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[bookmark: _Toc192870612]Abstract
This study investigates the modal characteristics of an automotive brake disc using Laser Doppler Vibrometry (LDV) to identify its resonant frequencies and mode shapes. The Polytec Scanning LDV system was utilised for non-contact vibration measurement, avoiding the mass-loading effects common in accelerometer-based testing. The experimental setup involved securing the brake disc in a vice clamp and exciting it, using a solenoid actuator, with data acquired in the frequency domain using Fast Fourier Transform (FFT) analysis.
Key modal frequencies were identified, revealing critical vibration modes linked to brake squeal and fatigue stress, essential factors in Noise, Vibration, and Harshness (NVH) studies. Comparative analysis between experimental LDV data and Finite Element Analysis (FEA) showed strong correlation, demonstrating the reliability of numerical simulations for predicting brake disc behaviours. The study also highlights challenges associated with LDV, such as speckle noise, surface reflectivity variations, and sequential data acquisition constraints, which can impact real-time vibration studies.
The results emphasise the effectiveness of LDV in high-resolution modal analysis and its advantages over traditional Experimental Modal Analysis (EMA) techniques. Future research should explore real-time LDV monitoring, thermal effects on modal properties, and optimisation of brake disc materials to further enhance braking system performance and longevity. This study contributes to improved NVH mitigation strategies, advancing automotive brake system design and structural integrity.
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[bookmark: _Toc192870615]Apparatus
The test rig for modal testing of the brake disc had to be properly instrumented to ensure repeatable and precise measurements. The primary instrumentation used in the current work were:
Polytec Scanning Laser Doppler Vibrometer (LDV): Contactless, high-resolution vibration measurement system with the ability to measure velocity and displacement of vibrating surfaces. The LDV was equipped with a high-speed scanning head as well as in-house data acquisition and analysis software.
Solenoid Actuator: To generate an excitation source for introducing controlled vibrations into the brake disc. The actuator was supplied from the in-built function generator of the LDV system, so that consistent and repeatable excitation forces were applied.
Brake Disc Sample: A ventilated cast iron brake disc securely clamped in a vice to ensure constant boundary conditions during testing.
Data Acquisition System: Polytec software package was used to acquire and process the vibration signals. Fast Fourier Transform (FFT) analysis was used to get frequency-domain data from time-domain signals.
Optical Alignment System: Consisted of high-precision-mount laser source and focusing optics for beams to offer best alignment between brake disc surface and scanning laser. Correct positioning had to be done in a way that it would not introduce error in measurement due to beam deflection or surface roughness.
Vice Clamp and Support Rig: A firm mechanical setup to hold the brake disc in position, a straightforward method in place of an actual case of a full bracket assembly.

[bookmark: _Toc192870616]1. Introduction
Brake discs are a significantly crucial component of the automotive braking system, and their vibration characteristics play an immense role in structural integrity and noise performance. While applying brakes, dynamic excitations can match with natural frequencies, and hence it can lead to resonance, brake squeal, and fatigue stress (Mange, 2023; Kharate & Chaudhari, 2014).
Modal analysis is essential for structural integrity assurance and noise, vibration, and harshness (NVH) issue solving in cars. Experimental modal analysis (EMA) by impact hammer testing, combined with finite element models, facilitates the prediction of brake squeal in early design stages (AbuBakar & Ouyang, 2008; ResearchGate, 2017). Simulation methods like Complex Eigenvalue Analysis (CEA) overestimate instabilities, which are limited by incorporating realistic damping and brake insulator modelling (Esgandari, 2015; MDPI, 2024).
Material composition also influences modal characteristics. Literature proves that elastic characteristics and natural frequencies of ventilated brake discs can be optimised by altering the chemical composition of cast iron (Modenesi, Perricone, & Nele, 2024). By changing the graphite morphology of cast iron, the damping capacity as well as the rigidity is altered, impacting NVH performance (MDPI, 2024). Experimental modal analysis with laser vibrometers gives in-depth information on vibration behaviour, helping with finite element model correlation and noise problem diagnosis (Sentek Dynamics Research Team, 2021; Polytec, 2023).
