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Abstract
This article presents a guided wave based damage localization framework using a time-space analysis for structural health
monitoring of X-COR sandwich composites with a reference-free perspective to overcome the difficulty in detecting
reflected guided waves in a highly attenuated media. Transducers, including macro-fiber composites and piezoelectric
wafers, are used to design the sensing paths. The time-space domain is constructed using de-noised signals that are pro-
cessed by signal processing techniques including matching pursuit decomposition and Hilbert transform. The localization
framework is then validated across a wide range of excitation frequencies in X-COR sandwich composites with seeded
facesheet delamination. The results indicate that time-space analysis offers a high accuracy for detection and localization
of internal damages and serves as a promising framework for structural health monitoring of complex sandwich compo-
sites with reinforcements. This work also provides a comprehensive study of the changes in group velocities, attenuation
tendencies, and time-space resolution of actuated and converted modes under different excitation frequencies across a
range of ultrasonic transducer sizes, thereby helping to improve reliability and accuracy of damage localization in time-
space domain.
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Introduction

Sandwich composites are well suited for mechanical
and aerospace applications due to their inherent light
weight and excellent durability, strength, stiffness,
damping, and impact properties (Du and Jiao, 2009;
O’Brien and Paris, 2002). X-COR sandwich composites
also possess additional through-thickness reinforce-
ments provided by carbon pins that form a truss-like
structure within the foam core while penetrating the
facesheets and improving the compressive strength in
through-thickness direction, especially when compared
with regular foam core sandwich composite structures
(Li et al., 2009). Despite the foregoing benefits, the
material heterogeneity and complex damage modes,
such as facesheet delamination and foam core separa-
tion, limit the operational reliability of such material
systems (O’Brien and Paris, 2002). Widespread use of
X-COR sandwich composite is further limited due to
the difficult-to-detect damage scenarios associated with
these structures. The low-density foam core, including
honeycomb cell and polyurethane foam, has the

capacity for higher energy absorption when compared
to typical metallic and composite structures (Li et al.,
2016; Zhang et al., 2014). Furthermore, the sharp inter-
face between the foam core and the facesheets, due to
differences in material properties (i.e. stiffness and den-
sity), induces more energy reflection and dissipation,
especially when compared to composites without such
an interface (Diamanti et al., 2005). These observed
characteristics, thus, dramatically increase the difficulty
level of energy transmission in the interrogated media
and subsequently complicate the information interpre-
tation process in a structural health monitoring (SHM)
framework (Cawley, 2018), in both active and passive
monitoring systems. To date, limited research has been
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devoted to addressing these challenges. Therefore, there
is a need to develop reliable and effective SHM tech-
niques with the capability of detecting and localizing
internal damage to better leverage the advantages
offered by this class of sandwich composite structures.

Ultrasonic guided wave (UGW) based techniques
(Chang et al., 2011; Gao et al., 2017; Mohseni and Ng,
2018; Ong et al., 2017) have seen extensive applications
for their ability to interrogate large areas, including the
through-thickness direction in plate-like structures, and
their sensitivity to detect multiple damage types, loca-
tions, and severities in various materials (Raghavan
and Cesnik, 2007; Revel et al., 2013). As such, several
studies have been conducted for the development of
UGW based damage identification and localization
algorithms (Kessler et al., 2002; Su et al., 2006). The
ellipse-based algorithm (Su et al., 2006), which is one of
the most popular damage localization methods, com-
pares the difference between the number of UGW
modes received by the healthy media (known as a base-
line) and damaged media, and identifies the mode(s)
that are reflected from the structural discontinuity (i.e.
reflected mode) in addition to the mode transmitted
from the actuator directly (i.e. actuated mode). Based
on the time-of-flight (ToF) information between actu-
ated and reflected modes, ellipses comprising all possi-
ble damage locations are constructed and the
intersection(s) of these ellipses are regarded as potential
damage site(s). The ellipse-based method provides high
accuracy and ease of algorithm development; thus, it is
widely used for identifying damage locations in the
media that possess relatively low energy dissipation
such as crack in aluminum plates (Lu et al., 2006). It
has been shown that with an appropriate temperature
compensation algorithm for group velocity calibration,
the localization accuracy of the ellipse-based method
can be further improved (Neerukatti et al., 2016a). The
Delta-T method, which uses ToF information, has
attracted significant interest, particularly for civil appli-
cations in the UGW based SHM community. This
method is especially noted for its ability to map arrival
wave modes covering a large inspection area while
maintaining detection accuracy (Ng et al., 2017).
However, such methods will work only in the presence
of reflected wave modes, where the UGW interacts
with the damage and sensors can record the reflected
wave modes. They are not applicable to cases where
the damage does not lead to reflected wave modes, as
in the current problem where facesheet delamination
and foam core separation do not cause in-plane discon-
tinuities (in the plane of actuation and sensing). The
high level of energy absorption introduced by the foam
core and the pins further complicates these issues.

