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ABSTRACT

An investigation into the vibrational modes of a vehicles brake disk using a laser doppler vibrometer. The vibrational modes highlighted from the investigation showed that the displacement and velocity of the specimen were increased when the component is excited at certain frequencies. A review of the testing equipment, investigation, and results have been discussed throughout this report. The conclusion of this report states that the results that were gathered lacked foundation and structure and therefore cannot be taken with any degree of accuracy or reliability.
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1.0. [bookmark: _Toc106543415]Introduction
The world of material testing is constantly evolving, especially in the automotive industry. Modern problems require modern solutions, and non-destructive testing methods are leading the way in the advancement of component testing. Non-destructive testing methods mean that the specimen that is being tested can be reused through multiple test cycles in various orientations.
The purpose of this investigation is to perform a modal analysis of a vehicle component. The specimen that will be used for the investigation is a brake disk. Ideally the brake disk would be situated and tested in a way that would replicate its operational conditions, although due to limitations within the investigation environment, the brake disk will be clamped in a vice. An a analysis of the results has been conducted based upon the results of the investigation which is then discussed in line with relevant papers from the field.

















[bookmark: _Toc106543416]2.0. 	Apparatus
Firstly, the main piece of apparatus used in this investigation is the Laser Doppler Vibrometer. Laser Doppler Vibrometry is currently the method that offers the best displacement and velocity resolution and is used industry wide across scientific sectors. It enables femtometer amplitude resolution and is linear and therefore has consistent amplitude up to very high frequency ranges. These properties are independent of the measuring distance so can be used across a very wide range of specimen sizes. The LDV can also be used an extremely small and lightweight structures due to the testing method being non-invasive or destructive (Polytec, 2022). The figure below describes how the laser beam is directed through a series of beam splitters and sensors to measure the displacement and velocity of the specimen.
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[bookmark: _Toc106543402]Figure 1 - Basic measurement principle of Vibrometry and setup of a laser Doppler vibrometer (Polytec, 2022)
Secondly, a generator is required to induce vibration in the specimen. This is comprised of a striker that can be positioned independently to the specimen, so that the strike happens the vibration induced is not so weak as to deliver an interpretable signal however not so strong that the vibration is dampened. An amplifier is also connected to the striker so that in addition to ideal positioning, the strike can be tuned to induce an optimum vibration.

Thirdly, clamping apparatus is required to ensure the specimen is secured. An unideal clamp may not hold the specimen securely, leading to the specimen shifting causing the LDV to be aligned differently. Adversely if the clamp is too large the vibration induce may be dampened resulting in unreadable data. In the ideal scenario, the specimen would be suspended in a chamber that removes any influence or damping of the clamping equipment and not be surrounded by any vibrational modes. This scenario is unachievable and therefore a suitable solution was developed to clamp the specimen.

Fourthly, measuring equipment is used to accurately obtain the z distance required to enter into the PSV Acquisition program. An engineering square can also be used to ensure that the specimen is true to the laser beam. 

Fifthly, a computer is required to control the apparatus and interpret the data, display the data for review by the operator.

Sixthly, and arguably the most crucial, personal protective equipment. Working with lasers is dangerous and therefore to ensure safety to the operators’ eye specific laser safety glasses are used when the LDV lasers beam is active (NM State University, 2015). In addition to this when the laser isn’t active during a scan or alignment, then the safety cover is applied so that the laser will be contained in the LDV housing.














[bookmark: _Toc106543417]3.0. 	Methodology
Once the apparatus is assembled and the component computer is set up and logged on the software that is used to control and analyse the laser doppler vibrometer is PSV acquisition and PSV presentation. PSV acquisition is used to set up the investigation, defining all the parameters and running the investigation. PSV presentation is used once the investigation is complete and is used to analyse the results.

[bookmark: _Toc106543418]3.1.	PSV Acquisition
Once the PSV acquisition program is loaded the initial step is to select the acquisition tab and navigate to the settings menu. From here the system parameters, such as measurement mode, can be selected and set up. Following the provided guidance sheet, the settings were set up to replicate those observed in the handout (Charlton, 2022). The generator tab within the settings menu requires a text file to perform the operation of the Laser Doppler Vibrometer which has been written and preloaded by Dr Kelvin Lake.

Following on from the system settings, a 2D alignment of the scanning head is required. This is located by navigating to the setup tab and selecting 2D alignment. Once inside the 2D alignment menu a new window will appear in which an image of the scan specimen can be observed, if there are existing alignment points it is recommended that these are deleted. It is important at this stage that an auto focus is completed so that the laser beam size is at the optimum size, following on from this it is crucial that a strong signal is observed in the beam window on the right side of the window in the optics area, as a weak signal will result in poor an unreliable observation. Below the optics area of the beam window is the position area where the distance and position can be defined. The Z distance, measured in meters, is the distance that the Laser Doppler Vibrometer is located from the specimen. Using the arrows in the position area of the beam window, the laser location can be moved around the specimen so that new alignment points can be defined using the left mouse button. The point alignment process is completed a series of time so that a good coverage of the scan area is obtained with alignment points. the process of the 2D alignment points can be seen in the figure below as the circles located on the brake disk indicate the alignment points.
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[bookmark: _Toc106543403]Figure 2 - PSV acquisition 2D alignment

Thirdly, the scan points are to be defined. This is completed via navigation to the define scan points tab within the setup tab, as used previously. Similarly, the presented scan points window may have pre-existing scan points, which will likely not be accurate to the specimen that is being used and should be deleted. There are various methods of creating scan points, these come in the form of placing individual component surface scan points or using a primitive shape to define a mesh-based scan area, which is selected by right clicking within the imaging window. Using the mesh-based method of defining component surface scan points, an appropriate shape is selected and then described onto the image using the left click mouse button. A new window will appear where the density of the scan points within the shape can be defined. This process is intuitive to the operator although using a rule of thumb that a low-density mesh will require less time but return less reliable results whereas a high-density mesh will require longer running times but return results that will offer a better understanding into the behaviour of the specimen. The figure below shows an example of defining the scan points in a course mesh.
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[bookmark: _Toc106543404]Figure 3 - PSV acquisition example of scan point definition

Prior to beginning the scan, the type of analysis can be altered between time and Fast Fourier Transform (FFT), this can also be changed during the scan to observe both scan analyses. 

