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Abstract

In recent years, new Structural Health Monitoring (SHM) methodologies with a concept of “instantaneous baseline damage
detection” are being developed by many researchers since it has been found that the most of SHM technologies are too vulnerable to
environmental and/or operational variations. In this context, this paper presents online instantaneous baseline structural damage
detection using a low cost and low power, in-situ piezoelectric guided waves-SHM system. Firstly, four small, low cost and light
weight smart Piezoelectric Ceramic (PZT) patches are surface-mounted and assumed to have the same bonding conditions to detect
structural defects on an aluminum plate. Then, a miniaturized low power guided waves-SHM system with a Digital Signal
Processing (DSP) module is employed for signal generation/excitation, signal sensing, and data processing. The instantaneous
baseline damage detection based on Wavelet Transform (WT) and Cross Correlation (CC) analysis is carried out on the DSP module.
Finally, effects of Lamb waves due to artificial ‘cut-damage’ at different locations are investigated using both “pitch-catch” and
“pulse-echo” wave propagation schemes. Conclusively, this study shows a good potential for online and in-situ crack monitoring on
panel structures such as an aircraft wing.

Keywords: structural health monitoring, piezoelectric sensor, guided waves, instantaneous baseline damage detection, low power
system

1. Introduction

In recent Structural Health Monitoring (SHM)/Non-Destructive
Evaluation (NDE) applications, innovative sensing technologies
utilizing appropriate software and hardware systems for data
acquisition/reduction are strongly required (Heo and Jeon, 2009;
Seo and Kim, 2008; Yun and Jang, 2008). Particularly, on the use
of the guided wave propagation method launching an elastic
wave through the structure to detect or locate incipient cracks,
the changes in wave attenuation, time-delay, and/or reflection
can be sensed by piezoelectric sensors-based structural monitor-
ing system (Raghavan and Cesnik, 2007). However, there are
significant technical challenges in realizing the pattern compari-
son. For instance, structural defects typically take place long
after the initial baseline collected, and other operational and
environmental variations of the system can produce significant
changes in measured responses, masking potential signal
changes due to structural defects (Sohn, 2007). To solve the

drawbacks of conventional SHM techniques, some reference-
free schemes that do not rely on the previously obtained baseline
data have been developed for damage detection in a structure
(Anton et al., 2009; Kim and Sohn, 2007; Park et al., 2009).
Particularly, Kim and Sohn (2007) proposed a reference-free
scheme based on the fact that mode conversions due to crack
formation can be instantly detected by examining measured
Lamb wave signals for crack detection in a plate-like structure
with a uniform thickness. Park et al. (2009) presented a fre-
quency domain reference-free crack detection method using
transfer impedances by extracting the mode conversion effects in
frequency domain not time domain. However, since the mode
conversion effects are caused by non-symmetric damages such
as a notch in the plane structure, this approach could not be
applied for symmetric damages such as a ‘through-thickness’
hole or crack. To overcome the limitation, our study utilizes the
instantaneous baseline SHM method proposed by Anton et al.
(2009). Anton’s approach enables us to detect symmetric damages
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including a “through-thickness” cut without using any prior
baseline information. On the use of the instantaneous baseline
SHM method, a low-power piezoelectric guided waves system
developed by Kim et al. (2009) is employed for this study. The
miniaturized guided waves-SHM system with a Digital Signal
Processing (DSP) module executes signal generation/excitation,
signal sensing, and data processing. A Hanning windowed
sinusoidal signal is applied to one PZT patch to generate Lamb
waves that travel through the host structure, and then the
propagating Lamb wave signals are captured at other PZT
patches. The instantaneous baseline damage detection based on
Wavelet Transform (WT) and Cross Correlation (CC) analysis is
carried out by the DSP module of the low power piezoelectric
guided waves system. Finally, the effects of Lamb waves due to
artificial ‘cut-damage’ with different locations are investigated
throughout both “pitch-catch” and “pulse-echo” wave propaga-
tion schemes on the instantaneous baseline damage detection
method using a low power piezoelectric guided wave system.
The current damage detection approach using the instantaneous
baseline is applicable even under extreme environmental condi-
tions and also very practical in an aspect of using a miniaturized
low power and low cost guided waves system.

2. Low Power Piezoelectric Guided Waves Sys-
tem

The architecture of our system, its operation, and excitation
signal generation and processing of the sensed signal are
presented in this section.

