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Phase-Based Motion Magnification (PBMM) is an effective methodology to visualise imperceptible phenomena
based on magnifying periodic subtle movements on image sequences. Moreover, the integration of the optical
techniques Fringe Projection and 2D Digital Image Correlation (FP + 2D-DIC) make it possible to obtain 3D
displacement maps employing a single camera.

In this study, the integration of PBMM with FP + 2D-DIC is exploited for the determination of subtle 3D
displacements. An initial solid-rigid test validates of the combination of those techniques. A later test, employing
a cantilever beam, demonstrates its correct performing in the determining of Operational Deflection Shapes. In
both cases, the results are compared with those obtained with 3D-DIC and Scanning Laser Doppler Vibrometer
(SLDV) to evaluate the relation between the magnification factor and the result obtained. Finally, the potential of
the proposed integration for the determination of complex mode shapes is demonstrated by obtaining the ODSs
of an industrial component.

1. Introduction

Full-field techniques have become popular in last decades for
monitoring and determining the behaviour of components in machines
and structures. Thanks to continuous development in digital cameras
and processing software, they present several advantages compare to
traditional pointwise measurement methods. Among others, it high-
lights the possibility to perform non-contact measurements and high
spatial resolution data fields, which make it easier the interpretation of
the behaviour. With the development of high-speed cameras, vibration
analysis is one of the disciplines most benefited from these optical
techniques. In fact, Digital Image Correlation (DIC) [1] has become
widely employed in vibration analysis in researching field. It offers an
interesting balance between accuracy, ease of operation and versatility
[2,3]. In fact, several previous works have exploited it for modal analysis
[4-7].

Compared to 2D-DIC, the early version of the technique, which
employs a single camera for in-plane displacement, the 3D variant re-
quires using two cameras [1]. It might represent a limitation in some
situations and was the motivation of the development of the alternative
treated in this work based on the integration of Fringe Projection (FP)
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[8-12] and 2D-DIC. The former is based on analysing the phase varia-
tion of a fringe pattern obliquely projected over a specimen to measure
out-of-plane shape. The latter relies on tracking the speckle pattern
sprayed on the specimen to obtain in-plane displacements maps. Both
speckle and fringe patterns should be present on each captured image
when employing FP + 2D-DIC in dynamic tests. This is possible
employing RGB colour pattern encoding as usually employed in previous
studies [13]. Thus, red speckle and blue fringe pattern can be separated
employing a RGB camera and processed independently. This integra-
tion, named as FP + 2D-DIC, was proposed specially for dynamic events
when high speed is required such in impact [14] or vibration analysis
[15,16].

Both DIC and FP are based on the measurement of displacements and
their accuracy is substantially based on the resolution of the cameras
[1], among other set-up factors [17-19]. When employing high-speed
cameras, resolution is usually lower than for low-frame rate cameras
due to technical limitations related to the storage speed. In vibration
analysis, that could represent a certain limitation especially when slight
displacement occurs, for instance at high frequencies or when amplitude
is reduced. In addition, although FP + 2D-DIC has been stablished as an
interesting alternative to 3D-DIC, practical results show that
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displacement contours tend to be nosier due to crosstalking between
colour patterns [20], which could lead to additional issues in the
achievement of mode shapes or operational deflection shapes [16].

Nonetheless, a recent methodology that allows the magnification of
subtle periodic motion registered in an image sequence could improve
those concerns. This methodology is Phase-Based Motion Magnification
(PBMM) and consists in decomposing the registered frame sequence
through complex steerable pyramid filters and magnifying an specific
frequency band [21] by a magnification factor. This motion magnifi-
cation was presented for a wide variety of applications related to
revealing of invisible periodic phenomena, thanks to the capability to
extract visual information from apparently steady sequences [22,23]. In
fact, due to its high potential, the magnification tool was originally
employed by the authors together with Digital Image Correlation for the
characterisation of operational deflection shapes in two and three di-
mensions, obtaining information out of noisy maps [24-26]. In these
studies, the displacement amplitude with the magnification factor trend
was found to be linear. However, the actual factor did not correspond
with the theoretically established.

