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Abstract
The guided wave (GW) field excited by piezoelectric wafers and piezocomposite transducers in
carbon-fiber composite materials is experimentally investigated with applications to structural
health monitoring. This investigation supports the characterization of the composite long-range
variable-length emitting radar (CLoVER) transducer introduced by the authors. A systematic
approach is followed where composite configurations with different levels of anisotropy are
analyzed. In particular, unidirectional, cross-ply [0/90]3S and quasi-isotropic [0/45/–45/90]2S

IM7-based composite plates are employed. A combination of laser vibrometry and finite
element analysis is used to determine the in-plane wave speed and peak-to-peak amplitude
distribution in each substrate considered. The results illustrate the effect of the material
anisotropy on GW propagation through the steering effect where the wavepackets do not
generally travel along the direction in which they are launched. After characterizing the effect
of substrate anisotropy on the GW field, the performance of the CLoVER transducer to detect
damage in various composite configurations is explored. It is found that the directionality and
geometry of the device is effective in detecting the presence and identifying the location of
simulated defects in different composite layups.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Composite and multi-layered materials are being increasingly
used in engineering applications due to their multiple
advantages over traditional metallic materials. Their light
weight, directional stiffness and high specific strength, among
other benefits, are being exploited for applications in the
aerospace, mechanical and civil engineering fields. The wider
use of these materials has increased the need for effective
methodologies to inspect their structural condition in a non-
intrusive manner and on a real-time basis. The objective of
structural health monitoring (SHM) is to fulfill this need by
using an on-board network of transducers to record information
on the structure’s condition and inform the user of the presence
of any damage as well as its location, type and severity. Among
the multiple approaches considered for SHM, guided wave
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(GW) methods have received significant attention due to their
ability to travel long distances over the surface as well as
through the thickness of a material, and their active nature,
which enables them to be used for inspection on demand.
A key feature of this approach is the ability to tailor the
sensitivity of the inspection pulse to different defect types,
dimensions and through-thickness location by careful selection
of the excitation frequency and transduction mechanism. A
comprehensive review of this GW approach can be found in
the review article by Raghavan and Cesnik [1].

Guo and Cawley [2] were among the first to demonstrate
the potential of GW methods for damage detection in
composite materials. Their numerical and experimental
investigations concentrated on the S0 mode in cross-plies
([0/90]nS) and determined its effectiveness in detecting
interface delaminations. An important finding of their
study was the large sensitivity of the reflections on the
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defect’s location through the thickness of the specimens.
This highlighted the potential of GW to selectively inspect
specific interfaces in multi-layered materials by careful
control of its through-thickness profile. Several subsequent
studies have focused on verifying the viability of the GW
approach to detect defects in different configurations using
piezoelectric transducers. For instance, Dı́az-Valdés and
Soutis [3] used piezoelectric elements to detect delaminations
in thick composite plate-like structures. In their study they
demonstrated the ability of the GW inspection pulses to
propagate over two meters and to detect delaminations as
small as 1 cm2. Similarly, Kessler et al [4] considered the
use of Lamb waves for damage detection in quasi-isotropic
composites. Their work identified how different inspection
parameters such as frequency, pulse shape and number of
cycles affect GW-based damage detection in composites. More
recently, Diamanti et al [5] characterized the effect of defect
size on the interaction of the incident GW field with damage in
the form of delaminations. The inspection pulse used consisted
of a nearly uniform A0 mode wavefront generated by using
a line of piezoceramic wafer transducers aligned along one
direction of their specimens. Their results showed that the
presence of the defects could be detected, but its extent along
the width of their specimens could not be determined.

Several studies have also been directed towards assessing
the performance of GW methods in damage detection of
complex engineering structures in varying environments. For
instance, Matt et al [6] used macro-fiber composite (MFC)
transducers for the inspection of bonded composite joints using
coupled carrier modes and identified a consistent increase
in the energy transmitted through the bond as its strength
degraded. Similarly, Bottai et al [7] successfully used
piezoelectric wafer active sensors for damage detection in
various composite structures under ambient and cryogenic
conditions. Yoo et al [8] developed new damage metrics based
on the Hilbert–Huang transform and successfully applied it
in damage detection of curved cylindrical composite panels.
A more involved configuration was considered by Castaings
and Hosten [9], who used GW methods to detect moisture
content and micro-cracking of carbon-fiber composites wound
around titanium liners in high-pressure tanks using air-
coupled transducers. From the literature survey conducted
it has been observed that most studies have employed
simple piezoelectric wafers as the transduction mechanism for
inspection. A different alternative was proposed by Gachagan
et al [10] where flexible piezocomposite transducers meant for
interrogation of composite materials were developed. Their
device consisted of individual piezoelectric wafers embedded
in an epoxy matrix for improved flexibility. Their device
was shown to produce strains comparable to those obtained
from wedge transducers in quasi-isotropic composites, using
embedded optical fibers as the sensing system.

While piezoelectric wafers are inexpensive and non-
intrusive, their brittleness makes them highly susceptible to
damage during operation and complicates their attachment to
curved surfaces. Similarly, these transducers are only able
to induce omnidirectional GW fields. The majority of the
studies reported in the literature have employed this type of

wavefront, which may be sufficient in cases where one in-plane
dimension of the structure is dominant, and only the distance
between the defect and the GW source is required. However,
for damage detection in two-dimensional structures, more
sophisticated methodologies are needed. An alternative that
has received significant attention is the use of phased arrays
of transducers, where virtual scanning beams are generated
through post-processing algorithms. However, this approach
is significantly more complicated in composite materials due
to the energy steering induced by the substrate anisotropy.
Yan and Rose [11] explored this issue for highly anisotropic
composite plates. Their approach involved finding frequencies
where a GW mode displayed nearly isotropic behavior.
An improved phased addition algorithm, accounting for the
directional dependence of the wave speed, was employed in
their experimental demonstrations. Similarly, Vishnuvardhan
et al [12] employed a single-transmitter–multiple-receiver
transducer array in the inspection of quasi-isotropic plate-
like composite structures. The array employed consisted
of one emitter and 30 receivers, all of which were circular
piezoelectric wafers. Their approach utilized a phased addition
algorithm accounting for different dispersion characteristics
along different material directions, and was successfully used
in the detection of delaminations using the S0 mode. While
these methods are able to detect defects, the large number of
separate transducers needed could complicate their deployment
in actual structures.

A second important observation from the literature survey
is that most studies have employed a single representative
composite layup in the numerical and experimental analyses.
While this choice is typically sufficient to verify the feasibility
of GW-based approaches, it is likely that the complexities
of GW propagation in composites will play a critical role in
the development of robust algorithms for damage detection
and localization. Prominent among these complexities is the
steering angle existing between the group and phase velocities
for most composite configurations. This phenomenon results
in a non-uniform distribution of energy along the propagation
direction which, if unaccounted for, could result in an incorrect
prediction of damage location. The first objective of this
study is to conduct a systematic experimental investigation
of the GW propagation characteristics in composite plate-
like structures with different levels of material anisotropy.
This is accomplished by employing axisymmetric sources in
the form of circular piezoelectric wafers. In particular, the
wave speed and wave amplitude distribution are measured as
a function of in-plane azimuthal position to determine the
directionality introduced in the GW field as a result of the
composite layup. The second objective is to characterize the
GW excitation properties of the composite long-range variable-
length emitting radar (CLoVER) transducer in composite
plates.

This paper begins with a brief review of the theory of GW
in composite materials to illustrate how the changing elastic
properties introduce a directional dependence on the wave
propagation parameters. The GW field excited by piezoelectric
wafers is then analyzed through laser vibrometry and finite
element simulations to provide a baseline for comparison
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with the CLoVER transducers. The GW excitation properties
of these devices are subsequently analyzed, followed by an
experimental characterization of their damage interrogation
performance.