For detecting less-severe damage such as delamina-
tions in composite material systems, alternative tech-
niques such as artificial neural network (ANN) (Su and
Ye, 2004), image processing (Moriot et al., 2017; Sohn

et al., 2011), and frequency–wavenumber domain anal-
ysis (Michaels et al., 2011; Ruzzene, 2007) have shown
considerable efficacy and accuracy. However, these
techniques are inherently cumbersome and impractical
for health monitoring and damage detection in X-COR
sandwich composites. First, use of ANN requires base-
line and validation information from a statistically suf-
ficient number of samples (Su and Ye, 2004), which is
infeasible under real-time conditions. A similar limita-
tion applies to the image processing technique as well.
Next, frequency–wavenumber analysis, which is a two-
dimensional Fourier transform of the time-space
domain, requires fine spatial sampling intervals. Since
the time-space domain information is generally
obtained using a non-contact laser vibrometer (a well-
known nondestructive evaluation (NDE) tool
(Ruzzene, 2007)), this inherently restricts the adapta-
tion of frequency–wavenumber analysis to a real-time
monitoring system. Finally, the aforementioned meth-
ods mostly rely on baseline information, which can
prove to be impractical in real applications, since a
‘‘healthy’’ baseline sample may have manufacturing
induced defects and its condition may change over time
due to environmental exposure.

Despite these limitations, frequency–wavenumber
and time-space domain analysis offer constructive gui-
dance for developing a real-time SHM framework for
X-COR sandwich composites. First, the time-space
domain can be used for measuring guided wave veloci-
ties (Kim and Chattopadhyay, 2015), which are critical
parameters for developing the damage localization
framework, and currently are difficult to obtain theore-
tically due to the complex dispersion behaviors of
UGW propagating in X-COR sandwich composites.
Second, both time-space and wavenumber–frequency
domain analysis have shown that additional wave
mode(s), known as converted mode(s), are generated in
addition to the wave mode(s) transmitted from the
actuator when UGW propagation crosses a delamina-
tion (Kim and Sohn, 2007; Okabe et al., 2010). This
observation of converted guided wave modes can func-
tion as effective indicators of presence of delamination.
Prior work on damage detection of X-COR sandwich
composites has shown that while the reflected wave
mode from damage cannot be detected, the mode con-
version phenomenon caused by the presence of face-
sheet delamination and foam core separation
(Neerukatti et al., 2016b) can be easily observed.
However, converted wave modes have proven to be
effective indicators of facesheet delamination locations
(Li and Chattopadhyay, 2018; Li et al., 2017c), yet a
comprehensive study of mode conversion–based locali-
zation framework is still needed for optimal detection
of accuracy and efficiency.

Motivated by the aforementioned research and
based on the observation of delamination-induced con-
verted guided wave modes, a reference-free damage
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localization framework in time-space domain that
interrogates the structural health of X-COR sandwich
composites in real-time is presented in the article. A
comprehensive study is conducted to evaluate the loca-
lization accuracy of the proposed methodology under a
wide range of excitation frequencies. The X-COR speci-
mens are manufactured with seeded facesheet delami-
nations located between the second and third layers of
a four-layer top facesheet. Surface-bonded macro-fiber
composites (MFCs) and piezoelectric wafer active sen-
sors (PWASs) are then used as sensors and actuators in
relatively low- and high-frequency regions, respectively.
The complex sensor signals are de-noised using match-
ing pursuit decomposition (MPD) technique, which is a
signal processing technique in time–frequency domain,
with an adaptive time–frequency dictionary (Liu et al.,
2012; Mallat and Zhang, 1993). In addition, Hilbert
transform (Giurgiutiu, 2007; Ulrich, 2006) is implemen-
ted for isolating guided wave modes and improving the
time-space resolution with a relatively sparse sensing
architecture. The trajectories of all wave modes present
in time-space domain are identified so that the delami-
nation location, which is the origin of converted wave
modes, can be obtained. The predicted damage loca-
tions are then validated by NDE techniques and show
high accuracy. It is important to note that the devel-
oped time-space method is independent of the mode
velocity and baseline information, thereby eliminating
the need for temperature and environment compensa-
tion that are critical in guided wave based SHM sys-
tems (Neerukatti et al., 2016a; Singh et al., 2016, 2017).
In addition, based on the developed method, this article
provides a comprehensive understanding of the mode
conversion mechanism in the presence of delamination
in complex composite sandwich structures under