That combination constitutes an interesting tool to understand the
mechanical behaviour through the superimposition of displacement
maps over magnified images. Other research works also follow a similar
line and have employed PBMM together with different tracking frame-
works. For instance, with particle tracking velocimetry (PTV) for the
obtaining of modal information, both in 2D and 3D [27]. Additionally,
PBMM present high potential in Health Monitoring as demonstrated by
Civera et al. [28]. They demonstrated the possibility of detecting
different damages on a cantilever specimen by analysing sequences of
images of the specimen vibrating and applying PBMM and evaluating
differences in ODS and frequency between original and damaged states.
Eitner et al. [29] also demonstrated that, by magnifying the motion in a
broad frequency band which contains all the active modes, the motion
extraction with a point tracking algorithm can be greatly enhanced
which lead to more accurate modal parameters.

From a different perspective, some authors propose employing the
phase information directly to identify specific modal components
without video magnification purposes. This line was firstly proposed by
Yang et al. [30] who performed a methodology to estimate the full-field
dynamic parameters of the deformation modes of a structure, as well as
its rigid-body motion. Rohe et al. [31] also applied this approach noting
that the extracted phases are proportional to displacements in the image.
However, the results of this procedure are purely a shape expressed as
phases instead of a motion magnitude, which could eventually compli-
cate the interpretation of results, especially for 3D motion.

Despite the recent advances and uses of PBMM, using 3D-DIC to
measure in magnified images is the only methodology to achieve 3D
measurements in a full-field manner. The present work aims to alter-
native propose FP + 2D-DIC together with PBMM to obtain contours 3D
displacement plots when subtle periodic deformations occur. As the
measurement is a combination of FP and 2D-DIC techniques, PBMM
must be independently applied to the image sets of each technique. In
this study, the coherence between in- and out-of-plane displacements is
thoroughly checked for a proper integration of measurements. For this
purpose, the experimental campaign was designed to assess key points
for the validity of the combination with motion magnification.

In the first case, the validation of the proposed approach is analysed
through a rigid body displacement test. It is considered of main interest
to verify that displacement maps during deformation are not distorted
during magnification by comparing with well-established techniques
such 3D-DIC.In the second one, the methodology is validated for oper-
ational deflection shapes measurements with a cantilever beam spec-
imen. In both tests, 3D-DIC was employed to validate the results.
Moreover, a quantitative evaluation of the relation between the
magnification factor and the measured displacement is explored. Scan-
ning Laser Doppler Vibrometry (SLDV), with a high sensitivity over
vision techniques [5], was employed as a reference measurement.
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Finally, a test on a large industrial component employing high-speed
cameras demonstrates the enhancement of the FP + 2D-DIC results
with PBMM in the determination of contour of complex mode shapes in
3D surfaces and the potential of the proposed work.

2. Background
2.1. Phase-based motion magnification

Phase-based motion magnification is a new Eulerian approach to
motion processing developed by Wadhwa et al. [21] to reveal subtle
motion in videos by obtaining a magnified version. The video signal are
decomposed using complex steerable pyramid filters [32]. This is an
overcomplete transform based on complex sinusoids modulated by a
Gaussian window function. Local amplitudes and phase were obtained
according to spatial scale, orientation, and position.

The algorithm employs the phase signals of the complex steerable
pyramids to identify the local motions in spatial sub-bands of an image.
Previous studies [33,34] demonstrate that phase is more robust than
amplitude defining the motion field reducing contrast and scale changes.
The concept is analogous to Fourier shift theorem for sine functions
transforms. The displacement term is encoded in the phase of each
spatial frequency component. Thus, the time-domain local phase at
every spatial scale and orientation of a steerable pyramid can be
temporally bandpass filtered to isolate specific temporal frequencies
relevant to a given application and remove any temporal DC component.
This frequency band is then manipulated by multiplying by magnifica-
tion factor, a. Analogously to Fourier shift theorem, the original phase
can be modified by the amplified bandpassed phases which involves a
magnification of the harmonic motion in the sequence corresponding to
this frequency band after reconstructing the images. Therefore, a
modified version of the video with that band eventually magnified by (1
+ a) can be obtained by transforming the phase signal back to the time-
domain and recomposing the images from the pyramids filters. In this
process, an amplitude-weighted spatial smoothing is also applied to
increase the signal-to-noise ratio.

