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a b s t r a c t

26The integration of Fringe Projection and 2D-DIC is a low-cost optical technique which employs a single
27camera for full-field 3D displacement measurements using RGB colour encoding to filter coexisting fringe
28and speckle patterns out from a single image. In this work, this technique was explored together with
29conventional 3D-DIC for challenging modal analysis on a large aeronautical panel under random excita-
30tion. Modal identification was performed using the Least-Squares Complex Exponential approach.
31Multiple degree-of-freedommethods have been avoided in previous works or just employed in one direc-
32tion due to high memory requirements to process 3D full-field data. In this work, the 3D modal charac-
33terisation was addressed with especial mention to mode shapes. Hardware limitations makes FP + DIC
34less sensitive than 3D-DIC and hence more suitable for lower frequencies. Nevertheless, the obtained
35modal parameters showed high agreement and hence FP + DIC demonstrated to be a cost-effective alter-
36native for 3D modal analyses.
37� 2019 Elsevier Ltd. All rights reserved.
38

39

40

41 1. Introduction

42 In the last decades, experimental mechanics have exploited the
43 full-field information provided by Digital Image Correlation (DIC)
44 techniques [1,2]. These techniques originally came up for in-
45 plane displacement measurements using a single camera what
46 nowadays is known as two-dimensional DIC (2D-DIC). Using an
47 analogous correlation procedure and an appropriate calibration,
48 three dimensional DIC (3D-DIC) expanded the use of DIC to more
49 complex 3D shape and deformations thanks to pairs of images
50 from a stereoscopic system. These full-field displacement and also
51 strain 3D measurements gave experimentalists the chance to cover
52 their topics in an unprecedented manner. Despite those benefits,
53 this involves costs increment for equipment due to the additional
54 camera and synchronisation devices. That is especially relevant
55 in dynamics events considering the high cost of high speed cam-
56 eras. Hence, 3D-DIC is not always affordable and hence single-
57 camera DIC-based techniques have been developed in the search
58 for economic alternatives for 3D measurements. Some of them
59 are based on 3D-DIC and manage to combine two points of view
60 in a shared single image using different optical arrangements com-
61 posed of diffraction grating, bi-prisms or, especially, mirrors [3,4].

62From a different perspective, 3D measurements were achieved
63by combining two different techniques like 2D-DIC and Fringe Pro-
64jection [5]. Fringe Projection (FP) is based on the oblique projection
65of a sinusoidal fringe pattern over the specimen. The out-of-plane
66displacement (in Z- direction) leads to a lateral shift of that pro-
67jected pattern over the specimen. This Z measurement is related
68to variation of phase of the sinusoidal projected fringe pattern.
69Hence, whereas 2D-DIC offers in-pane displacement measure-
70ments (in X and Y directions), FP contributes with the Z measure-
71ment. Finally, both sets of information must be combined through
72a recent methodology [6,7] to extract the actual displacement
73maps in the X, Y, and Z directions. The combination of both optical
74techniques relies on the capturing of colour images and RGB colour
75pattern encoding [8] which allows to separate different fringe and
76speckle patterns. Then, filtered images are suitable to be indepen-
77dently processed. The experimental set up is reduced to a colour
78camera and a projector that obliquely projects a fringe pattern.
79One of the strengths of this integration in comparison to previous
80single-camera 3D-DIC based approaches is that the field of view is
81not reduced and hence the set-up is more versatile, especially
82when large field of view is required. Complex and delicate optic
83arrangements are neither required in the set-up. However, the def-
84inition of patterns depends on the sensitivity of the camera to col-
85ours and some noise could reciprocally affect the patterns.
86Additionally, as inclination and period of projected fringes will
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87 define the sensitivity of out-of-plane displacements, different sen-
88 sitivities could be achieved for in- and out-of-plane displacements
89 [9].
90 A discipline where DIC have recently achieved high relevance is
91 experimental modal analysis as an alternative to conventional
92 pointwise, invasive transducers [10]. The spatial information for
93 high detailed mode shapes has been an important attraction for
94 many researchers who obtained it from simple forced resonance
95 tests [11–16]. For complete modal analysis, the elevated number
96 of data points implies high computational memory demand [17],
97 what may not be always accomplished. For this reason, most of
98 the studies are devoted to mode shape characterisation using sinu-
99 soidal signals or modal identification using single degree-of-

