𝑖𝑒𝑔𝑙𝑒𝑟  is still 100 mm and thus resulting in a number of necessary revolutions which are approximately 32.8 

revolutions. 

 Wear depth of the plate approximation 

The Δ𝐺𝑎𝑝 value serves as an approximation to the 𝑤𝑑,𝑝𝑙𝑎𝑡𝑒 due to the fact that it makes it possible to consider 

the elastic deformation which is present in the contact. If the 𝑤𝑑,𝑝𝑙𝑎𝑡𝑒 were to be measured using the Wyko, the 

specimen have to leave contact, thus disabling the possibility to consider the elastic deformation. Another 

advantage with this approximation is that the results are directly obtainable from the MCR502, hence resulting in 

a less time consuming test procedure.  
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Apart from this, the change in sliding distance and pressure is insignificant if the 𝑤𝑑,𝑝𝑙𝑎𝑡𝑒 were to be measured 

in the Wyko instead. The Wyko measurements from Table 4.7 resulted in an average 𝑤𝑑,𝑝𝑙𝑎𝑡𝑒 value of 

approximately 7 µm. The sliding distance per revolution would decrease by approximately 49 µm, resulting in an 

increase of the necessary number of revolutions to achieve 100 mm, from 32.8 to 33.3 revolutions, which is 

considered insignificant. 

However, there are concerns with the Δ𝐺𝑎𝑝 approximation, e.g. if there is a sharp edge on the ball that will 

indent the plate specimen then there will be a large difference in the Δ𝐺𝑎𝑝 value but not in the overall wear depth.  

 Constant velocity test after the “control wear” process 

The four rotational tests with constant velocity after the “control wear” process resulted in the measurements 

shown in Figure 4.16. 

 

 

Figure 4.16. The results from the rotational tests with constant velocity after the “control wear 
process”. 

As seen in Figure 4.16 the results vary between each test and all of the tests indicate an increasing coefficient 

of friction with time. Thus, the contact conditions are not in fact constant. This could be a result of an elastic 

deformation recovery, since the “control wear” process was performed using a higher load than the constant 

velocity tests performed after the “control wear” process. Elastic deformation recovery would change the contact 

conditions and therefore the frictional behavior in the contact. Due to the fact that there is an increase in the 

coefficient of friction with time and it is questionable whether the static and dynamic coefficients of friction are 

directly obtainable from this type of test and the work regarding this approach will not be continued.  
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4.5. Results from the MCR502 approach 2 
In this part, the results from the tests performed in the MCR502, using the second test approach, are presented 

and discussed.  

 Oscillatory torque ramp up test 

The four oscillatory torque ramp up tests conducted at normal load of 5 N resulted in the measurements shown 

in Figure 4.17. 

 
Figure 4.17. Oscillatory torque ramp up test results at a normal load of 5 N. 

The resulting static coefficients of friction given from Figure 4.17 are summarized in Table 4.10. 

 

Table 4.10. Static coefficients of friction obtained in the oscillatory torque ramp up tests at a 
normal load of 5 N. 

 Test 1 Test 2 Test 3 Test 4 

𝝁𝒔 0.0856 0.1069 0.0914 0.0942 

 

The average static coefficient of friction from Table 4.10 is 0.09.  

  

0,0001

0,001

0,01

0,1

1

10

100

0,001 0,01 0,1 1

D
e

fl
e

ct
io

n
 a

n
gl

e
 [

°]

Coefficient of friction [-]

Test 1

Test 2

Test 3

Test 4



38 

 

The four oscillatory torque ramp up tests conducted at normal load of 10 N resulted in the measurements shown 

in Figure 4.18. 

 

 
Figure 4.18. Oscillatory torque ramp up test results at a normal load of 10 N. 

The resulting static coefficients of friction given from Figure 4.18 are summarized in Table 4.11. 

 

Table 4.11. Static coefficients of friction obtained in the oscillatory torque ramp up tests at a 
normal load of 10 N. 

 Test 1 Test 2 Test 3 Test 4 

𝝁𝒔 0.0801 0.0800 0.0801 0.0800 

 

The average static coefficient of friction from Table 4.11 is 0.08. The average value of the static coefficients 

of friction are similar, but the static coefficient of friction at a normal load of 5 N is slightly higher than for 10 N. 

