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ABSTRACT The damage detection method for composite laminates introduced in this research uses
piezoelectric (lead zirconate titanate, PZT) transducers to excite/sense the Lamb wave signals. The com-
plicated wave signals scattered by damage are accurately processed using a continuous wavelet transfor-
mation (CWT) based on the Gabor wavelet. The transducers are arranged on a composite laminate in the
form of a network of square detection cells and triangular subcells. The damage location is estimated using
the concept of centroid in two-stage detection method. The first stage detection is carried out by exciting a
transducer at the center of each detection cell to locate the damaged cell and subcell. The damage localization
is improved by exciting an additional transducer at the corner of the damaged subcell during the second stage
detection. The damage size is then quantitatively estimated using cubic spline curve (CSC) and elliptical
parametric (EP)methods based on the damage edge points. The damage location is estimated in two detection
stages for high-accuracy because the damage edge points are calculated with reference to the estimated
location of the damage. The arrangement of transducers and signal processing technique remain the same
at all the stages of damage detection. Results from previous detection stages contribute to the improvement
of damage detection in the subsequent stages. The size of detection cell plays a crucial role in designing the
detection stages, and the proposed method can accurately quantify both location and size of the damage in
composite laminate.

INDEX TERMS Composite laminate, PZT transducer, continuous wavelet transform, damage size quantifi-
cation, elliptical reconstruction.

I. INTRODUCTION
The properties of composite materials can be tailored to
exhibit superior properties such as high strength to weight
ratio, high modulus and high resistance to aggressive envi-
ronmental conditions. Composite materials are increasingly
employed to achieve the desired performance in wide range
of applications from various industries like aerospace, auto-
motive, naval and wind turbine etc. However, the mechanical
properties and structural integrity of composite structures
can be compromised by various types of fabrication and
in-service defects. A small damage in composite struc-
ture can grow and lead to the catastrophic failure of the
entire structure. Therefore, a continuous monitoring of the
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structural components, for damage detection at an early
stage, is required for efficient repair and maintenance.
Researchers have developed many computational and intel-
ligent techniques for structural health monitoring (SHM)
of composites [1]. The SHM techniques based on Lamb
waves are commonly used for damage detection in com-
posite laminates. The Lamb waves are highly sensitive to
small imperfections, and have the ability to propagate rel-
atively a long distance with low attenuation. The change
in the Lamb wave propagation due to forward and back-
ward scattering from damage can be analyzed to evaluate
the damage. The PZT (lead zirconate titanate) transducers
are frequently used to excite and sense the Lamb wave
signals because they are small, lightweight, consume low
power, and produce a frequency response in wide region [2].
For fast and in situ SHM, PZT transducers can be directly
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attached to the surface of host structure in the form of
a network of sensors to record multipoint measurements.
However, sophisticated signal-processing techniques are
required to physically interpret the dispersive and multi-
modal Lamb wave signals scattered by damage. The time
of flight (ToF) based damage detection methods are fre-
quently used for composite laminates. A variety of tech-
niques for an accurate ToFmeasurement have been developed
including, continuous wavelet transform (CWT) [2], [3],
short-time Fourier transform (STFT) [5], warped frequency
transform (WFT) [6] and matching pursuit (MP) algo-
rithm [7]. Furthermore, the accurate ToF measurement has
been utilized for the elliptical reconstruction of the dam-
age, and various imaging algorithms have been devel-
oped for damage localization like non-contact type laser
excitation sparse imaging [8], minimum variance distor-
tionless response (MVDR) method [9], iterative algebraic
reconstruction technique (ART) [10], reconstruction algo-
rithm for probabilistic inspection of damage (RAPID) [11],
probability-based diagnostic imaging (PDI) [12] and
least-squares reverse time migration (LSRTM) [13].

The concept of the Lamb wave signals reflecting from the
damage boundary has been used to find the reflection points
on damage. These reflection points have been then used
to reconstruct the damage images for plate-like structures.
A damage size characterization algorithm was developed for
estimation of corrosion in aluminum plates [14]. The wave
scattering source was estimated as one point on damage
boundary for each sensing path. The convex hull was then
applied to these points on damage boundary to approximate
the shape and size of the damage. The concept of reflection
points on damage boundary was used to develop two different
active sensing methods, a damage index method and a diag-
nostic imaging method, for damage detection in isotropic and
composite structures [15]. The reflection points were deter-
mined as special point on each elliptical path loci with the
shortest distance to the center of curvature of damage bound-
ary [16]. The convex envelope was then identified by using
the reflection points to represent the damage shape. However,
the location of damage was supposed to be already known in
order to estimate its size. The reflection points were defined
as front points on damage for developing a theory to evaluate
the reflection intensity of Lambwaves [17]. This theory could
quantify the size of circle-like damage in aluminum plate
with unneglectable errors. A method based on finding the
damage contour using convex envelope of damage reflection
points has been presented where, the delamination was mod-
eled in composite laminates [18]. The evaluation of damage
shape and size by determining the wave scattering sources
for different sensing paths was utilized for the development
of enhanced ellipse and probabilistic imaging algorithms for
composite laminates [19]. Damage detection based on Lamb
wave focusing by an array of PZT transducers has improved
the detection resolution using dispersion compensation. The
resolution of the method depends on the number of focus-
ing points on the structure under inspection [20]. A method

