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Abstract

:

In order to address the issue of vibration, it is crucial to accurately measure the vibration distribution. The authors previously developed the one-pitch phase analysis (OPPA) method, which allows for rapidly capturing the three-dimensional shape of a flat object. By integrating this method into a system, an OPPA vibration distribution measurement system was created, utilizing a line light source consisting of LEDs or optical fibers and also a high-speed camera to measure the vibrations of three-dimensional objects without physical contact. To further extend the application of the OPPA method to larger objects, such as cars, in this paper, a new system is introduced using a commercially available projector using a liquid crystal display (LCD) instead of a liner light source and a glass grating. This new system, which employs an ultra-short throw projector, is highly sensitive in displacement measurements and provides a wide-area analysis. These kinds of projectors produce noises at the frequency of the cooling fan and the refresh rate of the LCD. However, in this study, these noise sources were also examined. The capabilities of the new system are demonstrated through its application to the measurement of vibrations in a car door and an engine head. The measurement system and examples of its application are presented.
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1. Introduction


It cannot be emphasized enough how significant vibration analysis is to the stability and security of structures and machines. For instance, the vibrations caused by the construction of subways and tunnels not only induce discomfort but also have detrimental effects on one’s health. In severe cases, ground subsidence can occur, leading to serious damage. Vibrations in buildings and infrastructure can significantly impact their longevity and strength. Furthermore, vibrations of machines can lead to mechanical failures and structural damage over time, which can be a safety hazard, particularly in cars and devices that are used in sensitive environments, such as medical equipment, and in the aerospace field. On the positive side, vibrations can be employed to assess the soundness of these components and to develop solutions for vibration-related issues.



The measurement of vibrations is primarily carried out using a variety of contact and non-contact vibrometers, such as accelerometers [1,2,3], eddy current displacement sensors [4], capacitive acceleration sensors [5], and laser displacement sensors [6]. By analyzing the change in amplitude over time at a single measured point, frequency analysis can be performed to determine the resonance frequencies.



While these single-point measurement methods can provide information about a specific location, it is necessary to measure the distribution of a vibration at multiple points to truly understand the location of the maximum amplitude (antinode), minimum amplitude (node), vibration mode at resonance, and vibration transmission. As an example, by analyzing the vibration distribution, engineers can identify areas on the surface of a device that experience high levels of vibration and they can take corrective actions to prevent failures and ensure the longevity of the device. This measurement requires a multitude of single-point measurement sensors or repeated measurements at different sensor locations, which is time-consuming and costly. It also requires specialized knowledge to analyze the data.



Although numerical methods, such as the finite element method (FEM), are widely used for measuring the whole-surface vibration of specimens [7,8,9], they can be very inaccurate in the hands of an inexperienced engineer. Therefore, scientists are turning to experimental approaches as a trustworthy alternative. There is already research and commercialization of the laser Doppler method [10] and Polytec’s laser Doppler vibrometers, which can scan a single point at high speed, but cannot perform simultaneous measurements over a large surface area. Additionally, they cannot measure transient phenomena. While a multi-point synchronous optical vibration tester (Polytec MPV-800) is available that can examine the distribution simultaneously, it is limited by a maximum of 48 channels and is also an extremely expensive option.



Furthermore, there exists another approach to simultaneously obtaining distribution measurements: the image correlation method [11]. However, this method is known to be time-consuming and is restricted to a limited range of objects.



Recently, the authors developed a vibration distribution measurement method based on the one-pitch phase analysis (OPPA) method [12,13,14], which uses grating projection to simultaneously analyze vibrations at hundreds of thousands of points on the surface. This method enables the measurement of vibration distributions, including transient phenomena, that cannot be measured by doing one-point measurements, repeatedly. Additionally, this developed method is non-contact, which makes it faster, more accurate, easier to implement, and cost-effective compared to the previously mentioned methods. With its ability to perform the measurement simultaneously, the OPPA method has proven to be a valuable tool in the field of vibration analysis.



