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Abstract

:

Recently, the combination of Fringe Projection (FP) and 2D Digital Image Correlation (2D-DIC) has become a low-cost alternative for measuring deformations even in dynamic events such as vibration testing. FP and DIC are displacement measurement techniques, so high frequency vibration tests associated with low levels of displacement suppose a challenge. By means of Phase-Based Motion Magnification algorithm (PBMM), the periodic displacement observed in an image sequence can be magnified. This makes it possible to measure clear displacement maps by FP + 2D-DIC even when subtle displacement occurs. This methodology allows a better interpretation of the vibration behavior of mechanical components. In this work, the behavior of a beam excited at its natural frequencies has been studied, showing the potential of PBMM and FP + 2D-DIC
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1. Introduction


The application of full-field optical techniques in experimental mechanics has increased considerably in recent years thanks to the improvement of optical technologies and image processing. One of the most employed techniques is 2D or 3D digital image correlation (DIC) [1], which obtains the displacements in- or out-of- plane respectively. Fringe projection (FP) is other established optical technique, which measures 3D shape maps [2]. Especially important are their possibilities in dynamic testing, such as vibration and impact analysis. Full-field results from these optical techniques have been employed to improve, for example, component life and FEM model updating or analyze the actual behaviour of components, among others [3,4,5,6,7,8,9,10,11,12]. 2D-DIC requires only one camera to obtain in-plane measurements (-x, -y). Moreover, 3D-DIC additionally measures in -z direction for which a stereoscopic camera system is required. This entails an important increment in versatility but also in the complexity and the economic aspects of the experimental setup.



Recently, the combination of Fringe Projection (FP) and Digital Image Correlation (2D-DIC) has been presented as an alternative to 3D-DIC [13,14]. In fact, it has been applied to different mechanical analyses such as vibration at low excitation frequency [15] or Finite Element Method (FEM) model validation [16]. This technique allows the measurement of 3D displacement maps using a single camera, simplifying the setup and reducing the cost.



FP + 2D-DIC requires a red speckle pattern on the specimen surface and a blue fringe pattern projected on the same surface. Both patterns can be separated using Color Encoding [17] and can be analyzed independently using FP and 2D-DIC algorithms. However, this separation usually leads to some pattern crosstalk. This, together with the fact that FP and 2D-DIC are displacement measurement techniques, means that noisy displacement maps could be obtained when small displacements occur. This is common, for instance, in vibration testing at high excitation frequencies. In this work, a novel tool to improve the obtaining of clear displacement maps has been explored together with FP + 2D-DIC. This methodology is Phase-Base Motion Magnification (PBMM). It consists of the enhancement of the subtle movement registered in a sequence by decomposing the images into complex steerable pyramid filters and magnifying a specific frequency band [18]. The combination of PBMM and 3D-DIC has been previously evaluated by the authors [19], concluding that Motion Magnification helps to reveal low-amplitude Operational Deflection Shapes (ODSs) using 3D-DIC. A cantilever beam was used to validate the method, comparing the results obtained by 3D-DIC and magnification with numerical models. Once the validation was performed, an industrial object was tested, obtaining the three-dimensional displacements that occurred during excitation.



Hence, with adequate magnification, FP + 2D-DIC could improve its results, increase its versatility and facilitate the interpretation of the modal shapes or ODSs. In fact, in this study, the FP + 2D-DIC and Phase Based Motion Magnification (PMM) integration was explored for the measurement of subtle 3D displacement maps. Firstly, a solid–rigid test was carried out to validate the combination of these methods. Then, a cantilever beam was employed in order to demonstrate the correct performing obtaining ODSs.




2. Theoretical Background


2.1. FP + 2D-DIC Technique


2D-DIC allows the measurement of in-plane displacements with only one camera. To perform Digital Image Correlation, the surface of the sample has to be previously prepared by spraying it with a random pattern resulting in a speckle pattern. This will facilitate the tracking of sectors of the image (facets) in the different images captured along the process [20]. In fact, DIC requires an image of the sample in a reference state and an image for each state to be studied. The area of interest is divided into virtual facets and the algorithm will associate a measure point to each of them. The correlation of each facet, comparing each image with the reference one, will allow the obtaining of the displacement maps. The displacement measured will be in pixel units, and by using the lateral magnification of the camera-lenses system the displacements in length units can be calculated.