based on the compressed sensing was introduced to address
the dispersion compensation for both single and multi-mode
guided wave problems. A dispersion signal dictionary was
built by using the dispersion curves of guided wave modes.
The dispersion-compensated waves were then obtained by
utilizing a non-dispersion signal dictionary and the results of
sparse decomposition [21]. A two-stage damage estimation
method was introduced to identify the location and size of
the multiple damage inside the individual layers of the lam-
inated composite beams [22]. The damage was localized in
the first stage by using the normalized cumulative energy,
and then extent of the damage was measured in the second
stage by solving an optimization problem via differential
evolution algorithm. An efficient approach for optimal sen-
sor placement (OSP) using iterated improved reduced sys-
tem (IIRS) method was proposed and applied to the damage
identification in composite laminates [23]. Bayes’ theorem
updated the probability distributions of the parameters by
combining the prior information and measured ToF data for
damage localization in composite laminates [4]. In order to
improve the imaging capability for damage localization in
complex structures, the defect distribution probability of PDI
algorithm was modified to develop an elliptical ring distri-
bution probability-based diagnostic imaging algorithm [24].
Two ToF based damage localization methods were proposed
for composite laminates [25]: the first algorithm used the
probabilistic approach by constructing a probability matrix
for locating the defects with large errors, and the second
algorithm based on the artificial neural networks was then
used to improve the accuracy of defect localization. The near-
field sampling phased-array damage monitoring algorithm
was combined with the two-dimensional phased-array in an
omnidirectional damage imaging method [26].

In the aforementioned methods, the researchers mostly
simulated the defects using circular [3], [9], [10], [13],
[14], [18]–[20], [22]–[24], square [12], [25] and rectangu-
lar [15], [17] shapes, which may not be the best represen-
tation of the actual damage in composite laminates. Studies
performed at the microscopic level reveal that the more
realistic representation of damage is the thin and elongated
ellipse-like shape [31], which has been used to simulate the
damage in composite laminates [27]–[30]. In addition to
that, the methods discussed here have used a large number
of PZT transducers just to locate the damage of simplistic
shapes. For example, the methods for locating the circular
damage have used 16 transducers with 56 pitch-catch sig-
nal acquisition paths [14], 30 distributed transducers [15],
16 transducers with 28 sensing paths [24] and 12 trans-
ducers with 84 sensing paths [11]. The use of too many
PZT transducers requires a big amount of data to be pro-
cessed during the SHM process. Therefore, there is a need
to develop fast and in situ SHM methods for on-line moni-
toring of composite structures with minimum data recording.
Furthermore, most of the existing elliptical reconstruction
methods are image-based which focus only on damage local-
ization [3], [9], [10], [12]–[14], [18]–[22], [24], [25], [31],
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and do not provide the quantitative estimation of damage
size/extent.

In this research, the PZT transducers were arranged in
the form of a network of square detection cells on a CFRP
composite laminate. Each cell was comprised of just 5 trans-
ducers: 1 at center and 4 at the corners of the cell. The damage
location was first estimated accurately in two stages using
the centroid of intersections of elliptical path loci, which
was then used to calculate the damage edge points. The
damage size was quantitatively estimated using the Cubic
Spline Curve (CSC) and Elliptical Parametric (EP) meth-
ods which were based on damage edge points. The CSC
method fitted a spline curve through the damage edge points
instead of the widely used convex hull/envelope whereas,
the EP method estimated the parameters of the damage in
order to reconstruct the damage as an ellipse. It is found
that the EP method can quantify the size of the elliptical
damage with more accuracy than the CSC method. The
method requires a relatively smaller amount of data to be
collected, and it is more accurate compared to the exist-
ing ellipse-based reconstruction methods for damage size
quantification.

The organization of this article is as follows: Section II
introduces the theory of the proposed damage detectionmeth-
ods. The dispersion curves are presented in Section III. The
finite element (FE) model and its validation is presented in
Section IV. The damage detection strategy and its implemen-
tation are shown in Section V. The procedure for damage
localization in two stages is presented in Section VI. Section
VII includes the damage size estimation using CSC and
EP methods. The influence of noise on the accuracy of the
method is studied in section VIII. The article is then summed
up with a discussion of results in Section IX, and conclusion
in Section X.

