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ABSTRACT 
 

In this paper, a novel ultrasonic measurement technique for non-invasively characterising dynamic 

contacts is introduced. A Nitrile ball in contact with a Perspex plate was investigated by applying two 

ultrasound scanning approaches respectively for static and dynamic (rolling and sliding) cases. Contact 

sizes and contact pressure distributions have been measured over different loads. 

 

 
 

1. Introduction 
 

Dynamic two-body contact problems, such as rolling element bearings and the contact between a railway 

vehicle wheel and rail, have been a key issue studied by tribologists for many years. A number of 

different methods have been developed to measure conditions in between the two contacting bodies, but 

many of them are invasive, such as pressure sensitive film[1] and engineers blue paint, which inherently 

change the conditions of the contact. The use of ultrasound reflectometry has been proven to be a 

successful, non-destructive and effective approach for characterising contact patch and measuring 

contact pressure in a variety of tribological systems including railroad vehicle wheel-rail[2], bolted 

joints[3] and metal to metal seals[4]. Currently however, almost all ultrasound scanning tests are carried 

out for a static contact situation and there has been no practical way of characterizing dynamic contacts 

using ultrasound. In this paper, a new measurement technology is introduced for measuring the 

interfacial conditions of a rolling contact using a linear ultrasonic array transducer. A simple ball-on-

flat contact condition was used for this investigation as it has been thoroughly researched, so that the 

dynamic scanning results can be easily verified by theoretical predictions, finite element analysis and 

static ultrasound scanning measurement. The test rig used could not apply very high loads, so a Nitrile 

ball was used in contact against a Perspex plate to get a relatively large contact patch. Perspex was used 

to validate the measurement using optical methods. 

 

2. Principals of Ultrasound Reflectometry 
 

All real surfaces are inherently rough. When two surfaces come into contact with one another, it is the 

surface asperity peaks that touch. As the load increases, the surface asperities deform and the stiffness 

of the interface increases. When an ultrasonic pressure wave reaches in interface, some of the wave 

energy is partially transmitted through the interface and the rest is reflected and then detected by the 

same transducer. It was found by Kendall & Tabor[5] that the whole interface can be analogised as a 

spring if the ultrasonic wavelength is long compared to the magnitude of the air gaps in the interface, 

this is known as the spring model. The amount of energy transferred is a function of the interfacial 

stiffness, K, of the interface, as described in Figure 1. 
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The ratio of the reflected signal and incident signal, known as reflection coefficient, R , has a relationship 

with interfacial stiffness K as shown below: 

 

                                                 𝑅 = 𝑧1−𝑧2+𝑖𝜔(𝑧1𝑧2/𝐾)𝑧1+𝑧2+𝑖𝜔(𝑧1𝑧2/𝐾) (1) 

 

where 𝜔 = 2𝜋𝑓 is the angular frequency of the ultrasonic waves, 𝑧1and 𝑧2 are the acoustic impedances 

of the two contacting materials respectively and defined as: 

 

                                                             𝑧 = 𝜌𝑐 (2) 

 

where 𝜌 is the density and 𝑐 the speed of sound in the material. As the normal load increases, the 

asperities deform and more asperities come into contact and the interfacial stiffness increases, resulting 

in a decreasing reflection coefficient. By monitoring the information from incident signals and reflected 

signals, a map of reflection coefficient can be plotted which clearly indicates the contact patch location, 

shape and distribution. The values for the incident signals are obtained by taking a reference when no 

contact is in occurrence. Drinkwater et al.[6] found that for a given roughness of two contacting surfaces, 

there is a relationship between contact stiffness and contact pressure. So with a calibration test carried 

out over a known contact patch of the same surface roughness as that of the test specimens, the 

relationship between contact pressure and interfacial stiffness can be implemented. 

 

 
Figure 1. (a) A diagram showing to scale the surface asperities coming into contact and (b) how the 

interface behaves as a series of springs of stiffness K. 

