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Abstract
Understanding brake disc vibrational characteristics is important for optimum braking performance and noise, vibration, and harshness (NVH) issues reduction in vehicles. In this paper, Laser Doppler Vibrometer (LDV) was used to perform modal analysis of a brake disc, ascertaining critical resonating frequencies and mode shapes for three different scan configurations. Low-frequency modes were recorded with a 2 kHz bandwidth scan, and additional understanding of higher frequency responses was derived from a 5 kHz bandwidth scan. The third scan was conducted on the back of the brake disc to investigate boundary effects upon vibrational response. 
The results showed a combination of bending and torsional modes and combined high frequency bending modes over 400 Hz were strongly correlated with brake squeal, while local torsional modes between 200 and 350 Hz were correlated with brake judder. The back scan captured very few of the mode shapes, indicating boundary conditions and excitation location have a significant impact on the modal response. In addition, particular frequencies, i.e., 100 Hz, 200 Hz, and 300 Hz, were harmonics, and filtering was conducted to provide real resonant frequencies. 
These findings verify the significance of excitation modes and boundary conditions in modal analysis. It also verifies Finite Element Analysis (FEA) validation to acquire theoretical calculations versus the experimental outcomes. Findings of this research can be utilised for optimisations including brake disc geometry optimisation, material optimisation, and damping treatment to minimise NVH-related issues and to maximise braking system performance.

Table of Contents

Table of figures	4
Table of tables	5
Table of equations	5
Apparatus	6
1.	Introduction	7
1.1.	Background	7
1.2.	Objectives	7
1.3.	Scope	7
2.	Literature review	8
2.1.	Electric powertrain noise, vibration and harshness (NVH) and high-frequency vibrations	9
2.2.	Tyre and road noise analysis	9
2.3.	Brake squeal and other component vibration studies	10
2.4.	Modal testing, finite element (FE) validation and full field NVH analysis	11
3.	Methodology	12
4.	Measurements and graphs of raw measurements	16
4.1.	Scan 1: Frequency bandwidth of 2 kHz	16
4.2.	Scan 2: Frequency bandwidth of 5 kHz	17
4.3.	Scan 3: Frequency bandwidth of 5 kHz (backside of brake disc)	19
4.4.	Comparison of resonant frequencies found for each LDV scan	21
5.	Results and discussion	23
6.	Conclusion	26
References	28



[bookmark: _Toc192876336]Table of figures
Figure 1 - Apparatus list (A) Brake disc for analysis and clamping device (B) PolyTec PSV-400 scanning Laser doppler vibrometer (C) Solenoid actuator (D) PolyTec PSV-400 junction box, PolyTec OFV-5000 vibrometer controller and PolyTec data management system	6
Figure 2 - Basic measurement principle of vibrometry and setup of a laser Doppler vibrometer (PolyTec, 2025)	8
Figure 3 - Chart showing the various types of NVH and the frequency of these excitations (Glisovic, 2010)	11
Figure 4 - Clamping mechanism for the brake disc during testing procedure	12
Figure 5 - Excitation device used for testing A) Guitar amplifier B) Solenoid actuator	13
Figure 6 - PolyTec Scanning LDV	13
Figure 7 - Alternate angle for PolyTec scanning LDV	14
Figure 8 - Surface mesh on the brake disc	15
Figure 9 - Resonant frequencies of brake disc with a frequency bandwidth of 2 kHz	16
Figure 10 - Modal analysis results for the brake disc with a frequency bandwidth of 2 kHz (A) 44.375 Hz (B) 100 Hz (C) 124.6875 Hz (D) 282.8125 Hz (E) 738.75 Hz	16
Figure 11 - Resonant frequencies of brake disc with a frequency bandwidth of 5 kHz, illustrating harmonic frequencies at 100, 200 and 300 Hz	18
Figure 12 - Modal analysis results for the brake disc with a frequency bandwidth of 5 kHz (A) 44.53125 Hz (B) 100 Hz (C) 124.21875 Hz (D) 200 Hz (E) 249.21875 Hz (F) 299.21875 Hz (G) 349.21875 Hz (H) 449.21875 Hz	18
Figure 13 - Image of the flipped orientation of the brake disc analysis where the solenoid actuator is impacting the hub contact section of the brake disc	20
Figure 14 - Resonant frequencies of brake disc with a frequency bandwidth of 5 kHz (backside of brake disc)	20
Figure 15- Modal analysis results for the brake disc with a frequency bandwidth of 5 kHz (backside of brake disc) (A) 100 Hz (B) 150 JHz (C) 199.2187 Hz (D) 299.2185 Hz	21
Figure 16 - Comparisons of resonant frequencies captured by each different scan	22
Figure 17 - Comparison of bending and torsion modes for brake disc (A) Torsion mode for brake disc at 282.8125 Hz at 2 kHz frequency bandwidth (B) Bending mode for brake disc at 738.75 Hz at 2 kHz frequency bandwidth	24
[bookmark: _Toc192876337]Table of tables
Table 1 - Observed mode shapes for multiple resonant frequencies with a frequency bandwidth of 2 kHz	11
Table 2 - Observed mode shapes for multiple resonant frequencies with a frequency bandwidth of 5 kHz	13
[bookmark: _Toc192876338]Table of equations
                                                                             Equation 1	2


