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This paper presents a real-time signal processing and damage localization framework for
ultrasonic guided wave based structural health monitoring of X-COR sandwich composites
with a reference-free perspective. The high attenuation nature of X-COR composite signif-
icantly limits the ability to detect damage-induced reflected waveforms. Therefore, a novel
multi-dimensional signal processing technique, coupled with a mode tracking approach for
identifying trajectories and locating wave sources of all wave modes, including damage-
induced converted modes, is proposed. The developed framework is experimentally vali-
dated using two internal damage scenarios: facesheet delamination and foam core separa-
tion. Results indicate that the framework offers not only high accuracy for locating internal
damage positions, but also insights into guided wave propagation behaviors in highly
complex composites such as the X-COR sandwich composite.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Advanced light-weight composite structures, such as the X-COR sandwich composite, possess excellent durability, speci-
fic strength and stiffness, damping and impact properties that are all advantageous for mechanical and aerospace applica-
tions [1,2]. Specifically, the Z-pin of X-COR sandwich composite, which penetrates both the foam core and facesheets,
improves the through-thickness compression strength of the structure [3]. However, the architectural complexities associ-
ated with pin-penetrated foam core and difficult-to-detect damage scenarios, such as facesheet delamination and foam core
separation, can compromise the safety and reliability of X-COR composites. Real-time inspection and monitoring of the oper-
ational health of X-COR sandwich composites has received little attention to date. A robust structural health monitoring
(SHM) methodology, therefore, is needed to effectively identify and localize the damage states in these advance composites,
and to provide meaningful information for estimating their residual life.

Thus far, among SHM technologies, ultrasonic guided wave (UGW) based techniques have proven to be very effective, pri-
marily due to their ability to propagate long distances with minimum energy loss, resulting in a large inspection area [4,5],
and capability of interrogating structures in the through-thickness direction. As such, UGW based damage detection and
localization techniques are widely used to inspect the structural health of materials including carbon fiber reinforced com-
posites [6]. The guided wave based detection and localization algorithms can be generally classified into two classes: forward
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algorithm and inverse algorithm. The ellipse based method, which is the most widely used algorithm [7–10], is a forward
algorithm, which utilizes the time of flight (ToF) information of UGW. ToF is defined as the time lag between the excitation
wave mode and the damage-induced reflected wave mode so that a damage ellipse, which contains all possible damage loca-
tions, can be further constructed. Diaz Valdes and Soutis (2002) [11], for example, used a pulse-echo method for localizing
the delamination in a carbon fiber composite panel. Their results showed that the reflected wave from the delaminated
region could be detected, and delamination was successfully localized. In order to explicitly consider the effects of temper-
ature on the accuracy of damage localization, Neerukatti et al. (2015) [12] developed a fully probabilistic methodology based
on a temperature compensation algorithm. This method was experimentally validated and showed marked improvements
over the traditional ellipse based method. Another ellipse based method, phased array technique, was implemented by
Giurgiutu (2006) [13] to develop an embedded ultrasonic structural radar (EUSR) algorithm, and this method showed high
accuracy in predicting crack and corrosion in metallic materials. In addition, Kessler et al. (2002) [14] showed that a fre-
quency response method is also an effective tool for damage detection in composite materials. Zak et al. [15] demonstrated
a vibration method that detects closing delamination by analyzing the vibration modes and investigating the effects of
delamination on the response frequencies. Similarly, Kim et al. [16] developed a modal-strain-based damage detection
method for laminated composite structures based on smooth transition of displacements. Contrary to time or frequency
domain analysis, high dimensional methods, which investigates guided wave signals in multiple representative domains
simultaneously, have shown success in detecting delamination in composite materials; these high dimensional methods typ-
ically involve high dimensional signal processing techniques such as time-frequency analysis, frequency-wavenumber anal-
ysis and time-space analysis. Liu et al. (2012) [17] implemented time-frequency analysis to identify and localize the damage
in a stiffened composite panel. Moreover, a scattering based wave packet tracing method to quantify the group and phase
velocities in the time-space domain was developed by Kim and Chattopadhyay [18]. This method was incorporated into
the ToF based localization algorithm and showed high accuracy in localizing and quantifying damage in aluminum plates.
Using scanning laser Doppler measurements, Michaels et al. (2011) [19] developed a frequency-wavenumber domain
analysis, wherein the time-space domain was transformed through a two dimensional Fourier transform in order to detect
delamination in composites. Yu and Tian (2013) [20] used space-frequency-wavenumber domain analysis to study how the
frequency-wavenumber relation varies in the spatial domain.