2.2. FP + 2D-DIc

This combination of techniques was initially proposed as an
economical alternative to 3D-DIC for 3D displacement measurements by
simplifying and reducing the stereoscopic setup, composed of two
cameras, to a single one. It is conceptually based on the complemen-
tarity of the measuring process and results of both techniques. Fringe
projection (FP) is based on projecting parallel fringes on the specimen
surface to determine the out-of-plane shape changes. This fringe pattern
should be obliquely projected which lead to exhibit an in-plane
displacement when the specimen experiences 3D displacement. The
difference in phase of that projected fringes of the specimen during
deformation with respect to a reference is analysed to extract a contin-
uous map of out-of-plane displacements or shape. 2D-DIC [35] is light-
intensity-based and relying on the use of digital image processing. In
this technique, areas of recorded images are divided into virtual sets of
pixels called facets that are tracked in subsequent images when
displacement occurs. By determining the pixel translation of each facet
relative to a reference image and using a proper calibration, the in-plane
displacements are obtained. To perform a successful tracking, the
specimen surface should present a randomly distributed speckle pattern
to guarantee the singularity of each facet.

Hence, for the integration of FP and 2D-DIC, it is employed a con-
ventional colour LCD projector and a colour RGB camera. The projector
is employed to create a blue sinusoidal fringe pattern on white back-
ground. That permits fringe projection analysis to be performed in the
blue spectrum of the recorded images to achieve out-of-plane displace-
ments in z- direction [36,37]. In addition, a red speckle pattern on a
white background is painted onto the measured surface to permit 2D-
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DIC [38] to be performed in the red spectrum and measure in-plane
displacements in x- and y- directions.

Additionally, the FP + 2D DIC integration must take into account
that the in-plane displacements measured by 2D-DIC present a distortion
when out-plane displacement or shape occur [13,37]. This effect is
rectified using FP data with a mathematical correction methodology
based on a pin-hole model of lenses which requires an specific calibra-
tion [13,39,40].

In the scope of this work, the image sequences obtained for each
technique have to be magnified independently for each pattern but using
the same parameters. Therefore, it is crucial to evaluate that fringe and
speckle patterns experience the same magnification to ensure an accu-
rate performance of the in-plane correction and, eventually, of the
measurement. Fig. 1 present a flowchart of the procedure to obtain
magnified 3D displacement maps from each of the RGB images.

3. Rigid body motion test

In the first test, the objective was to evaluate the accuracy of the
integration focusing on the correction of the in-plane displacements
after magnifying. A simple flat specimen was sinusoidally excited at a
frequency quite below its resonances to produce a rigid body periodic
translation without deformation. Namely, a plate of dimensions 100 x
400 x 7 mm was excited at 14 Hz employing a shaker DataPhysics GW-
V20 in the out-of-plane direction, as shown in Fig. 2. The position of the
plate along time represent parallel planes perpendicular to the optical
axis, i.e., each of them represents pure out-of-plane displacement. These
displacement maps are very appropriate to verify the correction process
as stipulated in [39] and reveal any issue after magnification and its
cause, reducing variabilities introduced by any deformation.

