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Abstract

:

This work developed a method that uses a single monochrome high-speed camera without sacrificing the spatial resolution to measure both in-plane and out-of-plane full-field vibrations. By using the high-speed camera and a two-dimensional digital image correlation (2D-DIC) algorithm, the method first extracts the out-of-plane displacement field from the measured virtual in-plane strains. Then it retrieves the in-plane displacement field after eliminating the out-of-plane motion-induced virtual component. For validation, in-plane and out-of-plane translation tests and single-frequency vibration experiments were carried out. The measurement results show good agreement with the reference values, indicating the effectiveness of the proposed high-speed 2D-DIC (HS-2D-DIC). Further, the natural frequencies and mode shapes of a rectangular cantilever panel were also measured successfully, exhibiting the method’s effectiveness in practical applications. Since the HS-2D-DIC requires only a single monochrome camera, no complex optical setup, and no complicated calibration process, the method can be developed as a competitive tool for full-field vibration characterizations.
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1. Introduction


Vibration measurement provides an efficient way of characterizing structural safety and durability, which has attracted much attention in engineering and industry [1,2,3]. Therefore, many vibration measurement methods, including accelerometers and displacement transducers, have been developed [4,5]. However, these early methods are generally contact-type ones, which can inevitably affect the natural frequencies of structures during the measurement and hardly be applied for characterizing lightweight and lightly damped structures. Laser Doppler vibrometers (LDVs) and continuous scanning LDVs (CSLDVs) emerged later [6,7]. Benefitting from their wide frequency range, high spatial resolution, and non-contact measurement features, LDVs and CSLDVs have started to be used in many applications [8,9,10]. Nevertheless, during these applications, researchers found that LDVs and CSLDVs still face two problems [11]: (1) the measurement accuracy is easily affected by the movement of LDV or CSLDV devices during a test; (2) the scanning parameters of a CSLDV are hard to select when measuring the structures subjected to a random load. For these reasons, an alternative non-contact method is still desirable to characterize full-field vibrations conveniently and effectively.



Digital image correlation (DIC) is an image-based full-field displacement and deformation measurement method developed in the early 1980s [12]. Since the previously developed two-dimensional DIC (2D-DIC) uses a single camera to capture specimen images and it measures only in-plane displacement on the specimen surface [13,14,15]. The method of three-dimensional DIC (3D-DIC) based on binocular vision was developed to overcome this limitation. Although the 3D-DIC requires two synchronized cameras and a relatively complex calibration process, it can measure both in-plane and out-of-plane displacements, which has allowed it to be used in an increasing number of applications in current experimental mechanics and material testing [16,17,18,19,20]. Recently, researchers discovered that a 3D-DIC could also be applied for full-field vibration measurements after the installation of synchronized high-speed cameras [21]. Due to its simple optical arrangement and low requirement of the experimental environment, the high-speed 3D-DIC (HS-3D-DIC) has rapidly become a competitive vibration measurement method, and many HS-3D-DIC-based vibration investigations have been subsequently carried out. For example, R. Hunady et al. investigated the dynamic behavior of rotating structures by using an HS-3D-DIC [22]; R. Chabrier et al. used an HS-3D-DIC to characterize the vibro-impact absorber to help understand the interactions occurring during impact [23]; Z. Su et al. studied the 3D dynamic deformation of the underwater rotor blades with the aid of an HS-3D-DIC [24]; and G. Sun et al. realized the vibration-based damage identification in composite plates by using an HS-3D-DIC [25]. Very recently, L. Yu and B. Pan discovered that full-field vibration measurements using an HS-3D-DIC still have some problems [11]: (1) the method requires a pair of high-speed cameras, which significantly increases hardware investment; (2) the precise synchronization of high-speed cameras is very complicated; and (3) the intensity variations and non-linear geometric distortion between the image pairs decrease the measurement accuracy. They introduced a single-camera HS-3D-DIC method for full-field vibration measurements to address these problems. With a specially designed light split device, generally a four-mirror adaptor, two different views of the specimen surface can be projected onto two halves of the same camera sensor target. Therefore, complicated camera synchronization is no longer needed, and only one high-speed camera is required to measure vibrations. Based on this method, S. Barone et al. studied the vibrations on a cantilever plate and a turbine blade [26]; and R. Xie et al. investigated the flow-induced vibration of a flexible splitter plate [27]. Although a single-camera HS-3D-DIC effectively avoids the high cost and precise synchronization issues, in turn, it introduces two new problems: (1) the resolution of each view is reduced in half due to the scene splitting; and (2) the optical arrangement of a single-camera HS-3D-DIC is relatively complicated and the imaging parameter becomes hard to adjust.