100 freedom (SDOF) methods like peak-picking [18,19] or circle-fit
101 approach [20,21]. Despite that, some studies addressed multiple
102 degree-of-freedom (MDOF) approaches [22–24] that overcome
103 the limitations of SDOF methods [25]. These MDOF approaches
104 were performed in simple plate-like elements, though, so only
105 one direction was inspected corresponding to bending
106 deformation.
107 Regarding single-camera 3D systems, preliminary studies on
108 vibration and modal analysis have been performed. Single reso-
109 nance vibration measurement were performed by Barone et al.
110 [26] combining a mirror system with a low frame rate camera
111 for larger cost reduction. Also, a simple vibration test was per-
112 formed by Yu and Pan [27] to evaluate a methodology that
113 employs a colour high speed camera with a beam splitter, colour
114 filters and mirrors to obtain two perspectives from two colour
115 channels. A deeper vibration analysis was also performed by Yu
116 and Pan [28] consisting in a modal identification using the simple
117 peak-picking method from a classical mirror-based system mea-
118 surement. The FP + DIC technique has been also employed for
119 modal and vibration analysis. A vibration-based damage assess-
120 ment procedure was investigated by Felipe and Díaz [29]. More-
121 over, modal analysis using FP + DIC measurement was firstly
122 explored using the SDOF circle-fit approach [30].
123 In this study, a more advanced modal analysis using the least-
124 squares complex exponential method (LSCE) is originally per-
125 formed on FP + DIC measurements. Actually, this is the first
126 attempt to employ a MDOF approach with a single-camera 3D
127 technique. Simultaneous measurement and analogous identifica-
128 tion was performed using 3D-DIC to validate the results with a
129 consolidated full-field technique. This is also the first comparison
130 of the performance of these optical techniques for modal analysis.
131 Unlike the previous studies, this work performs a 3D modal char-
132 acterisation on large industrial curved panel, what implies greater
133 practical interest than flat plate-like geometries. Moreover, the
134 complex shape and modal behaviour of the panel made necessary
135 to analyse every direction, what triplicates the available data, and
136 allowed to explore the full-field 3D modal identification in both
137 cases, eluded in the literature. Sensitivity of measurement was
138 evaluated comparing measurement noise floor, which enabled to
139 predict possible unsuccessful modal identification. Considering
140 that both optical techniques had different points of view and direct
141 pixel to pixel relation was not possible, mode shape correlation
142 was assessed by means of Image Decomposition procedure
143 through Chebyshev shape descriptors [31]. Results establish FP
144 + DIC for cost-worthy modal characterisation according to its
145 limitations.

146 2. Experimental setup

147 The experimental equipment and devices for FP + DIC and 3D-
148 DIC were prepared for simultaneous and synchronous measure-
149 ment. A schematic arrangement of the described setup is in

150Fig. 1, including a panoramic photography. As this study involves
151measuring through these two DIC-based techniques, a speckle pat-
152tern must be present in the specimen surface. Nevertheless, the use
153of FP for 3D measurement in combination with 2D-DIC requires an
154additional fringe pattern. Employing a red speckle and blue fringes
155as shown in Fig. 1(b), it was possible to filter each pattern out by
156means of a Bayesian filter. For this purpose, the panel was coated
157with white paint background and, subsequently, red dots were
158randomly painted using a marker pen to create the speckle. A
159speckle mean size of 6 pixels was ensured to obtain an adequate
160contrast. Superimposed, blue fringes were generated by an Epson
161W32 projector. A single colour high speed camera model SA3 (1
162Mpixel) by Photron with a Vivitar lens (28 mm focal length) was
163devoted for FP + DIC measurement. The result was a pair of images
164individually containing speckle for 2D-DIC and fringes for FP. On
165the other hand, two black-and-white high speed cameras model
166Photron SA4 (1 Mpixel) performed stereoscopic vision for 3D-DIC
167provided with 50 mm focal length Nikkon lenses. The red speckle
168were also exploited by this technique for what was required to
169erase blue fringe pattern with colour filter in lenses.
170The tested specimen is an industrial composite panel of 1.45 m
171high, 2.0 m wide and 0.6 m deep, roughly. Its non-flat shape is also
172accentuated by three horizontal stiffeners. During the test, the
173panel hanged from a frame structure to reproduce free-free vibra-
174tion. A shaker model Data Physics GW-V20/PA30E was installed
175behind the panel to generate a centred pointwise excitation in
176the lower edge. During the test, a noise random signal from 10 to
177125 Hz was applied as excitation. A load cell (model HBM
178CFT/20 kN) was installed to register the resulting force signal that
179excited the shaker. Force signal acquisition was carried out by a NI
180USB-6251 DAQ. This device was synchronised with the three cam-
181eras so that cameras and load cell recorded 250 samples per sec-
182ond. Despite the fact that the pronounced curvature of the panel
183provides a meaningful example to show the capabilities of such
184techniques for 3D characterisation, it complicated the visualisation
185of the whole surface. Hence, under a symmetry assumption, the
186left half of the panel was exclusively studied allowing for measure-
187ment on two almost perpendicular surfaces.