The inverse method, which is another class of damage detection algorithm, quantifies the damage in the composite. Yam
et al. (2003) [21] developed a vibration based method using an artificial neural network to map the relationship between
output signals and damage size or location. Image processing based techniques [22] are also available for nondestructive
evaluation (NDE) purposes. For X-COR sandwich composites, as presented in this study, Neerukatti et al. (2016) [23] devel-
oped a hybrid NDE/SHMmethod for damage detection. Their results indicated that ultrasonic C-scan and flash thermography
can successfully detect, localize, and quantify internal damage, and that the presence of damage can lead to mode conversion
when using UGW based SHM technique.

In spite of the aforementioned advances, UGW based damage localization methods continue to experience many chal-
lenges. As suggested by Diamanti et al. (2004) [24], UGWs have greater attenuation due to the presence of a low-stiffness
core than those propagating in traditional metallic and composite materials, challenging the detection of damage-induced
reflected waves. Li et al. (2017) [25] showed that the presence of Z-pins in X-COR sandwich composites made the signals
received by the sensors more complex, i.e., inducing nonlinearity and larger attenuation. In addition, Neerukatti et al.
(2016) [23] claimed that the sensor placement was a critical issue for damage detection in X-COR sandwich composites.
Similarly, as will be discussed in Section 2.1 of this paper, it is difficult to detect the reflected wave that is induced by delam-
ination in X-COR sandwich composites due to the highly attenuation fact of host structure. This, in turn, restricts the utility of
many traditional ellipse based methods. On the other hand, the size of the transducers attached on the structures used for
real-time SHM presents significant challenges for both the spatial sampling rate of Fourier transform for wavenumber-
frequency analysis and the image resolution of image processing based algorithms. Moreover, a reference-free localization
algorithm is highly desirable because it eliminates the need for a ‘healthy’ baseline, thereby reducing the fabrication cost
associated with advanced composite structures such as X-COR sandwich composites. Finally, it is important to note that
the concept of a ‘healthy’ baseline is often misleading due to the presence of manufacturing induced flaws.

In this paper, a novel multi-dimensional signal processing and mode tracking approach with a reference-free perspective
is developed for the damage identification and localization in the media with large attenuation fact. In current experimental
methodology, the reflected wave cannot be easily detected due to the issues of X-COR sandwich composite mentioned above.
In this work, an alternative approach is proposed, where, instead of detecting reflected waves, the damage-induced
converted wave modes are used as indicators of internal damages [17]. An advanced signal processing technique called
matching pursuit decomposition (MPD) [26] is used to effectively de-noise the signals in the time-frequency domain. The
de-noised signals are then processed using a Hilbert transform based envelope detection technique [27] to isolate wave
modes from each other in the time domain and to construct the time-space representation (TSR) using the spatial informa-
tion of the sensors. An iterative mode tracking algorithm is then developed to track all the wave mode trajectories in the
time-space domain, localizing the wave sources while providing a fundamental understanding of the mode conversion
mechanism involved in the UGW based SHM framework. Then, X-COR sandwich panels with two artificially seeded damage
scenarios, i.e., facesheet delamination and foam core separation, are used to validate the developed framework.

The remainder of this paper is organized as follows. Section 2 introduces the mathematical formulations of multi-
dimensional signal processing and the mode tracking approach for damage localization. Section 3 describes the experimental
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details, including specimen and sensor specifications, sensor deployment, and data acquisition. The results associated with
relevant discussions are shown in Section 4 and concluding remarks of the current research work are summarized in
Section 5.
2. Multi-dimensional signal processing and mode tracking approach

A demonstrative experiment that shows the challenges of detecting reflected waves induced by top facesheet delamina-
tion in an X-COR sandwich panel is presented in Section 2.1. A multi-dimensional signal processing technique for construct-
ing an effective TSR that shows the relationship between ToF, amplitudes, and spatial information of wave modes contained
in sensing signals is introduced in Section 2.2. The mathematical formulation of the mode tracking algorithm that interprets
signal features and locates damage positions are shown in Section 2.3. A schematic of the computational framework is shown
in the Fig. 1.

2.1. Challenges in detecting reflected waves

A demonstrative experiment that shows the challenges of detecting reflected waves induced by top facesheet delamina-
tion in an X-COR sandwich panel and the subsequent problems of using the traditional ellipse based damage localization
Fig. 1. Computational schematic of multi-dimensional signal processing and mode tracking approach for damage localization.
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Fig. 2. Experimental schematic for demonstrating difficulty in detecting damage-induced reflected wave.