The reproducibility of these tests is very good, especially from the tests at a normal load of 10 N. 
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 Sliding velocity ramp up test 

The sliding velocity ramp up tests were performed at a normal load of 5 N and 10 N, where the sliding velocity 

was ramped up from 4.7E-7 mm/s to 470 mm/s. The coefficient of friction’s variation with sliding velocity was 

analyzed and the results from the measurement with a normal load of 5 N are presented in Figure 4.19. 

 

 
Figure 4.19. Results from the sliding velocity ramp up tests at a normal load of 5 N. 

The results from the measurement with a normal load of 10 N are presented in Figure 4.20. 

 

 
Figure 4.20. Results from the sliding velocity ramp up tests at a normal load of 10 N. 
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A more detailed visualization of the results from the measurement with a normal load of 10 N, shown in Figure 

4.20, are presented in Figure 4.21. 

 

 
Figure 4.21. Detailed visualization of the results from the sliding velocity ramp up tests at a 

normal load of 10 N. 

As seen in Figure 4.19, Figure 4.20 and Figure 4.21 in the interval 1 mm/s to 10 mm/s there is a positive slope 

which indicate that stick-slip oscillation is not present. Nevertheless, at sliding velocities between roughly 0.0001 

mm/s and 0.1 mm/s there is a negative slope, which indicate a risk for stick-slip oscillation. There is a possibility 

that lower sliding velocities could be compared to turning points of the tests performed in the Ziegler SSP-01, 

where the transition between stick and slip is present, seen in Figure 4.4. 

If the results from the interval 1 mm/s and 10 mm/s are compared to the RPN values presented in Table 4.1, 

both indicate that stick-slip oscillation is not expected. 

 Constant velocity test (no “control wear” process) 

The four constant velocity tests performed at a normal load of 10 N and a sliding velocity of 4 mm/s, using no 

“control wear” process resulted in the measurements presented in Figure 4.22, where both the raw data and 

polynomial trend lines are presented. 
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Figure 4.22. Results from the constant velocity tests at a normal load of 10 N and a sliding 

velocity of 4 mm/s. 

As seen in Figure 4.22 the coefficient of friction is between 0.05 and 0.09. These values are in range with the 

results presented in the sliding velocity ramp up tests seen in Figure 4.20. If the results from Figure 4.22 are 

compared to the static coefficient of friction presented in Table 4.11, it is seen that the static and dynamic 

coefficients of friction are similar at a normal load of 10 N. Due to the fact that there was no tendency for stick 

slip in the sliding velocity interval 1 mm/s to 10 mm/s, it is still questionable whether both the static and dynamic 

coefficient of friction is directly obtainable from this type of test.  

4.6. Sliding velocity 
To determine if the expression of the sliding velocity in Equation (2.25) is a good approximation the ratio 

between the sliding velocities including deformation depth and the approximated sliding velocity has been 

calculated using Equation (2.29). The deformation depth used in these calculations was 𝑏2 from Equation (2.27) 

because 𝑏1 generated unrealistic results. Due to the fact that the sliding velocity including deformation depth vary 

with a varying normal load, the loads which are used in the tests have been used in the calculations. The results 

are shown in Table 4.12. 

 

Table 4.12. The results from 𝒗𝒔,𝒓𝒂𝒕𝒊𝒐 calculations for different normal loads. 

Normal load [N] 

(𝐹𝑁,𝑇𝑟𝑖𝑏𝑜) 

Sliding velocity ratio [%] (𝑣𝑠,𝑟𝑎𝑡𝑖𝑜) 

5 0.0880 

10 0.1398 

15 0.1833 

23 0.2439 

 

As seen in Table 1.1 the maximum difference between the sliding velocity including deformation depth and 

the approximated sliding velocity is about 0.25 % and therefore negligible. Thus it is reasonable to approximate 

the sliding velocity according to Equation (2.25) and the term deformation depth, 𝑏1,2, in Equation (2.30) can be 

neglected.   

 Velocity profile (no wear on plate) 

To be able to calculate the velocity profile for the ball on plate contact, assuming no wear on the plate, it is 

assumed, as an example, that the wear depth of the ball, 𝑤𝑑,𝑏𝑎𝑙𝑙1, is 0.5 mm. Equation (2.31) to (2.33) have been 

used to formulate the velocity profiles and these profiles are presented in Figure 4.23 and Figure 4.24. The velocity 

profile which is comparable to a sliding velocity of 2 mm/s in the Ziegler SSP-01 is shown in Figure 4.23. 
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Figure 4.23. Velocity profile using a sliding velocity of 2 mm/s and assuming no wear on the 

plate. 

