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[bookmark: _Toc106618622]Abstract
An experiment was performed on a vehicle’s brake disc to determine the vibrational modes of the component. The experiment was performed using a laser doppler vibrometer available from Polytec, a generator to strike and excite the component, a vice and brake pads to clamp the component in the correct orientation, and a computer to gather and display the results. It was found that the component has an increased displacement when excited at certain frequencies. These results would show engineers developing a vehicle the vibrational frequencies that should be avoided to prevent the brake disc from entering its resonant frequency and creating a possibly dangerous scenario. It was found however that the experiment was performed in a less than ideal scenario and therefore the results yielded should be taken as incorrect. The experiment has however developed the knowledge of non-destructive testing methods within the industry for those taking part.
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1.0. [bookmark: _Toc106618624]Apparatus
To complete a modal analysis on a brake disc, the first piece of equipment required is a laser doppler vibrometer. The laser doppler vibrometer is used extensively throughout the automotive industry to perform vibrational analyses on many components within a road going vehicles and has become increasingly more prevalent within the vehicle design process in recent years. (Gjelstrup, 2022) The laser doppler vibrometer works by measuring the displacement and displacement velocity of a component when excited by measuring the amplitude and frequency of a laser beam which has been fired at the component and reflected back to machine. The laser doppler vibrometer is capable of determining the resonant modes of many components constructed of various materials with relative ease. (Esposito, 2016) This method of vibrational analysis is becoming more extensively used within industry as it is classed as a non-destructive form of vibrational analysis and therefore an experiment can be repeated on the same component multiple times until the desired results are reached. The figure below displays how the laser doppler vibrometer works in practice and reaches its results.
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[bookmark: _Toc106542880]Figure 1: Image illustrating how the laser doppler vibrometer functions. (Ch. Srinivasa, 2018)
To allow the laser doppler vibrometer to take its measurements and allow a modal analysis of a component to take place, the component must be excited in some way. In the case of the experiment detailed throughout this report, the brake disc was struck by a generator containing a solenoid to control the frequency of the impacts. The impact from the generator will cause the component to vibrate and therefore allow the laser doppler vibrometer to take its measurements and reach its results. However, it should be noted that the actuation of the generator could affect the results of the experiment if the operator is not careful to isolate the vibration of the generator actuation from the vibration of the excited component. This can sometimes prove difficult and is unavoidable in some cases. In this unfortunate situation, it is the job of the operator to identify this phenomenon within the results. The generator should be carefully placed at the most optimum distance from the component to ensure the vibration of the component is within the measurable range of the laser doppler vibrometer machine. To ensure the vibration is within the measurable range of the machine, an amplifier is used alongside the generator. This will allow the operator to fine tune the position of the generator to ensure maximum confidence in the yielded results.
As well as this, to ensure the component is analysed in the correct orientation to maximise the representation of the component to a component in use within a road going vehicle, the brake disc must be clamped in some way. In the case of the brake disc modal analysis detailed throughout this report, the component was clamped by a regular 10 cm vice between two brake pads comprised of a common frictional material. This was done to maximise the realism of the damping seen by the component. However, it should be noted that although brake pads were used to mimic the manner in which the component would be fitted to a vehicle, the clamping force from the vice used was unknown. This could skew the results as the damping of the component will likely behave differently when fitted to an actual vehicle. The ideal manner in which this experiment should be performed would require the brake disc to be fitted to a vehicle as it would be in normal circumstances and excited in a way which would be representative of its operation. This however was not possible in this case and therefore a “best fit” solution was devised. 
A computer with the required software is also necessary in order to control the experiment and display the data gathered from the laser doppler vibrometer.
It is also of paramount importance that the operator and anyone within the vicinity of the machine is wearing the required PPE. This consists of specific safety glasses which are used when working with lasers. It should be noted that working with lasers can be extremely dangerous and could result in serious injury. Due to this, it is also important for the operator of the machine to close the lasers safety cover when an experiment is not being performed. 




















[bookmark: _Toc106618625]2.0. Introduction
In the modern era of product development and the automotive design process, non destructive testing methods are becoming ever more prevalent. This is because it is now possible to determine the properties of a component without causing any damage to it. This has many benefits including the fact that a component can be tested repeatedly in multiple orientations or operating conditions without altering the component’s properties. (Onestop NDT, 2020) This allows for an in-depth analysis of a component to take place without increasing the cost of the design process by too much.
This report will focus on a vibrational modal analysis performed on a vehicles brake disc using a laser doppler vibrometer available from Polytec. A detailed account of the apparatus used, the experimental methodology, and the results yielded will be discussed throughout. Determining the vibrational modes of such a critical component of a vehicle during the design process would allow engineers to develop a vehicle in a manner which would avoid vibrating at the corresponding frequencies. This in turn would increase the overall safety of the vehicle. As the process of determining the vibrational modes of a component is non-destructive, the testing procedure could be implemented onto a wide array of vehicle components to further increase the safety of the vehicle. However, it should be noted that determining the vibrational modes of a component using a laser doppler vibrometer can be a time-consuming process. This means that if the process were to be implement multiple times on a substantial number of components, the time taken for the design process could be greatly increased.


















