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[bookmark: _Toc107249882]Abstract 
This report will focus on documenting the procedures and results of an experiment that involves using a Laser Doppler Vibrometer (LDV) to determine the main harmonic resonant modes and shapes of a given component, in this case an automotive brake disc. Traditionally these results are used to inform engineers developing a vehicle or component,  particular vibrational frequencies that can create dangerous scenarios if seen during the components operation. However, due to a high level of skill/training required to operate the experimental equipment accurately, this experiment has been conducted for the purpose of improving operators’ knowledge of non-destructive testing (NDT) methods within the industry. With this in mind, the results of this experiment should be viewed as learning material, and not as sufficiently accurate results for risk interpretation. 
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Non-Destructive Testing (NDT) incorporates a variety of different methods of material testing that allow a specimen to be inspected for defects without causing damage to or altering the specimen. Whilst some of today’s most popular NDT methods have been developed in recent decades, the concept of NDT has been used throughout history. NDT is widely applied in many industries and includes a variety of methods such as ultrasonic testing, radiographic testing, (Dwivedi & Mahto, 2013). In its simplest origins, examples of NDT could include a simple visual inspection of a specimen to identify defects. However, in recent years, various NDT techniques have been developed not only to improve the accuracy of results, but also to suit specific circumstances and test requirements (Lloyd-Williams, 2022), one such example includes Laser Doppler Vibrometry (Castellini, et al., 2006). 
The first models of Laser Doppler Vibrometers (LDVs) were introduced in the 1960’s. However, early models featured limited sensitivity and low signal-to-noise ratio (SNR) which allowed measurements only to be taken on very diffusive services. In the 1990’s, the technology was further developed and significantly extended measurement capabilities of traditional vibrational sensors (Castellini, et al., 2006). The detection of the Doppler frequency shift which occurs when a light is scattered by a moving surface forms the basis of LDV. The frequency shift detected is directly proportional to the surface velocity and thus the detection enables easy, non-destructive measurement of vibration velocity (Rothberg, et al., 2017).
This report will examine the apparatus & procedures involved in using a LDV to perform a modal analysis of a vehicle’s brake disc. The results of the experiment will then be used to determine the main harmonic resonant modes and shapes of the component. 

[bookmark: _Toc107249885]Aims 
In preparing this report the aims are:
· To develop knowledge and understanding on the NDT technique of using a LDV through practical application. 
· Proper documentation of the experimental procedures. 
· Using the results obtained from the experimental procedure to determine the main harmonic resonant modes and shapes of the given component.
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[bookmark: _Toc107249887]Personal Protective Equipment (PPE)
It is imperative that personal protective equipment (PPE) is worn at all times when conducting the experiment. In this case the appropriate PPE comprises of safety glasses which are used when working in close proximity with lasers. Careful consideration should be paid to the University’s Health & Safety Policy (UWTSD) and the appropriate Health & Safety legislation (HSWA 1974). It should also be noted as this particular experiment utilises lasers, it is vital that the machine operator closes the lasers safety cover during any periods where the laser is not in use.  
[bookmark: _Toc107249888]Laser Doppler Vibrometer – Polytec PSV-400
[image: Laser-Scanning-Vibrometer PSV-500-HV :: Forschungsinfrastruktur]
Figure 1: An image showing the Polytec PSV-400 Laser Doppler Vibrometer (Polytec Ltd , 2022).

Laser Doppler Vibrometers are used extensively within the automotive industry to conduct vibrational analyses of a variety of components used within vehicles. This form of NDT has become increasingly popular in the design process as it allows for the determination of the components resonant frequency, and provides insight into the vibrational conditions of a system that may result in component failure. The Laser Doppler Vibrometer is non-contact velocity transducer that works on the principle of measuring the Doppler frequency shift of a laser scattered by a moving surface. The surface vibrations of a component induce the Doppler frequency shift on the laser beam, and this shift can be linearly related to the vibrational velocities experienced by the component. The Doppler signal is then converted to an analog voltage which is proportional to the velocity of the target (Espositio, 2008). Figure 2 shows an example of how a Laser Doppler Vibrometer setup works in practice. It should also be noted that an appropriate computer & software is required to perform the modal analysis. 
[image: ]
Figure 2: An example of the basic setup principles of a Laser Doppler Vibrometer (Polytec Ltd , 2022).
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For the purposes of this experiment, the selected component was a vehicle brake disc as seen in figure 3. 