[bookmark: _Toc192876339]Apparatus
[image: ]
[bookmark: _Toc192862341]Figure 1 - Apparatus list (A) Brake disc for analysis and clamping device (B) PolyTec PSV-400 scanning Laser doppler vibrometer (C) Solenoid actuator (D) PolyTec PSV-400 junction box, PolyTec OFV-5000 vibrometer controller and PolyTec data management system
See figure 1 for apparatus list.

1. [bookmark: _Toc192876340]Introduction
1.1. [bookmark: _Toc192876341]Background
The performance of brake discs is crucial in vehicle safety and performance-oriented vehicles where thermal and vibrational stresses are increased. Understanding the vibrational characteristics of a brake disc is essential for design optimisation. One of the most effective non-contact methods of analysis is through a laser doppler vibrometer (LDV). An LDV is an optical instrument used to measure vibrational response of surfaces. This method is particularly useful for the modal analysis of brake disc systems as a typical contact method may alter the dynamic response.
1.2. [bookmark: _Toc192876342]Objectives
This study aims to analyse the vibrational modes of a brake disc, the specific objectives include:
· Conduct modal analysis testing to determine the resonant frequency modes and shapes.
· Evaluate LDV as a modal analysis technique
· Identify key harmonic resonances contributing to brake noise and performance issues
· Discuss limitations found through the study, identifying potential sources of error
1.3. [bookmark: _Toc192876343]Scope
This report highlights the methodology used for data collection, processing and analysis of a brake disc’s vibrational response. A literature review will be conducted on the use of LDV within the automotive industry, followed by an overview of the experimental setup and discussion of the consequential results. Finally, a conclusion will detail the findings and recommendations for future workings.

2. [bookmark: _Toc192876344]Literature review
LDV uses a laser beam to detect the motion of doppler shifts, this allows analysis of components where attaching sensors may be impractical (Rothberg, 2016). In contrast to traditional measurement devices which may require the use of accelerometers, a scanning LDV will capture full-field vibration data without disrupting the structure dynamics (Schell, 2025). Shown in figure 2 is the basic operating principle of a scanning LDV, this clearly shows it’s non-invasive nature and hence it’s industrial applications are vast.
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[bookmark: _Toc192862342]Figure 2 - Basic measurement principle of vibrometry and setup of a laser Doppler vibrometer (PolyTec, 2025)
An LDV works through the principles of the doppler shift, this is a physical principle that describes the frequency shift of a wave. When laser light reflects off a moving surface, the frequency is shifted proportionally to the surface’s velocity. This can be expressed through equation 1 (Elghraoui, 2010).
[bookmark: _Toc192860778]                                                                             Equation 1

