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2 4
a b s t r a c t

25High Speed 3D Digital Image Correlation has reached notorious popularity in dynamic
26characterisations because of the full-field non-invasive performance. It is being especially
27relevant for experimental modal analysis due to the importance of the modal parameters
28to define the dynamic behaviour. However, the economic cost of a stereoscopic system of
29two high speed cameras is a main concern regarding traditional instrumentations. In the
30search for low-cost alternatives, different methodologies have arisen that employ a single
31camera for 3D measurements. One approach consists in obtaining a stereo-vision in a sin-
32gle image using, for instance, a mirror system. These approaches involve important field-
33of-view restrictions. An interesting approach employs the full resolution by combining
34Fringe Projection and 2D-DIC for out-of-plane and in-plane displacements, respectively.
35In this study, this technique is explored to perform experimental modal analysis in a large
36non-flat aeronautical panel. The validation of the results has been performed using
37accelerometer measurements during an impact hammer test. The results of the study stand
38this technique as an attractive low-cost technique for 3D full-field modal characterisations
39of complex components.
40� 2019 Published by Elsevier Ltd.
41

42

43

44 1. Introduction

45 Full-field experimental modal analysis is a new trend thanks to new advances and studies in full-field optical techniques
46 supported by the development of the high speed cameras technology that makes it possible the high-definition images cap-
47 ture at high frame rates [1]. This popularity is based on a considerable improvement to perform experimental modal analysis
48 provided by non-invasive full-field measurements. Traditional instrumentations face some uncertainties in the measure-
49 ment such as natural frequencies and damping perturbation due to the transducers mass and cabling effect [2,3]. Addition-
50 ally, they perform pointwise measurements and hence only a limited number of points are measured from the whole
51 structure. That could be an important limitation for large components even yielding spatial aliasing. Moreover, the full-
52 field information provided by this technique is an essential tool in the validation and improvement of both theoretical
53 and numerical models. Nevertheless, these are considerably less sensitive and the equipment usually more expensive [4–6].
54 Among these full-field techniques, High Speed 3D Digital Image Correlation (HS 3D-DIC) outstands. 3D-DIC is a reliable
55 technique and widespread in experimental mechanics that is able to perform 3D displacement measurements with a simple

https://doi.org/10.1016/j.ymssp.2019.04.004
0888-3270/� 2019 Published by Elsevier Ltd.

⇑ Corresponding author.
E-mail address: ajmolina@ujaen.es (Á.J. Molina-Viedma).

1 ORCID: 0000-0003-0467-542X.

Mechanical Systems and Signal Processing xxx (xxxx) xxx

Contents lists available at ScienceDirect

Mechanical Systems and Signal Processing

journal homepage: www.elsevier .com/locate /ymssp

YMSSP 6056 No. of Pages 11, Model 3G

9 April 2019

Please cite this article as: L. Felipe-Sesé, Á.J. Molina-Viedma, E. López-Alba et al., FP+DIC for low-cost 3D full-field experimental modal
analysis in industrial components, Mechanical Systems and Signal Processing, https://doi.org/10.1016/j.ymssp.2019.04.004

https://doi.org/10.1016/j.ymssp.2019.04.004
mailto:ajmolina@ujaen.es
https://doi.org/10.1016/j.ymssp.2019.04.004
http://www.sciencedirect.com/science/journal/08883270
http://www.elsevier.com/locate/ymssp
https://doi.org/10.1016/j.ymssp.2019.04.004


