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Abstract

Structural health monitoring with active Lamb waves is a promising technology due to its potential of
covering large monitoring areas with few sensors. However, for complex composite structures, the high
signal complexity inherent to the wave propagation presents the main challenge on the application of this
technology. In addition, it’s not easy to determine the exact group velocities of Lamb waves due to the
anisotropic property of the composite material and the limited resolution of the monitoring system. To
locate damage on this complex structure, this paper presents a damage monitoring method based on the
most frequently-used delay-and-sum algorithm. To improve the adaptiveness of the delay-and-sum
imaging method for this complex structure, a valid data extraction strategy is introduced to reduce the
influence of boundary reflection which deteriorates the monitoring accuracy. Concerning the uncertainty
of the measured group velocity of Lamb waves, a localization accuracy evaluation process is carried out to
analyze the relationship between the localization error and the preset velocity. Specifically, a composite
stiffened panel with a bonded piezoelectric sensor array is researched in this study. Experimental results
verify damage can be located accurately by the proposed method.

1. INTRODUCTION

Aircraft panel structures tend to suffer from the stress caused by large changes in humidity,
temperature, pressure, speed, and loading conditions. The stress may significantly reduce the service life
of traditional metal panels. For substitution, carbon fiber-reinforced polymer (CFRP) is widely researched
for aircraft panel manufacturing thanks to its properties like high strength, low density, corrosion
resistance and high temperature tolerance.™® However, transition to this relatively new material poses
challenges. When it is applied with shear load or out-of-plane tensile load, CFRP laminate is vulnerable to
delamination and matrix crack. Usually, these invisible inner damages are hard to be detected and they
may lead to the sudden destruction of the whole structure. Therefore, it is becoming increasingly
important to develop systems capable of monitoring the invisible defects in the structure.

Structural health monitoring (SHM), as an online and nondestructive technology, appeals to a lot of
researchers.®* Among various SHM tools, the Lamb wave-based active monitoring method is regarded as
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one of the most promising SHM methods due to its advantages like high sensitivity to damage and large
monitoring range. Since the method was proposed, it has been practiced to detect various kinds of damage
in composite structures, such as holes and notches, delamination, crack and so on.>8

To obtain the damage information from the original wave signals, various splendid monitoring
algorithms are designed, including damage index (DI),>* time reversal,"" statistical modeling' and
damage imaging algorithm.* In particular, one of damage imaging algorithms named the delay-and-sum
algorithm is widely researched. This method uses an interpretable and intuitive image to reflect the
damage location in the structure. It is firstly proposed by Wang et al.** to locate the bonded mass on an
aluminum plate. C T Ng and M Veidt'” measure the group velocities in different directions of a composite
plate and apply the delay-and-sum algorithm to detect the defect in the plate. Based on the delay-and-sum
algorithm, Wang et al."® propose a time-reversal imaging algorithm for a composite plate to enhance the
signal-to-noise ratio and improve the imaging resolution by weakening the influence of dispersion of
Lamb waves.

However, when it comes to composite aircraft panels, there are a few issues limiting the direct use of
the delay-and-sum imaging algorithm. The propagating characteristics of Lamb waves in the aircraft panel
are complex due to the existence of the stiffeners.' In addition, the high damping property of CFRP result
in the rapid attenuation of Lamb waves which deteriorates the monitoring accuracy. Furthermore, it is
almost impossible to determine the exact group velocity of scattering Lamb waves due to the anisotropic
property of the composite material and finite resolution of the monitoring system. It is necessary to
quantitively analyze the influence of the uncertainty of the preset velocity on the localization accuracy.

Motivated by the above-addressed challenges in today’s SHM for CFRP aircraft panel structures, a
damage monitoring method is proposed using piezoelectric sensor-actuators. First, the delay-and-sum
imaging algorithm is presented. Second, a valid data extraction strategy is designed with the aim of
reducing the influence of boundary reflections. As a part of the damage imaging method, the strategy is
designed to make the damage imaging method adaptive to the monitoring structure. The integrated
damage imaging method is then applied to locate the damage in the monitoring area. At last, a further
evaluation is conducted to find out the influence of preset velocity on localization accuracy.

2. METHODOLOGY

2.1 Delay-and-sum imaging algorithm

The delay-and-sum imaging algorithm uses residual signals (measured signals subtracted by baseline
signals) which are delayed and summed to obtain the damage possibility of each spatial point in the
structure. Damage image is then plotted according to the value of the damage possibility. The algorithm
can be divided into three steps.