The velocity profile which is comparable to a sliding velocity of 10 mm/s in the Ziegler SSP-01 is shown in 

Figure 4.24. 

 

 
Figure 4.24. Velocity profile using a sliding velocity of 10 mm/s and assuming no wear on the 

plate. 

As seen in Figure 4.23 the average value is closer to the actual value than in Figure 4.24. To determine if the 

average value is sufficiently close to the actual value, the sliding velocity has been varied from 2 to 10 mm/s using 

the test parameters used during the tests. The wear depth of the ball, 𝑤𝑑,𝑏𝑎𝑙𝑙1, has also been arbitrarily varied for 

each sliding velocity to determine if the average value is a good approximation. These results are summarized in 

Table 4.13. 
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Table 4.13. Comparison of actual and average values of sliding velocities with different 
conditions. 

Actual value of sliding 

velocity [mm/s] 

Average value of 

sliding velocity [mm/s] 

𝒘𝒅,𝒃𝒂𝒍𝒍𝟏 = 𝟎. 𝟐 mm 

Average value of sliding 

velocity [mm/s] 

𝒘𝒅,𝒃𝒂𝒍𝒍𝟏 = 𝟎. 𝟓 mm 

Average value of 

sliding velocity 

[mm/s] 

𝒘𝒅,𝒃𝒂𝒍𝒍𝟏 = 𝟎. 𝟕 mm 

10 9.685 9.213 8.898 

8 7.748 7.370 7.118 

5 4.843 4.606 4.449 

2 1.937 1.843 1.780 

 

As seen in Table 4.13 the average value is further apart from the actual value as the wear depth of the ball 

increases. This is expected in view of the definition of the sliding velocity is given as Equation (2.32) and (2.33). 

Additionally, the average value is closer to the actual value at lower velocities, however the difference in 

percentage between the actual value and the average value is always the same. Due to the fact that the value of the 

wear depth of the ball does not exceed 51 µm (Δ𝐺𝑎𝑝), the difference in sliding velocity is insignificant and 

therefore no compensations for the sliding velocity will be considered.  
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5. Conclusions 
In this work, a comparison between the Ziegler SSP-01 machine and the MCR502 rheometer has been done 

using numerous tests and test parameters, where the coefficients of friction and the tendency for stick-slip has been 

analyzed. The main conclusions are as follows:  

 There is a very significant difference between the coefficients of friction measured in the two test 

apparatuses, thus it is concluded that there is no obvious correlation between these values. 

 The constant velocity tests (MCR502) performed after the “control wear” process showed an 

increasing coefficient of friction which indicate that the contact conditions are not stable, hence this 

approach was discarded. 

 It is still questionable whether both the static and dynamic coefficients of friction are obtainable from 

a constant velocity test (MCR502). 

 The test results from the Ziegler SSP-01 and the MCR502 indicated a low risk for stick-slip in 

the sliding velocity interval from 1 mm/s to 10 mm/s and a risk for stick-slip at sliding velocities 

from roughly 0.0001 mm/s to 0.1 mm/s. 

 As of now, the results gathered in the MCR502 cannot be directly used as an input parameter for the 

simulations. 

5.1. Future work 
Further analysis of the total measuring point duration (sampling frequencies, adjusting to set value etc.) in the 

MCR502 and how it affects the system, together with its possible correlation to spring stiffness in the Ziegler SSP-

01 would be an interesting continuation of this project. This analysis would include whether or not the total 

measuring point duration parameters could be selected in order to represent either a very stiff or a non-stiff spring 

in the Ziegler SSP-01, thus leading to a parameter which can determine if the system is allowed to fall behind on 

the set sliding velocity in a more similar way as the Ziegler SSP-01. 

Using parameters and a material pair that indicate stick-slip motion during constant velocity would also be 

interesting to analyze and would provide a broader knowledge on how these two test machines could be compared. 
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7. Appendix 
 

7.1. Appendix A 
The complete overview of the activities performed at Volvo Car Corporation regarding the improvement of 

S&R.  

