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Abstract 
This paper examines brake disc vibrations using a laser doppler vibrometer to determine resonance frequencies and mode shapes. Over four weeks, tests at 10kHz and 20kHz frequencies with varying mesh designs revealed critical bending and torsional modes, influencing brake noise and performance. The analysis highlighted the impact of mesh granularity and bandwidth on capturing vibrational characteristics, with higher frequencies introducing noise and affecting resolution. Constraints like fixed FFT line settings limited the frequency resolution, suggesting the need for varied settings for comprehensive analysis. Ultimately, understanding these vibrational modes enables the design of quieter, more reliable brake systems.
Apparatus
	Laser unit. The laser unit emits a beam that strikes the brake disc, which then bounces the light back towards the unit for detection.
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(Figure 1. Laser Unit)

	Solenoid actuator. The solenoid excites the sample by causing a vibration to the brake disc with the plunger.
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(Figure 2. Solenoid used to excite the brake disc)

	Brake disc sample. The sample brake disc was being clamped down on the bottom to the laboratory’s vice to simulate clamping force by the brake pads and caliper.
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(Figure 3. Brake disc sample)

	PC with PolyTec Scanning Laser Doppler Vibrometer software, used for controlling the actuation of the solenoid and determining and monitoring frequency modes and shapes of the brake disc.
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(Figure 4. PC with PolyTec software)


1. INTRODUCTION

A laser doppler vibrometer is an intricate instrument that quantifies an object’s motion by measuring velocity, displacement, and acceleration through the optical Doppler effect. The laser’s wave frequency (f) is crucial to this process and follows the formula 

f = c / λ 

 , where ( c ) is the laser’s light speed, and ( λ ) is the wavelength. The device’s non-invasive nature allows for the immediate recording of vibrational signals at the laser’s point of contact. 
When the surface of the target is excited, it exhibits velocity, displacement and acceleration. The frequency of the source wave is affected by this motion, which in turn alters the frequency of the wave reflected back to the LDV. This change in frequency is known as frequency shift (Δf), is dependent on the original frequency (f) and the relative velocities of the source (vs), observer (vo) and the wave in the medium (v) (Pagan & Lake, 2017). The following formula provided:
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Indicates how to calculate the frequency shift. The +- signs in the equations dictates the direction of motion. (+) if moving towards and (-) when moving away. If the source moves towards the observer, the frequency shift (Δf) is less than f, indicating a lower observed frequency. If there is no relative motion between the source and the observer, then Δf equals to f, meaning there is no frequency shift.
The resonance frequency of brake rotors has long been attributed to the cause of brake noise and longevity of brake pads. As a result, many Automotive OEMs required their parts manufacturer to perform frequency inspection or tests on the manufactured product. In the frequency inspection, the passing or failing is based on the resonance frequencies.

The brake disc modal analysis in our experiment is a simulation to the critical technique used for analysing complex structures. The theory behind is to calculate the natural frequencies and mode shapes to understand the dynamic interactions within a structure and its support system. Natural frequencies are the oscillation rates at which a structure resonates on its own, while mode shapes show how the structure deforms at these frequencies. Each mode shape is linked to a particular natural frequency range and is influenced by the structure’s properties and the boundary conditions. Alterations in the structure’s properties may shift the frequency range but leave the mode shape unchanged. However, changes in boundary conditions can affect both the mode shape and the natural frequencies. 

In an experimental setting, such as the analysis of a brake disc’s vibrational modes, the disc is stimulated using a solenoid. The disc is firmly clamped in a vice to replicate the clamping force of brake pads, which is essential for an accurate analysis of the disc’s vibrational behaviour.
2. Measurements and Raw Data
Four different tests spanned out of 4 weeks were conducted. During the first week, the first test was based on a simulation of 10khz. Then we moved on to 20khz on the second week. The third test investigated mesh refinement to validate whether there were any further modes that had not been detected with the original mesh. The final test analyses the modes seen where the disc is clamped to the hub.

Four different experiments have been run. The initial experiment used a 10Khz band to analyze the data. Upon running the simulation, it revealed 8 distinct vibration modes. These modes are identified by the peaks in the frequency spectrum and are essential for predicting how the brake disc will respond to different frequencies of excitation. The presence of these modes suggests that the brake disc has multiple natural frequencies at which it can resonate.
the eight modes found and are represented in the table below. 

[image: image6.png]B e £ View Seup Fresntation Arshae Froe Animaion Mact. Window Help

DEHO S SHmOX Oz e ®wBREDONSL
2% A on B0 M A oo B K GQREECA S D 4b 1314
o

Vbveodty X2
st Vi
s
Comporerts
oot Camponent

CESTRL T

(]
A Ses DN G B - QR+ 11
Voo
v s
swis o
T Start aazskHz
£ £ astaioe
H on osiowe
d
e R Cr 3 FEN
ey 1
Faing e o i o 5 s T VO





(Figure 5. Test 1 10khz)

The second test conducted uses the same experimental parameters however uses a finer mesh design. Upon running the simulation, 3 additional modes were found. The finer mesh likely allowed for a more detailed analysis of the vibrational behaviour, potentially identifying subtle variations in the vibration modes that could be critical for certain applications, such as noise reduction or performance enhancement.
 The figures below show the mesh and a side-by-side comparison of the two tests.