2.1 System Architecture and a Prototype

A low-power piezoelectric guided wave SHM system has been
recently developed by Kim ez al. (2009). Our system consists of
three major functional blocks: a processing unit, a signal actua-
tion unit, and a signal sensing unit, as shown in Fig. 1. The pro-
cessing unit is composed of a DSP Evaluation Module (EVM),
specifically TMS320F2812 from Texas Instruments, and a memory
unit. The processing unit controls the overall test procedure and
performs signal generation and damage assessment. It also
provides a communication interface to the host PC to record the
sensed signal for post processing. The signal actuation unit con-
sists of a Digital-to-Analog Converter (DAC) and a driver. The
DAC with a 12-bit resolution and the maximum conversion rate
of 100 MSPS generates an analog excitation signal. The driver
made of opamps boosts the excitation signal up to 20 V,,;,, which
increases the signal-to-noise ratio. Propagated Lamb waves are
sensed at a PZT patch, and the signal amplified by an amplifier is
applied to the Analog-to-Digital Converter (ADC) embedded in
the DSP chip. The ADC has a 12-bit resolution and is configured
to operate at 8.3 MSPS for our system. The sensed digital data is
stored in the memory of the processing unit for further pro-
cessing. A prototype of our system shown in Fig. 1(b) consists of
three boards and has the dimension of 8.6 cmx13.5 cmx6.1 cm
(WxLxH).
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Fig. 1. A Low Power Piezoelectric Guided Wave System (Kim et
al., 2009): (a) System Architecture, (b) Prototype

2.2 Wavelet-based Signal Processing

The frequency of the excitation signal is chosen using the
dispersion curve of Lamb waves for the structure under test. The
shape of the excitation signal also plays an important role. A
burst of a sine wave with Hanning window (equivalently raised-
cosine with a roll-off factor one) is commonly used and adopted
for our experiments. The waveform of the excitation signal is
stored in a look-up table, and the DAC generates the excitation
signal using the look-up table. The DAC operates at the sample
rate of 100 MSPS, while the frequency of the excitation signal
for our experiments is below 1 MHz. The driver with an inherent
low-pass filter generates a smooth waveform owing to the rela-
tive high sampling rate of the DAC. Figs. 2(a) and (b) show a
Hanning windowed excitation signal of 200 kHz in the time and
frequency domains, respectively.

Wavelet transform is applied to eliminate noise of the sensed
Lamb wave ultrasonic signals (Legendre et al., 2000). Wavelet
transform is computationally simple and provides a compact
representation of a signal in the time and frequency domains.
The wavelet transform used for our system is expressed as
follows:

Whu,s) = jf(t)ﬁ‘l’*(%)dt )

where, f(7) is the sensed waveform to be transformed and ‘¥'(¢) is
a mother wavelet with finite energy. Scale parameters s and u
indicate dilation and shift, respectively. Any mother wavelet can
be used for a wavelet transform, which is a major advantage of
wavelet transform. The excitation signal itself is chosen as the

KSCE Journal of Civil Engineering



Instantaneous Baseline Structural Damage Detection Using a Miniaturized Piezoelectric Guided Waves System

5
(a) N
4
.‘"'\-‘ -“
3 A ‘
o 2 { :
2 { Fal
1 ! {0\
Q / \
=] |
‘2 0" \ / \_/f
= A |
E L '\\/’a“' { "‘ \ |
& "w I "‘: "‘I‘
af ‘ \ /
\/
- /
5 L L S L L "
0o 2 4 6 8 10 12 14 16 18 20
Time (usec)}
(b) g ' /\ |
y
0} ”f' '\\
/ \
0 20| ‘
=)
p— |
Q \
30} |
,'UE lﬂ_/‘\\‘ | ‘I ~
= f1 W
[ J
[\ VoA
< o\ INARY
[ i\
soff || T
i i\l \! |
| o \
.‘ | b \ .‘"/\‘-
60} | Vo
|1

50 100 150 200 250 300 350 400 450 500

Frequency (kHz)

Fig. 2. Hanning Windowed Sine Wave with Four Peaks: (a) Wave-
form in the Time Domain, (b) Normalized Frequency Spec-
trum

mother wavelet and the dilation parameter s is set to 1, Then, Eq.
(1) is simplified as:

W) = [V (t—u)dt 2)

Eq. (2) suggests that the wavelet transform becomes the corre-
lation between the excitation signal and the sensed signal. The
resultant transformed waveform can be saved in the DSP EVM
or the host PC for further processing.

