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Abstract
This report presents an experimental study using the PolyTec Scanning Laser Doppler Vibrometer (LDV) to investigate the resonant frequency modes and shapes of a standard automotive brake disc. The experiment involved exciting the brake disc with a solenoid actuator driven by the LDV function generator, while the LDV scanner measured the vibration response (Polytec, 2017). Different bandwidths were tested to identify the balance between noise and signal-to-noise ratio. A comparison of natural frequencies was also conducted at different locations of excitement. Furthermore, a racing-designed automotive brake disc was compared to the standard sample in order to identify differences in application, design and weight. According to the study, the road-type disc had natural frequencies ranging from around 112 to 2460 kHz, while the high-performance brake disc exhibited double the resonant frequency.
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[bookmark: _Toc129543052]Apparatus
Laser Doppler Vibrometer (LDV) is a non-destructive, non-contact method of testing a material's mechanical properties. According to J. Galos et al. (2019) the following apparatus is required to perform an LDV experiment: 
· A laser vibrometer scan head, an optical instrument that measures the vibrations of a surface by measuring the Doppler shift of the laser beam reflected from the surface. 
· A mechanical shaker, used to induce vibrations on the specimen.
· A signal amplifier provides the necessary control to enable the mechanical shaker to excite the specimen at an optimal level.
· [image: ]A controller and software system for acquiring and displaying measured data.
[bookmark: _Toc129548894]Figure 1: LDV Experimental Test Diagram, (J.Galos, et al., 2019)


In figure 1, an example of a generic LDV experiment is illustrated. Experimental setups may vary according to the application for which a component is designed.
[bookmark: _Toc129543053]Introduction 
Non-destructive testing procedure (NDT) is a method of examining and evaluating materials without causing damage or altering their functionality (R.Bergmann, et al., 2023). NDT is widely used in various industries, including aerospace, automotive, construction and manufacturing to ensure product quality, reliability and safety. NDT techniques are classified according to the physical principles used, such as electromagnetic, ultrasonic, radiographic and optical. 
The natural frequency of a component refers to the frequency at which it naturally vibrates when it is displaced from its equilibrium position and released to oscillate freely. It is a property of the component determined by its mass, stiffness and damping characteristics. When a component is subjected to an external force at its natural frequency, its vibration amplitude may increase significantly, leading to resonance and possibly causing damage or failure (S.Bruinsma , et al., 2018).
The Laser Doppler Vibrometer (LDV) is one of the optical NDT techniques that may be used to measure the natural frequency of materials by analyzing their vibration characteristics. The LDV method utilizes a laser beam to a targeted reflected surface and measures the return laser signal against an internal reference beam (J.Eichenberger & J. Sauer, 2022). 
In this study, LDV experiments were conducted on two different automotive brake discs using the Polytec Scanning Laser Doppler Vibrometer. The purpose of this report is to provide a detailed description of the LDV experiment, analyze the results, and determine the natural frequencies for the two specimens. In addition, limitations and future developments for the LDV experiment are outlined.
[bookmark: _Toc129543054]Literature Review
There is a continuous increase in the demand for quality and reliability in the automotive industry. Quality with no defects is the goal, especially for components operating near their physical limits or in locations that pose a safety risk. The use of NDT accelerates the development of new products and allows production processes to be optimized more efficiently (P. Buschke & W.Schappacher, 2006). 
LDV is a common NDT method used by the automobile industry today. The non-contact nature of LDV allows manufacturers to examine surfaces that might not be accessible to physical sensors. As a result, LDV makes it possible not only to validate models quickly, but also to identify problems rapidly. In a paper published by Polytec (2017), the aim was to reduce the chassis weight without compromising the safety of passengers to increase fuel economy. The study was conducted using Polytec's 3D scanning technology. Through the use of LDV, the team was able to prevent spatial aliasing and to reduce uncertainty in the final product by preventing mass loading errors. Thus, potential areas for improvement were identified more quickly and more cost effectively than by using conventional contact transducers.
In a study by C. Liu (2016), LDV was used to measure the vibration characteristics of a vehicle engine. Various types of vehicles were tested under three different driving conditions using a Polytec scanning system. Three different points on each vehicle were measured with the LDV kit for approximately 25 seconds. The experiment was found to be 96% accurate. According to the author of this study, there was noise from other vehicles during driving conditions. For future research, the operating frequency range should be modified to filter out this additional noise.
[image: ][bookmark: _Toc129548895]Figure 2: Brake system on the brake dynamometer, (H. Marchner, et al., 2008)

