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A B S T R A C T In situ structural health monitoring aims to perform on-demand interrogation of the
structure to determine the presence of service-induced damage and defects using non-
destructive evaluation ultrasonic wave methods. Recently emerged piezoelectric wafer
active sensors (PWAS) have the potential to significantly improve damage detection and
health monitoring. PWAS are low-profile transducers that can be permanently attached
onto the structure or inserted in between composite laminates, and can perform structural
damage detection in thin-wall structures using guided wave methods (Lamb, Rayleigh,
SH, etc.).
This paper describes the analytical and experimental work of using PWAS-guided waves
for in situ structural damage detection on thin-wall structures. We begin with reviewing
the guided wave theory in plate structures and PWAS principles. The mechanisms of
Lamb wave excitation and detection using PWAS is presented. Subsequently, we address
in turn the use of PWAS to generate Lamb waves for damage (cracks and corrosion)
detection in metallic structures. Pulse-echo, pitch-catch, phased array and time reversal
methods are illustrated demonstrating that PWAS Lamb-waves techniques are suitable
for damage detection and structural health monitoring. The last part of the paper treats
analytically and experimentally PWAS excitation and tuning in composite materials. The
research results presented in this paper show that in situ SHM methodologies using
PWAS transducers hold the promise for more efficient, effective and timely damage
detection in thin-wall structures.

Keywords active structural health monitoring; embedded non-destructive evaluation;
piezoelectric; piezoelectric wafer active sensor; PWAS.

I N T R O D U C T I O N

Current ultrasonic inspection of thin-wall structures (e.g.
aircraft shells, storage tanks, large pipes, etc.) requires
meticulous through-the-thickness C-scans over large ar-
eas. One method to increase the efficiency of thin-wall
structures ultrasonic inspection is to utilize guided waves
(e.g. Lamb waves) instead of the conventional pressure
waves. As given by Staszewski, guided waves offer the ad-
vantage of inspecting large structures with a small number
of transducers;1 and the inspection potential of ultrasonic-
guided wave for the detection of cracks, delaminations
and disbonding utilizing conventional ultrasonic trans-
ducers have been outlined by Rose.2 Today’s advanced
ultrasonic techniques rely on the generation, propaga-
tion and detection of guided waves in various structures.
Guided waves have opened many new opportunities for
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the cost-effective detection of damage in pipelines and
aircraft structures.3–5

In guided wave non-destructive evaluation, the most
commonly used transducers are wedge transducers,6

comb transducers7 and electromagnetic acoustic trans-
ducers (EMATs).8 While these types of transducers func-
tion well for maintenance inspection when the structure
is offline for service, they are not compact enough to be
permanently installed on the structure during its opera-
tion as required for in situ SHM. This is particularly true
in aircraft structures, when the mass and space penalties
associated with the additional transducers on the struc-
ture should be minimal.5 For in situ SHM, a different
type of guided wave transducer that is smaller, lighter and
cheaper is required.

One convenient and often used transducer for in situ-
guided wave generation during SHM studies is the piezo-
electric wafer active sensors (PWAS). These inexpensive
transducers are available in the form of thin piezoceramic
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Fig. 1 Phased array of piezoelectric wafer active sensors (PWAS)
with an aperture of 50 mm permanently attached to the host
structure.

wafers that can be unobtrusively attached to existing struc-
tures. For illustration, Fig. 1 shows a small array often
square PWAS that weighs about 50 mg.

The use of PWAS for damage detection with Lamb
wave propagation was pioneered by Chang and his co-
workers.9–12 They studied the use of PWAS for elastic
waves generation and reception in composite materials.
In their research, passive reception of elastic waves was
used for impact detection, and pitch-catch transmission-
reception of low frequency Lamb waves was used for
damage detection. Various PWAS Lamb waves methods,
such as tomography and time reversal, have been inves-
tigated. PWAS-guided wave method was also studied by
many other researchers. Nieuwenhuis et al. used finite
element simulation and experiments to explore the oper-
ation of piezoelectric wafer transducers.13 Lin and Yuan
modelled the diagnostic transient waves in an integrated
piezoelectric sensor/actuator plate with a view to use it
as a first step towards establishing an entire structural
health monitoring system.14 Experimental results showed
that single mode Lamb waves in plate can be successfully
generated and collected through integrated PWAS trans-
ducers. Raghavan and Cesnik made an effort towards a
precise characterization of Lamb wave excitation using
piezos based on the three-dimensional elasticity equa-
tions.15 Wang and Yuan also used the three-dimensional
elasticity theory to analyze the propagation characteris-
tics of Lamb waves in composites while with emphasis on
group velocity and characteristic wave curves.16 Both the-
oretical and experimental results confirmed that multiple
high-order Lamb waves can be excited from piezoelec-
tric actuators and the measured group velocities agree
well with those from three-dimensional elasticity theory.
Gomez-Ullate et al.,17 Olson et al.,18 Sorohan et al.19

and Lee and Staszewski20 have conducted finite element
analysis and modelling on Lamb waves propagation and
interaction with host structures. In practice, Blackshire
et al. used piezoelectric sensor arrays to detect crack and
corrosion damage in realistic aircraft structures through
experimental studies and analytical modelling.21 Zhao
et al. developed an ultrasonic-guided wave structural
health monitoring system for aircraft wing inspection.22

Piezoelectric disc were bonded to various parts of the wing

in a form of relatively sparse arrays for simulated cracks
and corrosion monitoring. A novel correlation analysis
based technique called RAPID (reconstruction algorithm
for probabilistic inspection of defects) was used to detect
the damage presence and location. Michaels and Michaels
used signal processing and image fusion in combination
with a spatially distributed array of piezoelectric trans-
ducers to monitor the integrity of plate-like structures
over large areas.23 Fusion method was shown with the
improved image quality and to correctly indicate the pres-
ence and location of hole damage. PWAS potentials for
future space vehicles are also testified by Mancini et al.24

The purpose of this paper is to present several results
on the use of PWAS transducers for SHM of metallic
and composite structures. The results were obtained by
the team of authors working in the laboratory for active
materials and smart structures at the University of South
Carolina.