Fig. 3. Signal comparison between healthy path (dash line) and damaged path (solid line); red square shows where the reflected wave should appear. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Demonstration of the architecture of a single sensing path.
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methods is presented. As shown in Fig. 2, four macro-fiber composite (MFC) transducers were attached to the surface of a X-
COR sandwich panel; two MFCs were used as actuators (in red) and the other two MFCs were used as sensors (in blue), form-
ing two sensing paths: a healthy path (with no damage) and a damaged path. A plastic Teflon sheet was seeded at the mid-
layer of the facesheet in the damaged path, mimicking the presence of facesheet delamination. A five-cycle cosine tone burst
under excitation frequencies of 10–110 kHz was applied in order to capture the damage-induced reflected wave. In this set
up, while the reflected wave could not be detected under the aforementioned range of excitation frequencies, for demonstra-
tive purposes, we were able to instead compare the signals received from the healthy path and the damaged path under a 50
kHz excitation frequency. As shown in Fig. 3, there was no significant difference observed between the signals received by
the healthy path (dash line) and damaged path (solid line), indicating that no additional wave modes were found in the sig-
nal received by the sensor in the damaged path. Based on experiments [32], the group velocity of first wave mode was 4083
m/s, which would be the group velocity of the first reflected wave received by the sensor if it was detectible, and its location
in time domain is marked by the red dash-line box in Fig. 3. This experiment thus confirmed that it is necessary to develop a
damage detection and localization framework that does not fully rely on the damage-induced reflected wave.
2.2. Multi-dimensional signal processing

In order to accurately and efficiently localize the internal damage while providing mechanistic insights into UGW and
damage interactions, a sensor array was used for tracking the trajectories of wave modes in each sensing path. The sensing
architecture is demonstrated in Fig. 4, where each sensing path comprised an actuator and multiple evenly spaced sensors;
signals were recorded by each sensor simultaneously. A time-frequency based MPD algorithm that extracts the harmonic
wave mode was then applied to de-noise the sensing signal.
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The signal received by the sensor is defined as Sðx; tÞ, where x is the location of the sensor in the sensing path, as shown in
Fig. 4, and t is the time. Signal Sðx; tÞ is decomposed by a linear combination of scale-time-frequency atoms, and the
de-noised signal, Sde�noisedðx; tÞ, is then expressed as
Sde�noisedðx; tÞ ¼
XM�1

k¼0

akðxÞgkðx; tÞ þ rMðx; tÞ ð1Þ
and
rMðx; tÞ ¼ Sðx; tÞ �
XM�1

k¼0

akðxÞgkðx; tÞ ð2Þ
where ðM � 1Þ is the number of iterations, akðxÞ is the coefficient of scale (also known as coefficient of expansion), gkðx; tÞ is
the basis function selected from the atom dictionary D, and rMðx; tÞ represents the residual signal after ðM � 1Þth MPD iter-
ations. In order to decompose the signal effectively while maintaining its computational efficiency, an advanced Gaussian
atom [28] dictionary is designed and expressed as
D ¼ 8sl
p

� �1=4

e�slðt�snÞ2 cosð2ptmÞ ð3Þ
where sl (l ¼ 1; . . . ; lmax), sn (n ¼ 1; . . . ;nmax) and tm (m ¼ 1; . . . ;mmax) are the scale shift, time shift, and frequency shift,
respectively, that define the matching pursuit region. The basis function in each iteration is the atom that has the maximum
correlation with the signal Sde�noisedðx; tÞ, and can be expressed as
ðgkðx; tÞÞ ¼ argmax
gkðt;sl ;sn ;tmÞ2D

Z 1

�1
rMðx; tÞgkðt; sl; sn; tmÞdt

����
���� ð4Þ
and the expansion coefficient is
akðxÞ ¼
Z 1

�1
rMðx; tÞgkðx; tÞdt ð5Þ
Through the MPD methodology, the harmonic waveforms wherein sensing signals can be efficiently extracted, while the
noise being filtered because of less correlation with the atoms in the designed dictionary. A Hilbert based envelope detection
algorithm is then applied to isolate wave modes. This algorithm improves the efficiency of the damage localization [29] in
the time-space domain that will be discussed in Section 2.3. The envelope of wave mode can be found by the absolute value
of the analytical signal, SAnalyticalðx; tÞ, whose real part is defined as the original de-noised signal; the imaginary part is the
Hilbert transform of the de-noised signal. The analytical signal can be written as follows
SAnalyticalðx; tÞ ¼ Sde�noisedðx; tÞ þ iHðSde�noisedÞðx; tÞ ð6Þ

where Hð�Þ is the Hilbert transform that can be explicitly expressed as
HðSde�noisedÞðx; tÞ ¼ � 1
p
lim
e!0