II. DAMAGE DETECTION METHODOLOGY
Consider a unit cell from the network of PZT transducers in
a plate structure with four transducers (P1-P4) arranged in
square configuration, and a circular damage located at P5(x,
y) from the center of the cell, as shown in Figure 1. One of
the transducers, for example P1, acts as an actuator to induce
the Lamb waves that propagate radially outward. The other
three transducers (P2-P4) act as sensors to receive the direct
signal from P1, and also the signal scattered by the damage.
The direct signal from P1 propagates a distance d and arrives
at P4 with a ToF t14. However, there is an additional signal
received at P4 which is scattered by the damage, and travels
a longer distance d1 + d2 with a longer ToF t15 + t54. The
difference between the ToF of direct and damage-scattered
signals is delay time 1t14, calculated from

(d1 + d2)− d = v×
[
(t15 + t45)− t14

]
= v �1t14 (1)

where, v is the group velocity. The distance d is known
as the distance between prearranged transducers whereas,
the distances d1 and d2 can be calculated using the geometric
relations in Figure 1. Therefore, the Equation (1) can be

FIGURE 1. The PZT transducers arranged on a damaged plate with an
ellipse tangent to the damage.

rewritten as,√
(x1 − x)2 + (y1 − y)2 +

√
(x4 − x)2 + (y4 − y)2

= v �1t14 + d (2)

For a known value of1t14, Equation (2) represents an ellipse
with focal points at P1 and P4, as shown with the blue dashed
line in Figure 1. Similarly, if the delay times between P1-
P2, P2-P3 and P3-P4 are known, a total of four ellipses can
be drawn with one ellipse along each side of the square
cell formed by the transducers, as shown in Figure 2(a).
The ellipses obtained from different actuator-sensor combi-
nations will not perfectly intersect at a single point as the
damage has non-ignorable size, and it cannot be considered
as a point [25]. Consequently, the Lamb wave signals reflect
from the outer periphery of the damage, and the ellipses
remain externally tangent to the damage boundary [32]–[34],
as shown in Figure 2(b). It can be further seen in Figure 2(b)
that due to the significant damage size, the intersection of
elliptical path loci deviates from the actual damage location.
Therefore, the performance of the traditional ellipse-based
methods introduced in section I may be restricted.

A. DAMAGE LOCALIZATION
The concept of centroid based on the intersections of path loci
is adopted for the localization of damage with non-ignorable
size. The centroid represents the location (x, y) of the dam-
age, and it can be calculated using the statistical intersection
results of the elliptical path loci and defined as,

(x, y) =
n∑
i=1

(xi, yi)
n

where, (xi, yi) are the coordinates of the ith intersection
point, and n is the total number of intersection points. All
the intersection points of the path loci are encircled with red
marker in Figure 2(b). The centroid, represented with red
cross in Figure 2(b), is calculated using every neighboring
path locus intersection which minimizes the measurement
error induced in an individual intersection value. There can be
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FIGURE 2. (a) Four elliptical path loci surrounding a circular damage.
(b) Representation of centroid and edge points on damage using the
intersections of externally tangent path loci.

single or double intersections between each pair of elliptical
path loci, and it is also possible that there is no intersection.
For the case when there are two intersections for one pair,
one of the intersection points lying far from damage will
be unwanted, as it will have limited influence on centroid
estimation. For example, it can be observed in Figure 2(a) that
there are many intersections which happen to be outside the
square monitoring region represented by dashed line, these
intersections can be ignored for centroid calculation.

B. DAMAGE SIZE QUANTIFICATION
Since, the wave signals are reflected from the outer periphery
of the damage, therefore, each path loci will intersect the
damage boundary only at one point. When location of the
damage is known, this point is one of the points on elliptical
path loci which has the minimum distance from the damage
center (x, y) as,

(xe, ye) = min
(x,y)

√
(xk − x)

2
+ (yk − y)2 (3)

where, (xk , yk ) are all the points on the elliptical path loci.
This point (xe, ye) is called the damage edge point in this
research, and all the damage edge points are represented with

FIGURE 3. An example of damage contour estimation using damage edge
points.

blue cross in Figure 2(b). The distribution of damage edge
points is useful to construct the damage shape and estimate its
size quantitatively. In the following subsections, two different
methods for damage size estimation are introduced based on
the known values of damage edge points.

1) CUBIC SPLINE CURVE (CSC) METHOD
Periodic interpolating cubic spline curve generates a paramet-
ric variational curve passing through the given sequence of
points. The parameter value for any point is chosen by Eugene
Lee’s centripetal scheme [39], which is the accumulated
square root of the chord length. To construct a periodic cubic
spline curve, the first and the last points should coincide,
and there should be no repeated points. In CSC method,
aMATLAB tool package named cscvn is utilized to construct
the cubic spline curve passing through all the damage edge
points. An example cubic spline curve drawn using cscvn
which passed through a given set of 4 damage edge points
is presented in Figure 3. The cubic spline curve is compared
with the widely used convex hull envelope passing through
the same set of edge points in Figure 3. It can be observed
that the cubic spline curve constructs the elliptical damage
with more accuracy than the convex hull envelope, especially
when there are a few damage edge points available. The
resultant curve in CSC method represents the approximate
contour of the reconstructed damage, and the area enclosed
by this curve quantifies its size.

