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Abstract: Continuous monitoring of mechanical impacts is one of the goals of modern SHM systems
using a sensor network installed on a structure. For the evaluation of the impact position, there are
generally applied triangulation techniques based on the estimation of the differential time of arrival
(DToA). The signals generated by impacts are multimodal, dispersive Lamb waves propagating in
the plate-like structure. Symmetrical Sy and antisymmetrical Ay Lamb waves are both generated by
impact events with different velocities and energies. The discrimination of these two modes is an
advantage for impact positioning and characterization. The faster Sy is less influenced by multiple
path signal overlapping and is also less dispersive, but its amplitude is generally 40-80 dB lower
than the amplitude of the Ay mode. The latter has an amplitude related to the impact energy, while
Sp amplitude is related to the impact velocity and has higher frequency spectral content. For these
reasons, the analog front-end (AFE) design is crucial to preserve the information of the impact event,
and at the same time, the overall signal chain must be optimized. Large dynamic range ADCs with
high resolution (at least 12-bit) are generally required for processing these signals to retrieve the DToA
information found in the full signal spectrum, typically from 20 kHz to 500 kHz. A solution explored
in this work is the design of a versatile analog front-end capable of matching the different types of
piezoelectric sensors used for impact monitoring (piezoceramic, piezocomposite or piezopolymer) in
a sensor node. The analog front-end interface has a programmable attenuator and three selectable
configurations with different gain and bandwidth to optimize the signal-to-noise ratio and distortion
of the selected Lamb wave mode. This interface is realized as a module compatible with the I/O
of a 16 channels real-time electronic system for SHM previously developed by the authors. High-
frequency components up to 270 kHz and lower-frequency components of the received signals are
separated by different channels and generate high signal-to-noise ratio signals that can be easily
treated by digital signal processing using a single central unit board with ADC and FPGA.

Keywords: impact monitoring; electronic front-end; analog signal processing; structural health monitoring

1. Introduction

Continuous impact monitoring systems have the purpose of detecting events capable
of generating damage to critical structures or components and therefore have an interest in
the SHM field [1-6]. These systems are rapidly evolving to meet the needs of the aerospace,
automotive, and energy conversion and transportation industries [7-9]; the evolution
consists in transforming the electronic laboratory systems towards distributed architectures
of autonomous sensor nodes installed on the structure to be monitored [10].

Impacting objects can have different mass and speed and therefore different energy, in
addition to different shapes and sizes, and so are difficult to predict and model.

The event of an impact can be detected and characterized by different types of sen-
sors, such as piezoelectric sensors for the detection of guided ultrasonic waves [11-15] or
stress /deformation through optoelectronic sensors, such as Fiber Bragg Gratings [16-19]
and others. Obviously, each type of sensor needs an appropriate electronic front-end.
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This work addresses the problems related to the study of a new architecture for the
analog front-end that can be used in a sensor node. The characteristics of this electronic
interface are fully exploited to reduce the sampling frequency and resolution of the analog-
to-digital converter and reduce the capabilities of the computational resources for the
pre-processing of the signal generated by an impact. In this regard, various solutions are
reported in the literature with an analysis of different circuit architectures for interfacing
piezoelectric sensors [20-22].

In this article, the main characteristics of signals captured with piezoelectric sensors
for ultrasound-guided waves (UGW) are described in Section 1; this physical information
is important for the electronic project because it allows the quantitative definition of the
main parameters for the multichannel electronic interface that can be used in a versatile
way for different signal processing and different sensor characteristics (impedance, band).

Section 2 defines the requirements of the design for the extraction of different infor-
mation from the signal generated by an impact, and some comparative considerations are
made concerning the analog interface AFE with respect to a digital solution for acquisition
and processing.

Section 3 describes the hardware design and construction of a programmable AFE
module for use with different types of piezoelectric sensors to be inserted in a 16-channel
acquisition system [23,24] for structural health monitoring. Finally, Section 4 reports the
experimental results obtained by different impacts on an aluminum plate. The conclusions
discuss the advantages of the proposed solution for an AFE integrated with an autonomous
sensor node.

As previously discussed, the problem with the design of the AFE is that of choosing
the type of piezoelectric sensor and the analog processing chain capable of extracting useful
information for the application of triangulation algorithms for estimating the position
of the impact [25-28] and for the determination of energy to assess any damage and
prognostics [6,15].

