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Abstract 
 
The modelling of nonlinear dynamic behaviour of interfaces is of great interest, with one of the main 

challenges being the provision of reliable friction interface parameters. One of these parameters is the 

tangential contact stiffness which represents the in-plane compliance at the interface. It is traditionally 

assumed to be constant, but recent findings in the literature indicate a dependence of the tangential contact 

stiffness on the normal load.  

To investigate this behaviour in detail, the 1D friction rig at Imperial College London was fitted with a 

High-Speed Camera and Digital Image Correlation system to initially validate its accuracy and then 

investigate the relationship between tangential contact stiffness and contact pressure. A strong increase of 

contact stiffness at low contact pressure was observed, followed by a saturation of the contact stiffness at 

higher values. An increase in contact stiffness due to wear was also present, indicating that current modelling 

approaches may need to be refined.  

 

1 Introduction 

The modelling of the nonlinear dynamic behaviour of interfaces is of great importance, since every 

assembled structure contains a large amount of joint interfaces, which all provide potential sources of 

nonlinearity to the system. Advanced modelling techniques [1]-[4] are available today to predict such 

nonlinear dynamic behaviour which allow for very detailed modelling. These simulations heavily rely on 

the provided interface input data, which often are the friction coefficient, , which in combination with the 

contact pressure, p, governs the transition from stick to slip, and the tangential and normal contact stiffness, 

kt and kn, which represent the elastic compliance at the interface in in-plane and out of plane direction. The 

most common approach to obtain these interface parameters accurately is to measure them with the help of 

an experimental setup [5]-[12] under varying test conditions.  

Often the assumption is being made that the frictional input parameters are independent of the contact 

interface conditions and that they can be represented with constant parameters in the analysis. Recent 

observations for low frequency tests at the University of Oxford [11] have shown that this may not be strictly 

true, and that in particular the tangential contact stiffness, kt, depends on the contact pressure, p, at the 

interface. Unfortunately, an accurate measurement of this behaviour under high frequency cyclic oscillation 

is not straight forward and it has been so far neglected in most measurements and analysis.  

To obtain a better understanding of the importance of such pressure dependent tangential contact stiffness 

under high frequency loading, an evaluation was conducted with the help of the 1D friction rig [9] at Imperial 

College London. For this purpose, the rig was equipped with a high speed camera and DIC setup to ensure 
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accuracy of the measurement system, and a series of different tests were conducted to quantify the tangential 

contact stiffness behaviour under different contact pressures.  

2 Experimental setup 

Friction input parameters for a nonlinear dynamic analysis are predominantly measured with the help of 

experimental test rigs. One of the available rigs thereby is the 1D friction rig at Imperial College London.  

2.1 1D friction rig 

 

Figure 1 1D friction rig at Imperial College London 

The 1D friction rig in the Dynamics and Vibration Laboratory at Imperial College London (see Figure 1) 

was recently developed [9] to replace a previous design [10] providing a stronger clamping force, a 

minimisation of the number of joints, a better measurement system and a stiffer frame, to ensure fast and 

accurate measurements of the friction coefficient, , and the tangential contact stiffness, kt. A detailed 

description of the working principle of the rig can be found in [9], but a short discussion will be included 

here for completeness.  

The rig is excited via an electro dynamic shaker (Data Physics V20) which drives a large inertia mass, siting 

on leave springs, to ensure a harmonic displacement of the test specimen (see Figure 1). Attached to the 

mass via the knife edge joint in Figure 2b) is the moving arm which contains the actual specimen at its free 

end. The round specimens from Figure 2a) have normally a 1mm contact flat, where the moving upper 

specimen is oriented orthogonally to the static lower specimen, providing a nominal 1mm2 contact area. The 

static arm is attached via three force gauges to the static mass, which provides a rigid ground connection. A 

pneumatic actuator system is used in combination with a static load cell to apply and monitor the normal 

contact loading, N0, to the upper specimen, which in combination with the contact area, A, provides the 

nominal contact pressure, p. Two single point Laser Doppler Vibrometers are used to measure the absolute 

displacement of the moving and static specimen as close as possible to the contact interface (see Figure 2c).  
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Figure 2 Details of the test rig: a) one specimen with manufactured contact area, b) knife edge joint of the 

moving arm, c) relative velocity measurement location and d) measured hysteresis loop 

During a measurement the moving mass is excited at a constant frequency somewhere between 20-200Hz, 

normally at 100Hz, leading to a harmonic horizontal motion of the upper specimen. Due to the applied 

normal load, elastic and/or friction forces are transmitted via the contact zone to the lower specimen, which 

are measured with the help of the force transducers on the static arm. Combining the measured forces with 

the computed relative displacement between the two specimens from the LDV data, leads to a hysteresis 

loop such as in Figure 2d). 