Where:
= frequency shift
=velocity of the vibrating surface
=wavelength of the laser light
To measure frequency shift, an LDV uses an interferometric setup, consisting of a laser source, beam splitter, surface reflection and frequency shift, optical interference and signal processing (PolyTec, 2025).
2.1. [bookmark: _Toc192876345]Electric powertrain noise, vibration and harshness (NVH) and high-frequency vibrations
One shift in the automotive industry is the electrification of vehicles leading to new prominent noise sources. The absence of loud internal combustion engines (ICE) amplifies minor vibrational sources from motors, inverters and driveline components (Kothlow, 2021). One such study on the vibration and noise characteristics of an inverter by Singh, the switching frequencies of the inverter were found to be low hence to choice of an LDV for analysis over accelerometers was made. The findings identified vibration peaks near the switching frequency that corresponded to the elevated noise levels (Singh, 2023). Highlighted in this work is the use of high-frequency electromagnetic sources to excite measurable structural vibrations, where LDV provides the sensitivity to detect them.
2.2. [bookmark: _Toc192876346]Tyre and road noise analysis
Recent workings have leveraged scanning LDV to understand both static and rolling conditions for tyres, engineers at siemens used this methodology for tyre test rigs and full vehicles to measure the operational deflection shapes (ODS) during rotation (Kothlow, 2021). This was done by scanning a laser across the tyre sidewall as the wheel spins, they could visualize standing and traveling wave patterns on the tire surface. Within this study, LDV was used to capture the tyre’s modal behaviour alongside accelerometers were used for the wheel/hub interaction. A study on the tyre-pavement interaction noise by Li noted the use of LDV to identify interior air cavity resonance modes, contributing to the “road hump” noise at near 200 Hz (Li, 2019).
2.3. [bookmark: _Toc192876347]Brake squeal and other component vibration studies
Brake squeal involves high frequency self-excited vibrations on the braking system, typically in the range of 1-16kHz (Glisovic, 2010), see figure 3. Capturing the ODS of a moving component is challenging due to the changing vibrational profiles through the motion of the system. Modern solutions use 3D scanning LDV system for these events, as employed by Martin who used a tri-axial scanning LDV to measure a brake system under squeal conditions (Martin, 2018). The authors of this study noted dense spatial data without mass-loading and could observe the rotor’s motion directly, this meant that not all points were measured simultaneously. Alternate approaches have similarly applied LDV to measure mode shapes of brake pads and discs under operational conditions like Cunefare’s study (Cunefare, 2001). Beyond braking systems, LDV has been employed to analyse other automotive components, for example engine belt dynamics, car seat frames and window regulators (Rexaei, 2023).
[image: Chart showing the various types of NVH and the frequency range of these excitations]
[bookmark: _Toc192862343]Figure 3 - Chart showing the various types of NVH and the frequency of these excitations (Glisovic, 2010)
2.4. [bookmark: _Toc192876348]Modal testing, finite element (FE) validation and full field NVH analysis
Design changes in the automotive industry are often guided by scanning LDV measurements on vehicle components to extract mode shapes. Typically, the approach consists of mount the component in a controlled condition, emulating the usage condition, and exciting the component with an impact, to allow the LDV to capture the vibration response across frequencies (Devigne, 2020). Advantages for LDV compared to accelerometer arrays are clear for comparison with FE models, as an LDV scan can produce a highly detailed set of experimental mode shapes for direct comparison. Recent cases of use include measured interior cabin panel vibrations with LDV to identify how structural modes of the firewall and floorplan were contributing to low-frequency booms inside the vehicle (Revel, 2011). Across the literature, a common theme is integration of LDV data with simulations: by aligning the test measurements with FE models, engineers can update material properties or boundary conditions in the model until the predicted and measured modal parameters match​.