The FP + 2D-DIC system consisted of an EPSON EB-W32 projector
and a 3CCD colour camera (JAI-AT-200GE, 16 mm lens, 1624x1236
pixel), as shown in Fig. 2. A blue fringe pattern of 2 pixels was projected
to be employed for FP out-of-plane measurements, whereas a red speckle
pattern was sprayed over a white background on the specimen surface
for in-plane measurements with 2D-DIC. After separating the patterns
using colour encoding, fringe pattern images were processed employing
Fourier transform profilometry [8] and Quality Guided Unwrapping
[41]. On the other hand, the speckle images were processed using a
commercial DIC algorithm (VIC 2D by Correlated Solutions Inc.) using a
facet size of 19 pixels and spacing of 5 pixels. The calibration was per-
formed following a stipulated procedure [39,40], by which 11 images
were captured from a distance of —1.5 mm to 1.5 mm with respect to the
reference distance zp = 720 mm. The lateral magnification of the optical
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system was 0.20 px/mm.

A simultaneous measurement with a 3D-DIC system was also per-
formed to compare the results with a 3D optical technique that has been
already validated in combination with motion magnification [25]. This
system, also shown in Fig. 2, consisted in two cameras (Alvium 12 Mpx
1800 U-1236¢ from Allied Vision) with 12 mm focal length lenses,
obtaining a lateral magnification of 4.79 px/mm, close to FP + 2D-DIC
camera, 4.73 px/mm. The speckle images were processed using a com-
mercial DIC algorithm (VIC 3D by Correlated Solutions Inc.) using a
facet size of 75 pixels and spacing of 20 pixels.

During the test, the recording followed a subsampling strategy. Both
vision systems were synchronised, using a pulse train generated by a
DAQ device NI 6211 to capture images at the specified frequency. A
sequence of 188 images were captured at a frame rate of 4.7 fps. It
ensured that entire cycles of the motion at 14 Hz were recorded at the
alias frequency 0.1 Hz, yielding 47 images per cycle. The criteria to
define the shutter exposure time was about ten times shorter than the
period of the excitation in order to avoid any blurring. Thus, shutter was
set to 1/140 s. Then, the images were magnified in a narrow band
around the alias frequency.

Simultaneously but not synchronised, a SLDV, model PSV 400 by
Polytec, was employed as a reference measurement to evaluate the
magnification factor measured with the vision techniques. The scanning
was performed in a mesh of 9 x 11 equidistant measurement points
distributed in a squared region of interest. The measurement was
executed on the back of the sample for simplicity in the set up. For
illustrative purpose, the region of interest of each technique is shown in
Fig. 3.

3.1. Results

In this rigid body test, which consisted in a low vibration, the motion
amplitude was large enough to be detected by FP + 2D-DIC and 3D-DIC
without magnifying. This allows to check the measurement in the
original, non-magnified images with the SLDV. In Fig. 4 (a) it is pre-
sented the mean value of the out-of-plane displacement map measured
with each technique. The time evolution in a harmonic shape can be
observed corresponding to the applied sinusoidal excitation for both
vision techniques, which were synchronised. As for the SLDV, mea-
surement was simultaneous but not synchronised so the range of its
signal is shown instead. Despite the low frequency vibration, a soft
excitation was applied to have certain level of noise, as observed in the
signals. Although, the capabilities of FP + 2D-DIC has been assessed in
comparison with 3D-DIC in specific studies [13,39], this test shows that

Magnified displacements W

i

Magnified displacements U

Correction
—

Magnified displacements V

Magnified displacements in —x and -y

Fig. 1. Flowchart for obtaining 3D displacement maps using PBMM and FP + 2D-DIC.
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Fringe and
speckle patterns

(b)

6. Camera 1 stereoscopic 3D-DIC system
7. Camera 2 stereoscopic 3D-DIC system

1. Specimen

2. Shaker

(c)

4. LCD projector FP+2D-DIC system
5. Colour camera FP+2D-DIC system

Fig. 2. Setup for the evaluation of in-plane displacement correction in FP + DIC: (a) Specimen mounted on the shaker’s armature. (b) Picture and (c) scheme of the

optical setups for FP + DIC, 3D-DIC systems and SLDV.