Traditional accelerometer-based modal testing suffers from mass loading effects, set-up complexity, and limited spatial resolution (Polytec, 2023). Laser Doppler Vibrometry (LDV) is a non-contact technique that calculates surface velocity by means of the Doppler effect. LDV offers mass-loading elimination, high-density scanning, and measurement of moving or hot parts, making it an ideal candidate for automotive applications like brake disc analysis (Stanbridge & Ewins, 1999; Polytec, 2023).
This study employs scanning LDV to examine a rigidly clamped brake disc in a vice clamp, obtaining resonant frequencies and mode shapes experimentally. The LDV's high-frequency range enables precise determination of modes related to brake squeal. By comparing the results with literature values, we ascertain structural integrity because defects like cracks alter modal characteristics (Polytec, 2023). Other studies have shown that vibration-based techniques detect structural defects through LDV scanning efficiently (Stanbridge & Ewins, 1999).
The remainder of this report details the experimental arrangement, data acquisition methodologies, and expected results. A survey of LDV applications to automotive modal analysis and contrast theoretical predictions and experimental results. Implications and limitations for brake disc performance and integrity are considered, with concluding recommendations for further work.




[bookmark: _Toc192870617]2. Literature Review
Laser Doppler Vibrometry (LDV) is among the effective auto engineering research tools employed to give the non-contact vibration measuring so that the testing system remains unchanged. The application of LDV is extensive in NVH research as engineers can identify vibrations that are causing the formation of noise and structural fatigues. A prime example is Polytec's RoboVib system, an automated 3D scanning vibrometer that easily scans the modal characteristics of entire vehicle bodies and components (Guillaume et al., 2018). The ability to measure rotating or moving parts, such as rotating brake discs or tires, also indicates the superiority of LDV over traditional accelerometers (Stanbridge & Ewins, 1999).
[bookmark: _Toc192870618]2.1 Modal Analysis of Brake Discs
Brake squeal is a common NVH issue linked with resonant modes of the brake disc stimulated by friction, typically over 1 kHz (Kharate & Chaudhari, 2014). The early modal analysis involved impact hammer tests and accelerometer measurements to determine natural frequencies and mode shapes. Finite element analysis (FEA) has commonly been used to validate these experimental findings. For instance, Kharate and Chaudhari (2014) achieved strong correlation between EMA and FEA, identifying first bending modes at ~1.5–1.6 kHz and higher-order modes up to 4.6 kHz, ensuring that principal resonances were safely in excess of the highest sensitive limit of human hearing.
Scanning LDV significantly improved brake disc modal analysis. Stanbridge and Ewins (1999) first used it for mode shape detection in circular disks, demonstrating the ability to distinguish nodal diameter distributions and identify structural damage such as cracks. More recent studies, i.e., that of Papinniemi et al. (2005) and Lee et al. (2016), extended this through the application of 3D LDV systems to quantify both out-of-plane and in-plane vibrations. The 3D LDV system is capable of measuring vibrations over three orthogonal axes using multiple heads or sequential scanning and offers higher spatial resolution than with accelerometer-based methodologies.
A significant industrial use was demonstrated by Schell et al. (2021) from Polytec and Porsche, wherein a scanning LDV qualified a brake disc FE model by auto-excitation using a modal hammer. They tested vibration modes to 10 kHz with good correlation with FE calculations, as evidenced by the AutoMAC criterion of the first 17 modes. This is a demonstration of the newest use of LDV for non-contact, high-resolution modal testing, allowing precise model validation and reducing instrumentation time.
[bookmark: _Toc192870619]2.2 Advantages and Considerations of LDV
Throughout the literature, LDV is recognised as an improved vehicle for automotive modal analysis due to some significant advantages:
No Mass Loading, Since LDV is a contactless method, it has no influence on the system dynamics, unlike accelerometers that introduce an extra mass (Guillaume et al., 2018).
High Frequency Range, LDV systems have been reported to measure frequencies of up to tens of kHz, with some studies reporting reliable response to ~22 kHz on brake rotors (Schell et al., 2021).
High Spatial Resolution, scanning LDVs are able to capture thousands of measurements, enabling detailed mode shape and localised defect mapping, as opposed to accelerometers that need to be re-mounted numerous times to achieve this (Stanbridge & Ewins, 1999).
