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Lamb waves and electro-mechanical impedance (EMI) based methods are increasingly used in damage detection
owing to their high sensitivity to small structural defects. Lamb wave based methods are effective in detecting
damages in a large area and electro-impedance based methods are suitable for characterizing the identified
damage. Based on these two methods, a novel combined damage detection method is presented in this research.
To achieve this, first, a mobile transducer set is developed, which can be used for both the Lamb waves and EMI

based methods. Then, a baseline-free damage detection strategy that combines the Lamb waves and EMI
methods is presented. Finally, a laboratory-sized test piece is used to validate the effectiveness of the proposed
approach. The results achieved with the application of the presented combined method for characterizing an L-
shape crack in an aluminum plate show better location accuracy and detection efficiency than those obtained by

applying only one method.

1. Introduction

Engineering structures, such as those in aircraft, civil infrastructure,
and heavy equipment, usually suffer adverse serving conditions or even
sudden impacts, which may easily cause structural defects. Thus, da-
mage detection techniques have always been a major industrial concern
in the fields of non-destructive evaluation (NDE) and structural health
monitoring (SHM). The most common NDE and SHM techniques in-
clude visual inspection, optical fibers, shearography, infrared thermo-
graphy, eddy currents, ultrasonic inspection, Lamb waves, and elec-
tromechanical impedance (EMI). Among the damage detection
methods, the Lamb wave based and EMI methods are being increasingly
used in recent years for their high sensitivity to structural damage
[1-5].

In the EMI-based method, the electrical impedance of the piezo-
electric lead zirconate titanate (PZTs) can be directly related to the
mechanical impedance of the host structure by the coupling between
the sensor and the structure [6]. Hence, if the mechanical impedance of
the host structure varies because of damage, the measured EMI signals
will also be affected [7]. The EMI method is suitable for local damage
detection owing to its sensitivity to the presence and propagation of
damage [8]. Lately, some valuable studies have been conducted, in-
cluding quantitative damage detection in pipelines using multiple EMI
sensors [9], quantification of corrosion damage using an innovative
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mechanical impedance-based technique on steel structures [10], and
differentiation between two types of damages using time-frequency
analysis of EMI [11]. However, although the EMI method can be highly
sensitive to even a small damage under high-frequency ranges, the
sensing area of the PZT was extremely small and the method could not
detect damage in the far field [12].

In comparison with the EMI method, Lamb waves can achieve a
larger sensing area and be faster and more cost-effective to locate da-
mage [13,14]. Lamb waves based damage detection methods utilize a
specific type of ultrasonic guided waves that remain guided between
two parallel free surfaces, such as the top and bottom surfaces of a plate
or of shell like structures. Lamb waves can be generated and received by
various kinds of transducers including ultrasonic probes [15], laser-
based ultrasonics [16], electromagnetic acoustic transducers (EMAT)
[17-19], PZT wafer/elements [13,20], interdigital transducers using
polyvinylidene fluoride (PVDF) [21] (mainly used as a sensor), and
fiber Bragg grating (FBG) [22] (only used as a sensor). Structural da-
mages can be identified by extracting and evaluating the changes in
Lamb waves characteristics, such as reflections, scattering, and mode
conversion, owing to the interaction between waves and damage
[13,23]. However, such changes are usually defined by comparing the
current signal with a baseline signal [24-26], and they can be easily
affected by environmental and operational changes [27-30]. Moreover,
it is difficult to analyze and interpret Lamb wave signals owing to the
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dispersion and multi-modal properties in wave propagation; therefore,
to a certain degree, the application of Lamb waves is less concise and
accurate for characterizing damage [31].

The combination of the Lamb wave and EMI methods retains the
advantages of both. This procedure is capable of global damage de-
tection using Lamb waves and of localized damage characterization by
measuring impedance [32-34]. Therefore, the same PZT patches can be
used for both methods and the structural area can be covered com-
pletely [32,33]. Besides, an integrated system that drives the same PZTs
by changing the detection mode could have less complexity to a certain
degree. Recently, some useful attempts have been done to capture the
benefits of these two methods [31,35,36]. However, these works all
depend on the baseline data. Besides, sensors must be pre-arranged at
critical structural locations for EMI measurement. A mature scheme
offering increased accuracy and higher efficiency is still in exploration.
The development of mobile robot systems for damage detection is a
trend for the future. To make them more efficient and intelligent, a
suitable detection strategy is necessary.

