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Abstract
This paper presented development work of an in situ method for damage detection in thin-wall structures using embedded two-dimensional ultrasonic phased arrays. Piezoelectric wafer active sensors were used to generate and receive guided Lamb waves propagating in
the plate-like structure. The development of a generic beamforming algorithm that does not require parallel ray assumption through
using full wave propagation paths is described. A virtual beam steering method and device, the embedded ultrasonic structural radar,
was implemented as a signal post-processing procedure. Several two-dimensional conﬁgurations were investigated and compared with
beamforming simulation. Finally, rectangular shape arrays were developed for verifying the generic formulas and omnidirectionality.
The rectangular arrays yield good directionality within the 360° full range and are able to detect damage anywhere in the entire plate.
Ó 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Phased array principles have been widely used in radar,
sonar, seismology, oceanology, and medical imaging. This
method was introduced into the ultrasonic testing due to
multiple advantages such as ﬂexible beam control, good
manipulation and, most importantly, reduced inspection
time [1,2]. Using an ultrasonic phased array, the ultrasonic
wave front can be focused in a certain point or steered in a
speciﬁc direction and thus the inspection of a wide area can
be achieved by electronically sweeping and/or refocusing
without physically manipulating the transducers.
Current ultrasonic phased array technologies mostly
employ pressure waves generated through normal impingement on the material surface. Through-the-thickness
phased arrays, though have shown clear advantages, cannot be eﬃciently used in thin-wall structures due to the
small relative thickness of such structures. One method of
increasing the eﬃciency of thin-wall structure inspection
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is to utilize guided waves, e.g., Lamb waves in thin plates
[3,26]. Guided waves propagate inside thin-wall plates
and shallow shells, traveling large distances with very little
amplitude loss. Traditionally, guided waves have been generated from a relatively large ultrasonic transducer [4] or
from a comb transducer [5]. Although Lamb wave phased
array methods are promising, the fact that they utilize conventional ultrasonic transducers, which are bulky and
expensive, may make them unsuitable for structural health
monitoring (SHM). The advent of commercially available
low-cost piezoelectric wafer active sensors (PWAS) has
opened new opportunities for In situ ultrasonic testing as
needed during the SHM processes. The PWAS have the
potential for In situ ultrasonics through inexpensive and
unobtrusive deployment. Early work has shown that
PWAS devices can successfully be used for SHM applications [6–10].
1.1. Ultrasonic guided waves phased arrays
Linear ultrasonic phased arrays, as the simplest and most
widely used ones, have been well explored and developed.
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Wooh and Shi [12] and Clay et al. [13] studied the beam
steering characteristics of linear phased arrays using pressure waves including the number of elements, elementary
spacing, element dimensions, aperture size, and their eﬀects
on the directivity. Moulin et al. used integrated phasedelayed multi-element piezoelectric transducer arrays to
perform angular steering of the emitted Lamb wave beam
[14]. A simple scalar diﬀraction model was used to predict
in-plane Lamb wave radiation and beam steering behaviors.
Pureka et al. [15] described a damage detection technique on
isotropic plates based on the properties of a linear phased
array with piezoelectric sensors and low frequency Lamb
wave dynamics. Garcia-Hernandez et al. [16] developed
an ultrasonic Lamb wave NDE system using an air coupled
concave linear array working on pitch–catch conﬁguration
for sheet and plate materials such as resin-ﬁber composites.
The beam was electronically steered to measure the optimum input angle of the incident wave impinging the materials surface. Recently, Yan and Rose [17] studied the
application of the piezoelectric guided wave phased array
applied to composite aircraft panels. The anisotropic
behavior of the composite materials led to a signiﬁcant
inﬂuence on the beam steering performance of the phased
array. Mode neighborhoods in dispersion curves where
guided waves have quasi-isotropic behavior were explored
for diﬀerent composite plates.
In addition to placing sensors along a line (forming a
linear array), sensors can also be positioned along twodimensional (2-D) grids to form 2-D or planar arrays. 2D arrays provide additional variables which can be used
to control and shape the pattern of the array. Most importantly, they can be used to scan the main beam of the array
toward any point in the plane [18]. Wilcox [19] and Wilcox
et al. [20] presented omnidirectional guided wave EMAT
transducer arrays which contain a circular pattern of elements for the inspection of plate structures. A phased addition algorithm with deconvolution was applied that
allowed an omnidirectional B-scan image of the plate to
be synthesized from any geometry of a single ring of elements array. Experimentally, an array containing 16 transmitter and 32 receivers arranged in concentric rings were
used for exciting and detecting S0 Lamb wave mode. A
same array conﬁguration but using piezoelectric transducers for generating and detecting A0 Lamb wave mode
was used for the structural integrity monitoring later by
Fromme et al. [21]. Wilcox et al. [22] also developed a technique recently for characterizing reﬂectors with sub-wavelength dimensions achieved by post-processing the
complete data set of time traces. The algorithm can be used
to obtain information about reﬂector orientation and distinguish between point-like reﬂectors and specular reﬂectors. A new compact sensor conﬁguration comprising of
a single transmitter and multi-receivers (STMR) was developed for the In situ SHM by Rajagopalan et al. [23]. The
STMR array is acoustically coupled to one surface of the
plate with the receivers arranged in a circle while the transmitter is placed at its center. All were assumed as point-

