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Abstract

In this manuscript, the authors deeply investigate and test a modern technique that allows the analysis of a structure starting
from a photo to identify and locate damage present on it, rapidly and non-destructively without any physical interaction with
the analyzed structure. The technique suitability is tested on four statically deformed beams, on which notches represent the
defects. The core of the proposed method is the correlation between the curvature that each beam presents under load condi-
tions and its flexural stiffness. The proposed methodology consists in taking a photo of the inflected beam; subsequently,
the acquired photo is manipulated with specifically designed image processing tools, and the second derivative of the beam
axis is estimated using two distinct numerical differentiator filters (Lanczos filter and Gaussian wavelets) along with suit-
able processing to reduce border distortions. The tests conducted demonstrate that it is possible, with an opportune static
deflection amplitude, to accurately detect the position of the notch with the proposed procedure; a sensitivity analysis is also
conducted by testing the procedure with different beam thicknesses, notch positions, and amplitude of the static deflection.
Although the authors realize that the technique can generally require sensibly large displacements, the results seem promising.
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1 Introduction

Structural health monitoring (SHM) is crucial to ensuring
the safety and reliability of various engineering mechani-
cal structures, such as buildings, bridges, etc. Detecting,
assessing, and managing structural degradation or damage
is essential for preventing catastrophic failures and minimiz-
ing risks. SHM techniques generally consist in collecting
data related to structure behavior, load distribution, vibra-
tions, and material properties to analyze using sophisticated
algorithms and models to detect any abnormalities or signs
of deterioration [1].
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The diffusion of computer vision has revolutionized the
field by providing advanced tools for dense data acquisition,
real-time monitoring, and assessment of structural integrity.
The growing interest in this approach is demonstrated by
the proliferation of review articles in the literature over the
years [2-7].

The application of these techniques is widespread in civil
engineering, where the displacements of the structures are
relatively large and the natural frequencies small; this makes
the acquisition of valuable data via computer vision easier.
Vision-based algorithms are employed for motion tracking
of large structures [8—11] (even in real time [12]), in per-
forming modal analysis [13, 14], system identification and
updating [15], and in detecting damages [16].

Advantages of computer vision for SHM are several [2,
4]: they are generally inexpensive, contactless, non-destruc-
tive and allow for the assessment of structural integrity
without the installation of sensors directly on the structure,
unlike traditional techniques that rely on data collection
through accelerometers or strain gauges. Given the advan-
tages, it is not surprising that vision-based SHM techniques
are not limited to civil engineering structures but can also
be extended to mechanical components (such as beam-type
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Fig.1 Beam specimens (left)
and the experimental setup
(right)

structures) characterized by operational conditions sig-
nificantly different from those in civil engineering, such as
small displacements and high vibration frequencies.

A static analysis approach is conducted in [17, 18], where
a computer vision method for measuring the in-plane dis-
placement field of cantilever beams is presented. The pur-
pose of the cited articles is to carry out a structural health
analysis starting from the static deformed shape of the beam
(acquired by the vision-based algorithm) by exploiting dif-
ferent damage detection techniques: second-derivative algo-
rithm, line-segment algorithm, and voting algorithm in [17],
fractal dimension, wavelet transform, and roughness meth-
ods in [18]. A static approach has also been utilized by the
authors in [19] to carry out damage detection on an epoxy
glass beam by acquiring its statically deformed axis start-
ing from a photo acquisition and then processing it with the
wavelet method.

In addition, the possibility of carrying out modal analysis
oriented to structural health monitoring has been extensively
tested; in [20], the authors introduce and test in laboratory
experiments a novel approach to assess structural vibra-
tion by utilizing high-resolution images and sub-pixel edge
identification. In [21, 22], a fusion data approach is imple-
mented combining accelerometer data and photo acquisition
to obtain mode shapes. In [23], a 2D-projective method is
employed to acquire structural dynamic data including mode
shape, natural frequencies, and damping ratio. In [11], an
algorithm for dense full-field displacement measurement
is developed and its applicability to modal identification is
tested on a set of simply supported beams. Subsequently,
damage detection via an MSC-based index is performed.
Finally, in [24, 25], a wavelet-based damage detection tech-
nique is applied to a vibrating beam elastic line extracted by
the edge detection method.