In this study, a novel combined damage-detection strategy based on
the Lamb waves and EMI methods using a mobile transducer set is
developed. Firstly, the proposed strategy does not need a baseline
signal. For the Lamb waves, a baseline-free probability-based damage
imaging technique is employed to identify the healthy and damaged
areas quickly. The measured EMI signals in the healthy area could then
be examined and calculated as “reference data”, instead of any pre-
viously obtained baseline data. In this way, the proposed strategy
minimizes false detections caused by non-damage related variations in
both methods. Secondly, in order to generate and collect signals, a
mobile transducer set containing PZT patches is developed. The initial
design idea of the mobile transducer set is based on a previous work
[37]. In the future, mobile robots equipped with the transducer set for
damage detection will be taken into consideration. Compared to the
traditional PZT patches, which are permanently attached to the struc-
ture, the mobile transducer set can be easily attached and removed
from the surface of the structure. Thus, the mobile transducer can
flexibly move to any region of interest in the structure. Finally, an al-
gorithm to construct an impedance image based on the EMI method is
developed. The algorithm includes an outlier analysis and the prob-
ability image can improve the final detection result with higher accu-
racy than the previous results based on Lamb waves.

The remainder of this article is divided into three sections. In
Section 2, the combined damage detection strategy is presented. In
Section 3, first, the design of the mobile transducer set is reviewed, and
then experimental studies are conducted to validate the effectiveness of
the proposed approach. In the last section, conclusions with a brief
summary are given.

2. Methodology
2.1. Approach

A novel combined damage-detection approach based on the Lamb
waves and EMI methods is developed. For that purpose, a mobile
transducer is utilized to generate and collect signals on the surface of a
test specimen. The overall procedure of the proposed approach is illu-
strated in Fig. 1.

Firstly, using Lamb waves, a baseline-free probability-based damage
imaging (PDI) technique is employed to identify the healthy and da-
maged areas quickly. Here, this procedure can be called as global da-
mage detection. Secondly, the impedance signals of the mobile trans-
ducer are measured in both the healthy and damaged areas. Then, the
impedance signals of both areas are used to improve the final damage
diagnostic image. The second procedure can be called as local damage
detection. In the final outcome, the proposed approach is capable of
locating damage in a large-scale structure quickly, and also of im-
proving the accuracy of identifying the most probable location of the
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damage in the local damaged area.

Fig. 2 illustrates the specific process of the proposed approach. The
first procedure, called global damage detection, is based on the pre-
vious work performed by Rahim Gorgin et al. [38]. First, a relatively
pure Ay mode is generated and the corresponding signal at different
locations of the structure is collected using mobile PZT transducers.
Subsequently, a damage scatter signal is defined via a signal separation
process without relying on any previous baseline data. Then, the am-
plitude of the energy envelope of the damage scatter signal is con-
sidered as the damage presence probability index (DPPI) to construct
the damage diagnostic image. The diagnostic image highlights the most
probable locations of damages in the whole detection area. At last, by
adjusting the diagnostic image threshold, the local damaged and
healthy areas are confirmed. In general, the threshold should be de-
termined by the location of the peak of the diagnostic image and the
half-distance between two locations of detection. Thus, the damage
could be located within the local damaged area.

The second procedure, called local damage detection, uses the EMI
method with the same mobile PZT transducer set. In this procedure,
firstly, the impedance signals of the mobile transducer are measured in
both the healthy and local damaged areas. Subsequently, the average
value of all the impedance signals measured in the healthy area is
calculated as the average impedance data of the intact structure, in-
stead of using previous baseline data. Then, the changes in the im-
pedance signals owing to damage in the local damaged area are cal-
culated through root-mean-square deviation (RMSD) as damage indices
to construct the damage diagnostic image. Furthermore, an outlier
analysis is conducted to define the threshold value regarding the im-
pedance signals in the local damaged area.

