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This work investigates the modal analysis of brake discs utilizing Laser Doppler Vibrometry (LDV), a technique that leverages the Doppler effect to measure vibrations on the surface of objects with high precision. The objective was to identify the primary resonant modes and vibration patterns of car brake discs, which are crucial for enhancing the design and performance of automotive braking systems. By employing a scanning LDV, the experiment conducted a full-field scan of a brake disc, subjected to excitation, to determine its vibrational characteristics. Modal frequencies and corresponding vibration shapes were obtained across eight orders, revealing predominant bending, torsion, and wave patterns with increasing complexity at higher frequencies. These findings offer significant insights for the engineering and optimization of brake discs, underscoring the effectiveness of LDV in automotive component analysis. The research not only demonstrates LDV's capability in detecting detailed vibrational patterns but also highlights its application in the practical assessment and improvement of automotive parts, providing a reliable reference for future brake disc design.
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In 1842, the Austrian physicist Doppler proposed the phenomenon of the observed frequency being different from that of the source due to the motion of the source or observer, which was later named the Doppler effect after him. Exploration of laser Doppler technology began shortly after the invention of the laser in 1960, and became practical in the 1980s with the development of fibre-optic vibrometers, torsion vibrometers and in-plane vibrometers(Yeh and Cummins,1964).The Institute of Light and Vibration at the University of Southampton successfully developed a Laser Doppler Vibrometer (LDV) in 1983 to measure the vibrational velocity of solids(Halliwell, 1996). In the course of the development of laser Doppler vibrometry, a number of representative companies have emerged. These include Polytec of Germany, Dantec Dynamics A/S of Denmark, Ometron of the United Kingdom, API of the United States and RION of Japan(Rothberg et al., 2017). 
The laser Doppler vibration measurement technique is mainly applied to the measurement of vibration of some large components, such as automotive parts. Early on, Castellini (2002) described three applications of LDV in measuring vibration of moving automotive components, the first one was to measure; the vibration patterns of tyre sidewalls and tyre treads, the second one was the measurement of timing belts based on a tracking laser Doppler system, and the third one was to comprehensively evaluate the vibration behaviour of a windscreen wiper and to check the performance of the tracking laser Doppler vibrometer. As research progressed, LDV methods were not limited to measurements at individual test points, but could also be used for full-field scans of entire structures, e.g., vehicles, braking systems, etc. Johansmann and Sauer (2005) applied Scanning LDVs (SLDVs) to 3-D SLDVs of brake discs and bodywork, and in the following year they combined the measured geometrical data to perform vibration measurements on the entire body (Schell et al., 2006). In addition, the LDV technique can detect and identify vehicles that are obscured by the forest canopy. The effect of the vehicle engine is utilised to generate sound waves, which travel through the air and then couple into the leaves causing them to vibrate. The presence of a vehicle can be determined by the vibration spectrum of the leaves (Aranchuk et al., 2009). Using the vibrations of the surface of the vehicle that is rigidly connected to the engine, it is possible to directly classify the engine of the vehicle (Wei et al., 2015).
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Laser Doppler Vibrometry (LDV) is a technique that uses the Doppler effect of light to measure vibrations on the surface of an object.LDV allows for the calculation of the frequency and amplitude of the displacement and acceleration of the vibration in addition to the direct measurement of the vibration velocity. This is an extremely simple method that does not require complex processing. Simply by pointing the laser beam at the surface of the object to be measured, the object vibration can be displayed and recorded.
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[bookmark: _Ref161642396]Figure 1. Optical layout of a laser Doppler vibrometer (Eichenberger and Sauer, 2022)
A typical optical path for laser Doppler vibration measurement is shown in Figure 1. The laser Doppler vibrometer probe consists of a laser source, an interferometer, and a photodetector. After the laser is emitted from the laser, it passes through the first beam splitter and splits into two beams. One beam travels down and passes through the Bragg Cell, an acousto-optic modulator used to shift the frequency to the laser beam. This beam is then reflected back and passes through the Bragg Cell again, so its frequency is shifted again, thus accumulating the twice-shifted frequency on top of the original frequency.
The other laser beam is directly reflected and the two beams are merged again at the final beam splitter. The combined laser beams are focused on the sample to be measured. As the sample vibrates, the reflected laser light changes frequency due to the Doppler effect. Finally, this reflected laser light is coherently combined with the original laser light, and any change in frequency is detected by a detector. The detector is usually a photodetector that converts the optical signal into an electrical signal. Combined with the optical layout in Figure 1, the physical scenario of the Doppler effect can be simply understood as follows: a wave emitted by a wave source arrives on a moving object, is reflected and picked up by a detector, and the frequency of the received wave changes. The amount of change in its frequency, i.e. the Doppler shift , can be expressed by the following equation:  
                                (1)
where  is the wavelength of the laser source and n the refraction index of the medium the sample is contained in. 
Due to their straightforward optical design, vibrometers offer precision and flexibility. Because demodulation takes place in the frequency domain, variations in the intensity of the returned light do not add noise to the vibration signal. This advantage is akin to the superiority of FM radio over AM radio, where FM's resistance to signal intensity fluctuations ensures clearer reception.
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The test piece for this experiment was a car brake disc, Figure 2 shows how the experimental equipment was connected. The brake was fixed to the bench and a solenoid actuator driven from the LDV function generator was placed on the lower back side of the disc. The actuator receives a signal and strikes the disc to cause it to vibrate (as shown in Figure 3). A scanning Laser Doppler Vibrometer (LDV) is placed directly in front of the brake disc, and the LDV is connected to a computer. This experiment requires two processing software: PSV Acquisition and PSV presentation. to set-up and perform analysis use the acquisition application. once data has been acquired use the presentation application to undertake the modal analysis. Once data has been acquired use the presentation application to undertake the modal analysis
Before starting the experiment, fix the brake disc vertically and try to keep the disc at a perpendicular angle to the direction of the laser beam in order to have a better beam feedback. Subsequently, ensure that the experimental equipment is functioning properly. The system setup procedure is as follows:
1. Set the measurement mode to FFT.
2. Select the bandwidth as 20Khz.
3. Set the source as angle.
4. Leave the other settings as default.
Next, set up the 2d reference plane. Entering the 2D alignment mode, firstly, the predefined alignment points present are deleted and the indication signals of the optical beam window are checked and the autofocusing of the laser beam is performed. Next, enter the distance between the scanning head and the measured surface measured in advance. And no less than five alignment points are set on the measured surface. Finally, the scanning points are set to form a scanning reference surface according to the shape of the measured surface, as shown in Figure 4.
Once the scanning of the brake discs is complete, the result file is opened using the analysis software. The default analysis window opens with the bandwidth-based vibration patterns, the autoscaling option selected and the specified bands selected. Each band and vibration mode produced can then be viewed in turn.
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[bookmark: _Ref161556346]Figure 2. Experimental equipment
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[bookmark: _Ref161556922]Figure 3. Partial view of experimental equipment
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[bookmark: _Ref161560546]Figure 4. Reference surface
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Since the brake disc is mounted on the working table, theoretically the bottom of the brake disc is a fixed boundary, and the vibration amplitude of the bottom node of the brake disc should be 0. However, in the actual experiments, the brake disc is connected to the fixture table as a whole, and there is friction between the table and the experimental table, which will inevitably affect the vibration pattern of the brake disc. The final modal parameters of the brake disc vibration deformation are shown in Table 1, and the specific shape is shown in Figure 5
[bookmark: _Ref161624506]Table 1. Modal analysis results
	Mode order
	Frequency
	Shape