P W A S U L T R A S O N I C - G U I D E D W A V E S I N
T H I N - W A L L S T R U C T U R E S

Guided waves in metallic thin-wall structures

In flat plates, guided waves travel as Lamb waves and
as shear horizontal (SH) waves. Lamb waves are verti-
cally polarized, while SH waves are horizontally polar-
ized. Both Lamb waves and SH waves can be symmetric
or anti-symmetric with respect to the plate mid-plane.
A detailed outline of the main equation can be found in
reference.26 Consider a plate with stress-free upper and
lower surface situated at y = ±d (Fig. 2). The equation of
motion for an isotropic elastic medium is given by

μ∇2u+ (λ+μ) ∇∇ • u = ρ
∂2u
∂t2 , (1)

where λ and μ are the Lamé constants, ρ is the mass
density and u is the displacement vector.

Assume that the displacement vector is given by

u = ∇� + ∇ × H, (2)

where � and H are the potential functions given by

� = f (y) e j (ξx−ωt), (3)

H = (
hx (y) i + hy (y) j + hz (y) k

)
e j (ξx−ωt). (4)

Straight-crested waves of circular frequency ω and wave
number ξ propagating with wave speed c = ω/ξ were
assumed. The governing equations are

∇2� = 1
c 2

p

∂2�

∂t2 , ∇2H = 1
c 2

s

∂2H
∂t2 , ∇ • H = 0. (5)

Plane strain conditions (z-invariant) are assumed. Upon
analysis, solution of the governing equations can be found
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Fig. 2 Guided waves in plate: (a) a plate with thickness 2 d, extending infinitely in x and z directions; (b) a free body diagram of an
infinitesimal area extracted from the plate.

in the form

� = (Acos αy + B sin αy) e j (ξx−ωt)

Hx = (C cos βy + D sin βy) e j (ξx−ωt)

Hy = (E cos βy + F sin βy) e j (ξx−ωt)

Hx = (G cos βy + H sin βy) e j (ξx−ωt)

,

(6)

where α2 = (ω2/c 2
p) − ξ 2 and β2 = (ω2/c 2

s ) − ξ 2. The
constants A∼H are determined from the stress-free
boundary conditions at the plate upper and lower sur-
faces, which yield

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−c 3 sin αd c 4 sin βd 0 0 0 0 0 0

c 1 cos αd c 2 cos βd 0 0 0 0 0 0

0 0 c 1 sin αd −c 2 sin βd 0 0 0 0

0 0 c 3 cos αd c 4 cos βd 0 0 0 0

0 0 0 0 −c 5 sin βd β2 sin βd 0 0

0 0 0 0 −β sin βd jξ sin βd 0 0

0 0 0 0 0 0 β2 cos βd c 5 cos βd

0 0 0 0 0 0 jξ cos βd β sin βd

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A

H

B

G

E

D

C

F

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

= 0 (7)

with c 1 = (λ + 2μ) α2 + λξ 2, c 2 = 2 jμξβ, c 3 = 2 jξα,
c 4 = ξ 2 − β2, c 5 = jξβ. Non-trival solutions of the ho-
mogeneous Eq. (7) are obtained when the determinant of
the coefficients matrix is zero, which yields the charac-
teristic equation. Examination of Eq. (7) reveals that the
determinant can be broken up into the product of four
smaller determinants, corresponding to the coefficient
pairs (A, H), (B, G), (E, D) and (C, F). The first two pairs
correspond to the symmetric and anti-symmetric Lamb
waves, while the last two pairs correspond to symmetric
and anti-symmetric SH waves. The characteristic equa-
tions for the symmetric and anti-symmetric Lamb waves
are also known as the Rayleigh–Lamb equations. These
implicit transcendental equations are solved numerically
to determine the permissible guided wave solutions. For
each solution of the characteristic equation, one deter-
mines a specific value of the wavenumber ξ and hence the
wave speed c.

Speed dispersion curves of guided waves

The variation of wave speed with frequency is shown
in Fig. 3 for Lamb waves. At lower frequency-thickness
products, fd, only two Lamb wave types exist: S0, which
is a symmetrical Lamb wave resembling the longitudi-
nal waves, and A0, which is an anti-symmetrical Lamb
wave resembling the flexural waves. At higher frequency-
thickness values, a number of Lamb waves are present, Sn
and An, where n = 0,1,2, . . .. . . At very high frequencies,
the S0 and A0 Lamb waves coalesce into the Rayleigh
waves, which are confined to the plate’s upper and lower

surfaces. The Lamb waves are highly dispersive, that is,
wave speed varies with frequency; however, S0 waves at
low frequency-thickness values show very litter disper-
sion. Figure 4 is the variation of wave speed with fre-
quency for SH waves. The SH waves are also dispersive,
with the exception of the first mode, SH0, which does not
show any dispersion at all.

For circular-crested waves, a similar analysis can be con-
ducted in polar coordinates.25 The solutions can be deter-
mined in terms of Bessel functions J0 and J1. For guided
waves in shell structures, the study can be considered as
a limiting case of the study of guided waves propagation
in hollow cylinders. Comprehensive analytical and nu-
merical results on wave propagation in hollow circular
cylinders were presented by Gazis.26 The results found
important applications in the ultrasonic NDE of tubing
and pipes.
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Fig. 3 Wave speed dispersion curves of Lamb waves: (a) symmetric Lamb waves, Sn (n = 0,1,2. . .); (b) anti-symmetric Lamb waves, An (n =
0,1,2. . .). Fd = frequency-thickness product in Hz·mm, c = phase velocity, cS = shear wave speed.