2. Theoretical background

This section provides a brief theoretical background of GW
propagation in composite plates to illustrate how the varying
material properties influence the GW propagation parameters.
A key feature of GW is that they are dispersive as different
frequency components can travel at different speeds. The
most basic analysis of GW propagation, therefore, consists of
finding the variation of wave speed with frequency for different
modes. In the case of isotropic materials this is a relatively
straightforward procedure as the well-known Rayleigh–Lamb
dispersion equation can be solved numerically to find the
wave speeds [13]. In that case, the dispersion equation is
only a function of the material properties, frequency and
plate thickness. In the case of composites, this procedure
is significantly more complicated as an explicit relationship
cannot be found for all possible laminates. This section will
illustrate this procedure for a unidirectional laminate. This part
of the analysis is adapted from Auld [14] and Raghavan and
Cesnik [15]. The analysis of GW propagation in composites
begins using the equilibrium equations in displacement form
for a transversely isotropic material:

∇c∇Tu = ρü (1)

where c corresponds to the stiffness matrix for a transversely
isotropic material, u corresponds to the displacement vector,
ρ represents the material density and the double dot over a
variable indicates the second derivative with respect to time.
In this case, the ∇ operator is defined as [15]

∇ =
⎡
⎣
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⎤
⎦ . (2)

In this analysis, x1 and x2 represent the in-plane
coordinates and x3 corresponds to the out-of-plane coordinate.
At this point a harmonic displacement wave field is assumed in
the form

u = Ωe−i(ξ1 x1+ξ2 x2+ζ x3−ωt) (3)

where Ω corresponds to a 3 × 1 vector of constants, ω

represents the frequency, t corresponds to time, and ξ1, ξ2

and ζ correspond to the wavenumbers along the x1, x2

and x3 directions, respectively. The substitution of the
assumed displacement field into the equilibrium equations
yields an eigenvalue problem where the relationship between
the through-thickness wavenumbers, ζ , and the in-plane
wavenumbers and frequency is found. The eigenvalue problem
is of the form

(B − ρω2I)Ω = 0 (4)

where I represents a 3 × 3 identity matrix and the 3 × 3 matrix
B is given as
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]
(5)

and where cmn corresponds to the elastic constants for
a transversely isotropic material. The matrix given by
equation (5) is generally referred to as the Christoffel matrix
for anisotropic materials. By seeking non-trivial solutions to
equation (5), three pairs of eigenvalues are found for ζ which
correspond to quasi-longitudinal, quasi-shear and pure shear
waves. The expressions for these eigenvalues can be found
in Raghavan and Cesnik [15]. These eigenvalues, along with
the resulting eigenvectors, are used to expand the displacement
field in the following manner:

u = [Cu
1 eu

1eiζ1 x3 + Cu
2 eu

2eiζ2 x3 + Cu
3 eu

3eiζ3 x3 + Cd
1 ed

1 e−iζ1 x3

+ Cd
2 ed

2 e−iζ2 x3 + Cd
3 ed

3 e−iζ3 x3 ]e−i(ξ1 x1+ξ2 x2−ωt). (6)

The terms Cu
k can be thought of as constants associated

with upward traveling (through-the-thickness) waves while Cd
k

are associated with downward traveling waves. The terms ek

for k = 1–3 correspond to the eigenvectors obtained from
the solution of equation (5), and the superscripts u and d
can also be associated with upward and downward traveling
waves, respectively. The specific definition of these values
can be found in the work of Raghavan and Cesnik [15]. The
displacement field given by equation (6) corresponds to a bulk
transversely isotropic material of infinite dimensions. In order
to seek Lamb-type modes in plate-like structures, the boundary
conditions corresponding to free tractions on the upper and
lower surface must be enforced. For brevity, only the case of a
unidirectional laminate will be shown here. For this case, the
origin of the coordinate system will be taken at the top surface
of the plate. The displacement field can be written in the form

u = [ Q11 Q12 ]
[

Eu 0
0 Ed

] [
Cu

Cd

]
e−i(ξ1 x1+ξ2x2−ωt) (7)

where the following variables have been defined:
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3 ] (8)
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]
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.

(9)

The stresses in the material can be found from using a
linear strain displacement relationship of the form

εmn = 1

2

(
∂um

∂xn
+ ∂un

∂xm

)
(10)

so that the stresses with out-of-plane components can be
expressed as

σ m3 = Q21EuCu + Q22EdCd (11)

where Q21 and Q22 are matrices that depend on the
wavenumbers, frequency and material properties [15]. The
traction free conditions on the upper and lower surfaces of the
plate can then be enforced as

σ m3(x3 = 0) = σ m3(x3 = h) = 0 (12)
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Figure 1. Phase slowness diagrams for A0 mode for (a) 12-layer unidirectional plate and (b) 12-layer cross-ply [0/90]3S plate at 75 kHz.

to produce a system of equations of the following form:
[

Q21 Q22

Q21Eu(x3 = h) Q22Ed(x3 = h)

] [
Cu

Cd

]
= 0. (13)

In order to avoid obtaining exponential terms with positive
real parts, the constant vector Cd is pre-multiplied by Eu(x3 =
h) and a restriction is placed on the wavenumbers ζ so that the
imaginary part of each of them is always positive. This results
in a system of the form
[

Q21 Q22Eu(x3 = h)

Q21Eu(x3 = h) Q22

] [
Cu

C∗
d

]
= G

[
Cu

C∗
d

]
= 0

(14)
from which the in-plane wavenumbers ξ1 and ξ2 can be found
by imposing the condition

det G = 0. (15)

This procedure is implemented by using a transformation
between Cartesian and polar wavenumbers (ξ and φ) of
the form ξ1 = ξ cos φ and ξ2 = ξ sin φ. In contrast
to the isotropic case, the solution of equation (15) will be
a function of both the radial and azimuthal wavenumbers,
which reflects the dependence of the wavenumber on azimuthal
position in the plane of the plate. The procedure to
determine the wavenumbers for different composite layups
is more complicated as interface continuity conditions must
be enforced among the different layers. There are different
methods to address this such as, for example, the global
matrix method introduced by Mal [16]. Sample slowness
diagrams (inverse of phase velocity) for a unidirectional and
cross-ply [0/90]3S laminate are shown in figure 1, where
the directionality of the wave speeds can be appreciated.
These results were generated using the global matrix approach
implemented in the software Disperse originally developed at
Imperial College, UK [17]. In GW propagation of composites,
the slowness diagram, as opposed to the phase velocity
diagram, is typically of interest as it indicates the direction
in which a GW pulse will propagate. It is well known
that in anisotropic materials the phase velocity vector does

not generally coincide with the direction along which the
energy propagates, which is determined by the group velocity
vector. The direction of this vector is always normal to the
phase slowness at any given angle. The experimental results
presented in subsequent sections will clearly show how this
phenomenon affects the propagation of inspection pulses in
composite plates with various orientations.

3. Experimental procedures

This section describes the details of the experimental
procedures followed in the course of this study. In particular,
the material system used and the fabrication procedure
employed are described. Subsequently, the laser vibrometer
system used for the experimental measurements is explained
and the surface preparation techniques considered to obtain a
consistent signal-to-noise ratio at all points on the surface of
the specimens are discussed.