wise sources and were considered to have equal transmission and reception sensitivity in all directions. The receivers
were able to steer the received beam in any direction. The
STMR exploited the ultrasonic guided Lamb waves and
a phase reconstruction algorithm to provide defect detection and location capability.
1.2. Research background
The preliminary theoretical and experimental investigation of the work herein was ﬁrst reported by Giurgiutiu
and Bao [24]. A virtual beamforming process named the
embedded ultrasonic structural radar (EUSR) was developed for piezoelectric wafer active sensor (PWAS) phased
arrays which were essentially diﬀerent from other ultrasonic phased array implementations for the virtual beamforming concept which does not require expensive
multiplexer, complex electronic circuitry, and digital board.
Yu and Giurgiutiu [25] improved the linear PWAS EUSR
performance by using advanced signal processing
techniques.
The beamforming algorithms mentioned previously and
the original PWAS EUSR algorithm all use the parallel ray
approximation to simplify the beamforming calculation.
This simplifying assumption is only valid if the target is
far away from the phased array. When the target is not sufﬁciently far away, the parallel ray approximation error is
not negligible and the method breaks down. Additionally,
though linear PWAS arrays are able to interrogate large
area in the structure, they are limited within 180° range
due to the array geometric symmetry. To accomplish full
range 360° detection, 2-D arrays need to be employed.
This paper presents an In situ SHM method using planar PWAS phased arrays to interrogate the full range
(360°) based on generic beamforming formulas. After a
brief review of the operational principles of PWAS transducers and their capability for generating tuned singlemode Lamb waves in thin metallic plates, the development
of generic PWAS array beamforming algorithm is given.
Using the generic beamforming algorithm, designs of several 2-D PWAS phased arrays are evaluated through beamforming simulation. Two rectangular arrays using diﬀerent
number of elements are implemented and veriﬁed with
experiments on large aluminum plates with through-thethickness crack and/or pin-hole damage. The results
proved the method’s readiness for real-world implementation and veriﬁed the method’s applicability.
2. PWAS Lamb waves generation
Lamb waves are well known for being dispersive and
having multiple modes within a certain frequency range.
Phased arrays, on the other hand, work best when singlemode non-dispersive waves are employed and echoes from
targets are easily distinguished. Therefore, the success of
using PWAS guided-wave phased arrays for damage
detection rests on the ability of transmitting and receiving
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single-mode non-dispersive Lamb waves in thin wall structures with little apparent dispersion [29].
2.1. PWAS operational principles
The piezoelectric constitutive equations in cylindrical
coordinates are
S rr ¼ sE11 T rr þ sE12 T hh þ d 31 Ez
S hh ¼ sE12 T rr þ sE11 T hh þ d 31 Ez
Dz ¼ d 31 ðT rr þ T hh Þ þ eT33 Ez

ð1Þ

Srr and Shh are the mechanical strains, Trr and Thh are the
mechanical stresses, Ez is the electrical ﬁeld, Dz is the electrical displacement, sE11 and sE12 are the mechanical compliances at zero electric ﬁeld (E = 0), eT33 is the dielectric
permittivity at zero mechanical stress (T = 0), and d31 is
the piezoelectric coupling between the electrical and
mechanical variables [27].
For axisymmetric motion, the problem is h-independent
and the space variation is in r only. Hence, Srr = our/or and
Shh = ur/r. The general solution in terms of Bessel functions
of the ﬁrst kind, J1, is found in the form
xr
ur ðr; tÞ ¼ AJ 1
ð2Þ
eixt
c
For a constrained circular PWAS by structural stiﬀness,
kstr(x) as shown in Fig. 1b, the amplitude A is determined
from the boundary conditions in the form
A¼x

J
c 0

xr 
a

c

ð1 þ ma Þ  d 31 E0
 ð1ma þvðrxa Þð1þma ÞÞ  J 1

ð3Þ

xr 
a

c

where v(x) = kstr/kPWAS is the dynamic stiﬀness ratio between the PWAS stiﬀness and structure dynamic stiﬀness.
For a free PWAS (v = 0) is the radial contraction/
expansion displacement response is simply
ð1 þ mÞJ 1 ðCrÞ
ur ðrÞ ¼ d 31 E3 a
ðCaÞJ 0 ðCaÞ  ð1  mÞJ 1 ðCaÞ