Specifically for cars, as mentioned before, vibration analysis is necessary to ensure their safety, performance, and comfort, and to improve their reliability and longevity. For analyzing car vibrations, Davies and Jones utilized electric speckle pattern interferometry (ESPI) to assess the vibration modes of the engine and doors [15,16]. Beeck and Hentschel [17] further used not only ESPI but also holographic interferometry to visualize interference fringes during vibration. However, these methods only reveal the mode at the set frequency, but not the full spectrum; thus, the mode at the resonance frequency cannot be obtained. Moreover, the interference fringes are displayed but the accuracy of the quantitative analysis is rough. In 2002, Castellini utilized a laser Doppler vibrometer (TLDV) to examine the vibrations of tires, timing belts, and wipers [18]. However, their analysis was limited to one-point measurements and did not encompass the distribution of the observed surface. In 2009, Oliver and Schuessler used a combination of a 3D laser Doppler vibrometer and a robot to study the vibration distribution of a car body [19]. Although they performed frequency analysis, their approach was not suitable for analyzing transient phenomena as the time synchronization was not obtained at all points due to the scanning process. In 2018, Ozana et al. performed a vibration analysis utilizing a pulsed Doppler radar; however, they only presented a single-point analysis [20]. In contrast, Fu et al. [21] in 2021, arranged 16 laser Doppler vibrometers (LDVs) in a line and conducted simultaneous measurements on a car body to obtain the distribution along the line, but failed to capture the distribution on the surface. Besides all these non-contact optical methods, researchers also used numerical methods for whole-surface vibration analysis of cars [22,23,24]. Developing an accurate numerical model can be challenging due to the complexity of a car’s structure and the variety of materials used in its construction. Small errors or variations in the input data or assumptions used in the model can result in significant inaccuracies in the predicted vibration behavior of the car.



In this study, we employed the vibration distribution analyzer developed by the authors, which is based on the OPPA method, to measure the vibration distribution on the surface of the door and engine of a car. The measurement was conducted by rapidly changing the engine from idle to full throttle. To the best of our knowledge, this is the first time that such a vibration mode measurement has been performed in a car vibration investigation.



To measure the vibration distribution on the surface of the door and engine of a car, an ultra-short throw projector, which is a special commercially available projector for presentations, was used instead of the linear light source using LED and optical fiber. This allowed for the measurement of small amplitudes and expanded the scope of application for the OPPA method. The results of applying the analyzing setup to the vibration measurement of the car door and engine head are reported, along with the discussion of a method for eliminating the noise from the air-cooling fan used in the equipment. Finally, a laser displacement meter was used for verification of the proposed system. The outline of this paper is as follows: In Section 2, we discuss the steps toward the whole-surface shape and vibration measurement through the theory of the OPPA method. The experimental setup is addressed in Section 3, and the results along with the evaluations are discussed in Section 4. The whole study is discussed and concluded in Section 5 and Section 6, respectively.




2. Principle of Shape Measurement and Vibration Analysis Using the OPPA Method


In order to perform a highly accurate height analysis, image processing is applied to the grating projection method to analyze the phase of the grating and the phase of moiré fringes, and to obtain the displacement (height) of the surface to be measured. In this method, the reference grating and the deformed grating are photographed separately by the same optical system, the phases of the obtained reference grating image and the deformed grating image are analyzed, and the phase difference of the moiré fringes is obtained. The equi-phase surface of this moiré fringe represents the contour line [25]. Since the relationship between phase and height is determined by the dimensional parameters of the optical system, measurements can be obtained theoretically or experimentally.



In previous studies, the principle of the OPPA method was reported [12,13,14]. In this study, the generalized principle is newly introduced in Section 2.2.



2.1. Phase Analysis of Projected Gratings Using the OPPA Method


Figure 1a presents a schematic of the optical system used in moiré topography which is a type of grating projection method [26]. As shown in Figure 1b, the grating pattern is projected onto the reference plane, and in Figure 1c, the same pattern is projected onto the object. The distortion of the grating lines is proportional to the height variations of the object. Figure 1d displays the phase distribution of this distorted grating pattern.



Figure 2a shows the grating images taken by dividing one cycle into N times (in this case, N = 9) at equal intervals and shifting the phase of the projected grating. Figure 2b depicts the intensity distribution of the central horizontal line of the obtained grating image. The blue crosses in Figure 2a,b indicate changes in the point on the right end of the central horizontal line shown in Figure 2a. In the phase shift method [27,28], the phase is obtained by analyzing the temporal change in the brightness of these blue crosses for one cycle. Phase analysis can also be performed using red dot brightness data, which the OPPA method in this paper uses. The first point of blue color and the first point of red color (the left end) differ by one cycle, so they have the same phase value. In other words, the phase can be obtained by analyzing the brightness data of the blue crosses and the brightness data of the red points. In the phase shift method, which analyzes the brightness data of the blue crosses, the spatial resolution is good because it only analyzes the information of one point, but the object should not move during one cycle of obtaining the data. On the other hand, in the case of the OPPA method, the data of the red points are obtained from only one image, so the time resolution is good, and even moving objects can be measured if a grating image can be captured. However, since it uses N different pixels of data, the spatial resolution is poor. Because the phase shift method uses N times the amount of data, the accuracy is generally better.