3. [bookmark: _Toc192876349]Methodology
Setup of the test procedure begins with a suitable holding of the test piece in place. Figure 4 shows the clamping of the brake disc within a vice clamp. To note, this setup will have an adverse effect on the results obtained, the nature of this clamping will differ results from a more suitable clamping mechanism where the test subject is suspended with less interaction. A more suitable method would be to mount the brake disc to the hub, to best replicate the working use of the component, yielding the most accurate results.
[image: A metal disc on a table
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[bookmark: _Toc192862344]Figure 4 - Clamping mechanism for the brake disc during testing procedure
Figure 5 depicts the excitation method used for analysis, an amplifier sends a frequency to the solenoid actuator which impacts the brake disc, creating a vibration though the test piece. To set this up, it is imperative that the solenoid actuator is set at the correct distance; too far and it will not create a substantial vibration, not far enough and the solenoid actuator will push itself backwards, creating inconsistent vibrations for analysis. This requires the engineer to make slight adjustments prior to beginning analysis to ensure that the solenoid actuator is a suitable distance from the test piece. 
[image: ]
[bookmark: _Toc192862345]Figure 5 - Excitation device used for testing A) Guitar amplifier B) Solenoid actuator
Once the setup of the test component is complete, the scanning LDV can begin its setup, this involves initially locating the LDV in a suitable location from the component, avoiding back lighting behind the component possibly coming from open windows or other light sources. The setup position of the scanning LDV is shown through figure 6. Once the scanning LDV is setup and calibrated, it is essential that the LDV is not moved, any movement or slight adjustment will skew results.
[image: A machine on a tripod
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[bookmark: _Toc192862346]Figure 6 - PolyTec Scanning LDV
Figure 7 shows another angle of the LDV setup, this angle allows visualisation of the signal strength and laser alignment. The use of the auto focus feature is used to align the laser to the test piece surface. The signal strength shown through figure 67 is at a good level, however, it must be maintained throughout testing for consistent results. For this testing it was not the case, thus leading to an area for improvement. Another conclusion that can be drawn from figure 6 is the lack of damping between the ground and LDV. This meant that small vibrations from movement around the LDV may have affected results, to mitigate this a vibration-isolated table could have been used to stand the tripod for the LDV on, thus minimising external factors. A study from Arnott shows significant enhancement in the quality of LDV results from mitigating external vibrational disturbances (Arnott, 1990). 
[image: A machine with a screen on it

Description automatically generated]
[bookmark: _Toc192862347]Figure 7 - Alternate angle for PolyTec scanning LDV
The next step within the methodology is to create a suitable mesh on the surface of the test piece, the mesh for this testing is shown in figure 8 to gather the best and most consistent data, it is essential that the mesh is consistent over the surface, leaving equidistant areas for each section. This is hard to achieve with the methodology within the system as it is all input with simple clicks of the mouse, leaving large areas for error. It is also clear from figure 8 that the mesh density is low, if reduced, the clarity of results could be improved, at a detriment to solving time. 
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[bookmark: _Toc192862348]Figure 8 - Surface mesh on the brake disc

4. [bookmark: _Toc192876350]Measurements and graphs of raw measurements
4.1. [bookmark: _Toc192876351]Scan 1: Frequency bandwidth of 2 kHz
The first scan, conducted with a frequency bandwidth of 2 kHz, allowed the identification of low-frequency vibrational modes. Resonance peaks for this test can be seen through figure 9, with the observed mode shapes shown through figure 10.
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[bookmark: _Toc192862349]Figure 9 - Resonant frequencies of brake disc with a frequency bandwidth of 2 kHz
[image: ]
[bookmark: _Toc192862350]Figure 10 - Modal analysis results for the brake disc with a frequency bandwidth of 2 kHz (A) 44.375 Hz (B) 100 Hz (C) 124.6875 Hz (D) 282.8125 Hz (E) 738.75 Hz
Considering figure 10 alongside table 1, analysis of the mode shapes can be done. The first resonance frequency, figure 10A, A bending mode is displayed, this is a common occurrence within brake discs and can ultimately lead to structural deformation under loading (Cunefare, 2002). At 100 Hz, figure 10B, a combination of both bending and torsional modes are seen. The multi-mode behaviour corresponds to complex vibration coupling, this often leads to brake squeal from brake discs, understanding this is essential for mitigation. The third mode seen in figure 10C exhibits the same trend as figure 10A, a typical bending mode at a low frequency. Yet at higher frequencies as figure 10D shows, a torsional mode is exhibited, this is linked to instability in braking conditions and generation of noise and judder under brake load as stated by Abdelhamid (Abdelhamid, 2021). The largest resonant frequency observed, figure 10E, displayed another bending moment. This indicates that even at higher frequencies, 738.75 Hz, there tends to be out-of-plane bending displacements. 
[bookmark: _Toc192860759]Table 1 - Observed mode shapes for multiple resonant frequencies with a frequency bandwidth of 2 kHz
	Subfigure
	Resonance frequency (Hz)
	Observed mode shape