 

 
  

Ansa
E-Line creation

”KSK”
Completevehicle  
simulation

Quiet shaker table  
simulation

Quiet shaker table  
test (climate)

ADAMS
Complete vehicle  
simulation

S&R test  
Complete vehicle

RD&T
Tolerances
Surfacestripe

Ziegler
Stick-sliptest
Impulserate

Scanning road profile  
of S&R test tracks

Requirements

Refine squeak  
evaluation

Refine Rattle  
evaluation  
Rattle test

”Vector” plot along  
line

Modal contribution

Refine statistical  
approach

S&R assessment  
RED/GREENplot

KOREMA  
SIMU-SQS

Improving Stick-slip test  
Variable stiffness

TeamCenter  
Check

TeamCenter  
CADdata

Ansa
CAEmodels

VQDC

S&R load cases  
”Worst case”  
FCC

Auto filter E-Line  
Critical interfaces

3D Laser Vib  
Test procedure

PROD2030
Mobility project

PROD2030
Mobility project

PROD2030
Mobility project

Closure
Slamanalysis

Loud speaker  
Music load case

S&RCD
”Blocked force ”

Static stiffness  
(torsional, tactile)

Dynamicstiffness

Gleitmo
Rheometer
Static/dynamic friction



50 

 

7.2. Appendix B 
The material data for the PC/ABS polymer used. 
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The material data similar to the ABS polymer used. 
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7.3. Appendix C 
The MATLAB script used to filter and analyze the data gathered in the Ziegler SSP-01. 

 Inputs 

% 1 (A): Position Carriage [mm] 

% 2 (B): Normal Force [N] 

% 3 (C): Reset Force [N] 

% 4 (D): Acceleration [g] 

% 5 (E): Temperature 

% 6 (F): Humidity 

% 7 (G): Motor Status [-] 

 

% Data 

% B - 10 N; 4 mm/s 

B1 = 'TestB1_10N4mmps.xlsx'; 

B2 = 'TestB2_10N4mmps.xlsx'; 

B3 = 'TestB3_10N4mmps.xlsx'; 

B4 = 'TestB4_10N4mmps.xlsx'; 

 

% Only for time axis 

A4 = 'TestA4_10N1mmps.xlsx'; 

 

% "Cut data" parameter 

w = 640;                    % 640 pts is 0.5 s (+- around turnining points) 

m = 512;                    % 512 pts is 0.4 s (Motor status) 

b = 384;                    % 384 pts is 0.3 s (remove start values) 

 

 Pre processing 

% Time 

time = xlsread(A4,3,'H2:H567809'); 

 

% Normal force 

NF_B1 = xlsread(B1,3,'B2:B567809'); 

NF_B2 = xlsread(B2,3,'B2:B551425'); 

NF_B3 = xlsread(B3,3,'B2:B555521'); 

NF_B4 = xlsread(B4,3,'B2:B559105'); 

 

% Reset force 

RF_B1 = xlsread(B1,3,'C2:C567809'); 

RF_B2 = xlsread(B2,3,'C2:C551425'); 

RF_B3 = xlsread(B3,3,'C2:C555521'); 

RF_B4 = xlsread(B4,3,'C2:C559105'); 

 

% Acceleration 

ACC_B1 = xlsread(B1,3,'D2:D567809'); 

ACC_B2 = xlsread(B2,3,'D2:D551425'); 

ACC_B3 = xlsread(B3,3,'D2:D555521'); 

ACC_B4 = xlsread(B4,3,'D2:D559105'); 

 

% Motor status 

MS_B1 = xlsread(B1,3,'G2:G567809'); 

MS_B2 = xlsread(B2,3,'G2:G551425'); 

MS_B3 = xlsread(B3,3,'G2:G555521'); 

MS_B4 = xlsread(B4,3,'G2:G559105'); 
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 Remove turning points 

% Avg values to get "midline" 

RF_B1_mean = mean(RF_B1).*ones(1,length(RF_B1)); 

RF_B2_mean = mean(RF_B2).*ones(1,length(RF_B2)); 

RF_B3_mean = mean(RF_B3).*ones(1,length(RF_B3)); 

RF_B4_mean = mean(RF_B4).*ones(1,length(RF_B4)); 

 

% "Midline" values 

RF_B1_mid = RF_B1 - RF_B1_mean'; 

RF_B2_mid = RF_B2 - RF_B2_mean'; 

RF_B3_mid = RF_B3 - RF_B3_mean'; 

RF_B4_mid = RF_B4 - RF_B4_mean'; 

 

% B1 Remove turning points (set 0 N) 