2.2. Lamb wave based damage location identification for global detection

2.2.1. Damage scatter separating process

By placing the mobile PZT sensor very close to the actuator, the
signal separation process can be applied to define the damage scatter
signal [30]. As the distance between the actuator and the sensor is very
short, the wave coming directly from the actuator travels for only a very
short time and so, appears almost at the very beginning of the received
signal. By calculating the travel time between the sensor and the ac-
tuator, because the distance L, and speed of the selected Lamb wave
mode V; are known, this wave can be separated from the damage
scatter and boundary reflections. Similarly, according to the location of
the transducer set on the test piece and speed of the selected Lamb wave
mode V;, the time at which the first boundary reflections will appear in
the received signal can also be calculated. Therefore, when the signal is
multiplied by a time window function, only the damage scatter wave
will be preserved. The time window function is expressed as follows:

0 0<t<yg .
f= 1tl<t<tz,f1:$+Ls,t2=f1+Tmb,
0 20 L t @

where f denotes the end time of the wave coming directly from the
actuator; t, denotes the beginning time of the boundary reflections; Ly,
L, and L, denote the distance between the sensor and actuator, length
of the excitation signal, and distance between the transducer set to the
nearest structure boundary, respectively; and V;, denotes the velocity of
the selected Lamb wave mode.

2.2.2. Damage diagnostic imaging

The amplitude of the energy envelope of the scatter signal can be
considered as the damage presence probability index (DPPI). Then, a
diagnostic image can be constructed by relating the contrast at a par-
ticular pixel to its corresponding DPPI value. A Hilbert transform of the
scatter signals was defined for this purpose. For an arbitrary signal f (¢),
the Hilbert transform is defined as follows [39]:
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‘ Structure ’

Global damage
detection

Collectting Lamb wave signals with
amobile transducer

|

Damage scatter separaling process

|
|
|
! |
|
|

L.amb waves based
Probability-based Diagnostic Imaging

analytic signal is the original signal f (¢) itself and its imaginary part is
the corresponding Hilbert transform H (t). e(t) is the module of F4(¢)
and ¢(t) is the instantaneous phase. Thus, the envelop of e(t) depicts
the energy distribution of the original signal in the time domain.
After the energy envelope of the damage scatter signals has been
obtained, the probability of damage presence at all nodes with regard to
all damage scatter signals can be defined as follows [2]{Zhou, 2011

#383):
P N
p@, ) = 2, Wimem(tmy)
Lyﬁd+L,‘3f ,m=1,2,...,N,
A @

where p(i, j) is the probability of damage presence at the imaging pixel

I image pixel = No
. SC P Healthy area |
mage threshol
Impedance measurement
Local damaged area | P p
at random points
P U | . )
l Outliers Analysis
y
; Compute the
Impedance measurement in the o P "
local damaged area feterence data’and
= the threshold

y

Local damage
detection

Counstruction of Impedance Probability Image

(i, j), em(t) denotes the energy envelope of scatter signals acquired at
location m, t,,; is the time that corresponds to the wave travel from the
actuator to the imaging pixel (i, j) and then to the sensor, L2 and L%
denote the distances between the actuator located at location m to the
imaging pixel (i, j) and from the imaging pixel (i, j) to the sensor lo-
cated at location m, respectively. The parameter V denotes the speed of
the Lamb wave, which may vary significantly with the center fre-
quency. The parameter w,, refers to the appropriate weight that com-
pensates the performance difference among the different responses, and
which in the simplest case would be equal to unity for uniform
weighting.

The imaging pixels with the highest probability of damage presence
highlight the most probable locations of damage in the monitoring area.

2.3. EMI-based damage characterization for local detection

Fig. 2. Specific process of the proposed approach.
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This equation performs a 90° phase shift to construct an analytic

signal F,(t)
Ey(0) =f (@) +iH @) = e(1),

where e(t) = \/f2(t) + H?(t) and ¢(t) = arctan

H(t)
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The real part of the

2.3.1. Conventional EMI method

An electro-mechanical system consisting of a PZT and a host
structure can be modeled as a single degree-of-freedom (SDOF) spring-
mass-damper system [6]. Then, the admittance signal Y (w), which is
the inverse of the impedance Z (w), can be expressed as

)’ (5)

where I4, wy, and h, indicate the length, width, and thickness of the
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PZT, respectively. d? is the piezoelectric strain coefficient and
£E = (1-8j)cf is the complex electric permittivity of the PZT material at
constant stress. Y5 = (1-7j) Y} is the complex Young’s modulus of the
PZT material at a constant electric field. § and » denote, respectively,
the dielectric loss factor and mechanical loss factor of the PZT. The
parameters w, k, Z4, and Z; represent the angular frequency, wave
number, mechanical impedance of the PZT, and short-circuited me-
chanical impedance of the host structure, respectively.