various frequencies and transducers. This framework is
anticipated to be a promising tool for UGW based
SHM not only for X-COR sandwich composites but
also for other complex structures with high-amplitude
attenuation.

The remainder of this article is organized as follows.
In section ‘‘Damage localization using time-space anal-
ysis,’’ the methodology of the developed converted
wave based damage localization framework is intro-
duced. Then, in section ‘‘Experimental setup’’, the
experimental details, including specimen and sensor
specifications, sensor deployment, and data acquisition
are described, and the predicted damage location is
validated via a flash thermography. Next, the localiza-
tion results are shown with a discussion of observations
in section ‘‘Results and discussion’’. The concluding
remarks of the current research work are summarized
in the ‘‘Concluding remarks’’ section.

Damage localization using time-space
analysis

A schematic view of the proposed converted wave
mode based damage localization framework is shown
in Figure 1. For each sensing path, an excitation signal
is applied to the actuator, and the signals are received
by a group of evenly distributed sensors. To eliminate
the noise induced by the test environment, bonding of
transducers, and the data acquisition system, the MPD
algorithm utilizes an adaptive dictionary that contains
Gaussian-cosine atoms (Chakraborty, 2010; Liu et al.,
2012) to extract the harmonic wave modes from the
raw signals in the time–frequency domain. Through a
Hilbert transform based envelope detection algorithm,
the time-space representation can be constructed, and

Figure 1. Schematic view of converted wave mode–based damage localization in time-space domain.
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trajectories of wave modes can then be identified. A
brief introduction of signal de-noising and the time-
space representation is presented next.

The signal received by the sensor is defined as S(x, t),
where x is the location of the sensor in the sensing path,
as shown in Figure 1, and t is the time of UGW propa-
gation. Signal S(x, t) is decomposed by a linear combi-
nation of scale–time–frequency basis functions, called
atoms in MPD, and the de-noised signal, Sde�noised(x, t),
is then expressed as

Sde�noised x, tð Þ=
XM�1

k = 0

ak xð Þgk x, tð Þ ð1Þ

and

rM x, tð Þ= S x, tð Þ �
XM�1

k = 0

ak xð Þgk x, tð Þ ð2Þ

where (M � 1) is the number of iterations, ak(x) are the
coefficients of expansion, gk(x, t) is the atom function
selected from the atom dictionary D for the kth itera-
tion, and rM (x, t) represents the residual signal after
M � 1ð Þth MPD iterations. In order to decompose the
signal effectively, while maintaining computational effi-
ciency, the Gaussian-cosine atom dictionary
(Chakraborty, 2010) designed based on the excitation
signal that was used in the experiments and can be
expressed as

D=
8sl

p

� �1=4

e�sl t�tnð Þ2 cos 2pymð Þ ð3Þ

where sl (l = 1, . . . , lmax), tn (n= 1, . . . , nmax), and ym

(m= 1, . . . ,mmax) are the parameters controlling scale
shift, time shift, and frequency shift, respectively; these
variables are used to adjust the waveforms in the dic-
tionary in order to obtain a better signal de-noising per-
formance (Liu et al., 2012). The basis function in each
iteration is the atom that has the maximum correlation
with the signal Sde�noised(x, t) and can be expressed as

gk x, tð Þ= argmax
gk t, sl , tn, ymð Þ2D

j
ð‘

�‘

rM x, tð Þgk t, sl, tn, ymð Þdtj ð4Þ

where the expansion coefficient is

ak xð Þ=
ð‘

�‘

rM x, tð Þgk x, tð Þdt ð5Þ

As shown in Figure 1, the harmonic waveforms (in
red color) contained in sensing signals can be efficiently
extracted through the MPD algorithm, while the noise
is filtered out due to less correlation with the atoms in
the dictionary. A Hilbert-based envelope detection

algorithm (Giurgiutiu, 2007; Ulrich, 2006) is then
applied to isolate wave modes, which improves the effi-
ciency of the damage localization in the time-space
domain. The envelope of the wave mode can be found
from the absolute value of the analytical signal,
Sanalytical(x, t), 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