This work developed a high-speed-2D-DIC (HS-2D-DIC)-based full-field vibration measurement method. The method uses measured in-plane virtual strains to sense the out-of-plane displacements, which inherits the advantages of a single-camera HS-3D-DIC and overcomes its remaining problems. In the remainder of this manuscript, the principle of the HS-2D-DIC-based full-field vibration measurement method is first introduced. Then, validation experiments are carried out, including in-plane and out-of-plane translation tests, out-of-plane displacement sensitivity assessment, and vibration frequency measurement. Finally, the movements of a rectangular cantilever aluminum panel under the impulse load were measured, and the panel’s natural frequencies and mode shapes were successfully estimated.




2. Principle of the Method


2.1. Two-Dimensional Digital Image Correlation (2D-DIC)


The system configuration of a 2D-DIC is shown in Figure 1a, which consists of a camera, an imaging lens, and a group of light sources. Before a 2D-DIC measurement, the speckle pattern was first fabricated onto the specimen surface, and the imaging lens was then adjusted to make the camera focus on the surface. After acquiring the speckle images by using the 2D-DIC system, the in-plane displacement field, i.e., U-displacement field and V-displacement field, of the specimen can be calculated. As shown in Figure 1b, a region of interest (ROI) in the reference image was first specified and evenly divided into virtual grids. Then, the displacements at each point of the virtual grids can be computed to obtain the full-field deformation. Taking point P as an example, a square reference subset of (2M + 1) × (2M + 1) pixels centered at (x0, y0) from the reference image is chosen and used to track its corresponding target subset in the deformed image. To track the target subset, the similarity degree between the reference subset and the deformed subset was first estimated based on the correlation criterion. Then, the peak position (x0′, y0′) of the similarity degree distribution could be identified, which is also the center of the target subset. The differences in the positions of the reference subset center and the target subset center yield the in-plane displacement vector. After acquiring the in-plane displacement fields, the in-plane strain fields on the test object surface can also be estimated using numerical differentiation.




2.2. Estimate Both in-Plane and Out-of-Plane Displacements in Vibration Measurements


In a 2D-DIC measurement, in-plane displacement fields, i.e., a U-displacement field and V-displacement field, estimated from the captured speckle patterns by using the 2D-DIC algorithm, as shown in Figure 1, can be represented as [13,28]


   {       U m  (  x s  ,  y s  ) =  U a  (  x s  ,  y s  ) −    x s   Z  ⋅ W (  x s  ,  y s  )        V m  (  x s  ,  y s  ) =  V a  (  x s  ,  y s  ) −    y s   Z  ⋅ W (  x s  ,  y s  )      ,   



(1)




where Um and Vm are the displacements measured by a 2D-DIC; Ua and Va are the actual displacements, which are composed of the specimen deformation, rigid body translation, and rigid body rotation; Z is the object’s distance as shown in Figure 2; W is the out-of-plane displacement; and (xs, ys) is the spatial coordinate in the sensor plane. If neglecting the specimen’s out-of-plane rotation, the corresponding in-plane strain field can be estimated by calculating the gradient of the measured displacements


   {       ε  x x m   (  x s  ,  y s  ) =  ε  x x a   (  x s  ,  y s  ) −  1 Z  ⋅ W (  x s  ,  y s  )        ε  y y m   (  x s  ,  y s  ) =  ε  y y a   (  x s  ,  y s  ) −  1 Z  ⋅ W (  x s  ,  y s  )       ,  



(2)




where εxxm and εyym are the measured in-plane strains; and εxxa and εyya are the actual in-plane strains. Since the specimen deformation is minimal in the vibration measurements, the actual strains εxxa and εyya can be neglected, and thus the measured strains εxxm and εyym can be considered entirely denoted by the out-of-plane motion-induced virtual strain, which is


   {       ε  x x m   (  x s  ,  y s  ) = −  1 Z  ⋅ W (  x s  ,  y s  )        ε  y y m   (  x s  ,  y s  ) = −  1 Z  ⋅ W (  x s  ,  y s  )       .  



(3)







Therefore, when measuring the full-field vibrations using an HS-2D-DIC, the out-of-plane displacement W can first be estimated from the measured in-plane strains εxxm and εyym by using Equation (3). Then, the actual in-plane displacements Ua and Va can be calculated based on the estimated out-of-plane motion W and the measured in-plane displacements Um and Vm by using Equation (1).




