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[bookmark: _Toc193037192]Introduction
Brake noise, vibration, and harshness (NVH) issues have been an issue in motor vehicle engineering, particularly in braking systems of safety-critical applications and high-performance vehicles. Characterising the vibrations of brake discs is crucial for optimising performance, reducing noise emission, and optimising durability. One of the most precious methods of braking disc vibration characterisation is Laser Doppler Vibrometry (LDV), an optical non-contact technique that offers high-resolution, full-field vibration measurement. The experiment utilises Polytec Scanning Laser Doppler Vibrometry (PSV) to modal scan a brake disc for the resonant frequencies and their respective mode shapes. The LDV system being driven in association with the solenoid actuator provides controlled actuation of the system and facilitates measurement of structure response at high precision over a large frequency range. The following frequency response spectra and mode shape plots cast light into the dynamics of the disc and expose the extensive resonances that induce brake squeal, judder, and uneven wear NVH problems. The analysis attempts to investigate vibration performance of the brake disc, pick out prevailing mode shapes, and investigate their influence on braking performance. The study further aims at researching potential mitigation strategies, such as structure modification and damping enhancement, in an effort to optimise brake disc design with a view of minimising undesirable noise and vibration. Through this work, the study improves overall brake system dynamics understanding to develop more efficient and quieter braking systems for the automobile industry. (Di Maio et al., 2022; Ewins, 2018)
[bookmark: _Toc193037193]
Task 1: Literature Review
 LDV is presently a key research tool in automotive engineering, particularly vibration measurement and modal analysis. LDV is a non-contact test, such as an optical, non-contact technique which detects the laser light reflected from the surface and measures the Doppler shift (Rezaei, 2020). It therefore offers high resolution and full-field vibration visualisation free from the mass loading effects of physical tests (Polytec, 2025). LDV has kept on evolving and keeps on evolving because it has been designed with 3 different types of LDV Methods below: (Stanbridge and Ewins, 1999; Di Maio and Ewins, 2021; Jin et al., 2022)
· Scanning LDV (SLDV): Used to automate point-to-point vibration measurement for high-density spatial mode shape mapping (Rothberg et al., 2016).
· Continuous Scanning LDV (CSLDV): Provides real-time vibration visualisation, which is critical in the study of transient dynamics such as brake squeal and stick-slip oscillations (Di Maio et al., 2016).
· 3D LDV Systems: Tri-axial vibration analysis is facilitated by multi-laser setup, which improves experimental result correlation with finite element (FE) models of brake components (Martin et al., 2018).
LDV in Brake Disc Modal Analysis has proven useful in resonant frequency and mode shape identification that generates noise and performance issues. 3D scanning LDV was used by (Martin et al. 2018) to identify squeal conditions on a brake disc, finding 2 dominant mode shapes control vibration behaviour. This FE model strategy improved squeal behaviour interpretation and localisation of the noise source regions. LDV High-Resolution Modal mapping allowed for the visualisation of the brake disc vibrations in full-field at thousands of automatic measurement points. LDV was used alongside a robot scanning system (RoboVib®) in a case study for delivering mode shapes at unprecedented resolution as compared to the conventional methods (Polytec, 2025 Reference). For use in Rail and Heavy Vehicle Brake (Lu et al. 2023) used LDV to investigate stick-slip oscillation of high-speed train brakes and show how vibrations due to friction up to 22 kHz affected brake noise as well as the wear pattern. This helped to show the capability of the high-frequency operation of LDV over some accelerometers.
[bookmark: _Toc193037194]
Task 2: Apparatus 
The experimental setup used a Polytec Scanning Laser Doppler Vibrometer (LDV) in conjunction with a solenoid actuator, which was driven by the LDV’s built-in function generator. The solenoid actuator served as the excitation source, inducing controlled vibrations in the brake disc, while the LDV system accurately measured the resulting vibrational response.
Data acquisition and modal analysis were conducted using Polytec Scanning Vibrometer (PSV) software, comprising PSV Acquisition and PSV Presentation modules. The PSV Acquisition software facilitated the setup and execution of the measurements, ensuring precise data capture. Upon completion of data collection, the acquired signals were processed using PSV Presentation, enabling a comprehensive modal analysis of the brake disc’s vibrational characteristics.