Fig. 4 Wave speed dispersion curves of SH waves (dotted line =
anti-symmetric modes; solid line = symmetric modes). Fd =
frequency-thickness product in Hz·mm, c = phase velocity, cS =
shear wave speed.

Fig. 5 PWAS elastic wave generation. (a)
PWAS induced-strain responses; (b) PWAS
elastic wave generation in one-dimensional
model; (c) PWAS circular-crested elastic
waves in two-dimensional model.

PWAS ultrasonic transducer

PWAS operate on the piezoelectric principles that couple
the mechanical and electrical properties of the material.
PWAS generate an electric field when they are subjected
to a mechanical stress (direct effect), or, conversely, gen-
erate a mechanical strain in response to an applied elec-
tric field. Hence, they can be used as both actuators and
sensors. The coupling between the electrical and the me-
chanical variables (the charge per unit stress and the strain
per unit electric field) is signified by the coefficients d ij

(i = 1, . . . ,6; j = 1,2,3), also known as the polarization
coefficient.

In practical applications, many of the piezoelectric co-
efficients d ij have negligible values as the piezoelectric
materials respond preferentially along certain directions
depending on their intrinsic (spontaneous) polarization.
For PWAS depicted in Fig. 5a, assume that the applied
electric field E3 is parallel to the spontaneous polariza-
tion Ps, with Ps aligned with the x3 axis. E3 can be created
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Fig. 6 PWAS interaction with Lamb waves in a plate: (a) S0 mode; (b) A0 mode.28

through the application of a voltage V between the top
and bottom electrode of the wafer represented by the
shading. The application of E3//Ps results in a vertical
(thickness wise) expansion ε3 = d33E3 and a lateral (in
plane) contractions ε1 = d31E3 and ε2 = d32E3 (the lat-
eral strains are contracted as the coefficient d31 and d32

have opposite sign to d33). The strains experienced by
PWAS are direct strains. Such an arrangement can be
used to produce thickness-wise and in-plane vibration of
the wafer.

In Lamb wave generation and sensing PWAS couple
their in-plane motion with the particle motion of Lamb
waves on the material surface (Fig. 6), which is excited
by the applied oscillatory voltage through the d31 piezo-
electric coupling. Circular PWAS excite omnidirectional
Lamb waves that propagate in circular wave fronts. Unidi-
rectional and omnidirectional Lamb wave propagation is
illustrated in Fig. 5b and c. Omnidirectional Lamb waves
are also generated by square PWAS, though their pat-
tern is somewhat irregular in proximity to the PWAS. At
far enough distance (r>>a), the wave front generated by
square PWAS is practically identical with that generated
by circular PWAS.

The interaction between the PWAS and the structure is
achieved through the adhesive layer, in which the mechan-
ical effects are transmitted through shear effects. Upon
application of an electric voltage, the PWAS experiences
an induced strain of εISA = d31V/t. The induced strain
is transmitted to the structure through the boding layer
interfacial shear stress (τ ). Because the PWAS ends are
stress free, the build up of strain takes place at the ends,
and it is more rapid when the shear stress is more intense.
For large product of shear-lag parameter �and PWAS
length a, the shear transfer process becomes concentrated
towards the PWAS ends. In another word, a very thin
bonding layer will produce a very rapid transfer that is
confined to PWAS ends, indicating that in the limit, all the
load transfer can be assumed to take place at the PWAS
actuator ends. This leads to the concept of ideal bond-
ing, also known as the pin-force model, in which all the

load transfer takes place over an infinitesimal region at
the PWAS ends, and the induced-strain action is assumed
to consist of a pair of concentrated forces applied at the
ends.27 Using the shear-lag model, the energy transferred
from PWAS to the structure can be found by analyzing
either the elastic energy in the structure or work done by
the shear stresses at the structural surface.

Tuned PWAS Lamb waves generation

Lamb waves are guided between two parallel free surfaces,
such as the upper and lower surfaces of a plate. Lamb
waves can exist in two basic types: symmetric (S0, S1, . . ..)
and anti-symmetric (A0, A1, . . ..). For each propagation
type, a number of modes exist, corresponding to the so-
lutions of the Rayleigh–Lamb equation. Lamb waves are
highly dispersive and their speed depends on the product
of frequency and the plate thickness.

The excitation of Lamb waves with PWAS is studied by
considering the excitation applied by the PWAS through
a surface stress τ = τ0(x)e jωt applied to the upper surface
of a plate in the form of shear lag adhesion stresses over
the (−a, +a) interval. Applying a space domain Fourier
transform analysis of the basic Lamb wave equations to
yield the strain wave and displacement wave solutions28

εx(x, t)
∣∣

y=d = −i
aτ0

μ

[∑
ξ S

sin(ξ Sa)
NS(ξ S)
D′

S(ξ S)
e i(ξ Sx−ωt)

+
∑
ξ A

sin(ξ Aa)
NA(ξ A)
D′

A(ξ A)
e i(ξ Ax−ωt)

]
, (8)

NS = ξβ
(
ξ 2 + β2) cos(αd ) cos(βd ), (9)

NA = ξβ
(
ξ 2 + β2) sin(αd ) sin(βd ), (10)