2.3. Sensitivity of the In-Plane Displacement and Out-of-Plane Displacement Measurements


In 2D-DIC measurements, the in-plane displacement sensitivity is majorly related to the DIC algorithm, which can generally reach 0.02 pixels [29]. Therefore, it is varied with the imaging resolution of the 2D-DIC system. If the imaging resolution is 0.1mm/pixel, the in-plane displacement sensitivity δU and δV can be estimated; i.e., 0.02 pixel × 0.1 mm/pixel = 2 µm. However, the field of view (FOV) is generally predetermined in practical measurements. Thus, the imaging resolution and the in-plane displacement sensitivity are limited by the pixel numbers of the camera sensor.



The out-of-plane measurement sensitivity is associated with the object’s distance Z and the measured strain, as shown in Equation (3), which can be represented as


δW = −Z·δε,



(4)




where δε is the strain sensitivity; i.e., the minimum strain that a 2D-DIC can accurately measure. Therefore, δε can be represented as δε = δU/Lx or δε = δV/Ly, where Lx × Ly corresponds to the size of the FOV. Since the displacement sensitivity of the DIC measurement can generally reach 0.02 pixels, the strain sensitivity is also determined by the number of pixels on the camera sensor. When considering a camera with 1000 × 1000 pixels, δε can be estimated; i.e., 0.02 pixel/1000 pixel = 20 µε. Further, considering that the object distance is 1 m, the sensitivity of the out-of-plane displacement can be estimated; i.e., 1 m × 10 µε = 20 µm. Compared with the in-plane displacement sensitivity, the out-of-plane displacement sensitivity is one order of magnitude lower. The proposed 2D-DIC-based vibration measurement method is mainly suitable for measuring large amplitude vibrations. From the analysis, it is noted that, both in-plane and out-of-plane displacement sensitivities are related to the pixel numbers of the camera sensor. Therefore, a high-resolution camera or even a camera array can be employed to enhance the displacement sensitivities [30]. In addition, if the measurement condition is permitted, the out-of-plane displacement sensitivity can be further improved by decreasing the object’s distance.



In conclusion, the steps of choosing adequate imaging parameters can be summarized as follows:




	■

	
Determining the FOV and the minimum object distance according to the practical measurement needs;




	■

	
Setting the distance between the camera and the measured object to the predetermined minimum object distance for obtaining the maximum out-of-plane displacement sensitivity;




	■

	
Choosing a high-resolution camera or a camera array for ensuring a high in-plane displacement sensitivity;




	■

	
Selecting the focal length of the imaging lens that allows the camera to image the full range of the predetermined FOV at the minimum object distance.











3. Experiment and Result


3.1. In-Plane and Out-of-Plane Translation Tests


To validate the effectiveness of characterizing full-field vibrations by using the proposed HS-2D-DIC, in-plane and out-of-plane translation tests were firstly carried out. As shown in Figure 3, a flat plate, marked by a random speckle pattern, was fixed on a two-dimensional linear translation stage as the specimen. In front of the plate, a pair of blue light sources (center wavelength of 465 nm) were used for illumination, and a camera (Revealer M220, Fuhuang AgileDevice Ltd., Hefei, China, maximum frame rate of 2000 fps at a resolution of 1920 × 1080 pixels) equipped by an imaging lens (Sigma Art series DG HSM(A014), Sigma Co., Ltd., Kanagawa, Japan, aperture F/1.4 and focal length of 50 mm) and a band-pass filter was used to capture the speckle images. It is noted that the speckle pattern is important for DIC measurements; i.e., a speckle pattern with the appropriate speckle size (3~5 pixels per speckle), high contrast, and random distribution are required for a high-resolution and precise DIC measurements [31]. Therefore, in this experiment, the speckle pattern was numerically generated based on the Gaussian simulation algorithm [32]. It features a speckle size of 3–6 pixels and 10% speckle density. In addition, the combination of the blue monochromatic light source and band-pass filter used by the imaging system is used to eliminate the influence of ambient light [33]. The distance between the camera and the plate was set as 500 mm. Before the measurement, the imaging lens was carefully adjusted to make the camera capable of capturing high-contrast speckle images.