On the other hand, FP is also a full-field optical technique but it measures 3D shapes. Hence, it can be used to determine displacements in the direction of the camera’s optical axis. It requires the projection of a pattern of vertical fringes on the sample. Actually it has to be obliquely projected with a certain angle (α) with respect to the optical axis of the camera (OA) as shown in Figure 1 [2,21,22,23]. In order to perform FP, it is necessary to capture a reference image of a flat surface, and then an image is captured for each state of deformation. As the surface deforms, the projected fringes will proportionally deform, which results in a phase shift of these fringes. This effect can be measured using Fourier Transform methodology [2] followed by an unwrapping of the measured phase [23]. To obtain out-of-plane displacements, it is necessary to know the relationship between displacements (Δz) and the phase of the corresponding displaced fringe (Δφ), for which a calibration procedure is required [24].



To sum up, when the surface is deformed, both the speckle and the fringes move together and must be present to be able to process DIC and FP respectively, but they cannot interfere with the corresponding processing algorithms. To overcome that issue, the previously proposed method uses a color Liquid Crystal Display (LCD) projector and an RGB camera [13]. In fact, the projector creates a pattern of blue fringes on a white background with a sinusoidal intensity profile on the measurement surface. This enables FP analysis to be performed in the red spectrum of the images. On the other hand, the background of the sample is painted white and sprayed with red speckle to perform 2D-DIC analysis on the blue image [15].



As previously mentioned, the displacements in -x and -y directions measured directly using 2D-DIC are distorted by the shape or deformations in the -z direction experienced by the element studied during the test [13]. This is because the lateral magnification varies with the distance of the point measured with respect to the camera sensor. For this reason, in-plane displacements require a correction. Authors developed a methodology to perform the correction from the -z displacements measured by FP [13]. This correction methodology is based on a pin-hole lens model. In this way it is possible to relate the correct displacements in the plane (Δx and Δy) with the directly measured by 2D-DIC (ΔxCCD, ΔyCCD) and the displacements measured out of the plane (Δz) by means of fringe projection:


      Δ x = L  [  Δ  x  CCD   −  (   x   2 , CCD      Δ  z 2     z 0    −  x   1 , CCD      Δ  z 1     z 0     )   ]        Δ y = L  [  Δ  y  CCD   −  (   y   2 , CCD      Δ  z 2     z 0    −  y   1 , CCD      Δ  z 1     z 0     )   ]       



(1)




where (x1,CCD, y1,CCD) and (x2,CCD, y2,CCD) are the initial and final positions of pixels displaced from the sample surface, Δz1 and Δz2 are the corresponding out-plane displacements of that pixel, z0 is the distance between the reference surface and the optical center of the camera lens and L is the inverse of the lateral magnification in mm/pixel at a distance z0 [15,24].




2.2. Phase Motion Magnification


In this study, the magnification of the displacement observed in the captured images was performed using the Phase-Based Motion Magnification Method (PBMM), developed by Wadhwa et al. [12]. Through this methodology, the image sequence is decomposed into pyramidal descriptors. The temporal variation of the local phase is considered as an indicator of movement. By analyzing the phase signal in the frequency domain, a magnification factor is applied to a desired frequency band. The reconstruction of the sequence considering the modified phase signal provides an amplified version with reduced noise and computational cost. Consequently, magnification requires three parameters: frames per second of the image sequence (frame rate), frequency range to be magnified, and magnification factor (M) [12]. Therefore, an amplified version of the images with the band magnified by (1 + M) is obtained by means of transforming the phase signal back to the time-domain and recomposing the images from the pyramid’s filters. Moreover, in order to increase the signal to noise ratio an amplitude-weighted spatial smoothing is applied.





3. Materials and Methods


As mentioned, this study aims to validate and show the potential of the integration of FP + 2D-DIC with PBMM. To perform the validation, a rigid body motion test was performed. Additionally, the potential of the integration is presented through vibration tests on a cantilever beam. In this last kind of test, the Operational Deflections Shapes associated to the different natural frequencies are analyzed. The optical system for both cases consists of a camera (JAI Yokohama, Japan AT-200GE, 25 mm lens, 1624 × 1236 pixel) and a projector (EPSON EB W32, Suwa, Japan). The captured RGB images were separated into their RGB channels to process independently speckle and fringe patters. The data in blue containing the speckles are processed using a commercial digital image correlation algorithm (VIC 2D from Correlated Solutions Inc., Irmo, SC, USA) and the data in red containing the fringes was processed by a fringe projection algorithm using Fourier transform profilometry and quality guided unwrapping algorithm.



3.1. FP + 2D-DIC and PMM Validation Test


A rigid body motion test was performed to validate that the FP + 2-DIC technique together with the PBMM methodology presented logical results. This was executed by analyzing a constrained rigid solid sinusoidal displacement test in a plate where only displacement in the -z direction occurs. In this way, after performing PBMM separately to speckle and fringe images, processing each set of images using their corresponding algorithms and performing the correction of in-plane displacement, the displacements maps for the -x and -y directions should remain negligible. Specifically, a rigid flat plate was employed as shown in Figure 2. A 5 Hz sinusoidal excitation was applied to the shaker while images were acquired at an alias frequency of 0.1 Hz. Subsequently, a 1.5× magnification factor was used to the set of images. The results of this validation are analyzed in the next section.