(@) (b)

it can provide measurement as accurate as 3D-DIC with a single camera,
and both agree with the SLDV. The high sensitivity measurement of the
latter yielded a 0.001 mm standard deviation of the amplitude in the
measurement grid. This confirms the rigid behaviour of the plate.
However, the individual processing of fringe and speckle images for
magnification requires new assessments. Three magnification factors
were applied to the images: 5x, 10x and 15x. The plots in Fig. 5 show the
displacement maps in the horizontal, U, and vertical, V, directions for
the original non-magnified measurement, (a)-(b), and for 15x magnifi-
cation, (c)-(d). As a rigid motion in the out-of-plane direction, the effect
of the distortion of the in-plane motion is clearly seen as an inclination in
the maps that represent a fictitious elongation of the plate. However,
these maps must be constant. The mathematical correction of those
distorted displacement maps proposed by Felipe-Sesé et al. [13] for the

(©

Fig. 3. Region of interest for each technique: (a) FP + 2D-DIC, (b) 3D-DIC and (c) SLDV.

integration of FP + 2D-DIC, as commented in section 2.2, was able to
subtract this effect After correction, U and V maps became practically
constant. Analogous results were obtained for 5x and 10x factors. It
shows that FP + 2D-DIC is suitable to be employed with magnified se-
quences of images. Fig. 4 (b) shows the mean out-of-plane displacement
of the plate measured by FP + 2D-DIC. Magnification reduces the level of
noise in the signal, as in previous studies with 3D-DIC [25]. However,
this behaviour is better illustrated by the next tests.

4. Operational deflection shapes in flat plates

The second test aimed to evaluate the capabilities of the measure-
ment with FP + 2D-DIC in magnified images for deformation in speci-
mens. An operational deflection shape of a 2 mm thick polycarbonate
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Fig. 5. Corrected and non-corrected in-plane displacements (horizontal, U, and vertical, V) of the rigid plate obtained from the original non-magnified sequence and

the 15x magnified sequences.

plate, employed as a cantilever beam, was studied. The plate was
harmonically excited at one resonance frequency using the shaker by
attaching through a clamping device. As a result, the vibrating surface
was 160 mm long and 40 mm wide. Again, the results were compared
and validated through 3D-DIC measurements. Finally, the amplitudes
obtained with both methods and its evolution with the magnification

factor were assessed with the high-sensitivity measurement of the ODS
using SLDV.

The natural frequencies of the beam were initially determined by
means of a modal test employing the SLDV and an accelerometer placed
on the clamping device. The shaker was provided with a white noise
random signal up to 4000 Hz to build the transmissibility function
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between the response of the beam and the excitation of the shaker. From
this result, the resonances of the specimen could be identified in the
analysed spectrum.

For the selection of the frequency for this test, a middle order reso-
nance was considered that shows the benefits of motion magnification
for low signal-to-noise ratio maps. The low-frequency deflection shapes
present high displacements, which are appreciable by the technique
with a high signal-to-noise ratio and magnification is not required. On
the other hand, the high-order ones are so low in amplitude that no
information can be extracted even from the magnified image. Therefore,
the third bending mode (475 Hz) was found to be the most illustrative
for the purposes of this test.

The equipment employed was the same as the first test. The experi-
mental setup for both vision measurements was hence similar. However,
the vibrometer had to be placed in front of the beam in this occasion due
to the laser beam interference with the shaker’s body, losing a region of
the specimen. Therefore, measurements with FP + 2D-DIC and 3D-DIC
could not be performed at the same time due to the spatial restriction
for the whole equipment. Each measurement was performed sequen-
tially maintaining the same test conditions. The arrangement of each
optical systems is shown in Fig. 6.

The recording was also performed under the considerations of the
first test. 176 images were captured. To reduce the size of the sequences,
the images resolution was cropped to fit the specimen shape, using
1380x440 pixels for FP + DIC and 2750 x 800 for 3D-DIC. The frame
rate was established at 4.4 fps, with 22 images per cycle and 0.2 Hz alias
frequency. Magnification of this frequency was applied to the images in
a narrow band. The shutter was set to 1/4750 s. As for the SLDV, a grid
of 105 points was scanned on the plate surface.