DS =(
ξ 2 − β2)2

cos(αd ) sin(βd ) + 4ξ 2αβ sin(αd ) cos(βd ),
(11)
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DA =(
ξ 2 − β2)2

sin(αd ) cos(βd ) + 4ξ 2αβ cos(αd ) sin(βd ),
(12)

where ξS and ξA are the zeros of DS and DA, respec-
tively. We can note that these are the solutions of the
Rayleigh–Lamb equation. These results have been ex-
tended to the case of a circular transducer coupled with
circular-crested Lamb waves by Raghavan and Cesnik15,29

and corresponding tuning prediction formulae based on
Bessel functions were proposed

εr(r, t)
∣∣
z=d = π

τ0a
μ

e iωt
[∑

ξ S

J1(ξ Sa)ξ S NS(ξ S)
D′

S(ξ S)
H(2)

1

(
ξ Sr

)

+
∑
ξA

J1(ξ Aa)ξ A NA(ξ A)
D′

A(ξ A)
H(2)

1

(
ξ Ar

)]
. (13)

Details of the Lamb waves theory can be found in the
Ref. [28].

When generated by PWAS, optimal Lamb wave exci-
tation and detection can be obtained when the PWAS
length is an odd multiple of the half wavelength of par-
ticle wave modes. The geometric tuning can be obtained
through matching between their characteristic direction
and the half wavelength of the excited Lamb wave mode.
A comprehensive study of these prediction formulae in
comparison with experimental results has recently been
performed by Santoni et al.29 Simulation plot of the Eq.
(8) is presented in Fig. 7a using a 7 mm square PWAS in-
stalled on 1.07 mm thick 2024-T3 aluminium alloy plate.
Note the efficient PWAS length for a 7 mm PWAS has
been verified as 6.4 mm.29

Equation (8) contains the sin(ξa) behaviour that dis-
plays maxima when the PWAS length la = 2a equals an
odd multiple of the half wavelength, and minima when it
equals an even multiple of the half wavelength. A complex

Fig. 7 PWAS Lamb wave tuning using a 7 mm square PWAS placed on 1.07 mm 2024-T3 aluminium alloy plate: (a) prediction with Eq. (8)
for 6.4 mm effective sensor length; (b) experimental results.

pattern of such maxima and minima emerges, because sev-
eral Lamb modes, each with its own different wavelength,
coexist at the same time. The plot in Fig. 7a shows that
at 210 kHz, the amplitude of the A0 mode goes through
zero, while that of the S0 is close to its peak. This repre-
sents an excitation ‘sweet spot’ for S0 Lamb waves. Exper-
imental results confirming this prediction are presented in
Fig. 7b.

FEM simulation of PWAS interaction with crack
defect in a metallic strip

Wave propagation excited by PWAS has been studied
through finite element method (FEM). The investiga-
tion was carried on simple one-dimensional model of
a narrow-strip aluminium beam specimen (914 × 8 ×
1.6, in mm), as illustrated in Fig. 8a. The FEM model of
the beam was constructed using four-node shell elements
(SHELL63) that has six degrees of freedom at each node,
displaying both bending and membrane capabilities. The
excitation signal is a Hanning window smoothed tone
burst taking the form of

x(t) = 1
2

[
1 − cos

(
2π t
TH

)]
,t ∈ [0, TH] , (14)

where T H = N B/f , with N B is the burst counts.

Wave propagation simulation

Figure 8b illustrates a simulated crack placed transverse
to the beam, along the transverse symmetry line in the
model. The crack is modelled by detaching nodes and
has a length of 6 mm. The discretization mesh has been
locally refined for a better resolution of crack simulation
(5000 nodes; simulation time about an hour). Two forms
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Fig. 8 FEM model of beam structure. (a) narrow aluminium beam with PWAS; (b) mesh design of the beam and crack refinement (centre
part).

of wave propagation were studied first: the axial waves and
the flexural waves. Function-generated load of force and
moment was applied to the nodes to delimit the contour
of the active areas. To generate axial waves, nodal trans-
actions were applied, while for flexural waves, moments
were applied. The detection of the elastic waves followed
the same general principle as that applied to wave gener-
ation.

FEM simulation of axial waves in the beam excited with
a 100 kHz five-count burst at the left end of the beam are
shown in Fig. 9. The wave was captured after travelling

Fig. 9 FEM simulation of axial waves in the 914 × 14 × 1.6 mm3 aluminium alloy beam excited with 100 kHz five-count
Hanning-windowed axial burst at the left-hand end. The wave is captured after travelling for 50 μs: (a) overall view, and (b) details of first
quarter of the beam. The number of peaks in the wave is greater than five because both the incident wave and the wave reflected from the
left-hand side end of the beam are superposed in this wave front.

Fig. 10 FEM simulation results. (a) Axial wave signals received at sensors A–E; (b) flexural wave signals received at sensors A–E. (10 kHz
five-count smoothed tone-burst excitation at active sensor A).

for 50 μs. The patterns of dilatation and contraction (in-
plane motion) can be seen, as Fig. 9a giving an overall
view and Fig. 9b giving a magnified detail of the first
quarter of the beam. Note that the number of peaks in
the wave is greater than the five-count burst because both
the incident wave and the wave reflected from the left-
hand end of the beam are superposed in this wave front.

Figure 10a shows the wave signal received at sensors A–
E. It is easily appreciated how the wave travels down the
beam from A to E, then reflected at the right-hand end,
and returns to A, followed by repetition of this pattern. It
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was observed that, at the beginning, the five-count burst
excitation can be readily identified. As the wave travels and
undergoes reflections, its coherence somehow diminishes,
and some dispersion occurs. This loss of coherence may
also be attributed to accumulation of numerical error.