2) ELLIPTICAL PARAMETRIC (EP) METHOD
There are existing methods for composite laminates which
can accurately estimate the size of circular damage but cannot
quantify a narrow and long damage like transverse or fatigue
cracking. The Lamb waves are highly sensitive to transverse
defects like delamination and debonding in composite lam-
inates [40]. When a point or circular damage expands in
size, it becomes thin and elongated, and its shape adopts
an ellipse-like contour. Although, the Lamb wave signals
still reflect from the out periphery of an elliptical damage
but the path loci do not intersect the damage boundary only
at one point like in the case of a circular damage shown
in Figure 2(b). It is because the ellipse does not have a fixed
radius like a circle, so the path loci intersect the damage
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FIGURE 4. Interaction of path loci with an elliptical damage.

boundary in way that a part of it falls inside the damage
region, and does not remain exactly tangent to the damage
boundary, as shown in Figure 4. Therefore, the maximum and
minimum distances between any two damage edge points will
always be shorter than the length of the major and minor axis,
respectively, of the elliptical damage.

The EP method is based on estimating these defects with
an ellipse whose parameters are calculated using the damage
edge points. Themaximumdistance between any two damage
edge points represents the length of semi-major axis, a, while,
the minimum distance between any two edge points repre-
sents the length of semi-minor axis, b, of an ellipse, as follows

a = max

√(
xei − xej

)2
+
(
yei − yej

)2
2

b = min

√(
xei − xej

)2
+
(
yei − yej

)2
2

where, (i, j) = 1, ..., n, i 6= j, and n is total number of
damage edge points. The size of the damage (Ad ) can be then
calculated by finding the area of ellipse formed by a and b as,

Ad = πab

The circular damage is a special case in EP method when the
lengths a and b are equal to radius r , and the size of damage
can be calculated using the area of a circle as, πr2.

III. DISPERSION CURVES
An infinite number of guided wave modes can be excited in
a thin plate with two surfaces. The group velocity of Lamb
waves varies as the product of signal frequency and thickness
of the plate varies. The dispersion curves for Lamb waves
in CFRP composite laminate along 0◦ direction with respect
to the fiber orientation in quasi-isotropic layup [0/90/ +
45/ − 45]S were drawn using the reverberation-ray matrix
method [41], presented in Figure 5. The dispersive and mul-
timode characteristics of Lamb waves can be observed in the
dispersion curves at low frequency range with both symmet-
ric (S0) and asymmetric (A0) modes propagating simultane-
ously.

The two fundamental modes of Lamb wave (S0, A0) prop-
agate simultaneously at a low-frequency range in Figure 5.
However, the S0 mode has much higher group velocity than
the A0 mode. If a modified signal with a narrow frequency

FIGURE 5. Group velocity dispersion curves of [0/90/+ 45/− 45]S
composite laminate along 0◦ direction.

TABLE 1. Elastic constants of a single lamina.

band is used, both the modes can be identified separately
with the peak of S0 mode arriving first, and the A0 mode
arriving later. In the mode conversion after scattering from
the damage, the S0 reflects a faster symmetric mode S0, and
a slower antisymmetric mode A0 [42]. The S0 mode is pre-
ferred for damage detection in majority of research due to its
fast propagation velocity and easy identification as compared
to the A0 mode. Furthermore, in different composite layups
and along all other propagation directions, the dispersion
curves of Lamb waves have the similar property [1], [38].
Therefore, the scattered S0 mode as the one propagating
faster [39], [40], was exclusively considered for the proposed
method.

IV. FE SIMULATION MODEL
The numerical simulations were conducted on 1000×1000×
1.5 mm3 CFRP composite laminate using a commercial FE
software ABAQUS explicit. The layup [0/90/+ 45/− 45]S
was used with thickness of a single lamina as 0.1875 mm, and
the elastic constants listed in Table 1.

The diameter of each PZT transducer was 8 mm, and
it could excite and sense the Lamb wave signals in radi-
ally outward directions. The FE mesh should have at
least 8-10 nodes per Lamb wavelength for accurate charac-
terization of Lamb wave signals propagating in a damaged
plate [46]. The plate was meshed with 3D shell element
S4R which uses six degrees of freedom at all nodes. The
element size was 0.5 mmwhich created around 46.5 elements
per wavelength for all simulation models. The time step for
dynamic calculation must be less than the ratio of minimum
distance of any two adjoining nodes to the maximum wave
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FIGURE 6. PZT transducer configuration to calculate the S0 mode group
velocity.