A major factor for the accuracy of the measurement is the reliability of the relative displacement extraction 

between the moving and the static specimen. It will determine the gradient of the tangential contact stiffness, 

kt, which can have a significant impact on the nonlinear dynamic response of a system. The use of the two 

single point LDVs to obtain the relative displacement data is highly efficient and deemed accurate enough 

for standard input parameter testing, but with the intended evaluation of the pressure dependency of the 

tangential contact stiffness, highest accuracy at very small amplitudes must be ensured. Experience with the 

rig has shown that: (i) during very low level excitation a significant amount of measurement noise can be 

observed and resolution limits can be reached, resulting in poor data quality; (ii) the distance between the 

laser measurements cannot be decreased below 1 mm due to the chamfer of the bottom specimen (see Figure 

2c), raising the question of contact versus specimen deflection due to bulk material properties; iii) linked to 

the latter is a potential additional compliance in the system due to the specimen clamping mechanism.  

To investigate the scale of these uncertainties in the rig on the measurement accuracy and ensure an accurate 

measurement can be provided for the following tangential contact over contact pressure measurements, a 

high-speed camera setup in combination with digital image correlation (DIC) was introduced to obtain 

higher resolution measurements closer to the contact surface, minimising the impact of the rig and specimen 

compliance. 

2.2 DIC setup for the 1D friction rig 

A high-speed camera system was set up to verify the accuracy of the LDV setup and to gain further 

knowledge of the specimen motion during excitation. A Photron FASTCAM Mini UX100 was used in 

combination with a Navitar x12 Microscopic lens, set to its highest magnification level. The camera lens 

was placed 30-40 mm away from the contact interface as seen in Figure 3a). Considering the 10° chamfer 

of the top specimen in Figure 2a), the camera was rotated by 5° out of the horizontal plane in order to 

allow focusing directly on the outer edge of the surface contact. 
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Figure 3 The DIC test setup 

Two VD-7000LP LED spots with 7280 lm each were used to light the contact surfaces. A major problem 

thereby was to get enough light onto the edge of the contact, due to the small gap between the upper and 

lower arm (see Figure 3b). It was found that the LEDs placed at a 45° angle in plane with the gap provided 

the highest illumination for the high speed camera. The camera was set to its widest aperture to allow as 

much light as possible onto the sensor and a shutter speed of 1/12000s was used and minimise blur. This 

allowed a frame capture at 4000fps at full HD resolution, which was deemed more than satisfactory for the 

100Hz vibration of the contact interface.  

A few vibration cycles were recorded with the high speed camera for each test, and the post processing was 

conducted with the open source software NCORR v1.2 [13] in MATLAB. This tool allows the analysis of 

individual images to track relative motion of subsets of pixels in the area of interest (ROI). In this particular 

case it can be used to track the vibrational motion of the upper and lower specimen at the interface, from 

which a highly accurate relative motion can be computed. Initial tests to gauge the influence of the post 

processing parameters including region of interest (ROI), DIC subset radius and spacing led to an optimised 

DIC setup which was used throughout.  

Figure 4 shows the high speed camera image of the interface edge. The coloured region thereby contains 

the analysed data in the ROI, while the red boxes highlight the areas on the moving and static specimen 

from which an average displacement was extracted to compute the relative motion between the upper and 

lower specimen.  The DIC system was calibrated against the LDV data for an unloaded test, where the free 

motion of the moving arm resulted in a sensitivity of 6.2m/pixel for the used lens setup. 