3. Instantaneous Baseline SHM Techniques

3.1 Instantaneous Baseline SHM using Lamb Waves

The SHM technique employed in this study involves detecting
damage without the use of prerecorded baseline data by acquir-
ing an “instantaneous baseline” measurement each time a struc-
ture is interrogated (Anton et al., 2009). The transducers must be
placed such that the sensor-actuator paths are of equal length and
that structural features are spatially uniform between transducers.
In an isotropic structure, the Lamb wave signals recorded for
different paths will be identical if the structure is undamaged. If
damage is present along one of the paths, the Lamb wave signal
recorded along that path will differ from the remaining signals.
Features from the undamaged paths are used to create a statistical
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Fig. 3. Instantaneous Baseline SHM Method Using Lamb Waves
(Anton et al., 2009)

baseline allowing the separation of damaged paths without prior
knowledge of the structure by monitoring changes in the Lamb
wave shape, magnitude, and frequency. In an anisotropic mater-
ial, transducers must be placed such that the material properties
of equal length paths are identical. If two sets of equal length
paths do not have the same material properties, a separate analy-
sis must be carried out for each set. Fig. 3 illustrates the concept
of instantaneous baseline SHM where signals from undamaged
paths are used to create an instantaneous baseline from which
signals from damaged paths can be compared and signal differ-
ences are used to indicate damage. Finally, the differences are
compared to threshold values that do not need to be calculated
using baseline data.

3.2. Damage Detection Algorithm

The damage detection algorithm utilized in this study involves
the cross correlation analysis of each signal compared to the
remaining signals of other equal length paths. Cross correlation
analysis determines the degree to which two signals are linearly
related. In order to detect damage in the test structures, the Cross
Correlation (CC) value is used as a linear damage index and is
defined as:

1y _ _
_ ]—vzl.:l(xi_x)(yi_J’) _

o0,

cc 1 3)

Where, x and y are the mean values of the two sets of data and
o, and o, are standard deviations of the signature data sets x and
, respectively. The more closely correlated the two signatures
(therefore the healthier the system), the closer the CC is to the
value 1. Therefore it is common to use “1-CC” instead of CC in
order to have the damage index increase by increasing the
severity of damage. The “1-CC” describes numerically how well
a path correlates to all the other paths, where a path that does not
correlate well to any other path will have a high value and a path
that correlates well to all others will have a low value. The CC
values are calculated for each path and the “1-CC” evaluation of
the values is used as an instantaneous damage indicator to iden-
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Table 1. Instantaneous Damage Indicators from Every Path Com-
binations

Instantaneous damage indicators Path Combinations

1 “1-CC” between Paths #1 and #2
“1-CC” between Paths #1 and #3
“1-CC” between Paths #1 and #4
“1-CC” between Paths #2 and #3
“1-CC” between Paths #2 and #4
6 “1-CC” between Paths #3 and #4

*Note that Path #1 presents a signal from PZTs #1 to #2, Path #2 from
PZTs #1 to #3, Path #3 from PZTs #2 to #4, and Path #4 from PZTs #3 to
#4.

2
3
4
5

tify outlying or damaged paths. This algorithm involves calcula-
ting the “1-CC” values of a single reference path compared to all
the other paths. Then, the single reference path is moved to the
next path in a sequence. For instance, if four paths (Paths #1, #2,
#3, and #4, herein, it is noted that Path #1 presents a signal from
PZTs #1 to #2, Path #2 from PZTs #1 to #3, Path #3 from PZTs
#2 to #4, and Path #4 from PZTs #3 to #4.) are considered, total
six damage indicators can be instantaneously obtained from
every path combinations (between Paths #1 and #2, #1 and #3,
#1 and #4, #2 and #3, #2 and #4, and #3 and #4), as described in
Table 1. Herein, when the first three instantanecous damage
indicators 1, 2, and 3 all have bigger values than the maximum of
the rest three other indicators 4, 5, and 6, one can predict the path
#1 (which is common to all of the first indicators) is a crack
located path. In a similar fashion, if the instantaneous damage
indicators 2, 4, and 6 all have bigger values than the maximum of
the other indicators 1, 3, and 5, then we can predict the path #3
(common to all of three indicators 2, 4, and 6) is a crack located
path. Thus, the crack damage locations can be predicted simply
by comparing their magnitudes between six instantaneous
damage indicators. It is noted that the current damage detection
algorithm does not require any prior information and does not
rely on the previously obtained baseline data.