The FEM simulation of flexural waves in the beam was
excited with a 100 kHz five-count burst at the left-hand
end. The wave was captured after travelling for 99.3 μs.
Figure 10b shows the wave signal received at sensor A–E
for a 10 kHz excitation. It is easily appreciated how the
wave travels down the beam from A to E, then reflects at
the right-hand end, and returns to A, followed by repeti-
tion of this pattern. It is observed that the five-count burst
excitation can be readily identified in the initial signal, but
this pattern quickly deteriorates due to wave dispersion.
As the wave travels further and undergoes reflections, its
coherence further diminishes. The loss of coherence may
also be attributed to accumulation of numerical error.

Coupled field wave propagation simulation

In previous study, waves were generated by applying force
and moment on the beam, thus different modes of wave

Fig. 11 Coupled field analysis. (a) Mesh design of the beam and coupled field modelled PWAS; (b) signals examined at PWAS B; (c) signals
examined at PWAS C.

were separated and in some sense the real complex situa-
tion of wave composition and interaction were simplified.
Another issue with the method is that the way to sense
the wave motion. Pure structure response like relative
displacement and rotation were used to analyze the struc-
ture response while the piezoelectric effect of PWAS was
not taken into account.

To solve the problem, we proposed to simulate the
PWAS transducer using coupled field elements. PWAS
was excited with electrical signals and its electrical re-
sponse to the wave motion was examined. The coupled
field analysis therefore takes both mechanical motions
and electrical characteristics into account, that is, the di-
rect interaction between mechanical motion and electri-
cal potentials can be modelled in a nature way. Material
properties, steel and piezoelectric material APC 85031 are
specified on the two objects. As shown in Fig. 11a, bottom
surface of the solid PWAS model was connected to the
beam surface and thus permitted the mechanical motion
transfer between the two models. PWAS became excited
with the tone-burst signal because of the electrical energy
that was directly fed onto the top surface of the PWAS,
resembling the mechanics in the real application.
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The simulation results are compared with experimen-
tal results, as given in Fig. 11. It can be observed that
the generated waves have incorporated both axial mode
and flexural mode because PWAS was excited by electri-
cal signals in the coupled field analysis and are similar to
the experimental data. Also the waves were more complex
than the mechanical excitation situation due to the re-
flection from the boundaries. Tuned excitation and other
modelling modification are suggested in the future work
to obtained higher quality signals.

P W A S - G U I D E D W A V E H E A L T H M O N I T O R I N G
I N M E T A L L I C S T R U C T U R E S

As active sensors, PWAS interact directly with the struc-
ture and find its state of health and reliability through the
use of ultrasonic Lamb waves. Similar to the conventional
ultrasonic transducers, PWAS can operate in pitch-catch,
pulse-echo or be wired into phased arrays to implement
structural scanning.

Crack detection in aging aircraft-like panels

Using guided wave pulse-echo method, wide coverage
could be achieved from a single location. The embedded
PWAS pulse-echo method follows the general principles
of conventional Lamb wave NDE. A PWAS transducer
attached to the structure acts as both transmitter and de-
tector of guided Lamb waves travelling in the structure.

Fig. 12 PWAS pulse-echo crack detection experiment. (a) Plate with built-in rivets and a simulated 12.7 mm crack; (b) baseline signal
containing reflections from the plate edges and the rivets at 100 mm; (c) reading containing reflections from the crack, plate edges and rivets;
(d) subtracted signal containing reflection from crack only.

The wave sent by the PWAS is partially reflected at the
crack. The echo is captured at the same PWAS acting as
receiver. To ensure the crack detection, an appropriate
Lamb wave mode must be selected. It has been verified
that the S0 Lamb waves can give much better reflections
from the through-the-thickness cracks than the A0 Lamb
waves. The selection of such a wave is achieved through
the Lamb wave tuning. A wave propagation experiment
was conducted on an aircraft panel to illustrate crack de-
tection through the pulse-echo method (Fig. 12). A base-
line signal was first collected and then after the simulated
crack was added, another reading was recorded. By com-
paring the difference between the reading and baseline,
the reflection caused by the crack could be extracted and
detected.

Embedded ultrasonic structural radar PWAS phased
arrays

PWAS can also be wired as phased arrays to detect damage
on thin-wall structures. PWAS phased arrays have been
developed for thin-wall structures (e.g., aircraft shells,
storage tanks, large pipes, etc.) that use Lamb waves to
cover a large surface area through beam steering from
a central location.28 The embedded ultrasonic structural
radar (EUSR) algorithm is a method and device for per-
forming ultrasonic damage detection using PWAS phased
array for the transmission and reception of guided waves
and a signal post-processing methodology based on the
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beam-forming process. Its principle of operation is de-
rived from two general concepts:

1 The generation of tuned guided Lamb waves with PWAS;
2 The principles of conventional phased-array radar.30

As used herein, the term ‘embedded’ is intended to mean
that the transducers are permanently attached directly to
the surface of a thin-wall structure (such as using a suit-
able adhesive). In EUSR, excitation is implemented on
only one PWAS at a time and a round-robin procedure
is applied to measure a set of primitive signals that are
stored in digital format and processed in virtual time after
these data collection. This feature is specific to struc-
tural health monitoring implementations, which allows
for extensive signal processing over time. This feature
permits inexpensive and light-weight implementation of
phased-array beam-forming by avoiding complex multi-

Fig. 13 EUSR PWAS-phased array damage detection. (a) Experiment setup; (b) specimen layout; (c) EUSR image of 180 ◦ scanning of the
plate (upper part); (d) EUSR image of 360 ◦ scanning of the plate (entire plate).

plexing electronics. Other features and full development
of the EUSR algorithm can be found in greater details in
ref.32,33