	A
	44.375
	Bending

	B
	100
	Bending and torsional

	C
	124.6875
	Bending

	D
	282.8125
	Torsional

	E
	738.75
	Bending



The findings previously stated align with previous modal analysis studies, where frequencies below 200 Hz are commonly associated with structural compliance, in comparison to frequencies larger than 500 Hz where there is an increased likelihood of brake squeal and noise emissions (Kinkaid, 2003). 
1. [bookmark: _Toc192777742][bookmark: _Toc192853507][bookmark: _Toc192860815][bookmark: _Toc192876352]
2. [bookmark: _Toc192777743][bookmark: _Toc192853508][bookmark: _Toc192860816][bookmark: _Toc192876353]
3. [bookmark: _Toc192777744][bookmark: _Toc192853509][bookmark: _Toc192860817][bookmark: _Toc192876354]
4. [bookmark: _Toc192777745][bookmark: _Toc192853510][bookmark: _Toc192860818][bookmark: _Toc192876355]
4.1. [bookmark: _Toc192777746][bookmark: _Toc192853511][bookmark: _Toc192860819][bookmark: _Toc192876356]
4.2. [bookmark: _Toc192876357]Scan 2: Frequency bandwidth of 5 kHz
The second scan was performed at 5 kHz, this allowed further analysis of additional vibration modes at higher frequencies. The corresponding resonance peaks are shown through figure 101, with the labelled mode shapes displayed through figure 12. With further analysis of the second scan resonant frequencies, it is observed that frequencies at 100, 200 and 300 Hz are seen to be resultant of harmonics with the test piece, this then leads the belief that they are not resonant frequencies and simply harmonics from testing, discounting them from analysis.
[image: ]
[bookmark: _Toc192862351]Figure 11 - Resonant frequencies of brake disc with a frequency bandwidth of 5 kHz, illustrating harmonic frequencies at 100, 200 and 300 Hz
[image: ]
[bookmark: _Toc192862352]Figure 12 - Modal analysis results for the brake disc with a frequency bandwidth of 5 kHz (A) 44.53125 Hz (B) 100 Hz (C) 124.21875 Hz (D) 200 Hz (E) 249.21875 Hz (F) 299.21875 Hz (G) 349.21875 Hz (H) 449.21875 Hz
Validating the first scan, figure 13A closely aligns with the mode shapes seen from figure 10A, both emitting similar bending modes. This suggests the repeatability and accuracy of the LDV measurements, allowing confidence in subsequent analysis. A new modal shape is observed at 249/21875 Hz which was not present during the initial analysis, see figure 13E, this exhibits both bending and torsional mode shapes. This suggests that to visualise these modal responses a larger frequency bandwidth is required. 
[bookmark: _Toc192860760]Table 2 - Observed mode shapes for multiple resonant frequencies with a frequency bandwidth of 5 kHz
	Subfigure
	Resonance frequency (Hz)
	Observed mode shape