FIGURE 7. The excitation signal: (a) time domain and (b) frequency
domain.

velocity [2]. Therefore, for accurately simulating the Lamb
wave propagation, a time step of 0.02 µs was given for total
time of 150 µs. The simulation model was first validated by
calculating the S0 mode group velocity v by using the trans-
ducer configuration shown in Figure 6. The central transducer
at point E provided the excitation, and the transducers from
A to D and A′ to D′ acquired the response signals.
An in-plane force with a 5.5-cycle sinusoidal tone burst

modulated by Hann window at central frequency of 259 kHz,
shown in Figure 7, was used as excitation signal. The cen-
tral transducer E generated the signal, and the frequency
(259 kHz) - thickness (1.5 mm) product was 388.5 Hz-
m, shown with the red dashed line in Figure 5. This point
lay in a low-frequency range, and both S0 and A0 wave

FIGURE 8. (a) Signals received at B and B′ . (b) Continuous wavelet
transformation (CWT) of signals received at B and B′ .

modes existed in the dispersion curves. The S0 mode was
clearly traveling with a higher group velocity than A0 mode,
and could be easily identified at this frequency. The proper
wave information was extracted from the complicated signals
using CWT based on Gabor wavelet [47], a signal processing
technique.

The signals received at A-A′, B-B′, C-C′, and D-D′ were
converted to nondimensional form by normalizing with the
maximum amplitude. The signals received at B-B′ are plotted
in Figure 8(a), and their CWTs are presented in Figure 8(b).
The first two arrival peaks were direct excitation signal S0 at
B and B′, received at time t1 = 34.03 µs and t2 = 80.92 µs,
respectively, and the third peak was the signal scattered by the
plate boundary. Therefore, the traveling time of Lamb waves
from B to B′ was the difference between t1 and t2, namely,
46.89 µs. The distance between B and B′ was 282.84 mm,
and the group velocity was calculated as 6.032× 103 m/s.
The velocity was almost same as that obtained from the dis-
persion curve in Figure 5 (red dash line; i.e., 6.01 × 103 m/s.
The same value of velocity was obtained when calculations
were made using the other three set of points; i.e., A-A′,
C-C′ and D-D′. This validation proves that the numerical
model had good accuracy for simulating the Lamb wave
propagation. It further validates that the CWT accurately
extracted the ToF/delay time which is important for elliptical
reconstruction.

V. DAMAGE DETECTION STRATEGY
The PZT transducers are usually embedded in modern struc-
tures during the manufacturing for in situ SHM throughout
the service life. The transducers can be arranged as a net-
work of measuring points on large structures like wing of
an aircraft or a wind turbine blade. The method introduced
in this research proposes a simple network of transducer
detection cells, as shown in Figure 9(a). Each square cell is
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FIGURE 9. (a) Detection cells formed by a network of PZT transducers. (b) A single damaged cell.

FIGURE 10. Undamaged signal at P2. (b) Damaged signal at P2. (c) Difference between undamaged and damaged
signals. (d) CWT of undamaged and difference signals.

comprised of five transducers: four at the corners of the
square and one at the center. The single-stage damage detec-
tion locates the damaged cell by exciting the central trans-
ducer of each square cell separately. Therefore, only a single
damaged cell is considered with four PZT transducers located
at points P1–P4, as shown in Figure 9(b). The cell under
consideration in Figure 9(b) was modelled with an elliptical
damage of 10 mm and 4 mm as lengths of the major and
minor axis, respectively. The damage was a through-hole
with the center of ellipse located at (70, −20) mm, and the
distance d between the corner transducers was 400 mm. The
direction of elliptical damage is not important at this stage as

the transverse cracks are commonly orientated perpendicular
to the longitudinal direction.

The central transducer P0 excited the signals, and four
corner transducers P1-P4 recorded the dynamic response sig-
nals. In order to calculate the delay times for each transducer,
the damaged signal was compared with the baseline signal
from the undamaged plate. For example, the undamaged
signal received at P2 in the intact plate (d = 400 mm) is
shown in Figure 10(a) which contains the direct excitation
signal S0. The damaged signal at the same point is shown
in Figure 10(b), and it contains an additional fluctuation
caused by the scattering from damage. The central excita-
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TABLE 2. Delay time for transducers at P1–P4 with P0 excitation,
d = 400 mm.

tion ensures that the Lamb wave signal first interacts with
the damage, and then with the plate boundary. The differ-
ence between undamaged and damaged signals (shown in
Figure 10(c)) clearly indicates the presence of damage in the
plate. The CWTs of undamaged and difference signals are
shown in Figure 10(d).

