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Abstract: In this paper, a low-cost solution for Structural Health Monitoring is proposed, exploiting a
dedicated embedded sensing system. Signals provided by the sensor node have been processed by
Continuous Wavelet Transform. The node behavior to seismic-like solicitations and has been assessed
in the case of frequency sweeps. The results demonstrate the system’s suitability for use in Early
Warning frameworks.
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1. Introduction

Traditional Structural Health Monitoring (SHM) approaches employ periodic inspec-
tion, performed by the mean of high-cost and very accurate instrumentation, which is
neither real-time nor spatially dense [1], thus leading to a lack of information. On the other
hand, continuous monitoring, implemented by a permanent network of sensors, allows
for the continuous and conveniently distributed monitoring of health-related quantities
and the consequent tracking of the short- and long-term modification of the structure. The
activity presented through this work aims to develop a sensing architecture compliant with
use in an Early Warning System for SHM. The main outcomes of the solution proposed
through this work, also in terms of novelties with respect to previous works [2,3], are
mainly related to implemented signal processing, which uses a Continuous Wavelet Trans-
form (CWT) to properly investigate the time-frequency content of recorded events. The
latter, with respect to Discrete Wavelet Transform (DWT), offers a more accurate frequency
sampling, thus providing a more reliable analysis of the signal content. This is strategic
for the analysis of transient dynamics. Moreover, cross-correlation-based re-alignment
and the coherence function have been used to assess the system performances against
reference instrumentation.

2. The Developed Approach and Experimental Results

The embedded sensing node, schematized in Figure 1a, mainly consists of the SCL3300-
D01-PCB inclinometer and SCA3300-D01-PCB accelerometer (showing a linearity error
of 1 mg), the Teensy 4.0 module equipped with a Real-Time Clock, a GPS module, and a
Bluetooth transceiver. The node sampling frequency is 200 Hz. Since seismic solicitations
and the related responses of monitored structures can convey interesting content at a
different timescale, a CWT-based approach has been used to analyze the time-frequency
content of recorded signals. The adopted CWT uses the analytic Morse wavelet with the
symmetry parameter equal to 3, the time-bandwidth product equal to 60, and 10 voices per
octave. Auto-triggering of the scales is also used on the basis of the energy spread of the
wavelet both in terms of frequency and time. L1 normalization is used, allowing for the
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better preservation of energy with respect to other forms of normalization. The correlation
between signals recorded by the sensor node and the reference sensor has been elaborated
on by the wavelet coherence operator.
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Figure 1. (a) The node schematization; (b) recorded signals by the reference accelerometer (top) and
the embedded node (bottom); (c) wavelet coherence.

The sensor node features in detecting vibrational stimuli have been accomplished
by using a dedicated experimental set-up, consisting of an electrodynamic shaker and a
reference Titan accelerometer. Seismic-like signals with a dominant frequency bandwidth
around 10 Hz have been used to drive the shaker. An example of recorded signals is given
in Figure 1b. The wavelet coherence analysis between the two signals, shown in Figure 1c,
allows for confirming the suitability of the sensor node behavior, which is coherent with the
dynamics recorded by the reference accelerometer. The frequency response of the node has
also been assessed. An example of a frequency sweep recorded by one of the accelerometer
axes of the node is given in Figure 2a, while Figure 2b shows the corresponding CWT. The
results obtained by the repeatability test are reported in Figure 2c. An average system
repeatability of 1.0 mg in the acceleration measurement has been estimated, by considering
the 30 estimation among a set of repeated readings, which is compliant with the nominal
specifications of the adopted sensors and in line with the requirements of the envisaged

application contexts.
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Figure 2. (a) Frequency sweep; (b) CWT of (a); (c) repeatability of the test results.

06

04

10'

Acc (g)

10°

Frequency (Hz)
Repeatability (g)

Frequency (Hz)

(c)



Proceedings 2024, 97, 38 30f3

Author Contributions: Conceptualization and methodology: B.A.; validation: D.G. and G.N.;
development: B.A. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by “HCH LowCost GeoEngineering Check” grant (G89]18000710007),
funded by the 1.1.5 POR FESR 2014-2020 action.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available at https:/ /figshare.com/articles / dataset/ Accelerometer_
response_to_periodical_stimuli/25408498.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Warsi, Z.H.; Irshad, S.M.; Khan, F.; Shahbaz, M.A ; Junaid, M.; Amin, S.U. Sensors for Structural Health Monitoring: A Review. In
Proceedings of the 2019 Second International Conference on Latest trends in Electrical Engineering and Computing Technologies
(INTELLECT), Karachi, Pakistan, 13-14 November 2019; pp. 1-6.

2. Ando, B,; Baglio, S.; Pistorio, A. A Low Cost Multi-sensor Strategy for Early Warning in Structural Monitoring Exploiting a
Wavelet Multiresolution Paradigm. Procedia Eng. 2014, 87, 1282-1285. [CrossRef]

3. Ando, B.; Baglio, S.; Pistorio, A. A low cost multi-sensor system for investigating the structural response of buildings. Ann.
Geophics 2018, 61, SE217. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://figshare.com/articles/dataset/Accelerometer_response_to_periodical_stimuli/25408498
https://figshare.com/articles/dataset/Accelerometer_response_to_periodical_stimuli/25408498
https://doi.org/10.1016/j.proeng.2014.11.681
https://doi.org/10.4401/ag-7702

	Introduction 
	The Developed Approach and Experimental Results 
	References