The first step is to calculate the expected arrival time of every point for all actuator-sensor paths. For a
point in the structure, the arrival time of a signal traveling from actuator i at (x;y;) to the point at (xy) and
on to sensor j at (x;y;) can be calculated as

JO=X) (Y =) +4J=x) + (Y- y;)°
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where #,¢ is the time offset caused by the exciting process and it is approximately equal to half of the
length of the exciting signal and vy is the preset velocity of the monitoring system. Normally, this value is
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considered as the actual group velocity of Lamb waves in the structure v,. However, in this study, the two
terms are diacritical strictly.

The next step is to obtain the wavelet coefficient modulus of the residual signals. As different actuator-
sensor paths have different sensitivity to damage, residual signals must be normalized first. It ensures that
all actuator-sensor paths provide sufficient damage information in the damage imaging process. The
normalization process can be expressed as

R@.__ DO-HO
max(abs(D(t) — H (t)))

2)

where D(f) and H(¢) are the measured response signal and baseline signal respectively. Complex Morlet
wavelet transform is applied to the normalized residual signals to extract the modulus of the wavelet
coefficient for further imaging process.”” The coefficient of the wavelet transform CWT(a,b) is expressed
as

T (2,0 R(0) == [ "R w22 Jo ®)
v = ﬁewe‘% @

where a and b are the scale and translation factors. a is calculated by «, /27 f, and f, is the frequency to be

analyzed. i (t) represents the conjunction of w(t) which is the complex Morlet wavelet mother function. e,
donates the angular central frequency and y is the width of Gaussian window. In this study, only the
modulus of wavelet coefficient with a fixed scale factor c is concerned and it is denoted as

E(b) =abs(CWT (c,b | R(1))) (5)

The final step is to calculate the damage possibility of every point and obtain the damage image of the
monitoring area. Each residual signal is delayed by the calculated time t(x,y). Signals form all actuator-
sensor paths are summed to obtain the damage possibility of each spatial point. In the damage image, the
possibility is set to be the pixel value, as

POGY) =D D E(; (X, Y)) (6)

i=1 j=i+1

where N denotes the number of the sensors in the monitoring area.

2.2 Valid data extraction

When Lamb waves run into stiffeners or the boundaries, they will be reflected. This phenomenon
poses the main challenge for signal processing that reflected signals may be mistaken for damage
information. As a result, the length of response signals for SHM requires careful consideration. A long
response signal may unexpectedly contain reflection while a short one will probably lose damage
information. To reach a compromise, the concept of monitoring radius of actuator-sensor path is
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introduced. It is defined as the length of the long axis of the ellipse within which the actuator-sensor path
can provide effective damage information, as is shown in Fig.1(a). In this paper, a two-step valid data
extraction strategy is proposed.

The first step is to design the appropriate monitoring radius which is equivalent to deciding the
maximum length of the response signals. Fig.1(b) illustrates the designing strategy for monitoring radius.
For the actuator-sensor path A-D, the ellipse corresponding to the monitoring radius passes through the
midpoint of the short edge of the rectangular monitoring area. This strategy ensures that for each point in
the monitoring area, at least three actuator-sensor paths can provide damage information for the point.
Meanwhile, the length of response signals is as short as possible and the influence of reflection of Lamb
wave is diminished to a fairly large extent. The maximum length of response signals is estimated as:

r
to =5+ 20 (7

max
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where r, donates the monitoring radius.

Actuator

Monitoring
radius

Sensor

(a)

Figure 1. (a) Sketch of monitoring radius; (b) designing strategy of monitoring radius

After the first step, there may still be reflection parts in the response signals. However, when damage
is close to the actuator-sensor path, the scattering wave packet caused by damage can be separated from
the residual signal and it is usually the first arrival. In this case, the signals will be truncated again to
obtain the optimal length for damage localization. The optimal length of the response signals is expressed
as:

r
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where t;, donates the time of the first arrival.

2.3 Evaluation of localization accuracy

When locating the damage with the delay-and-sum algorithm, the parameters to be set to the system
are the group velocity of Lamb waves and the coordinates of the sensors. In the monitoring system, the
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coordinates of the sensors can be precisely measured while it is almost impossible to match the preset
velocity with the actual velocity. Obviously, the measurement error of velocity is unavoidable due to the
limited resolution of the monitoring system. In the following section, the extent of the localization
accuracy deterioration caused by the deviation of the preset velocity is researched. Four steps are designed
in the evaluation process.

Step 1: It is assumed that the actual damage locates at a certain point (x,y) in the monitoring area. The
normalized residual signals can be ideally reconstructed by shifting the exciting signal according to the
geometric characteristics of the monitoring area and the actual group velocity.

Step 2: A deviation p of the actual velocity is considered and the resulting velocity is set to the
monitoring system.

v, =Vv,(1+p) C))

Step 3: The delay-and-sum algorithm is carried out to obtain the corresponding damage image with the
reconstructed residual signals. In the damage image, the calculated damage position is usually regarded as
the point where the pixel value reaches the maximum. The distance between the assumed actual damage
position (x,y) and the calculated damage position (Xcaicuiated, Yearculated) 1S defined as the localization error.