Z 1

e

SAnalyticalðx; t þ sÞ � SAnalyticalðx; t � sÞ
s

ds ð7Þ
The mode envelope, ENVðx; tÞ, can be expressed as
ENVðx; tÞ ¼ jSAnalyticalðx; tÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2de�noisedðx; tÞ þ H2ðSde�noisedðx; tÞÞ2

q
ð8Þ
which represents the signals constructed in the time space domain by the envelope, thus preserving not only the amplitude
information of all the modes present in the signals, but also the spatial relationship of sensors. The vector of local maxima,

referred as the peak of wave mode, is defined as AMPðix; x; tÞ, where ix ¼ 1;2; . . . ; i indicates the ith peak in the sensing signal
at location x. This can be found through the first and second derivatives of the envelope vector ENVðx; tÞ. In order to identify
the direction of each mode, the amplitudes of wave modes that obtained from sensors at different sensing locations need to
be compared. Therefore, the amplitude vector AMPðix; x; tÞ is normalized by the largest amplitude in the entire time-space
domain (i.e., the maximum value of three dimensional AMPðix; x; tÞ) and is expressed as follows.
AMPnormðix; x; tÞ ¼ AMPðix; x; tÞ
AMPmax

ð9Þ
2.3. Mode tracking approach for damage localization

The UGW modes of each sensor are isolated in the time-space domain and represented by AMPnormðix; x; tÞ using Eq. (9).
The next step was to interpret the relationship between the wave modes from the sensors at different sensing locations. For
this purpose, a novel mode tracking approach that correlates the peak of wave modes in time-space domain was developed.
The following hypotheses were proposed for all the wave modes: (1) The derivative of trajectory in time-space domain is
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defined as the wave mode velocity, i.e., group velocity; (2) The intersection of wave mode trajectory with the spatial direc-
tion at time zero in time-space domain indicates the source location of the wave mode; (3) The wave exhibits attenuation
behavior, i.e., amplitudes continuously decrease with respect to propagation distance; (4) Ultrasonic feature, wherein group
velocities are faster than the speed of sound in the air (>343 m/s) is maintained; (5) The converted modes maintain the char-
acteristics of a guided wave (e.g., constant velocity) and can be recorded using surface bonded piezoelectric sensors.

In order to address the uncertainties introduced by various sources such as sensors, data acquisition process and feature
extraction algorithm, an iterative computational schemewas also implemented. Three sensing locationswere selected at each
iteration so that the trajectories of wave modes from the three selected sensors were identified by mode peak correlation. In

the jth iteration, three sensors were randomly picked from the amplitude array AMPnormðix; x; tÞ. The selected amplitude vector

from sensor at location x1; x2 and x3 of jth iteration is expressed as AMPjðix; xq; tÞ, where q ¼ 1;2;3. The intersection vector,
d�
j ðu;vÞ, defined as the intersection of wavemode trajectory with the spatial direction at time zero in time-space domain indi-

cating the wave source location, and the corresponding slope vector, i.e., the group velocity vector, defined as k�j ðu;vÞ, can be
expressed using linear combination of wave modes, associated with sensors at location x1 and x2, as follows.
d�
j ðu; vÞ ¼

x2t1v � x1t2u
t2v � t1u

ð10Þ
and
k�j ðu;vÞ ¼
x2 � x1
t2v � t1u

ð11Þ
where t1u and t2v are the ToF of uth peak of the first sensor, x1, and the ToF of v th peak of the second sensor, x2, respectively. By
utilizing k�j ðu;vÞ and d�

j ðu;vÞ, the time-domain interaction at sensor location x3, Int
�
j ðu;vÞ, can be found as
Int�j ðu; vÞ ¼
x3 � d�

j ðu;vÞ
k�j ðu;vÞ

ð12Þ
The peak at x3 that corresponding to the trajectory found through peaks at x1, t1u and x2, t2v is defined as AMPjðix3; x3; twÞ
and the location can be found by
ðx3; twÞ ¼ argmin
jInt�j ðu;vÞ�tw j<tmin

jInt�j ðu; vÞ � twj ð13Þ
where tw is the time of the location of peak containing in signals from the third sensor, which has the minimum distance to
the time-space relation established by the sensor at location x1 and x2, and threshold tmin is defined based on the fourth
hypothesis. Then, a linear regression model is defined as
Xj ¼ K jT j þ Dj ð14Þ

