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	A vehicle brake disc was excited using a solenoid, the frequencies at which the component responded to excitation. The data collected is limited due to the restricted time, several modes have been identified however some modes found in previous research have not been found. A number of different excitation methodologies were attempted to discover more modes. 
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	The purpose of this experiment is to examine the natural frequencies of a solid automotive brake disc. 
	Laser Doppler Vibrometers can be used for a wide range of applications in many sectors. In the automotive industry due to the rotating and reciprocating nature of ICE vehicles it is essential to understand the natural frequencies of components to ensure good noise vibration and harshness performance. Components such as tyres, brake discs and mirrors must be carefully designed to avoid certain frequencies which will be experienced during operation (Xiong, 2019).
	Polytech demonstrate a number of important applications of the technology in the automotive sector including tire and brake acoustics, body in white analysis and a range of noise vibration and hardness testing. Reducing the cost of development is an essential spart of designing any product. By allowing for the validation of computer models through vibration testing and simulation LDV measurements can assist in this regard (Eiechenberger, 2021). 
With the current surge in electric vehicle take up the NVH characteristics of many vehicle components have become even more important the previously. This means that the necessity of understanding the natural frequencies and modes which components vibrate at has become more important (Eicehnberger, 2021). Some example of the use of this method in automotive applications include the analysis of brake and tyre acoustics. When used for monitoring tyre acoustics three laser heads can be used to monitor the sidewall and tread motion while on a rolling road (Boston et al, 2019). This provides information both on the frequencies which the tyre tends to oscillate at and the modes which the tyre moves through. Important considerations for this type of study are relating the rolling radius of the tyre and the typical speeds which the tyre will operate at to ensure that no interactions occur. One study showed three different modes of vibration in the tyre during operation. The data from the study was also used to validate a finite element model of the tyre. Providing further usefulness for making predictions and improving designs of tyres. Carcass deformation is an important factor in the design of automotive tyres. Another primary contributor to the noise generation of ta tyre is the impact of the tread blocks on the road surface, this deforms the tyre and depending on speed and radius of the tyre can create sympathetic oscillations in the tyre causing excessive noise or other possibly dangerous issues which may affect vehicle handling (Galeazzi, 2018). By measuring the movement of the sidewall with a LDV it is possible to examine which frequencies are causing issues and redesign tread patterns etc to better avoid these frequencies.
Usually finite element model validation is an expensive process requiring difficult to construct tests or complex experiments to understand. LDV measurements can be used to validate models through much less difficult testing procedures. For example the ideal validation method for a tyre is to construct an expensive and complex test rig which can load and maneuver the tyre relative to a ground surface to provide the necessary loads and measure the response. LDV can be used to provide greater confidence in a finite element model my examining the components natural frequencies both when inflated and the separated from the wheel (Sauer, 2017). One method suggested for taking measurements of components that are rotating is to use a derotator (Johansmann, 2011). In the development of braking systems LDV’s can be used to measure the natural frequencies of different components and prevent interactions which may cause squeal through design (Marschner, 2008). 
Another advantage of using LDV measurements rather than other methods is being a contactless 
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	The following equipment was used in the experiments conducted:
· Polytech Laser Doppler vibrometer (Including laser head, computer and all constituent components)
· Large Mill vice to secure the component
· Brake Disc
· Solenoid
· Amplifier
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There are a few important considerations when measuring a components response. These can be summarized as: 
· How the component is constrained
· The energy required to excite the component
· The quality of the surface

In order to optimize the experimental parameters for the most accurate results an initial coarse mesh was used to refine the experiment before a final fine mesh was sued to collect data concerning the resonant modes of the component. 