Sanalytical x, tð Þ= Sde�noised x, tð Þ+ iH Sde�noised x, tð Þð Þ ð6Þ

where H( � ) is the Hilbert transform that can be
expressed as

H Sde�noised x, tð Þð Þ=� 1

p
lim
e!0ð‘

e

Sanalytical x, t + tð Þ � Sanalytical x, t � tð Þ
t

dt

ð7Þ

The envelope of each UGW mode, ENV (x, t), can be
expressed as

ENV x, tð Þ= Sanalytical x, tð Þ
�� ��

=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S2

de�noised x, tð Þ+H2 Sde�noised x, tð Þð Þ
q ð8Þ

and represents the signals constructed in the time-space
domain by the envelopes (i.e. blue lines in Figure 1),
thus preserving not only the amplitude information but
also the spatial–temporal relationship of wave modes
contained in sensing signals. With known spatial infor-
mation of each sensor, the three-dimensional time-space
representation is constructed. It should be observed in
Figure 1 that, although multiple modes appear in the
time-space domain, the trajectories can be easily
tracked by linear regression using time-space informa-
tion; the slope of the regression line corresponds to the
wave mode velocity, and the intersection with the spa-
tial direction at time zero indicates the source location
of the wave mode. The reason for using linear regres-
sion is the hypothesis that the delamination-induced
converted wave still maintains the inherent characteris-
tics of UGW wave mode (e.g. constant group velocity;
Giurgiutiu, 2007; Yu and Giurgiutiu, 2005). In addi-
tion, the propagation direction of each wave mode is
determined by the fact that the amplitude of each wave
attenuates with respect to the propagation distance (Li
et al., 2017a). This study will focus on the wave mode
that propagates in the direction of actuator to sensor(s),
defined as forward direction. It should be emphasized
that, as the primary advantage of time-space analysis,
the top-view of the time-space representation reveals
the relation between time and sensor location enabling
the spatial domain regression, while the side-view of the
time-space representation presents the wave mode
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attenuation tendency, facilitating propagation direction
identification.

Experimental setup

X-COR panel configuration and transducer
deployment

X-COR sandwich panels for testing were fabricated at
the Boeing company facility in Mesa, Arizona, USA,
with the dimensions of 450 mm 3 450 mm 3 13 mm.
The facesheets were constructed using a quasi-isotropic
layup of prepreg carbon fiber reinforced laminae with
the facesheets comprising four layers in the top and
eight layers in the bottom surface; the core structure
was made of polyurethane foam. In addition, evenly
distributed carbon pins at an angle of approximately
20� with respect to the out-of-plane direction penetrate
through the foam core, top and bottom facesheets.
Based on the critical delamination size of composite
structures (D�ıaz Valdés and Soutis, 2002), single-fold
Teflon layer with a size of 19 mm 3 19 mm was
inserted between the second and third layers of the

four-layer top facesheet. The carbon pins were trimmed
in the regions of the seeded delaminations to induce
structural discontinuities that could simulate interply
delamination. A picture of the experimental setup and
a schematic view illustrating sensor deployment are
shown in Figure 2. A NI PXI 14-bit 100 MS/s arbitrary
wave generator (AWG) and a 12-bit 60 MS/s digitizer
were used to generate a five-cycle cosine tone burst
excitation signal and to collect signals from each sensor
with a sampling frequency of 20 MHz, respectively, for
the purpose of demonstration. The waveform and its
corresponding bandwidth in the frequency domain
under a 50-kHz excitation frequency are shown in
Figure 3. In order to overcome the limitation posed by
transducer’s resonance frequency (Peairs et al., 2007)
that restricts the range of its effective excitation fre-
quency, MFC transducers and PWASs were bonded to
the surface of X-COR panel using superglue for inter-
rogating delamination under 10–100 kHz and 100–1000
kHz frequency ranges, respectively. For the relatively
lower frequency region, each sensing path contained an
MFC actuator and five 40-mm equally spaced MFC

Figure 2. Illustration of (a) experimental setup and (b) schematic view of test plate and sensor deployment.