when satisfying
AMPjði3; x3; twÞ � AMPjði2; x2; tvÞ
AMPjði2; x3; twÞ � AMPjði1; x1; tuÞ > 0 ð15Þ
where Xj ¼ ½x1 x2 x3�T , T j ¼ ½tu tv tw�T , K j and Dj are the wave mode location vector, wave mode ToF vector, group velocity

vector, and source location vector at jth iteration, respectively. The criteria in Eq. (15) is defined based on the third hypothesis
that improves computational efficiency and accuracy. The vectors K j and Dj are found through
ðK j;DjÞ ¼ argminðXj � ðK jT j þ DjÞÞ2 ð16Þ

and they are further used to construct the final group velocity and source location vector, K and D, which can be expressed as
K ¼ ½K1;K2;K3; . . .K J � ¼ ½k1 k2 k3 . . . kT � ð17Þ

and
D ¼ ½D1;D2;D3; . . .DJ� ¼ ½d1 d2 d3 . . . dT � ð18Þ

where J is the number of iterations, and T is the total number of wave modes in the velocity and source location final vector.

A physics-based clustering method is applied to classify the locations in the source location vector D based on the known
locations of actuators and boundaries. The clustering method is briefly described next. If the element d is located in the actu-
ating region,
DAct ¼ ½d1 d2 d3 . . . da� ð19Þ

the corresponding group velocity vector can be expressed as
KAct ¼ ½k1 k2 k3 . . . ka� ð20Þ
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If the element d is located at or outside the panel boundaries, the corresponding wave modes are identified as boundary
reflected waves,
DRef ¼ ½d1 d2 d3 . . . dr � ð21Þ

so that the group velocity vector is
KRef ¼ ½k1 k2 k3 . . . kr � ð22Þ

If the element d is located neither at actuating region nor outside the panel boundaries, it will be regarded as the location

of damage,
DDam ¼ ½d1 d2 d3 . . . dq� ð23Þ

and the corresponding group velocity vector can be expressed as
KDam ¼ ½k1 k2 k3 . . . kq� ð24Þ

where a, r and d are number of velocities or source location values from actuating region, reflecting region and damaged
region, respectively, which satisfies the relation aþ r þ q ¼ T.

For the purpose of locating internal damage while achieving an understanding of UGW behavior, all the wave modes that
are present in each velocity vector are investigated individually. Therefore, these modes are clustered based on the disper-
sion nature of UGW, namely, different wave modes possess different group velocities. Because each iteration processes data
with different sensor combinations, the mode velocities in each iteration will not be the same due to experimental
uncertainties. Furthermore, the number of modes in group velocity vectors KAct , K ref and KDam are still unknown, which com-
plicates the clustering process. Therefore, prior to clustering, the number of modes present in each vector is identified
through the number of peaks present in the velocity distribution function, which is then regarded as the number of clusters
in the clustering step. A K-means clustering is then applied to identify the source location of each mode.

As an example, an algorithm of group velocity clustering for KDam is presented; the algorithms for KAct and K ref are iden-
tical. A kernel density estimator (KDE) [30], f kðvÞ, is assigned to estimate the probability density function (PDF) of KDam.
Because the KDE is a non-parametric density estimator, the number of wave modes is no longer a required known parameter.
f kðvÞ is expressed as
f kðvÞ ¼
1
qh

Xr

i¼1

FK
v � v i

h

� �
ð25Þ
where q is the number of velocity values contained in KDam, v is the variable representing wave velocity, and FKð�Þ is the ker-
nel function. In this study, the normal kernel function is chosen because of its accuracy and computational efficiency. The
number of peaks in the distribution, NDam, which represents the number of presented wave modes, is found using the follow-
ing derivative formula:
@f kðvÞ
@v ¼ 0 ð26Þ
when
@2f kðvÞ
@2v

< 0 ð27Þ
Thus, the velocity of each mode present in sensing signal can be found by applying K-means clustering [31] as follow,
while defining the velocity vector as vDam.
ðcR;vDamÞ ¼ argmin
1
r