 

 

Figure 4 NCORR data processing at interface with ROI in color and actual displacement measurement 

regions in the red boxes. 
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2.3 Tangential contact stiffness extraction 

The tangential contact stiffness, kt, can be extracted from the hysteresis loop in Figure 2. Initially the 

absolute displacement of the top and bottom specimens are measured, from which the relative displacement 

can be computed. Plotting this over the transmitted tangential force in the contact then leads to the hysteresis 

loop. The tangential contact stiffness, kt, is then extracted from the slope of the stuck zone, where it is 

assumed that only elastic deformations of the contact asperities occurs, and no plastic or frictional motion 

is present. The extracted values are then normalised by the contact area to provide generally applicable input 

parameters with the unit of N/mm3 to the analysis. 

To investigate the impact of the contact pressure at the interface on the tangential contact stiffness, kt, a 

series of tests were conducted with contact pressures, p, ranging from 10-180MPa. Experience from 

previous tests [9] has shown, that the specimen undergo a running in phase during which the contact 

condition changes due to wear at the interface. In order to take this effect into account, tests were conducted 

at different instances in time, to gain a better understanding of the time dependence of the tangential contact 

stiffness. 

3 Results 

3.1 DIC calibration of the LDV system 

Figure 5a) shows a comparison of the relative displacement measured by the LDV and DIC data along with 

the resulting hysteresis loop in Figure 5b). It can be seen that a very good agreement between the two 

measurement systems was achievable for both the time and hysteresis trace. The results confirmed the 

accuracy of the LDV setup to capture the relative motion, and demonstrate that any compliance from the rig 

or the bulk material of the specimens does not affect the measured relative motion between the two 

interfaces. The good agreement also highlighted the ability of the developed High Speed Camera DIC setup 

to measure vibration amplitudes in the order of m accurately, demonstrating the great potential that such a 

system has to study interface motion of dynamic joints.  

 

Figure 5 Comparison of DIC and LDV measurement for a 100N load and 100 Hz excitation a) relative 

displacement and b) resulting hysteresis loop. 

 

In addition to confirming the accuracy of the LDV measurement system in the horizontal sliding direction, 

the analysis of the DIC data also revealed a small motion in the vertical plane. The specimens thereby 

experience a downward motion when the contact moves forward, and an upward motion during its return. 

To better understand the impact of the vertical motion on the global behaviour of the rig, the displacement 

difference between the front and back end of the contact area of each specimen was computed. The resulting 

relative displacement over one vibration cycle for each specimen can be seen in Figure 6. The vertical 
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displacement of the top and bottom specimen are similar in phase and amplitude, indicating that the surfaces 

do not separate or rotate in respect to each other during a vibration cycle, and consequently not affecting the 

contact condition at the interface. A further concern was the impact on the horizontal motion due to the 

rotation, but it could be shown that the impact was less than 0.5 % due to the small angles which was deemed 

negligible. It should be mentioned that the normal load supplied by the pneumatic actuator may show some 

periodic variations as a result of this vertical movement, which will need to be further investigation in the 

future to ensure an accurate extraction of the friction coefficient. 

 

Figure 6 Relative vertical displacement between the front and rear of the top and bottom contact surface 

edge.  

Overall the DIC measurement confirmed that the current LDV setup is of sufficient accuracy to determine 

the relative displacement of the two specimens in the sliding direction, making the latter approach the system 

of choice for the following investigation due to its significantly easier setup and lighter post processing 

requirements. 

3.2 Tangential contact stiffness measurements 

After confirming the accuracy of the LDV measurement system with the high speed camera and DIC setup, 

the investigation focused on the contact pressure dependency of the tangential contact stiffness, kt. 

 

Figure 7 Change of tangential contact stiffness with contact pressure for different contact areas 
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Initially six independent measurements of the tangential contact stiffness, kt, were performed. Each test 

consisted of the mounting of the specimen pair (304 steel) to the rig, loading the contact with a 

predetermined normal load, and then very gently exciting the system to ensure that no micro or macroslip 

was present in the measured loops. Six measurements using three available specimen sets of the same 

material were conducted. For each new test the contact surface was refurbished by removing any onset of 

a wear scar that may have developed during testing, leading to slightly different contact areas for each test. 