Even if the brightness distribution is not cosine-shaped, it can be analyzed in the same manner as if it were a cosine wave. This is achieved by Fourier transforming the brightness distribution, extracting frequency 1, and then performing an inverse Fourier transform, resulting in a cosine-shaped pattern.



In this study, the phase analysis of the grating does not involve a direct Fourier transform. Instead, the same effect is achieved by using the following formula (Equation (1)), which is derived from the N brightness values   I n  (  n = 1   to N) obtained for one cycle. The phase value  θ  at the center position of the N data is then calculated.


  t a n θ = −    ∑  n = − ( N − 1 ) / 2   ( N − 1 ) / 2    I n  s i n  n   2 π  N      ∑  − ( N − 1 ) / 2   ( N − 1 ) / 2    I n  c o s  n   2 π  N      



(1)








2.2. Shape Analysis


The OPPA method utilizes the moiré topography optical system depicted in Figure 1 for shape measurement. Figure 3 is an illustration that explains the optical system of Figure 1a and how it relates the grating’s phase to the height of the object. The light source’s position, represented by L, serves as the origin and the x-, y-, and z-axes are orthogonal coordinate axes. The x-axis and y-axis are parallel to the grating plane, with the x-axis being the direction from the light source to the center of the camera lens, the y-axis being the direction perpendicular to the x-axis, and the z-axis being perpendicular to the grating plane. As is shown in the figure, the reference plane is parallel to the grating plane. “p” represents the length of one grating pitch on the grating plane (   A 0   A 1   ), “d” is the distance from the light source to the grating plane, “  p ′  ” is the length of one grating pitch on the reference plane (   R 0   R 1   ), “  z R  ” represents the z coordinate of the reference plane, which is parallel to the grating plane, and “v” is the x-directional distance (LV) between the light source and the camera lens center. When the object to be measured is positioned, the surface point S is reflected onto a pixel on the camera’s imaging surface, appearing as point R on the reference surface. The camera line of sight, represented by a straight line connecting the camera pixel, S point, and R point is depicted in Figure 3. The x-coordinate of point R is designated as   x R  , while the x-coordinate of point S is designated as   x S  .   l 0   and   l 1   represent the straight lines extending from the light source “L” and passing through the point on the grating plane where the phase is zero (  R 0  ) and the point with one cycle change in phase, compared to   R 0   (  R 1  ). “  x 0  ” and “  x 1  ” are x-coordinates of   R 0   and   R 1  , respectively. Similarly, the intersections of the straight lines “  l 0  ” and “  l 1  ” with the surface being measured are referred to as “  S 0  ” and “  S 1  ”, and their x-coordinates are noted as “  x 0 ′  ” and “  x 1 ′  ”, respectively.



In this optical system, the width of the projected grating, or the length of one grating pitch, remains constant on the camera’s imaging plane, independent of the height of the measurement plane. By adjusting the number of pixels in one grating pitch to an integer value N, the number of pixels in one grating pitch of the object’s image remains unchanged, even if the height “h” of the object changes. The accuracy of the Fourier transform is consistently maintained using the intensity data and only the phase of the grating varies with changes in height. The concept of height measurement is explained in detail in the following paragraphs.



On the reference plane, the phases of the points   R 0   and   R 1   of the projected grating are 0 and 2 π , respectively, and the phase   θ R   of point R is given by Equation (2).


   θ R  = 2 π  (    x R  −  x 0     x 1  −  x 0    )   



(2)







Assuming that the surface to be measured exhibits only minute displacements and tilts, and that points S,   S 0  , and   S 1   on the surface are located on a plane parallel to the reference plane, the phase of the grating projected onto the measurement target plane at point S (  θ S  ) can be similarly derived using Equation (3). Based on the mentioned assumptions the phase amount at point Q (4) which is the intersects of the reference plane and the line passing through points L and S, would be equal to   θ S  .