Xq

i¼1

jjv i � vci jj2 ð28Þ
where cR is index of cluster (1, 2, . . ., NDam) of that v i is currently assigned, and vci is the cluster centroid of cluster to which
example v i has been assigned. The source location corresponding to each cluster is defined by the mean value of source loca-
tions in DDam, whose velocities belong to this cluster. The vector dDam is defined as the final source location for the scanning
region. Thus, the trajectories of all the damage-induced modes can be expressed in the time-space domain through the equa-
tion below.
LDam ¼ vDamt þ dDam ð29Þ

where t and LDam are the time and corresponding space location of wave modes, respectively. Similarly, the trajectories of all
the boundary reflected wave modes and actuated wave modes can be found and expressed as
LRef ¼ vRef t þ dRef ð30Þ
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and
LAct ¼ vActt þ dAct ð31Þ

where vRef , vAct , dRef , dAct , LRef and LAct are velocity vector of reflected wave mode, velocity vector of actuated wave mode,
source location vector of reflected wave mode, source location vector of actuated wave mode, space location of reflected
wave modes, and space location of actuated wave modes, respectively. In addition, the error for each mode is defined as
Err ¼ dpredicted � dActual

dActual

����
����� 100% ð32Þ
where dpredicted and dActual are the predicted and actual locations of damage, actuators and boundary.

3. Experimental setup

The X-COR sandwich panels were manufactured at Boeing facility in Mesa, Arizona, U.S. The dimensions of the panels
were 450 mm � 450 mm � 13 mm. The panels were constructed using quasi-isotropic carbon fiber composite facesheets
(top and bottom), and internal X-CORs containing polyurethane foam and evenly distributed carbon pins with an inclining
angle of 20� that penetrated both the top and bottom facesheets. Two damage scenarios, facesheet delamination and foam
core separation, were considered for validating the developed framework. The sizes of delamination were defined based on
the critical defect sizes in composite structures [11]. Therefore, additional 19.05 mm � 19.05 mm folded Teflon layers were
inserted between the second and third layers of the four-layer top facesheet to provide an air gap that could simulate the
interply of delaminations. The pins in this region were trimmed to ensure that there was no adhesion. Folded Teflon layers
of the same sizes, using the same insertion technique, were placed between the top facesheet and X-COR, thus representing
the foam core separation damage scenario.

The locations of damage were predefined and validated using NDE techniques, including flash thermography and C-scan,
as presented in our previous work [23]. The NI PXI 14-bit 100 MS/s arbitrary wave generator (AWG) and 12-bit 60 MS/s
)b()a(
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Fig. 5. Illustration of (a) experimental setup and (b) schematic of test plate.

Fig. 6. Illustration of excitation signal waveform with its frequency spectrum under a 50 kHz excitation frequency.
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digitizer, shown in Fig. 5(a), were used to generate the 5-cycle cosine tone burst excitation signal and to collect signals from
each sensor with a 20 MHz sampling frequency. The waveform and corresponding frequency spectrum under a 50 kHz exci-
tation frequency are shown in Fig. 6. MFCs from Smart Material Corp., type M 2814 P2, were used as sensors and actuators.
The MFC arrays were bonded on the top surface using super glue from StewMac Inc.; each array comprised an actuator and
five equally spaced sensors. The schematic of the test plate, sensor deployment and damage location are shown in Fig. 5(b). It
should be noted that both damage types are shown in this schematic for demonstration purpose; in the actual experiments,
two different plates, each with a single damage type, were used. To minimize the experimental noise and uncertainties, the
final signal for each experiment was taken as the average value of 10 measurements.
4. Results and discussion

In order to obtain the optimal excitation configuration (i.e., the highest energy content), the highest amplitudes of signals
in the excitation frequency range of 10 kHz to 110 kHz, extracted from the sensor with the shortest distance from the actu-
ator, were compared. As shown in the Fig. 7, the signals with frequencies between 60 kHz and 80 kHz show relatively larger
amplitudes compared with other regions, indicating higher energy content and more wave mode information. In this section,
results of the healthy case under a 70 kHz excitation frequency, which is characterized by the developed algorithm, is shown
in Section 4.1. The multi-dimensional signal processing and mode tracking approach are also demonstrated in this section,
which includes signal de-noising, construction of TSR from original signals, and mode tracking approach for identifying the
trajectory of each wave mode. The mode tracking approach associated with localization results with facesheet delamination
under a 70 kHz excitation frequency are presented in Section 4.2. In addition, the results of foam core separation under a 70
kHz excitation frequency are presented in Section 4.3. Finally, taking advantage of the current framework’s ability to track all
wave modes present in the sensing signal, a mode conversion mechanism comparing facesheet delamination and foam core
separation is also discussed in Section 4.3.
Fig. 7. Comparison of maximum signal amplitudes under varying excitation frequencies.

Fig. 8. Demonstration of MPD de-noising and Hilbert transform based envelope detection.
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4.1. Healthy path

The reference-free perspective of developed algorithm, which is capable of identifying and localizing damage without
baseline information, was experimentally validated. Each experimental scenario (healthy and damaged sensing paths) has
been automatically classified; comparing with known damage locations, each damaged path could be successfully identified,
and no healthy path could be identified as a damaged path. These results represent a successful demonstration of the multi-
dimensional signal processing methodology and mode tracking approach proposed in this research. The results from the
healthy path under a 70 kHz excitation frequency and associated processes for mode trajectory tracking are discussed in this
section.