Figure 3. (a) Excitation signal and (b) its frequency spectrum under a 50-kHz excitation frequency.
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sensors (M 2814 P2, dimensions: 37 mm 3 18 mm);
for the relatively higher frequency region, each sensing
path contained a piezoelectric actuator and 10 10-mm
equally spaced PWASs (APC 850 disk, diameter:
6.35 mm). The final recorded signal for each experi-
ment was taken as the average of 10 measurements. As
an example, the averaged signal associated with 10
measurements using MFC transducers with a healthy
pitch-catch distance of 188 mm under 50 kHz is shown
in Figure 4(a), and the corresponding standard devia-
tion of each sampling point is shown in Figure 4(b).
The maximum standard deviation was less than 0.001,
and the averaged mean square error (MSE), across all
sampling points and measurements, was 1.1723 3 10–7.
The formulation of the averaged MSE used in this study
can be expressed as

MSE=
1

TW

XT

t= 0

XW
m= 1

Saveraged tð Þ � Sw tð Þ
� �2 ð9Þ

where Saveraged(t) is the averaged signal, Sw(t) denotes
the wth measurement, W is the number of measure-
ments being averaged, and T is the sample points in
each measurement (T = 15, 000 in this demonstration).
It can be seen that the measurements were very

consistent, and the experimental noise was reduced by
the averaging process.

Validation of delamination size and location using
flash thermography

Flash thermography has been used as a validation tool of
the proposed damage localization framework. A thermal
wave imaging system (EchoTherm) was used to excite the
thermal wave through a flash pulse and record response
of the X-COR sandwich structure by an infrared camera
(Maierhofer et al., 2014). All facesheet delaminations
were successfully detected by the flash thermography; the
location and size of delamination detected by the thermal
imaging were very close to the predefined location and
the size of fold Teflon insertion (i.e. 19 mm 3 19 mm),
ensuring precision of the error analysis that will be dis-
cussed in the next section. As a demonstration, one of the
thermal images is shown in Figure 5 with the surface view
of the delamination region.

Results and discussion

In order to achieve effective excitation, the total num-
ber and amplitudes of the modes present in the

Figure 4. Demonstration of (a) averaged signal associated with 10 measurements and (b) standard deviation with respect to
sampling points under 50 kHz.

Figure 5. Facesheet delamination detected by flash thermography.
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excitation frequency range of 10–100 kHz and 100–
1000 kHz were investigated with MFC transducers and
PWASs, respectively. For the sensing path constructed

by MFC transducers, the signals with frequencies
between 50 and 70 kHz show relatively more wave
modes with larger amplitudes compared to other exci-
tation frequencies, indicating higher energy content
and more mode information. Through the same pro-
cess, the suggested excitation region, for the sensing
path constructed by PWASs, was found to be between
300 and 400 kHz.

Damage localization using MFC transducers

Based on the excitation ranges obtained through the
frequency investigation, time-space analysis is con-
ducted for damage localization with excitation frequen-
cies of 50, 60, and 70 kHz using the sensing path
constructed by the MFC transducers. The time-space
representation based on the signals received by five
MFC sensors under a 70-kHz excitation frequency is
presented in Figure 6. It should be emphasized that in

Figure 7. Prediction for (a) actuator and (b) delamination under a 70-kHz excitation frequency (TS: time-space).

Figure 8. (a) Time-space representation and (b) actuator prediction for healthy path under 70 kHz (TS: time-space).

Figure 6. Time-space representation for signals collected from
paths with delamination under a 70-kHz excitation frequency.
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all time-space representation shown in this article, the
position of the last sensor, which is the farthest sensor
in the array from the actuator, is defined as the origin
in the space domain. The dashed lines in Figure 6 rep-
resent four wave mode trajectories that propagate in
the forward direction. Note that the modes that propa-
gate in the opposite direction, which are the reflected
waves from the boundaries identified by the mode
attenuation analysis, are ignored. Figure 7 shows the
four identified mode trajectories in the top view of
time-space domain and the predicted actuator and
delamination locations for actuated and converted
wave modes, respectively. It can be seen that the two
actuated wave modes in Figure 7(a) can accurately
indicate the location of the actuator, while the two con-
verted wave modes in Figure 7(b) precisely locate the
delamination without any baseline information.