[image: image7.png]0
B e €61 View Seup Fresntation Arshae Froe Avimaton Macto Window Help

DEMO 8 LBAX O lse ¥RED ON3

- on 28 e 0 M W11 - s Bo KB QB e Al b 4 1L

=] BN X 2QR A L . it
Do " e
sonl

o
ot Ve
s

T — s 1T
E s 1ss

e 15625 175

2z 26
750

L Q& 1)

Vb vl
Avege pectnm

ol fond 11 a2
S aami
e ae7sioe

0l i 03040

o o o ow . i 3 5 Kl

T v g3 101z 160 160w 62572 VD3 60 i





(Figure 6. Test 2 10khz fine mesh)
The third test focused on the hub part of the brake disc, again using a 10khz bandwidth. The results from the test show that the vibration is mirrored however the magnitude of the peaks above 1Khz is greater than that of the disc face. In an automotive OEM’s standpoint, the hub, being the center part of the brake disc, is largely responsible for the overall vibration characteristics of the whole system. Thus, our group has decided to look into analysing the hub part, hoping it would provide us insights into how modifications to the hub design could affect the disc’s performance. The figure below shows pattern of the mesh design on the hub part of the disc.
[image: image8.png]Fy

B e £ View Seup Fresntaton Arshae Froe Animaton Mact. Window Help
DEHO S SHmOX Oz e ¥ BREDONSL
B0 A r B0 M A o ssin o B R DQR G A

DXIREEEFEL

and Defntion - 152 10khe 1600 Joner b

Sopa t
Vib Velodity. Xz
revas
=
——
[y
Dhos ot

DINIHE £ Q&% 1 i

Magnitude [um/s].

OXHE AW @ N

ws
ms 2

4 noes v
s pers 1w

225 26z
s 32375

Vo Velocty
AversgeSpectum

Bands asrsu
St Azesunz
e satsz
widtn osssi

T v 3 101z 160 160w 62572 VD3 60 i





(Figure 7. Test 3 10khz inner hub)
The fourth and final test expanded the analysis to a 20khz bandwidth, searching for vibration modes outside the original 10khz range. However, the increase in bandwidth caused extra noise and the subsequent drop in resolution around each peak indicating that higher frequency modes were explored, which could be relevant for high-speed applications or in conditions where the brake disc is subjected to higher operational frequencies.
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(Figure 8. Test 4 20khz, showing more noise)
3. Calculations and Error
During the laser doppler tests, each point was closely monitored to ensure most of the points come back as being optimum (grey) and valid (green). However, there were instances where we have gotten invalid points (purple) during the tests mainly due to placing the points too close to the edge of the disc. In those instances, the whole mesh was completely redone to get a valid test.

To ensure accuracy, each data point is measured several times. If the results vary widely between each other, indicating a disturbance, they are recalculated until they fall within the accepted range.
One of the challenges in the context of LDV measurements on brake discs is signal loss can occur on rough surfaces, such as rusted areas, where reflectivity is reduced. Similarly, if the laser is positioned too close to the disc’s edges, the beam may refract at angles that deviate from the detector’s optimal reception angle. Our experiments encountered instances of inaccurate signals due to these issues.
Another error to factor in is the solenoid doesn’t always hit the brake disc with the same hardness every time. In our lab experiment, the solenoid was only being held with tape. As the brake disc is being held by a clamp, when the plunger of the solenoid hits the brake disc every time, it does push itself away from its original set position. In fact, during the first 3 tests, we did experience this error in the middle of vibration test, and we had to manually re-adjust the solenoid to its correct position. This undoubtedly had a negative influence to the accuracy of the tests and as an experimenter we have to factor in this error. It was only until the last test on the final week that a more suitable way of wrapping the solenoid around clamp with tape was used (shown in the figure below).
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(Figure 9. Method of securing solenoid to laboratory vice)
4. Results and Discussions

In the modal analysis, we understand that bending and torsional modes are two fundamental types of vibration behaviour that can be observed in brake disc analysis. These modes are critical in understanding the dynamic response of the disc to operational stresses and are essential for designing brake systems that minimize noise and wear, as well as enhancing performance.

