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Abstract - This paper researches automotive applications of laser doppler vibrometry and applies the technique to investigate the different modal vibrations seen within a ventilated brake disc. 9 different modes were discovered with the first 3 modes were found at 87 (Bending), 231 (Torsional) and 600 (Bending) Hz. Discussion on possible errors within the experiment are discussed and analysed for their effects on the results.

1. APPARATUS
· Laser Head. The laser head projects a laser onto the sample. The sample reflects the laser back to the laser head where the reflection is detected. 

· Data viewing screen. Allows for analysis of the vibration modes seen at each frequency. 

· Solenoid.  The solenoid excited the sample causing a vibration. 

· Brake disc sample. The sample used in this experiment is a brake disc. The brake disc is clamped at the bottom. To simulate the clamping force from the brake pads. 

2. INTRODUCTION
A laser Doppler vibrometer employs the optical Doppler effect to gauge the velocity, displacement, and acceleration of an object's motion [1]. This device offers a convenient point-and-shoot method, enabling immediate measurement and recording of vibration signals at the precise location targeted by the laser beam. The laser produces a defined wave (f) that is represented in the equation below. 

f=c/Z
c is equal to the speed of light the is emitted form the laser and Z is the wavelength. 
The surface can then be excited to produce velocity therefore creating a subsequent acceleration and displacement. The fluctuation in the source frequency affects not only the source itself but also induces a shift in the reflected frequency, termed as frequency shift. Thus, the alteration in frequency (Δƒ) is contingent upon the actual frequency (ƒ) as well as the relative velocities of the source (vs), observer (vo), and the velocity of the wave in the medium (v).
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The utilized sign depends on the relative motion between the observer and the source. If the source moves toward the observer, Δƒ exceeds (ƒ). Conversely, if the source moves away from the observer, ∆f is less than (ƒ). When the source remains stationary concerning the observer, Δƒ equals (ƒ).

3. MODAL ANALYSIS
Modal analysis is a crucial aspect in understanding complex structures. It involves computing natural frequencies and mode shapes to grasp the dynamic interaction between components and their support systems [2]. Natural frequencies represent the frequencies at which a structure vibrates when disturbed, while mode shapes depict the deformed structure at these frequencies [3]. Each mode shape corresponds to a specific natural frequency band and is influenced by the structural properties and boundary conditions. Changes in structural properties may alter the frequency band but not the mode shape, whereas modifications in boundary conditions affect both the mode shape and natural frequencies.

The motion equation is governed in the equation below. 
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M = mass, [image: image4.png]


 = Acceleration, C = damping, [image: image6.png]


 = Velocity, K =stiffness, [image: image8.png]


 = Displacement, [image: image10.png]f(t)



 = Load. 

Assuming that the damping coefficient is negligible due to the stiffness of the component the motion equation can be reformulated below. 
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From this equation it can be directly seen that the mass and the stiffness of the brake disc are directly control the response [4]. However, to understand the modal shapes of the structure further analysis is necessary.

If each point within the structure behaves as a mass spring damper system therefore the equation below can be formulated. 
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A = amplitude, w = angular Frequency, [image: image14.png]


 = Phase angle

Each point within the structure will vibrate at the same frequency seen for that mode [5]. However, the amplitude seen will be different for each point creating stress within the brake disc. If two points are moving in the same direction they are in phase. If two points are out of phase the mode created will be governed by the phase angle. With harmonic modes all vibrations are in the same direction and have the same magnitude. 
4. LASER DOPPLER VIBROMETRY APPLICATIONS
Laser Doppler vibrometry finds extensive applications across various industries today, spanning mechanical, electrical, civil engineering, and the medical sector. In the automotive and motorsport industries, LDV plays a pivotal role in enhancing vehicle design, performance analysis, and safety assessment. This literature review explores recent advancements and applications of LDV within these dynamic fields.

A paper from DesRocher investigates vibration analysis within a shifter handle of a NASCAR cup series stock car [6]. The paper successfully recreates a model of the shifter and analyses the vibrations found within the structure and completes a comparison between the test data and simulation data to validate the results. Due to the constant high speeds of stock car racing engine vibration dominates mechanical failures.