[bookmark: _Toc193037195]Task 3: Methodology 
The LDV test was conducted using the Polytec Scanning Laser Doppler Vibrometer (PSV) system to determine the modal properties of a brake disc. The primary objective was to identify the resonant frequencies and mode shapes under controlled excitation. A solenoid actuator was used to provide a uniform excitation force to the brake disc while the LDV system recorded the vibration response at different scan points.  (Doolan et al., 2006; Yuan and Zhu, 2023)
The experiment was divided into two primary phases: modal analysis and data collection.
The operation began with opening the local Non-Destructive Testing (NDT) user interface where accessing the PSV Acquisition application was permitted. The program was selected for defining the scanning and measuring parameters before executing the data acquisition process. The acquisition conditions were verified and adjusted so that the system was operating in the proper measurement mode for modal analysis. Special attention was placed in the adjustment of excitation conditions to be compatible with the capability of the solenoid actuator to provide controlled and repeatable vibration input to the brake disc. To take accurate measurements, the LDV scanning head had to be precisely aligned against the brake disc surface. The 2D alignment setup menu was accessed to initiate this process. The previously defined alignment points were deleted first to avoid inconsistencies in the scan. The laser beam focus was confirmed from the Optics Beam window, and an autofocus routine was executed to enhance the precision of the measurement. The Z-distance between the scanning head and the brake disc was entered to enable maximum laser reflection. Alignment points were then manually defined by aligning the laser to proper locations on the disc surface with a minimum of five evenly distributed reference points to create a firm scanning structure. Once the process of alignment was complete, 'Setup – Define Scan Points' was selected to finalise the setup.
Once the alignment was verified, scan points were defined on the brake disc surface. Any previous scan points were deleted to achieve a maximum setup. The scan points can be manually selected or defined with a mesh-based approach using a primitive shape, i.e., a rectangular grid. The scanning density was precisely defined to achieve a good number of data points on the surface to enable a good representation of the vibration response.
After defining the scan points, the next step was to select the type of analysis display. Both the time-based response mode and FFT mode were looked at as options, with FFT mode being used for modal analysis since it would emphasise frequency-domain features. Scan mode was then selected and a results file name assigned for saving the data collected in an organised fashion. The scanning was initiated, and the laser was recording vibrations at each pre-defined scan point. During the process, the system was constantly verifying the data, with the accepted values displayed in grey and green. Scanning was performed once vibration data was successfully recorded for all the scan points.

Following data acquisition, the PSV Presentation program was utilised to process the recorded vibration data. The results file was opened, and the default analysis window displayed a mode shape spanning the entire frequency bandwidth. To refine the analysis, the frequency bands were manually defined by identifying peaks in the frequency domain. This involved selecting the 'Setup Frequency Bands' menu option and manually selecting dominant vibration modes. The auto-scale facility was employed to scale the vertical axis for easier visualisation of the spectral data. The final selection of frequency bands was made, and the system recalculated the modal frequencies such that all significant resonant modes were accurately captured.
Once the frequency bands were identified, mode shapes for distinct different resonant frequencies were explored. The mode shapes were observed by employing the animation feature such that the fine dynamic behaviour of the brake disc could be examined. The 'Start/Stop Animation' button was used to initiate and terminate the visualisation and provided indications to the reaction of different parts of the brake disc to separate frequency excitations. To further obtain interpretation of the results, the rotate function was used and permitted multiple perspectives of the vibrational mode shapes. The process played a critical role in the confirmation of the experimental results and validation of whether the discovered modes correlated with what had been predicted.

[bookmark: _Toc193037196]Task 4: Results Collection & Analysis
LDV measurements give different vibration modes at different resonant frequencies and provide information on the dynamic behaviour of the brake disc due to vibration excitation.
The frequency response spectra have sharp-cutting resonance peaks at a number of frequencies, corresponding to regions of high vibration amplitude. The peak resonance is around 100 Hz, with additional peaks at 200 Hz, 500 Hz, and 1000 Hz. These are the brake disc's modal excitations and can have severe effects on its performance and noise. Figure 1 illustrates the entire frequency response spectrum, indicating the major resonance peaks and their magnitudes. (Greiner and Santamaría, 2007; Castro and Rezaei, 2023) 
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[bookmark: _Toc193037181]Figure 1: Frequency against Magnitude plot
The initial rise in amplitude for the lower frequencies is an indication of the excitation of the fundamental flexural modes, in which bending deformations of the entire disc take place. Extremely sharp growth in amplitude is seen at the 100 Hz point, and it is a critical resonance mode in which structural deflections are greater. Higher harmonics at higher frequencies take place with more complex vibrational modes having multiple nodal points on the disc. Figure 2 presents a secondary scan confirming these resonance frequencies, which also reveal the presence of higher-order bending modes that can cause structural instability under braking conditions.
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[bookmark: _Toc193037182]Figure 2: Second Frequency against Magnitude
At frequencies above 500 Hz, the frequency response reveals a number of closely spaced peaks, which are indicative of the presence of coupled modes and higher-order bending. These modes are the cause of the high-frequency brake noise being perceived as a high-pitched squeal by the customer. The steepness of these peaks demonstrates that the structure is underdamped in these modes, and oscillations will persist and even build up when braking. Figure 3 is a zoom of this frequency range, with the complex fluctuation in magnitude due to these vibrational dynamics.
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[bookmark: _Toc193037183]Figure 3: Zoomed in plot
At frequencies above 1000 Hz, the response becomes more erratic with numerous peaks of varying amplitudes. This is typical of a transition from global bending modes to local deformation modes, whereby smaller areas of the disc structure oscillate independently. The high frequency modes are typically coupled with inhomogeneities in the material, localised stress concentrations, or coupling with external components such as callipers and brake pads.
Mode shape plots provide insight into how the brake disc deforms at specific resonance frequencies. Each mode depicts an alternative structural response, influencing the brake system behaviour under dynamic loading. 
Figure 4 illustrates, where the first bending motion is noticed, with a high out-of-plane displacement in the outer radius direction of the disc. Such a deformation that is uniform is a low-order mode dominated by the global geometry and stiffness distribution. The mode has the ability to generate low-frequency vibration in the form of brake judder or pulsation
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[bookmark: _Toc193037184]Figure 4: Bending Motion