General Operating Procedure
1) Set distance from laser head to component and ensure laser is perpendicular to surface. 
2) Focus the laser to ensure useful measurements can be taken. 
3) Define the points to be scanned across the surface. This is done by creating a mesh in this case a custom polygon is required due to the fact that the clamping system gets in the way of a total round shape.
4) Begin the solenoid cycling and initially set the distance to the component based on the audible response. Namely observing for a clear ring when the tip strikes the component. 
5) Inspect the FFT output data to ensure there is not excessive overreading or noise and carefully tune how much energy the solenoid is imparting to the component.
6) Set the system to continuous scan can ensure the room is quiet and minimal vibrations are introduced through the floor and any other sources of interference.


During the experiment these points were carefully considered in order to ensure that the results reflect the response of the component in situ. There are limitation to the degree with which the on car situation can be replicated in lab without significant extra time and resources. The scenario constructed was both reasonable and as representative as possible. Figure 1 shows the initial setup used to generate a coarse scan for the purpose of refining the setup for optimal results. An alternate methodology more applicable to a situation such as the validation of an FE model is to minimize the degree to which the component is constrained as the frequency analysis in many software packages is based on a completely free excited component.
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Figure 1-Calibration points and initial setup for coarse scan.
	This clamping mechanism was used for several tests, the single location and significant mass of the vice is to a reasonable degree representative of the method of clamping during operation and as such was considered to be reasonable. Improvements to this could include mounting the disc to the car and taking measurements with the brakes clamped on. Short of that clamping brake pads which will have different damping characteristics to the steel jaws of the vice. This was attempted however due to the inability to source correctly sized pads was abandoned due to the addition causing excessive noise into the results of the experiment. Later a modified approach was attempted whereby the clamping area was significantly reduced by lifting the component up and clamping the minimum area possible while keeping the part secure. The reasoning behind this was to attempt to see modes which may be distorted by the clamping mechanism.
	The initial coarse mesh shown in figure 2 was used to evaluate the impact of different factors on the quality of data collected.  The quality of data was assessed by examining the FFT results of each experiment and viewing the relative magnitude of the noise in comparison to the most significant peak in the data. This allows for a swift method of checking whether the results are of use or have too poor of a signal to noise ratio and further refinement to the method was needed.
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Figure 2-Coarse Mesh used  in the refining stage
	The points selected in figure 2 are not for the purposes of identifying any modes but rather to provide a range of points over the component to ensure the general experimental setup produces acceptable data across the entire surface to be scanned.
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Figure 3-Coarse mesh results animation
	Figure 3 demonstrates why the coarse mesh does not represent the component sufficiently to be used for component analysis. The animation is skewed due to the restrictions of the mesh geometry and therefore cannot represent the full mode which the disc is moving through.
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Figure 4-Side Strike coarse mesh final data.
	Figure 4 shows the final data collected for the coarse mesh testing. There is clearly an underlying level of noise that can be seen from the constant level of magnitude fluctuation throughout the entire frequency range seen. Theres is also a significant peak at 50Hz which shows in all of the results likely due to the presence of mains electricity in proximity to the specimen. There was no method for isolating the experiment from this and as such all the results were examined for precise multiples of 50 to ensure that none of the modes were due to this. 
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	The software allows for the animation of the modes in which each frequency is acting. This allows for a better understanding of the possible effects of that  frequency and the risk factors that it involves. In order to complete this post processing the user must select frequency bands which are to be investigated and the software will create an animation of the most intense frequency in each band. Several frequency bands can be selected to examine the modes of each.
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Figure 5-Side Strike fine mesh results

	Figure 5 shows the data collected from the fine mesh with the side strike experiment. The first significant peak is at 50Hz which is likely due to the persistent presence of mains electricity ion the lab the work was conducted in. Dozens more small peaks can be seen all of which occur at multiples of the 50Hz value. These have also been discounted as likely caused by mains interactions. Notably there are three other peaks on this data at 109, 406, and 828Hz. These modes are the most significant and are of interest. 
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Figure 6-Side Strike highest magnitude mode
	The greatest magnitude mode shown in figure 6 is a compression mode with the disc acting much in the motion of a speaker cone moving back and forth. A similar mode to this was seen in an investigation using three laser heads to generate three-dimensional data (Marschner, 2008). This provides some confidence in the other results seen in the experiments conducted.