In the conventional EMI method, simple statistical algorithms,
which are based on frequency-by-frequency comparisons, can be chosen
as the scalar damage metrics. One of the commonly used is the RMSD
[7]:

RMSD = 3" \[(Re(Z)—Re(Z"))? /Re(Z), ©)

where RMSD denotes the damage metric, Re(Z) is the real part of
the PZT measured impedance at the last condition, and Re(Z;) is the real
part of the measured impedance at the current condition. Generally, the
greater the value of RMSD, the larger the difference between the two
conditions is, which indicates the presence of damage in the structure.
In most cases, the metric values increase when there is an increase in
the severity of damage. For each impedance sensor, the sensing range is
closely related to the material and geometric properties of the host
structure, frequency ranges being selected, and material properties of
the PZT [32]. Under the high-frequency ranges, the sensing region is
limited to an area close to the PZT sensor/actuator. Thus, the tradi-
tional EMI method reflects the localized state of a structure.

2.3.2. Construction of impedance probability image

In the healthy area, the average value of the measured impedance
signal was collected by successively placing the mobile PZT transducer
set at different random locations. The average impedance data can be
regarded as the reference data in the RMSD calculation. Thus, the re-
ference does not rely on any previous baseline data but, instead, on the
average impedance data. Then, through RMSD, the statistical differ-
ences between the impedance data at a random location and the
average impedance data should be calculated as the random error
distribution, which can be expressed as follows:

X" = RMSD(Re(Z)") = ¥ \[(Re(Z)"—Re(Z7))? /Re(ZY, o

where Re(Z?) is the average impedance data and Re(Z)™ is the
impedance data at location m(m = 1, 2, ..,M); then, X™ represents the
random error value of the impedance at location m and N is the number
of data points.

Subsequently, an outlier analysis is applied to define the threshold
value that indicates the presence of structural damage. If there are
outliers in a series of independent and equal precision data x;, %, ...,Xp,
and the data set is not very large, the Romannovschi criterion can be
applied to identify outliers that are regarded as related to the structure
defects [40]. If x; is the largest data, then

. 1
O ®
vi=x=X@), 1<i<m, ©)
o%(j) = S v
m=2 i a0
Therefore, if
Ixi—x ()1 > K (m, a)o (j), an

x; is an outlier; otherwise, X; is a normal data point.
After eliminating the outliers, the threshold value (TR) can be cal-
culated as follows:

TR = u + K(m, a)o, 12)
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Table 1

Values of K (m, a).
m~a 0.05 0.01 m~a 0.05 0.01
4 4.97 11.45 17 2.20 3.04
5 3.56 6.53 18 2.18 3.01
6 3.04 5.04 19 2.17 3.00
7 2.78 4.36 20 2.16 2.95
8 2.62 3.96 21 2.15 2.93
9 2.51 3.71 22 2.14 2.91
10 2.43 3.54 23 2.13 2.90
11 2.37 3.41 24 2.12 2.88
12 2.33 3.31 25 2.11 2.86
13 2.29 3.23 26 2.10 2.85
14 2.26 3.17 27 2.10 2.84
15 2.24 3.12 28 2.09 2.83
16 2.22 3.08 29 2.09 2.82

where TR represents the threshold value for RMSD, a is the level of
significance, and u and o are the mean and standard deviation for the
random error distribution X™, respectively. For m from 4 to 29 and a of
0.05 and 0.01, K (m, a) values are listed in Table 1 [40].

If the data set is large (in general, n > 20), the Grubbs criterion can
be applied instead of the Romannovschi criterion. More details can be
seen in Ref. [40].