56 setup as a main advantage [7]. Many studies have demonstrated the capabilities of HS 3D-DIC to characterise full-field mode
57 shapes or operational deflection shapes in beam or plate-like objects [4,5,8–11] as well as industrial applications like turbine
58 blades [12] or aerospace components under inflight conditions [13]. Nevertheless, different studies went further and
59 addressed complete modal characterisations [6,14–16] using established modal identification algorithms in full-field Fre-
60 quency Response Functions (FRF). Some of them performed this modal identification in real mechanical systems like artificial
61 beetle’s wing for micro air vehicles [17] and automobile components like a car bonnet [18] or a multicomponent lighting
62 system [19].
63 However, the economic cost of a stereoscopic system, especially when high speed cameras are required, such is for
64 modal analysis, motivated that different alternatives to 3D-DIC have been explored in the last years. In fact, two main
65 alternatives have been presented which employ a single camera for 3D measurements. The first one relies on optical
66 methodologies to obtain two images from a single capture of the camera [20], i.e., diffraction grating [21], prim-based
67 [22] or mirror-based [23]. In such cases, image obtained by a single camera was divided into two images, in each of them
68 it is observed the region of interest from two different points of view in order to have a stereoscopic optical system. Thus,
69 the optical system could be calibrated using standard methods and images processed employing 3D-DIC algorithms. An
70 important common disadvantage is the requirement of dividing the image of the camera in two different images, which
71 could be an important issue for large components. Yu and Pan [24] addressed a first approach to modal analysis on a flat
72 plate using a mirror-based single-camera stereo-DIC system. The peak-picking procedure was employed to identify the
73 natural frequencies and the half-power method for the damping ratio on the fast Fourier transform of the measurement
74 instead of FRFs. Then, operational deflection shapes were obtained measuring the response to single resonances during
75 additional tests.
76 A second approach is the integration of two-dimensional digital image correlation (2D-DIC) to measure in-plane displace-
77 ments and Fringe Projection (FP) for shape and out-of-plane displacements (FP+DIC). This approach, unlike previous one,
78 employs the whole field of view of a camera. The fundamentals were investigated by previous researchers [25–32] and
79 authors of this work recently proposed a more flexible integration methodology to measure 3D shape and displacements
80 in solids [33,34]. Hence, is possible to measure simultaneously in-plane (Dx, Dy with 2D-DIC) and out-of-plane displace-
81 ments or shape (Dz with FP) using only one camera and an additional fringe projector. The method employs a single sensor
82 camera (CCD or CMOS) with conventional lenses and a post-processing correction of the in-plane distortion resulting from
83 the out-of-plane displacements or shape of the specimen. FP requires a clear fringe pattern to operate adequately and DIC
84 requires a speckle pattern. Due to the dynamic nature of vibration testing, both patterns should represent the same instant
85 time and, hence, each image should include both speckle and fringe pattern. To make this possible without mutually inter-
86 fering both patterns, colour encoding by employing RGB camera is employed [31,35]. The result is a simple 3D displacement
87 measurement system with a spatial resolution comparable to commercial 3D-DIC. Actually, this methodology has been suc-
88 cessfully applied to different static or dynamic tests of different size of specimens [33,36,37]. Nonetheless, previous vibration
89 analyses were simply focus on harmonic excitation for ODSs measurement and no complete modal characterisation was
90 performed.
91 Therefore, considering the benefits of the combination of FP+DIC, this work proposes the technique for experimental
92 modal analysis as a low-cost alternative to 3D-DIC. A large industrial component was employed for the determination of
93 full-field FRFs. This component is a non-flat large composite panel (roughly 3 m2) from aeronautic industry, pushing the
94 technique toward real, practical applications. Modal parameters were inferred from the full-field FRFs using the circle-fit
95 approach [2]. Results were satisfactorily validated with those obtained from a well-established procedure which is the
96 impact hammer testing. From the comparison, the benefits of 3D full-field modal analysis were also exposed.

97 2. FP+DIC fundamentals

98 A main incentive of this study is the determination of full-field 3D displacement information with just a single high speed
99 camera. For that purpose, a combination of FP [38] and 2D-DIC [39] has been employed based on earlier work [33,34].

100 Fringe projection relies on obliquely projecting parallel fringes on the specimen surface to measure its out-of-plane dis-
101 placement. This fringe pattern exhibits deformation when the specimen experiences shape changes in the optical axis direc-
102 tion. According to this, the images of a flat reference plane and the specimen during deformation are analysed to extract a
103 continuous map of out-of-plane displacements or shape. On the other hand, 2D-DIC is a full-field optical technique employed
104 to measure displacements in the sensor plane [40]. This technique is light-intensity-based and relying on the use of digital
105 image processing. In this technique, areas of recorded images are grouped into virtual sets of pixels called facets which are
106 tracked in subsequent images when displacement occurs. To perform a proper tracking, specimen surface should present a
107 randomly distributed speckle pattern to guarantee the singularity of each facet.
108 The integration of FP and 2D-DIC employs a conventional colour LCD projector and a colour RGB high-speed camera. The
109 projector is used to create a blue fringe pattern on white background with a sinusoidal intensity profile on the measured
110 surface. That permits fringe projection analysis to be performed in the blue spectrum of the recorded images to achieve
111 out-of-plane displacements (Z direction) [25,31]. In addition, a red speckle pattern on a white background is painted onto
112 the measured surface to permit 2D-DIC [39] to be performed in the red spectrum and measure in-plane displacements (X
113 and Y directions).
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114 The combination takes into account that the in-plane displacements from 2D-DIC are affected by distortion due to the
115 out-of-plane displacement of the specimen when a telecentric lens is not employed [25,33]. The distortion is corrected using
116 the out-of-plane displacements measured by FP with a methodology based on a pin-hole model of lenses [33] according to
117 Eq. (1) and Fig. 1:
118