Remote Measurement Capability, LDV offers vibration analysis on rotating or heat-sensitive components, and moving parts, required for in-situ automotive testing (Polytec, n.d.).
Though it has advantages, LDV is subject to drawbacks such as speckle noise, an optical interference effect that can desecrate signals. Engineers mitigate this with averaging of the measurements, application of filtering techniques, or reflective surface coatings (Khan et al., 1999). Sequential scanning is also a drawback, given that even though it is sufficient for time-invariant systems, fluctuations might be brought into time-dependent studies such as brake squeal due to varying boundary conditions (Lee et al., 2016).
[bookmark: _Toc192870620]2.3 Finite Element Analysis (FEA) in NVH studies of Brake Discs
Finite Element Analysis (FEA) has been a critical engineering tool in automotive NVH analysis with predictive function in structural vibration and brake noise. By modeling the dynamic response of brake discs at varying operating conditions, FEA allows engineers to identify potential resonance issues before physical prototyping (Esgandari, 2015). Modal analysis using FEA involves computation of natural frequencies and mode shapes of a brake disc, and experimentation can be carried out through validation by the   results achieved using      experiment methods such as LDV.

One of the largest FEA-based modal analysis challenges is achieving high correlation with experiments. Discrepancies are inevitable due to inaccuracies in material properties, assumptions of damping, and boundary conditions (Modenesi et al., 2024). For instance, conventional FEA models utilise idealised boundary conditions that might not accurately represent actual constraints faced by brake discs under actual operating conditions. To address this, researchers apply a model updating technique, employing experimental LDV data to update FEA models for greater ability to predict (Schell et al., 2021).
[bookmark: _Toc192870621]2.4 Validation of FEA Models with LDV Data
Experimental verification of computational models as part of the key objectives of NVH research is important to establish their accuracy in brake disc performance prediction. LDV is an effective validation technique for FEA simulations since it provides high accuracy full-field vibration measurement that can be directly compared with computationally derived mode shapes (Guillaume et al., 2018). One such measure employed to estimate correlation between FEA and experimental modal data is the Modal Assurance Criterion (MAC), which estimates mode shape similarity from both methods (Schell et al., 2021). High MAC value guarantees high agreement, and low MAC value can indicate differences that require additional adjustment of the FEA model.
By means of numerous studies, integration of LDV-FEA has been validated to cause substantial improvement in accuracy in brake disc modal analysis. Experimental modal analysis of a cast iron commercial disc brake as an example was contrasted to the response acquired from an FEA model by Kharate and Chaudhari (2014). Within this illustration when simulated natural frequency and measured one are closely linked, clear efficacy is observed to implement an FEA model to carry out NVH studies. They further noted that slight differences in the frequency values can be caused by differences in the material inhomogeneities and damping characteristics and emphasised that the material should be characterised carefully.
[bookmark: _Toc192870622]2.5 Future Directions in LDV and FEA integration
The direction of the future of brake disc modal analysis is toward tighter integration of FEA and LDV, leveraging advancements in computational modelling and experimental techniques. A compelling development is the use of machine learning algorithms to enhance the predictive capability of FEA models. By training AI models on large datasets of LDV measurements and corresponding FEA simulations, engineers can develop improved predictive models of brake noise and vibration issues (MDPI, 2024).
Another emerging trend is the application of real-time LDV measurement in functional brake systems. LDV measurements are currently carried out in controlled laboratory environments, but advances in optical tracking and data processing may render real-time vibration analysis possible for dynamic braking applications (Polytec, 2023). This would allow engineers to explore the effect of thermal expansion, wear, and other loads on brake disc vibrations under real conditions.
In addition, ongoing innovations in new brake disc materials, for example carbon-ceramic composites, pose novel challenges to modal analysis. Other damping characteristics compared to the standard cast iron means new adjustments must be made in FEA modelling as well as experimental test procedures (Modenesi et al., 2024). With the adoption of LDV measurements and advanced material models by FEA, researchers can fine-tune brake disc designs towards increased durability and noise minimisation.