Step 4: The process is conducted to every point in the monitoring area, resulting in the localization
error distribution LED(x,y|p) of the monitoring area for a given velocity deviation:

LED(X’ y| p) = \/(X - Xcalculated)2 + (y - ycalculated)2 (10)
3. EXPERIMENTAL SET-UP

3.1 CFRP aircraft panel

The structure of the CFRP aircraft panel is shown in Fig. 2(a). The composite laminates consist of
eight layers in a [0 790 7+457-45 9, stacking sequence. There are several T-shaped stiffeners boned on the
panel. Four piezoelectric sensors are attached to the panel covering a monitoring area of 130>220 mm?®.
Fig. 2(b) illustrates the labels of the four sensors and the sketch of the monitoring area.

(a) (b)

Figure 2. (a) CFRP aircraft panel; (b) schematic diagram of the monitoring area
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3.2 Monitoring system

Fig. 3 illustrates the experimental platform of the damage monitoring system. Firstly, the computer
commands the NI-PX15412 signal generating module to output an exciting signal. Secondly, as the signal
is amplified by the power amplifier and applied to the piezoelectric transducer, Lamb waves will be
excited in the panel. The channel switch module is designed for making sure that each piezoelectric
transducer works as an actuator in a certain order. The monitoring efficiency will be highly improved by
this design. Thirdly, response signals pass through the signal conditioner and acquired by the NI-PX15105
data acquisition module. The signal conditioner is integrated with a voltage amplifier and a band-pass
filter. Finally, response signals are stored in the computer and analyzed by the designed algorithm.

1 Channel Power
——  switch amplifier

l I

Signal
Sensor array conditioner NI-PX15412

l I

EE § NI-PXI5105 —| PC

Figure 3. The experimental platform for the damage monitoring system

The exciting signal is a modulated five-cycle sine burst. It is a narrow-band signal which can be
expressed as

2 ft
5

f (t) = Asin(27 f t)(1—cos( ) (11)

where A donates the amplitude and f. represents the central frequency of the signal (60 kHz in this study).
At this frequency, A, mode amplitude is dominant in the response signals, which is preferred in health
monitoring. The exciting signal with the original amplitude of 1 V is amplified by the power amplifier to
60 V. The data acquisition module samples at 1 MHz and 700 points are recorded for every channel. The
response signals are amplified (100 times) and band-pass filtered (500 Hz-200 kHz) by the signal
conditioner.

3.3 Group velocity measurement

As the composite structure is anisotropic, the group velocities of Lamb wave vary in different
directions. When measuring the velocities in this structure, the time of flight (ToF) is required. Hence, the
complex Molert transform is applied to the response signals to extract their envelopes.”’ As the complex
Morlet wavelet is a narrow-band signal, this process can diminish the influence of noise.

During the velocity measurement, Sensor C performs as the actuator and the response signals of
Sensor A, B and D are acquired. These signals are processed with the complex Morlet wavelet transform
and the modulus of the wavelet coefficient is shown in Fig. 4. The propagation time of A; mode Lamb
wave is obtained to calculate the corresponding group velocity. As a result, the velocities in the three
different directions are 1123 m/s, 1111 m/s and 1182 m/s respectively in this case. However, for the
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monitoring system, an 1 s error in the ToF may lead to more than 10 m/s error in the calculated velocity.
Therefore, it is assumed that there is no significant difference within the three measured velocities in three
directions and the monitoring system uses one value for all directions. Finally, the average of the three
calculated velocities is regarded as the group velocity of Lamb wave in the CFRP structure, in this case,
1139 m/s. This average processing method will be evaluated in the following localization accuracy
evaluation section.

Actuator-sensor path C-A Actuator-sensor path C-B Actuator-sensor path C-D
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Figure 4. The complex Morlet wavelet coefficient modulus of the response signals received by
Sensor (a) A; (b) B; (c) D when Sensor C performs as the actuator

4. RESULTS

In order to validate the monitoring algorithm by detecting the multi-damage in different situations,
artificial damages are introduced with a kind of solid adhesive tape as thick as 2mm. It has the same effect
as actual damage to interrupt the geometry continuum of the monitoring structure.

