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Abstract
In this experiment, the resonance frequencies and vibration modes of brake discs were measured using a PolyTec scanning laser Doppler vibrometer (LDV). The results show that the brake disc exhibits significant resonance at specific frequencies. In addition, through modal analysis, this experiment also visualised the vibration modes of the brake disc at different resonance frequencies. Although there are some limitations in this experiment, the results provide an important reference for optimising the design and material selection of brake discs as well as improving braking efficiency and reducing noise and vibration.
Apparatus:
Brake discs, PolyTec scanning laser Doppler vibrometer, electromagnetic actuators, computer.
Introduction：
In the field of vehicle engineering, the performance of the braking system is crucial to the safety and reliability of the entire vehicle. As the core component of the braking system, the dynamic characteristics of the brake disc directly affect the response speed and stability of the system. Therefore, accurately measuring and analysing the vibration characteristics of the brake disc, especially its resonance frequency pattern and morphology, plays a very important role in optimising the design, improving the performance and reducing the noise and vibration generated during braking. In recent years, Laser Doppler Vibrometer (LDV) technology has been widely used in the field of analysing the vibration of materials and structures due to its advantages of non-contact measurement. Compared with traditional contact measurement techniques, LDV is able to accurately measure the velocity and displacement of a test object's surface without disturbing it.
A study using multi-point LDV to evaluate turbulence parameters demonstrates the potential of LDV in analyzing and understanding the effects of turbulence on automotive components, which can significantly impact vehicle performance and safety[1]. Fatemeh Rezaei's research demonstrates the use of laser Doppler vibrometry (LDV) in the non-destructive testing of automotive components, proving its superiority over conventional methods in accurately measuring vibration frequencies. The study demonstrates that LDV technology has the potential to replace traditional inspection techniques, providing the automotive industry with a new and efficient inspection solution. [2]。
This experiment aims to monitor and identify the resonant frequency modes and morphology of a brake disc using a PolyTec scanning LDV. Using an electromagnetic actuator driven by the function generator of the LDV as an excitation source, this experiment aims to identify the main resonant modes and morphology of the brake disc and to explore the limitations of the study. The experimental equipment is shown in Figure 1-2.
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Figure 1 brake disc
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Figure 2 Laser Doppler Vibrometer


The LDV system consists of the following main components：
1. Laser source: The core component of the LDV system, providing a highly coherent laser beam. This laser beam is used to illuminate a target object in order to measure the velocity or vibration of its surface.
2. Beam splitter: splits the laser light from the laser source into two parts, one of which is used directly as a reference beam and the other as a measurement beam on the target object.
3. Optical system: consists of lenses and mirrors used to direct the laser beam accurately onto the target object and to guide the reflected or scattered light back to the LDV system.
4. Interferometer: Used to combine reflected and reference beams to produce interference patterns. These interference patterns vary with the motion of the surface of the target object.
5. Detector: converts the interference pattern into electrical signals. These electrical signals are then analysed to extract velocity and vibration data.
6. Data-processing unit: analyses the electrical signals output by the detector, calculates the velocity or vibration parameters of the surface of the target object and converts these data into a form that can be understood by the user.
The measurement principle of LDV is based on the Doppler effect of light. In an LDV system, a highly coherent laser beam is divided into two parts, one of which is used as a reference beam and the other as a measurement beam that is directed at a target object. When the measurement beam strikes the surface of the object and is reflected or scattered back by it, the frequency of the reflected light is shifted relative to the original frequency due to the motion of the object, i.e., a Doppler shift is produced. This reflected beam then coincides with the reference beam in the interferometer to produce an interference effect, forming an interference pattern that varies with the frequency of the reflected light. By detecting and analysing changes in these interference patterns, the LDV system can accurately measure the velocity or vibration of an object's surface. After the interference patterns captured by the detector are converted into electrical signals, the data are processed to finally calculate the velocity and displacement parameters of the target object surface.The LDV principle is shown in Figure 3.
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Figure 3 LDV Schematic


Procedure
The detailed steps of the experimental procedure are described below:
1. Turn on the LDV probe and adjust the position of the light source and the brake disc so that it scans every corner of the brake disc.