In the translation tests, the plate was moved from 0 mm to 5 mm with 0.5 mm intervals, controlled by the two-dimensional translation stage, and a speckle image was captured at each position using the camera for the 2D-DIC calculation. Since the tested sample/region may not have a regular shape, a specific region of interest (ROI) has to be specified before applying a DIC calculation. During the DIC calculation, the subset size and grid step, which will affect the spatial resolution, measurement accuracy, and computation time, have to be selected. In general, a large subset size and small grid step can result in a high resolution and good accuracy, but low computational efficiency. In this experiment, a rectangular region of 600 × 600 pixels was selected as the region of interest (ROI). A subset size of 51 × 51 pixels and a grid step of 5 were chosen as the DIC calculation parameters. The measured in-plane and out-of-plane displacements are shown in Figure 4. From the results, it is observed that the measured U-displacement for the in-plane translation test and W-displacement for the out-of-plane translation test are in good agreement with the prescribed ones. The error fluctuations are caused by imperfect translations and the limited measurement precision. The absolute values of the mean errors are less than 0.1 mm, validating the effectiveness of the proposed HS-2D-DIC method for measuring both in-plane and out-of-plane displacements. From Figure 4b, it can be seen that the standard deviation increased with the out-of-plane displacement. This could be due to the relatively large out-of-plane motion of the specimen induced by the out-of-focus camera. Therefore, if the magnitude of the out-of-plane displacement is larger than the DOF, the defocusing results in the appearance of measurement errors. This issue can be addressed in the following two ways are provided: (1) increasing the speckle size—the relatively large out-of-plane displacement can turn to be out of focus, but increasing the speckle size ensures that the speckle can still be tracked when defocusing. The drawback of this method lies in the decreasing spatial resolution; and (2) decreasing the aperture size—the DOF can be increased after decreasing the aperture size of the imaging system so that the large out-of-plane displacement makes it possible to address the defocusing problem. But, the price of decreasing aperture size is reduced incoming light so that the exposure time has to be increased synchronously. One of these two methods can be selected according to the specific practical requirements.




3.2. Out-of-Plane Displacement Sensitivity Assessment


An additional set of translation tests were carried out to investigate the sensitivity of the out-of-plane displacement measurement. Since the camera’s sensor size and the FOV of the imaging system are predetermined, the measurement sensitivity of the out-of-plane displacement measurement is only associated with the working distance, also known as the object distance, of the HS-2D-DIC system. For validation, three different working distances, i.e., 500 mm, 1000 mm, and 1500 mm, as shown in Figure 5, were selected. To keep a consistent FOV, three different imaging lenses with focal lengths of 25 mm, 50 mm, and 75 mm were used. During the translation tests, the flat plate with a speckle pattern was moved from 0 mm to 1 mm with 0.05 mm intervals and controlled by the translation stage. In each position, a speckle image was captured for the 2D-DIC calculation.



The measured out-of-plane displacements are shown in Figure 6, in which Figure 6a–c correspond to the results of working distances of 500 mm, 1000 mm, and 1500 mm, respectively. First, it can be seen that the lengths of the error bar increased with the working distance, which means that the displacement sensitivity decreased gradually with the working distance. In addition, the root-mean-square error (RMSE) of each experiment can be estimated by comparing it with the prescribed reference values, as shown in the top right corner of each figure. The RMSE values increased from 33.6 µm to 41.8 µm when the working distance increased from 500 mm to 1500 mm, which again indicates the displacement sensitivity decreased with the working distance of the imaging system.




3.3. Single-Frequency Vibration Measurement


To test the vibration measurement capability of an HS-2D-DIC, single-frequency vibration experiments were also carried out. A fascia gun was used as the excitation source and a flat plate with a speckle pattern was used as the specimen, as shown in Figure 7a. In the experiment, the out-of-plane displacements of the specimen with three different frequencies were generated using the excitation source, and the specimen’s movements were measured using the HS-2D-DIC system. The working distance and sampling rate of the HS-2D-DIC system are 500 mm and 1000 fps, respectively. The reference vibration frequencies of the specimen are 19.82 Hz, 29.33 Hz, and 38.85 Hz, respectively, and are measured using a tachometer. The out-of-plane displacements measured by the HS-2D-DIC are shown in Figure 7b–d. The frequencies estimated from the measured displacements are 20.02 Hz, 29.08 Hz, and 38.95 Hz, respectively, which are very close to the reference values. The absolute values of the relative errors are less than 1%, validating the effectiveness of the proposed method in measuring the specimen’s vibrations.