According to Ref. [34], the damage metric tends to decrease linearly
as the crack moves away from the sensor. Thus, in this study, the de-
tection area of the transducer set is assumed as a circular area and the
location of the transducer set is considered to be at the center of the
circle. The detection radius of the EMI-based method is assumed as r;
thus, the local damaged area can be partitioned into many full circular
areas of the same size with detection radius r(the areas can overlap).
The detection radius r should be determined by the structure and swept
frequency in the impedance measurements. In general, the detection
radius r is approximately twice or three times the radius of the trans-
ducer. The centers of such circular areas are recorded as location
n@i =1, 2, ..,N). As the mobile transducer set can move easily on the
structure, it can be placed at location n so that the impedance signals of
the transducer set could be measured. Therefore, the RMSD index could
be calculated as X" in Eq. (7) at location n. The damage presence
probability of the image I, (i, j) at each pixel (i, j) can then be defined as
follows:

In(i’ .]) = XnW(leij)5 (13)
where d,; represents the distance between the pixel (i, j) and the lo-
cation n and W (d,;) means that only the pixel (i, j) contained in the
detection area can be used to construct the diagnostic image. d,; and
W (dy;) can be defined as follows, respectively:

_ g <
W(dnij): 1 rwhendmj\r ,
0 when dm-j >r (14)
dpy = J(6—x;)* + (Vn—yj)z- (15)

The diagnostic image can then be constructed by taking a summa-
tion of all the I, defined at different locations

N
P, y)= ), L)),
z 0o

where P(x, y) is the probability of damage presence in the imaging
pixel (i, j). The pixels with maximum field values highlight the most
probable locations of the damages in the detection area.

3. Experimental study

In this research, a mobile transducer set that contains a PZT is de-
veloped to combine the Lamb wave and EMI methods, which can
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PZT Port

(b) Picture of the transducer set

Shield

(a) Schematic of the transducer set

(c) Assembly of the mobile transducer set

Fig. 3. The designed mobile transducer.

improve the practicability and performance of damage detection
methods. The mobile transducer consists of the PZT element, damping
medium, shield, and connection port. The PZT element is used to ex-
cite/receive Lamb waves and characterize EMI signals. A damping
medium is attached to the top of the PZT element to increase its flexural
rigidity. The shield is attached to the bottom of the PZT to cover the
PZT element and prevent it from friction and damage. The positive and
negative poles of the PZT element are connected with the connection
port, and finally, all the components are assembled into the transducer
device. The designed mobile transducer is shown in Fig. 3. The mobile
PZT transducer set is firmly pressed down to the surface of the struc-
ture. A coupled force is applied by a constant vertical load. In this way,
the energy between the PZT transducer and the structure is transmitted
by dry contact. A series of tests were performed to determine the effect
of the coupled force on the response of the transducer. These results
indicate that a coupled force of nearly 30N is sufficient for stable
coupling.

In this section, an experimental study is performed to investigate the
feasibility of the presented damage detection method. Lamb waves
were first used for detecting and locating through-thickness cracks in an
aluminum plate quickly. After confirming the local damaged area, the
impedance-based method was then used to characterize the crack da-
mage more precisely in the improved diagnostic image.

All the tests were carried on an aluminum plate (1000 mm X 1000
mm X 3 mm), which was fixed along its four edges on a testing table.
An L-shape crack was introduced into the plate, as seen in Fig. 4.

3.1. Lamb waves based global damage detection procedure in aluminum
plate

3.1.1. Experimental setup

In the first procedure, a kind of grease lubricant is placed under the
bottom surface of the sensor and actuator. In this way, a strong vertical
pressure will be generated by the actuator to the plate to excite theA,
mode and decrease the shear force between the actuator and the plate
to weaken Sy mode. To this end, a comparatively pure A, mode can be
excited. A 5-cycle sinusoidal tone burst enclosed in a Hanning window
at a central frequency of 50 kHz was generated by an arbitrary wave-
form generation (Agilent 33220A). The length of the excitation signal L
was easily calculated as 0.17 ms. The wave signals were collected by an
oscilloscope (Agilent DSO5032A) with sampling rate of 10 MHz. The
sampled signals were transmitted into the central processing unit for
further processing and analysis. The Ay mode velocity is assumed as
constant in this study. The straight distance between the center of the
sensor and the actuator is 2cm. Lamb waves are generated and the
corresponding responses at different locations on the plate
(L1,L2,...,L25, shown in Fig. 4) are collected. The signal acquisition
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positions are listed in Table 2.