3.1. Composite specimens

The material system used in this work consists of a
unidirectional pre-impregnated composite tape with IM7 fibers
and Cycom 977-3 resin from Cytec Engineered Materials2

[18]. The tape thickness prior to cure is 0.125 mm and the
fiber volume fraction is estimated to be 0.56. As one of the
main drivers of the present study is the characterization of GW
propagation phenomena as a function of substrate anisotropy,
three different composite layups are considered. The first
corresponds to a 12-layer unidirectional plate which will be
used as the case with the largest anisotropy. The second and
third layups correspond to a 12-layer cross-ply [0/90]3S and
a 16-layer quasi-isotropic [0/45/–45/90]2S plate which are
chosen as they are representative of configurations used in
practice.

The composite plate specimens used were fabricated in-
house following the fabrication procedure and cure cycle

2 Cytec Industries-Engineered Materials, 5 Garret Mountain Plaza, Woodland
Park, NJ 07424, phone: 973-357-3100.
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Table 1. Material properties for IM7/Cycom 977-3 composite.

Property Value

E1 146.9 GPa
E2 9.8 GPa
G12 3.25 GPa
G23 2.8 GPa
ν12 0.27 GPa
ρ 1558 kg m−3

specified by the manufacturer [18]. In particular, individual
layers were placed on a supporting metallic base plate and
aligned according to the desired layup. Once this process
was completed, a second metallic plate was placed on top of
the composite layers to ensure a uniform pressure distribution
on the surface of the material. Both plates were coated in
advance with three to five layers of release agent to prevent
the cured composite from permanently attaching to the metallic
surface. The entire assembly was covered in a vacuum bag and
cured in an autoclave at a pressure of 621 kPa (90 psi) and a
temperature of 177 ◦C (350 ◦F) for 6 h. In addition, a vacuum
of −25 in Hg was maintained while heating and released once
the final curing temperature had been reached. The resulting
plates had a square in-plane geometry with a side length of
0.5 m. The unidirectional and cross-ply plates had a post-cured
thickness of 1.5 mm, while the quasi-isotropic specimens had a
thickness of 2.0 mm. The material properties of the composite
are necessary to generate phase and group velocity diagrams.
The mechanical properties provided by the manufacturer were
used as a starting point in the analysis, and the values for
the modulus along and transverse to the fiber direction were
refined with the results obtained through mechanical tests on
unidirectional coupon specimens. In addition, it was found that
the value of G12 indicated by the manufacturer resulted in over-
predicted wave velocities (by as much as 30%). Consequently,
its value was reduced to obtain better agreement with the finite
element results. The material properties used in the present
study are summarized in table 1.

3.2. Laser vibrometer

The key instrument used in these studies was a Polytec PSV-
400 scanning laser vibrometer. This system is composed of
the PSV-I-400 scanning head, the OFV-5000 controller, the
PSV-E-401 junction box and a data management system. The
light source used in the PSV-400 is a helium neon laser that
provides a linear polarized beam [19]. The vibrometer system
is able to measure the out-of-plane velocities by measuring
the difference in path lengths between a reference beam
and an object beam that is backscattered from the surface
under inspection. The scanning head was supported using
a tripod and maintained at a distance of 915 mm from the
scanning surface for most of the experimental tests conducted.
This distance was selected to operate at a laser visibility
maximum [19].

In order to obtain consistent measurements using laser
vibrometry, the surface under inspection must have an adequate
finish so as to optimize the laser visibility. During initial tests
it was found that it was, in general, possible to measure GW

Figure 2. Comparison of GW speed measured with and without
retro-reflective tape on the surface of a cross-ply [0/90]3S laminate.

signals with high signal-to-noise ratios without any preparation
on the surface of the composite. However, very small
differences in the surface finish from point to point caused
the amplitudes and signal-to-noise ratios to vary significantly,
thereby introducing artificial variations in the measured results.
Several surface preparation techniques were tested to resolve
this problem including sanding and painting the surface using
white spray paint, coloring the surface using metallic ink
markers, applying retro-reflective glass beads on the surface
and using permanently bonded retro-reflective tape. The first
two options did not provide a satisfactory solution to the
problem as they were unable to remove minute (of the order of
0.1 mm) thickness variations on the surface of the specimens.
The retro-reflective glass beads were obtained from the laser
manufacturer and were found to significantly enhance the
visibility of the laser at non-cooperative points. However, their
uniform application on the surface proved problematic, thereby
preventing parts of the surface from being fixed. In addition,
it was observed that non-uniformities in the thickness of the
layer of glass beads applied influenced the amplitude of the
signals measured. The retro-reflective tape was found to be
the best option to resolve the non-cooperative points problem.
This tape (∼100 μm in thickness) is specifically designed with
the appropriate surface reflectivity and roughness to optimize
the visibility of the laser vibrometer. In order to verify that
the presence of the tape did not introduce unwanted effects
into the propagating GW field, the measured wave velocities
were compared before and after the application of the tape for
one of the experimental specimens. This result, summarized in
figure 2, shows that the presence of the tape does not influence
the GW field at cooperative points.

4. GW excitation by piezoelectric wafers in
composite plates

Piezoelectric wafers are the most commonly used transduction
devices for GW SHM of both metallic and composite
structures, and their GW excitation properties in various
composite layups are explored in this section. The main
objective is to characterize the GW field induced by a
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Figure 3. Schematic illustrating the scanning grid used with the laser
vibrometer to determine the azimuthal variation of wave speed and
peak-to-peak amplitude.

single circular piezoelectric wafer in terms of the azimuthal
distribution of the induced wave velocity and amplitude on
the surface of the specimens through a combination of laser
vibrometry and finite element analysis. These results are
complemented with full field visualizations of the radiation
patterns which provide an important insight into the GW
excitation of these devices. At the same time, the axisymmetric
nature of the source will provide the necessary wave speed
distribution that will be needed for future damage detection
experiments. At this point it should be mentioned that
previous researchers have argued the transducer bending
modes prevent circular wafers from being true axisymmetric
sources [20]. While the mechanical deformations of any
transduction mechanisms are likely to influence the excited
GW field, these effects should not be dominant if excited
away from its natural frequencies. Moreover, within the realm
of piezoelectric-based devices, circular wafers provide the
largest attainable axisymmetry. Finally, previous theoretical
and experimental studies have shown that, for the range of
frequencies and devices used in this study, piezoelectric wafers
can be safely considered as axisymmetric sources [21].

4.1. Experimental set-up and data processing

The azimuthal distribution of wave speed and amplitude was
obtained as a function of position for several specimens with
the three layups under consideration. The scanning grids
defined in the laser vibrometer system were composed of
four circles located between 4–7 cm from the origin of the
coordinate system (taken to be at the center of the transducer)
in intervals of one centimeter, in order to assess the evolution of
the speed and amplitude distribution with propagation distance.
A total of 120 azimuthal points were used in each grid to
provide sufficient resolution of the waves. The values reported
correspond to an average of 40 measurements. A schematic of
the transducer and laser scan point configuration used in these
studies is shown in figure 3.

The transducer used in this part of the study was a
circular piezoelectric wafer, with a diameter of 12.7 mm and
a thickness (h) of 0.2 mm, bonded at the geometric center of
the composite plates. In order to insulate the piezoceramic
from the composite material, and to provide access to its
top and bottom electrodes, two pieces of copper-clad kapton
were bonded on its top and bottom surfaces using Loctite E-
120HP adhesive system, which was also employed to bond
the insulated transducer onto the surface of the composite
plate. In order to ensure uniform bonding conditions among
all specimens, the cure of the adhesive between the transducer
and the plates was performed in an autoclave at a temperature
of 80 ◦C and a pressure of 345 kPa (50 psi) for 45 min. The
excitation input used in all cases throughout this study was a
3.5 Hann-modulated toneburst signal with a center frequency
of 75 kHz, resulting predominantly in the excitation of the
fundamental antisymmetric mode, but also exciting out-of-
plane components of additional shear modes in some of the
plates.