LDV method has also been used by Marschner et al. (2019) to evaluate noise optimization for automotive brake discs. First, a finite element model analysis (FEA) was performed to develop a generic characteristic of the component. The brake disc was then tested on a brake dynamometer using three laser heads from Polytec with differing locations. The experiment is shown in figure 2. It was discovered that the brake disc was structurally imbalanced for the application for which it was designed. As a result, a new brake disc design and new brake calipers were developed. 

[bookmark: _Toc129543055]Method
Based on the light-based Doppler effect, the LDV system determines the frequency and amplitude of an object's motion in velocity, displacement and acceleration. The vibrometer can be configured in two ways, either to measure vibration behavior at a single laser spot or to measure the rotational dynamics of rotating objects (J.Eichenberger & J. Sauer, 2022). 
[image: ][bookmark: _Toc129548896]Figure 3: Optical Diagram of LDV, (J.Eichenberger & J. Sauer, 2022)

Since the main objective of this report is to identify the natural frequency of brake disc samples, a single spot method was chosen due to its simplicity. In figure 3, the operating principle of LDV is illustrated. The first beam splitter separates the beam into an object beam and a reference beam. The object beam strikes the excited component and reflects back to the sensor. As a result of the second beam splitter, the reflected beam is directed to the third beam splitter, which deflects the reflected beam toward the detector. The detector measures the difference between the reference beam and the reflected beam.



Equation 1 represents the Doppler frequency shift of the reflected beam, which must be measured at a known wavelength () and determined by the object's velocity (). 
[bookmark: _Toc129543056]Procedure
This test used two different automotive cast-iron brake discs. The first disc has a conventional design and the second disc has a cooling optimized design. There is no difference in the dimensions of the two brake discs. However, the second sample weighs 437g more than the first. To determine the resonant frequency modes and shapes of brake discs, a PSV-500 scanning vibrometer was used. A solenoid actuator driving the LDV function generator served as the excitation source for the components under test. All LDV experiments were conducted at the University of Wales Trinity Saint David (UWTSD). 
[image: ][bookmark: _Toc129548897]Figure 4: Conventual Brake Disc Clamped Position


The tested components were clamped to a vice at one end, as shown in figure 4. Ideally, the brake disc should be mounted to its hub in a manner similar to Marcher, et al. (2008) research. Each component was subjected to two experiments.
[image: ][bookmark: _Toc129548898]Figure 5: LGV Generator Tested Locations

As shown in figure 5, the first test was conducted with the brake disc being excited by an LDV function generator in the middle of the hub (point 1). While the second test was conducted at the middle of the friction side of the brake disc (point 2). Since the tested components do not have complex shapes, the setup procedure was straightforward. The LDV scanning head was positioned 0.765 meters away from the specimen. The LDV scanner was set level with the ground and the beam struck the material's face approximately 90 degrees from horizontal.
[image: ][bookmark: _Toc129548899]Figure 6: PSV Acquisition Autofocus and 2D Alignment

[image: ]Upon completion of the physical set-up, PSV 9.3 acquisition software was used to set up the type and conditions of the LDV analysis. The laser beam was autofocused in order to produce a sufficient signal for the procedure. Based on five equally distributed points on the friction side of the brake disc shown in figure 6, the scanning head was aligned to the desired test surface in two dimensions. 
[bookmark: _Toc129548900]Figure 7: Brake Disc Mesh Design