1883. Image processing and modal analysis

189As stated previously, the recording process was accurately syn-
190chronised. However, the image sequence length differs from one
191camera model to another due to the internal memory. Therefore,
192whereas black-and-white cameras were able to obtain 5457
193images at full-resolution, colour camera captured 1361 images.
194For FP + DIC processing, colour images (Fig. 2(a)) were decom-
195posed into an image where the speckle pattern is observed
196(Fig. 2(b)) and another one for the fringe pattern (Fig. 2(c)). Speckle
197images were processed using a commercial 2D-DIC algorithm (VIC
1982D from Correlated Solutions Inc.) employing 29 pixels per subset
199and a 1 pixel step size. Besides, fringe pattern images were pro-
200cessed using a Fourier Profilometry [5] combined with a quality
201guided unwrapping algorithm [32] to obtain a 3D-shape map. Cal-
202ibration of FP + DIC systemwas performed according to established
203procedures [7,33]. For that purpose, a smaller panel (rigid flat panel
204of 1 � 1 m) was placed at 3.75 m from optical axis of the camera
205and at three different positions (left, centre and right) as performed
206in previous investigations [29]. The calibration parameters of this
207setup was defined by an optical magnification of 2.2 mm/pixel
208and a mean fringe pattern pitch of 8.7 pixels (on the reference
209plane), which leads to a fringe relation of 8.5 mm/radian and a
210minimum uncertainty was considered of 0.470 mm [29]. Since FP
211measures the Z displacement as a variation of phase of the sinu-
212soidal projected fringe pattern, the fringe relation associate the
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213 phase measured by the FP procedure with the actual displacement
214 experimented in the Z direction [7].
215 On the other hand, 3D-DIC required the analysis of the stereo
216 camera system which were previously calibrated to determine
217 the intrinsic and extrinsic parameters of the stereoscopic system.
218 Then, DIC processing using VIC 3D software from Correlated Solu-
219 tions Inc was performed using a 27 pixels facet size with a 4 pixel
220 overlap step.

221As a result, both techniques provided the time histories of X, Y
222and Z displacements corresponding to lateral, vertical and out-of
223plane directions from a very high spatial density mesh. Conven-
224tional FRF estimation was then performed for each measurement
225point. In order to obtain the same number of frequency lines, the
226window size was 750 points for each technique with 250 points
227overlap step to reduce the level of noise during windows averag-
228ing. As the number of images for FP + DIC obtained from one cap-
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Fig. 1. (a) Schematic and (b) panoramic view of the experimental setup for FP + DIC and 3D-DIC vibration measurement on the composite panel (1) excited by a shaker (2).
Highlighted in green is presented the FP + DIC system, consisted of the LCD projector (3) and the high speed colour camera (4). In red, the conventional 3D-DIC system
composed of two black-and-white high speed cameras (5). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 2. Filtering of the (a) original image from the colour camera to obtain (b) speckle pattern and (c) fringe pattern.
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229 ture (1361 images) was relatively low regarding the window size,
230 three complete captures were performed and the three resulting
231 3D-FRFs matrices were averaged. Modal identification was then
232 performed using the LSCE method available in the Signal Process-
233 ing MATLAB toolbox.

234 4. Results

235 4.1. PSDs comparative and noise floor evaluation

236 Despite the cost reduction of FP + DIC as a single camera 3D
237 technique, this sort of technique could involve some issues related
238 to image resolution (due to Bayer filtering and RGB encoding [9])
239 and hence uncertainty increasing. This has incidence on postpro-
240 cessing results such as the modal parameters. Nevertheless, the
241 quality of the measurements can be previously evaluated so that
242 modal identification could be optimised in any case. Here, fre-
243 quency domain signals are inspected for this purpose. Averaged
244 auto-power spectral densities of two points of the panel measured
245 with 3D-DIC and FP + DIC are shown in Fig. 3. As can be observed,
246 both techniques yields similar results in high response frequency
247 bands. However, higher 3D-DIC sensitivity is revealed in low
248 response areas, being more pronounced as frequency increases.
249 In this cases, FP + DIC reaches the noise floor and is unable to
250 detect response peaks that are mostly clear for 3D-DIC. Despite
251 reaching this level, detected high response peaks have major
252 weight on modal identification. Therefore, FP + DIC modal identifi-
253 cation was truncated to 100 Hz from where the response was
254 mostly overcome by the noise floor, as seen in the plots.