Due to the anisotropy of the composite substrate it
is possible that multiple modes will contribute to the out-
of-plane velocities at frequencies where only one mode is
observed in the isotropic case. As a result, in order to
identify each propagating mode the Hilbert transform of the
obtained time-domain signals was calculated. This transform
takes a real time-domain signal and generates its complex
conjugate such that, upon calculation of its absolute value, an
envelope of the signal amplitude is obtained. A sample time-
domain signal with the amplitude of its corresponding Hilbert
transform is shown in figure 4. This method is successful in
separating modes traveling at different speeds if a sufficient
time difference exists among them. In order to identify the
wave speeds, the Hilbert envelope of the signals was passed
through a peak-finding algorithm which recorded the value of
each peak as well as the times of arrival. The peaks in the
Hilbert envelope correspond to the center of the propagating
wavepackets. The actual wave speed, cg , was found through
equation (16) by using the location of the measurement point,
r , and assuming that the source of the waves occur at the edge
of the transducer, Rp. Finally, the time of arrival must be
adjusted to compensate for one-half the period of the excitation
pulse as the point being tracked in the signal corresponds to the
center of the wavepacket. The period of the signal can be found
from the number of half-cycles, n, and the center frequency of
excitation, f0:

cg = r − Rp

tpeak − n
2 f0

. (16)

While the presence of the retro-reflective tape resulted
in signals with high signal-to-noise ratios, the peak-finding
algorithm was still sensitive to small variations in the
amplitudes of the time-domain signal, thereby identifying
artificial peaks, as shown in figure 4(b). In order to resolve
this, the Hilbert envelope signals were passed through a signal
smoothing algorithm where these features were attenuated,
while preserving the features associated with the propagating
modes. This choice was selected instead of filtering as the latter
results in the introduction of a time delay which affects the
value of the measured wave velocity.
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Figure 4. (a) Typical time-domain signal collected through laser vibrometer; (b) Hilbert amplitude of the time-domain signal both before and
after smoothing is applied.

4.2. Finite element simulations

A set of finite element simulations was conducted to
qualitatively verify several of the results obtained from laser
vibrometry. The material properties in table 1 were used
in this analysis. Due to the geometry of the transducer
employed, a combination of wedge-shaped three-dimensional
brick (C3D8) and tetrahedron elements (C3D6) were used in
the commercial solver ABAQUS 6.8 [22]. The combination
of in-plane dimensions of the elements and time step were
selected so as to resolve the fastest traveling wave speed in
the material, which typically corresponds to the dilatational
wave speed along the fiber direction. In particular, the radial
dimension of the elements was selected at 0.25 mm while
the azimuthal dimension used was one degree. This radial
dimension provided approximately 15 nodes along the smallest
wavelength, which was obtained normal to the fiber direction.
Similarly, the time step was selected as 10−7 s to provide
sufficient resolution of the excitation input which, similar to
the experimental case, consisted of a 3.5 Hann-modulated
toneburst at 75 kHz.

In the case of the unidirectional plate, only one-eighth
of the plate was modeled due to in-plane and through-the-
thickness symmetry conditions. In particular, antisymmetric
conditions were enforced through the thickness to capture only
antisymmetric modes. A similar analysis was followed for
the cross-ply plate. Initial convergence studies indicated that
using six elements through the thickness of the unidirectional
plate provided converged results for the wave speed normal
to the fiber direction. Similarly, the rate of change of the
speed normal to the fiber direction with increasing elements
was nearly constant. Consequently, this number of elements
was selected for the unidirectional plate. In the case of
the cross-ply plate, two elements were used per layer in the
laminate, resulting in 12 elements through the thickness of
the model. Note that no effective properties were used in the
analysis as the engineering constant properties were defined
for each material along with the corresponding orientations.

Furthermore, no damping was considered in the numerical
simulations. This is a simplifying assumption as it is well
known that the cured matrix exhibits viscoelastic material
behavior. The effect of the transducer on the substrate was
represented as shear tractions of equal magnitude applied on
the surface of the substrate in the radial direction. In the
results presented in the following section, the experimental
and numerical values are normalized by their corresponding
maximum value before comparison so that both datasets have
a largest amplitude of one. An implicit dynamic analysis
was conducted in ABAQUS [22] to ensure the stability of the
solution with the parameters indicated above.

4.3. Results and discussion

The results for the wave speed distribution in the unidirectional
plate are shown in figure 5(a) in the form of polar plots, where
the wave speed is represented by the radial distance from the
origin to each point. A comparison between the experimental
and numerical results is also provided in the figure. The fiber
direction coincides with the 0◦ direction in the figure. Clearly,
the largest wave velocity is observed along the fiber direction
for the antisymmetric mode which reduces to approximately
half of its value along the direction normal to the fibers. Note
also that a second mode is present in the result, which has
been identified as the out-of-plane component of a horizontally
polarized quasi-shear wave (referred to as SH mode in the
figure). Note that this coupled mode is not observed along
the fiber direction, which corresponds to a principal material
direction. The agreement between the numerical simulations
and the experimental results is satisfactory along certain
azimuthal directions. In particular, the speed of both modes
is adequately captured for an azimuthal span of approximately
60◦ center along the 90◦ direction.

A similar result for the distribution of peak-to-peak
amplitude is presented in figure 5(b), where it can be observed
that the largest amplitudes occur along the fiber direction. The
waves propagating along the normal direction are significantly
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Figure 5. (a) Azimuthal distribution of wave velocity for a 12-layer unidirectional plate at 75 kHz; (b) azimuthal distribution of peak-to-peak
amplitude in a 12-layer unidirectional plate at 75 kHz; full field visualization of GW excited by a circular piezoelectric wafer in a
unidirectional plate at (c) 58 μs and (d) 68 μs as measured using laser vibrometry; the fiber direction is parallel to the horizontal axis.

weaker in comparison (smaller by a factor of approximately
8). The agreement of the amplitude distribution between
the experimental and numerical results is acceptable, and
the simulations confirm that the largest amplitudes are, in
fact, observed along the fiber direction. Note that this
has important implications for GW-based inspection as any
damage features present along the 90◦ direction, which in
this type of laminate is the one most susceptible to damage,
will likely be overshadowed by the large amplitude of the
waves along the fiber direction. The results also show that the
directionality observed for the wave speed is maintained as the
waves propagate away from the source.

The agreement between the finite element and experimen-
tal results for the peak-to-peak amplitude distribution provides
important insight into the nature of the wave steering phe-
nomenon observed in composites. Previous researchers have
shown that the traction exerted by the transducer on the sub-
strate depends on the stiffness–thickness product ratio between
the transducer and the substrate. Due to the anisotropy of the
composite, this ratio varies along the in-plane azimuthal di-
rection changing the strain transfer effectiveness of the trans-
ducer. Therefore, the directionality of the induced wave field
could be partly attributed to the changing stiffness ratio. The
finite element simulations remove this stiffness ratio variation
by applying shear tractions of equal magnitude along the cir-

cumference of the transducer. In other words, the modeling
approach is such that the piezoelectric element effectively acts
on an isotropic substrate. The directionality observed, there-
fore, indicates that the varying stiffness ratio has a minor effect
on the GW field excited. Instead, the steering phenomenon
is the dominant factor as waves generated normal to the fiber
direction concentrate their energy along the stiffer fiber direc-
tion. A two-dimensional view of these phenomena is shown in
figures 5(c) and (d) which shows the radiation pattern of the in-
duced GW field on the surface of the unidirectional plate at dif-
ferent time instants. The piezoelectric wafer used as the source
is represented as the light blue circle placed at the origin. Note
that, as expected, the wavelength along the zero-degree direc-
tion is larger than that along the 90◦ direction as a result of the
larger wave speed.