The scan options are given in the acquisition tab, where the settings were determined. Further down the acquisition tab there are options for single shot, continuous, or scan. A single shot analysis will strike the specimen with the generator once, whereas the continuous analysis will continue to strike the specimen, however both of these analysis methods only perform the analysis at a single component surface scan point, these methods are ideal for use when evaluating apparatus set up or setting parameters. The scan method of analysis navigates through all defined scan points within the density box that has been created. Once a scan analysis method is selected the program will prompt the user to define a save location where the results will be generated. The figure below depicts a scan in progress, the mesh is much finer than the mesh from the previous figure and would therefore take considerably longer to complete. It can also be observed in the figure the classification of scan points, these appear in various colours during the scan and give indication to the operator to the validity and reliability of the scan results.
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[bookmark: _Toc106543405]Figure 4 - PSV acquisition scan

[bookmark: _Toc106543419]3.2.	PSV Presentation
By navigating through the file tab, the results file generated through PSV acquisition can be opened and loaded for analysis. Once opened the default analysis window will display a colourised contour plot in the shape of the component surface scan point density box based upon the entire bandwidth observed.

It is important to focus the results of the investigation by specifying the frequency bands via the setup tab, this will reduce the noise observed during the investigation and show a clearer description of the specimens’ behaviour. When selecting the frequency bands the vertical axis should be auto scaled so that the full peak of the frequency can be observed. Assuming an ideal investigation has been performed with minimal external noise from the environment, the peaks of importance to the investigation will be more prominent than background noise. The frequency bands are selected by highlighting the peaks from initiation to dissipation with the left mouse button. Once all the frequency bands of importance have been selected, the program will prompt the user to recalculate the frequency bands. 

Leading on from this stage the frequency bands can be selected individually so the behaviour of the specimen can be observed. For the selected frequency band, the start/stop animation button can be used to control the animation, to further aid in the analysis of the frequency band the image can be rotated to view a better viewing angle where the amplitude of the vibrational modes can be observed.
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[bookmark: _Toc106543406]Figure 5 - PSV presentation example of results showing amplitude of vibration modes
The figure above shows the visualisation of the vibrational mode selected using the frequency bands. The contour plot with the legend on the left shows the velocity of the specimen and can be animated so that the vibration propagation through the specimen can be observed for better understanding.




[bookmark: _Toc106543420]4.0.	Results
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[bookmark: _Toc106543407]Figure 6 - Investigation results
The figure above shows the vibrational modes that were observed during the investigation as the striker impacted upon the specimen. The graph shows four clear vibration modes in the specimen that occur at around 50Hz with a magnitude of 23m/s, 150Hz with a magnitude of 48m/s, 400Hz with a magnitude of 15m/s, and 825Hz with a magnitude of 25m/s. these are the main vibrational modes observed during the investigation, however other vibration modes can be seen throughout the results with minor peaks. The minor peaks may be torsional modes or background noise that is received by the LDV such as electrical equipment in the lab.










[bookmark: _Toc106543421]5.0.	Discussion
The laser doppler vibrometer is an incredibly versatile piece of testing equipment, used across many industries from fine art to automotive and beyond. Looking primarily at the automotive industry, the LDV is used to measure vibrational modes within automotive components. Castellini and Montanini conducted an investigation into vibration measurements in automotive components, they completed investigations using rolling tyres, timing belts, and windscreen wipers. They conclude that their investigations offered valuable information into the dynamic behaviour of automotive components under operative conditions (Castellini & Montanini, 2002). The aforementioned investigation offers a better insight into the dynamic behaviour of the vehicle component as the testing method in this investigation clamps the specimen in a way that wouldn’t replicate an operational condition. 
Statham and Kolaini, of California Institute of Technology, conducted an investigation comparing the practicality and viability of replacing stud mounted accelerometers with laser doppler vibrometers when quality assessing aerospace components. The conducted investigation concluded that stud mounted accelerometers could interfere with the shockwave and distort the acquired signature, where the laser doppler did not. Statham and Kolaini go on to state that there are limitations surrounding the use of the LDV which include but are not limited to the setup, measurement limitations surrounding unideal component surface, and the practicality and portability when requiring outside investigations (Statham & Kolaini, 2012). The practicality and setup limitations were clear during the investigation surrounding this report and were definitely key in the limitations of the results that were gathered.






[bookmark: _Toc106543422]6.0.	Conclusion
In conclusion this investigation has offered a beneficial insight into NDT in the automotive industry. Non-destructive testing methods are extremely valuable within the automotive testing sector as it reduces cost and manufacturing time for the manufacturer as less specimens are required when compared to destructive testing methods.
This investigation has offered little in the way of concludable results due to the limited data gathered. As mentioned, looking at this investigation as a learning opportunity, the investigation has offered an invaluable experience into the operation and setup of the LDV. 
If this investigation was to be repeated, further supervision would be required to ensure that accurate setup and operation was conducted. Additional supervision would also offer insight in how to interpret the gathered data to a higher standard as this section of the report is lacking. 
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