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The purpose of this paper was to experiment with measuring the resonant frequency modes and shapes of a brake disk using a laser doppler vibrometer. It was excited with a solenoid driven by the vibrometer. The results showed consistent resonant frequencies across a range of testing frequencies and mesh densities. The key takeaway was that increased mesh density and scanning frequency yielded a greater representation of how the component behaved with resonant frequencies It could be also seen that higher testing frequencies exaggerated the impact of the resonant modes, indicating that this needs to be accounted for. There was however strong consistent results with the key resonant modes irrespective of the testing frequency or the mesh density. 
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Literature Review
Modal frequency analysis is a common tool used in the diagnosis, and address, of brake squeal in a production capacity. This is used to influence the range of values tested during the experimentation, for exactly it was shown that a reasonable range of values for a frequency that causes a squeal from the brake discs under braking covers 10Hz to 20kHz (Tao et al. 2014). This is further shown by another paper highlighting the range from 2kHz-13.5kHz (Karamoozian et al. 2018). The literature does also highlight a limitation of this study as it only accounts for the impact of the brake disc, and not that of any other components such as the brake caliper or caliper mount (Nouby and Srinivasan 2011; Tao et al. 2014; Wu 2020). As a result, this limits the usability of the of the conducted experiment as it isn’t reflective of the mounting system in use or the overall system at play. 
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These measurements were taken using a Polytec scanning Laser Doppler Vibrometer (LDV) to measure the resonant frequency modes and shapes when a brake disc was excited by a linear solenoid. The impulse shape to the solenoid was driven by the Polytec LDV to ensure the impulse to the brake disc was coordinated with the LDV measurements. 
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Figure 1 - Overview of the setup with the LDV head on the left, controller in the middle and brake disc being tested, with the solenoid, on the right (Peter Charlton 2023). 
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Figure 2- Closer shot of the clamped brake disc and solenoid (Peter Charlton 2023)
As shown in figure 2, a sever limitation of this testing is that the brake disc is clamped on the bottom, on the braking surface. This reduces the comparability and utility of the results as it is not mounted in a way reflective of how it is used. To improve the usability of the results from a part design standpoint it would be important to mount it as it would be used, for example clamping an axle in a vice and mounting the brake disc to that (Karamoozian et al. 2018). 
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As far as the experimental setup goes, the scanning head was placed as square as possible to the test brake disc. Following this, the laser was uncovered for the calibration, selecting a range of points on the monitor and seeing if the laser goes were selected. As it was calibrated to more points, the laser acted faster with instructions and there was a laser strength level on the rear, the higher the better. In the process of our experimentation, we only had successful calibration so no mitigation was required, if there had been the most likely cause would’ve been misalignment of the laser head. To resolve this, the angle or position of the head would have to have been adjusted until the calibration could be completed accurately and with acceptable laser strength.
Afterwards, a mesh of points on the image of the brake disk were created. For the purpose of the testing we took six sets of measurements, comparing 3 different meshes (half of a fine mesh, a medium mesh and a coarse mesh) and measuring at 2 different frequencies, 10kHz and 20kHz. The testing at a lower frequency was intended to not only compare the difference but to see if there was any noise in the data at a higher frequency that dropped out at lower frequency. 
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Figure 3 - The low resolution mesh, with the laser shown following the cursor at the top left
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Figure 4 - Image of the fine half mesh
Figure 3 and 4 show a comparison of the extremes of meshes tested. Both showing the brake disc being clamped, as tested, on the braking surface. The reason for the fine mesh being a half mesh was due to the increasing time taken for the scanning LDV to complete the process. Scanning each point 3 times means that increasing points massively increases the time taken. The half was taken on a diagonal across the brake disc to allow the mesh to show both torsional modes perpendicular to the clamp, and the bending moment in line with the vice clamp.
The 10kHz test was conducted with a sample frequency of 25.6kHz, a sample time of 160 ms and a resolution of 6.25Hz. By comparison, the 20kHz bandwidth test was conducted at a sample frequency of 51.2kHz, with a sample time of 80ms and a resolution of 12.5Hz. The solenoid was fired at 5V with a frequency of 0.3Hz using a waveform defined by Kelvin Lake, a university lecturer. It was also fired on the rising edge of the measurements taken. The LDV scanning head also took a number of values when measuring a point, if there was a substantial difference between the set, the computer would reject that sample. During the course of experimentation all of our values were in the acceptable range, in fact the majority were optimal. This removes one point of contention and reflects valid values. 
The Polytec Scanning LDV measures the magnitude of the disc oscillation by using the doppler shift on the surface of the disc. With it moving away the wavelength of the light shifts towards the longer wavelengths of light and vice versa. This is why it is so imperative ot have the laser scanning head as square as possible and accurately calibrated.
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Discussion 
The key takeaway from this experiment were the resonant frequencies of the brake disc and the frequency modes
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Figure 5 - Coarse mesh at 10kHz scanning and animation at 87.5Hz
Figure 5 shows the results from the 10kHz low mesh test with the frequency bands across the entire spectrum and a graphic of the first bending mode at 87.5Hz.