[bookmark: _Toc106618626]3.0. Methodology 
Once the experiment has been successfully set up as shown in the apparatus section, and has shown to function as intended, the computer which acts in unison with the Laser Doppler Vibrometer should then be put through its own set up procedure. There are two options installed on this machine, one of  which allows you to set up the experiment and perform an investigation (PSV acquisition), with the other allowing a modal analysis of the results to be performed (PSV presentation). 
[bookmark: _Hlk106287832][bookmark: _Toc106618627]3.1. Polytec Scanning Vibrometer (PSV) Acquisition 
As the software is loaded, the operator will be asked to select the acquisition tab and the proceed to the setting menu where the systems experimental parameters can be defined. A reference sheet was provided be Peter Charlton detailing the correct set up procedure necessary to reach the required results. (Charlton, 2022) To allow the solenoid to actuate in the correct manner and ensure it strikes the brake disc with the frequency required to cause the brake disc to vibrate in the necessary mode, a pre-defined text file created by Dr Kelvin Lake should be selected from the generator tab within the settings menu. 
Once the solenoid has been sufficiently set up, a 2D alignment of the component should then be performed. To achieve this, the operator should navigate to the 2D alignment tab contained within the experimental set up menu. This will allow the laser doppler vibrometer to align with the component and ensure the yielded results can be taken with some confidence. To align the component correctly within the laser doppler vibrometer, a still photograph is taken by the machinery and then the operator proceeds to allocate specific alignment points on the component to allow the machine to determine the position of the component in regards to its projected laser beam. The distance between the component and the laser doppler vibrometer should be measured and inputted into the experimental parameters to ensure the component is correctly aligned with the machine. The still photograph taken by the laser doppler vibrometer to allow the alignment to take place is shown in the below figure.
[image: Graphical user interface

Description automatically generated with medium confidence]
[bookmark: _Toc106542881]Figure 2: Image displaying the still image of the experimental set up taken by the laser doppler vibrometer to allow the 2d alignment to take place.
From here, it is recommended that the operator performs an auto focus of the laser beam to ensure that the beam is projected onto the component at the most optimum size. Once the auto focus has been completed, it is important to check the strength of the signal reaching the machine by observing its intensity within the optics area of the software. A strong signal is required to perform a modal analysis in which the results can be taken with a relative degree of confidence. If a weak signal is observed by the operator, it is good practice to repeat the 2D alignment process until a strong enough signal reaching the machine is observed. If necessary, the component or machine could be relocated in order to achieve a good signal between the two. However, it should be noted that if this procedure is performed, the measurement of the distance between the component and the vibrometer must be re measured and inputted into the machine correctly. 
Once the alignment process has been completed and a strong signal between the component and the laser doppler vibrometer is observed, the scan points which the data will be collected from can then be determined. To do this correctly, any existing scan points inputted into the machine should be deleted and new ones defined. There are various ways in which this can be achieved as the PSV acquisition software has multiple options on how to lay out the points. These options include shapes such as rectangles, squares, and various ellipses in which the mesh density of points can be set within it. In the case of the brake disc modal analysis procedure being analysed throughout this report, the points were set up on the component as half an ellipse on one side of the disc. This was done to reduce the time needed to complete the experiment and as the brake disc is symmetrical, the results yielded from one side of the component should be representative of the other side. A figure illustrating the how the scan points were set up is shown below.
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[bookmark: _Toc106542882]Figure 3: Image displaying the scan points used to determine the vibrational modes on a vehicles brake disc.
It should also be noted that although a greater mesh density will likely provide more in-depth results, a dense point mesh will significantly increase the time required to complete the experiment. Due to this, it was decided to set a relatively light mesh of scan points to decrease the time required for the experiment. 
As the results of the experiment are to be used to perform a modal analysis on the brake disc, it is important to set machine to provide the yielded results in the frequency domain Rather than the default time domain. To achieve this the fast Fourier transform option should be selected in the results window to allow the software to manipulate the results into the required format. It should be noted that as the experiment is being performed, it is possible to switch between the domains to ensure the experiment is being performed correctly.    
From here, it is then possible to set up the scan by navigating to the scan options tab within the settings menu. There are three options available within the setting menu with the first being single shot. The single shot option, if selected, will allow the generator to strike the component once with an analysis of a single scan point. The second option available is the continuous scan, if selected, the continuous scan option will allow the generator to continuously strike the component with a frequency set by the text file mentioned earlier in this section, and an analysis of a single scan point to be performed. These two options are ideal for ensuring the apparatus is set up correctly, setting experimental parameters, and ensuring the signal between the component and the vibrometer is strong enough to achieve the desired results. However, as these options only allow for an analysis of one scan point, the third “scan method” option should be used to allow for an analysis of the whole component. This scan method will iteratively analyse each point set by the operator as the generator continuously strikes the component. Once the scan method has been determined, the operator will then be asked to save the experiment in their desired location. The experiment will then be performed, and the results saved in the stated location. The operator should then open the saved file within the Polytec Scanning Vibrometer presentation software for an analysis of the results to be performed. The figure below displays the experimental set up used within the PSV Acquisition software. 
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[bookmark: _Toc106542883]Figure 4: Image displaying the experimental set up within the PSV Acquisition software.
[bookmark: _Toc106618628]3.2. Polytec Scanning Vibrometer (PSV) Presentation
One the psv presentation software is opened and the results from the experiment are loaded within it, a contour plot of the determined scan points within the component will be displayed. This will allow for analysis of the component over the entire frequency bandwidth observed by the component. For a more in-depth and localised analysis at different frequencies, frequency bands should be specified within the results. To achieve this, the results should first be auto scaled by selecting the auto scale option on the screen. Then the frequency bands option should be selected from the “right click” menu. It is then possible to select the areas in which the operator would like to analyse. This is normally achieved by selecting the areas in where the results show high peaks within the frequency domain. If the experiment has been performed correctly the peaks in which the operator would likely want to analyse should be easily differentiated from the peaks created from the “noise” associated with the background environment. The following figures illustrates the frequency band selection technique aforementioned being implemented.
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[bookmark: _Toc106542884]Figure 5: Image illustrating the use of the PSV presentation software.
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[bookmark: _Toc106542885]Figure 6: Image displaying the frequency bands set up within the PSV presentationsoftware.
From this, the results within the chosen band can be analysed by selecting the start animation option. The animation option will display the behaviour of the component at the selected frequency by exaggerating the vibration of the component within an animation. This is done to allow the operator to see how the component reacts at different frequencies and the specific shape of the vibrational modes. This will allow for the resonant frequency of the component to be determined. This would be extremely useful in the design process of a vehicle as the design of the brake disc could be altered if it was feared that the vehicle could vibrate in a manner which could produce the frequency required to damage the component analysed.



