As shown in Figures 5, it has more than one nodal diameter with positive and negative areas of displacement remote from the disc. The deformation pattern has periodic areas of compression and expansion and thus a higher-order vibrational response. It is more likely to generate mid-frequency brake noise and non-even pad wear because localised vibration amplitudes can generate non-symmetrical contact pressure.
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[bookmark: _Toc193037185]Figure 5: Positive and Negative areas
In Figure 6, it shows localisation of displacement with local regions undergoing extreme motion. There are high stress concentrations on the nodal points that would lead to material fatigue and localised heating with time-integration. The mode is normally coupled with squeal noise at high frequency, which is one of the noticeable NVH issues in braking systems.
[image: A low poly design of a tire

AI-generated content may be incorrect.]
[bookmark: _Toc193037186]Figure 6: Displacement Localisation
Figure 7 is a more complicated case with over one nodal diameter and nodal circles forming various vibration patterns on the disc surface. The structural response in this mode entails high coupling between bending and torsional deformations, which may also cause brake noise amplification.
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[bookmark: _Toc193037187]Figure 7: Torsional Deformations
Figure 8 presents asymmetric deformation modes, where the displacement is not symmetrical to one side of the brake disc. This mode can cause asymmetric brake wear and generate non-uniform pressure distribution during braking, affecting overall braking performance.[image: A close-up of a wheel
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[bookmark: _Toc193037188]Figure 8: Asymmetric Deformation


In Figure 9, the highest order deformation observed, with discontinuities in structural displacement. The localisation of displacement is so pronounced in this mode that it illustrates the concentration of vibrational energy into extremely small regions, which can hasten material fatigue and heighten the likelihood of surface micro-cracks to develop.
[image: A close-up of a tire

AI-generated content may be incorrect.]
[bookmark: _Toc193037189]Figure 9: Discontinuities in structural displacement
The complexity of mode shapes with frequency indicates the need to understand the interactions between modes, particularly in brake disc design with optimised damping characteristics. The higher-order modes are likely to contribute more towards brake squeal and harshness since their energy dissipation is poorer compared to the lower-order modes. The findings validate the need for optimised design of brake discs in terms of structural stiffening, damping enhancement, and material development for minimising high-frequency excitations responsible for unwanted NVH effects. The results provide revealing data on the dynamic behaviour of the brake disc, illustrating the governing modal frequencies and the deformation modes. The evolution from global flexural motion at low frequency to highly localised high-energy deformations at higher frequency indicates the need for full-spectrum NVH control strategies. Further study via FEM verification and material optimisation is recommended to create improved brake system performance and prevent unwanted noise and vibrations.

[bookmark: _Toc193037197]Conclusion
 LDV brake disc test was of significant value in determining its modal characteristics, such as important resonant frequencies and related mode shapes causing noise, vibration, and harshness (NVH) issues. The frequency response analysis picked out distinct peaks at 100 Hz, 200 Hz, 500 Hz, and 1000 Hz, which reflected the presence of fundamental and higher-order vibrational modes. These frequency responses have been directly linked with brake judder, squeal, and non-uniform pad wear, which are major issues in braking system performance. Mode shape analysis also highlighted the importance of structural deformation data in different frequencies. Lower-order modes illustrated global bending deformations, which are characteristically related to low-frequency brake pulsations, while higher-order modes introduced additional local displacement patterns, giving rise to high-frequency noise phenomena such as brake squeal. The rise in modal complexity with frequency means that modal interactions play a significant contributor to the overall vibrational response of the brake disc. These findings validate the necessity of strategic design modifications in geometrical optimisations, damping treatment, and material improvement to alter key resonance frequencies and minimise unwanted vibrations. Higher damping performance and targeted strengthening of structures can dampen high-frequency excitations to eliminate unwanted NVH effects more effectively and enhance braking system durability. Subsequent research must include finite element verification to further check the understanding of brake disc modal response and examine other materials or structure adjustment which can provide improved vibrational performance. Experimental testing under real braking loads and dynamic loads would also be beneficial to further verify the observed modal response. In conclusion, the study confirms the value of LDV-based modal analysis as a valuable diagnostic technique to enhance brake disc designs to ensure enhanced noise control, greater durability, and improved braking performance across varying operating conditions.
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