A similar result for the wave velocity distribution is shown
in figure 6(a) for the cross-ply [0/90]3S plates, where the labels
Laser 1 and Laser 2 refer to two independent measurements
recorded in separate composite plates with the same layup and
under similar transduction/excitation conditions. Note that in
this case only one mode is identified using the laser vibrometer,
and that the directionality of the wave speed is significantly
smaller than for the unidirectional plate. Close examination
of the distribution shows that the largest speeds are observed
along and normal to the fiber direction (a small difference of
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Figure 6. (a) Azimuthal distribution of wave velocity for a cross-ply [0/90]3S plate at 75 kHz; (b) azimuthal distribution of peak-to-peak
amplitude in cross-ply [0/90]3S plate at 75 kHz; full field visualization of GW excited by a circular piezoelectric wafer in a cross-ply [0/90]3S

plate at (c) 54 μs and (d) 73 μs as measured through laser vibrometry; the fiber direction is parallel to the horizontal axis.

the order of 1% was observed between both directions, with the
larger value along the fiber direction of the top layer), while the
lowest speed is observed along the 45◦ direction (the difference
is approximately 10%). These observations are consistent with
the distribution of moduli in the plane of the specimen which
has a minimum along the 45◦ direction. Note that there is good
qualitative agreement between the laser and numerical results,
but the simulations over-predict at certain azimuthal locations.
The maximum error, however, is of the order of 10%.

The peak-to-peak amplitude distribution is shown in
figure 6(b) where, as in the previous case, both results
(experimental and numerical) have been normalized by their
maximum value. The result shows that the largest amplitude
occurs along the fiber direction of the top layer, being 20%
larger than that observed normal to the fiber direction of the
top layer. This indicates that the orientation of the surface
on which the transducer is bonded is not likely to bias the
group velocity distribution, but will have a small effect on
the distribution of peak-to-peak amplitude which would in
turn be related to the maximum inspection distance attainable.

Note that, in the case of the cross-ply, the zero- and ninety-
degree directions are effectively similar in terms of the steering
expected when the entire laminate is considered (as determined
by the slowness curve). However, the strong directionality of
the top layer towards its fiber direction appears to influence
the wave amplitude in a similar manner as the unidirectional
plate. This therefore results in a small (20%) increase in
amplitude along the fiber direction. The directionality of the
radiation pattern for this composite layup can be observed in
figures 6(c) and (d) for different time instants. Once again,
note that the pattern is not as directional as that observed for
the unidirectional plate.

The results for the quasi-isotropic [0/+45/−45/90]4S

plate are shown in figure 7(a). In this case, no finite element
simulations were conducted due to the large computational
cost. As in the case of the cross-ply plate, only one mode
is observed. Note that the wave velocity distribution shows
some degree of directionality, and that no in-plane symmetries
are observed. This observation is a result of the configuration
of the substrate which provides no in-plane symmetries. Note
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Figure 7. Azimuthal distribution of (a) wave velocity and (b) peak-to-peak amplitude in quasi-isotropic [0/45/–45/90]2S plates; full field
visualization of GW excited by a circular piezoelectric wafer in a quasi-isotropic [0/45/–45/90]2S plate at (c) 58 μs and (d) 78 μs as
measured using laser vibrometry; the fiber direction is parallel to the horizontal axis.

that the largest speeds are observed near the fiber direction, as
expected. The peak-to-peak amplitude is shown in figure 7(b).
Note that the pattern does not display strong directionality, and
that the amplitudes along the 0 and 90◦ directions are nearly
equal. Close examination, however, indicates that the larger
amplitude occurs normal to the fiber direction of the top layer,
where the ratio of transducer to substrate stiffness is largest.
The radiation pattern is shown in figure 7(c) and (d) which
again shows a very mild degree of directionality and highlights
the lack of symmetry along the 0 and 90◦ directions. Note
that this propagation pattern is the closest to that observed in
isotropic plates when excited by axisymmetric sources.

5. GW excitation by CLoVER transducers in
composite plates

5.1. The CLoVER transducer

The CLoVER transducer has been introduced by the
authors [23–26] as an alternative concept for damage
interrogation in GW-based SHM systems. The device is

composed of independent anisotropic piezocomposite sectors
that induce directional GW fields on the surface where
they are bonded. Due to their geometric arrangement, the
complete array is able to scan a complete structural surface
from a central location. Furthermore, each sector in the
CLoVER array may be divided into independent segments,
defined as radial subdivisions within any given sector. These
subdivisions may be used for modal selectivity or to use
both segments within a sector as an actuator and sensor
pair [27]. Due to their piezocomposite construction, the
CLoVER transducers may also be used as directional sensors
as their sensitivity to strains transverse to the piezo-fiber
direction is very small. The directionality and ability of the
device to detect simulated defects in metallic plates has been
previously demonstrated [25, 28]. As previously indicated, the
present study aims at experimentally characterizing the GW
excitation properties of these devices in composite plates with
different levels of anisotropy, as determined by the laminate
layup.

The CLoVER transducers used in this study were
fabricated in-house following the manufacturing procedure
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Figure 8. CLoVER transducer designs used in the present study: (a) CLoVER 1 and (b) CLoVER 2.

Figure 9. (a) Steering expected when using a CLoVER sector aligned with the fiber direction in a unidirectional plate based on its phase
slowness diagram; (b) surface radiation at 68 μs with the fiber direction parallel to the horizontal axis.

presented earlier by the authors [24, 26]. Two different
electrode designs, referred to as CLoVER 1 and CLoVER 2,
were employed and are illustrated in figure 8. The electrode
design in CLoVER 1 yielded devices with an azimuthal span
of 45◦, an inner radius of 10 mm and an outer radius of 25 mm.
Each sector in this array had a segment with an active radius
of 5 mm and a second one with an active radius of 10 mm, as
shown in figure 8(a). In the experiments that use this device,
the active segment with a radial dimension of 10 mm was
employed. The electrode design in CLoVER 2 yielded devices
with an azimuthal span of 22.5◦, an inner radius of 17.5 mm
and an outer radius of 25 mm. In this case, the active sectors
were also divided into two radial segments with active radii
of 2.5 mm and 5 mm, respectively. Similar to the case of
CLoVER 1, only the active segment with a radial dimension
of 5 mm was used in this study. In both cases, the electrode
fingers had a width of 0.1 mm and an interdigital finger
spacing of 0.5 mm. The electrode patterns were transferred

onto a copper-clad kapton film (Pyralux LF7062R) by using a
transparency mask and following a standard photolithography
process at the Lurie Nanofabrication Facility at the University
of Michigan. The final electrodes were obtained by wet etching
of the copper in the resulting films. The piezoceramic material
employed was PZT-5A which was obtained in rings with inner
and outer radii consistent with the electrode designs described
previously. These rings were diced into radial fibers with a cut
angle of 2◦ for CLoVER 1 and 1◦ for CLoVER 2. These angles
were chosen so that the width of the fibers at the inner radius
position is similar to that used in the prismatic rectangular
fibers used in conventional piezoceramic devices [29, 26].
The cure of the device was conducted following a procedure
similar to the one described previously by the authors [24, 26].
The poling of the finalized transducers was conducted at a
temperature of 50 ◦C and an electric field of 2.92 kV mm−1

for 30 min.
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Figure 10. (a) Steering expected when using a CLoVER sector aligned 45◦ from the fiber direction in a unidirectional plate based on its phase
slowness diagram; surface radiation at (b) 68 μs, (c) 78 μs and (d) 88 μs with the fiber direction parallel to the horizontal axis.