 

tp_vec_insert_B1 = [find(MS_B1==0)*m]';   % Find turn points 

no_tp_RF_B1 = RF_B1_mid; 

for j = 1:length(tp_vec_insert_B1) 

    no_tp_RF_B1(tp_vec_insert_B1(j)-w:tp_vec_insert_B1(j)+w,:) = [0]; 

end 

no_tp_RF_B1(1:b) = [0]; 

 

% B2 Remove turning points (set 0 N) 

 

tp_vec_insert_B2 = [find(MS_B2==0)*m]';   % Find turn points 

no_tp_RF_B2 = RF_B2_mid; 

for j = 1:length(tp_vec_insert_B2) 

    no_tp_RF_B2(tp_vec_insert_B2(j)-w:tp_vec_insert_B2(j)+w,:) = [0]; 

end 

no_tp_RF_B2(1:b) = [0]; 

 

% B3 Remove turning points (set 0 N) 

 

tp_vec_insert_B3 = [find(MS_B3==0)*m]';   % Find turn points 

no_tp_RF_B3 = RF_B3_mid; 

for j = 1:length(tp_vec_insert_B3) 

    no_tp_RF_B3(tp_vec_insert_B3(j)-w:tp_vec_insert_B3(j)+w,:) = [0]; 

end 

no_tp_RF_B3(1:b) = [0]; 

 

% B4 Remove turning points (set 0 N) 

 

tp_vec_insert_B4 = [find(MS_B4==0)*m]';   % Find turn points 

no_tp_RF_B4 = RF_B4_mid; 

for j = 1:length(tp_vec_insert_B4) 

    no_tp_RF_B4(tp_vec_insert_B4(j)-w:tp_vec_insert_B4(j)+w,:) = [0]; 

end 

no_tp_RF_B4(1:b) = [0]; 

 

 Solver 

% Absolute values 

RF_B1_abs = abs(no_tp_RF_B1); 

RF_B2_abs = abs(no_tp_RF_B2); 

RF_B3_abs = abs(no_tp_RF_B3); 

RF_B4_abs = abs(no_tp_RF_B4); 

 



54 

 

% Avg dynamic µ value (avg of abs value, assume peaks cancel each other) 

mud_B1 = mean(RF_B1_abs)./mean(NF_B1); 

mud_B2 = mean(RF_B2_abs)./mean(NF_B2); 

mud_B3 = mean(RF_B3_abs)./mean(NF_B3); 

mud_B4 = mean(RF_B4_abs)./mean(NF_B4); 

mud_B_mean = mean([mud_B1 mud_B2 mud_B3 mud_B4]); 

 

% Static µ, compared as "limiting friction" (maximum breakaway force) 

mus_B1 = max(RF_B1_abs)/mean(NF_B1); 

mus_B2 = max(RF_B2_abs)/mean(NF_B2); 

mus_B3 = max(RF_B3_abs)/mean(NF_B3); 

mus_B4 = max(RF_B4_abs)/mean(NF_B4); 

mus_B_mean = mean([mus_B1 mus_B2 mus_B3 mus_B4]); 

 

% Static µ, first 10 mm (maximum breakaway force) 

mus_B1_10mm = max(RF_B1_abs(1:3201))/mean(NF_B1); 

mus_B2_10mm = max(RF_B2_abs(1:3201))/mean(NF_B2); 

mus_B3_10mm = max(RF_B3_abs(1:3201))/mean(NF_B3); 

mus_B4_10mm = max(RF_B4_abs(1:3201))/mean(NF_B4); 

mus_B_mean_10mm = mean([mus_B1_10mm mus_B2_10mm mus_B3_10mm mus_B4_10mm]); 

% mus_B_mean_10mm = mean([mus_B1_10mm mus_B3_10mm mus_B4_10mm]); 

 

% Static µ (first 7 sec) (maxmimum breakaway force) 

mus_B1_tp = max(RF_B1_abs(1:8962))/mean(NF_B1); 

mus_B2_tp = max(RF_B2_abs(1:8962))/mean(NF_B2); 

mus_B3_tp = max(RF_B3_abs(1:8962))/mean(NF_B3); 

mus_B4_tp = max(RF_B4_abs(1:8962))/mean(NF_B4); 

mus_B_mean_tp = mean([mus_B1_tp mus_B2_tp mus_B3_tp mus_B4_tp]); 

 