The arrangement of transducers ensured that the Lamb
wave signals first interacted with the damage, then propa-
gated towards the nonphysical boundaries of the cell, and
further towards the physical boundary of the plate. In order
to avoid scattering from the plate boundary, the total time
of Lamb wave propagation was kept as 110 µs for this
model. Therefore, the delay time for P2 calculated using the
difference between the first peaks of undamaged and differ-
ence signals is 1t02 = 21.82 µs. Similarly, the delay time
1t0i(i = 1, . . . , 4) could be calculated and is listed in Table 2.
The four elliptical path loci, one for each set of actuator-
sensor combination, can be drawn using the delay times given
in Table 2 for d = 400 mm.

VI. DAMAGE LOCATION ESTIMATION
A. SINGLE-STAGE DETECTION
The location of the damage was estimated using the concept
of centroid based on the intersections of path loci introduced
in section II. In order to study the effect of the cell size
on damage localization, the distance d between the corner
transducers was varied from 300 mm to 600 mm with the
increment of 100 mm, and the path loci were drawn for each
value of transducer spacing d .

The path loci for d = 400 mm are presented in
Figure 11(a), and the six intersections of the path loci are
encircled with blue marker in Figure 11(b). Furthermore,
the actual damage is shown with a red ellipse, and its
location is crossed with red marker. The estimated location
using the centroid of elliptical intersections is presented
with the blue plus sign marker in Figure 11(b). Similarly,
the elliptical path loci and estimated damage location are
calculated for different transducer spacing. The estimated
damage location in the single-stage damage detection method
was (68.01, −19.00) mm, (68.29, −19.13) mm, (68.43,
−19.17) mm, and (68.56, −19.24) mm, respectively, for
d = 300, 400, 500, 600 mm, and the absolute errors were
2.22 mm, 1.92 mm, 1.78 mm, and 1.62 mm, respectively.
The results indicate that the damage localization accuracy
improves as the size of detection cell increases.

B. TWO-STAGE DETECTION
The single-stage damage detection excited the central trans-
ducer at P0, and the four corner transducers acted as receivers.
To further analyze the results, the detection cell is divided

FIGURE 11. (a) Elliptical path loci plotted in single-stage detection.
(b) Estimated (blue) and actual (red) damage location. (d = 400 mm).

FIGURE 12. Division of a damaged cell into four subcells, and
identification of the damaged subcell.

into four triangular subcells with a transducer at each vertex
of every triangle. These subcells are represented by Rijk
in Figure 12, where the subscripts ‘‘ijk’’ are the identifiers
of the three transducers forming the triangular subcell. The
damage localization results in single-stage detection were
acceptable, and thus could accurately locate the damaged
subcell. The single-stage detection results for the simu-
lated case indicate the damage was contained in the sub-
cell R041, as shown in Figure 12. To improve the damage
localization the second stage of detection, the damage was

174866 VOLUME 7, 2019



M. S. Hameed, Z. Li: Transverse Damage Localization and Quantitative Size Estimation

FIGURE 13. (a) Elliptical path loci plotted in two-stage detection.
(b) Estimated (blue) and actual (red) damage location. (d = 400 mm).

estimated using the three ellipses formed inside the dam-
aged subcell. These ellipses were drawn using the delay
times 1t01,1t04, and 1t14 between the points P0–P1,
P0–P4, and P1–P4, respectively. The first two ellipses were
already formed in the single-stage detection, while an addi-
tional third ellipse was formed between the corner trans-
ducers P1 and P4 using the delay time 1t14. The delay
time 1t14 was calculated by exciting any of the corner
transducers (P1 or P4), and recording the signal at the other
corner transducer. The elliptical path loci and estimated dam-
age location in the second stage detection are presented,
respectively, in Figures 13(a) and (b) for d = 400 mm. The
damage location estimated through the two-stage detection
method was (70.11, −19.14) mm, (70.16, −19.33) mm,
(70.56, −19.47) mm, and (70.79, −19.60) mm, respectively,
for d = 300, 400, 500, 600 mm, and the absolute errors were
0.87 mm, 0.69 mm, 0.77 mm, and 0.89 mm, respectively. The
results indicate that damage localization improve using the
two-stage damage detection method.

VII. DAMAGE SIZE ESTIMATION
The damage cell and the subcell were located in the single-
stage damage detection method, and it was found that the
damage localization with bigger transducer spacing is more
accurate. Therefore, the damage localization was improved in

FIGURE 14. Estimated (blue) and actual (red) damage size estimation
using CSC method. (d = 400 mm).