 

3. Experimental Details 
 

3.1 Static Test Set-Up 
 

For static measurements, a 13mm radius Nitrile ball was placed in a spring loading frame with a Perspex 

disc fixed on the top and a holding plate in the middle as shown in Figure 2. The load is applied through 

three compression springs. The springs were pre-calibrated and their stiffness calculated. By 

compressing the whole loading frame for a measured length loads can be precisely applied. A container 

was made and mounted on top of the frame to hold the water couplant needed for the focussing ultrasonic 

transducer being used. A 10MHz ultrasonic probe was used (Figure 2a). (Transducers with a variety of 

frequencies were available: 1MHz, 2MHz, 5MHz, 10MHz and 25MHz, etc. But high frequency 

ultrasound signals will suffer more attenuation, especially in non-metal materials, and 1MHz or 2MHz 
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transducers may not provide sufficient energy for high quality result as 5MHz or 10MHz do in 

measuring contacts between two different materials.)The probe is traversed in the x and y directions 

using a scanning tank (Figure 2b). The height (z axis) is fixed such that the ultrasonic signal is focussed 

exactly on the interface between ball and counterface. 

 

According to Equation 2, the acoustic impedance of a material is the multiplication of density of the 

material and speed of sound in it. The density of the Nitrile and Perspex specimen was determined by 

the weight of the specimen and the volume difference as the specimen was immersed in the water. The 

speed of sound of the specimen was determined by carrying out a time-of-flight test. A beam of 

ultrasound signals were pulsed into the material, and the time of reflected signals from the bottom of the 

material was recorded, with the length of the water path and the thickness of the material measured by 

a calliper, the speed of sound in the material was obtained. From Table 1 it can be seen that the acoustic 

impedance of Perspex is larger than that of Nitrile, and the magnitude of reflected signals is small due 

to large attenuation in non-metal materials. Although the magnitude can be enlarged with increased 

voltage gain, noise signals caused by scattering effect inside the transmitting materials and other 

electrical interference are amplified as well. This adds difficulties in actual data acquisition and post-

processing. 

 

The Young’s modulus of these two materials are relatively small compared to common metals, 
especially that of Nitrile. Therefore large and nonlinear deformation was expected in the tests. 

 

 
(a)                                                                                   (b) 

Figure 2. (a)Static spring loading frame and (b) ultrasonic equipment for static scans 

 

Table 1. Properties of Nitrile and Perspex 

Material Density (kg/m3) Speed of sound 
(m/s) 

Young’s Modulus 
(MPa) 

Nitrile 1.2 1600 5 

Perspex 1.18 2730 3200 

 

3.2 Dynamic Test Set-Up 
 

A 64 element 5MHz ultrasonic array transducer was used for all the measurements (see Figure 3a). The 

ultrasonic pulser/received/digitiser system used only has 8 channels so a multiplexor was used to switch 



 

 

 

between the array elements (see Figure 3b). 
 

 

      (a)                                                         (b) 

 Figure 3.  Ultrasonic equipment for dynamic measurements: (a) ultrasonic array, (b) multiplexor 

breakout box 

 

The dynamic tests were carried out to characterize contacts of a Nitrile ball rolling and sliding over 

Perspex were scanned with a fixed ultrasonic array. The aim of the tests was preparation for future 

dynamic tests on a full-scale wheel-rail rolling contact, and as a pilot study of the applicability of the 

ultrasonic array for characterizing different contacts under varying load conditions. 

 

The initial tests used exactly the same Nitrile ball as that in the static measurements. For the 

rolling/sliding tests against Perspex, the ball was placed on a steel plate which could move in the 

longitudinal direction and was loaded up against a “fixed” Perspex plate. A motor drove the steel plate 
which caused the ball to roll. A schematic image of the test rig is shown in Figure 4. 

 

 
Figure 4. Ball-on-flat dynamic test 

 

 

The speed of the motor could be switched from 3mm/s to 7mm/s and a series of loads were applied from 

2N to 10N. The 64-element ultrasound scanning array was mounted on the fixed Perspex plate. The 

array was linked with a multiplexor and computer. Ultrasound signals were pulsed from 8 elements each 

time and reflected at the contact surface. Once the switching speeds of the pulsing channels are fast 

enough, it can be regarded that a 64-element measurement is taken simultaneously. Reflected signals 

were stored in PC and analysed in Labview. The pulsing speed was not fast, so the tests could only be 

carried out at relatively low speeds of 3mm/s to 7mm/s. 