4.1. Results

In the previous test, it has been checked that the correction of in-
plane displacements is properly performed from magnified images
through an illustrative rigid body motion. Now, the combination is
evaluated for specimens under periodical deformation. Specifically, the
Operational Deflection Shape (ODS) of the cantilever beam at its reso-
nance frequency of 475 Hz corresponding to its third bending mode
under three magnification factors: 2, 5 and 10.

In Fig. 7, the measurement of the ODS using FP + 2D-DIC yielded a
displacement maps in which no coherent bending deflection is observed.
As magnification is applied in increasing factors, the maps correspond-
ing to the third bending mode of a cantilever beam is revealed, with a
progressive noise reduction. This behaviour was certified in previous
studies for 3D-DIC, which serves here as validation results. The com-
parison of the different magnification states reveals similar shapes with
both techniques. As a common feature, FP 4 2D-DIC yields noisier maps
as it might appear some crosstalk between fringe and speckle patterns

4l FP-+DIC
RUfai  system

(a)
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and it gives a measurement point per pixel, while the maps of 3D-DIC are
smoothed by the use of facets of several pixels. Beyond the shape vali-
dation, it is remarkable the difference of the magnitudes for the same
magnification factor, which is discussed in the next section.

5. Evaluation of the linear trend of amplitude with
magnification factor

According to [21], the chosen band of the phase signal during PBMM
is magnified by (1 + o). This give a proportional evolution of the motion
amplitude with the magnification factor. This section aims to evaluate
this trend through the displacement measured with the vision tech-
niques. In a previous study on 2D-DIC [24], this trend was found to be
proportional but not following a factor of (1 + o).

The analysis of amplitudes in both previous tests also showed a de-
viation from this ideal. The actual magnification factor was estimated by
comparing with the original amplitudes measured by SLDV. In the rigid
body motion test, the mean displacement of the plate was employed for
this purpose. For the bending deformation of the cantilever beam, the
resulting magnification was calculated at every SLDV scanning point
locations and, then, the mean value was obtained. It was necessary to
match the grid location of the three techniques by considering a com-
mon reference, namely, one of the corners of the beam.

The result is shown in Fig. 8 for rigid body motion and ODS on flat
specimen tests. The measured versus the computationally applied
magnification factor is shown for every case. A linear fit was performed
which confirmed the linear trend in all the cases. However, a deviation
from the ideal line corresponding to a measured factor equal to (1 + ) is
observed, depicted in a black dashed line. In both tests, FP + 2D-DIC
obtained the closest values to the ideal trend as its fitting lines have the
slope and offset parameter closest to one. The deviation of 3D-DIC could
be significant. This implies that the amplitudes using one or another
vision technique differ despite using the same magnification factor. This
does not imply, though, a distortion of the real deformation, as
demonstrated in previous studies [24,25]. Hence, it is not an obstacle for
the characterisation of ODS, which are usually amplitude normalised.

Although out of the purpose of this study, the fact that the obtained
magnification in FP + 2D-DIC is closer to the ideal might be consequence
of the measurement principle for out-of-plane displacements. FP am-
plifies them through the in-plane motion of fringes, while 3D-DIC
perform the out-of-plane measurement from the projection of this di-
rection in the plane of each camera, which are usually almost perpen-
dicular. PBMM detects and magnifies pixel-to-pixel (in-plane) motions
of the different features in the images and, therefore, fringes motion is
more detectable. Nevertheless, this point deserves a further study.

Specimen
and shaker

3D DIC
system

(b)

Fig. 6. Experimental setups for the ODSs measurement in the cantilever beam: (a) FP + DIC and (b) 3D-DIC.
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Fig. 7. Out-of-plane displacement maps (mm) of the third bending mode of the cantilever beam under different magnification factors using FP + 2D-DIC and

3D-DIC.
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Fig. 8. Linear regression for measured magnification factors.(a) Results for rigid body motion tests (b) Results for ODS on flat specimen test.