To demonstrate that the appearance of converted
wave modes is due to the presence of facesheet delami-
nation, in Figure 8(a), the time-space representation of
a healthy sensing path containing just two actuated
wave modes is shown. The corresponding top-view
wave mode trajectories are shown in Figure 8(b). By
comparing these trajectories with the trajectories of the
actuated wave modes in the path with delamination,
shown in Figure 7(a), it can be observed that the con-
verted wave modes are absent in the healthy sensing
path and the trajectories of actuated modes are similar.
This is an indication that the presence of delamination
has minor impact on the trajectory of the actuated
mode. The time-space analysis was conducted under an
excitation frequency of both 70 kHz and at signals
under 50 and 60 kHz excitation frequencies in order to
explore the behaviors of actuated and converted wave
modes under varying excitation frequencies. The time-
space representation and the corresponding localization
results of the sensing path with delamination are shown

in Figures 9 and 10, respectively. It can be observed that
there are two modes, one actuated mode and one con-
verted mode, propagating in the forward direction
under both 50 and 60 kHz excitation frequencies, as
shown Figure 9(a) and (b), respectively; other modes
are reflected waves from the boundaries. As shown in
Figure 10(a) and (c), the prediction for the actuator
location correlates well with the actual location, and the
mode trajectories are similar. The delamination loca-
tions are also successfully predicted under both excita-
tion frequencies, as shown in Figure 10(b) and (d).
Comparing the trajectories of converted wave modes
under 50, 60, and 70 kHz excitation frequencies, it can
be seen that all the detected converted wave modes are
effective indicators of the presence and location of face-
sheet delamination, while converted wave modes show
different behaviors with varying frequencies.

Damage localization using PWASs

For investigating the proposed localization method in a
high-frequency range (.100 kHz), the excitation fre-
quencies of sensing path constructed by PWASs were
set to 300, 350, and 400 kHz. The time-space represen-
tation constructed by the signals received by 10 equally
distributed PWASs under a 350-kHz excitation fre-
quency is presented in Figure 11. Through the time-
space analysis, four wave modes that propagate in the
forward direction are found (marked by four colors in
Figure 11), two of which are proven to be actuated
modes (mode 1 and 2), while the other two are the con-
verted wave modes (modes 3 and 4) initiated at the
delamination location. From the top view of these four
modes shown in Figure 12, it can be seen that the two
actuated modes identify the actuator location correctly,
while the two converted modes successfully locate
delamination.

Figure 9. Time-space representation for signals collected from paths with delamination under (a) 50 kHz and (b) 60 kHz excitation
frequencies.
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For the purpose of demonstration, the time-space
representation constructed by a healthy sensing path
under the same excitation frequency is shown in Figure
13(a). It shows that only the actuated wave modes are

present in the time-space domain, and the trajectories
of these two modes that are shown in Figure 13(b) cor-
rectly indicate the actuator location. Furthermore, the
time-space representation of the sensing path with dela-
mination under 300 and 400 kHz excitation frequencies
is presented in Figure 14(a) and (b), respectively. Based
on the time-space representation, there are four modes
propagating in the forward direction under a 300-kHz
excitation frequency, including one actuated mode and
three converted wave modes, while two modes are
found under a 400-kHz excitation frequency, including
one actuated mode and one converted wave mode. The
trajectories shown in Figure 15(a) to (d) show that the
actuated wave modes and converted wave modes can
correctly indicate the locations of the actuator and
delamination, respectively.

Discussion

Based on the presented localization results, it can be
observed that the actuated and converted wave

Figure 10. Predictions for actuator locations under (a) 50 kHz and (c) 60 kHz, and predictions for delamination locations under (b)
50 kHz and (d) 60 kHz, (TS: time-space).

Figure 11. Time-space representation for signals collected
from paths with delamination under a 350-kHz excitation
frequency.
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Figure 12. Prediction for (a) actuator and (b) delamination under a 350-kHz excitation frequency (TS: time-space).

Figure 13. (a) Time-space representation and (b) actuator prediction for healthy path under 350 kHz (TS: time-space).