 

 



 

 

 

The sliding test set-up was basically the same that for the as rolling case, but the ball was fixed onto the 

bottom plate with a clamp. When the bottom plate moved, the ball went with the plate. Since the Nitrile 

ball was clamped, it was a 100% sliding along the top Perspex plate. 

 

It should be noted that for the bottom plate speed, the resulting relative speed between ball and plate in 

the rolling case is half of that of the sliding case. Therefore with same testing time, contact patch data 

captured in the rolling test is twice that as in sliding case, actually the contact size in both cases should 

be the same. 

 

3.3 Data Acquisition and Post-Processing 
 

For all the static and dynamic ball-on-flat tests, the reflected signals from the interface were received by 

the ultrasonic transducer or the array and peak to peak values of the signals were recorded. In static tests, 

data was saved in a long line format continuously, each value has its own corresponding x and y 

coordinates. A 2-D reflected voltage map can be obtained by rearranging the values according to the 

coordinates (as shown in Figure 5a). In dynamic tests, because the array is divided into 8 channels, the 

channels pulse and receive signals one after another. In one cycle, each channel pulsed multiple times 

before switching to the next one, and each time 8 values from the channel were recorded in a row. 

Averages of all rows from one channel in one cycle were taken (the first and the last row were neglected 

because reflected signals fail to contain contact information during channel switching period). A 2-D 

reflected voltage map can be obtained by rearranging all the averages of a single cycle into one row and 

duplicate the process to all cycles. 

 

Therefore, in static tests, initial resolution of the results depends on the minimum steps of the scanning 

tank along x and y directions. In dynamic tests, the resolution of longitudinal direction (direction of 

relative motion) depends on the time spent in one cycle, which is related to the velocity of the contacting 

bodies and the switching speed, and resolution of the lateral direction is fixed to 64 as the number of 

array elements.  

Once the reflected voltage maps were acquired, the reflection coefficients can be calculated with a 

reference. Considering the properties of ball-on-plate contact, where the plate is flat in all directions, so 

only a reference point is enough. The reference point can be chosen from the region not in contact in the 

2-D reflected voltage map. Reflection coefficients were calculated by dividing the reflected voltage map 

against the reference point, and the reflection coefficient map can be plotted (as shown in Figure 5b), 

here the matrix was interpolated for better viewing. The acoustic impedance of Nitrile and Perspex can 

be calculated through Equation 2, and maps of contact stiffness (Figure 5c) can be plotted according to 

Equation 1. 

The following example is a single line equation: 

 

 
(a)                                            (b)                                        (c) 

Figure 5. Ultrasonic scan data: (a) reflected voltage; (b) reflection coefficient and (c) contact stiffness 

maps 

3.4 Calibration 
 

A calibration test was carried out by using the same loading frame and Perspex plate in contact with a 

3mm radius 1mm thick Nitrile disc. The Nitrile disc was cut off from a 1mm thick Nitrile sheet. The 

Nitrile calibration sample was this size so that the calibrating contact pressure range would cover the 

 



 

 

 

range of pressures of the ball-on-flat tests. 

 

In the test, loads were applied from 10N to 50N. the resultant reflection coefficient maps are shown in 

Figure 6a. It is impossible to obtain complete plane-to-plane contact in calibration test and some edge 

effects are inevitable as seen in 7a; the reflection coefficients around the edge of the contact are higher 

than those in the middle. The edge effects are considered to be insignificant in the calculations.  

Interfacial stiffness maps were plotted as shown in Figure 6b using Equation (1). The pressure 

distribution irregularities can be seen more clearly in these images. To extract valid calibration 

information from the data, the contact area is divided into several regions according to stiffness values. 

Values in a same region are close to each other, averages are taken in each region. The contact pressure 

for calibration is approximated by dividing the load with whole contact area. 

 

 
(a)                                                                           (b) 

Figure 6.  Calibration Test Scans of: (a) Reflection Coefficient; (b) Contact Stiffness 

 

 

As it can be seen from Figure 6, even though the scanning objective is a flat plate against a flat disc, due 

to the flexibility of Nitrile and the test setup, the flat-flat contact in this case is not always an even circle. 