4. Proof-of-Concept Application

4.1 Experimental Setup

A 91.44 cmx91.44 cm (3 ftx3 ft) and 1.59 mm (0.0625 in)
thick 6061-T6 aluminum plate was selected as a test specimen
(Fig. 4(a)). The health of the aluminum plate was monitored using
four same PZT patches of 12.7 mm (0.5 in) diameter, 0.254 mm
(0.01 in) thick circular PZTs from APC International, Ltd. with
an array in a square grid pattern with 30.48 cm (12 inch) apart
with each other as displayed in Fig. 4(b). The PZTs were
attached to the plates by applying a single drop of Duro® super
glue to the patch. Lamb waves are excited in a round robin
fashion such that each PZT acts as both a sensor and an actuator.
For example, PZT #1 will act as an actuator and excite a Lamb
wave in the plate while the surrounding transducers (PZTs #2,
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Fig. 4. Test Set-up: (a) Aluminum Plate (91.44 cmx91.44 cmx1.59
mm), (b) PZT Arrangement

#3, and #4) will act as sensors, recording response data. Then,
PZT#2 will act as an actuator and the surrounding transducers
will act as sensors. This process is repeated until Lamb waves
traveling along each path will be all recorded. But, remember our
damage detection algorithm considers only the paths have a
same distance.

Two artificial different damages shown in Fig. 5 are con-
sidered to test the instantaneous baseline Lamb waves SHM
method. The first cut damage is inflicted at 10 cm apart from
PZT #1 between PZT #1 and #2 to investigate the performance
of the instantaneous baseline SHM method using “pitch-catch”
scheme. (Fig. 5(a)). Then, the second damage is inflicted at 6 cm
below PZT #4 along the extension of the path between PZT #2
and #4, and the damage is intended for testing “pulse-echo”
scheme (Fig. 5(b)). The cuts in Figs. 5(a) and 5(b) are almost
identical (through thickness cuts of 3 cm long and 1 mm wide)
except their locations.

4.2 Sensor Diagnostics
A critical element of most structural health monitoring systems

is the ability to detect faulty sensors and actuators that may
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(a)

(b)

Fig. 5. Artificial Cut Damages Inflicted on the Plate (Through-thickness cuts of 3 cm long and 1 mm wide.): (a) Cut between PZT #1 and

#2, (b) Cut below PZT #4

compromise damage detection performance. The instantaneous
baseline method relies on the fact that signals recorded for
undamaged paths are identical, thus sensor failure can cause
faulty measurements and affect the ability to detect damage. In
order to assess the condition of the piezoelectric sensors used for
SHM, a technique developed by Park er al. (2006) known as
piezoelectric active-sensor diagnostics is employed in this study.
Piezoelectric sensor diagnostics is capable of evaluating both the
bonding condition of the piezoelectric devices as well as the
mechanical and electrical condition by monitoring the electrical
admittance of bonded sensors. It has been demonstrated that
sensor/actuator faults can be successfully detected by measuring
the slope of the imaginary part of the admittance of each sensor
over a wide range of frequencies. Changes in this slope are used
to indicate broken or poorly bonded devices. When implement-
ing the piezoelectric sensor diagnostics technique, it is desirable
for all of the sensors to have admittance signatures with the same
slope, and for that slope to be slightly lower than the admittance
measured for a free (un-bonded) PZT patch. Prior to recording
experimental data on the aluminum plate specimen, electrical
admittance measurements are made to perform sensor diagnos-
tics. Results of the admittance testing are given in Fig. 6. From
the results, it can be seen that the slope of the imaginary part of
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Fig. 6. Sensor Diagnostic Admittance Measurements
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the admittance of all four PZT patches shows little variation.
This confirms that the sensors are properly bonded and free from
fractures or defects. With four uniform and healthy sensors
installed on the test plate, experimental testing can be carried out
to validate the instantaneous baseline technique using low-power
hardware.