The useful information contained in the ultrasonic-guided waves is the differential
arrival times between different sensors and the energy of the impact. The literature reports
various methods for estimating DTOAs by means of the early arrival signal that has propa-
gated from the unknown impact point to the known position of one of the sensors installed
on the structure. Since the ultrasound-guided waves in a laminar structure are multimodal-
dispersive Lamb waves [29] with well-defined frequency dependent attenuation [30], it
is necessary to be able to robustly extract the first arrival signal from the background
noise. At the same time, the signals from highly energetic impacts (e.g. >1 Joule) can have
amplitudes that saturate the dynamics of the first stage, notably limited by the available
supply voltage rail. Moreover, the phenomenon of saturation prevents the extraction
of information on energy, and the need for a recovery time during which the system is
unavailable for recording subsequent impacts. From these considerations, it is clear how
the choice of AFE electronics is important to optimize the performance of a modular system
for SHM [31,32].

In Figure 1 (top), the main elements involved in the on-site SHM system for impact
monitoring are illustrated. It is important to notice the strong influence of the environmen-
tal factors (temperature, pressure, dust, humidity, ice, etc.) on the sensor nodes and the
propagation of ultrasonic-guided waves. The operability of electronics in harsh environ-
ments is a challenging topic but is beyond the scope of this paper. In Figure 1 (bottom), the
main electronic components of a node are described. The node architecture is an important
topic of research; the interested reader can find in [33] an example of advanced systems that
fully exploit the MEMS technology. The design solutions for power saving using continu-
ous impact monitoring electronics are another important task to be solved in completing
the electronic design. The main work on this topic is published in the literature [34,35]. The
work presented here focuses on the analog front-end design.
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Figure 1. (Top) Graphical description of a continuous impact monitoring system based on a network
of piezoelectric sensor nodes. (Bottom) Electronic blocks for a sensor node.

2. Characteristics of Impact Signals for the Design of an Electronic Front-End

In this section, we will describe the main physical relationships for a body that impact
the plate-like structure and the characteristics of the generated ultrasonic-guided waves.
The starting point is to collect data for the different types of impacts that must be detected
and processed by an electronic module connected to a piezoelectric sensor.

2.1. Impact Energy and Propagation Velocity of Ultrasonic Guided Waves

Here we recall the main relationships for the characterization of an impact event, and
later in this section, the conversion from mechanical energy into the propagation of energy
by ultrasonic guided waves. A body of mass m falling from a height h, the potential energy
U and the equivalent kinetic energy Ey result:

U =mgh [J] (1)

B =1/2mv? [J] @)

where g is the acceleration due to gravity.
Neglecting the friction with the air, the relationship between height and final speed vf

can be derived from (2):
m
vf = \/28h [?] 3)

It is interesting to remember how the conversion of the energy of the impacting body can
be converted into the propagation energy of the guided waves by means of a dynamic contact
between two bodies. The analysis of this complex mechanical problem was made by Hertz,
who studied the conditions for having the Hertzian contact between two elastic solids [36].

In 1969, a study by C. Jackson and S. Yang [37] was published, based on Hertz’s
studies, to validate their theories even in dynamic conditions. The result is that, in addition
to the factors identified by Hertz to describe the laws of contact, the most relevant factor in
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the case of dynamic contacts is the speed of the impacting body, assuming that the other is
motionless and of significantly greater mass than the first.

In subsequent studies, the propagation speed of the energy carried by the Lamb waves
was also discussed in [38,39] where authors present the theoretical study of the energy
propagation speed, carried by the guided propagation waves, in non-absorbent materials,
coming to affirm that the group velocity of the energy and signal coincide. Reference [40]
reported the theory and the methods for estimating the efficiency of the energy conversion
for the Sy and Ay modes.

A starting point for our analysis is the calculation of the phase and group velocity of
a metal plate. The calculation can be easily performed using the GMM calculator of the
LAMB MATLAB®toolbox: the instrument requests the dimensions of the laminar material,
the mechanical characteristics of the material plate and of the medium with which the
laminate under examination is immersed.

The phase and group velocities of symmetrical (extensional) and antisymmetric Lamb
waves (flexural) are therefore given as a function of frequency. The solution of Lamb’s
equations is shown as an example, for the phase velocity and the group velocity (see
Figure 2), using a homogeneous aluminum plate, 1.4 mm thick, with air on both sides, in
a simulation. In the simulation, higher-order modes are not considered, and an infinite
surface of the plate is assumed, therefore neglecting boundary effects. Finally, is worth
noticing that in the low-frequency region (e.g. below 500 kHz), the Ay mode is dispersive,
while the Sy mode has an almost constant phase velocity. This observation will be recalled
later as relevant for the design of the AFE electronics.
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Figure 2. Dispersion curves of the group velocity (bottom) and phase velocity (top) of the 0 order
modes of Lamb waves in a homogeneous aluminum plate with thickness 1.4 mm.