[bookmark: _Toc107249890]Solenoid Generator & Amplifier
In order for the Laser Doppler Vibrometer to record the required measurements, the component must be excited in some way. For the purposes of this experiment, a solenoid generator was used to strike & excite the brake disc. By using a solenoid generator, the frequency of the impacts can be controlled. Each impact causes the component to vibrate, and thus allows the Laser Doppler Vibrometer to record measurements. 
It should also be noted that generator’s actuation can have a significant impact on the recorded measurements. This may occur if particular care is not taken in isolating the vibration of the generator’s actuation from the vibration seen in the excited component. The generator should be placed at the recommended optimal distance from the component to ensure that the vibration caused is within the recordable range of the LDV. An amplifier is also used to enable the fine-tuning of the vibration caused in the component and to ensure optimal conditions for conducting the experiment. The solenoid generator can be seen in position in Figure 3. 
However, it should also be noted that in the particular set-up seen within Figure 3, the generator was held in place by tape as opposed to something proving more stability such as a vice grip. This left the generator liable to positional movement caused by the actuation against the component. It was observed by the operator during this experiment that the generator was not sufficiently held in place and that minute positional changes of the generator may have introduced inaccuracies within the recorded results. 
[bookmark: _Toc107249891]Vice Clamp & Brake Pads 
In order to properly represent the component within its proposed system, in this case a vehicular brake disc fitted to a car, the damping experienced by the component within the system should be considered. To properly mimic this, the component was clamped in place between two brake pads using a vice grip. It should also be noted that the force exerted on the component by the vice grip was unknown, and this may have an altering effect on the dampening experienced. In ideal conditions, when examining a vehicle component using an LDV, the component should be fitted to the vehicle as it would be normally. However, in this instance, where performing the analysis of the brake disc while fitted to the vehicle was not possible, a suitable solution needed to be devised. An example of the setup utilised for the purposed of this experiment can be seen below in Figure 3. However, the image in Figure 3 was taken prior to the introduction of brake pads. 
[image: No description available.]
Figure 3: An image showing an example of the vehicle brake disc setup. 
Once the brake disc has been correctly mounted, and the generator positioned, the laser should be pointed at the disc face opposite the generator.
[bookmark: _Toc107249892]Methodology 
Once the experiment apparatus has been setup as described in Section 2 and has been tested for purpose, the LDV can be used for data acquisition and viewing. This process involves two stages, the first involves using the Polytec Scanning Vibrometer (PSV) Acquisition software to setup and perform an investigation, and the second uses the PSV Presentation software to view and document the results. These stages are described in more detail below. 
[bookmark: _Toc107249893]PSV Acquisition 
· On successful loading of the PSV Acquisition software select the acquisition tab and open the settings menu. Using the documentation provided by the university (Charlton, 2022) for reference, ensure that the investigation’s parameters are correct.
· In the generator tab within the settings menu select the ready-made text file supplied by the university (Charlton, 2022). This text file will control the actuation of the generator & the frequency produced. Ensure that the generator functions as intended. 
· Ensure the laser is correctly positioned facing the disc face and measure the distance between the two. Open the 2D alignment tab found within the “Setup” option of the main toolbar, this process allows for proper alignment of the LDV and the target component. The LDV will take a photograph of the target component. Following this the operator will be required to identify particular alignment points using the photograph of the component, this will allow the LDV to determine the components positioning in respect to the projected laser. Once the necessary alignment points have been identified, the operator should input the previously measured distance between the component and the LDV into the investigations’ parameters. It is important that during this process the signal strength is checked within the beam optics and an auto-focus sequence should also be carried out to ensure that the optimal beam size is being produced by the LDV. A strong signal strength is vital to producing accurate results. As such if a weak signal is detected, the operator should repeat the alignment and auto-focus process until an adequate signal strength occurs. This may involve repositioning of the laser and/or component, and in such cases the separating distance should be re-measured and updated within the investigation’s parameters. 
· Once the alignment process has been shown to result in adequate signal strength between the LDV and the component, the data acquisition points can then be determined. Begin by removing any previously determined data points within the software, and then set the mesh shape as half an ellipse over the one face of the disc. Whilst various mesh shapes can be utilised within the software for a variety of components, it was determined that for the purposes of this investigation that the most appropriate shape was the half ellipse. At this point, mesh density should also be defined. A higher density mesh will allow for more accurate results, but also greatly improve the time needed to perform the investigation. With this in mind, it was determined that a light mesh was most appropriate in order to control the required time.