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The experimental procedure was conducted using the Polytec Scanning Laser Doppler Vibrometer  and was divided into two main phases: modal analysis and data acquisition. The experiment commenced with the initialisation of the Non-Destructive Testing (NDT) user interface, through which the PSV Acquisition application was accessed. This software facilitated the definition of scanning and measurement parameters before initiating data collection. Verification and calibration of acquisition settings were performed to ensure the system operated in the appropriate measurement mode for modal analysis. Particular attention was given to optimising the excitation conditions to align with the solenoid actuator’s capabilities, thereby ensuring controlled and repeatable vibration input.
[bookmark: _Toc192870624]3.1 System Alignment and Setup 
To enable the accurate measurement, the LDV scanning head had to be accurately aligned with the brake disc surface. The 2D alignment menu was invoked to start this operation. Previous alignment points were erased to prevent discrepancies. Autofocus was executed to enhance measurement precision with the Optics Beam window tracked for laser beam focus. In addition, Z-distance between the scanning head and brake disc was entered for maximum laser reflection. Alignment point manual settings took place next, during which at least five equi-spaced points were selected so that the scanning system can be stabilised. Alignment confirmation led to the use of the 'Setup – Define Scan Points' as the method for setup completion.
[bookmark: _Toc192870625]3.2 Scan Point Definition and Data Acquisition 
Following alignment verification, scan points were created on the brake disc surface. Measured scan points were removed to obtain an optimised setup. Scan points were either manually defined or automatically created using a mesh-based approach, for instance, a rectangular mesh. They were manually defined here in a triangular setup. Scanning density was carefully controlled to provide sufficient data points to ensure that there was a good representation of the vibration response.
With the scan points defined, the appropriate analysis mode was chosen. The time-domain response and frequency-domain analysis through Fast Fourier Transform (FFT) were available, and FFT mode was chosen as it would provide a better representation of modal characteristics. Scan mode was initiated, and a results file name was provided for orderly saving of data. During scanning, the system was also constantly monitoring the quality of the data, displaying accepted values in green and grey. Scanning was repeated until vibration data were obtained at all scanning points established.










[bookmark: _Toc192870626]4. Data analysis
Comprehensive LDV modal analysis of the brake disc is worth it in providing insightful data on its vibration characteristics under different frequency excitations. Modal attributes like these need to be determined to diagnose potential conditions such as brake squeal, asymmetrical wear, and structural fatigue. The global deformation at approximately 44.375 Hz is the lowest mode. It is a mode where the entire disc translates in response to Figure 1. It is the simplest type of vibration and is characterised by mass distribution and stiffness dominance. While not a major source of brake squeal, this low-frequency mode is a cause of droning noises when it interacts with suspension components. There should be sufficient damping here to prevent resonance which could cause dangerous vibration. 
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[bookmark: _Toc192870629]Figure 1 44.375 Hz Frequency and Mod


As the frequency increases to 100 Hz, the disc enters its first significant bending mode, characterised by a nodal line where different sections of the disc move in opposing directions, as depicted in Figure 2. This mode results in localised stress concentrations, potentially accelerating wear in specific regions. Additionally, vibrations at this frequency can interact with the brake pads, contributing to tonal noise. Understanding this mode is crucial for optimising material properties and ensuring that the disc structure effectively distributes vibrational energy. At 124.6875 Hz, the mode shape becomes more complex, displaying multiple nodal regions where alternating sections vibrate out of phase, as seen in Figure 3. This pattern indicates that the disc’s stiffness and mass distribution significantly influence its response. If external excitations, such as braking forces, match this frequency, resonance could amplify vibrations, leading to increased noise levels and potential material fatigue. Moreover, since braking generates heat, studying how this mode interacts with thermal expansion is essential for assessing its real-world implications.