5.2. Experimental results

Through the baseline measurements using piezoelectric
wafers, the wave velocities corresponding to the fundamental
antisymmetric mode were calculated for each composite layup
under consideration. Therefore, the characterization of the GW
field induced by the CLoVER sectors was conducted based on
full field visualizations of the GW radiation pattern induced by
each device. The results presented in this section clearly show
the steering phenomenon characteristic of GW propagation in
anisotropic materials.

The unidirectional plate used in this study was instru-
mented with a CLoVER transducer fabricated with the elec-
trode design defined as CLoVER 1. Therefore, three sectors
with an azimuthal span of 45◦ each were used to cover only

one-quarter of the plate due to material in-plane symmetries.
The measurement grid used in the laser vibrometer system con-
sisted of 32 circles, each with 80 azimuthal points, centered at
the origin of the CLoVER array. The spacing between con-
secutive circles was selected as two millimeters, which was
expected to sufficiently resolve the minimum wavelength of
the antisymmetric mode at 75 kHz (∼9 mm) in the unidirec-
tional plate, which occurs normal to the fiber direction. Note
that this also corresponds to the smallest wavelength in all the
specimens tested as the normal to the fiber direction in the uni-
directional plate has the lowest phase velocity. A total of four
averages were taken at each measurement point. In addition,
as no wave velocity information was necessary, the resulting
time-domain data were passed through a third-order band-pass
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Figure 11. (a) Steering expected when using a CLoVER sector aligned 90◦ from the fiber direction in a unidirectional plate based on its phase
slowness diagram; surface radiation at (b) 88 μs, (c) 97 μs and (d) 107 μs with the fiber direction parallel to the horizontal axis.

Butterworth filter. Its limits were selected as 0.7 and 1.3 times
the center frequency.

Figure 9 shows the GW field excited by a sector aligned
with the fiber direction. Note that the CLoVER transducer
has been included in the figure, where the active sector has
been highlighted. Note that in this case there is no steering
present. This is consistent with the phase slowness diagram
which is nearly constant with azimuthal position along the
fiber direction, and the phase of the waves is aligned with
the fiber direction (the phase of the waves connects the origin
with the centerline of the active CLoVER sector), as shown in
figure 9(a). Therefore, all waves launched in this region will
tend to propagate strictly along the fiber direction.

A similar result for the sector aligned with the 45◦
direction is shown in figure 10. Note that in this case the
steering phenomenon is clearly visible and can be explained by

considering the phase slowness diagram shown in figure 10(a).
Along the 45◦ direction, the normal vector to the slowness
surface points nearly along the horizontal direction, indicating
that this is the direction in which the wavepacket will
propagate. However, the phase of the waves is now parallel
to the 45◦ direction so that, relative to the phase of the wave,
its propagation direction is steered.

Finally, the radiation pattern obtained when the sector
aligned with the 90◦ direction is used is shown in figure 11.
Note that, along this direction, the phase slowness diagram
is also nearly constant with azimuthal position. However, its
radius of curvature is significantly larger, indicating that as the
waves propagate away from the source, there will be a tendency
to steer towards the fiber direction. This behavior is observed in
the experimental results as the directionality of the propagating
pulse is not as strong as it is along the 90◦ direction. The
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Figure 12. (a) Steering expected when using a CLoVER sector along the fiber direction in a cross-ply plate based on its phase slowness
diagram; (b) surface radiation at 78 μs with the fiber direction parallel to the horizontal axis.

directionality of the GW field obtained with the CLoVER
transducer along this direction is an improvement over that
obtained using conventional wafers, as seen in figures 5(c)
and (d), as it allows for damage interrogation specifically along
this direction. The larger attenuation observed transverse to the
fiber direction in figures 5(c) and (d) also occurs in this case.
Moreover, the directionality of the inspection pulse is likely
to increase the coherent signal-to-noise ratio of the reflections
from any damage identified along this direction.

The cross-ply plate was instrumented with a CLoVER
transducer fabricated with the electrode pattern previously
defined as CLoVER 2. In this case, due to in-plane symmetries
only 5 of the 16 sectors available were employed for the
characterization studies. A similar scanning grid as in the
case of the unidirectional plate was used in this case with
similar radial and azimuthal steps. The results are shown in
figures 12–16. Figure 12 shows the GW propagation pattern
observed when sector 1, aligned with the horizontal direction,
is used. As expected from the phase slowness diagram shown
in figure 12(a), there is no steering in this case as the phase
and the group velocity vectors are parallel. The induced GW
field therefore is highly directional and propagating along the
fiber direction. Figure 13 shows similar results when CLoVER
sector 2 is activated. From the phase slowness diagram
shown in figure 13 it can be seen that the group velocity will
be steered towards the fiber direction relative to the phase
velocity vector. This behavior is evident in figures 13(b)–(d)
where the pulse propagates primarily towards the horizontal
direction. Figure 14 shows the propagation pattern when
sector 3 is activated. In this case, the normal to the phase
slowness and the phase velocity vector are nearly parallel
and therefore very little steering is observed. Nevertheless,
it can be appreciated that a small steering angle towards the
horizontal direction is also present in this case. The behavior
observed when CLoVER sector 4 is used is markedly different

as shown in figures 15(b)–(d). In this case, the normal to the
phase slowness is nearly aligned with the vertical direction
and therefore a very strong steering towards that direction is
observed. Finally, when sector 5 is activated the normal to the
phase slowness and the phase velocity are once again aligned
and therefore the wavepacket propagates directionally along
the direction in which it was launched, as can be seen in
figure 16.

Sample results are shown for the quasi-isotropic plate
in figure 17. In this case, the steering phenomenon is also
present, but the results presented highlight the fact that for
this composite configuration there are local regions where the
waves propagate as if the substrate were an isotropic material.
Note for instance that, when CLoVER sector 4 (figure 17(c))
is activated, the propagating pattern is quite directional and
stays within the bounds of the active CLoVER sector. This
can be explained by the accompanying phase slowness diagram
which shows that, in that region, the curve is nearly circular and
therefore no steering will occur.

6. Damage interrogation using CLoVER transducers
in composite materials

A set of results that illustrate the ability of the CLoVER
transducer to detect damage in composite structures are
presented in this section. A particular goal in this context
is to determine whether the directionality of GW propagation
observed in the previous sections influences the ability of the
device to localize the azimuthal position of the defect sites.

The cross-ply [0/90]3S and quasi-isotropic [0/45/

–45/90]2S layups described earlier were selected for these
studies as they are representative of actual configurations used
in practice. In this case, the CLoVER transducers were
used as directional sensors, while the GW excitation pulse
was generated by a circular piezoelectric disc bonded at the
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Figure 13. (a) Steering expected when using a CLoVER sector aligned 22.5◦ (counterclockwise) from the fiber direction in a cross-ply plate
based on its phase slowness diagram; surface radiation at (b) 78 μs, (c) 88 μs and (d) 97 μs with the fiber direction parallel to the horizontal
axis.

center of the CLoVER array. The piezoceramic disc has a
diameter of 12.7 mm and a thickness of 0.2 mm. Similar
to the set-up described in the previous section, a piece of
copper-clad kapton was placed between the composite surface
and the lower surface of the piezoelectric disc. Due to its
piezocomposite construction, a CLoVER sector is significantly
more sensitive to strains along the piezo-fiber direction than
along its transverse direction. Thus, the benefit in defect
detection obtained through its directionality and geometry
when used as an actuator (as seen in the previous section) is
also expected to occur when used as a sensor.