Aleksieva presents a paper on vibration transmission from engine rotational speed to the vehicle body [7]. The investigation found that increases in rotational speed at the crankshaft lead to additional fluctuations in all types of vehicles bodies. 

Pagano’s paper highlights the application of LDV in analyzing the intricate geometries of a composite swing arm designed for motorcycles [8]. It delves into the complexities of the structural modes observed within this geometry, emphasizing the significance of accurately accounting for percentage errors encountered during the analysis.

Castellini explores the utilization of a tracking laser Doppler vibrometer (TLDV) for conducting vibration measurements on automotive components, accompanied by advancements in data processing techniques [9]. Following an overview and analysis of the measurement methodology, the focus shifts to three distinct applications within the automotive domain: assessing the side-wall vibration of a rolling tire, analyzing the out-of-plane vibration of a timing belt, and evaluating the rubber blade vibration of intricately moving windscreen wipers.

Davis and Kulczyk's research focus on advancing turbine blade design through the development of a high-precision, non-contact method for dynamically measuring angular displacement [10]. Their innovative approach involves the utilization of dual laser Doppler vibrometers, allowing for enhanced accuracy and reliability in assessing the intricate dynamics of turbine blades. 


Esgandari employs a combination of hammer testing and finite element analysis (FEA) modelling to identify and analyze vibrations modes present in brake discs [11]. The primary objective is to mitigate noise associated with brake squeal by investigating the damping effects of materials used in brake pads. This comprehensive approach allows for a detailed exploration of vibration characteristics and the development of strategies to minimize undesirable noise in braking systems.
5. LASER DOPPLER VIBROMETRY SETUP
The component used within the experiment is a ventilated brake disc from a vehicle. The disc is clamped within a vice to simulate clamping forces from brake pads that would be within the calipers, but also to allow the laser to reflect to the scanning head for optimal results. Figures 1 and 2 below show the setup used in the experiment.
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Figure 1 - Laser Scanning Head
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Figure 2 - Brake Disc in Clamp
6.RESULTS AND DISCUSSIONS  
6.1 EXSPERIMENT 1
The initial experiment used a 10KHz band to analyze the data. Upon running the experiment, 8 different modes were found and are represented in table 1 below. 

	Mode Number
	Peak (Hz)
	Bandwidth (Hz)

	1
	87.5
	25.0

	2
	231.25
	37.5

	3
	612.5
	206.25

	4
	1225.0
	162.5

	5
	1481.25
	175.0

	6
	1756.25
	231.25

	7
	2900.0
	362.5

	8
	4431.25
	518.75


Table 1 - Modal Peaks Brake Surface
Figure 3 displays the first bending mode found at 87Hz. This mode has been analyzed and determined to be a bending mode.  The velocity of the bending mode is approximately 310 nanometers per second. The third largest magnitude of mode found.

[image: image17.png]



Figure 3 - First Bending Mode

Figure 4 below displays the second mode found. This is a torsional mode found at 231Hz. The velocity if this mode is of a small magnitude approximately 100 nanometers per second.
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Figure 4 – First Torsional Mode
Figure 5 displays the third mode found. This mode is a bending mode occurring at 600 Hz and has the second highest magnitude off 450 nanometers per second.
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Figure 5 – Second Bending Mode
The Figure below displays the sixth mode found. This mode has the highest magnitude found of 550 nanometers per second. the mode is suspected to be a twisting mode and occurs at 1.75KHz. When designing the brake assembly, due to the large magnitude of this mode. The assembly structure should be designed to avoid exciting it at this frequency or redesigning the mass and shape of the brake disc to change the mode. 
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Figure 6 – Twisting Mode

6.2 EXSPERIMENT 2
The second test conducted uses the same experimental parameters but uses a finer mesh design. When running the simulation, no further vibration modes were found and the results from the first test and the modal results can be treated as valid and repeatable. The figures below show a comparison the bending mode occurring at 600Hz. 
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Figure 7 – Modal Comparison Between Meshes
6.3 EXSPERIMENT 3

The third experiment also uses a 10KHz bandwidth. However, the mesh generated analyses the vibration modes found within the hub center of the disc. The results from the test show that the vibration is mirrored however the magnitude of the peaks above 1KHz is grater that that of the disc face.  The Table below displays the 9 different modes that were found in the experiment.