	A
	44.53125
	Bending

	C
	124.21875
	Bending and torsional

	E
	249.21875
	Bending and torsional

	G
	349.21875
	Bending

	H
	449.21875
	Bending



These results are consistent with other studies that associate frequencies above 400 Hz with structural vibrations leading to brake squeal (Papinniemi, 2002) (Kinkaid, 2003). The inclusion of multiple torsional modes suggests possible coupling effects between the brake disc and calliper assembly, a phenomenon known to amplify undesirable noise characteristics (Devigne, 2020).
4.3. [bookmark: _Toc192876358]Scan 3: Frequency bandwidth of 5 kHz (backside of brake disc)
The third scan aimed to further analyse the response from scan 2, however for an alternate brake disc orientation, taking measurement from the opposite face in comparison to scan 2, despite using the same frequency bandwidth, this alternate orientation is displayed in figure 13. This aimed to further understand the attachment interface and how it effects modal behaviour, the measured responses are shown through figure 14 and the modal shapes shown in figure 15. similar harmonic frequencies are seen for scan 3 as scan 2, where frequencies detected at 100, 200 and 300 Hz are found to be harmonic frequencies, leaving only one mode shape for analysis at 150 Hz for analysis. 
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[bookmark: _Toc192862353]Figure 13 - Image of the flipped orientation of the brake disc analysis where the solenoid actuator is impacting the hub contact section of the brake disc
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[bookmark: _Toc192862354]Figure 14 - Resonant frequencies of brake disc with a frequency bandwidth of 5 kHz (backside of brake disc)
The only modal shape found at 150 Hz shows a bending mode (figure 15B), this is a new mode shape found, likely a result of alterations of the boundary conditions from the altered orientation of the brake disc affecting the structural response. Reasoning behind why this is the only modal response has many possible contributors, notably the new orientation may have introduced additional damping that may limit excitation of certain vibrational modes. As the solenoid actuator is impacting the hub section of the brake disc for this analysis, this new excitation point may not be near a nodal point, which may then suggest that subsequent modes aren’t sufficiently excited enough to be detected.
[image: ]
[bookmark: _Toc192862355]Figure 15- Modal analysis results for the brake disc with a frequency bandwidth of 5 kHz (backside of brake disc) (A) 100 Hz (B) 150 JHz (C) 199.2187 Hz (D) 299.2185 Hz
1. [bookmark: _Toc192777749][bookmark: _Toc192853514][bookmark: _Toc192860822][bookmark: _Toc192876359]
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3. [bookmark: _Toc192777751][bookmark: _Toc192853516][bookmark: _Toc192860824][bookmark: _Toc192876361]
4. [bookmark: _Toc192777752][bookmark: _Toc192853517][bookmark: _Toc192860825][bookmark: _Toc192876362]
4.1. [bookmark: _Toc192777753][bookmark: _Toc192853518][bookmark: _Toc192860826][bookmark: _Toc192876363]
4.2. [bookmark: _Toc192777754][bookmark: _Toc192853519][bookmark: _Toc192860827][bookmark: _Toc192876364]
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4.4. [bookmark: _Toc192876366]Comparison of resonant frequencies found for each LDV scan
Using figure 16 the differences between each scan can be highlighted, which scan captures each frequency can be deciphered. Scan 2 found the most frequencies yet as previously deciphered, some of these are due to the harmonics. Scan 1 found 1 frequency that went undetected by other scans, suggesting this vibrational mode may be prominent at lower frequencies.
[image: ]
[bookmark: _Toc192862356]Figure 16 - Comparisons of resonant frequencies captured by each different scan