The simulated defect used in this part of the study was
a concentrated mass provided by a metallic bar with a mass

of 0.65 kg and a square cross section with a side length
of 2.2 cm. This simulated defect was selected, in part, to
avoid introducing permanent damage to the specimens (such as
delaminations due to impact damage) during the early stages
of testing. A more important reason, however, is that the
mobility of the defect allows the azimuthal characterization
of CLoVER sectors not aligned with it. In other words, it
is of interest to find if the response displayed by the sectors
adjacent to the one aligned with the simulated damage will
vary, depending on the azimuthal location being tested. As
previously seen, the steering phenomenon tends to concentrate
part of the GW energy along specific portions of the wavefront,
which are not necessarily aligned with the direction of travel.
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Figure 14. (a) Steering expected when using a CLoVER sector aligned 45◦ (counterclockwise) from the fiber direction in a cross-ply plate
based on its phase slowness diagram; surface radiation at (b) 78 μs, (c) 88 μs and (d) 97 μs with the fiber direction parallel to the horizontal
axis.

Therefore, if steering effects were present it might be expected
that, depending on the azimuthal location of the defect, the
adjacent sectors would display a larger response than the one
directly aligned with it. Such spatial characterization would not
be possible with a fixed damage site, and introducing multiple
defects would unnecessarily complicate the analysis of the data
at this stage. Furthermore, the study is concerned with the
directionality of the CLoVER sectors and their ability to detect
and localize defects. The ability to detect delaminations, for
instance, is characteristic of the GW approach and has been
demonstrated by other researchers (see, for instance, the work
of Diamanti and Soutis [5]).

The concentrated mass was placed at a radial position of
10 cm from the outer edge of the CLoVER sensors which
corresponded to approximately 19 times the outer radius of
the emitting piezoelectric transducer. The excitation input to
the piezoelectric wafer was a 3.5 Hann-modulated toneburst at
a frequency of 75 kHz as used in the testing of the pristine
plates, but with a peak-to-peak amplitude of 15 V. The GW
signals were recorded using a digital oscilloscope (Infiniium
54831B) with a sampling frequency of 1 MHz. In an effort

to prevent the damage detection results from being influenced
by different sensitivities of individual CLoVER sectors, the
pristine and damaged signals for each sensor were normalized
by the amplitude of the incoming GW pulse, so that the
maximum in each dataset was equal to one. A standard pulse-
echo method was employed in these experiments whereby a
signal corresponding to the pristine condition of the structure
is compared to one obtained after the introduction of damage.
The difference from these two measurements is then used to
expose the reflections from any existing damage sites. In
particular, the peak-to-peak amplitude of the difference signal
is taken as the damage metric. To assess the effectiveness of
the CLoVER interrogation approach in sensing, the simulated
defect was aligned with the centerlines of different sectors,
one at a time, and the response was recorded using all active
CLoVER sectors.

The first set of experiments was conducted on the cross-
ply [0/90]3S plate, where two different damage configurations
were considered. First, the bar was aligned so that its
flat edge faced a specific CLoVER sector, while the second
configuration consisted of placing the bar so that its corner was
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Figure 15. (a) Steering expected when using a CLoVER sector aligned 67.5◦ (counterclockwise) from the fiber direction in a cross-ply plate
based on its phase slowness diagram; surface radiation at (b) 68 μs, (c) 78 μs and (d) 88 μs with the fiber direction parallel to the horizontal
axis.

aligned with the centerline of any given sensor in the array.
These configurations, shown in figure 18, will be referred
to as flat and sharp, respectively, from this point onwards.
As the emphasis of the present investigation is in verifying
the effectiveness of the transducer in azimuthally localizing
defects, its distance from the array was assumed to be known a
priori and the wave speeds measured using laser vibrometry
were used to identify the region where damage reflections
were expected. A total of nine CLoVER sectors spanning
a continuous range of 180◦ were used in this case. These
sectors are illustrated in figure 19. Due to the symmetry of
the source and the material, this spatial range suffices for the
defect detection studies. Figures 20(a) and (b) show sample
difference signals between the pristine and damaged conditions
of the plate when the damage is aligned with different sectors.
Figure 20(a) shows the difference signal when sector 5 is used
as a sensor and the simulated damage is aligned with sectors
2–7. Similarly, figure 20(b) shows the difference signals when
sector 1 is used as a sensor and the defect is aligned with sectors
1–6. Note that, in both cases, the reflection from the defect

is easily discerned and its time of arrival is consistent with
the expected time based on the wave velocity and distance.
Furthermore, note that, for the sensors not aligned with the
defect, the difference signal is significantly smaller.

One objective of the damage interrogation tests is to
determine whether the steering phenomenon observed in the
previous sections has a significant influence on the transducer’s
ability to determine the azimuthal location of the defect site.
Due to the material symmetry of the substrate, the response of
sectors 1–4 should be qualitatively similar to that of sectors 6–9
as they are placed in separate quadrants of the plate. Therefore,
any effect associated with steering should become apparent
in both measurements. The results from these experiments
are illustrated in figures 21–23 where the response for both
damage configurations (flat and sharp edge, respectively) have
been superimposed. Note that the results reported in the
figures correspond to average values collected from three
independent measurements, with each measurement consisting
of over 100 averages. Similarly, the error bars correspond to
the standard deviation calculated from the three independent
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Figure 16. (a) Steering expected when using a CLoVER sector normal to the fiber direction in a cross-ply plate based on its phase slowness
diagram; (b) surface radiation at 78 μs with the fiber direction parallel to the horizontal axis.

Figure 17. (a) Steering expected when using a CLoVER sector along the fiber direction in a quasi-isotropic [0/45/–45/90]2S plate based on
its phase slowness diagram, (b) surface radiation at 88 μs, (c) steering expected when using a CLoVER sector aligned 67.5◦
(counterclockwise) from the fiber direction in a quasi-isotropic [0/45/–45/90]2S plate based on its phase slowness diagram and (d) surface
radiation at 78 μs with the fiber direction parallel to the horizontal axis.

datasets. Furthermore, the results obtained for sensors whose
responses are expected to be symmetric have been placed
side by side in the figure for easier comparison. The first

clear observation from these results is that the transducers are
effective in identifying the azimuthal location of the defect site.
In particular, the amplitude of the response for the sectors that
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Figure 18. Detail of CLoVER transducer and simulated defect used in damage detection experiments: (a) flat side aligned with CLoVER
sector; (b) sharp side aligned with CLoVER sector.

Figure 19. Detail of the CLoVER and piezoelectric wafer
transducers used in the damage detection experiments in cross-ply
plate.

are aligned with the damage is consistently larger than those
around it. Note that, in general, large responses are observed
for the CLoVER sector aligned with the damage as well as
an adjacent one. The fact that this pattern is observed for
both damage configurations (flat and sharp edge) indicates that

this is likely associated with the cross-sectional size of the
simulated defect and not with the details of its shape at the
point where it first interacts with the incident GW pulse.