	Figure 7 shows the frequency bands selected for the back strike tests which show a number of significant frequencies which were not seen when the excitation was on the side edge of the disc. The two peaks at 2.4 and 2.2KHz were not detected in the side strike testing. Figure 7 also illustrates the many small peaks in the data due to the presence of mains electricity in proximity. Any frequencies of relatively small magnitude and either very close or exact multiples of 50Hz were ignored when examining mode shapes.


[image: Graphical user interface, application

Description automatically generated]
Figure 7-Frequency Band selection for post processing
	One point of note here is the double peak in the left most frequency band shown on figure 7. The smaller left most peak is precisely 50Hz and the multiples of this can be seen as tiny peaks higher in the frequency range.
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Figure 8-Experiment 2 FFT results
	Figure 8 shows the results of a second fine mesh experiment where the component was moved further up in the vice and struck from the back. In this experiment the 50Hz interference does not show up. However, there are also several other frequencies which do not show in this data. Four significant modes show in this data at 103, 315, 720 and 2305Hz. 
This differs from the results seen in figure 7 where the component was struck on the side of the disc two fewer modes are seen.
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Figure 9-103Hz Mode shape for experiment 2
	Figure 9 shows the lowest frequency mode seen in experiment 2 this appears to me a rippling motion which moves the disc back and forth. This mode is uniform and does not appear to be overly affected by the constraint at the bottom of the component. Another point worth highlighting in figure 9 is the differing clamping methodology used for this experiment. In this case the very edge of the component is clamped rather than maximizing the surface area that was clamped as before.
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Figure 10-315Hz mode shape experiment 2
	Figure 10 shows the 315 Hz mode that was measured. This mode is perpendicular to the surface of the disc. Approximately each 45 degrees around the disc a wavelength occurs.
[image: ]
Figure 11-720Hz mode shape experiment 2
	Figure 11 shows the 720Hz mode. This is a bending mode which was not seen in the previous experiment due to the method of constraint. Here as the disc is significantly more free the mode is seen due to the mode of excitation. Due to the fact that the component was struck from the back rather than the side in this experiment the mode is significantly exaggerated.
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Figure 12-2305Hz mode shape experiment 2
	Figure 12 shows and unexpected point of non-movement on the left side of the disc. This is likely due to inconsistencies in the way that the component was excited causing the amplitude of the measurements around that area to be significantly smaller than the other measurements taken. 
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	The 2D study of the disc has produced some useful results concerning the resonant modes of the disc. The results match certain modes found in previous studies however there are a number of modes that were found previously that have not been found in this study. This is likely due to a combination of the method of constraint and the method of excitation. There are a few discrepancies in the modes seen between the back strike and the side strike methods. Fewer modes are seen in the back strike method and they are generally less intense.
	The common modes discovered by the back and side strike testing are also seen in previous research providing some confidence in the findings.
[bookmark: _Toc106649320]Evaluation

	Due to the limitations of the laboratory it is inevitable that some interference and anomalies will appear in the data of this experiment. In order to compensate for thse a number of actions were taken. Ideally several improvements would be made to the experimental method. First and primary being improving the method of constraint. This could be done by taking measurements of the component when mounted to the vehicle. Or providing a hub and caliper external to the vehicle and constraining the component this way. 
	Another improvement to the method would be a more consistent method of excitation. Due to the free nature of the solenoid during experiments it would move slightly and this caused some inconsistencies in the of the mode shapes seen due to the fact that the amplitude at certain measurements was smaller. This was because the amount of energy imparted varied due to the movement of the solenoid.
	Further work should include more methods of excitation as the differences in modes identified between the back strike and side strike methods are significant. Different locations and intensities of excitation would allow for further analysis and may reveal the modes seen in previous work which have not been identified here.
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