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[bookmark: _Toc192870630]Figure 2 100 Hz Frequency and Mode 2
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[bookmark: _Toc192870631]Figure 3 124.6875 Hz Frequency and Mode 3

Higher frequency responses at 282.8125 Hz introduce a circumferential pattern of waves around the disc with alternating parts of the disc undergoing counter-vibration (Figure 4). It is a critical mode in squeal generation through brakes since it falls within squeal frequencies. Localised pockets of displacement cause pockets of high stress and as such are an important frequency focus for damping controls. Without mitigation, long-term excitation at this frequency can induce structural fatigue and necessitate adjustment in material content or design refinement to suppress uncontrolled vibrations. At 738.75 Hz, the disc is in its high-frequency mode of resonance where there are many nodal and anti-nodal points on the circumference of the disc (Figure 5). This mode includes short-wavelength deformations, i.e., different regions of the disc have independent vibrations. These high-frequency modes are always coupled with brake squeal and can lead to microstructural fatigue, which will promote crack growth with time. The localised vibration amplitude at this frequency can also cause pads to lose even contact with the disc, aggravating noise and reducing braking performance.
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[bookmark: _Toc192870632]Figure 4 282.8125 Hz Frequency and Mode 4
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[bookmark: _Toc192870633]Figure 5 738.75 Hz Frequency and Mode 5









The harmonic analysis (Figure 6) also confirms the significance of such dominant vibration modes by quantitatively evaluating their contribution to the overall vibrational response of the brake disc. The presence of high peaks in the modal spectrum is an indicator of the vulnerability of the disc to be affected by the effects of resonance at certain frequencies. Systematic examination of such spectral behaviour enables engineers to undertake precise intervention such as tweaking material properties, geometry modifications or installing damping devices in the attempt to cancel the undesirable vibration. Comparing experimental measurement of that kind to a numerical simulation of the kind described as FEA enables the designers' parameters to be maximally optimised so the brake disc happens at optimum capacity in real-operating conditions.[image: ]
[bookmark: _Toc192870634]Figure 6 Harmonic Analysis



Frequency band plots and mode data table plots (Figures 7 and 8) are a better indication of the distribution of vibrational energy in modes. They are useful in selecting dominant frequencies to be damped out or the mode to be tuned structurally. Concentration of heavy energy in dominant frequency bands implies that certain modes are dominating the disc vibration response. Such identification of spectral properties guarantees that design optimisation hits the bull's eye at exactly the location where it is needed most in order to fight noise and structural damage.[image: A computer screen shot of a computer program
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[bookmark: _Toc192870635]Figure 7 Bands of Frequency
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Several key design and diagnostic consequences are uncovered by this analysis. Material optimisation is important in order to minimise fatigue effects, particularly in high-stress locations identified through modal analysis. Geometry redesign, such as the inclusion of damping grooves or alteration of rotor shape, can inhibit unwanted vibration modes. Use of damping layers or coatings, such as viscoelastic coatings, can also strongly reduce the amplitude of high-frequency vibrations leading to brake squeal. The second important factor to consider is pad-disc surface interaction, wherein improper contact may cause excitation of high-frequency mode. The design that minimises such interactions between braking components will be important to reduce noise. Lastly, thermal management needs consideration as well, as material expansion under braking conditions can shift natural frequencies and alter the vibrational response of the disc.
[bookmark: _Toc192870627]5. Conclusion
Modal testing of brake discs using Laser Doppler Vibrometry (LDV) has been found effective in identifying the important vibrational parameters that affect noise, performance, and structural integrity. Using non-contact measurement techniques, LDV offers precise modal frequency, mode shape, and localised stress concentration measurement without mass-loading effects. Low-frequency global deformations and higher modes accountable for brake squeal and fatigue were identified in this study.
The findings emphasise the need to integrate LDV and numerical simulations such as FEA in brake disc design optimisation. The observed resonance modes validate the need for damping treatments, material developments, and form optimisations in minimising brake noise and improving component life. The findings also identify high-frequency resonance modes and emphasise the influence of thermal effects and working conditions on modal behavior, thereby suggesting future research to incorporate real-test conditions.
In conclusion, LDV is a strong method to further augment the automotive NVH investigations at high spatial resolution with capability of testing rotating or traveling parts. Findings of this current research will be beneficial to engineers in their quest of optimum brake disc optimisation for safety, comfort, and reliability. Studies in the future shall consider adaptive damping methodologies, unconventional disc material, and more testing under dynamic braking conditions to further enhance predictive utility of modal analysis in automobile designing.
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