2.2. Analysis of Spectral Content of Lamb Wave Modes Generated by Impacts

B.C. Lee and W.J. Staszewski show in [38,41] how a wave in guided propagation within
a material maintains its band, so the frequencies associated with the signal components
with the greatest energy can be profitably utilized through the use of piezoelectric sensors
fixed on the structure under examination.

For the verification of this characteristic property of high-speed impacts, in the doc-
ument [42], the analysis of the signals obtained with the following experiment are re-
ported: the impacts of 4.5 mm diameter spheres are fired with a compressed air pistol
(Daisy model 880) on an aluminum plate, inclined 90° with respect to the plate.

The final speed of the impact is equal to 210 m/s, corresponding to a kinetic energy
equal to 8.2 J. Generally, this range of speed and energy is not used in laboratory experi-
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ments because it can damage the structure, while it can be used for final test of technological
demonstrators. The sensors used by Digital Wave Corp., model B1025, are small to avoid
distortion effects due to phase cancellation for higher frequency components (up to 1 MHz).
The signals were acquired directly using a 12-bit LeCroy Model 6810 oscilloscope, at a
sampling rate of 2 MHz. The sensors were positioned 15.2 cm away from impact. From
the analysis reported in [42], two modes of order 0 can be distinguished (see Figure 3), a
slower one, namely flexural mode, or A, and a faster one, extensional mode or Sy.

Flexural
10 - Mtlude
o 1 = 4r
z = 2+ { '
2 A L .J'J_\v—-. =
;é 0 A . é o
g ) :
< -3 - Extensional | | < 2
Mode
10 ] 4 ]
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Figure 3. Signals generated by low-velocity impacts: (a) generated by a 5-times loaded compressed-
air gun, (b) generated by a 2-times loaded compressed air gun [42].

We can observe that the A is the dominant mode while the detection of the Sy mode
is greater than the speed of the bullet. The study then moved on to high-speed impacts, up
to 700 m/s, generated by nylon bullets from air rifles, Swift 5.59-mm caliber rifle, with a
90° incident angle.

The signal is filtered by a low pass filter at the cut-off frequency of 800 kHz, to
eliminate the higher order modes not considered in this analysis (see Figure 4). The
prevailing mode becomes the Sy, which exceeds the Ay mode amplitude, and its duration is
also significantly increased. Summarizing from this study the relationship between impact
speed and propagation mode in an aluminum plate is highlighted; the factors that depend
on the impact speed are:

the amplitude of the signal;
the portion of the spectrum occupied (faster impacts correspond to higher frequencies);
the presence, amplitude and duration of the Sy mode.
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Figure 4. Signals generated from a high-velocity impact: (a) original signal without filtering, (b) same
signal after 800 kHz low-pass filtering [42].
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2.3. Impact Localization by Triangulation Methods

Among the various possible ways to detect the position of the emission source of
Lamb’s guided waves, the triangulation method requires post-processing that uses fewer
resources than other methods, based, for example, on Continuous Wavelet Transform
(CWT) [43-45].

The triangulation method is based on the measurement of the DToAs [27,46,47], among
the various sensors, and the phase velocity of these signals that in general have different
paths. The calculation criterion of the DToA is not unique, and the velocity estimate affects
the precision and accuracy of the localization results.

To elaborate a more reliable criterion, knowledge of the phenomena under examination
is necessary: in particular, the factors that condition the signals related to the generated
Lamb waves [36,37].

Furthermore, is important to understand the propagation of energy transported by
Lamb waves [39] and the conservation of the frequencies associated with these energies
during the path of signals through materials are known [48] as they need to be correctly
acquired by the electronics for post-processing algorithms.

In the studies carried out on the modalities of triangulation of the impacts [46,49,50], it
is clear that the use of the Sy mode is preferable to the use of the Ag mode, as it is moderately
subjected to the problem of dispersion up to 1 MHz (see Figure 2), and consequently it is
possible to use algorithms that require a reduced post-processing for the calculation of the
DToA, and therefore of the impact position [50]. This perspective is interesting considering
the advanced sensor nodes (see Figure 1) with embedded processing capabilities [12,26].

Algorithms that use Ag mode, being present even at low impact speeds, require more
processing [25,46,49]. Furthermore, the Sy mode has a greater attenuation of the Ay mode
at low frequencies, as shown in the viewgraphs in Figure 5; this simulation reports the
calculation of the imaginary part of the wave number k of the propagating wave, according
to Lamb wave mode theory [29,51]. Therefore, the processing chain will have to foresee a
filtering for the extraction of the Sy signal, which has an amplitude lower than the Ay mode.

mmmEE S0 mode attenuation

EET Ao mode attenuation

—

—— J

5 10 15
Frequency [Hz] «10°

Figure 5. Simulation of the attenuation of the order Sy and Ay modes of the Lamb waves for a 1.4 mm thick aluminum

laminate.