3.4. Measurement of Natural Frequencies and Mode Shapes of a Rectangular Cantilever Panel


To investigate the effectiveness of an HS-2D-DIC in characterizing full-field vibrations, an experiment measuring the rectangular cantilever panel movements under the impulse load was finally performed. As shown in Figure 8, an aluminum panel with a speckle pattern was tightly installed on a vibration isolation platform. A high-speed camera (Revealer M220, Fuhuang AgileDevice Ltd., Hefei, China, maximum frame rate of 2000 fps at a resolution of 1920 × 1080 pixels) equipped with an imaging lens (Sigma Art series DG HSM(A014), Sigma Co., Ltd., Kanagawa, Japan, aperture F/1.4, and focal length of 50 mm) was placed in front of the panel to capture the speckle images during the measurement. In order to compare the reference values provided in Ref. [11], the dimensions of the rectangular aluminum panel specimen are the same as the ones measured in the reference article, i.e., 460 mm × 200 mm × 2mm (W × H × T). Two evenly distributed holes were drilled in one short side of the rectangular aluminum panel, and the panel was prepared with contrasting speckle patterns and tightly installed onto the vibration isolation platform through a fixture. Before the measurement, the distance between the panel and the camera was set at 1250 mm, and the imaging lens was carefully adjusted to make the camera capable of capturing high-contrast speckle images. In the experiment, a rubber bullet was fired to excite the cantilever panel. The speckle images during the panel movement were continuously recorded by using the camera at a rate of 1000 fps.



Using the captured speckle images, the in-plane displacement and virtual strain fields can first be estimated based on the 2D-DIC algorithm. After that, the out-of-plane displacement fields can be obtained using the measured virtual strain fields based on Equation (3), as shown in Figure 8. Figure 9a–i show the out-of-plane displacements corresponding to the times that they were measured: 0.28 s, 0.31 s, 0.34 s, 0.37 s, 0.40 s, 0.43 s, 0.46 s, 0.49 s, and 0.52 s, respectively. Since the left edge of the panel was fixed, the out-of-plane displacement of the edge was kept at 0 throughout the vibration.



To exhibit the dynamic results better, the displacements of four different points, i.e., P1, P2, P3, and P4, on the panel are plotted as shown in Figure 10. Since points P2 and P3 are close to the free edge of the panel, it is observed that the displacement amplitudes of these two points are larger than that of points P1 and P4. By processing the displacement results using the Fourier transform (FT), the frequency spectrums of the tested aluminum panel can be calculated, as shown in Figure 10d. From the spectrums, the natural frequencies of the aluminum panel can be acquired, i.e., 8.89 Hz, 41.80 Hz, and 56.00 Hz, showing good agreement with the reference values estimated by finite element analysis (FEA) [11], i.e., 9.04 Hz, 41.90 Hz, and 56.41 Hz. The differences between the measured and reference values are only −1.5%, −0.2%, and −0.7%.



In addition to extracting the natural frequencies, the mode shapes of the aluminum panel can also be estimated from the measured full-field displacements. First, transform the measured displacements from the time domain to the frequency domain. Then, extract the displacement at different natural frequencies by using band-pass filters. Finally, reversely transform the filtered displacements from the frequency domain to the time domain. Figure 11a–c give the out-of-plane displacements extracted at the natural frequencies of 8.89 Hz, 41.80 Hz, and 56.00 Hz, respectively. Figure 11d–f are the in-plane displacements extracted at the natural frequencies of 8.89 Hz, 41.80 Hz, and 56.00 Hz, respectively. By using the filtered displacements, the mode shapes of the tested rectangular aluminum panel, as shown in Figure 12a–f, can be finally obtained. The measured mode shapes are close to the reference ones as shown in Figure 12g–i, indicating the effectiveness of an HS-2D-DIC in characterizing full-field vibrations. Therefore, even if the panel vibration measurement has some deformation- or rotation-induced measurement errors, their influence should be negligible small. In addition, although the DIC measurements require the fabrication of a speckle pattern on the specimen surface, recent studies have verified that the fabricated speckle pattern does not affect the natural vibrations/displacements [11,21,22]. Moreover, it is noted that if a precisely controlled vibrator is available to excite the panel, the mode shapes can be better measured by setting the vibrational frequencies of the vibrator to the object’s natural frequencies.