Figure 7 shows the resulting contact stiffness measurements, which have been normalised with regards to 

the contact area, A. A strong increase of the contact stiffness at low contact pressure was observed, 

followed by a gentler and more linear increase of the contact stiffness at higher pressure values. This is in 

good agreement with the findings from the literature [11], and highlights the fact that the tangential 

contact stiffness can strongly vary at low contact pressures. The contact stiffness behaviour with regards to 

the contact pressure is very repeatable, but the scatter of the absolute values is somewhat large, 

highlighting the great challenge to get repeatable results out of a joint reassembly. It should also be noted 

that there is no apparent link between contact area and stiffness behaviour, indicating that the 

normalisation by contact area is a good approach to provide design independent contact stiffness data to 

the analysis.  

 

Figure 8 Time dependency of the tangential contact stiffness  

Wear at the contact interface during the previous tests, also minimal due to the small excitation amplitudes, 

could not be entirely prevented, and a further test was conducted to gauge the influence of wear at the 

interface on the stiffness behaviour. To induce a significant amount of wear at the interface, the contact was 

excited under full slip condition, leading to a fully developed hysteresis loop. Initial measurements were 

taken right at the beginning of the test (0s), followed by measurements after 5-10-15 minutes. At the 

beginning of each 5-minute wear period the normal contact pressure was varied quickly to obtain a set of 

loops for different contact pressures. During the three 5-minute periods the slip distance was held constant 

at 33m resulting in an accumulated total sliding distance of  ~2950 mm at 100Hz. Figure 8 shows that the 

pressure dependency of the tangential contact stiffness stays intact, but as time progresses a steeper increase 

in stiffness at low pressures and a much flatter behaviour for higher contact pressures develops. While the 

stiffness does not saturate under the maximum applied pressure for the shorter runs, this is nearly the case 

for the 15 min runs. These results suggest that a similar running in period, similar to the previously identified 

requirement for stable friction coefficient, , extraction [10], is needed for the tangential contact stiffness.  

To better understand this time dependency, a profilometer measurement of the worn contact surface was 

carried out (see Figure 9). The images, taken after 15min of running time, show the formation of an elevation 

on the bottom specimen and a corresponding groove on the upper specimen. These strong contact features 

are assumed to lock much faster than the smooth initial contact patch, helping to explain the higher pressure 

dependency of the worn specimen at lower contact pressures and the relatively flat behaviour at higher 

pressures.  
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Figure 9 Profilometer measurement of worn contact surface after 15 minutes for measurement 3  

To further investigate the impact of the large-scale contact features which develop over time, an additional 

test was carried out. After taking the initial stiffness-contact pressure measurement at t=0s, the measurement 

was repeated after 5 minutes of sliding, after which the test was stopped, and the specimen contact surface 

was un– and reloaded and the test started again. The same process was repeated at 15min. Figure 10 shows 

the resulting tangential contact stiffness to pressure behaviour. Not surprisingly the first five miutes of 

testing time lead to an increase in stiffness, but once the contact is separated and newly loaded (no 

refurbishment), the contact behaviour is reset. Indeed, the resulting contact stiffness is below the original 

one, which may indicate that due to the development of an elevation and a small misalignment between the 

two specimens after reloading, not all of the contact surface is properly engaged at this stage. Running the 

specimens for 15 minutes, brings everything back to the expected behaviour, with a strong increase in 

tangential contact stiffness at lower values, and a relatively flat behaviour for higher ones. Unloading and 

reloading in this case seems to have less of an impact, probably due to the much larger wear features at the 

interface, which are less likely to misalign during reloading, and leading to a more repeatable joint 

reassembly. 

 

 

Figure 10 : Influence of unloading & reloading of specimen on tangential contact stiffness.  

4 Conclusion 

The contact pressure dependency of the tangential contact stiffness at an interface was investigated with the 

help of the 1D friction rig at Imperial College London. To ensure accuracy, initially a high-speed camera 

and DIC setup was developed to validate the accuracy of the traditionally used LDV measurement system 

and to gain more detailed insight on the motion of the specimens.  
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The measurements of the tangential contact stiffness revealed a very sensitive dependence on the contact 

pressures for low loading values, and a more constant behaviour above 70 MPa where the tangential contact 

stiffness values were changing from 10-50kN/mm3. The behaviour was repeatable across several tests and 

seemed to be independent of the contact area. Further measurements showed a dependence of the contact 

stiffness behaviour on time, which could be linked to the wearing of the contact interface.  
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