2.4. Characterization of the Ag Mode Signal for Low Energy—Low Velocity Impacts

The validation of this theory has been done by an experimental session, by generating
impacts with different potential energy U and different final velocities. This experiment
well represents a common laboratory set-up for non-destructive impacts on metal and
composite materials plate like structures. The signals have been recorded by two different
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piezoelectric sensors: a PI model 876.SP1 and a custom made circular PVDF sensor. The
two sensors are shown in Figure 6 and the main characteristics are reported in Table 1. The
two sensors are placed at the same distance equal to 10 cm from the impact point.

Figure 6. Example of two different type of piezoelectric sensor for SHM: (A) circular PVDF sensor
made with bioriented PVDF film furnished by Precision Acoustics, (B) Piezocomposite, model
DuraAct produced by Physik Instrumente. At the bottom, the ruler tick is 1 mm.

Table 1. Characteristics of sensors.

Type A B
Model Circular_PVDF P-876.SP1 DuraAct
Manufacturer By author§ [25] (Prgasmn Physik Instrumente
Acoustics material)
Capacitance 86pF 8 nF +/—-20%
Thickness piezoelectric element 110 200
(um)
Material Piezo-polymer Piezo-ceramic
Shape Circular Rectangular
Dimensions (mm) 6 16 x 13
Operation temperature range —80°C, +50 °C —20°C, +150 °C

The results of this experiment are summarized in Table 2. The peak voltage corre-
sponds to the first arrival Ay mode signal amplitude, while the Sy is not detectable, as
predicted by theory for low energy/low velocity impact. As for the band of the measured
signals, the Welch method was used to estimate of the power spectral density (PSD), which
contains 99% of the signal energy: for the signals under consideration, this band is con-
tained in [0-18 kHz], that is the audible band, as expected based on Ross’s studies [50]. The
other consideration is about the different sensitivity of the two sensors: the piezoceramic
sensor PI has a sensitivity about 20 times greater than the PVDEF, and the highest voltage
amplitude is 9.09 V. Such large amplitude is capable to deeply saturate a first stage of an
electronic chain supplied by low voltages (e.g. 5V or 3.3 V). Finally, we observe that the
series of voltage amplitudes (columns “a”-“e” in Table 2) are almost proportional to the
potential energy U while are not well correlated with impact final velocity v¢.
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Table 2. Peak voltages recorded with P1.876.5P1 and PVDF the sensors with varying test mass m and

free-fall height h.

A b c d e

h (m) 0.1 0.2 0.5 0.5 0.5
mass (g) 2 2 2 4.7 8.7

U (m]) 1,96 3.92 9.81 23 42
V£ (m/s) 1.4 1.98 3.13 3.13 3.13
Vpeak PI (V) 3.8 5.06 7.9 8.3 9.09
Vpeak PVDEF (V) 0.158 0.201 0.27 0.31 0.28

In summary, the detection of an impact event by Ap mode and the estimation of its
energy by signal chain is rather simple, and the only concern is to avoid the saturation of
electronics by using a programmable attenuator and a clipping circuit. The bandwidth is
almost all in the audible frequency range. For energetic impacts (greater than 1 J), sensors
with low sensitivity can be adopted.

2.5. Extraction of the Sg Mode Signal by High-Pass Signal Filtering for the DToA Estimation

For this study, an impact generated by an 8.7 g sphere in free-fall from 50 cm was
generated with an impact velocity of 3.13 m/s (see data in column “e” of Table 2). The
impact signal was detected with a PI sensor at 10 cm from the point of impact and was
acquired through an oscilloscope. The study was limited to the first 400 ps of the acquisition
trace, because after this acquisition window, the signal begins to be affected by the bounces
at the boundaries. The signal was acquired with a Tektronix MDO3104 digital oscilloscope
with a resolution of 12 bits and bandwidth limited to 20 MHz; the full-scale voltage
was adjusted to 15 V peak-to-peak to avoid saturation, and consequently the minimum
distinguishable voltage is equal to 7.3 mV. Obviously, for single impact events, no averaging
is possible. The original acquired single impact signal is shown in top Figure 7.

Original signal

10 /—_.\‘

Voit
o o

&

" " " L 1 L 1
50 100 150 200 250 300 350
us

filtered signal via high-pass fir filter, cut-off frequency 220KHz

0.05
3
3 VW\/\/WW\)\W

50 100 150 200 250 300 350
us

Figure 7. (Top) Original signal; (Bottom) high pass digitally FIR filter with cut-off frequency 220 kHz.

This signal has been digitally filtered with a high-pass FIR filter bank with a progres-
sively increasing cut-off frequency from 20 kHz to 300 kHz with steps of 20 kHz. We found
that with the increasing cut-off frequency, the A0 mode signal was always detectable with
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reduced duration, and at 220 kHz the amplitude was still above the background noise (see
bottom Figure 7).