A comparison of the response from symmetric sensors is
therefore used to determine whether this effect is the result of
any steering arising from the anisotropy of the substrate. If
the simulated defect is idealized as an omnidirectional source
of GW, then any steering or azimuthal variation of amplitude
would affect symmetric sectors in a similar manner. For
instance, consider the result observed when the simulated
defect is aligned with sector 4. In this case the maximum
amplitude is observed for sensor number 4, but a reflection
of similar amplitude is also recorded by sector number 5.
If this observation were due to steering of the reflected
pulse or variations in its amplitude, it would indicate that
the propagating pulse is steering or has a larger amplitude
contribution towards the horizontal direction. Therefore, the
reflected pulse recorded when the damage is aligned with
sector 6 should also be steering towards the horizontal direction
so that both sectors 5 and 6 would record large reflection
amplitudes. However, this is not the observed result as, when
the damage is aligned with sector 6, a large amplitude is
recorded by both sector 6 and sector 7. This observation is

Figure 20. Difference signals between pristine and damaged condition of the 12-layer cross-ply [0/90]3S plate when (a) sector 5 is used as a
sensor and the defect is aligned with sectors 2–7 and (b) sector 1 is used as a sensor and the defect is aligned with sectors 1–6.
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Figure 21. Normalized peak-to-peak reflection amplitude recorded with the CLoVER transducer in the 12-layer cross-ply [0/90]3S plate
when the damage is aligned with (a) sector 1, (b) sector 9, (c) sector 2 and (d) sector 8.

confirmed by the measurement recorded with sensor 5. Based
on the slowness diagram illustrated in figure 1(b) and the peak-
to-peak amplitude distribution reported in the previous section,
no steering due to material anisotropy is expected along this
direction. However, it is observed that a large reflection
amplitude is recorded by both sectors 4 and 5. Therefore, it can
be concluded that the large amplitudes observed by adjacent
sectors are not due to steering effects or material anisotropy,
but could rather be attributed to the size of the defect, imperfect
alignment relative to the CLoVER sectors or to the spread in
energy of the reflected GW pulse as it propagates in the plane of
the plate. Nevertheless, the results indicate the effectiveness of
the CLoVER transducer in correctly identifying the azimuthal
location of the defect site. Note also that this is accomplished
using a smaller number of transducers than alternative concepts
such as phased arrays.

Similar experiments were conducted on the quasi-
isotropic [0/45/–45/90]2S plate to verify the performance of
the transducer in different composite configurations. As in the
case of the cross-ply plate, eight CLoVER sectors spanning a
continuous range of 180◦ were used. In this case, however,
only the sharp damage configuration was considered, as it
was found in the experiments with the cross-ply plate that the
specific alignment of the defect did not have a significant role
in the reflection amplitude of the sectors aligned with it. The
transducer arrangement used is shown in figure 24 where the
active sensors are highlighted. As previously indicated, these

sectors correspond to the electrode design defined as CLoVER
2. As in the previous case, the simulated defect was aligned
with different sectors, one at a time, and the response recorded
with all eight sectors. The results for this case are shown in
figures 25–32 where the damage was aligned with sectors 3,
4, 5 and 7. Note that, as in the case of the cross-ply plate,
the directionality of the CLoVER sectors allows the device
to correctly identify the azimuthal location of the simulated
defects. While in this case there are no in-plane material
symmetries as in the cross-ply case, steering effects are also
not apparent as the reflection amplitude is always largest for
the sectors directly aligned with the defect. Note that, as in the
previous case, this is often accompanied by an adjacent sector
having a large reflection amplitude as well. As previously
indicated, however, this is likely due to the in-plane energy
spread of the reflected GW pulse as it reaches the CLoVER
transducer.

7. Summary and conclusions

The guided wave (GW) field excited by piezoelectric
wafers and CLoVER transducers in composite plates was
experimentally analyzed with applications to structural
health monitoring. A combination of laser vibrometry
and finite element simulations were used to characterize
the in-plane variation of wave speed and peak-to-peak
amplitude distribution in unidirectional, cross-ply [0/90]3S
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Figure 22. Normalized peak-to-peak reflection amplitude recorded with the CLoVER transducer in the 12-layer cross-ply [0/90]3S plate
when the damage is aligned with (a) sector 3, (b) sector 7, (c) sector 4 and (d) sector 6.

Figure 23. Normalized peak-to-peak reflection amplitude recorded
with the CLoVER transducer in the 12-layer cross-ply [0/90]3S plate
when the damage is aligned with sector 5.

and quasi-isotropic [0/45/–45/90]2S IM7-based plates. The
steering phenomenon was experimentally observed where the
propagation direction of a wavepacket is not parallel to its
phase velocity vector. The GW excitation properties of the
CLoVER transducer were characterized and its effectiveness
in localizing simulated defects in various composite plates was
demonstrated. The following conclusions can be drawn from
this study:

• The unidirectional composite plates were observed to have
the most directional GW propagation pattern with the

Figure 24. Detail of the CLoVER and piezoelectric wafer
transducers used in the damage detection experiments in
quasi-isotropic plate.

energy directed towards the fiber direction. The amplitude
of the GW pulse towards the matrix-dominated regions
was significantly weaker than along the fiber direction
(by factors of the order of 8) which may complicate its
inspection using omnidirectional sources.

• The cross-ply [0/90]3S and quasi-isotropic [0/45/

–45/90]2S plates display weaker directionality relative to
the unidirectional case, but the GW energy is still directed
towards regions with the largest stiffness as indicated by
their phase slowness diagrams.
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Figure 25. Normalized peak-to-peak reflection amplitude recorded with the CLoVER transducer in the 16-layer quasi-isotropic
[0/45/–45/90]2S plate when the damage is aligned with (a) sector 1 and (b) sector 2.

Figure 26. Normalized peak-to-peak reflection amplitude recorded with the CLoVER transducer in the 16-layer quasi-isotropic
[0/45/–45/90]2S plate when the damage is aligned with (a) sector 3 and (b) sector 4.

Figure 27. Normalized peak-to-peak reflection amplitude recorded with the CLoVER transducer in the 16-layer quasi-isotropic
[0/45/–45/90]2S plate when the damage is aligned with (a) sector 5 and (b) sector 6.
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Figure 28. Normalized peak-to-peak reflection amplitude recorded with the CLoVER transducer in the 16-layer quasi-isotropic
[0/45/–45/90]2S plate when the damage is aligned with (a) sector 7 and (b) sector 8.

Figure 29. Normalized peak-to-peak reflection amplitude recorded with the CLoVER transducer in the 16-layer quasi-isotropic
[0/45/–45/90]2S plate when the damage is aligned with (a) sector 9 and (b) sector 10.

Figure 30. Normalized peak-to-peak reflection amplitude recorded with the CLoVER transducer in the 16-layer quasi-isotropic
[0/45/–45/90]2S plate when the damage is aligned with (a) sector 11 and (b) sector 12.
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Figure 31. Normalized peak-to-peak reflection amplitude recorded with the CLoVER transducer in the 16-layer quasi-isotropic
[0/45/–45/90]2S plate when the damage is aligned with (a) sector 13 and (b) sector 14.

• The azimuthally varying stiffness ratio between the
axisymmetric piezoelectric source and the composite
substrate has a secondary effect on the GW amplitude
distribution observed within the plane of the substrate.
The steering effect is the dominant driver behind the
directionality observed both in the wave speeds and in
the peak-to-peak amplitude distribution. This can be
concluded as simulations using a constant distribution of
traction amplitudes along the azimuthal direction resulted
in directional GW fields consistent with those observed
experimentally.

• The material anisotropy and steering effects influence the
GW field excited by CLoVER sectors as the propagating
pulses progressively move towards regions with the largest
in-plane stiffness as determined by the phase slowness
curve. This effect could be compensated for by decreasing
the azimuthal dimension of the CLoVER sectors. Using
sectors with azimuthal spans of the order of 20◦ was
shown to be sufficient to cover all directions in the plane
of the plates.

• The CLoVER transducer can be used to successfully
detect and locate defects in composite materials.
Based on testing on cross-ply [0/90]3S and quasi-
isotropic [0/45/–45/90]2S plates, it was found that,
when axisymmetric GW sources are employed, the
steering associated with the material anisotropy does not
significantly affect the damage localization capability of
the CLoVER transducers.
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