4.1 Valid data extraction and damage localization

Specifically, a typical residual signal and the modulus of its wavelet coefficient are shown in Fig. 5(a)
and Fig. 5(b). The amplitude of reflection part is as large as that of the scattering wave packet caused by
damage. Fig. 5(c) and Fig. 5(d) illustrate the signals after valid data extraction according to equation (8). It
can be predicted the localization accuracy will be significantly improved by this strategy.
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Figure 5. (a) A typical residual signal containing reflections; (b) the complex Molert wavelet
coefficient modulus of the residual signal; (c) residual signal after valid data extraction; (d) the
complex Molert wavelet coefficient modulus of the residual signal after valid data extraction

To locate the damages, the delay-and-sum imaging algorithm is applied with the cooperation of the
valid data extraction strategy. A nonlinear normalization is performed to stand out the high pixel value in
the damage image.' Fig. 6 gives the illustration of the damage images of the monitoring area and the star
symbol represents the actual location of damage. As is shown in Fig. 6(a), the damage image is obtained
with the original residual signals directly. The localization accuracy is dramatically deteriorated by the
reflection of Lamb waves. Fig. 6(b) illustrates the damage image which is obtained with valid data
extraction. It can be seen the localization accuracy is significantly improved by the proposed strategy.

20 40 60 80 100120 20 40 60 80 100 120
X(mm) X(mm)

(@) (b)
Figure 6. (a) The damage image using residual signals directly; (b) the damage image
using residual signals processed by valid data extraction

4.2 Evaluation of localization accuracy

According to equation (10), some typical deviations of the velocity are set to the system and the
corresponding localization error distributions are calculated and shown in Fig. 7. From the results, a
number of features of the imaging algorithm can be highlighted:

1. The localization error of a point in the monitoring area is closely related to its position. If damage
locates near the center of the monitoring area, the localization error is less sensitive to preset velocity
deviation. In other words, central damages can be located more accurately.
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2. When the deviation is getting larger, the absolute value of the localization error tends to become larger.
However, the localization error distribution of the monitoring area hardly changes.

3. There is some difference between the localization error distributions in the positive and negative
deviation situations. Specially, when damage locates near the edges of the monitoring area, huge
sensitivity difference between the two situations can be observed.

4. The maximum value of the localization error is about 25 mm when the preset velocity variation is up to
8%. In addition, when the deviation of velocity is within the range of £5%, which is matched by the
measured velocity deviation in this study, the maximum value of localization error is about 15 mm. Since
the calculated damage covers a certain area in the image and the damage itself has a fixed size, the
localization error is acceptable in engineering applications. As a result, it can be concluded the damage
image method shows the great ability of robustness to the preset velocity variation.
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Figure 7. Localization accuracy distribution when a (a) -8%; (b) -5%; (c) -2%; (d) +2%; (e) +5%;
(f) +8% deviation is added to the actual velocity

The localization error caused by preset velocity variation is researched in the experiment. Artificial
damage is placed on the district where localization error is relatively more sensitive to the velocity
variation. Fig.8 gives the illustrations of the damage images of the monitoring area obtained by setting
different velocities to the monitoring system. In this case, the measured average velocity (1139 m/s) is
considered as the actual group velocity of Lamb wave in the structure for all directions. The deviations are
based on this average value. As is mentioned before, the deviation of velocity in the three directions is
within the range of £5%. When there are £2.5%, 0%, +5% deviation in the preset group velocity, damage
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imaging process is carried out in these situations to analyze the corresponding localization errors. As is
shown in Fig. 8(c), the localization accuracy is fairly excellent when choosing the average value of the
measured velocities in the three directions. When the deviation is getting larger, the localization accuracy
becomes poorer as is predicted in the former discussion. However, within the velocity deviation range
from -5% to +5%, the localization error is less than 20 mm. In fact, taking the size of damage into
consideration, the calculated damage zones in all the situations overlap with the actual damage. As a result,
the system with the damage imaging algorithm has the satisfactory robustness to the preset velocity
deviation. In addition, it is proved this velocity-choice approach for the system is both reasonable and
effective.

vs=1082m/s vs=1111m/s 0 vs=1139m/s
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Figure 8. Damage images of the monitoring area obtained by different preset velocities:
(a) -5%; (b) -2.5%; (c) 0%; (d) +2.5%; (e) +5%; deviation from the actual velocity

5. CONCLUSIONS

A damage monitoring method for a composite stiffened panel is proposed to locate the damage in the
monitoring area. It provides a promising idea for SHM researches that the delay-and-sum algorithm along
with the valid data extraction strategy can locate the damage accurately for complex structures with
complex boundary conditions. It is an adaptive method as the monitoring radius of the actuator-sensor
path is designed according to the geometric properties of the monitoring area. In addition, the influence of
the preset velocity on the localization accuracy is evaluated to validate the robustness of the monitoring
method. It is demonstrated that the preset velocity-choice method is effective for damage monitoring of
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the quasi-isotropic structure. The results are of great significance for further engineering application of the
proposed method.
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