The authors’ intent in this study is to deepen the potential-
ity of the vision-based method for SHM and damage detec-
tion introduced in [19], testing the technique on four beam
specimens with different characteristics (e.g., notch posi-
tion and thickness). To achieve this goal, an algorithm was
first developed to extract the deformation axis of a deflected
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beam starting from a photo. Then, the acquired axis coordi-
nate points were employed as input for the damage detection
procedure. Its basis is the correlation between the curvature
that the beam exhibits under load conditions, and its flexural
stiffness [26]. The damage on the beam results in a localized
change in its flexibility, manifesting as abrupt variations in
the second derivative of the transverse deflection. There-
fore, the proposed methodology can be summarized in two
parts: first, the acquisition and processing of the photo to
extract the axis of the deformed beam, and second, the dam-
age detection through the estimate of the second derivative.
To conclude, the effectiveness of the proposed method was
tested in the laboratory on beams of which the structural
integrity had already been evaluated in a previous study [27].
This allowed for a comparison between a time-consuming
data acquisition methodology (PSD-triangular laser sensor)
and a quick vision-based data acquisition technique, and to
conduct various sensitivity analyses to provide an overview
of the method behavior depending on the structure to which
it is applied: the characteristics of the beams under examina-
tion indeed could influence damage detectability.

2 Materials and Methods

The experimental setup (Fig. 1) was composed of a frame,
in which the beam was clamped at one end, two operating
screws to impose the deflection shape, and a consumer-grade
camera (Canon EOS 1200D) fixed on a tripod. Black card-
board was used as the background to make the beam more
visible and to improve the segmentation processing.

The proposed methodology was tested on four differ-
ent beams (Fig. 1), whose characteristics are summarized
in Table 1. In beam 1, beam 3, and beam 4, a notch, as
specified in Table 1, was made at different distances from the
beam clamped section to simulate the damage. In beam 2, on
the other hand, three different notches were made to carry
out an analysis of sensitivity aimed at identifying the most
sensitive damage location, thus evaluating the influence of
the beam curvature on damage detectability. Furthermore,
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Table 1 Geometric characteristics of the beams under test

Ref. Material description Length L (mm) Thickness 2~ Width b (mm) Crack location L, (mm) Crack width  Crack
(mm) d (mm) depth
alh
Beam 1 Aluminum alloy 588 34 25 311 2 0.5
Beam 2 Plastic laminate 570 16 25 99-202-302 2 0.5
Beam 3 Epoxy glass laminate 500 5 25 265 2 0.5
Beam 4 Epoxy glass laminate 500 10 25 265 2 0.5
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Fig.3 Output of the segmenta-
tion process

as indicated in Table 1, each beam had a distinct thickness,
enabling the exploration of the link between thickness and
damage detectability.

To evaluate the suitability of the vision-based data acqui-
sition method compared to the PSD-triangular-laser-sensor-
one (whose results are available in [27]), the beams were
statically deformed to emulate their second mode shape
measured in [27] and displayed in Fig. 2. It is evident that
the static shape obtained in this way will not fit perfectly
the dynamic one, as the inertial effects are neglected. How-
ever, what matters is comparing the two techniques based on
deflected shapes with comparable displacements.

The deflection was emulated by setting beam maximum
displacements equal to those measured in [27]; subsequently,
this initial deflection was amplified by 2, 4, 6, and 10 times
to test the method sensitivity to displacement magnitude.

Beam length (m)

As can be seen in Table 1, the depth (a/h) and the width
(d) of the crack are the same for all the analyzed beams.
Although it may seem that the position of the defect is differ-
ent for each beam, this is true only geometrically. The posi-
tion of the notch is modally constant for all the beams as it is
located at a distance equal to 0.53L from the clumped beam
section, which corresponds to the point where the curvature
of the second mode shape is maximum.

To take non-distorted photos, camera calibration was car-
ried out by the Matlab' Camera Calibrator.

The segmentation algorithm was implemented in Mat-
lab. Its output is a mask (Fig. 3) in which the beam is the
foreground.

! MATLAB 9.13.0 (The MathWorks, Natick, MA, USA 2022).
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The beam axis extraction algorithm was applied to this
mask; the procedure employs a 2A,, X 2A,, pixel window
(the green box in Fig. 3) moving along the beam profile by
one pixel per step. 24, and 2A,, are the window width and
height respectively. At every iteration, the axis point coor-
dinates (in pixels) are calculated by the following equation:

4-Am-An
() = (Mt o T o )
PrP) = > 4eAmeA
2 Zi:lm nIi

where m,,,, and m,;, are the coordinates, along the beam
axis direction, of the extreme pixels of the window, n; is
the coordinate of the ith pixel in the transversal direction,
and 7, its intensity. Afterward, a scale factor S [8] transforms
pixel coordinates into physical units (m); for each beam the
scale factor S was calculated by knowing the beam length
in millimeters and its length in pixels using the formula
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S = lym/lyixer for example, photos having a resolution equal
to 5184 x 3456 pixels produced a scale factory approxi-
mately S~0.1 mm/pixels for the 500 mm long beam. This
scaling factor is linked to the sensitivity of the visual sensor:
a greater resolution leads to a smaller scaling factor, thereby
increasing the sensitivity of the sensor. In other words, this
means that the technique appears to be potentially influenced
by the choice of the camera.