Dx ¼ L DxCCD � x2;CCD
Dz2
z0

� x1;CCD
Dz1
z0

� �h i

Dy ¼ L DyCCD � y2;CCD
Dz2
z0

� y1;CCD
Dz1
z0

� �h i
8><
>:

ð1Þ
120120

121 where ðx1;CCD; y1;CCDÞ and ðx2;CCD; y2;CCDÞ are the initial and final position of a displaced pixel at the element surface,Dz1 andDz2
122 are the corresponding out-of-plane displacement at corresponding pixel, z0 is the distance between the reference surface and
123 the optical centre of the camera lens and L is the inverse of the lateral magnification at z0. These required parameters are
124 estimated by a calibration procedure where the optical axis of the camera is perpendicularly aligned to a flat reference sur-
125 face [34,41].

126 3. FP+DIC experimental setup

127 In this work, the technique was evaluated in a composite panel employed in aerospace industry. The panel was curved
128 and has different bumps caused by stiffeners. Thus, this complex shape contributes to show the potential of FP+DIC as
129 low-cost 3D full-field technique. For the subsequent tests, the panel was hanged in a frame under free-free boundary con-
130 ditions as observed in Fig. 2(a) together with the optical setup.
131 As commented, FP+DIC optical system consisted on a high speed camera and a LCD projector. Particularly, a Photron SA3
132 RGB colour camera was employed with a resolution of 1024 � 1024 pixels and Vivitar 28 mm focal length lens and a Epson
133 W32 projector placed at 1.2 m from the camera. Speckle and fringe patterns were decomposed into different images by RGB
134 encoding [31,42]. As the whole panel surface cannot be visualised due to its shape, the optical arrangement was focus on half
135 the panel with certain angle considering symmetry, as seen in Fig. 2. Calibration of this optical set-up was performed follow-
136 ing the methodology previously developed by the authors for big specimens. A smaller panel (rigid flat panel of 1 � 1m) was
137 placed at 3.75 m from optical axis of the camera and at three different positions (left, centre and right) as performed by
138 Felipe-Sesé et al. [36] and employing an automatic calibration procedure also previously developed [41]. This optical
139 arrangement leaded to the optical magnification for the camera of 2.2 mm/pixel and a fringe relation of 8.5 mm/radian.
140 The minimum uncertainty for this set-up was considered of 0.470+/�0.07 mm [36].
141 The surface of the specimen was painted with white paint and red speckle pattern (of 5–15 pixel size) by employing
142 brushes to provide a suitable pattern for 2D-DIC. The Red data of images, where fringes were observed, were processed using
143 a Fourier Profilometry [43] combined with a quality unwrapping algorithm [44] to obtain 3D-shape map. The Blue data con-
144 taining speckle images were processed using a commercial digital image correlation algorithm (VIC 2D from Correlated Solu-
145 tions Inc.) employing a facet of 29 pixels.

Fig. 1. Pin-hole model lenses showing in-plane displacement error induced in 2D-DIC due to the out-of-plane displacements during a deformation from the
Q1 to Q2 position.
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146 For modal identification the spectrum up to 100 Hz was examined exciting the panel using a noise signal. The force was
147 applied through a stinger using an electrodynamic shaker model Data Physics GW-V20/PA30E from behind the panel. The
148 excitation point was located in the middle close to the lower edge as indicated in Fig. 3. A load cell was employed to obtain
149 the force signal.

LCD 
Projector

High Speed
Camera

Composite
Panel Camera

Computer
Excita�on
Computer

a)

Composite 
panel

Reference plane 
(only for calibra�on)

LCD Projector

High Speed 
Camera

b)

Fig. 2. Optical setup for FP+DIC measurement on the free-free hanged panel. (a) Real picture. (b) Schematic.

Fig. 3. Excitation configuration employing a shaker provided with stinger.
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150 3.1. Full-field experimental modal analysis

