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Abstract: The use of high-speed cameras in the field of structural dynamics for modal identification is a challeng-
ing task. High-speed cameras offer several advantages over classical measurement techniques, such as non-contact
full-field measurement from a distance. However, it is not easy to obtain as good a measurement as with classical
techniques, since various influences play a role, such as: light source, excitation strength, strong noise and the mea-
sured displacement, which becomes very small at high frequencies. This makes modal identification from such data very
difficult with classical methods, especially when it comes to identifying structural damping. Identifying damping is a
challenging task, even with high dynamic range sensors (accelerometers). The main advantage of high-speed camera
measurement is the availability of a full-field response, which can be used as an advantage to reduce the uncertainty of
the identified results. Due to the high noise, an advanced signal processing method must be used that is able to localise
a good portion of the signal and identify damping. Such a method is based on the continuous wavelet transform, which
provides very good frequency separation. It is resistant to noise and much faster than the continuous wavelet transform.
It is a Morlet-Wave Damping identification method which can be understood as a microscope for the signal we used
in this study to identify damping. Damping is a modal parameter that is theoretically not spatially dependent. There-
fore, we used spatial overdetermination to increase the accuracy of the damping identification. The full-filed damping
identification results were averaged over the identified deflection shapes. The method was tested experimentally on the
simple structure up to 2.5 kHz. The results were found to be comparably accurate to the damping identified using the
piezoelectric accelerometer with high-dynamic-range and low-noise piezoelectric accelerometer, proving that damping
can be accurately identified using high-speed camera measurements, only.
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INTRODUCTION

High-speed cameras are increasingly used in the field of structural dynamics Helfrick et al. (2011); Siebert et al.
(2009), where they allow non- contact measurements of displacements with a high spatial resolution. Theoretically, each
pixel can be a sensor enabling full-field measurement Beberniss and Ehrhardt (2017); Durand-Texte et al. (2020). One
of the advantages is that high-speed camera measurements provide a full-field response from a remote object Bagersad
et al. (2017). Non-contact and remote monitoring enables applications that are not feasible or difficult using conventional
approaches.

This paper is an abridged version of the research published in Tomac and Slavi¢ (2022a). The focus of this research is
to overcome the relatively noisy measurements obtained with high-speed cameras by taking advantage of the overdetermi-
nation that this full-field measurement offers. At the same time, the uncertainty in the damping- identification is spatially
dependent (higher at the nodes). Damping identification is based on the Morlet-Wave Damping Identification (MWDI)
method Slavi¢ and BolteZar (2011), which was previously shown to have the advantages of the Continuous Wavelet
Transform method (CWT), e.g. identification on short signals, resistance to noise, good frequency separation, Slavic et al.
(2003); Staszewski (1997); however, MWDI is numerically much less demanding Slavi¢ and Boltezar (2011); Tomac
etal. (2017).

THEORETICAL BACKGROUND

This section describes the theoretical basis for identifying damping using the Morlet-Wave Damping Identification
(MWDI) method Slavi¢ and Boltezar (2011) and the Extended MWDI method Tomac et al. (2017).

MWDI method

The MWDI method is based on the continuous wavelet transform and the damping is identified from the ratio of only
two wavelet coefficients calculated as the inner product between the signal fi, (f) and the basic wavelet function v ()
using the following expression:

T
La(n k, @) = /0 Ful0) W (112, K, @, 1), (1)

where T is the time length of the analysed mode, defined for reasons of spectral-leakage by the number of oscillations k
(k € N) at the analysed frequency w: T = 27k / ®; * is the complex conjugate and y is a Morlet wavelet function.
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To identify the damping, one must obtain two MW integrals with different time spread parameters n; and np, where

n1 < ny Slavi¢ and BolteZar (2011). The MW integrals are shown graphically in Fig. 1 in contrast to the numerically
simulated response. One obtains the ratio between MW integrals:
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Figure 1: Free response and MW function with k =8, @ = 10-2x Hz and a) nj =5, b) np = 10.
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The same ratio is expressed analytically — M (ny, n, k, §) Slavi¢ and BolteZar (2011), which allows to establish the
following equation:
M(nlan27ki7 wi)iM(n17n27kl'7 8!):0 (3)

which is solved for the unknown damping ratio §; of the i-th mode. The method is implemented as a Python package
mwdi Tomac and Slavi¢ (2022c).

eMWDI method

Tomac et al. (2017) discovered that the MWDI method is sensitive to the selection of MW function parameters.
To overcome the parameter selection problem, the optimisation approach is introduced as an extension of the MWDI
method to achieve a convergent result. The method was originally developed for identifying the damping from a single
measurement point in the full range of possible parameters k and ny, with the parameter n; held constant. For details
see Tomac and Slavi¢ (2022a); Tomac et al. (2017).

In this study, the extended MWDI was used in the search for the parameter k € N between a small set of spatial points
for the fixed parameter n,, which is typically chosen to be twice as high as the parameter value n; Slavi¢ and Boltezar
(2011). The spatial PSD is used to select locations suitable for the optimisation approach to select the parameter k; for
each mode i. The damping is identified in a predefined range of k parameters for the selected locations, where the optimal
k is selected by finding the minimum standard deviation of the damping J;;(k) between selected spatial locations /:

k; = arg mkin {std ldev {61 (k)} } 4)
The method is implemented in the Python package extended-mwdi Tomac and Slavi¢ (2022b).

SPATIALLY WEIGHTED MWDI BASED ON THE EXPERIMENTAL DATA

The identification procedure is shown in the diagram in Fig. 2, where the user’s input is shown with red arrows and the
green arrows with the results of the individual steps. The procedure includes six steps based on the experimental results
used in Tomac and Slavic¢ (2022a).