255 4.2. Modal identification

256 In this work, the FRF matrix of each technique is composed of
257 the three FRFs for X, Y and Z displacements of every single mea-
258 surement point. The stabilisation diagram of each matrix is shown

259in Fig. 4. In both cases, the spectrum below 10 Hz was omitted
260since no excitation was applied there and, particularly, the upper
261limit of the spectrum was 100 Hz for FP + DIC, as explained above.
262In both cases, the LSCE method was able to identify clearly stable
263modes for both prominent and subtle peaks. The chosen model
264order for 3D-DIC was 22, where all the analysed modes were
265stable. During the modal identification, the computational modes
266where omitted according to incongruent damping values and
267mode shapes. As a result, ten modes were obtained. Analogously,
268the model order 23 was employed for FP + DIC.
269Natural frequencies and structural damping ratios of those
270modes are shown in Table 1. As 3D displacements were assessed,
2713D mode shapes were hence obtained. An example is shown in
272Fig. 5 corresponding to the third mode. However, to avoid the mul-
273tiplicity of figures, the magnitude was used to represent the mode
274shapes of the seven common modes, as presented in Fig. 6. The
275numerical comparison of these maps entails some difficulties
276regarding the orientation and position of the mesh of each tech-
277nique. To overcome this, mode shapes were decomposed into
278shape descriptors using Chebyshev polynomials according to con-
279cordance criteria [34]. This decomposition is insensitive to transla-
280tions and rotation of the reference system and the result is a
281feature vector that contains the coefficient of each polynomial for
282the decomposedmode [31,35,36]. In this case, 80 shape descriptors
283were enough to reconstruct mode shapes with higher correlation
284coefficient than 90%. Hence, the feature vectors from each tech-
285nique were equivalent and the correlation coefficient between
286them could be calculated [37]. The result is also included in Table 1.
287Those modes that only 3D-DIC was able to identify are shown in
288Fig. 7 for three directions.

2895. Discussions

290As a result of employing the LSCE method, modal parameters
291have been obtained employing 3D full-field techniques. Previously,

Fig. 3. Auto-PSDs of 3D displacements obtained with 3D-DIC and FP + DIC at a point in the left lower corner and close to the excitation point.
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292 PSDs inspection revealed lower sensitivity of the single-camera FP
293 + DIC system regarding conventional 3D-DIC. Observing the PSD in
294 Z direction at the corner of the panel (Fig. 3), the noise floor for FP
295 + DIC is about 3 � 10�3 mm2/Hz, what in terms of displacement
296 amplitude is 0.0447 mm, i.e., 0.007% of the specimen depth. In
297 the same point of the panel, predominant peaks at 14 Hz and
298 47 Hz have a Z amplitude of 0.362 mm and 0.140 mm, respectively.
299 Despite noise presence affects the resonances detection and stabil-
300 isation in FP + DIC measurement, with greater presence of compu-
301 tational modes, LSCE modal identification was able to identify
302 seven identical modes for both techniques up to 90 Hz. For 3D-

303DIC, both its stabilisation diagram (Fig. 4) and its mode shapes
304(Fig. 6) have low presence of noise. For Z direction, the 3D-DIC
305noise floor is about 2.0 � 10�5 mm2/Hz so the displacements
306amplitude is 0.0037 mm, i.e., one order inferior to FP + DIC. There-
307fore, it was able to describe peaks under the FP + DIC noise floor,
308highlighting amplitudes less than 5 mm for in-plane directions, X
309and Y. Therefore, modal parameter of FP + DIC were evaluated con-
310sidering 3D-DIC as reference. Table 1 shows consistent natural fre-
311quencies. The identification of this parameter is typically less
312affected by the presence of noise, though. The highest response
313modes, as observed in the averaged FRF in the stabilisation dia-
314gram, are the first (14 Hz), the third (40 Hz) and the fourth
315(47 Hz). For such modes, structural damping estimation from FP
316+ DIC is very similar to 3D-DIC. Moreover, mode shapes are clearly
317discernible and equivalent to 3D-DIC ones. That is quantitatively
318supported by high correlation coefficients. Among the remaining
319modes, the second one is especially remarkable since lower order
320modes are more easily detected by optical techniques due to the
321higher displacements. Conversely, the response of this mode is
322quite low and hence modal identification loses accuracy for FP
323+ DIC. The mode shape is very noisy and the damping is not just
324dissimilar but also out of range for low-damped structures. This
325mode beside the sixth show the highest divergence regarding
326structural damping. In both cases, the reason for low response is
327that excitation was applied in a zero-displacement node as can
328be deduced from the 3D-DIC mode shapes. The symmetry of the
329panel make it probable that nodes appear in the symmetry edge
330of the panel, where it was excited. The same occurs for the fifth
331mode, shown in Fig. 7, which was not even detected by FP + DIC
332properly to be consider. For seventh and eighth modes, the excita-
333tion point was not a node as observed in 3D-DIC shapes. Therefore,
334the high level of noise in the mode shapes is just due to displace-