3.2. Operational Deflection Shapes Test


Once the validation process was successful, the test was performed on a cantilever beam. A polycarbonate beam with dimensions 160 mm in length, 40 mm in width, and 2 mm in thickness excited with a shaker was tested. In a first step, the natural frequencies were determined by coupling an accelerometer to the beam. Figure 3 shows the layout of the test. The frequency range of interest was up to 600 Hz. The registration of the accelerometer signal and the calculation of the transmissibility function were performed using the real time analyzer Brüel & Kjær, Nærum Denmark, RT Pro software and the controller Brüel & Kjær Photon+. This system also generated the random signal to excite the specimen through the shaker. The natural frequencies obtained are shown in Table 1.



Afterwards, the behavior of the beam was studied when it was subjected to sinusoidal excitation at specific frequencies, specifically those corresponding to the three resonance frequencies observed in Table 1. The camera frame rate was 4.938, 4.992, and 4.994 Hz entailing 0.246, 0.249, and 0.501 Hz alias frequency respectively for each vibration mode, obtaining a stroboscopic effect. Finally, a 5× magnification factor was applied to speckle and fringe pattern images.





4. Results


4.1. FP + 2D-DIC and PMMM Validation Test


In-plane displacements maps obtained before ((a) and (b)) and after correction ((c) and (d)) for a maximum deformation are presented in Figure 4.



Additionally, Figure 5 shows the displacement profiles corresponding to the discontinuous lines in Figure 4. Red lines represent non-corrected values and green lines corrected displacements. As observed (Figure 4 and Figure 5), the correction performed for the displacements in-plane indicates that both the displacements in -x and -y in the non-magnified and magnified images present a neglected value in the studied profile of the rigid body. Therefore, FP + 2D-DIC and PBMM integration do not generate distortions on the displacement maps.




4.2. Operational Deflection Shapes Test


The operational deflection shapes associated to the analyzed frequencies in the second test are shown in Figure 6 (first and second natural frequency) and Figure 7a–c (third frequency).



The first and second ODSs are correctly interpreted without the requirement of PBMM as presented in Figure 6. However, it was not possible to adequately represent the third mode as shown in Figure 7a–c. Thus, for the third ODS, PBMM at 5 × factor was applied to achieve a clear representation of its modal shape. The ODSs maps obtained with and without applying PBMM are shown in Figure 7a,b. In addition, in Figure 7c,d the modal shapes are illustrated in 3D.



As depicted in Figure 7b, the displacements are scaled to the maximum and minimum value in order to illustrate how the noise was reduced after the application of Motion Magnification. Thus, the effectiveness of the combination of PMM and the FP + 2D-DIC technique is demonstrated for measuring displacements at high frequencies.





5. Conclusions


In this study, the potential of the combination of FP + 2D-DIC technique and phase-based Motion Magnification has been presented. After the application of the FP + 2D-DIC technique, the correct interpretation of the first and second vibration modes was verified. However, this technique was not conclusive for the third ODS. In this situation, Phase Based Motion Magnification demonstrated to be useful, obtaining remarkable results by observing the representation and measurement of displacements that occurred in the third modal shape.



In order to justify the use of the application of this combination, the method has been validated through the test of a rigid body presenting positive results, which indicates that the Magnification methodology can be used successfully together with FP + 2D-DIC in order to analyze more complex shape elements. In this way, as the main advantage, it can be established that the system would allow the best interpretation of modal shapes. This expands the field of application of the FP + 2D-DIC technique and offers a powerful low-cost tool with great potential in the industry. In fact, it facilitates, for instance, the obtaining of Operational Deflection Shapes in vibration testing on industrial components for automotive and aeronautic sectors, among others. It also reinforces FP + 2D-DIC as an interesting alternative for 3D-DIC. The main disadvantage of the integration of FP + 2D-DIC with PBMM is that quantification of displacements could require additional future analysis.
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Figure 1. Scheme of FP + 2D-DIC technique. 
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Figure 2. Rigid solid and shaker system. 
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Figure 3. ODS test setup. 
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Figure 4. Displacement maps in-plane without correction (a,b) and corrected (c,d). 
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Figure 5. Correction profiles without magnification (a,b) and magnified ×1.5 (c,d). 
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Figure 6. Modal shapes for the first and second vibration modes. 
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Figure 7. Comparison of maps displacement and mode shapes before and after magnifying. 
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Table 1. Natural frequencies.






Table 1. Natural frequencies.





	Mode
	Frequency (Hz)





	1
	20



	2
	160



	3
	440
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