Step #1: Identification of displacements

The identification is carried out on the laboratory example of the aluminium beam (w X A x d =600 x 12 x 50 mm)
which was freely supported on two polyurethane foam blocks. Excitation was done with a modal hammer and the re-
sponse was measured simultaneously with a high-speed camera (Photron FASTCAM SA -Z type 2100K-M-64GB) and



I. Tomac, J. Slavi¢

fm7. t PSD ‘
\ l___j:(>) IIDJ:(u:;) Spatial
DIC/OF W . weightening | =) 5@
- “\\'ﬁt‘i .l

n1.2, Ko hi

Figure 2: Procedure for identifying damping. The indices are: i for modes, j for spatial location and [ for selected spatial
locations.

accelerometer (DYTRAN 3097A2T). The locations of the excitation and the response, including the speckle type, can be
seen in Fig. 3. The displacement is identified using the Lucas-Kanade method Lucas and Kanade (1981), as implemented

z (px)

Figure 3: A single image from the high-speed camera view showing the speckle type and the points identifying the
displacement (the colours correspond to: blue — top, orange — middle and green — bottom row).

in the open-source pyIDI Zaletelj et al. (2020) package, at locations 194 times3 = 582, shown with dots in Fig. 3. The
time response identified from the upper left point is shown in Fig 4.
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Figure 4: High-speed camera-based displacement at a point on the upper left.

Step #2: Rough estimation of natural frequencies for PSD

The MWDI method assumes that the frequencies of the modes are known. One obtains the power spectral density
from the full field time measurements:

1, .
Pi(@) = 7 fin j(®) Jm.j(@) (5)

The PSDs obtained are summed to eliminate the noise and the natural frequencies are selected from the diagram shown
in Fig. 5 which contains their values.
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Figure 5: High-speed camera-based displacement at a point on the upper left.
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Step #3: Spatial Power Spectral Density

The spatial PSDs are used for two purposes, which can be seen in Fig. 2. The first purpose is to perform spatial
averaging in the later step of the full-fiel damping results and the second purpose is to select the points to be used with
the extended MWDI to select the optimal k; parameters for each mode. The spatial PSD is obtained by applying a narrow
rectangular window Af = +5 Hz around each natural frequency for all locations as shown in Fig. 6 using the second mode
as an example.

top row

mid row

0 %0e®
g

bot row
=== threshold

T T T T T T
106 123 141 158 176 194

points

Figure 6: Spatial distribution of the energy spectra for the second mode with threshold used for extended MWDI.

Step #4: extended MWDI - find optimal

The procedure for finding the optimal k parameter uses the roughly estimated natural frequencies. The search is
performed at the top (1 %) points, which are selected separately for each mode using the spatial PSD from the previous
step. The selected points can be seen in the example of the second mode in Fig. 6, separated by a dashed red line. The
range of k parameters is set between 30 < k < 600 and the time spread parameters are set to high sensitivity Tomac
and Slavi¢ (2022a) as n; = 5 and n, = 10. The optimal parameter k is selected using the Eq. (4) and the result of the
optimisation is shown in Fig. 7 using the second mode as an example. During the optimisation process, the exact natural
frequency is also identified. It is identified by finding the maximum of the MW integral (1):

I iy =
2|1,k )| =0

(6)
numerically in the narrow frequency band around the roughly estimated natural frequency. The optimal k values and the
exact natural frequencies for the individual modes are listed in Tab. 1.

Step #5: MWDI - Full-field damping identification

Using the optimal k values and the exact natural frequencies from the previous step in Tab. 1, the full-filed damping
identification is performed. This step executes very quickly, in a few seconds, due to the efficiency of the MWDI method,
unlike the previous step. The results of the full filed damping identification are shown in Fig. 8 using the example of the
third mode with the corresponding spatial PSD. Based on the full-field results, it can be observed how the uncertainty of
the identified results increases as expected with increasing proximity to the nodes.
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Figure 7: Example of an optimisation procedure for selecting the optimal & value using the example of the second mode.

Table 1: Optimal k values obtained with extended MWDI method.

Mode: ‘ 1t 2nd 3rd 4th 5th
Optimal: k 95 458 570 342 554
Exact: f, (Hz) | 179.21 482.22 941.15 1549.1 2304.7
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Figure 8: Full-field damping identified with the MWDI method for the third mode, the red solid line is the corresponding
spatial PSD.

Step #6: Spatial weighting

The full-field damping ratios are spatially weighted to obtain the modal damping ratio &;. The spatial PSD is a good
choice for weighting to exclude results near nodes. A single damping value is obtained using the following expression:

1
_ P.§:
ZJPJ'; T

)

for each mode and the results are shown in Tab. 2.

Verification of the results based on the high-speed camera is done by comparing the results with the data measured
exclusively with the accelerometer. The damping is identified using the MWDI method, using the same input values as in
step #4 for the full-field identification of the damping. The results are shown in tab 2, including the comparison with the
accelerometer expressed as a relative error calculated with: error; = (8; — Sacc.i) / Oacc,i - 100 %.

Table 2: Identification results from HS camera and accelerometer data.

Natural frequency: | 1% 2nd 3rd 4th 5th
0 (%) | 0.7508 0.0633 0.0358 0.1041 0.1482
Oace (%) | 0.7443 0.0633 0.0364 0.1054 0.1567

error (%) | 0.87 006 -1.64 -121  -543
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CONCLUSIONS

The methodology for identifying structural damping from responses obtained from high-speed video recording was
presented using data from a laboratory test as an example. The experimental results of this research confirmed that the
high-speed camera-based approach to damping identification can lead to similar accuracy of damping identification as
identification based on high dynamic range sensors.

This confirms the high-precision, non-contact identification of damping based on camera measurements, which opens
up new possibilities for structural health monitoring and failure analysis.
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