Bending modes occur when the disc deforms in a direction perpendicular to its plane. These modes are characterised by the disc bending back and forth. (Shown in the following figure).
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(Figure 10. 10khz bending mode with 87.5Hz bandwidth)
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(Figure 11. 20khz bending mode with 600Hz Bandwidth)

In our tests, bending modes would manifest as peaks in the frequency spectrum where the disc exhibits significant deflection at certain natural frequencies. Studies have shown that bending modes are often associated with brake noise, particularly at lower frequencies, and can be influenced by the disc’s thickness, material properties and boundary conditions (Mange, 2021).
Torsional modes involve the twisting of the disc around its central axis (shown in the following figure).
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(Figure 12. 10khz Torsional mode with 231.25Hz bandwidth)
These modes can occur in brake discs in automotive terms under certain conditions such as uneven clamping forces from the brake pads and calipers or asymmetric designs. Torsional vibrations are typically higher frequency phenomena compared to bending modes. Its presence in our tests would indicate that the brake disc experiences twisting motions at specific frequencies. Studies have shown that torsional vibrations can be coupled with other modes, leading to instability and noise.
In the tests, the different mesh design and bandwidths used have captured various bending and torsional modes. Using a finer mesh in Test 2 for example would allow for a more detailed analysis of these modes, potentially identifying subtle variations that could impact the disc’s performance. Subsequently, the increase in bandwidth in Test 4 to 20khz would capture higher frequency torsional modes, which could be relevant for understanding high-speed operational conditions.

Looking at the vibration modes across the tests, it is likely that the bending modes remained relatively consistent, given the similar bandwidth used in Test 1 through Test 3. However, the torsional modes may have varied more significantly, especially with the change in bandwidth in Test 4. The variation could be due to the increased sensitivity to higher frequency torsional vibrations when using a broader bandwidth.
In the first test, we identified eight vibration modes within a 10Khz band. The second test, also within a 10Khz band but with a finer mesh design, likely provided a more granular view of these vibration modes. The finer mesh design could reveal subtle differences in the vibration modes that are not apparent with a coarser mesh in the first test. The following two figures show the mode graphs from first and second (finer mesh design) test.
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(Figure 13. Mode graph of normal 10khz)
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(Figure 14. Mode graph from finer mesh design 10khz)

Literature suggests that the dimensions and design of brake disc rotors can significantly affect the natural frequencies of various vibration modes (Okamura et al., 2012). Therefore, the differences observed between the first and second tests could be attributed to the mesh design, the variations can be used to determine the influence of the stiffness and damping properties of the brake disc model.
On the third test, we focused on the hub part of the brake disc, the idea of testing this part is to investigate the influence of distribution of vibrational energy throughout the disc, not just the disc surface. Comparing the third test with the second test, we might have observed shifts in the natural frequencies or even emergence of new vibration modes due to the change in focus to the hub area. This aligns with the findings that alterations in the structure’s properties or boundary conditions can affect both the mode shape and the natural frequencies (Pander & Mayer, 2018).
The fourth test expanded the bandwidth to 20khz, aiming to identify vibration modes outside the original 10khz range. The observed drop in resolution around each peak could indicate that the brake disc exhibits different vibrational characteristics at higher frequencies. This is consistent with the concept that brake disc vibrations can be forced or self-excited, with the latter often leading to brake squeal (Fieldhouse & Beveridge, 2000). The comparison between the fourth test and first two tests underscores the importance of bandwidth in capturing the complete vibrational profile of the brake disc.
4.1 Constraints and Limitations

In the experiment, the use of a single FFT line setting (1600 lines) can introduce several limitations on the outcome of the analysis.
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(Figure 15. Fixed FFT lines setting of 1600)

The frequency resolution of an FFT is determined by the sampling frequency and the number of FFT lines. That means with a fixed number of FFT lines, the frequency resolution is also fixed, meaning the ability to distinguish closely spaced frequencies is limited by the chosen FFT line setting, potentially leading to an incomplete understanding of the vibrational behaviour (Hanly, 2016). A single FFT line setting also limits the analysis to a specific frequency range. Different vibrational phenomena might occur outside this range. Without a variation of different FFT lines, these phenomena could be missed, particularly when looking at higher frequency modes and trying to identify subtle differences in the vibration profile over a wide range of frequencies (Stoll, 2023).
Although the 4 tests all share the same constant variable of using 1600 FFT lines which provided a certain level of insight into the vibrational modes of the brake disc, it also imposes potential constraints that could limit the depth and accuracy of the analysis. To obtain a more complete and accurate representation, it would be beneficial to experiment with different FFT line settings, especially when analysing complex structures like brake discs.
5. Conclusions

Across the tests, the variation in vibration modes can be influenced by several factors, including the mesh design, the part of the brake disc analyzed, and the bandwidth used. These factors can lead to differences in the natural frequencies and mode shapes observed. It is essential to consider these variations when designing brake discs to mitigate noise and enhance performance. 

Furthermore, analyzing the vibration modes, bending and torsional modes are integral to the vibration analysis of brake discs. Understanding these modes helps in predicting the disc’s behavior under various conditions and designing brake systems that are quiet and reliable. 
In conclusion, the comparative analysis of the vibration modes across the four tests provides valuable insights into the dynamic behavior of brake discs. Understanding these variations, engineers can better predict and control the vibrational characteristics of brake systems.
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