Figure 14. Time-space representation for signals collected from paths with delamination under (a) 300 kHz and (b) 400 kHz
excitation frequencies.
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modes are able to predict the respective locations of
the actuator and the delamination. The errors of all
the sensing cases in localizing the actuator and dela-
mination are summarized in Tables 1 and 2,
respectively, and the error for each wave mode is
defined as

Error=
Predicted location� actual location

Actual location

����
����3 100%

ð10Þ

It should be noted that, when predicting the location
of delamination, if the predicted location is within the

Figure 15. Predictions for actuator locations under (a) 300 kHz and (c) 400 kHz, and predictions for delamination locations under
(b) 300 kHz and (d) 400 kHz, (TS: time-space)

Table 1. Error analysis for prediction of actuator location.

Frequency (kHz) Sensing path Mode Pred. Loc (m) Act. Loc (m) Error (%)

350 Healthy Mode 1 0.2036 0.2100 3.05
350 Healthy Mode 2 0.2101 0.2100 0.05
300 Damaged Mode 1 0.2108 0.2100 0.38
350 Damaged Mode 1 0.2165 0.2100 3.10
350 Damaged Mode 2 0.2270 0.2100 8.10
400 Damaged Mode 1 0.2283 0.2100 8.71
70 Healthy Mode 1 0.3396 0.3480 2.41
70 Healthy Mode 2 0.3582 0.3480 2.93
70 Damaged Mode 1 0.3735 0.3480 7.33
70 Damaged Mode 2 0.3582 0.3480 2.93
60 Damaged Mode 1 0.3447 0.3480 0.95
50 Damaged Mode 1 0.3434 0.3480 1.32

Pred. Loc: predictive location; Act. Loc: actual location.
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real delamination region, the error is zero; if the pre-
dicted location is out of the real delamination region,
the error will be calculated using equation (10), and the
actual location will be regarded as the edge of delami-
nation that is close to the predicted delamination loca-
tion. For consistency, the wave mode numbers listed in
this section are directly associated with the modes iden-
tified in the time-space domain as presented in the pre-
vious two subsections, while the ‘‘healthy’’ and
‘‘damaged’’ sensing paths refer to the sensing path with-
out and with delamination, respectively. Most of the
errors listed in Table 1 are within 3%, indicating that
the prediction of actuator location is accurate under
varying excitation frequencies. Similarly, the errors in
predicting the delamination location, listed in Table 2,
indicate that the current time-space framework pro-
vides high accuracy in predicting the location of face-
sheet delamination under a wide range of excitation
frequency. In addition, it can be seen that the predic-
tion errors with relatively higher excitation frequencies
(300, 350, and 400 kHz) are, generally, smaller than

those under relatively lower excitation frequencies (50,
60, and 70 kHz), except for mode 2 under a 350-kHz
excitation frequency, which shows a comparable value
to those with relatively lower excitation frequencies.
The primary reason for this difference is that PWAS
provides a better spatial resolution for time-space anal-
ysis than MFC due to the size of PWAS used in this
study, which as mentioned in the previous section is
much smaller than MFC.

Group velocities are one of the most important
parameters in UGW based damage localization frame-
work and are explored here for both actuated and con-
verted modes. In Figure 16, a comparison of the
actuated wave modes between healthy and damaged
sensing paths under excitation frequencies of 70 and
350 kHz are presented. It can be observed that the pres-
ence of damage has a minor impact on the group velo-
cities of actuated wave modes; the discrepancies
between actuated wave mode with and without face-
sheet delamination are due to the quasi-isotropic char-
acteristic of the carbon fiber composite facesheet,
which results in differences in elastic stiffness between
sensing paths. The group velocities of all converted
modes in this work are listed in Table 3, showing that
they vary under different excitation frequencies. It
should be emphasized that the fundamental mechanism

Table 2. Error analysis for prediction of delamination location.

Frequency (kHz) Sensing path Mode Pred. Loc (m) Act. Loc.Front (m) Act. Loc.Back (m) Error (%)

300 Damaged Mode 2 0.1535 0.1630 0.1440 0.00
300 Damaged Mode 3 0.1443 0.1630 0.1440 0.00
300 Damaged Mode 4 0.1545 0.1630 0.1440 0.00
350 Damaged Mode 2 0.1324 0.1630 0.1440 8.06
350 Damaged Mode 3 0.1450 0.1630 0.1440 0.00
400 Damaged Mode 3 0.1692 0.1630 0.1440 3.80
70 Damaged Mode 3 0.3121 0.3090 0.2900 0.68
70 Damaged Mode 4 0.2715 0.3090 0.2900 6.38
60 Damaged Mode 2 0.2682 0.3090 0.2900 7.52
50 Damaged Mode 2 0.3013 0.3090 0.2900 0.00

Pred. Loc: predictive location; Act. Loc.Front: front edge of delamination; Act. Loc.Back: back edge of delamination.