The procedure previously illustrated allowed the extrac-
tion of the bent beam axes y(x) (Fig. 4) which were subse-
quently processed to estimate their second derivative.

In particular, Figs. 5, 6, 7, and 8 show the second deriva-
tives estimated with two distinct differentiator filters: left
figures represent the estimate through the Lanczos fil-
ter [28, 29], while the estimate in the right figures was
obtained employing the continuous wavelet transform [29].
In both cases, the second derivative Eq. (2) was estimated
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by performing the numerical convolution (represented as *
in Eq. 2) of the bent beam y(x) twice through the respective
filters of the first derivative (h; in Eq. 2). This is to extend
the physical signal through the Rotation option for each con-
volution step for reducing distortions at the edges [30]:

= hy % () % Yext) o )

The length of the filters was calibrated through dilation
parameters which provided similar performance to reject the
experimental/numerical noise; a dilation parameter a =35 was
chosen to process the data.

3 Results

The results of the experimental investigations were analyzed
by beam type and compared to those in [27]. It was observed
that the displacements of the reference deformation did not
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initially allow the damage to be detected with the proposed
method. At least, this was the case with the experimental
setup used.

It is intuitive that the larger the deformation, and, there-
fore, the curvature, the more readily the damage can be
detected. To prove this, sensitivity analysis was conducted,
and results were almost the same for each beam; in particu-
lar, for beam 2, beam 3, and beam 4, detectability improved
as the amplification factor increased. For all the three beams,
the damage could not be detected for an amplification factor
lower than 6 except for beam 2 (Fig. 6) of which the first
damage (located at 99 mm from the beam clamped end)
could be identified with an amplification factor equal to
1 (this result will be deeply analyzed later). Even the alu-
minum beam (Fig. 5) makes an exception, as the damage is
never detectable for any amplification factor.

This confirms the correlation between beam thickness
and damage detectability already evaluated in [26], which
becomes even more evident through the method illustrated in
this paper. In fact, comparing all the beams, the peak in the
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second derivative was larger for beam 2 (Fig. 6), the thickest
one, while it could not even be singled out for the thinnest
beam (beam 1, Fig. 5). Then, a comparison between beam
3 and beam 4 (respectively Figs. 7, 8), which are made of
the same material and only differ in thickness, showed that
the peak was more visible in beam 4 which is twice as thick
as beam 3.

Finally, considering beam 2, the influence of the cur-
vature on the damage detectability can be demonstrated.
In fact, as it can be seen in Fig. 6 with an amplification
factor equal to 10 (because this allows to locate clearly all
the three damages), the third notch is the most visible with
respect to the other two, which are located where the cur-
vature is smaller. This confirms what was assessed in [27],
which illustrates how the capability of the second derivative
in detecting damage is modulated by the curvature of the
system under test, and how the damage located near points
with smaller curvature can be poorly identified. Nonetheless,
using the method illustrated in this work, the damage located
near the point with smallest curvature is the only one that is
always visible, even with the amplification factor equal to 1.

4 Conclusions

The purpose of this work was to evaluate the suitability of a
vision-based data acquisition method for damage detection
compared to previous analyses. The study carried out so
far has only involved the specimens already available in the
laboratory from the previous study. In fact, the objective of
this preliminary study was to understand the potential of the
technique and evaluate whether to continue investigating it
further.

The results proved that the proposed vision-based method
needs larger displacements than a PSD-triangular laser sen-
sor to acquire valuable data. However, we found the results
rather encouraging because this technique allowed to acquire
a dense full-field displacement with a minimum effort in
comparison to [27] which involved the acquisition of a large
number of discrete points in a very time-consuming way: it
took almost 10 h to perform a complete acquisition using
the PSD triangular laser sensor against the few minutes for
photo acquisition and processing.

Then, as in [27], the curvature and the thickness of the
beam influence the detectability of the damage present on
the beam itself; in particular, the larger the curvature and
thickness, the easier it is to locate the damage, apart from
what has been found for the first notch on beam 2.

Future research will be conducted by considering the
dynamic shapes of the beam excited by a shaker or, even,
by environmental forces. Moreover, the authors will deepen
the reasons allowing to find the first damage located in
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correspondence of the smallest curvature position on beam
2 starting from the lowest amplification factor.
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