   θ S  = 2 π  (    x S  −  x 0 ′     x 1 ′  −  x 0 ′    )   



(3)






   θ Q  = 2 π  (    x Q  −  x 0     x 1  −  x 0    )   



(4)







Equation (5) is derived through the principle of proportionality and makes it possible to calculate the phase difference between   θ S   and   θ R   with ease through the use of Equation (6).


   x 1  −  x 0  = p  (   z R  d  )   



(5)






  Θ =  θ S  −  θ R  =   2 π d   p  z R     (  x Q  −  x R  )   



(6)







Since the triangles SRQ and SVL are similar, Equation (7) can be derived and, using that the value of   z S  , can be calculated as shown in Equation (8).


   x Q  −  x R  =  v  z S    (  z R  −  z S  )   



(7)






   z S  =   2 π v d  z R    p  z R  Θ + 2 π v d    



(8)







Finally, the relation between the phase difference ( Θ ) between the phase on the object plane and the phase on the reference plane at each pixel, and the height (h) of the object plane from the reference plane can be expressed through Equation (9). It is worth noting that the relation between the phase difference ( Θ ) and the height (h) remains constant for all pixels, regardless of the x and y coordinates.


  h =   p Θ   (  Z R  )  2     ( p Θ  Z R  )  +  ( 2 π v d )    =    p ′  Θ  Z R     p ′  Θ + 2 π v    



(9)







When analyzed using image processing, the phase is limited to the range between − π  and + π  or 0 to +2 π . To account for this limitation, the value of H in Equation (10) is obtained by substituting 2 π  for the phase difference in Equation (9), and it is referred to as the dynamic range.


  H =   p   (  Z R  )  2     ( p  Z R  )  +  ( 2 π v d )    =    p ′   Z R     p ′  + 2 π v    



(10)







The phase analysis in the OPPA method can be carried out with a high level of accuracy, ranging from 1/100 to 1/1000 of the dynamic range. The dynamic range (H) can be adjusted to either increase the measurement range or improve the measurement accuracy. Due to this fact, in order to obtain the most accurate results, as the amplitude of vibration is usually small, it is best to choose a small value for H.




2.3. Vibration Analysis Method


A customized software according to the theory of the OPPA method was produced with LabVIEW by the authors. Using that, grating images are projected onto an object under vibration. With the use of a high-speed camera, images of the object are captured over a specified period of time. The phases of the grating images are then analyzed one by one, using the OPPA method, leading to the determination of the height distribution. Focusing on each pixel of the camera, the temporal change of its height is obtained and a Fourier transform is performed to derive the spectrum of power and phase with respect to the frequency. The resulting power and/or height distribution for each frequency is displayed for all pixels. Using these results, the resonance frequency would be the local maximum frequency, marked by the maximum value of power and/or a sudden jump in the phase. By obtaining the power and phase distributions at each resonance frequency, the natural vibration modes can be determined.



In this paper, this method is applied to the vibration analysis of an automobile’s door and engine head.





3. Experimental Setup


Although the OPPA method has been previously reported for vibration analysis [14], the device used an optical fiber as a light source. For measuring cars, a high-brightness projector is necessary as the measurement area is large and requires a powerful projector. Hence, a vibration distribution analyzer was manufactured using a commercially available, high-brightness, ultra-short-throw projector (EPSON EB685W) typically used for presentations on a wall. This allows for the expansion of the under-analyzed area and increases the variety of vibrating objects even when the distance from the reference plane to the light source (  z R  ) is small, as depicted in Figure 3. This option will increase the resolution of analyzing by decreasing the amount of H. To support this capability, a super wide-angle camera lens (Theia MY125M with a focal length of 1.3 mm) was utilized. Using this lens, for a   z R   equal to 360 mm, the measurement area recorded by the camera (Basler acA640-750 um) was 850.7 × 638.0 mm2.



Figure 4a,b display the measurement system when used to analyze the vibration of a car door and engine. The mentioned projector is employed to project light onto the driver’s door on the left side of the car and a portion of the fender. However, these types of projectors tend to heat up during use and are equipped with air-cooling fans, which can generate noise that will affect the recorded frames. Additionally, the projector’s use of a liquid crystal for grating projection can also result in noise through its refresh frequency. To mitigate these effects, the same measurement is taken when the object is not vibrating, and the noise frequency of the measurement device is evaluated beforehand. For instance, the rotation frequency of the air-cooling fans and the refresh frequency of the liquid crystal display were both set to 60 Hz, causing a significant amplitude noise at that frequency. However, the impact of this frequency can be minimized by ignoring its effect.