3.1.2. Results and discussion

All the responses were normalized. Typical damage scatter signals at
locations L9 and L18 are shown in Fig. 4. Then, the diagnostic image
could be constructed using equation and displayed as a contour map, as
shown in Fig. 5. In Fig. 5, the area encircled by the contour line 0.8
represents the highest probability of damage presence. The damaged
area indicates the probable location of damage, although in this pro-
cedure the shape and size of the L-shape crack cannot be recognized yet.
The shortest distance between the location of the peak of the diagnostic
image (whose coordinate is (0.66, 0.16), unit: m, and is marked by the
red ‘x’) and the damage is 4.5 cm.

Thus, the local damaged and healthy areas are confirmed by ad-
justing the image threshold to 0.8. The area (circled by a black dotted
line) located the L-shape crack (marked by a dark line), and thus, it was
chosen as the local damaged area, as seen in Fig. 5. The area of this
local damaged area is calculated as 100 mm x 150 mm, which is de-
termined by the half-distance between the two locations of detection.

3.2. EMI-based local damage detection procedure in aluminum plate

3.2.1. Experimental setup

Impedance measurements were carried out by a commercial im-
pedance analyzer (Wayne Kerr 6500B). The maximum speed was set for
the measurement function. A frequency range between 50 kHz and
500 kHz was determined by the trial and error method [32]. As there is
a relatively high mode density within this range, it generally covers
more structural dynamic information [32].

After confirming the local damaged area, the procedure continues
with the second part. The local damaged area was partitioned into
many full circular areas of the same size with detection radius r. The
centers of such circular areas were recorded as location
n@i =1, 2, ..,N). The mobile transducer set was placed at location n
and 10 random locations in the healthy area, and then the impedance
signals were measured at these locations. In this study, the detection
radius r was selected as 30 mm. Further, based on the area of the local
damaged area (100 mm X 150 mm), the total number N of EMI mea-
surement locations was 4 x 5 = 20.

3.2.2. Results and discussion

The measured impedance signals at 10 random locations (p1-p10)
in the healthy area are shown in Fig. 6. The RMSD indices
{X, X2, ..,X'%} of these 10 locations are listed in Table 3, and the 3-D
histogram is shown in Fig. 7.

As mentioned above, the energy between the mobile transducer and
the structure is transmitted by dry contact, and thus, the outlier analysis
was employed firstly to ensure the stability of the impedance signals. As
the data set {X', X2, ..., X'°} was not large (less than 20), Romannovschi
criterion was selected to detect abnormal data. Therefore, there are no
outliers in the data set {X', X2, ..., X'°}; thus, all the impedance signals
of the random locations in the healthy area were sufficiently stable.
Using Egs. (11) and (12), the TR was 0.7594 (a = 0.01, m = 10). The
mean value and the threshold (TR) of the data set {X!, X2, ..., X0} is
shown in Fig. 8.

Subsequently, the average value of all the impedance signals mea-
sured in the healthy area is calculated as the average impedance data.
The measured impedance signals at typical locations in the local da-
maged area are shown in Fig. 9. As seen in Fig. 9, when the mobile
transducer was placed far away from the crack the impedance signal did
not significantly changed compared to the average impedance data,
while the RMSD index of this location was 0.4631, which is lower than
the TR. When the mobile transducer was placed at the edge of the crack,
the impedance signal changed compared to the average impedance
data. Moreover, the RMSD index at this location was 2.2353, higher
than the TR, which indicates the presence of structural damage. When
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Table 2

Coordinates of signal acquisition locations on test plate.
Position Coordinates Position Coordinates

(x, y)/(m) (%, y)/(m)

Lo1 (0.015, 0.005) L14 (0.700, 0.500)
L02 (0.300, 0.005) L15 (0.985, 0.500)
LO3 (0.500, 0.005) L16 (0.015, 0.700)
L04 (0.700, 0.005) L17 (0.300, 0.700)
LO5 (0.985, 0.005) L18 (0.500, 0.700)
L06 (0.015, 0.300) L19 (0.700, 0.700)
LO7 (0.300, 0.300) L20 (0.985, 0.700)
L08 (0.500, 0.300) L21 (0.015, 0.995)
L09 (0.700, 0.300) L22 (0.300, 0.995)
L10 (0.985, 0.300) L23 (0.500, 0.995)
L11 (0.015, 0.500) L24 (0.700, 0.995)
L12 (0.300, 0.500) L25 (0.985, 0.995)
L13 (0.500, 0.500)

the mobile transducer was placed at the crack, the impedance signal
substantially changed compared to the average impedance data, and
the RMSD index at this location was 4.3316. The result shows that the

0.8 1
/-\0‘6 [ 7 -
£ p
704} 2

0.2 b%,.: —————

0
0 02 04 06 08 1
x(m)

impedance signals of the mobile transducer are sensitive to small
structural damages.