5. [bookmark: _Toc192876367]Results and discussion
Seen in figure 17 is a comparison between a bending mode and torsion mode, this can be used to analyse the key differences between a torsion and bending mode. Bending modes can be described as out-of-plane deformation, where sections of the brake disc move perpendicular to the plane of the disc. Torsional modes are characterised by a twisting motion, describing different sections of the brake disc rotating relative to each other about the central axis (Huang, 2022). With analysis of table 1, it is visible that at lower frequencies the bending modes are more prevalent, with the opposite true as frequency increases. Reasoning behind this is due to a greater flexibility at lower frequencies in the out-of-plane direction compared to torsional stiffness. Torsional modes are associated with resisting twist deformation, this means they occur at higher stiffness-to-mass ratios and involve energy stored in shear deformation. To validate this in the first 2 scans both mode shapes were captured when the excitation was done directly on the disc, yet for the third scan only a single bending mode is found.
Modal shapes can be classified by their degrees based on the number of nodal diameters and nodal circles. These include zero-order mode, low frequency where disc moves with no deformation. The first order mode, fundamental bending mode, this has one nodal circle, yet no nodal diameters, seen in figure 12A. The second-order mode is the first torsional mode, this is characterised by on nodal diameter, seen in figure 10D. Higher order bending modes add addition nodal diameters and nodal circles as deformation complexity increases, significant for their contribution to brake squeal.
 
[image: ]
[bookmark: _Toc192862357]Figure 17 - Comparison of bending and torsion modes for brake disc (A) Torsion mode for brake disc at 282.8125 Hz at 2 kHz frequency bandwidth (B) Bending mode for brake disc at 738.75 Hz at 2 kHz frequency bandwidth
As previously stated, the resonant frequencies observed will cause issues for NVH on a vehicle. There are several ways to mitigate this happening, for example, to reduce brake squeal you can introduce damping coatings or shims to alter the vibrational response of the component. Another method of mitigation may be optimising the calliper stiffness to avoid mode coupling alongside adjust disc slotting or cross-drilling patterns to modify the natural frequencies of the brake disc. These are all methods of minimising high frequency bending modes. 
To minimise brake judder, an issue arising from torsional modes, you may increase the rotational stiffness of the part, allowing the shift of the torsional modes to a different frequency range. It is also possible to optimise the mounting of the brake disc, thus reducing resonance effects. 
Enhancing structural stability is done through ensuring even material distribution across the brake disc, preventing uneven wear which can amplify the effects of low frequency bending modes. Brake disc topology can also be optimised through finite element analysis (FEA) validation. To validate the findings of this analysis, FEA can be utilised to predict mode shapes and natural frequencies, allowing comparison of FEA predictions to experimental data. This will give the engineer higher confidence in their work, also providing a much quicker alternative from a design standpoint, allowing quick modification of models to observe the effects on modal behaviour. However, the setup of boundary conditions within the Fea solve must be exact to the experimental method to yield any useful data for comparison.


6. [bookmark: _Toc192876368]Conclusion
The current research can clearly demonstrate the use of Laser Doppler Vibrometer (LDV) in modal analysis of a brake disc with the determination of dominant resonant frequencies and impact of changing measurement setup. The findings indicate that boundary conditions significantly affect modal behaviour as the backside scan indicated there to be quite few modes that were detectable. This means that the orientation of the test setup affects how vibrational energy is transmitted in the disc and induces mode shape visibility changes. These observations also support the differential function exercised by bending and torsional modes in the functionality of brake systems. Bending modes, particularly at elevated frequency, were invariably associated with squeal brake noise, while mid-frequency range torsional modes correlated with judder brake vibration. Harmonics introduced in some of the scans imply that additional filtering must be utilised to adequately identify modal information since harmonics mask real resonance modes as well. The requirement of accuracy in placement of excitation is also noticed because certain modal responses are minimised when the solenoid actuator was positioned near nodal points. This means the optimisation of the placement of excitation should be done properly to get a full modal profile. The fine-tuning of theoretical estimates and improved precision in modal analysis also require verification of FEA. Future studies must include testing the brake disc in more practical applications, e.g., mounting it on a braking system to measure modal behaviour under actual operating conditions. Future study would also explore the effect of changes in disc geometry, damping materials, and slotting designs to eliminate NVH-related problems and enhance braking system performance. The results of this research confirm the potential of LDV as a reliable, non-contact modal analysis test instrument for brake discs. Such findings are important in making recommendations on brake design optimization for the minimisation of noise, maximising stability, and enhancing overall braking performance in safety-critical and high-performance applications.
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