	Mode No
	Peak (Hz)
	Bandwidth(Hz)

	1
	75.0
	25.0

	2
	237.5
	50.0

	3
	612.5
	237.5

	4
	1225.0
	206.25

	5
	1481.25
	142.75

	6
	1756.25
	150.0

	7
	2475.0
	368.75

	8
	3175.0
	262.5

	9
	4975.0
	637.5


Table 2 – Modal Peaks in the Hub
Upon analysis of the experiment there is a discrepancy in modes found above 2000 Hz. experiment 1 displays 1 mode at 2900.00 Hz. However, experiment 2 displays 2 different modes at 2475.0 Hz and a second at 3175.0 Hz. this difference in modal behavior may be dependent on the thickness of material at each plain and the geometry. 

The figure below displays the first bending mode shown at 75Hz and has a magnitude of 110 nanometers per second. 
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Figure 8 - First Mode, Inner Hub
The figure below displays the second mode found for the inner hub. This is the first torsional mode at 275 Hz. 
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Figure 9 - Second Mode, Inner Hub
The figure below displays the third mode found at 612 Hz. 
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Figure 10 - Third Mode, Inner Hub
6.4 EXSPERIMENT 4

A final test was conducted and uses a 20KHz band width to look for vibration modes outside of the original 10KHz. However, there is a drop in resolution around each peak now. The investigation finds no new peaks greater than 5KHz. The figure below displays the 20KHz frequency band. 
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Figure 11 - Frequency Band of Visible Modes
7. CALCULATIONS AND ERRORS

Although caution was undertaken when carrying out the experiment to minimize the effects of error, there is undoubtedly some effect they have had on the results. To reduce error, each point is measured three times. If there is a large discrepancy in the results, such as a disturbance in the vibration, the results are recalculated until they are within tolerance at the end of the test.

One potential source of error is laser dropout on rough surfaces. This could occur if the brake disc is rusty, leading to minimal reflection and potential dropouts. Similarly, if the laser is too close to the edge of the disc, the beam may be refracted at different angles than the normal angle where the detector is located.

The LDV (Laser Doppler Vibrometer) has a range of acceptable inputs for the answer. If the measured results are not within the optimal range, the test will run over these points until the results are optimal. For all the tests that were run, the LDV reported optimal results, although some tests were rerun in a small number of locations.

Another challenge is validating the magnitude of the displacements, as the solenoid was not fully clamped. With each tap from the solenoid as it excites the brake disc, there is a risk of the solenoid slipping further away from the sample, potentially changing the intensity of the strike, and affecting the results.
8. CONCLUSIONS

Laser Doppler Vibrometry plays a crucial role in the automotive industry by providing precise and non-contact measurement of vibration modes, aiding in the design, development, and optimization of vehicle components such as brakes, engines, and suspension systems, ultimately enhancing performance, safety, and efficiency.

The application of laser doppler vibrometry to perform brake disc analysis has been successful and rendered the following conclusions.

· The refinement of the mesh used in the initial simulation was instrumental in validating the results of the first dataset. However, this refinement led to an increase in the experiment's runtime, resulting in the analysis of only half of the disc. Despite this limitation, the implementation of laser Doppler vibrometry proved successful in identifying vibration modes within the brake disc structure.

· Analysis of the results and gathered data revealed that lower frequency modes predominantly manifested as bending modes with significant displacements, while higher frequency modes were characterized by torsional and twist motions with smaller displacements. 

· Increasing the bandwidth showed minimal additional modes, although there was a noticeable drop in resolution around the vibration modes below 10 kHz. 
These findings provide valuable insights into the structural behavior of the brake disc and underscore the effectiveness of the experimental methodologies employed.
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