Linear PWAS array application

Linear arrays are the simplest and most commonly used
phased arrays. Wooh and Shi,34 Moulin et al.,35 Purekar
et al.,36 Sundararaman et al.37 and Yan and Rose38 have
explored the linear array properties and their applications
on isotropic and anisotropic structures. Laboratory proof-
of-concept experiment setup with a linear PWAS array
for damage detection is shown in Fig. 13a. The hard-
ware includes a HP33120 function generator to send the
excitation signal and a TDS210 digital oscilloscope to col-
lect the reflection signals. An eight-PWAS array (7 mm
round PWAS, spacing at 8 mm) was installed on a large
aluminium plate (1200 mm square, 1 mm thick) (Fig. 13b).
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Experimental pitch-catch data showed that good quality
signals with measurable magnitudes can be detected for
a travelling distance of 1200 mm. A broadside crack was
represented by a 20 mm long and 1 mm wide slits lo-
cated 305 mm in front of the array. For this inspection,
the excitation frequency was tuned at 300 kHz to obtain a
maximized S0 Lamb wave mode.29 In order to verify dam-
age detection ability of PWAS arrays, experiments were
conducted on both flat and curved aluminium panels.

On the investigated structure, the EUSR method cap-
tures and stores signals of the eight-PWAS array in a
round-robin fashion, that is, one PWAS being activated
as transmitter, while all the other PWAS acting as re-
ceivers. Thus a data matrix of 64 elemental signals is gen-
erated. In the post-processing phase, the elemental signals
are assembled into the synthetic beam-forming response
using the EUSR beam-forming algorithm and the scan-
ning result is visualized as a two-dimensional image. The
EUSR image of the upper part of the flat plate (0 ◦∼
180 ◦ scanning) is shown in Fig. 13c. Due to geometrical
limitation of linear arrays; their scanning ability was lim-
ited to 0 ◦–180 ◦. Three hundred sixty degree scanning
gives symmetric result about the array itself, as shown in
Fig. 13d.

The plate was then curved with chord resulting curva-
ture radii between 2 m and 4 m, as shown in Fig. 14a,
to resemble the shallow curvature commonly found in
aircraft structures. These curvatures were applied in two
directions. One direction was with the chord parallel to
the PWAS array (direction 1) while the other was with
the chord perpendicular to the PWAS array (direction 2).
Good crack detection was obtained for all curvatures and
both directions. EUSR image of high curvature of radii
at 1950 mm (or of central angle 35.84 ◦) curved in direc-
tion 1 is given in Fig. 14b. No significant difference due
to curvature could be observed. These results agree with
the theoretical predictions, which indicate that, for shal-

Fig. 14 Crack detection at high curvature (radii of 1950 mm or central angle of 35.84 ◦) in direction 2. (a) Photo of specimen while being
bend; (b) EUSR image.

low cylindrical shells (h/r and h/λ <<1), the longitudinal
modes approach the Lamb wave mode.39

As any phased-array method, EUSR has a near-field
blind area, which depends on the array aperture D, D≈Md
(M-number of sensors; d-spacing). We have tested PWAS
array of various sensor sizes and apertures; to date, we have
been able to detect defects as close as 83 mm from the ar-
ray centre when using an eight-element array composing
of 5 mm square PWAS with an aperture of 55 mm. The
5 mm PWAS array was installed along the boundary (as
shown in Fig. 15). EUSR images obtained at scanning
frequency of 402 kHz for broadside and offside cracks
(10 mm in length) are given in Fig. 15. The results show
that PWAS arrays have good potential for small area scan-
ning and damage detection as well.

Planar PWAS array application

Planar arrays are constructed by positioning elements
along various grids, such as cross grid, rectangular grid
or circular grid. Planar arrays have the advantage of
providing more controls and being able to inspect all di-
rections from a single location, that is, covering the entire
0◦–360◦ range. Wilcox,40 Wilcox et al.,41 and Rajagopalan
et al.42 developed two-dimensional-guided wave arrays in
circular shapes and successfully demonstrated their omni-
directional damage detection ability. Their results show
that the densely populated circular area array has more
concentrated beam-forming property than the single ring
circular array if no signal post-processing is being used.
In our research, a densely populated square PWAS array
consisting 8 by 8 elements was used. To compare with the
linear array, the broadside crack detection was repeated
by the square planar array except the crack is 45◦ inclined
(as shown in Fig. 16a). Scanning result is shown in Fig.
16b, indicating a unique crack image locating at 90◦ in the
structure. Note that the strongest reflection was found to
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Fig. 15 Mini-array (eight 5 mm PWAS) close crack detection. (a) Broadside crack detection, 83 mm in front of the array; (b) offside crack at
70 ◦ detection.

Fig. 16 Three hundred sixty degree
broadside crack detection using an 8 × 8
planar PWAS array. (a) Specimen layout
and the 8 × 8 planar array; (b) EUSR
scanning image.

be slightly away from right front side (90◦). This is due to
the reason that we cannot get specula reflection because
the crack in this specimen is inclined.

Corrosion detection with PWAS network

Besides cracks, corrosion in structurally significant loca-
tions has been identified as a critical need in aircraft sys-
tems.21 The possibility of using ultrasonic Lamb waves
to detect corrosion in plate-like aircraft structures is well
established for piezoelectric ultrasonic generation and de-
tection.43 Here, we present preliminary results of corro-

sion detection in an aluminium plate using PWAS net-
work and damage index (DI) analysis based on root mean
square deviation (RMSD). The specimen was a 500 mm
× 500 mm × 3.229 mm aluminium plate, installed with a
five-PWAS network (Fig. 17a). The corrosion was simu-
lated on the back surface of PWAS 2 by material removing
(Fig. 17b), having depths of 0, 0.381, 0.737, 0.940, 1.097
and 1.270 mm. Signals discussed below were obtained by
exciting 3-count tone-burst Lamb waves at PWAS 4 and
receiving at PWAS 0 and 1.