FIGURE 15. Estimated (blue) and actual (red) damage size estimation
using EP method. (d = 400 mm).

the two-stage damage detection by using an additional ellipse
formed between a bigger transducer spacing. The damage
edge points were then calculated by finding the minimum
distance from the estimated location and any point on the
elliptical path loci, as introduced in section II. The additional
ellipse formed in the second stage of detection is not needed
anymore for size estimation. It was made just to improve
the damage localization as the accurate estimation of dam-
age location would ensure the accurate damage edge points.
Therefore, the elliptical path loci for single-stage damage
detection, already presented in Figure 11, were used for dam-
age edge points and size calculations. The estimated damage
along with the damage edge points calculated using the CSC
method, introduced in section II, are plotted in Figure 14 for
transducer spacing d = 400 mm.

The estimated size of the damage was 16.02 mm2,
16.572 mm2, 18.592 mm2, and 16.662 mm2, respectively,
for d = 300, 400, 500, 600 mm, and the absolute errors
were 15.40 mm2, 14.84 mm2, 12.82 mm2, and 14.75 mm2,
respectively. Similarly, damage estimated through the EP
method, introduced in section II, is plotted in Figure 15 for
transducer spacing d = 400 mm.
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FIGURE 16. Undamaged signal at P2 with SNR = 20. (b) Damaged signal at P2 with SNR = 20. (c) Difference
between undamaged and damaged signals with SNR = 20. (d) CWT of undamaged and difference signals with
SNR = 20.

The estimated size of the damage was 40.08 mm2,
36.65 mm2, 36.58 mm2, and 30.47 mm2, respectively, for
d = 300, 400, 500, 600 mm, and the absolute errors were
8.66 mm2, 5.23 mm2, 5.16 mm2, and 0.95 mm2, respectively.
The results indicate that the EP method estimates the damage
size with much higher accuracy than the CSC method. Fur-
thermore, the error in damage size estimation also decreases
as the size of the monitoring cell increases.

VIII. INFLUENCE OF NOISE ON DAMAGE ESTIMATION
In order to consider the noise tolerance of the proposed
method for real-world problems, white noise signals in Gaus-
sian distribution were artificially added to original undam-
aged and damaged signals presented in Figure 10. The
signals are presented again in Figure 16 with high value of
noise i.e., signal-to-noise ratio (SNR) = 20 dB. The noisy
undamaged, damaged, difference and CWT signals are shown
in Figure 16(a), (b), (c) and (d), respectively. The influence of
noise on the signals can be observed by comparing the differ-
ence signals in Figure 10(c) and Figure 16(c). The delay times
calculated from Figure 16(d) was 1t02 = 21.7 µs while
the same calculated from simulation signal was 1t02 =
21.82 µs. The noisy signals received in experiments are
usually denoised first using different techniques. Therefore,
the noisy undamaged and damaged signals in 16(a) and 16(b),
respectively, were processed by ‘Sym8’ wavelet function in
MATLAB to reduce the noise, and shown in Figure 17(a) and
17(b), respectively. The difference signal after denoising is
presented in Figure 17(c), shows the reduction in noised when

compared with noisy difference signal in Figure 16(c). The
CWT of the denoised undamaged and difference signals are
presented in Figure 17(d), and the delay time is calculated as
1t02 = 21.73µs. Similarly, the delay times were calculated
at all receivers for four values of SNR: 30, 40, 50 and 60.
The damage location and size were then reevaluated for both
noised and denoised cases, and compared with the simulation
results.

For d = 400 mm, the comparison for location estimation
is presented in Figure 18, size estimation for CSC method
in Figure 19 and for EP method in Figure 20. The blue
lines show the results for noisy signals, red lines show the
denoised results whereas, the horizontal black dashed lines
are the reference simulation results for the sake of compar-
ison. Although, the accuracy of results fluctuates for noisy
signals but the results are still in an acceptable range when
compared with the simulation results. Furthermore, the accu-
racy becomes more stable and in accordance with the simu-
lation results for the denoised cases.

IX. DISCUSSION OF RESULTS
The Lamb wave signals propagated radially outward in all
directions and scattered by the damage in plate when a central
PZT transducer was excited in the single-stage damage detec-
tion method. The single-stage method located the damage
using centroid of intersections of elliptical path loci. The
damage location could help to identify the damaged cell, and
locate the triangular subcell containing the damage, which
was required for improving the damage localization in the
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FIGURE 17. Denoised undamaged signal at P2 with SNR = 20. (b) Denoised damaged signal at P2 with SNR = 20.
(c) Denoised difference between undamaged and damaged signals with SNR = 20. (d) Denoised CWT of
undamaged and difference signals with SNR = 20.

FIGURE 18. Comparison of damage location estimation for noised and
denoised signals with the simulation results.

two-stage detection. It is therefore proposed to separately
excite the central transducer of each cell to find the damaged
cells and subcells at this stage.

Using the same transducer arrangement, the damage local-
ization could be improved in the two-stage detection by form-
ing an additional corner ellipse around the triangular subcell,
and using the two ellipses already formed in the single stage
detection. The corner ellipse was produced by exciting a
corner transducer and sensing at the other corner transducer
separately inside the subcell. Therefore, the errors in damage
localization could be reduced by estimating it with only three
ellipses in the two-stage damage detection method.