· In order to properly perform a modal analysis of the selected component, the Fast Fourier Transform option should be selected within the results tab. This will allow results to be viewed in the frequency domain as opposed to the default time domain. Using this function to switch domains during a scan can be used to indicate whether the scanning process is being performed correctly. 
· Open the “Acquisitions” tab within the main toolbar and select scan. This option will perform a full scan of the component, whereas single-shot or continuous modes can be used first to perform analysis on the current laser position and confirm that the investigation is setup correctly. The “scan” option will allow users to perform an iterative analysis of each data point whilst the generator continually excites the component. 
· Having determined the scan type, the software will ask the operator to choose a file name for the results. Input the desired file name and proceed with the scan. 
[bookmark: _Toc107249894]PSV Presentation 
·  Having completed the scan, open the PSV presentation software, and load the previously saved results. 
· A contour plot of the components scan will be displayed and allow for an analysis of the component over the entirety of the observed frequency bandwidth. 
· To perform separate analyses of the varying frequencies, frequency bands should be determined. To do this, select the “auto-scale” option. Following this, select the frequency bands option from within the “right-click” menu. You may then select varying frequencies for analysis. If the investigative procedure has been followed correctly the various peaks that require further analysis will be easily distinguishable from the peaks present due to background noise. 
· Animations can be used to further analyse each band. Select the start animation option to begin. The software will then display an animation of the vibrational characteristics of the component at the given band and allows for a visual comparison of varying frequencies. 
· The resonant frequency can now be identified and used to inform the design process. Vibrational analyses of components are often used within the design stage as this allows engineers to determine resonant frequencies of the component/system and alter the design of the component accordingly to minimise the risk of component/system failure caused by the vibrational characteristics of a system in operation. 
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Figure 4: An unedited graph of results. 
[image: ]
Figure 5: An edited graph of results. 
Using the results graph seen above in Figures 4 & 5, various harmonic modes can be identified and will be explored further below. A small peak can be viewed at approximately 50Hz, and can be attributed to background noise presented by electrical equipment and the mains within the laboratory where the investigation was conducted. At approximately 80Hz the disc can be seen to be oscillating back and forth within the clamp and can be seen echoing further around the disc. The main resonant mode can be identified at 872Hz and is highlighted in green in figure 5. The bands highlighted in pink can be attributed to vibrational echoes of the main mode’s oscillation around the disc.  However, it should be noted that it is likely the true main harmonic resonant mode of the component would differ if the investigation were repeated under optimal conditions within its system environment. With this in mind, the results produced should be interpreted with care. 
In an industrial investigation, the main harmonic resonant modes and shapes of the component identified can then be used to inform the design process. This process aids in ensuring that the component can be fitted in such a way that avoids the component vibrating at its resonant mode. In such a case, the component may vibrate in a manner which exceeds the identified safety limits and result in component or system failure. By identifying the resonant modes of a component during the design process, the components design can be modified as necessary, in order to avoid dangerous vibrational situations. 
Whilst Figures 4 & 5 provide a view of the results across the frequency bandwidth, the attached appendices can be viewed for more detail, and show static images of the animations produced for each frequency banned. 
[bookmark: _Toc107249896]Conclusions 
This investigation has further highlighted the importance & value of non-destructive testing methods within industry & provided particular insight into the procedures and benefits of practical Laser Doppler Vibrometry. The investigation has provided an opportunity for operators to learn how the vibrational modes of a component can be identified through non-destructive means, and what the implications of these vibrational modes are. However, as the same stringent standards that would be applied in industry were not applied in the same manner throughout this experiment, the results produced should be viewed as learning material, and should not be considered as fully accurate. Inaccuracies may have been introduced to the investigation in a variety of ways, such as the clamping method of the component, generator positioning and stability, data points selection & mesh density options. If the investigation were to be repeated, it would be suggested that it be carried out in a manner better representative of the target system. If possible, this would involve proper fitting of the target component to the proposed vehicle to undertake the study. Repeating the investigation in this way would allow for a more in-depth analysis of the harmonic modes of the component, and allow the results to be interpreted with more confidence. Ideally, the test could be repeated in this manner using multiple identical components to improve the validity of the obtained results. As previously mentioned, one of the main benefits of NDT is that these tests can be performed & repeated without damaging the components. 
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