Table 1 shows the specifications of the vibration distribution measurement system using an ultra-short throw projector. These amounts can be easily readjusted each time according to the size of the object and the required accuracy.



As is shown in Figure 4a, the analysis was performed on a white Toyota Vitz passenger car. The transient vibration when the engine was idle and when the accelerator was fully pressed was measured for 10 s, and 4800 shots were captured at a rate of 480 fps for the same duration. Fourier transform was applied to the images and a frequency analysis was conducted with the resolution of 0.1 Hz. The maximum analyzed frequency is theoretically limited by the Nyquist frequency, which is half the sampling frequency. In the present experiment, the sampling frequency was 480 fps, which means the maximum analyzed frequency in this method was 240 Hz. However, if a higher frequency analysis is required (for example, when the device is vibrating at higher frequencies), a camera with a higher frame speed will be needed.




4. Results


4.1. Vibration Distribution Measurement of Car Door


Based on Figure 4a, simultaneous measurements were taken of one door beside the passenger seat and part of the fender of the car. Figure 5 displays a captured image of the car door in the “brightness intensity graph” window, along with the height measurement data in the “height distribution graph” window. The height, power, and phase distributions are displayed in pseudo-color in the following figures and are indicated by the color bar on the right side of the figures. It is important to note that these values are determined by considering the maximum value for each image, so they differ from figure to figure. As a result, the height distribution of the car door shown in the figure displays all zero values (green), representing the height from the reference time (frame zero represents the recorded image before vibration, which is the same as the reference image). The two graphs at the bottom of the figure demonstrate the temporal changes in brightness and height at a single point located in the pixel position of   X = 51   and   Y = 138   (indicated by the intersection of the cursor lines in the upper left of the figure).



It should also be noted that near the center of the upper part, secularly reflected light from the projector enters the camera sensor, causing halation, which makes accurate analysis difficult for that part.



Figure 6 displays the power and phase distributions at 55 Hz, obtained by Fourier analysis of the height amounts at each point. The upper left of the figure showcases the “power distribution” window, while the “phase distribution” is also visible on the right side. The lower two waveforms represent the power and phase spectrums (logarithmic representation) of the point indicated by the cursor. The analysis shows that 55 Hz is the local peak when the engine is in operation, which is considered the first resonance frequency. The zoomed power waveform located at the bottom right of Figure 6 further illustrates this finding.



The power distribution provides valuable insights into the vibration of the door and fender at the same time. The central part of the door sways at the same phase, while a node position is observed in the fender area.



The second resonance frequency can also be detected at 110 Hz. However, there was a possibility that the detected peaks were a result of the projector noise that was mentioned previously. To verify this, we examined the power spectra at those frequencies when the engine was turned off. Figure 7 provides a detailed illustration of the results of this investigation.



In Figure 7, the extracted phase distribution data in the position of potential resonance frequencies are shown in the lower waveforms at 55 and 110 Hz. The same phase distributions were also extracted at the same frequencies while the engine was off. As is shown in the upper phase distributions, no information is detectable at these specific frequencies, indicating that the lower phase data were generated in the resonance frequencies and were not related to projector noises. Of course, the resonance frequencies differ in the fender area, as previously shown in Figure 6.




4.2. Vibration Distribution Measurement of Car Engine


In order to analyze the vibration behavior of the car engine head, which is largely in the horizontal plane, the optical axis of the projector and camera was directed almost in parallel to the vertical axis with an approximate tilt of 5 degrees due to the tilting of the engine head (Figure 4b). Frequency analysis of the engine was able to be performed despite being covered with black plastic which results in low reflectance and poor contrast in the captured images. The brightness and height distribution of the analyzed engine during vibration are displayed in Figure 8, in which the front of the car is located on the upper side.



The height data collected from all pixel points were used to calculate the power and phase distributions. Furthermore, the potential resonance frequencies were checked by comparing the results obtained when the engine was off. This process confirmed frequencies of 12, 55, 110, and 220.1 Hz as the actual resonance frequencies of the engine in the pixel position of   X = 375   and   Y = 192  . The intricate details of this process can be viewed in Figure 9.