FIGURE 19. Comparison of damage size estimation for noised and
denoised signals with the simulation results (CSC method).

The damage edge points were calculated by finding the
shortest distance from the accurately estimated location of
the damage. The damage size estimated through the CSC
method defined the damage shape contour using the cubic
spline curve passing through the damage edge points. The
EP method estimated the damage shape as an ellipse whose
parameters were defined using the same edge points. The EP
method was found to be more accurate in estimating the size
of the damage because it is more realistic estimation of the
damage shape using only a few edge points. The size estima-
tion using the CSC method could be improved by providing
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FIGURE 20. Comparison of damage size estimation for noised and
denoised signals with the simulation results (EP method).

FIGURE 21. Effect of the size of detection cell on damage localization.

additional edge points at the expense of additional excitations
and data recording. However, the motivation of this research
is to develop a quantitative damage estimation method with
minimum data recording during the on-line SHM for which
the EP method is more suitable.

The absolute errors in evaluating the damage location,
plotted in Figure 21 for all values of d , indicated an improve-
ment in damage localization as the size of detection cell
increased. It is due to the reason that the longer distance
reduced the measurement error of delay time over the spacing
1t/d , as both sides of the nondimensional Equation (2) were
divided by the distance d to calculate the damage location (x,
y). The other reason is that the S0 mode was better separated
from the A0 mode at longer distance d , and reduced the delay
time errors. The recent studies have also provided the similar
trends of reduction in error as the distance from the excitation
increases for both metallic [38] and composite [48] plates.

The absolute errors for damage size estimation, using
both the CSC and EP methods, are plotted in Figure 22 for
all values of d . The results indicate that the EP method
estimates the damage size with much higher accuracy than

FIGURE 22. Comparison of damage size estimation using CSC and EP
methods for different transducer spacing, d .

the CSC method. The results improved reasonably well
when the size was estimated using bigger path loci, therefore,
the damage extent can be better detected in the bigger cells
formed by the network of transducers.

It can be concluded from the trends shown in Figure 21 and
Figure 22 that the bigger ellipses formed inside the bigger
detection cells provided more accurate damage detection.
Therefore, the single-stage provided a fast detectionwith only
one excitation whereas, two-stage improved the detection
results with an additional large ellipse using an extra exci-
tation. This is because the single-stage obtained the elliptical
path loci with transducer spacing

√
2
2 d , the additional ellipse

in the second-stage was obtained by the corner transducers
with larger spacing d . The longer distance reduced the error
in calculating the delay time by Equation (2).

Generally, a higher error is expected in the bigger cells due
to the dispersive behavior of the Lamb wave signals, which
causes inaccuracies in measuring the delay times. How-
ever, the accuracy of the proposed damage detection method
improves as the size of detection cell increases because the
CWT is a better time-frequency representative. The CWT
could depress the dispersive characteristics effectively, had a
better SNR, and could accurately extract the time-frequency
feature from the noisy signals.

X. CONCLUSION
The transverse damage in composite laminates is generally
induced during the manufacturing and in-service processes.
The non-ignorable size of transverse damage in composite
laminates has an adverse effect on ellipse-based damage
detection methods. The PZT transducers arranged in the form
of network of cells helps in practice to estimate the damage
locally inside each of the cells. The centroid of intersections
of path loci provides a highly accurate damage localization
in two stages. The single-stage detection can be conducted
simultaneously in each cell of a large PZT transducer network
for damage localization, and further to identify the cells and
subcells containing the damage. In order to further improve
the damage localization, the second stage can be conducted
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only inside the damaged subcell. The accurately estimated
damage location then helps to determine the edge points
which are essential for damage size estimation. Two novel
methods, CSC and EP, for quantitative damage size estima-
tion are presented, and their performances are compared. The
amount of data collected in the proposed method is small as
compared to the existing ellipse-based methods. It is due to a
small number of PZT transducers used to form the detection
cells. Only two excitations in total are required: one excitation
each in the first and second stage. The data collected in the
single-stage for damage localization is reused in the second
stage for improved localization, and then also for the quan-
titative damage sizing. Therefore, both the computational
time and evaluation cost can be saved during the NDT/SHM
process using the proposed method, that is why the method is
also suitable for on-line monitoring. Furthermore, the imple-
mentation of the proposed method is relatively simple and
straightforward for efficient damage detection in composite
laminates frequently used in civil, automobile, aerospace,
marine, and wind turbine industries etc. However, the focus
of this research was to initially develop the method and test
it for the simplified cases e.g., the quasi-isotropic composite
laminates were used, and the elliptical damage was made as a
through-hole in simulations which may be different than the
delamination in composite laminates.
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