2. Connect the electromagnetic actuator to the power supply and install it on the brake disc base, adjust the distance between the actuator and the brake disc, when the actuator and the brake disc sound crisp and loud, it means that the distance is appropriate.
3. Start the PSV Acquisition programme, open the Settings option in the menu, check the System Settings and Measurement Mode, make sure that the other parameters are at their default values and set the Frequency-Bandwidth to 20 kHz.
4. Select the 2D Alignment function in Setup to calibrate the scanning head. First delete the predefined alignment points. Then use the left mouse button to drag the laser red dot on the screen to any position on the brake disc and observe if the actual laser red dot on the brake disc changes position to match. Then check that there is a signal indicated on the optics beam window and finally autofocus the laser beam.
5. Define Scan Points. Open the Setup - Define Scan Points window. As in the 2D calibration, if there are already defined scan points, select them all and delete them with the right mouse button, then use the left mouse button to create the points on the brake disc that need to be scanned. Next, choose to define the mesh based on triangles. Connect every third neighbouring scanning point in turn with the left mouse button. The scanned area consists of one triangle after another. This is shown in Figure 4.
6. In the setup, change the analysis display type to FFT, set the data saving path, and click Scan with the left mouse button, the system will start to collect and record the data.
7. Once the data acquisition is complete, the results file is opened using PSV analysis and the system defaults to displaying the modal pattern based on the entire bandwidth. Specify the frequency bands by using the Set Frequency Bands menu option, and adjust the vertical axis of the analysis display using the Auto Scaling option
8. Select and drag each frequency peak to choose a correlation band to view and analyse vibration patterns and morphology at selected frequencies.
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Figure 4 Defining the meshes


Graphs of Raw measurements
The vibration modes at different frequencies are shown in Figure 5-12.
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Figure 5 Overview of results
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Figure 6 87.5 Hz
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Figure 7 231.25 Hz
	[image: ]
Figure 8 612.5 Hz
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Figure 9 1225 Hz
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Figure 10 1481.25 Hz
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Figure 11 1581.25 Hz
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Figure 12 1756.25Hz


As can be seen from Fig. 5, the brake discs in this experiment were excited by the actuator. The surface vibration velocity is distributed between 0 and 2 mm/s. A total of seven frequency peaks were selected for modal analysis in this experiment, and their peak frequencies were 87.5 Hz, 231.25 Hz, 612.5 Hz, 1225 Hz, 1481.25 Hz, 1581.25 Hz, and 1756.25 Hz, respectively. Among them, the peak frequencies with the narrowest bandwidths were 87.5 Hz and 23.25 Hz, and the peak frequencies with the largest bandwidths were 12.5 Hz and 23.25 Hz. bandwidth is 12.5 Hz, and the peak frequencies with the largest bandwidth are 1225 Hz and 1581.25 Hz, with a bandwidth of 87.5 Hz. From the frequency response plots at the bottom of the graphs, it can be seen that the amplitudes are larger at the frequencies of 87.5 Hz, 612.5 Hz, and 1756.25 Hz, which indicates that the resonance response at these frequencies is more pronounced.
Figures 6-12 show the schematic diagrams of the resonant waveforms at 87.5 Hz, 231.25 Hz, 612.5 Hz, 1225 Hz, 1481.25 Hz, 1581.25 Hz and 1756.25 Hz, respectively. From Fig. 6, when the vibration frequency is 87.5 Hz, there is no point in the graph where the vibration amplitude is always zero in the whole vibration cycle, so there is no node, i.e., at this frequency, the brake disc behaves as a first-order mode, and its vibration pattern mainly behaves as a bent. The vibration amplitude at the top of the brake disc is larger, and the vibration rate can reach 500 μm/s. From Fig. 7, when the vibration frequency is 231.25 Hz, there is a point in the graph that is zero in the whole vibration period, so there is no node. From Fig. 7, when the vibration frequency is 231.25 Hz, there exists a point where the amplitude is always zero in the whole vibration cycle, so there is one node, i.e., at this frequency, the brake disc behaves as a second-order mode, and its vibration pattern is mainly wave. the maximum vibration amplitude is on the right side of the brake disc, and the vibration rate is 170 μm/s. From Fig. 8, when the vibration frequency is 612.5 Hz, there are two nodes, and the brake disc behaves as a third-order mode, and its vibration pattern is mainly wave. The vibration mode is mainly wave, and it is worth noting that the vibration rate of the brake disc at this frequency is the largest, which exceeds 1 mm/s. In Figs. 9-11, the vibration frequencies are 1225 Hz, 1481.25 Hz, and 1581.25 Hz, and the number of nodes is 3, 4, and 5, respectively, and the brake disc exhibits the fourth, fifth, and sixth-order modes in order, and the vibration modes are more complicated, which exhibit the composite morphology of The vibration modes are more complex, showing the composite morphology of bent and wave. However, the vibration rate is small, not more than 400 μm/s. In Fig. 12, the vibration frequency is 1756.25 Hz, the number of nodes is 6, the brake disc exhibits the seventh order mode, the vibration pattern is the composite form of bent and wave, and the vibration rate is larger, with a value of about 560 μm/s.