For this research, a balance between accuracy and computational power was required, therefore 23 points were used to design a mesh. As indicated in Marschner et al. (2019) study, torsional and lateral flexibility were expected to be observed. First, points were located on the longitudinal axis and perpendicular to it. In between, additional points were located every 30 degrees. To capture the greatest amount of flex due to the leverage measured, 12 points were located on the inner surface diameter and 11 on the outer surface diameter as shown in figure 7. Prior to beginning the scanning procedure, the acquisition settings were adjusted as follows:
[image: ][bookmark: _Toc129548901]Figure 8: General Acquisition Settings

[image: ]Figure 8 shows that the LDV scan head was set to measure each scan point three times in order to average the data and thus improve the signal-to-noise ratio.
[bookmark: _Toc129548902]Figure 9: Channels Acquisition Settings


In this case, the vibrometer channel was utilized as an answer channel and the reference channel as a reference channel, figure 9. As a result of these two channels, the frequency response function was calculated. The system was oriented in a positive Z direction. Based on Polytec's recommendation (2018), a 10 V operating range, DC coupling method and no calibration factors were selected.
[image: ][bookmark: _Toc129548903]Figure 10: Filters Acquisition Settings


[image: ]Since the test was carried out in a noise-isolated environment, no bandwidth-limiting filters were applied, as illustrated in figure 10.
[bookmark: _Toc129548904]Figure 11: Frequency Acquisition Settings


As a general rule of thumb, the frequency range was set between 0 and 20 kHz. The analysis of 6400 Fast Fourier Transform (FFT) lines was selected as it would provide reliable results with minimal computational resource consumption. It can be seen from figure 11 that this corresponded to 51.2 kHz and 320 ms per sample at 3.125 kHz resolution.
[image: ][bookmark: _Toc129548905]Figure 12: Window Acquisition Settings

[image: ]
[bookmark: _Toc129548906]Figure 13: Trigger Acquisition Settings

In accordance with the Polytec (2018) manual, the window function in figure 12 was maintained at the default settings for the given application. It was desired to analyze the brake disc only when the solenoid exciter provided energy to the system. In figure 13, a trigger function was set up to receive data as soon as the LDV generator struck the component and continue receiving measurements until 64 milliseconds thereafter.
[image: ][bookmark: _Toc129548907]Figure 14: Vibrometer Acquisition Settings

[image: ][bookmark: _Toc129548908]Figure 15: Generator Acquisition Settings


A single controller, the OFV-5000, was used in this experiment. Figure 14 displays the settings recommended by Polytec for the OFV-5000 (Polytec, 2018). Also, figure 15 illustrates the generator setup. Manual adjustments were made to the generator based on the status bar message for its range input, as explained in table 1.Table 1: Scanning Head Control Messages, (Polytec, 2018)


[image: ]
[image: ][bookmark: _Toc129548909]Figure 16: Standard Brake Disc Optimal Scan

The scanning procedure was activated as a final step. The objective was to achieve optimal results. According to figure 16, the LDV analysis of the first brake disc sample was successful. 
Additionally, the standard brake disc was tested at lower bandwidths, 10 and 5 kHz. The component was excited only in the middle (point 1). Based on the very similar signal-to-noise ratio between 10 and 20 kHz, the second brake disc was to be tested at these bandwidths. The second brake disc was only tested at 10 kHz due to time constraints.

[bookmark: _Toc129543057]Measurements and Graphs of Raw Measurements
[image: ]Table 2: Natural Frequencies Gained by LDV for Both Brake Discs


All measurements obtained by the LDV scanning head are listed in table 2. However, when the second brake disc was excited on the side, a great deal of noise was produced. Due to their out-of-range nature, the results were not included in the table.
[image: ][image: ][bookmark: _Toc129548910]Figure 17: Frequencies of the Optimized Brake Disc Excited on the Side at Left-Hand Side
[bookmark: _Toc129548911]Figure 18: Frequencies of the Optimized Brake Disc Excited on the Side at Right-Hand Side

An analysis of all results was conducted using the PSV 9.3 application (Polytec, 2018). Bands were selected based on the most significant peaks of the measured frequencies. The component was then animated in two-dimensional space to demonstrate how each band oscillated. When the second brake disc was tested and excited on the left-hand side, a great deal of noise was observed, as shown in figures 17 and 18. It was unclear which frequency bands to select. 