Then, using Egs. (13)-(16), the RMSDs in the local damaged area
are calculated as damage indices to construct the damage diagnostic
image. It is displayed as a contour map, as shown in Fig. 10.

In Fig. 10, the region of the contour map where the contour value is
higher than a certain threshold may be assumed to represent the shape
and size of the damage. To this end, presenting the identification results
in terms of the probability of damage, based on the fusion of signals
rendered by a number of impedance signals at different locations, is an
advantage over the traditionally performed EMI method, as described
in Section 2.3.1.

The location of the actual crack is marked as a dark line. According
to Fig. 10, the region with the highest probability of damage presence
coincided relatively well with the actual damage. The shortest distance
between the location of the peak of the diagnostic image (the co-
ordinate is (0.69, 0.13), unit: m, and is marked by the blue ‘ X ’) and the
damage is 0.04 cm. The final result improves the accuracy of the most
probable location of damage, compared to the Lamb wave result in
Fig. 5.

(b)

(\2-. . NP NS

7 : The peak of the :

7 ! diagnostic image in !

/// 0.2 : global detection :

| 0.8 I

o) 13 x ;

1 (=]

: =

002 Bl
(1 bt slaiaiisoniti ]

0.6 0.62 0.64 0.66 0.68 0.7 0.72

x(m)

Fig. 5. Result of Lamb waves based global detection: (a) contour map in the whole detection area, (b) zoom in to the local damaged area. The peak of the image is

marked by the red ‘ X’ and the L-shape crack is marked by the dark line.
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Fig. 6. Measured impedance signals at 10 random locations (p1-p10) in the
healthy area.
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Table 3
RMSD of the data set {X!, X2, .., X0}
Location RMSD Location RMSD
pl 0.4458 pé6 0.6337
p2 0.4265 p7 0.4662
p3 0.6278 p8 0.5271
p4 0.4718 P9 0.4151
p5 0.4474 p10 0.5045
1 0.8
| Healthy Local Damaged
0. Area Area 0.6
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Fig. 7. RMSD at 10 random locations (p1-p10) in the healthy area.

Furthermore, independently of the Lamb wave or EMI method, most
of the time necessary for each measurement is spent in moving and
placing the transducer set, and it can be estimated at 10s in this re-
search. Then, the time required for the combined detection can be
calculated as (25 + 20 + 10) X 10 = 550s. Compared to the area of
the whole structure (1000 mm X 1000 mm), the area of the local da-
maged area (100 mm X 150 mm) was narrowed down to 0.015. If the
local damaged area had not been determined by Lamb waves first, the
time consumption for the EMI measurement of the whole structure
would have been of approximately 20 x 10/0.015 = 13333s. It is
obvious that the proposed combined approach can improve the detec-
tion efficiency in comparison with the EMI method.

4. Conclusion

This article proposed a novel damage-detection approach com-
bining the Lamb waves and EMI methods with the use of a mobile PZT
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Fig. 8. The mean value (blue dotted line) and the threshold (red line). (For

interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 9. Typical measured impedance signals in the local damaged area.

transducer set. This combined approach retains the advantages of these
two methods, such as the capability to locate damage in a large-scale
structure quickly and to improve the accuracy of the most probable
location of damage in the local damaged area. Moreover, it can detect
damage without relying on baseline data.

The proposed approach improves the efficiency of identifying the
damaged area, in comparison with the EMI method, and the accuracy of
characterizing the crack damage, in comparison with the Lamb wave
method. Although the transducer set was only applied on a flat struc-
ture in this study, curved structures are also currently being in-
vestigated by improving the design of the mobile transducer set.
Furthermore, the expansion of the scope of application of the proposed
approach to real structures, such as aircraft, civil infrastructure, and
heavy equipment structures, is also being explored.

The proposed approach lays a foundation for the use of intelligent
mobile robot systems in damage detection. Various technologies, in-
cluding intelligent path planning, sensor data fusion, and multi-agent
collaboration, could be incorporated to provide the robot system with
higher efficiency, increased robustness, and better performance.
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