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1 Introduction

Laser doppler vibrometers (LDV) are capable of measuring high frequency, low amplitude vibrations in reflective components. Helium-Neon laser based vibrometers are particularly good at this due to their shorter operational wavelength (Eichenberger & Sauer, 2022). Within the automotive sector, the applications for such technology are varied but generally revolve around model validation. Gupta et al (2016) made use of a very similar scanning head to the one used in the experiments within this report in order to validate their model for predicting the delamination of aluminum honeycomb composite typically used in racing applications. Their experimental procedure involved making a honeycomb component with defects at known locations and then using a shaker table in conjunction with the vibrometer to detect areas of high vibration in the honeycomb face and, using that, predict defect locations.
By contrast, a 2017 experiment involved using LDV to identify the locations of greatest strain in a quarter car model tire sidewall and thus locate the optimal positions for strain sensors that might provide input to an intelligent tire control system aiming to decrease road noise and vibration (Hariri et al, 2017). In either case, the common thread seems to be using LDV as a bridge between the virtual and the real.
[image: ]In the experiments described in this report, two brake discs were scanned using a Helium-Neon LDV to identify their respective resonant modes. While both brake discs were car brake discs of similar diameter, one disc was solid while the other was vented, illustrated in figure 1. Each disc was tested by exciting it at two different points, and the resultant spectral data were then examined using Polytec post processing software, PSV Presentation.Figure 1: Comparison of the two brake discs



2 Experimental Setup and Procedure

A Polytec PSV 400 scanning LDV was set up less than 1 meter away from the examined brake discs and normal to the discs’ friction surface, as in figure 2. The discs themselves were clamped at the bottom with a vise, as if compressed between the two friction pads of a brake shoe. A polymer tipped solenoid was used to excite the brake discs by tapping them on the rear face once every three seconds. Two excitement setups were used for each disk: one where the solenoid tapped on the lower left of the rear friction face (from the scanning head’s perspective), and one where the rear of the center mounting plate was tapped (figure 3).
[image: ]
Figure 2: Wide view of the experimental setup
[image: ]
Figure 3: The exciting solenoid can be seen behind the disc (center) and an example mesh is shown in blue dots
Simple meshes were created for each scan, consisting of two rings of approximately 10-12 scanned points each, one ring on the inner edge of the friction face and the other on the outer edge, shown in FIGURE. Due to space constraints, the outer ring of scan points was discontinued about the bottom of the disc where it was clamped. The scan settings were kept largely to software defaults of the OFV 5000 controller. Notably, the signal used to excite the solenoid was also used as the scan trigger, the frequency range was set from 0 to 20 kHz and later lowered to 10kHz, and different scanning runs used either 6400 or 3200 line fast fourier transforms (FFT) to analyze the collected spectral data. Once a scan was begun, the LDV was allowed to automatically complete collection on each point in the mesh before alterations were made either to the physical setup or the software calibration.

3 Results

Once a scan was completed, the collected data were analyzed in the Polytec post-processing software. Resonant frequencies of the entire part were located within the full spectrum and isolated such as in figure 4, and the attendant vibrations at each isolated frequency were animated on the mesh along with color-displacement maps. The movement was then carefully observed and classified into distinct categories:
· Uniform: the object moves forward and back as one unit
· Torsional (horizontal): the object twists about a horizontal axis—top and bottom move in opposite directions
· Torsional (vertical): the object twists about a vertical axis—left and right move in opposite directions
· Rotational (CW or ACW): nodes of positive and negative displacement appear to move around the disc in either the clockwise or anticlockwise direction
· Complex: the movement has elements of multiple other categories and resists clear classification
[image: Chart, histogram

Description automatically generated]
Figure 4: Regions of peak amplitude can be selected (green) from which the software determines the true peak frequency



3.1 Solid Disc

The solid brake disc was scanned first with the excitement on the lower left and with a 6400 line FFT with a maximum 20kHz frequency. Its resonant modes are shown in table 1:

Table 1: Results from the side excited solid disc
	Mode
	Hz
	Movement

	1
	109.38
	Uniform

	2
	375
	Torsional (vertical)

	3
	803.13
	Torsional (horizontal)

	4
	1456.25
	Rotational (ACW)

	5
	2134.38
	Torsional (vertical)

	6
	2465.63
	Torsional (vertical)



The solid disc was then scanned with the excitement in the lower center of the mounting plate and a maximum frequency of 10kHz after it was seen that the natural frequencies of the component were still well within that range. It was initially scanned with a 6400 line FFT which was reduced to 3200 lines to reduce noise. The resonant modes of the 3200 line scan are shown in table 2:

Table 2: Results from the centrally excited solid disc
	Mode
	Hz
	Movement

	1
	103.13
	Torsional (vertical)

	2
	115.63
	Uniform

	3
	390.63
	Complex

	4
	828.13
	Complex

	5
	2153.13
	Torsional (horizontal)

	6
	2459.38
	Rotational (ACW)

	7
	4031.25
	Rotational (ACW)



In both excitement cases, it can be seen that uniform movement occurs near 110Hz. Both scans show a propensity to torsional movement, though the scan with side excitement is more weighted toward vertical torsion rather than horizontal. In the scan with center excitement, the 3rd and 4th modes displayed complex movement which was not uniform and could not be easily defined as either torsional or rotational. Rather, both modes seemed to display characteristics of multiple types of movement, with mode 3 combining some rotational and torsional elements and mode 4 combining uniform and torsional elements.

3.2 Vented Disc

Both center and side excitement scans on the vented disc were performed with a 3200 line FFT of maximum 10kHz. The side excitement scan produced so much noise that it was impossible to determine resonant modes with any degree of confidence (figure 5). The center excitement scan produced the results in table 3:

Table 3: Results from the centrally excited vented disc
	Mode
	Hz
	Movement

	1
	100
	Torsional (vertical)

	2
	156.25
	Torsional (horizontal)

	3
	200
	Uniform

	4
	350
	Uniform

	5
	518.75
	Rotational (CW)

	6
	853.13
	Uniform

	7
	3156.25
	Rotational (ACW)

	8
	3775
	Complex

	9
	4328.13
	Rotational (CW)

	10
	4837.5
	Torsional (horizontal)



It should be noted that in this scan modes 3, 4, 6, and 7 all had relatively low amplitudes compared to the others, as can be seen in FIGURE. They were included because they stood out from the surrounding frequencies, but due to their low amplitudes and, in the cases of modes 3 and 4, their oddly exact frequencies, there is a possibility that these modes are the result of noise or other interference.
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Figure 5: Much noise and artifacting can be seen in the frequency response of the side excited vented disc scan

4 Discussion

When comparing the responses of the two brake discs, some things become immediately apparent. First, the vented disc’s response had a higher main frequency: 156Hz as opposed to the solid disc’s 110-115Hz. It also had a higher peak frequency than the solid disc. These are likely the result of a more rigid structure created by the vent topology.
In the side excited scan of the solid disc, more vertical torsion was observed than in the center excited scans—highly likely the result of the excitation itself, pushing one side of the disc forward while the other side took time to catch up. Supporting this is the observation that vertical torsion displayed slightly differently in the center excited scans. Figure 6 shows a frame of the animation from mode 2 of the side excited solid disc scan. The component is very clearly twisting the right side forward and the left side back. However, figures 7 and 8 show frames from mode 1 of the centrally excited solid disc and mode 1 of the centrally excited vented disc, respectively. Though the vented disc torsion appears to be somewhat off the vertical axis, in both cases it can still be seen that the torsional movement is defined by the sides moving opposite to the top of the disc rather than a simple left-right disparity.
Given these observations it may then be argued that all vertical torsion modes result from the specific location of the excitation—that the displacement changes seen in the modes begin from the point of excitation and then propagate to the rest of the disc, be it from the left side to the right or from the center outwards. This then begs the question of whether or not the vertical torsion modes may be considered useful responses for the evaluation of the components, seeing as brake discs are extremely unlikely to be struck directly on the friction plate during normal operation. Indeed, these modes may be useful only in a laboratory setting as tests used to characterize the component for duplication—it’s clear that the brake discs present some kind of resonant response at the specific frequencies of these modes, but seems unlikely that the responses seen here are truly reflective of real world performance.
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Figure 6: The 375Hz response from the side excited disc noticeably twists
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Figure 7: The 103Hz response twists on the sides compared to the middle
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Figure 8: The 100Hz response of the vented disc is slightly off vertical but shows the sides twisting away from the center

Both discs displayed modes of complex movement when centrally excited. In the case of the solid disc, the complex modes 3 and 4 each seemed to be the combination of uniform movement with one other movement type. These modes occur at 390Hz and 823Hz respectively, and the frequency response spectrum in figure 9 shows that both are modes of relatively high amplitude that do not have any other modes close by.
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Figure 9: The spikes around 400Hz and 800Hz show good amplitude with few adjacent responses
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Description automatically generated]It is unlikely then that these modes are simply the result of noise nor is it likely that they are being unduly influenced by other behaviors in adjacent frequencies. Given this, the reason for the complex behavior remains unclear. It is possible that internal imperfections or perhaps interference from the vise may have altered the vibrational response of the component.Figure 10: Two spikes in amplitude appear very close together (purple)