Fig. 4. Stabilisation diagrams obtained from 3D-DIC and FP + DIC measurements.

Table 1
Natural frequencies and structural damping ratios of the mode obtained with 3D-DIC and FP + DIC as well as the correlation coefficient of the shapes.

Mode Frequency (Hz) Structural damping (%) Mode shape correlation

3D-DIC FP + DIC 3D-DIC FP + DIC

1 13.82 13.78 3.92 3.10 0.9575
2 32.43 31.97 2.58 13.94 0.9078
3 40.58 40.39 2.82 2.94 0.9675
4 47.04 47.08 1.88 2.02 0.9017
5 66.01 – 3.26 – –
6 74.01 73.56 1.60 4.46 0.9294
7 87.45 87.29 2.86 2.14 0.8470
8 90.08 90.59 1.64 2.96 0.8548
9 104.42 – 2.74 – –
10 116.98 – 1.72 – –

Fig. 5. Three-dimensional shape of the third mode (40 Hz) obtained with 3D-DIC
and FP + DIC.
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335 ment amplitude reduction as frequency increases. Indeed, it was
336 introduced in the PSDs inspection that response was mostly under
337 noise floor for these frequencies except the highest response
338 regions of each shape. Despite that, modal information is still
339 retained [38] and modes shapes show an appreciable trend that
340 is confirmed by correlation coefficient about 85%. It is important
341 to highlight that out of plane sensitivity could be increased as
342 the angle of the projector increases (which entails more distance
343 between camera and projector) or smaller period of the grid. In this
344 study, the former was not possible due to setup restrictions; higher
345 distance would affect the stability of the optical assembly and
346 hence the calibration. Additionally, smaller grid period would
347 require higher camera resolution.
348 For modes exclusively assessed by 3D-DIC, the higher capacities
349 of this technique are demonstrated. Fig. 7 still presents impressive
350 mode shapes even when these modes provides very low response
351 under this configuration. Actually, these results demonstrate that
352 the capabilities of this technique could go beyond the frequency
353 range here analysed.

3546. Conclusions

355This study has comparatively evaluated for the first time the
356capabilities of two DIC-based techniques such as FP + DIC and
3573D-DIC itself for 3D modal characterisation using a MDOF
358approach. In terms of hardware, FP + DIC entails cost reduction
359by replacing one of the cameras by a standard projector. The study
360has been performed under equivalent conditions and measure-
361ments were performed on a complex aeronautical panel what
362makes it more representative of industrial applications than the
363typical flat plate structures. Additionally, the whole 3D information
364was exploited due to the curved panel shape. As an important nov-
365elty, this first comparison with 3D-DIC for modal analyses yielded
366a successful 3D modal analysis, including complicated mode
367shapes.
368However this study has also evidenced that the economic and
369computational simplicity implications of removing a camera
370involves on the other hand some issues. The employed setup was
371restricted by the distances between the camera and the projector

Fig. 6. Mode shape magnitude of the modes obtained by both 3D-DIC and FP + DIC.
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372 which leaded to lower sensitivity of FP + DIC compared with 3D-
373 DIC as observed in the measurement noise floor level. Modal iden-
374 tification was hence affected in the case of certain modes, espe-
375 cially at higher frequencies. However, 3D-DIC demonstrated to be
376 able to characterise every mode in this spectrum. In fact, the qual-
377 ity of the results suggests 3D-DIC would have been able to explore
378 higher spectrum in the present case. Despite the limitations, it has
379 been proved that FP + DIC is able to provide a good performance for
380 low frequency modal characterisation even for large elements and
381 structures. Thus, FP + DIC entails a balance between budget and
382 performance for experimental modal analysis, what may be signif-
383 icantly beneficial for flexible structures.
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