Figure 17c presents signals received at PWAS 0 at
120 kHz excitation frequency at each depth. The first
arriving packet (faster) was S0 mode while the second
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Fig. 17 PWAS corrosion detection. (a) A five-PWAS network; (b) simulated corrosion on back surface of PWAS 2; (c) receiving signals at 0
at each depth at 120 kHz; (d) DI curves of A0 mode and S0 mode at 120 kHz on pair 4–0; (e) DI curves of A0 mode at 57 kHz on pairs 4–0
and 4–1.

packet (slower) was the A0 mode. DI curves of each mode
are plotted in Fig. 17d, which shows that A0 mode is much
more sensitive to the corrosion progress. We therefore
concluded that A0 mode should be used for the following
tests. DI curves were then obtained from PWAS 0 and
PWAS 1 at 57 kHz excitation frequency where A0 domi-
nated and S0 maximally suppressed, as shown in Fig. 17e.
Because DI of pair 4–0 demonstrated larger change, it can
be concluded that the corrosion was on this path.

PWAS time reversal

Time reversal method has been adapted to guided wave
propagation to improve the detection ability of local de-
fects in plate-like structures.12,44,45 Kim et al.44 explored
the reconstruction of the input signal for Lamb waves and
envisioned to use the time-reversed signal as a ‘baseline-
free’ method to detect certain types of defects by exam-
ining the deviation of the reconstructed and the original
input signal, without relying on any past baseline data. In
the experiments, Kim et al.44 observed that when a pair
of S0 and A0 Lamb waves is generated, the time reversal
method gave rise to multiple wave packets, that is, it did
not exactly reconstruct the original signal. With PWAS
Lamb wave tuning ability, the residual effect (which hin-

ders the use of time reversal procedure for Lamb wave
SHM) can be alleviated.29

In PWAS time reversal procedure, the reversion is con-
ducted in the frequency domain and depends on the
structure transfer function G(ω). To avoid the residuals,
the structure transfer function G(ω) has to remain con-
stant and the A0 Lamb mode is time reversible upon the
analysis. The simulation with 16-count Hanning window
smoothed excitation signal has been conducted in a 1 mm
aluminium plate using 7 mm round PWAS. The result of
S0 mode excitation at 290 kHz is shown in Fig. 18 a with
noticeable residual waves, while the result of A0 mode
at 30 kHz in Fig. 18b demonstrating no residual wave
packets beside the reconstructed wave.

Experimental verification was performed on two 2024-
T3 aluminium plates: one is 1524 × 1524 × 1 (mm) plate
installed with two round 7 mm PWAS 400 mm apart;
the other is 1060 × 300 × 3 (mm) with two square 7
mm PWAS separating 300 apart. The PWAS Lamb wave
time reversal procedure diagram is shown in Fig. 19a. The
experimental results were compared with the theoretical
prediction, as shown in Fig. 19b and c. The numerical
and experimental signals shown in the time reversal pro-
cedure are very close to each other indicating that the
PWAS Lamb wave time reversal theory predicts well the
experiments.
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Fig. 18 PWAS Lamb wave time reversal simulation. (a) S0 mode
time reversal at 290 kHz showing residuals; (b) A0 mode time
reversal at 30 kHz with no residual wave packets present.

Fig. 19 PWAS Lamb wave time reversal procedure. (a) Flowchart block diagram; (b) A0 mode time reversal at 36 kHz; (c) S0 mode time
reversal at 350 kHz.

P W A S - G U I D E D W A V E E X C I T A T I O N I N
C O M P O S I T E S

For PWAS applications on composite structures, it is im-
portant that either the dispersion curves of the Lamb
modes or the tuning frequency of the desired mode can
be predicted. Both analytical and mostly numerical ap-
proaches have been used for these predictions in lami-
nated composite beams with PWAS.

PWAS Lamb wave dispersion curves in composite
plates

Different from the Lamb waves in metallic plate, it is not
possible to find a close form solution of the dispersion
curves in composite materials. However, there are dif-
ferent methods that can be used to solve the problem.
Consider a composite plate made of layers of unidirec-
tional fibres, as shown in Fig. 20a and use the stiffness
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Fig. 20 PWAS Lamb waves in composite plate: (a) kth layer of a composite plate made of unidirectional layers; (b) group velocities for a
quasi-isotropic plate, theoretical values (solid lines) and experimental values (dot lines).

matrix in the format of

C = T−1
1 C ′T2, (15)

where T 1 and T 2 are the transformation matrix. In the
case of PWAS transducers, the wave propagation direc-
tion is θ = 90 ◦. The total transfer matrix can be expressed
as{ {

u+}
{
σ+}

}
=

[
[Auu] [Auσ ]

[Auσ ] [Aσσ ]

]{ {
u−}

{
σ−}

}
. (16)

In order to obtain the dispersion curve, stress free at the
upper and lower surface boundaries was imposed

|Auσ | = 0. (17)

A Matlab programme has been developed to calculate
the transfer matrix of each layer in the global coordi-
nate system and the total transfer matrix for different
values of velocity and frequency. The programme deter-
mines the velocity at which, for a given frequency, the
matrix determinant change sign and then, by the method
of bisection, finds the velocity solution. A quasi-isotropic
plate [(0/45/90/–45/)2s] was studied. The layer material is
A534/AF252. Figure 20b shows the theoretical data and
the experimental values. The experimental and theoret-
ical data for the A0 mode are in quite good agreement;
the experimental and theoretical data for the SH and S0
modes are also in good correlation with each other for low
frequencies. At higher frequencies, where the two waves

are closer, it is difficult to determine experimentally the
wave location due to their superposition and dispersion.