The complex mode of the vented disc happens at 3775Hz, and when observed appears to be a combination of rotational and vertically torsional movement. This may be more clearly attributed to interference from adjacent modes: as displayed in figure 10, the region contains two amplitude spikes which the post processing software had difficulty distinguishing. If the two spikes were separated and treated as different response modes, then perhaps their characteristic movements might be better defined.
Across all scans, the region from 1000Hz to 2000Hz appears to be something of a vibrational dead zone. Indeed, the dead zone on the vented disc appears to stretch even further to 3000Hz. Only the side excited solid disc had a response in this zone: a rotational mode at 1456Hz which was not present when the disc was excited from the center, and had the least amplitude of all the recorded modes in its scan. From the gathered data it is unclear what the exact cause of the dead zone may be, but the appearance of this errant mode hints that the frequencies in which modes appear may be subject to the way in which the component is excited. Further experimentation may reveal completely different responses if the component were to be excited, for example, on the edge of the disc rather than from the rear.

5 Experimental Limitations

The experiments conducted in this report were by no means exhaustive and were subject to several limitations regarding their implementation. The first and most obvious concerns the way the brake discs were mounted. In real life application, brake discs such as these would be bolted to the wheel axle from the center mounting plate and in use would also be clamped by friction pads in the brake shoe. Braking systems are typically hydraulic, and thus the clamping force may have varying levels of give depending on the quality of the lines, the level of contamination in the brake hydraulic fluid, and other factors. For these experiments, the brake discs were clamped in a worm driven vise with very little give if any, and the mounting plate was left completely unconstrained. It’s safe to say then that the experimental conditions bore little resemblance to real life conditions, and thus any results obtained therein would be wholly unsuitable for characterizing real-world performance of the parts. Similarly, the clamping of the vise provided some level of constraint and damping to the responses of the components. As can be seen in figure 11, even during modes of uniform movement, the bottom moved far less than the unconstrained top of the disc. Given these limitations, a completely accurate representation of the components’ natural responses may not have been obtained—some form of suspension which allowed the discs to vibrate freely would have been preferrable. Therefore, the experimental results obtained, while not useless, are nevertheless limited only to the validation of a similarly rigged and constrained FEA model.
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Figure 11: The unconstrained top of the mesh can be seen moving much more than the bottom
Another limitation is the lack of dimensionality both in excitation and in scanning. As mentioned previously, across all scans performed here, the components were excited only from the back faces, either towards the side or in the middle. They were not excited from the edges, that is to say, with motion perpendicular to the measurement plane of the scanning head. Similarly, the scanning apparatus was itself limited to a single two dimensional plane per scan, and in all scans that plane was set to be coincident with the front friction faces of the discs. Further experimentation would ideally include excitation from a greater number of locations and with a greater number of orientations, as well as full 3D scanning equipment if possible or, barring that, scans of points on different planes to the ones observed in this report.
Finally, the frequency responses here were determined on a whole-part basis, and not for individual scanned points. In the course of examining the noisy side excitation data for the vented disc, it became apparent that different points on the disc gave vastly different spectral responses, as illustrated in figures 12 and 13. Sadly, this revelation came late in the experimental process and so was not extended to other scans in the set. Had responses at the individual scan points been closely examined, even a simple comparison of which responses were most common and which, if any, displayed only in certain regions of the discs would have been invaluable for a more accurate characterization of the component behavior. As it stands, such in depth analysis must be recommended for any further work.
[image: ]
Figure 12: The frequency response of a single point on the left inner edge of the disc
[image: ]
Figure 13: The frequency response of a single point on the right inner edge of the disc

6 Conclusion

Two automobile brake discs were scanned with a LDV and analyzed to determine their modal responses. The responses were observed to differ between the discs—which was expected—as well as between scans of different excitation locations—which was unexpected. This difference in modal response depending on excitation clearly illuminated the need for further experimentation; many torsional modal responses observed seemed to be heavily shaped by the location of the excitation, and may either not be present at all or be present in a vastly different form were the component to be excited differently. Similarly, the clamping setup used in the experiments was seen to have an effect on the modal response, particularly the uniform vibrational modes, and was observed not to be reflective of real life operating conditions for either component tested. While the experiments performed did manage to shed some light on the responses of the components, these and other limitations confined the usefulness of the data to digital model validation purposes only.
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