[bookmark: _Toc106618629]4.0. Results & Discussion
[image: Chart

Description automatically generated]
[bookmark: _Toc106542886]Figure 7: Graph displaying the results gathered from the laser doppler vibrometer.
It can be seen from the figure above that the brake disc has vibrational modes at around 50 Hz with a magnitude of 23 µm/s, 150 Hz with a magnitude of 46 µm/s, 400Hz with a magnitude of 14 µm/s, 850 Hz with a magnitude of 26 µm/s, 1500 Hz with a magnitude of 4 µm/s, and 2410 Hz with a magnitude of 2 µm/s. It can be determined from this that the main resonant frequency of the brake disc occurs at 150 Hz with a magnitude of 46 µm/s.
It can be seen from the figure above that the brake disc has multiple frequencies at which the component will experience an increase in vibrational displacement and magnitude when excited with the main resonant frequency occurring at 150 HZ. This could cause problems if the component were to experience an event that would result in the brake disc vibrating at one of the frequencies shown in the above figure. Due to this, it would be wise to develop the vehicle in which the specific component was to be fitted in such a way that would allow the component to avoid being excited in the highlighted frequencies. This is due to the fact that if the vehicle were to vibrate at one of the highlighted frequencies in the above figure, the resonant frequency of brake disk could possibly be reached. If this was to occur, it could result in the component vibrating beyond the safety limit and in turn deforming the component. (HowStuffWorks, 2021) This could possibly create an extremely dangerous scenario which would likely result in an accident. It should be noted that the peak seen at around 50 Hz in the above figure is likely due to the noise present from the electrical equipment within the lab where the experiment took place and should therefore be ignored. (National Grid, 2022) An ideal experiment would isolate this frequency so it was not displayed within the results.
Although the vibrational modes were determined as shown above, it is likely that these modes would be different if the component was analysed in its operational environment, and therefore, the results yielded should be taken with caution.





[bookmark: _Toc106618630]5.0. Conclusion
In summary of the experiment, it was found that non-destructive testing methods such as a modal analysis of components using a laser doppler vibrometer as detailed throughout this report are invaluable in the development of vehicles and the components within them as testing techniques which do not damage the component can greatly reduce the cost of the testing component within the design process as multiple specimens would not be needed for analysis. Although this experiment has given those involved an insight into the methods used to determine component properties within the automotive sector, the manner in which the experiment was performed lead to inconsistent and inaccurate results. However, it was found that the brake disc has multiple vibration modes at various frequencies. If the results gathered from the experiment could be taken with confidence, it would show the vibrational frequencies that should be avoided by the vehicle to protect the efficacy of the brake disc and possibly avoid a dangerous situation.
As aforementioned due to the less than ideal scenario in which the experiment was performed the results could not be taken as accurate and therefore the experiment should be taken solely as a learning experience. Taking part in this experiment has shown those involved how the vibrational modes of a component can be determined through non-destructive means and the importance of avoiding these modes in vehicle design. If the experiment were to be repeated, a more representative experimental set up should be implemented to ensure the results could be taken with confidence. This will then allow a more in-depth analysis into the vibrational modes  of the component and how to avoid them.
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