4. Conclusions


In this work, an HS-2D-DIC method has been developed for measuring full-field vibrations. The method inherits the in-plane displacement measurement capability of the conventional 2D-DIC and is also capable of sensing out-of-plane displacement using the measured virtual in-plane strains. Compared with the popular HS-3D-DIC, the proposed method requires only one high-speed camera to measure both in-plane and out-of-plane displacement fields in vibration measurements, effectively avoiding the precise synchronization requirement and high hardware costs. Compared with the recently proposed single-camera solution, i.e., a single-camera HS-3D-DIC, the proposed method does not require a complicated optical arrangement and can realize full-field displacement measurements without sacrificing spatial resolution. For validation, many experiments have been carried out, including in-plane and out-of-plane translation tests, displacement sensitivity assessment, single-frequency vibration measurement, and rectangular cantilever panel vibration measurement. The experimental results prove the effectiveness of the proposed HS-2D-DIC method.




5. Discussion


In addition to the advantages of the proposed method, there is an additional issue that needs to be illustrated (Figure 13). In an HS-2D-DIC, the out-of-plane rotation-induced virtual strain is neglected in Equation (2). The resulting measurement error was not analyzed due to the complex situations in practical vibration measurements. Here, we take the cantilever panel vibration experiment in Section 3.4 as an example to discuss the error. From the experiment, it is noted that the amplitude of the out-of-plane displacement on the free edge of a 400 mm length panel is ~1mm, and thus the corresponding vibration angle θ is 0.14°. Therefore, the out-of-plane rotation-induced virtual strain εr = (1 − cosθ)/1 can be estimated, which is 3 µε. By selecting three points, A, B, and C, at distances of 400 mm, 200 mm, and 40 mm, respectively, from the fixed edge of the panel, the out-of-plane displacement-induced virtual strains of these three points can be calculated. They are εA = 103 µε, εB = 5 × 102 µε, and εC = 102 µε, respectively. By comparing the out-of-plane rotation and out-of-plane displacement-induced virtual strains, it can be seen that the former is negligibly small. Since the rotation- or deformation-induced measurement errors are different in various vibration experiments, we plan to develop a single-camera high-speed 3D-DIC system and conduct a series of comparative experiments in our following research paper to discuss the proposed method’s measurement errors in detail.
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Figure 1. Two-dimensional digital image correlation: (a) system configuration, (b) in-plane displacement field calculation. 
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Figure 2. Schematic of the virtual in-plane displacement induced by the specimen’s out-of-plane motion. 
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Figure 3. Experimental arrangement of in-plane and out-of-plane translation tests. 
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Figure 4. Experimental results of the (a) in-plane translation test and (b) out-of-plane translation test. 
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Figure 5. Schematic of the out-of-plane displacement sensitivity assessment experiment. 
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Figure 6. Results of the out-of-plane translation tests with working distances of (a) 500 mm, (b) 1000 mm, and (c) 1500 mm. 
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Figure 7. (a) Schematic of the single-frequency vibration measurement experiment and the results of the vibrational tests with reference frequencies of (b) 20.02 Hz (c) 29.08 Hz, and (d) 38.95 Hz. 
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Figure 8. A photograph of the cantilever aluminum panel vibration experiment. 
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Figure 9. The out-of-plane displacement fields measured at (a) 0.28 s, (b) 0.31 s, (c) 0.34 s, (d) 0.37 s, (e) 0.40 s, (f) 0.43 s, (g) 0.46 s, (h) 0.49 s, (i) 0.52 s. 
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Figure 10. (a) The out-of-plane displacements of points P1, P2, P3, and P4, (b) a partially enlarged figure of the out-of-plane displacement measurement results, (c) the in-plane displacements of points P1, P2, P3, and P4, (d) the frequency spectrums of the measured out-of-plane displacements. 
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Figure 11. The out-of-plane displacements extracted at the natural frequencies of (a) 8.89 Hz, (b) 41.80 Hz, (c) 56.00 Hz and the in-plane displacements extracted at the natural frequencies of (d) 8.89 Hz, (e) 41.80 Hz, (f) 56.00 Hz. 
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Figure 12. The three-dimensional mode shapes of the rectangular cantilever panel estimated at natural frequencies by HC-2D-DIC of (a) 8.89 Hz, (b) 41.80 Hz, (c) 56.00 Hz; the two-dimensional mode shapes of the rectangular cantilever panel estimated at the natural frequencies by HC-2D-DIC of (d) 8.89 Hz, (e) 41.80 Hz, (f) 56.00 Hz; and the mode shapes of the rectangular cantilever panel estimated at the natural frequencies by FEA of (g) 8.89 Hz, (h) 41.80 Hz, (i) 56.00 Hz. 
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Figure 13. The schematic of assessing out-of-plane-rotation- and out-of-plane-displacement-induced virtual strains in the cantilever panel vibration experiment. 
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