151 From this test, the response and excitation spectra were analysed to obtain the 3D FRFs of the panel in a full-field manner.
152 For this purpose, both systems were synchronised using a NI USB-6251 DAQ system governed by the camera recording
153 parameters. Namely, 4083 images were recorded during the test with a rate of 250 fps.
154 The FRFs were obtained by applying theWelch’s averaging method [45] to the excitation and response time histories. This
155 processing was performed so that the frequency resolution was 0.33 Hz. The averaging process included 66% windows over-
156 lap and hanning windows as anti-leakage method. Considering that 33,335 response points (up to 6 points/cm2) were mea-
157 sured using FP+DIC, the same number of FRFs were obtained which define the response of each point in the analysed
158 spectrum.
159 The extraction of natural frequencies, mode shapes and damping ratios was performed for the identified modes in these
160 FRFs using the circle-fit method [2]. This method evaluates the modal parameters by fitting the vicinity of a resonance as a
161 circular geometry as deduced theoretically. As it entails a sequential methodology, it is an efficient method to face the modal
162 identification with such a full-field technique [16,19]. As a result of employing this method for each mode, a set of the three
163 modal parameters (natural frequency, damping ratio and mode shape amplitude) was obtained for each spatial point of the
164 full-field matrix. Additionally, since the 3D behaviour is inspected, three sets corresponding to each displacement direction
165 were obtained for every modal parameter. The extracted data can be reorganised as spatial matrices for each modal param-

Fig. 4. Modal parameters, i.e., natural frequency, fn , damping ratio, g, and mode shapes obtained from full-field 3D measurements using FP+DIC and circle-
fit approach for one mode.

Fig. 5. Drawn crosses in speckle to locate the impact points in the area of interest of FP+DIC.
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166 eter as shown in Fig. 4. Therefore, full-field mode shapes in X, Y and Z direction were produced. A single value of damping, g,
167 and natural frequency, fn, for each mode was obtained as the mean value of the corresponding matrices. Since modal iden-
168 tification at the highest response points is expected to be more accurate due to higher signal-to-noise ratio, FP+DIC mode
169 shape amplitudes of each point were employed as weight factors to increase the influence of those points on the mean value
170 calculation, as illustrated in Fig. 4.

171 4. Impact hammer setup

172 Considering the novelty of this application, an impact hammer tests was performed as a contrasted method to validate
173 the full-field modal analysis with FP+DIC. Specifically, 121 spatial points were evaluated. This provides an appropriate spatial
174 resolution to avoid spatial aliasing in the present experimental work. An accelerometer was attached at the shaker excitation
175 point to register the response of the panel to impact excitation in each point. According to Maxwell reciprocity principle, it is
176 analogous to the FP+DIC test.
177 Pointwise tests in complex elements have the complicate task of precisely locating the position of the sensors, or impact
178 points in this case. However, the information provided by FP+DIC facilitated it. The digitalisation of the panel shape was
179 obtained consisting in the coordinates of every measurement point. Hence, impact points were associated to FP+DIC points
180 by performing crosses in the speckle that were recognisable in the images, as shown in Fig. 5. Likewise, as the impacts were
181 executed perpendicular to the surface, the excitation direction was easily obtained by determining the normal vector of the
182 FP+DIC surface at the specific points (Fig. 6).
183 Thus, 121 FRFs were extracted from these tests. Ten samples for Welch averaging were performed per point which con-
184 tained the full impact response. Eventually, the FRF frequency resolution was 0.3125 Hz in a frequency span of 1125 Hz.
185 Then, an analogous modal analysis using the circle-fit approach was conducted to make it comparable, but now in a single
186 direction. The later comparisons with FP+DIC mode shapes were developed by calculating the projection of the 3D informa-
187 tion to the normal direction of the inspected points.
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Fig. 6. Location of measurement points and directions in impact hammer test on the FP+DIC panel digitalisation.
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188 5. Results

189 From the previously described procedures, full-field 3D FRFs of the panel were calculated from the single-camera FP+DIC
190 measurements as well as the FRFs from the impact hammer tests in normal direction. This modal characterisation method-
191 ology required the identification of the resonance peaks to be analysed. Full-field techniques provided too large amounts of
192 data to be individually inspected. Therefore, single value decomposition was employed to obtain the Principal Response
193 Functions (PRF) [2]. This consists in multiplying the right-hand matrix by the single values matrix of the full FRFs matrix.

10 20 30 40 50 60 70 80 90 100

Frequency (Hz)

10-3

10-2

10-1

100

101

102

10-7

10-6

10-5

10-4

10-3

10-2

P
R

F

10 20 30 40 50 60 70 80 90 100
Frequency (Hz)

P
R

F

13.67 Hz

32.67 Hz

40.33 Hz 47.00 Hz

74.00 Hz

87.00 Hz

13.75 Hz

17.81 Hz

32.50 Hz

40.63 Hz

46.88 Hz

65.31 Hz

73.44 Hz
87.81 Hz

a)

b)

Fig. 7. Four first principal response functions from the (a) FP+DIC and (b) impact hammer tests full matrices.

Table 1
Modal parameter comparison of the six selected resonances.