In summary, we have demonstrated that the high-frequency components of the A0
signal can be extracted by a selective high pass digital filter applied to a sampled signal with
12-bits, but this solution is not sufficient to extract the S0 mode high-frequency components.
For the sensor node design, the application of FIR digital filters on signals acquired with
12-bit resolution requires quite a lot of computational resources and transfer rate, resulting
in a complex and power-demanding electronic design.

For the above reason, we decided to adopt a more classic and simple analog solution
for the high pass filtering by applying a Sallen-Key active filter (gain 29 dB) with a cut-off
frequency of 270 kHz. We decided to increase the cut-off frequency from 220 kHz to 270 kHz
to increase the rejection of the most energetic low frequency components of the Ay mode.
The choice of this filter of 2nd order is dictated by the excellent linear phase characteristics
that is fundamental for preserving the information contained by the impact signals. For the
estimation of the DToA, an experimental set up is devised, as illustrated in Figure 8.

#1

#2

—— 5cm @ Impact @ Sensor

Figure 8. Experimental setup for DToA estimation by Sy and Ay mode signals. PI-976.SP1 piezoelec-
tric sensors #1 and #2 are at 10 cm distance and 10 cm and 20 cm respect to the impact point (blue
dot). The aluminum plate dimensions are: 500 mm x 500 mm X 1.4 mm.

The impact experiment was carried out with a sphere m = 2 g mass and free-falling
height h = 50 cm (see column “c” in Table 2) to consider the worst case with lower energy
impact. In Figure 9, the analog filtered normalized signals acquired by sensors #1 and #2
are shown. From these data, it is possible to extract the information of the DToA by the
large amplitude Ay mode pair assuming the arrival time of the first peak: two markers
show the arrival times and the corresponding DToA is 32.65 ps, and the group velocity of
3628 m/s for a distance 10 cm. This value is in good agreement with theoretical values for
the A0 mode in the high-frequency range, as reported in Figure 2.

More interestingly, in Figure 9, the other two early signals can be observed well
separated from the Ay mode signals. For the interpretation of these two signals as Sy mode,
we proceed with the analysis with DToA. A zoom of Figure 9 is useful for the analysis of
the DToA as reported in Figure 10.

To verify that the observed signals represent components of the Sy modes, we estimated
the DToA equal to 19.25 ps, corresponding to a group velocity equal to 5190 m/s.

Again, this value is in good agreement with theoretical values for the Sy mode in the
high-frequency range, as reported in Figure 2. In the later part of these two signals, we can
observe more remarkable differences due to dispersive characteristics.
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Figure 9. Impact generated signals with a sphere on an aluminum laminate and detected at 10 cm
and 20 cm distance from the impact point with PI sensors—analog filtered signals.
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Figure 10. Zoom of Figure 9 on a 50 ps time window for the Sy mode signals.

It can therefore be concluded that these components belong to mode Sy and the analog
filter with cut-off frequency designed by theoretical and experimental analysis can detect
the low amplitude and fast Sy mode.

3. Design Requirements of the Receiving Electronics

This paragraph will illustrate the main requirements for AFE and the architecture
of the receiving module with three different selectable and programmable measurement
chains. The system must be suitable for acquiring and processing impact signals with the
characteristics analyzed in the previous paragraphs. These signals can be generated either
with spheres in free-fall from a height of 50 cm or an electromechanical impactor [29]. The
latter can be programmed for low impact energy as Ek = 0.35 mJ and vf = 0.15 m/s; in
this condition, the AFE must be able to manage signals of maximum amplitude, ranging
from 9.5 Vp-p for PI sensors to 300 mVpp for PVDEF sensors and a large (e.g., 300 kHz)
bandwidth to avoid signal distortion. The front-end must be able to acquire both the signals
for detection and energy evaluation purposes. For the DTOAs estimations, the extraction
of the high-frequency components of the Ag and Sy modes needs dedicated channels with
high pass filtering and high gain. As regards the output characteristics of the module, the
connection to a multichannel acquisition system [23,24] is taken into account, with input
impedance equal to 50 (2 and with 12-bit ADC dynamics equal to 1V peak-to-peak.
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Figure 11 shows the block diagram of the AFE module. At the input common to all the
measurement chains, there is an adjustable attenuator, followed by a buffer that separates
the sensor from the rest of the processing chain and protects the subsequent stages from
excessive voltages that would inevitably lead to saturation.

extemnal input

Selectableattenuator
11

Sensor 21

31

10:1

Buffer

CH1

LM6172 LM6172

: CH2
Active 2° order
highpass non-inverting am plifer /
bessel filter gain =9 exterral input
Fie=270 kHz
CH3

LM6172 LM6172 LM6172

Active 2° order
non-inverting amplifier highpass non-inverting amplifier
gain =13 bessel filter gain =16
Fie=270 kHz

Output selector

Buffer
LM6172

non-inverting amplifier
with selectable gain
Gi=1
G2=2
G3=3

Externd Out. Reet 50 ) Passive 1* order

low-pass filter
Fae= 800 kHz

external input

Figure 11. Block diagram of the multi-functional analog front-end. External inputs are digitally controlled from a central unit.