6. Operational deflection shapes in industrial component

The purpose of this final test is to show the potential of the meth-
odology to measure 3D ODSs in non-flat industrial components. A large-
dimensions curved composite panel (1.45 m high, 2.0 m wide and 0.6 m
deep) was hung from a frame structure to measure different ODSs at
resonance frequencies under free-free boundary conditions. The panel
was excited with the same shaker of previous tests using a stinger at a
point in the middle of the lower edge. A resonances identification was
initially performed up to 125 Hz, measuring the excitation applied by

the stinger with a load cell and accelerometers for the panel response.
Afterwards, the panel was harmonically excited at each resonance
for the optical measurement. The system consisted of the same projector
and a single colour high-speed camera model SA3 (1 Mpixel) by Photron
with a Vivitar lens (28 mm focal length). Patterns for FP and 2D-DIC was
similarly employed. Considering the symmetry of geometry and load,
half the panel was measured. This setup is shown in Fig. 9 [16,42]. Two
resonances were tested. The first one was 47 Hz and was recorded at 500
fps in a 500 images long sequence. The second one was 74 Hz, recording
500 images at 1000 fps. Analogously, Fourier profilometry was
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Fig. 9. Experimental setup for the ODSs measurement in the industrial panel using FP + 2D-DIC.

employed to process fringes motion, and 2D-DIC using facets of size 19
pixels and step 5 pixels.

6.1. Results

The ODSs at two of the resonance frequencies of the curved industrial
panel were obtained using FP + 2D-DIC after magnifying the image
sequence of the tests. These shapes are shown in Figs. 10 and 11, nor-
malised by amplitude, and compared with the maps in the original

Non-magnified U

5x Magnified U

0.2 0.3 0.4

Non-magnified V

5x Magniﬁed A%

images at the same instant. Due to the shape and deformation behaviour
of the panel, the three orthogonal components of displacement are
required: horizontal, U, vertical, V, and depthwise, W. The flexibility of
the panel at these low frequencies is significant, even though, the orig-
inal measurements are significantly polluted by noise and the shapes are
not clear. The combination of FP + 2D-DIC and motion magnification
reduced the presence of spatial noise and, thus, improved the quality of
the ODSs maps.

The capability to give 3D displacements is a significant advantage of

Non-magnified W

5x Magnified W

0.6 0.7 0.8 0.9 1

Fig. 10. Industrial panel 3D ODS at the 47 Hz resonance obtained by FP + DIC in the magnified and non-magnified sequence. Directions are: U, horizontal, V,

vertical and W, depthwise.
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Non-magnified W

8x Magnified W

RN W,

1 L L

0.6 0.7 0.8 0.9 I

Fig. 11. Industrial panel 3D ODS at the 74 Hz resonance obtained by FP + DIC in the magnified and non-magnified sequence. Directions are: U, horizontal, V,

vertical and W, depthwise.

these techniques over other applications of PBMM that are simply based
on optical flow. This is especially relevant for this kind of curved plates.
Additionally, FP + 2D-DIC performs with a unique camera. The visual-
isation of the motion with the maps overlaid provides a useful tool for
the analysis of deforming structures in space, including simultaneous
qualitative and quantitative information. To illustrate this, videos of the
normalized ODSs at 47 and 74 Hz, magnified x5 and x 8 respectively are
provided as supplementary material.

7. Conclusions

This study has exploited the integration of Fringe Projection and 2D
Digital Image Correlation for the determination of subtle periodic 3D
displacement in combination with video motion magnification, using a
single camera. This has been done through a deep evaluation of the
intrinsic processing of FP + 2D-DIC integration and the results, in
comparison with consolidated techniques. Namely, as this technique
performs FP and 2D-DIC processing in simultaneous but different image
sequences, both must be magnified individually.

First, the evaluation of the in-plane displacement correction was
performed through the measurement of the rigid body motion of a flat
plate. The pin-hole model correction was able to remove the spurious in-
plane deformation yielding constant displacement maps, in spite of
individually magnifying the sequences for FP and 2D-DIC.