	1
	87.5
	Bend

	2
	225
	Twist

	3
	612.5
	Wave

	4
	1025
	Wave

	5
	1225
	Wave

	6
	1485.5
	Wave

	7
	1578
	Wave

	8
	1759.5
	Wave
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[bookmark: _Ref161624518][bookmark: _Ref161649025]Figure 5. Vibration shapes of different modes: (a) first order modes; (b) second order modes (c) third order modes; (d) fourth order modes; (e) fifth order modes; (f) sixth order modes; (g) seventh order modes; (h) eighth order modes
According to Table 1 and Figure 5, the PSV Acquisition measured the first eight modes of the brake disc in the frequency range of 20 kHz, the natural frequency of the lowest f = 87.5 Hz, the ring reference surface from the bottom of the fixed end to the top of the free end of the vibration amplitude increases, the ring has no nodes, showing bend shape; the second intrinsic frequency f = 225 Hz, at this time the node line is the ring reference surface perpendicular to the symmetry axis of the table, showing twist shape; the third intrinsic frequency f = 612.5 Hz, at this time there are two nodal lines, part of the upward vibration, part of the twist shape. At this time, the node line is perpendicular to the axis of symmetry of the ring-shaped reference surface, presenting twist shape; the third intrinsic frequency f = 612.5 Hz, at this time there are two nodes, part of the upward vibration, the adjacent part of the downward vibration, the formation of vibration along the circumferential direction of the vibration of the alternating high and low points, this mode, the reference surface of the amplitude of each point in the circumferential direction of the wave-like changes. The vibration pattern is wave. With the increase of the intrinsic frequency, the number of nodes is increasing, and the vibration patterns of the higher-order modes are all wave shapes. In summary, it can be seen that the vibration pattern test results of the sample under test are mainly bend, twist and wave.
[bookmark: _Toc161650268][bookmark: _Toc161650334]Discussion
[bookmark: _Toc161650269][bookmark: _Toc161650335]In this experiment, the modal frequencies of each order of the brake disc and the corresponding modal vibration shapes were obtained by the ldv technique to provide guiding reference coefficients for the design of the brake disc. However, before the beginning of the experiment, only one exciter was set to strike the brake disc, which was not consistent with the excitation received by the brake disc during the actual car driving. In addition, there are uncontrollable factors during the experiment. The vibration caused by any factor may affect the accuracy of the experimental results (ground vibration, acoustic vibration, table sliding, etc.). Finally, this experiment did not set up a repetition group, and the results have some errors. However, compared with the results of other students in this group, the overall results are similar and the results are relatively reliable.
Conclusion
[bookmark: _Toc161650270][bookmark: _Toc161650336]The purpose of this experiment is to determine the main resonant modes and vibration patterns of the brake disc. Through the experiment, it has been determined that the brake disc mainly exists in the eighth-order modes, and the mode shapes are mainly bending, torsion and wave. with the increase of the intrinsic frequency, the number of nodes is increasing, and the mode shapes show the trend of complex transformation. The experimental data provide a reference for the design of brake discs.
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