Result analysis
From this experiment, it can be seen that brake discs resonate strongly at specific frequencies, for example, they are more likely to resonate at frequencies of 87.5 Hz, 612.5 Hz and 1756.25 Hz, which is very important for the design and selection of brake discs. Also as the vibration enhancement near the resonance frequency usually generates noise, this vibration may create significant noise problems during vehicle operation, affecting the ride comfort. The modal shape diagrams in this experiment show the vibration patterns on the surface of the brake discs at specific frequencies, and the wear of the discs can be determined by observing the colour distribution on the modal diagrams. For example, if a certain area exhibits a large amplitude of vibration at a resonant frequency, it may indicate that this area is abnormally worn compared to other areas. Uneven wear of the discs can lead to a decrease in braking performance and may result in juddering when braking. Overall, this experiment plots a detailed view of the dynamic response that a brake disc may experience during operation. Understanding the response patterns is important for optimising the design of brake discs and preventing possible failures.
Limitation
Although LDV provides a high-precision and non-contact way to measure and analyse vibration modes, there are still some limitations in the experimental process and results: firstly, the surface reflectivity of the object to be measured is limited, as LDV is based on the measurement of the laser beam reflected back from the target surface. Therefore, it is difficult for materials with low natural reflectivity, such as rougher surfaces and less uniform texture, to reflect the laser effectively, thus affecting the measurement accuracy. Secondly, vibration noise interference, LDV is very sensitive to vibration and sound waves in the environment, especially when making low-frequency measurements. Tiny vibrations and sound disturbances in the laboratory environment are likely to affect the quality of the data, such as walking footsteps, conversational voices, and so on. Whilst these effects can be reduced using vibration isolation techniques, it is clearly not feasible to eliminate them completely under laboratory conditions. Then, the brake discs are fixed to the test rig during the measurements, with constraints that may differ from the actual vehicle conditions in operation, and this fixation may affect the vibration patterns. The last is the influence of human factors, which is mainly divided into two main categories, one is operational negligence, when conducting experiments may make some small mistakes, such as forgetting to continue the calibration operation of the instrument, etc.; the second is the perceived subjective judgement, in the process of data processing and analysis, the operator's subjective judgement affects the experimental results to a certain extent. For example, in frequency response analysis, the selection of which peaks to modalise may be based on personal experience and preference, which may lead to the omission of important information or over-interpretation of secondary features.
Conclusion
In this experiment, the dynamic response of the brake disc was measured and analysed non-contact using a PoyTec scanning laser Doppler vibrometer (LDV). The experimental results show that the brake disc resonates more significantly at specific frequencies, especially at 87.5 Hz, 612.5 Hz and 1756.25 Hz. This is crucial in terms of brake disc design and material selection. In addition, this paper also provides a visual analysis of the resonance patterns at specific frequencies, which is important for improving the reliability of the brake system. However, although the LDV technique provides an accurate and efficient method to analyse the vibration characteristics of brake discs, the experiment still has some limitations. For example, the accuracy of the measurements is limited by the reflective properties of the surface of the test object. The differences between the constraints of the brake disc in the experiment and the actual vehicle operation may have some influence on the measurement results of the vibration modes. Therefore, in the future, emphasis can be placed on improving the measurement technique to minimise the influence of these factors and further enhance the accuracy and reliability of the experimental results.
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