Fig. 8 is an illustration of the original signal from the sensor that is at the shortest distance from the actuator, i.e., sensor 5,
along with its associated de-noised signal, based on the MPD methodology with 15 iterations and mode envelopes of the
Hilbert transform based envelope detection equation, i.e., Eq. (8). It can be observed that each mode here is successfully
extracted, while the noise is filtered, and wave modes isolated. The mode locations (i.e., peaks) of these signals in time
domain are also identified, as shown in Fig. 9, and used to constructed TSR using Eqs. (10)–(13). As seen in Fig. 9, the sensors
are marked from 1 to 5; sensor 5 is defined as the sensor that is at the shortest distance from the actuator and sensor 1 is the
one that is at the longest distance. It should be noticed that waveforms from 0 s to 0.3 � 10�4 s in the signals presented in
Fig. 9 are truncated, because the waveforms contained in this region are the echo of excitation signals, not the signals
received by sensors, due to the synchronization method implemented in data acquisition system. The presence of the first
peak in sensor 2 is also due to this issue, but it can be automatically eliminated by the developed algorithm.

The mode tracking approach described in Section 2.3 was then applied, and the group velocity and source location vector
were identified. The reflected waves from the boundary were deliberately not taken into consideration in the current study;
however, no wave source could be found except those in the actuating region in this healthy case. In order to find howmany
Fig. 9. Signals from sensors in healthy path with locations of wave mode peaks.



Fig. 10. Velocity distribution for identifying the number of UGW modes.

Fig. 11. (a) Three-dimensional TSR and the trajectories of two actuated wave modes; (b) top-view of the TSR with the predicted and actual locations of
actuator.

Fig. 12. Error of wave source location predicting for the actuator with respect to numerical iterations.
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wave modes were present, the KDE was implemented, as introduced in Eq. (25). The results from 20 numerical iterations are
shown in Fig. 10. It can be observed that there are twomodes within the group velocity distribution. Using Eqs. (28)–(31), the
group velocity and trajectories of these two wave modes can be found, and the locations of wave source were accurately
predicted, when compared with the known location of actuators. The spatial origin of three-dimensional TSR, defined here



Fig. 13. Group velocity distributions for identifying the number of UGW modes in scanning region and actuating region with the presence of facesheet
delamination.

Fig. 14. Errors of wave source location predicting for the actuator and facesheet delamination with respect to numerical iterations.
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as the location of sensor 1, which is the farthest sensor from the actuator but the closest to the boundary, is shown in Fig. 11
(a). The trajectories in time-space domain are presented in Fig. 11(b) with the actual location of the actuator. The group
velocities of wave modes 1 and 2 are found to be 4805 m/s and 1381 m/s, respectively. Additional modes can also be found
in the three-dimensional TSR, especially when the sensor is close to the boundary. These wave modes are regarded as the
reflected waves from the boundary.

The error in predicting the actuator location with respect to the numerical iteration is shown in Fig. 12. Based on the sizes
of MFC actuators, which is 28 mm in the direction of sensing path, the error is seen to be zero if the predicted location is in
the actuating region; otherwise the errors were calculated based on Eq. (32), and the final error values represented the mean
values of all the modes. Based on the above experimental set up, the results show that the developed algorithm can converge
rapidly (within 10 numerical iterations) and predicts the wave source location very accurately.
4.2. Facesheet delamination

The developed algorithmwas also able to successfully identify the sensing path with a facesheet delamination under a 70
kHz excitation frequency, and the results from 20 numerical iterations are presented in this section. In addition to the two
wave modes from the actuator in the healthy case, two additional wave modes were detected in the scanning region (i.e.,



Fig. 15. Three-dimensional TSR and the trajectories of two actuated wave modes and two delamination induced converted wave modes.

Fig. 16. Top-view of the TSR with the (a) predicted and actual locations of actuator, and (b) predicted and actual locations of facesheet delamination.
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KDam), as shown in the Fig. 13. The scanning region in this figure is defined as the region outside of the actuating region, but
within the boundary known as DDam. According to the sizes of facesheet delamination and the actuator, using the same
approach as described in Section 4.1, error is plotted as the function of the number of numerical iterations is shown in
Fig. 14, which indicates that the developed algorithm is robust in predicting the locations of actuators and delaminations
in the current experimental setup.