5. Experimental Results

The excitation signal for our experiments is a Hanning-win-
dowed 200 kHz waveform with four cycles of the sinusoidal
signal as displayed in Fig. 2(a). The excitation frequency of 200
kHz was chosen for a good separation of the fundamental
symmetric mode S, from the fundamental asymmetric mode A,.
The excitation signal was applied to a PZT patch, and the re-
sponse was captured at other PZT patches. Specifically, the
response was sampled for 0.5 msec by the ADC with the sample
rate of 8.3 MSPS and the resolution of 12 bits. Fig. 7(a) shows an
intact waveform for the PZT #1 as an actuator and PZT #2 as a
sensor (referred to as Signal 12). Fig. 7(b) is the wavelet profile,
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Fig. 7. Waveforms Captured at PZT #2 with an Actuation at PZT
#1 (Signal 12): (a) Raw Signal for the Path between PZT #1
and PZT #2 (Referred to as Signal 12), (b) Wavelet Profile
for the Path between PZT #1 and PZT #2
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which suppresses noise and the DC offset of the original wave-
form. The first tone burst in Fig. 7 is the fundamental symmetric
mode S, and the second burst is the fundamental asymmetric
mode A,. All other bursts are reflected modes from boundaries
of the plate.

5.1 Pitch-Catch Scheme

Firstly, the pitch-catch experiment was considered to diagnose
the existence of the cut damage located between PZTs #1 and #2
shown in Fig. 5(a). Fig. 8 shows the successive measurements of
all the Lamb wave paths with a same distance for the funda-
mental mode S, under the cut damage. It is noticeable that the cut
damage caused a time delay in the Signal 12 only (Fig. 8(a)). All
other signals, Signals 13, 24, and 34 could be regarded as instant-
aneous baselines, and the damage indicators, “1-CC” values,
described in Table 1 showed the cut damage detection results on
the Path #1 (between PZTs #1 and #2) with the threshold set
from the maximum of the instantaneous baselines (Fig. 8(b)).

5.2 Pulse-Echo Scheme

Secondly, the pulse-echo experiment was considered to iden-
tify a cut damage located below PZT #4 shown in Fig. 5(b)
without using any prior baseline information. It is noted that the
damage under consideration is not on the path between the two
PZT patches, which enables the pulse-echo scheme. Fig. 9(a)
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05 : i 11 | W S|gna| 34
E, 0 %
] 3 f
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= i i
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Fig. 8. Instantaneous Baseline Cut Detection on Pitch-Catch
Scheme: (a) Successive Captured Lamb Wave Signals, (b)
Instantaneous Baseline Damage Detection
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Fig. 9. Instantaneous Baseline Cut Detection on Pulse-Echo
Scheme, (a) Successive Captured Lamb Wave Signals, (b)
Instantaneous Baseline Damage Detection

shows the successive measurements of all the Lamb wave paths
with a same distance for the fundamental mode S, under the cut
damage. The reflected mode was observed in the Signal 24 only,
and other signals, Signals 12, 13, and 34 were regarded as the
instantaneous baselines. As shown in Fig. 9(b), it has been found
that the cut damage below PZT #4 corresponding to Path #3 was
successfully detected from the “1-CC” value chart calculated in
Table 1 with a proper setting of the threshold value obtained
from the instantaneous baselines.

6. Conclusions

This paper presented online instantaneous baseline structural
damage detection method using a low cost and low power, in-
situ piezoelectric guided waves-SHM system. A miniaturized
low power piezoelectric guided waves-SHM system with a
Digital Signal Processing (DSP) module was employed for signal
generation/excitation, signal sensing, and data processing, and
the instantaneous baseline damage identification algorithm based
on Wavelet Transform (WT) and Cross Correlation (CC) analysis
was applied on the DSP module. By using the instantaneous
baseline damage indicators obtained between the signals succes-
sively measured at different paths with a same distance, no direct
pattern comparison to pre-recorded baseline data was required to
detect structural damages. In order to confirm all of the PZT

KSCE Journal of Civil Engineering
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sensors were surface-mounted with the same bonding condition,
a sensor diagnostic has been carried out before the testing. Then,
the ability of the instantaneous baseline method using a low
power piezoelectric guided wave system has been investigated
throughout both “pitch-catch” and “pulse-echo” wave propaga-
tion schemes to diagnose two cut damages with different loca-
tions. Conclusively, it has been verified that our integrated SHM
method can successfully detect crack damages on uniform and
isotropic aluminum plates without using any prior baseline infor-
mation. Furthermore, it is noted again that the SHM method
presented in this paper can be effectively utilized for real appli-
cations even under extreme environmental conditions because
this approach does not need any prior baseline information.
However, the current approach is applicable only for the damages
located within the guided wave paths. More considerations to
detect some damages inflicted out of the guided wave paths are
required in the near future. Further work is underway to extend
the current instantaneous baseline concept to more complicated
structures containing complex geometry such as welds and joints.
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