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Figure 6 - The first torsional mode at 231.25Hz
By contrast figure 6 shows the first torsional mode at 231.25Hz.
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Figure 7 - Animation at 612.5Hz
Figure 7 shows the disc  experiencing the second bending moment, more exaggerated with the sides Of the disc moving in opposition to the others. This is consistent with the results shown in literature, such as (Karamoozian et al. 2018). With increasing order of modes having greater minors to match increasing majors to equal out the waveform. 
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Figure 8 - a combination mode at 1.08kHz
1.08 kHz shows a combination mode where the disc is experiencing both bending and torsional modes, appearing the flex around a plane 45 degrees from the clamp.
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Figure 9 - 2nd torsional mode at 1.225kHz
Figure 9 shows the second torsional mode where the top stays stationary and the sides move with the frequency of 1.225kHz
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Figure 10 - 3rd bending moment at 1.48kHz
Figure 10 shows the third bending moment in the 10kHz. Given the disc is moving away from the subject in the area around the clamp it can be presumed that if the braking surface was free floating, ie mounted as it would be in a use case, it would appear in a manner similar to those outlined in literature (Karamoozian et al. 2018).
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Figure 11 - 1.58kHz shows the 3rd torsional moment
At 1.58kHz it shows the third torsional moment in which both sides move alternate to each other.
With increasing frequencies there were a number of extra frequency modes seen in the results, these followed the prior established trends of having an increasing amount of nodes and antinodes as the order of the mode increased.
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Figure 12 - 10kHz normal density mesh at 87.5Hz
The finer density mesh at 10kHz returned magnitude peaks at comparable frequencies indicating similar behaviour and position of the frequency modes. The only notable difference was entirely as expected of having finer visualisation of how the disc behaves.
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Figure 13 - The fine mesh and frequency peaks at 87.5Hz
This is further continued by the fine mesh at 87.5Hz. The graphic highlights a notable error in the mesh leading to the hole seen above. It further shows the modes occurring at the same sort of frequencies but with slightly lower magnitudes. This indicates that the finer mesh smoothes out a lot of the extremes of the data and highlights its utility if the experiment was being used to tune a production component the finer mesh would prove more usable, such as in the case of identifying squeal. The apparent limitation of using the half mesh is that it reduces the apparency of increased nodes and antinodes with higher modes, this can be resolved by increased measuring time, as would be feasible in a production scenario.
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Figure 14 - 20kHz low density mesh with the frequencies, showing the first bending moment.
Figure 14 shows a substantially increased magnitude compared to 10kHz, virtually doubled. This indicates the magnitude of what is measured is directly comparable to the frequency in which the measuring is conducted and that would need to be accounted for. It does also indicate that the magnitude of the resonant modes are fundamentally dependent on the testing frequency so reduces the transferability. Fundamentally however, the peaks in the magnitude do occur at approximately the same frequency as seen in the prior 10kHz testing. A notable difference however is that as predicted there is a greater amount of low magnitude spikes, indicating greater noise, away from the frequency modes being tested for. In a real word scenario however this could be representative of chatter or squeal or other effects going on.
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Figure 15 - first torsional mode of 20kHz low mesh model
The exaggerated magnitudes can be seen in the increased clarity of the animations, such as figure 15 being the first torsional mode occurring at 237.5Hz. This functionally improves the clarity of the measurements taken, indicating that when combined with increased mesh density the nodes and antinodes become even clearer than seen in the 10kHz study.
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Figure 16 - 20kHz medium mesh at 87.5Hz
The 20kHz medium mesh shows the bending moment occurring at 87.5Hz as seen in the other tests, with an increased magnitude against the low mesh. This indicates that the finer mesh indicates more noise compared to the coarser mesh, greater exaggerating the results. 
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Description automatically generated]Figure 17 - 87.5Hz 20kHz fine half mesh
Figure 17 shows the first bending moment at 87.5Hz with the fine half mesh at the 20kHz test frequency. The magnitude shown here is more in keeping with those shown in the coarse 20kHz mesh suggesting the extremes at the medium mesh were anomalous.
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Conclusion 
The key takeaways from this experimentation are that the setup is fundamentally not reflective of how the component is designed to behave. As a result the utility, and comparability, are severely limited, if not non existent. The experimentation did however show that by increasing the density of the mesh it became a lot clearer where the nodes and antinodes are, making it a lot clearer to identify how the component would behave with increasing frequency modes. Increasing the testing frequency however does tend to introduce increased noise in the results. These could be reflective of how the component behaves outside the limits of the neat bending and torsional modes, with this experimentation having shown abnormal combined modes. It is entirely possible that increasing frequencies identify extra resonant modes and to clarify this greater studies would have to be performed with an increased range of testing frequencies to help to isolate useful data against noise. It also became apparent that the magnitude of the response was correlated with the testing frequency and the prior mentioned further study would help to establish this relationship, allowing it to be compensated for. The key takeaway is that irrespective of the mesh density or measuring frequency, in this testing case, was that there was little to no difference in the key resonant frequencies covering the first few orders of both bending and torsional modes. 
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