Natural frequency (Hz) Structural damping (%) Mode shape correlation (%)

1st mode FP+DIC 13.82 3.68 94.59
Impact hammer 13.86 1.99

2nd mode FP+DIC 32.86 3.30 89.07
Impact hammer 32.30 1.82

3rd mode FP+DIC 40.54 3.46 91.28
Impact hammer 40.51 1.59

4th mode FP+DIC 47.15 1.57 98.51
Impact hammer 47.04 1.60

5th mode FP+DIC 74.43 2.28 66.50
Impact hammer 73.47 1.46

6th mode FP+DIC 86.19 1.59 41.17
Impact hammer 87.72 1.89
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Fig. 8. Mode shapes of the composite panel in the normal direction determined from impact test measurement.

Fig. 9. Mode shapes of the composite panel in the normal direction determined from FP+DIC measurement at the impact points.
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194 The result is the PRFs matrix whose first columns represent a linear combination of FRFs that highlight the modes in the
195 spectrum. The first four PRFs of FP+DIC and impact tests are depicted in Fig. 7. As can be observed, six coincident modes were
196 found from this inspection. Additionally, the impact tests showed two exclusive modes that were too subtle to be measured
197 by FP+DIC. These were not considered in this study.
198 In Table 1 the modal parameters obtained from the analysis of the six resonances using the circle-fit method are exposed.
199 The comparison show highly stable results regarding natural frequencies for all the modes. Notable variations are found in

Fig. 10. First four 3D full-field mode shapes of the composite panel determined from FP+DIC measurement. Relative amplitude of each component is
indicated in percentage with respect to the predominant direction.
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200 structural damping, however higher uncertainty is typically present in the experimental measurement of this parameter due
201 to higher sensitivity to boundary and ambient conditions [6,46,47]. Particularly, here it may be additionally affected by the
202 lower signal-to-noise ratio of the technique and the shaker connection, which was not present during the impact hammer
203 test.
204 However, the great attractive of the full-field information is the mode shapes. In Fig. 8 the ones extracted from impact
205 tests are shown. Amplitudes are normalised to enable straight comparison with FP+DIC results. As previously described, this
206 mode shapes entailed deformation in normal direction. In a traditional modal setup, even using tri-axial accelerometers, the
207 complex shape of the panel would have made it difficult to define the location of the measurements and the orientation of
208 the local coordinates. However, FP+DIC provided the digitalisation that allowed to make it accurately. Regarding FP+DIC,
209 equivalent mode shapes are shown in Fig. 9 after calculating the shape in the normal direction at the same spatial points.
210 From the comparison, evident similitudes are observed with respect to impact test mode shapes. This is confirmed by the
211 correlation factor, given in Table 1. The most remarkable results are found for the first four modes, with a correlation over
212 89%. These modes are less affected by spatial noise than the other two due to the higher response in lower frequencies. The
213 full-field shapes of these four modes are presented in Fig. 10 in each of the three directions. They were also normalised and
214 the relative amplitudes in percentage are indicated with respect to the most predominant deformation direction. As a con-
215 sequence of the plate behaviour of the panel, out-of-plane Z direction shows the highest amplitudes whereas Y deformation
216 is the least relevant. Despite the low correlation factor in fifth and sixth modes, similitudes can be noticed. Moreover, damp-
217 ing ratio and, especially, natural frequencies are in agreement with impact test results. Therefore, the modal identification
218 for these higher order modes was able to give a first approach that can be completed or assessed through additional analysis
219 with higher sensitivity pointwise transducers or laser vibrometry.

220 6. Conclusions

221 In this study, the integration of FP and DIC has been proposed as a low-cost alternative to HS 3D-DIC for experimental
222 modal analysis. Considering the different alternative methodologies and techniques that employ a single camera, this is actu-
223 ally the first study that performs a complete modal analysis using well-established procedures and full-field 3D information
224 with a single-camera technique. Moreover, this work has been performed in an aeronautical panel with noteworthy 3D
225 behaviour what shows the capabilities of the technique for real industrial components beyond typical flat, benchmark exam-
226 ples. Circle-fit approach was employed for modal identification and the results were validated using a standard impact ham-
227 mer test. As a result, accurate modal parameters were obtained for different resonances, especially highlighting 3D mode
228 shapes. Typical limitations in higher order modes were found according to the sensitivity of such non-interferometric tech-
229 niques. At the same time, the study showed the improvements over a classical pointwise configuration such as location and
230 orientation of measurement points in non-flat surfaces. In conclusion, this technique has proved to be suitable to perform 3D
231 modal characterisations in a full-field manner.
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