4.3. Verification Using Laser Displacement Meter


In order to verify the accuracy of the OPPA vibration measurement system in measuring frequencies, a comparison was made with the results obtained using a laser displacement meter (Fastus CD22M-15), as shown in Figure 4a. During the experiment, a single pixel point near the position of the laser point was selected and analyzed using the proposed system. The results are shown in detail in Figure 10, which compares the peak positions (resonance frequencies) of both methods and confirms the accuracy of the OPPA system in measuring vibrations across the entire surface.





5. Discussion


In this study, we conducted a comprehensive analysis of the whole-surface vibration behavior in a car door and engine head using 10-second imaging and an ultra-short throw projector. The use of an ultra-wide angle lens did result in a decrease in accuracy at the edges of the screen due to aberrations; however, this was not a significant issue in the analysis of vibration, as the reference plane was captured using the same system. To enhance the resolution of height measurement, we modified the x-directional distance between the light source and the camera lens center (v) based on Equation (10). This improvement made the system ideal for measuring vibrations with a small amplitude.



The analyzed frequency modes were differentiated from the noise signals of the projector through a separate analysis before and after vibration. The effect of the cooling fans and the refresh frequency of the LCD was mainly concentrated at 60 Hz. However, The power was fairly small compared to those with vibrating, as shown in Figure 7 and Figure 9. We also validated our results using a laser displacement meter to measure the vibration frequencies at a random point on the car surface.



The results of this study demonstrate the effectiveness of this method in investigating the movement behavior of the door and the engine head during vibration, which was not possible as a whole-surface investigation method in previous studies. This information can be extremely useful for car maintenance and offers a new approach to analyzing vibration behaviors in other vibrators. In the future, it would be interesting to compare the results from both healthy and non-healthy cars.




6. Conclusions


In this paper, the authors successfully developed a new method that allows for the non-contact, simultaneous, and efficient measurement of the vibration distribution on the entire surface of the car door and engine. This method uses a high-brightness, high-precision grating projected onto the object with the aid of a commercially available ultra-short-throw projector. The results show that the frequency modes appeared at 55 Hz and 110 Hz, and 12 Hz, 55 Hz, 110 Hz, and 220.1 Hz in the specific pixel points of the car door and engine head, respectively. The whole-surface phase and power spectrum made it possible to investigate the distribution of the vibration on the surface of the door and engine during 10 s of analysis. Using a laser displacement meter on a random location on the surface of the car door, the frequency of vibration was calculated to be 110.0 Hz and 202.6 Hz, which confirmed our findings using the newly developed OPPA system. This visualization made it easier to investigate the root cause of the vibration and implement effective countermeasures. Additionally, this method offers the advantage of being able to analyze transient phenomena by synchronizing all pixel points without the need for repeated measurements.
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Figure 1. Optical system for grating projection method. 
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Figure 2. Phase-shifted grating pattern during one cycle. (a) Grating images; (b) Brightness distributions along center line. 






Figure 2. Phase-shifted grating pattern during one cycle. (a) Grating images; (b) Brightness distributions along center line.



[image: Vibration 06 00026 g002]







[image: Vibration 06 00026 g003 550] 





Figure 3. Explanatory schematic optical system used for shape measurement with the grating projection method. 
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Figure 4. Vibration measurement systems. (a) For door; (b) For engine. 






Figure 4. Vibration measurement systems. (a) For door; (b) For engine.



[image: Vibration 06 00026 g004]







[image: Vibration 06 00026 g005 550] 





Figure 5. Grating image and height distribution of the car door. 
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Figure 6. Power and phase distributions at the first resonance frequency of car door vibration. 
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Figure 7. Comparison of car door vibration modes with and without vibration. 






Figure 7. Comparison of car door vibration modes with and without vibration.



[image: Vibration 06 00026 g007]







[image: Vibration 06 00026 g008 550] 





Figure 8. Brightness and height distributions of engine head during vibration. 
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Figure 9. Comparison of car engine vibration modes with and without vibration. 
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Figure 10. Comparison of vibration frequency modes measured by OPPA vibration analyzer and laser displacement meter. 
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Table 1. Specification of vibration distribution measurement system.
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	For Door
	For Engine





	Power of projector
	3500 lm
	3500 lm



	Pitch of grating (  p ′  )
	11 mm
	7 mm



	Distance (  z R  )
	360 mm
	410 mm



	Distance (v)
	565 mm
	695 mm



	Dynamic range (H)
	6.88 mm
	4.09 mm
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