A calibration curve can be plotted between contact pressure and interfacial stiffness, as shown in Figure 

7. 

 

 
Figure 7.  Calibration curve of Nitrile-Perspex contact 

 

From the calibration curve shown in Figure 7 it can be seen that the relationship between contact 

pressure and contact stiffness is non-linear. The growing rate of contact stiffness turns to be lower under 

higher contact pressure, which meets the expectation that contact stiffness is more difficult to grow as 

load increases. 

 

4. Results 
 



 

 

 

4.1 Nitrile Ball-Perspex Flat Static Scans 
 

A series of loads from 10N to 50N with 10N steps were applied. The scanning area is 10mm by 10mm 

square. The resulting reflected voltage distribution maps are shown in Figure 8a. Maps of reflection 

coefficient and contact stiffness are shown in Figure 8b and Figure 8c respectively. 

 
(a) 

 
  (b)                                                                            (c) 

Figure 8.  Static scans of: (a) reflection voltage; (b) reflection coefficient; (c) contacts stiffness 

 

4.2 Nitrile Ball-Perspex Flat Dynamic Scans 
 

Reflection coefficient maps in rolling case under different load and speed are shown in Figure 9. 

 

The resolution of the measurement in the X-axis was 0.7mm, which was determined by the physical size 

of the elements in the array. The Y-axis resolution was dependent on rolling velocity of the ball and 

element pulsing repetition rate. Measurements at different rolling speeds were taken at a same test length, 

which results in image quality drops at higher speed as less data were captured. 

 

 
Figure 9.  Reflection coefficient images of Nitrile ball on Perspex plate dynamic contacts at different 

loads and speeds (the arrow indicates rolling direction) 

 



 

 

 

Reflection coefficient maps in rolling case (left) and sliding case (right) with 20N load applied are shown 

in Figure 10. 

 

 
Figure 10.  Reflection coefficient images of Nitrile ball on Perspex plate dynamic contacts under 

rolling and sliding case 

 

The transparency property of Perspex provide a way to validate the contact patches directly. Pictures 

were taken from the top of the Perspex plate under different loads, as shown in Figure 11. 

 

 
Figure 11. Pictures of contact patches 

 

A comparison was made between peak contact pressure from dynamic Nitrile ball-on-flat rolling tests 

and static ball-on-flat tests, Hertz prediction was included in the comparison (as shown in Figure 12a). 

Maximum contact pressure against load was plotted for both static and dynamic tests. It should be noted 

that theoretically in static tests, the reflection coefficient should not be lower than (𝑧1 − 𝑧2) (𝑧1 + 𝑧2)⁄ . 

However, in actual tests, there are some points of data going below the bottom limit due to oscillation 

of the test rig, tiny inclination of the ultrasonic transducer or random electric interference, etc. These 

points were replaced by values close to but above the bottom limit. From Equation 1 it can be seen that 

incredibly high contact stiffness and contact pressure would be calculated from these points. Therefore, 

the maximum contact pressure chosen from the static ball-on-flat tests were averages of a small area in 

the contact centre rather than a single point, in order to avoid unreal results. Comparison of contact sizes 

was also made between static and dynamic tests. The comparison graph is shown in Figure 12b, where 

contact sizes from Hertz prediction and real picture are also included. 

 



 

 

 

 
(a)                                                                            (b) 

Figure 12. (a) Maximum contact pressure of static and dynamic ball-on-flat tests and (b) 

contact sizes of static and dynamic ball-on-flat tests 

 

As the static and dynamic tests on ball-on-flat were carried out with Nitrile balls and a Perspex plate, 

and the non-metal contacts characterization with ultrasound, especially materials with relatively 

different acoustic impedance, has not been measured previously. There was no previous research to 

compare with. Because of the non-linear property of Nitrile, the Hertz theory cannot be used as a 

comparison either. Further finite element simulation could be planned in future work for comparison. 