At the common output of the three chains, we have the programmable channel selector
and a processing chain composed of a non-inverting amplifier, a low-pass filter to limit
broadband noise up to 800 kHz, capable of driving a 50 () input impedance ADC stage.

We now describe the three different processing chains (CH1, CH2, CH3) that can be
selected on each single module.
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CH1 is the channel for the acquisition of raw signals: the signal acquired by the sensor
passes through the attenuator, with programmable attenuation (default 10:1), then through
the output selector and the output stage.

The CH2 was developed to filter the signals generated by the impact with a sphere in
free-fall. The default attenuation is set 1:1, suitable for processing typical signals of a high
sensitivity sensor, such as PI, and with impact characteristics, such as the case reported in
the “e” column of Table 2.

In the case of impacts with greater energy, it is sufficient to set the attenuation to an
adequate value.

The signal is then filtered analogically through the filter already described in para-
graph 1.6, reaching a peak voltage of about 210 mVpp with a gain of 9 v/v, to have
amplitudes such as to be able to exploit most of the dynamics of the ADC.

On this channel, it is therefore possible to acquire high-frequency signals, generated
by low energy impacts, which contain both the Sy component and the Ay component.

Channel CH3 has been developed to process the signals generated by the electrome-
chanical impactor. The default attenuation is set 1:1. Always considering the same distance
of 10 cm from the point of impact, the signal acquired is coupled through a low noise
impedance buffer adapter and then amplified with 13 v/v gain.

This signal, after high pass filtering, has a lower amplitude and needs further amplifi-
cation by a factor of 16, so that the processed signals have an output dynamics of £800 mV.
In this case, the output stage amplifier can further amplify the signal to take advantage of
all the dynamics of the ADC. The signals processed in this way have the high-frequency
Ay component. The Sy component, which we remember according to the impact speed, is
difficult to distinguish from the noise.

The second function of channel CH3 is the detection of only the Sy component gener-
ated by the sphere impacts: in this case the Ay component will be saturated and clipped
at the ADC input, but this is not a problem because the informative contribution for the
triangulation algorithms belongs to the earlier 5.

The choice of the operational amplifiers to be used in this chain depends on power
consumption requirements. In a main power sensor network, the power supply has fewer
constraints, while for an autonomous node battery operation, the choice of a low voltage op-amp
is mandatory. However, the validity of the AFE architecture presented in this work remains
valid. In our case, the available power supply was +/3.3 V or +/— 5V, we then decided on the
larger one. The LF347 has a low consumption rate, introduces a minimum amount of noise in
the signal bandwidth, and has a high slew rate: its unity gain band is adequate for the observed
signals. It is therefore suitable for the buffer function in this application.

The LM6172 is also a low consumption op-amp, and its large gain-bandwidth product
allows amplification and active filtering of signals; moreover, it has a high output current
and is therefore suitable for driving subsequent stages.

4. Design and Realization of a Versatile Analog Front-End Module

Once the correct operation of the multichannel front-end was found in a through-hole
prototype, small surface-mount (SMD) multichannel front-end were created, including
connectors for the input and output signals (see Figure 12). A female jack type female
connector was chosen for the input. A second input has also been inserted, with a micro-
USB connection as an alternative to the jack connection. An SMA connector was used for
the output of the front-end board for connection to the multi-channel electronic platform.
In Figure 12, the side view of a module is illustrated: a shield has been adopted to limit the
electro-magnetic-interference (EMI) with other mixed-signal modules in proximity and the
USB connector as an alternative connector with respect to the dual in-line connector to the
backplane. In this way, the module can also be used as a stand-alone.
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Figure 12. (Top) The board with the analog electronic front end. (Bottom) Modular installation boards on the backplane of
the real-time electronic platform for SHM.

Design and Realization of a Versatile Analog Front-End Modules

The frequency-domain responses of two modular SMD boards have been measured
and compared with simulation. The characterization is important for the assessment of
reproducibility among different modules and the possible presence of positive feedback
leading to poor circuit stability and frequency response peaking.