[bookmark: _Toc129543058]Calculations and Error Estimates
There were no calculation methods used in this study. Most of the experiments showed some noise, particularly with the optimized brake disc. The usual solution would involve increasing the bandwidth, which would reduce the noise and improve the signal-to-noise ratio. Inconsistency, however, accounted for most of the errors in this study.
[image: ][bookmark: _Toc129548912]Figure 19: LDV Experiment Mounting Setup


Figure 19 shows the experimental setup of the brake disc and the solenoid exciter. As the solenoid operated, it produced a kickback effect, which would result in an uncoordinated force of excitement. Moreover, the solenoid was positioned on a vice that held the brake disc, which translated any vibration from the solenoid to the component. For this procedure, a setup similar to Ratner et al. (2022) study would be ideal since a specific mount could be designed for each component while the exciter is isolated and stable. The use of a greater number of trials with differing configurations may lead to a greater degree of consistency within the LDV measurements.

[bookmark: _Toc129543059]Results and Discussion
[image: ]Table 3: Final Natural Frequencies of Both Brake Discs


Table 3 represents the natural frequencies of the standard (1) and optimized (2) brake discs obtained by LDV. The standard brake disc has frequencies that followed the same pattern for both excitement positions. There is an approximate 5% difference between the results of point 1 and point 2. In the case of the second brake disc, there was insufficient data to compare its results. Future work will be required to confirm that the frequencies shown in table 3 are representative of its natural frequency. Despite this, it is evident that the second brake disc has a significantly higher resonance region due to its air-cooled design and higher mass.
[image: ][bookmark: _Toc129548913]Figure 20: Visual LDV Mode Shapes for Standard Brake Disc Excited in the Middle at 20 kHz Bandwidth

[image: ][bookmark: _Toc129548914]Figure 21: Visual LDV Mode Shapes for Standard Brake Disc Excited on the Side at 20 kHz Bandwidth

Figures 20 and 21 illustrate the behavior of the standard brake disc when excited in the middle and on the side. The two-dimensional projections were scaled up to outline the effects. In both scenarios, the first natural frequency was responsible for the torsional mode shape. Typically, the reason for this is that the stiffness of the tested object is greater in the torsional direction than in the bending direction. A car's brake discs must be identical in both torsional and lateral modes, otherwise it would feel uncomfortable when braking. Therefore, the leverage produced by the vice in this experiment was the cause of this phenomenon. Upon reaching the next natural frequency, the specimen's mode shape switches between torsional and lateral. A list of any additional LDV results from this study is provided in the appendix.

[bookmark: _Toc129543060]Conclusion
Based on the findings of this study, a standard automotive brake disc exhibits main harmonic resonant modes ranging from around 112 to 2460 kHz. Compared to a standard brake disc, a racing-specific brake disc experiences double the resonant frequency. For such applications, it is necessary to have stiffer components in order to withstand more force from the pads without causing deflection.
A special rig should be designed which mounts the brake disc at its hub and energizes it at one of its ends using a solenoid actuator. A 3D scanning method could also be used to obtain a three-dimensional representation of the harmonic resonant modes and shapes of the component (H. Marchner, et al., 2008).
Due to limited resources, it may be beneficial to repeat the exact same experiment but rotate the disc 90 degrees and clamp it in the vice until all four sides are tested. An independence mesh study can also be used to improve the quality of results by increasing the mesh size until similar results are obtained (S. Kulkarni, et al., 2016). Finite Element Analysis (FEA) can also be utilized. In the event that a FEA model is created and validated against the data in this study, there will be unlimited opportunities to test this specimen under any scenario (L. Pagano & K. Lake, 2017).
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[image: ]Figure 1-1: Visual LDV Mode Shapes for Standard Brake Disc Excited in the Middle at 5 kHz Bandwidth



[image: ]Figure 1-2: Visual LDV Mode Shapes for Standard Brake Disc Excited in the Middle at 10 kHz Bandwidth



[image: ]Figure 1-3: Visual LDV Mode Shapes for Optimized Brake Disc Excited in the Middle at 20 kHz Bandwidth
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