The trajectories of all the wave modes, actuated and converted, in the time-space domain are shown in Fig. 15. The two-
dimensional top-view of the wave mode trajectories are presented in Fig. 16. The velocities of the two modes from the actu-
ating region were 926 m/s and 4849 m/s, indicating that the presence of the facesheet delamination had a minor impact on
the velocities of the two modes transmitted from the actuator. The small discrepancies in the group velocities between the
healthy path and the path with facesheet delamination were due to the quasi-isotropic nature of X-COR panel; the group
velocities of wave modes containing the signals were dependent on the UGW propagating directions [4]. The velocities of
the two converted waves induced by the facesheet delamination are 1218 m/s and 2699 m/s; both modes can be indicators
of the delamination location.

4.3. Foam core delamination

The developed algorithm was able to identify the sensing path with a foam core separation under a 70 kHz excitation
frequency. Fig. 17 shows that there were two actuated wave modes and two foam core separation induced converted wave
modes presenting in the scanning region and actuating region respectively with 20 numerical iterations. According to the size
of the actuator and the size of the foam core separation, asmentioned in Section 3, the errors shown in Fig. 18 indicate that the
developed method converges rapidly with high accuracy. Similar to the facesheet delamination case, the prediction errors for
both actuator and damage are seen to be very close to zero, within 10 numerical iterations. The full time-space domain is
shown in Fig. 19 along with the trajectories of actuated and converted wave modes, while the two-dimensional top-view



Fig. 17. Group velocity distributions for identifying the number of UGW modes in scanning region and actuating region with the presence of foam core
separation.

Fig. 18. Errors of wave source location predicting for the actuator and foam core separation with respect to numerical iterations.
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of thewavemode trajectories are presented in Fig. 20. The velocities of the actuatedmodeswere 1033 m/s and 4672 m/s, sim-
ilar to the velocities of the actuated modes in both the healthy and facesheet delamination cases. This indicates that, as in the
case of the facesheet delamination, the actuated wave velocities were not significantly impacted by the presence of foam core
separation. Again, the small discrepancies were due to the quasi-isotropy of the X-COR panel. However, the velocities of two
converted wave induced by the foam core separation were 1014 m/s and 4050 m/s, and the velocity of the relatively faster
wave mode showed a significant difference compared to the facesheet delamination case (2699 m/s). It is important to note
that: (1) The facesheet delamination is located at the mid-layer of the top facesheet and the foam core separation, which is
located between facesheet and foam core; (2) The delaminated/separated interfaces of the two damage cases are between
two composite layers and between a composite layer and a foam core layer, respectively. This indicates that the velocities
of converted waves are strongly dependent on the location of damage in the through-thickness direction and the damage fea-
tures (facesheet delamination and foam core separation).



Fig. 19. Three-dimensional TSR and the trajectories of two actuated wave modes and two foam core separation induced converted wave modes.

Fig. 20. Top-view of the TSR with the (a) predicted and actual locations of actuator, and (b) predicted and actual locations of foam core separation.
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5. Concluding remarks

A robust multi-dimensional signal processing methodology and mode tracking approach were developed for UGW
based structural health monitoring aiming at accurately localizing in situ damage in highly complex media that has
an issue of large attenuation such as X-COR sandwich structures. This methodology is especially applicable in the con-
text of the challenges involved in detecting damage-induced reflected waves. Instead of investigating a portion of wave-
forms in the time domain, the developed computation framework utilizes the full wave field in the time-frequency-
space domain to locate wave sources with a reference-free perspective. The sensing signals were de-noised in the
time-frequency domain associated with a Hilbert envelope detection technique and used to construct time-space domain
by importing the spatial information of transducers. All possible wave mode trajectories were identified in the time-
space domain and clustered using a KDE and K-means clustering methodology so that the source locations of all wave
modes could be successfully located. The developed framework was then experimentally validated through X-COR pan-
els with two damage scenarios (i.e., facesheet delamination and foam core separation). The results showed that both
damage scenarios can be accurately identified. In addition, the mode tracking approach indicated that the presence of
facesheet delamination and foam core separation did not significantly influence the velocities of actuated wave modes.
Instead, the presence of damage resulted in the converted waves having completely different velocities under varying
damage scenarios, while all the converted wave modes are proven to be effective damage location indicators. Therefore,
the developed method is not only an effective damage localization methodology but is also capable of providing impor-
tant insights into the complex behaviors of UGW in complex and heterogeneous structures. Future work will involve
developing a sensor optimization method that can reduce the number of sensors while maintaining high localization
accuracy.
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