PWAS tuning experiments on composite plates

For isotropic plates, the PWAS transfers the oscillatory
contractions and expansion to the bonded layer and the
layer to the metal surface. In this process, several factors
influence the wave behaviour: thickness of the bonding
layer, geometry of the PWAS, thickness, and material of
the plate. The result of the influence of all these factors
is the tuning of the PWAS with the material. For in-
teraction between PWAS and the composite plates, Xi
has obtained the solution using the integral transform so-
lution developed for isotropic plates.46 Another method,
normal mode expansion (NME), can also be used to deter-
mine the transducer frequencies for any kind of plates.39

It has been used for application as hollow cylinders ex-
cited by wedge transducers where the dispersion curves
have a second order of infinity.39,47 Yet, no application
for composite plates has been found.

PWAS tuning on composite plates has been investigated
experimentally. The pitch-catch experiments were pre-
formed on a composite plate using ten round PWAS as
shown in Fig. 21. PWAS 1 was used as transmitter while
the other nine used as receivers. Here, the data received by
PWAS 3 on 90 ◦ fibre direction are analyzed. Note that
clay dam was used to attenuate the reflection from the
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Fig. 21 PWAS configuration on unidirectional composite plate: (a) plate schematic; (b) laboratory specimen.

Fig. 22 Experimental validation of PWAS tuning on composite plate: (a) group velocity dispersion curves; (b) tuning curves (solid =
theoretical results; dot = experimental data).

boundary. During the experiments, two waves were de-
tected, S0 and A0 modes. The SH0 mode was not possible
to be located. The experiments were performed without
an amplifier. The S0 amplitude was always quite low and
the wave amplitude was of the order of magnitude of the
noise at the frequency above 140 kHz.

Figure 22a shows the group velocity curve for the S0
and A0 modes. The NME theory was used to derive the
theoretical prediction of the curves. The experimental
values are in good agreement with the theoretical results.
Beyond 185 kHz, the wave packets were not possible to
be separated from the noise. The experimental data were
then used to construct the tuning curves, as shown in
Fig. 22b. Both theoretical A0 and S0 mode data were
scaled of the same amount to compare the experimental
data. It can be seen that the A0 mode tuning curve predicts
with good accuracy the frequency at which A0 amplitude
reaches a maximum. For the S0 mode, the theoretical and
experimental results are not in agreement. Further in-
vestigation on different transmitter-receiver distance and
direction with the reference to the fibre direction needs
to be investigated in order to determine the validity of the
method presented in this paper.

C O N C L U S I O N S A N D D I S C U S S I O N

In this paper, an in situ SHM technology has been dis-
cussed by using the piezoelectric wafer active sensor
(PWAS)-guided waves. The embeddable PWAS trans-
ducers can be permanently attached to metallic and com-
posite structures.

After reviewing the guided wave theory in plate, the
PWAS transducers were introduced. The PWAS piezo-
electric properties for actuation and sensing were then
presented in connection with Lamb wave excitation and
detection in metallic plates. It is shown that Lamb wave
mode tuning can be achieved by the judicious combina-
tion of PWAS dimensions, frequency values and Lamb
wave mode characteristics. The A0 and S0 Lamb wave
modes were shown analytically and experimentally that
they can be separately tuned by using the same PWAS
installation but different frequency bands. Finite element
analysis (FEM) study of axial and flexural waves confirms
that PWAS can be used to generate and receive true ul-
trasonic wave in thin-wall metallic structures. Embedded
pulse-echo method was then used for detecting through-
the-thickness fatigue cracks in aircraft panels, followed
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with the embedded ultrasonic structural radar (EUSR) al-
gorithm for PWAS phased-array implementation. PWAS
EUSR conducted large area inspection from a single po-
sition through directional beam-forming of linear or pla-
nar arrays. Proof-of-concept experiments have been con-
ducted to verify the 180 ◦ range and 360 ◦ full range detec-
tion ability, respectively. PWAS applications on corrosion
detection and time reversal, were also discussed with ex-
perimental results.

Lamb waves can also be excited in composite materials
using PWAS transducer to detect damage. The PWAS-
plate interaction can be solved by either using the layer-
wise mechanics theory and finite element method or
transfer matrix (TM) methodology and normal mode ex-
pansion (NME). In this paper, PWAS Lamb wave propa-
gation predictions using TM and NME method were in-
vestigated through pitch-catch experiments. It shows that
the A0 mode tuning curve predicts with good accuracy
while for the S0 mode, the theoretical and experimen-
tal results are not in agreement. Further investigation on
different transmitter-receiver distance and direction with
the reference to the fibre direction needs to be investi-
gated in order to determine the validity of the method
presented in this paper.

Although remarkable progress has been made with in situ
PWAS SHM, considerable work remains to be done. To
increase the acceptance of this emerging technology, the
refining of the theoretical analysis and calibration against
well-established experiments is needed, especially for ap-
plications on composite structures. In addition, to imple-
ment the in situ SHM technique, several hurdles have
to be overcome. In particular, the operational and envi-
ronmental variations of the monitored structure need to
be addressed. It shows signals will change due to varying
operational and environmental conditions of the struc-
ture such as temperature, humidity, etc. Also, the bond-
ing layer between the PWAS and structure is often the
durability weak link for SHM applications, leading to loss
of contact with the structure. The bonding layer may also
include acoustic impedance mismatch with detrimental
effects on damage detection. Better durability may there-
fore be expected from a built-in sensor that is incorporated
into the structure, such as the in situ fabricated PWAS.
Last, but not least, a chip-level PWAS device possessing
local processing ability and wireless communication abil-
ity must be developed to achieve in-field in situ SHM
applications.
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