Figure 16. Comparison of group velocities of actuated wave
modes between healthy and damaged sensing paths.

Table 3. Group velocities of converted wave modes.

Frequency (kHz) Converted wave mode Velocity (m/s)

300 Mode 2 1355
300 Mode 3 933
300 Mode 4 890
350 Mode 2 1125
350 Mode 3 888
400 Mode 2 1262
70 Mode 3 1203
70 Mode 4 809
60 Mode 2 968
50 Mode 2 1200
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governing the presence of converted wave mode(s) is
that the waves propagate through region(s) with differ-
ent thicknesses, from where the wave is excited. Thus,
although the thickness change, caused by the presence
of facesheet delamination, remains the same, the group
velocities of converted modes change under different
excitation frequencies.

The attenuation tendencies of all the modes under
low- and high-frequency regions, as a side-view of time-
space domain, are summarized in Figure 17(a) and (b),
respectively. From both figures, it can be observed that
the amplitudes of actuated wave modes (solid lines) are
generally much greater than those of converted wave
mode (dash lines) under both low- and high-frequency
regions, except for the second actuated modes detected
under 70 and 350 kHz from both healthy and damaged
sensing paths. This phenomenon can be interpreted as
follows: the complex dispersion behaviors (Li et al.,
2017b; Neerukatti et al., 2016b) of UGW propagating
in X-COR sandwich composites result in multiple
modes with various energy content (Srivastava and
Lanza di Scalea, 2009) and this fact leads to obtaining
two actuated modes with a large amplitude difference

under 70 and 350 kHz. By comparing the amplitude
difference of actuated wave modes between healthy and
damaged paths, there is an obvious reduction found in
the amplitude of mode 1 under both 70 and 350 kHz
excitation frequencies, indicating that the converted
wave modes are formed by a portion of energy from
these actuated modes. This affects the accuracy of
actuator location prediction as the center of wave
modes with lower amplitude are more difficult to
detect. For instance, it can be observed in Table 1 that
mode 1 of the sensing path with delamination under
excitation frequencies of 400 and 70 kHz and mode 2
of the sensing path with delamination under an excita-
tion frequency of 350 kHz show approximately 8%
error, which is slightly larger than those without dela-
mination. In addition, the amplitude of both actuated
and converted wave modes attenuate much faster under
a high excitation frequency suggesting that a better time
resolution may be obtained by decreasing the distance
between the sensor and the actuator.

Concluding remarks

A converted guided wave based damage localization
framework was developed for SHM of X-COR sand-
wich composites. MFC transducers and PWASs were
used to construct the sensing paths under a wide range
of excitation frequencies after which the raw signals
were de-noised through MPD. Time-space representa-
tion was subsequently constructed by the envelopes of
de-noised signals, which were identified via a Hilbert
transform. Through regression in the time-space
domain, the trajectories of damage-induced converted
waves were tracked without any baseline information,
and the corresponding source locations were then iden-
tified, indicating the methodology does not depend on
wave mode velocities and temperature. Results suggest
that the converted wave modes are effective indicators
of the location of the facesheet delaminations. The
localization error, including the error in predicting
actuator locations using actuated modes, were small as
shown through error analyses. In addition, through the
investigation of group velocity and amplitude attenua-
tion using the time-space domain, it was found that the
converted wave modes (1) contained less energy and
attenuated faster than the actuated mode and (2)
showed significantly higher attenuation rate at high-
frequency excitation regions (.300 kHz). It was also
observed that mode conversion behavior was different
under various excitation frequencies; however, this had
a minor impact on the localization results. Unlike ToF-
based methods which rely on reflected waves from the
damages, the current method utilizes the mode conver-
sion caused by change in thickness of the delamination
region, which leads to additional modes with variations
in dispersion characteristics. Future investigations will

Figure 17. Attenuation tendencies of UGW modes under (a)
low-frequency region (50, 60, and 70 kHz) and (b) high-
frequency region (300, 350, and 400 kHz).
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focus on incorporating directionality of wave propaga-
tion to enable the inspection of two-dimensional aniso-
tropic structures.
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