Reported in Table 3 is the characterization for the three channels (CH1, CH2, CH3). The
characteristics of the prototypes have been measured and averaged among the
16 modules realized for the multichannel platform. The values are in good agreement with
simulations, considering the error propagation of the SMD components tolerances (5%)
and the filter circuit topology.

Table 3. Characterization of gain and frequency response of the three channels.

Gain Bandwidth (—3dB)
Ch 1#
anne Simulated Measured Simulated Measured
CH1 —0.4dB —1dB 0-500 kHz 0-400 kHz
CH?2 30 dB 30 dB 200-700 kHz 210-600 kHz
CH3 57 dB 56 dB 200-550 kHz 200-550 kHz

It can be concluded that the 16 multifunctional front ends have comparable transfer
functions for the 3 channels, so the acquired signals are conditioned in the same way.

The propagation times within the channels were also measured (see Table 4). To
measure the delay times, a sinusoidal cycle burst with a chosen frequency Fi (i = 1,2,3)
within the band of interest was used. The travel times recorded on the CH1 are constant
as the frequency varies, consistent for the two prototypes. The differences recorded are
irrelevant for the purpose of calculating the DToA, which have quantities of the order of
microseconds. The same considerations apply to CH2 and CH3. Front-end showing the
same signal delays do not have a significant influence on DToAs.
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Table 4. Delay times for the three channels of the AFE.

Fl F2 F3
Freq (kHz) 1 80 200
CH1
Front-end #1 470 ns 468 ns 456 ns
Front-end #2 472 ns 470 ns 462 ns
CH2
Front-end #1 478 ns 450 ns 320 ns
Front-end #2 478 ns 448 ns 322 ns
CH3
Front-end #1 498 ns 420 ns 320 ns
Front-end #2 496 ns 423 ns 322 ns

The output noise of the CH2 and CH3 channels was measured because they are the
channels dedicated to the conditioning of low amplitude signals. For this measurement,
an impedance of 50 (2 was placed at the input, and the Vrms output from the module
was measured using the Tektronix TDS3012B digital oscilloscope with a band limited to
20 MHz. The SNR was evaluated by using a one cycle burst sinusoidal signal at the central
band frequency of the channel under examination, with an amplitude of 10 mV, then the
rms value of the output signals is recorded (see Table 5). Values exceeding 72 dB allow the
processing of small impact signals and justify the use of ADC with 12-bit resolution.

Table 5. Signal-to-noise ratio in decibels of the module for the selection of CH2 and CH3.

SNR Front-End #1 SNR Front-End #2
CH2 72 dB 72 dB
CH3 76 dB 76 dB

The power consumption estimation is important for the dimensioning of the power
management of the sensor node (see Figure 1). The analog front-end is powered with a
dual £5 V power supply and absorbs 20 mA of current, therefore consumption is 200 mW.
Considering that the development platform can host up to 16 modules, the total power
is 3.2 W. This value certainly requires management by means of high-efficiency and low
noise switching DC/DC converters to avoid problems of thermal dissipation and available
energy dissipation.

For continuous monitoring in sensor nodes, the use of AFE activation techniques in
the presence of an event detection has been proposed in [35]. In the interest of developing
an embedded system, it is necessary to select integrated devices that operate with a lower
power supply (e.g., single supply 3.3 V).

5. Experimental Results

To validate the whole system, we organized an experiment with four PI sensors
installed on the aluminum plate in different positions, and an impact in a known position
was carried out with a free-falling sphere with an impact final velocity of 1.2 m/s. The
four AFE modules were programmed for CH3 and no attenuation at the input.

In this way, the maximum amplification was exploited for the early detection of the
Sp mode signal and the determination of the DToAs by first peak detection with a simple
threshold method. For comparison, the same experiment was repeated by using the CH2
for the acquisition of Ag mode and subsequent DToA processing.

The experiment is carried out with 4 + 4 PI sensors connected to programmable AFE
modules and installed on the aluminum plate. Colored play dough was placed at the edges
of the plate to attenuate reflections from boundaries.

The configuration for the experiment is done by comparing the results obtained by
one group of four sensors and processing the Ay mode and another group of sensors for
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processing the Sy mode; the corresponding group velocities are 1450 m/s and 5500 m/s,
respectively. For the Ay mode, the electromechanical impactor (see Figure 13) was used,
while for the Sy mode, the free-falling mass impactor in the same point was used. The
estimated DToAs and the corresponding distances D;j are reported in Table 6. The resulting
analysis is interesting, as it reveals the advantages of using a simple threshold method
on the detectable Sy, which is most accurate for the application of triangulation methods
based on distance estimations. The error is always less than 5 mm, which is lower than the
S0 mode central wavelength equal to VgroupS0/fcut-off = 5500/270000 = 20 mm.

|
|

==X
|

Figure 13. The experimental setup for impact continuous monitoring by a 16-module electronic
platform. The picture shows the two impactors: the electromechanical programmable impactor with
a thin steel bar integrated into the vertical cylindrical case (shown in the center), and a free-fall mass
mounted on an arm with 1 angular degree of freedom (shown on the bottom-right).