In the next step, the combination of FP + 2D-DIC and PBMM was
performed for the characterisation of ODSs in flat components. The
evaluation of the measurement of the third bending mode of a cantilever
beam revealed the agreement of the deformation maps of FP + 2D-DIC
with those of 3D-DIC for the same magnification processing. In previous
studies, the combination of 3D-DIC was proved to provide deflection

shapes without any distortion introduced by magnification, therefore,
this allows to validate FP DIC with PBMM for periodic deformation
measurement.

In both test, the proportionality of the displacements with the
magnification factor was analysed. Both for FP-DIC and 3D-DIC, pro-
portionality was observed but it does not follow the trend defined by
PBMM algorithms. It was found out that the relation between the ex-
pected magnification values were closer in the case of FP + 2D-DIC. This
difference could rely on the fact that out-of-plane motion produces an
amplified motion of the fringes, which might make it more suitable to be
magnified by PBMM. However, this could be a line to explore in future
investigations.

The high potential of the combination was demonstrated for the
determination of 3D ODS in non-flat industrial components. Unlike
other uses of PBMM, measuring on magnified images using FP + 2D-DIC,
or 3D-DIG, is the only way to obtain 3D measurement maps to date. It is
very beneficial for the interpretation of the behaviour of complex
components under vibration.

Concluding, this investigation has expanded the application range of
the optical technique FP + 2D-DIC. The displacement maps obtained by
this technique, which aims to propose a simpler alternative to 3D-DIC,
were usually nosier than those obtained by 3D-DIC. However, Phase-
Based Motion Magnification, enhance the signal to noise ratio which
could overcome that issue in experiments based on vibration or periodic
excitation.
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materials published in 2018, 2019 and 2020, and citations in 2020 to these items. This three-year set of published items is used to provide
descriptive analysis of the content and community of the journal. Learn more
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Rank by Journal Impact Factor

UNLINKED
CITATIONS
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*Citations iizgétéi/'éems published in [2019 - 2021]

Journals within a category are sorted in descending order by Journal Impact Factor (JIF) resulting in the Category Ranking below. A
separate rank is shown for each category in which the journal is listed in JCR. Data for the most recent year is presented at the top of the

list, with other years shown in reverse chronological order. Learn more

EDITION

Science Citation Index Expanded (SCIE)

CATEGORY

ENGINEERING, MULTIDISCIPLINARY
17/92

JCR YEAR JIF RANK JIF QUARTILE JIF PERCENTILE

2021 17/92 Q1 82.07 I
2020 19/90 Q1 79.44
2019 22/91 Q1 76.37
2018 23/88 Q2 74.43
2017 22/86 Q2 75.00

EDITION
Science Citation Index Expanded (SCIE)

CATEGORY

INSTRUMENTS & INSTRUMENTATION
11/64

JCR YEAR JIF RANK JIF QUARTILE JIF PERCENTILE

2021  11/64 Q1 83.59 —
2020 12/64 Q1 82.03
2019  13/64 Q1 80.47
2018  17/61 Q2 72.95
2017 23/61 Q2 63.11

Rank by Journal Citation Indicator (JCI)

Journals within a category are sorted in descending order by Journal Citation Indicator (JCI) resulting in the Category Ranking below. A
separate rank is shown for each category in which the journal is listed in JCR. Data for the most recent year is presented at the top of the

list, with other years shown in reverse chronological order. Learn more

CATEGORY

ENGINEERING, MULTIDISCIPLINARY
17/175

JCR YEAR JCI RANK JCI QUARTILE JCI PERCENTILE

2021 17/175 Q1 90.57 ]
2020 20/170 Q1 88.53
2019 23/169 Q1 86.69
2018 25/168 Q1 85.42
2017 27/168 Q1 84.23

CATEGORY

INSTRUMENTS & INSTRUMENTATION
6/76

JCR YEAR JCI RANK JCI QUARTILE JCI PERCENTILE

2021 6/76 Q1 92.76 |
2020 7/72 Q1 90.97
2019 7/72 Q1 90.97
2018 9/70 Q1 87.86

2017 8/69 Q1 89.13
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