 

5. Discussion 
 

Results from the static Nitrile ball-on-flat tests show a steady growth of contact patch with increasing 

load. Because of the properties of Nitrile, the contact behaves non-linearly, which makes the 

measurements look more irregular in terms of contact stress distribution. Calibration tests were carried 

out in an attempt to establish the exact contact stresses, but the calibrating process itself cannot avoid 

uneven contact even with a quite small Nitrile calibration disc, a calibration zone rather than a calibration 

curve was plotted. Although the contact pressure calculations are debatable, the contact size can be 

easily obtained from the measurements. The tests also point out a new research direction in 

characterizing non-linear contact using ultrasound since most previous ultrasound scanning work is done 

on metals. 

 

The contact is captured by the array clearly in dynamic tests, and the growth of the contact patch and 

contact pressure can be observed through drops of reflection coefficients with increasing loads. As it 

was expected, the higher rolling speed led to lower resolution scans. In the 3.5mm/s case, only a few 

pixels are captured indicating contacts and the contact shape can hardly be recognized as a circle. From 

the comparisons between pure rolling contact measurements and pure sliding contact measurements, no 

significant differences were found in terms of contact shape. The pressure distribution which ought to 

be quite different from each other, did not vary much here due to the limitation of the resolution. But it 

is likely that with better equipment and relevant software developed, the recognition of rolling or sliding 

contact could be more apparent. 

A comparison was made in terms of maximum contact stiffness between static and dynamic ball-on-flat 

measurements. From Figure 12a, contact pressure from dynamic tests are generally lower than static 

measurements except the one under 50N load. Growth rates of the pressure were basically the same 

from both tests, except for the 50N load test in dynamic test. A dramatic increase in maximum contact 

stiffness was observed. In dynamic tests, the resolution along the rolling direction is 250 at the lowest 

speed, and the resolution along the array scanning direction is fixed at 64, both of which are far lower 

than that of static tests, and a single point of measurement in dynamic tests represented a much larger 

area of contact compared with static tests. Besides, due to the limited resolution, results are more easily 

influenced by the environment or unpredictable signal fluctuations in dynamic tests, and this led to some 

measurements that were occasionally much higher than average were picked up as peak contact 

pressures. The Hertz peak pressure predictions increase more steadily. As there is no previous calibration 

test for Nitrile-Perspex contacts, and the calibration test carried out here were affected by the non-linear 



 

 

 

property of Nitrile, which led to load unevenly spread on the Nitrile disk, and this added difficulty to 

plotting a fixed calibration K-P curve. More calibration tests will be carried out and a better way to 

obtain the K-P calibration curves for non-linear materials needs to be found in the future. Contact sizes 

from dynamic tests match well with those from static tests according to Figure 12b. Much smaller 

differences from various measurements were observed compared to peak pressure comparison. 

Especially contact sizes from static tests are almost identical to Hertz prediction. The dynamic results 

are slightly smaller, and this can also be explained by the resolution difference between the two methods. 

Because of the low resolution in dynamic tests, some contact information close to the boundary of 

contact area cannot be reflected in the 2-D map. If measuring larger contacts, the influence from the 

resolution limitation would be less. The ultrasound measurements are generally larger than observations 

from real pictures, which is because due to edge effect, the ultrasound method normally obtains a slightly 

larger contact patch than real case. 

 

6. Conclusions 
 

Ultrasound reflectometry technique has been used to characterise contacts between a Nitrile ball and a 

Perspex plate under different situations. Static and dynamic tests were carried out respectively. Results 

were compared with each other and also with Hertz predictions, the peak contact pressure comparison 

does not show a good correlation between different results. This is mainly due to difficulties in carrying 

out a calibration test on non-linear materials and thus the calibration curve cannot be accurately 

concluded. The contact size comparison is promising, results from various methods match with each 

other well.  The dynamic measurements were limited by the switching speed of ultrasound channels and 

the number of channels, in this paper it has been shown how increasing rolling speed reduces the amount 

of data captured in dynamic tests. The dynamic measurement limit results in low image resolution, but 

with improvements to the equipment and software higher resolution can be achieved. Despite this, the 

dynamic measurements still provide enough information of a Nitrile-Perspex contact, and the pressure 

results were not too far away from other methods, which proves the ultrasound measuring technique 

feasible and promising in characterising dynamic contacts. 
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