The design and characterization of the three channels present in each module demon-
strate the advantage of customizing the AFE to obtain the best performance in an impact
monitoring system that can be implemented with different sensors. Furthermore, the pro-
posed signal chain is easy to implement even in a more compact and replicable technology,
such as ASIC or custom chip. The advantages of the integrated electronic design for the
sensor node are well described in the articles by Tang et al. [52,53]. To reduce the footprint
of a custom IC, it is necessary to keep in mind the difficulty of integrating the passive
components used in active filters; in the project presented here, capacitor values lower than
5nF have been adopted.
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Table 6. DToAs and distance estimation with Ay and Sy mode signals.

Data from Sy Mode — AFE CH3 Selected —

Data from Ay Mode — AFE CH2 Selected —

Vgroup_Sy = 5550 m/s Vgroup_Ag = 1450 m/s
Calculated Actual Calculated Actual
Path DTOA Distance Distance Error Path DTOA Distance Distance Error
(us) (mm) (us) (mm)
(mm) (mm) (mm) (mm)
Dy 9.20 50.6 50.1 —-05 D12 13.54 19.6 27.9 8.3
Dys 19.90 109.5 105.1 —-4.3 Dyi3 43.12 62.5 105.1 42.6
Dyi4 24.00 132.0 135.5 35 Dyi4 59.62 86.5 135.5 49.1
Dyo3 10.70 58.9 55.0 -3.8 Dyo3 29.59 429 77.2 34.3
Dyos 15.40 84.7 85.3 0.6 Dyos 46.08 66.8 1075 40.7
Dy34 4.70 25.9 30.3 4.5 Dy3.4 16.50 23.9 30.3 6.4

6. Conclusions

In this paper, we have investigated the design of a versatile analog front-end for
interfacing piezoelectric sensors for capturing ultrasonic guided modes generated by
impacts on a mechanical structure. This type of waves, called Lamb waves, are multimodal,
dispersive and have frequency-dependent attenuation.

We have considered all these physical factors to create a set of quantitative data for
deciding the electronic interface requirements. The paper describes this preliminary step,
providing the reader with the ability to reproduce the same analysis for other electronic
interface design devoted to SHM applications.

One of the main objectives was to separate the signals arising from the Ay and S
Lamb wave modes. This is achieved by the design of three different chains with different
gain and frequency response, and they are:

(1) Chain 1—for impact detection and energy determination with no gain by low fre-
quency (up to 20 kHz) spectral content of Ay mode.

(2) Chain 2—for extraction of high-frequency components (higher than 220 kHz) of the
A0 mode for low impact velocity with moderate gain (9 v/v).

(3) Chain 3—for extraction of high-frequency components (higher than 220 kHz) of the
S0 mode for low and high impact velocity with large gain (208 v/v).

(4) A programmable input selector for accommodating the sensitivity of different piezoelectric
sensors sensitivity and avoid saturation of the electronics for high energy impacts.

(5) An output filter at 800 kHz for limiting the in-band noise.

Thanks to the versatility of this analog chain, each module can host different sensors
and has different functionality. This is an advantage of designing an SHM sensor network
where not all nodes have the same purpose. Moreover, when these modules are integrated
with a multichannel acquisition platform, the system can provide in real-time several
characteristics of impact events. This strategy alleviates the computational and digital data
handling requirements of the electronics that can be embedded in a single node.

The signal-to-noise ratio obtained exceeds 72 dB, and power consumption and time
delays of electronics (always less than 500 ns) are replicable on different units.

The benefit of this solution for the electronic interface is demonstrated with experimental
tests on a network of four piezoelectric sensors of patch type installed on an aluminum plate.

The differential arrival times (DToAs) of the first arrival signal are obtained by the
Sp mode signals by a simple thresholding method. The errors on distance evaluation are
always less than 5 mm over distances from the impact point of about 200 mm and an Sy
mode wavelength of 20 mm. This good performance for DToA estimation is then exploited
on post-processing for localization of the impact point by common triangulation algorithms.
The threshold method is simple to be implemented in real-time for continuous monitoring
and does not require much power being based on a comparator stage. Each module can be
used and programmed also in a stand-alone mode.
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In summary, the AFE modules installed on a multichannel modular platform can be
used to arrange optimal sensor layout for continuous monitoring by deploying different
types of sensors, and they can be individually programmed for specific analog signal
pre-processing tasks (impact detection, impact energy, DToA).
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