2.2. PWAS interaction with the structure
The coupling between PWAS and the structure has been
studied by Crawley and Luis [11] and Giurgiutiu [28]. The
bonding layer between PWAS and the structure acts as a
shear layer in which the mechanical eﬀects are transmitted
through the shear eﬀect. To present the general concepts,
the 1-D plane strain analysis is being used. (Extension to
axially-symmetric motion, which is immediate, will not be
addressed here for sake of brevity.) The layer interaction
model is shown in Fig. 2a and the interfacial shear stress
in bonding layer is expressed through the equation


ta w
sinh Cx
Ea eISA Ca
sðxÞ ¼
ð5Þ
cosh Ca
a aþw
with ta as PWAS thickness, a as half PWAS length, Ea as
PWAS elastic modulus, and eISA as the induced strain in
the PWAS by an electric voltage. Coeﬃcient a takes a value
of four for low frequencies dynamic conditions and coeﬃcient w represents the maximum fraction of the piezoelectric strain that can be induced in the structure. C2 is the
shear lag parameter and it indicates the eﬀectiveness of
the shear transfer.
The shear transfer along the PWAS is controlled by the
product between the shear lag parameter C and the PWAS
half length a. A characteristic plot of the interfacial shear
stress along the length of the PWAS for diﬀerent thickness
of the bonded layers is represented in Fig. 2b. For thin
layer of the bonded material (1 lm), the shear stress is
transmitted to the structure only at the ends of the PWAS.
This is the ideal bonding solution in which the pin force
model is recovered and all the load transfer takes place
over an inﬁnitesimal region at the PWAS ends [11]. In this
case, the shear stress distribution along the PWAS interface
can be expressed using Dirac function, i.e.,
sðxÞ ¼ as0 ½dðx  aÞ  dðx þ aÞ

ð4Þ

The details of PWAS–structure interaction through the
radially-varying interfacial shear stress are given in the next
section.

a
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where as0 is the pin force applied at PWAS ends. When
PWAS is coupled with the structure, the actuator and the
structure may extend, bend, and shear. The relative importance of the three modes depends on the geometry and the
stiﬀness of the structure, the PWAS, and the bonding layer.

b
PWAS
radius ra; thickness ta

z

E3

ð6Þ

r, ur

Ez

kstr
r, u r

kstr

radius, a ; thickness,h
Structure

Fig. 1. Circular PWAS illustration: (a) the schematic; (b) a circular PWAS constrained by structural stiﬀness, kstr(x) [27].
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Fig. 2. PWAS interaction with structure: (a) model of layer interaction between PWAS and structure; (b) variation of shear-lag transfer mechanism with
bond thickness tb for a PZT-APC-850 PWAS (Ea = 63 GPa, ta = 0.2 mm, la = 7 mm, d31 = 175 mm/kV) attached to a thin-wall aluminum structure
(E = 70 GPa and t = 1 mm) through a bond layer of Gb = 2 GPa (normalized position covers a half-PWAS length from center outwards).

With ideal bonding, only the interaction between the
PWAS and the plate is of interest and the load is transferred at the ends of PWAS. Circular-crested Lamb waves
can be developed in axisymmetric cylindrical coordinates
as can be found in detail in Ref. [27].
2.3. PWAS Lamb wave mode tuning
For many SHM approaches using Lamb waves, the
product of the wave frequency and structure thickness falls
in the range of 0–1 MHz mm, in which at least two Lamb
modes, A0 and S0, exist simultaneously. At these values,
the A0 mode is highly dispersive while the S0 mode is almost
non-dispersive and better suited for crack detection with the
pulse-echo method. Hence, the critical issue becomes exciting only non-dispersive S0 Lamb mode. In another words,
the excitation needs to be tuned at a frequency where S0
Lamb mode dominates and A0 Lamb mode is minimized.
Giurgiutiu [28] showed that the PWAS length 2a, plate
thickness 2d, and material properties l and k, it is possible
to ﬁnd frequencies at which only one mode is excited (tuning frequency) [28]. To investigate the tuning of the two elements, the classical integral transform method was used

1

ex ðx; tÞ ¼ j


sin nA a

N A ðnA Þ jðnA xxtÞ
e
dn
D0A ðnA Þ

ð7Þ

where s0 is the interfacial shear stress and nS, nA are the
symmetric and antisymmetric wave numbers. The expressions for NS, DS, NA, DA and detailed derivation can be
found in Ref. [28]. The inversion required the use of the
theorem of the residues. The summations in Eq. (7) cover

A0

5
S0 mode

0.5

X
nA

b

A0 mode

as0 X
N S ðnS Þ S
as0
sin nS a 0 S ejðn xxtÞ dn  j
l S
l
DS ðn Þ
n

S0

4
Volts (mV)

Normalized strain

a

[28]. In the analysis, the harmonic load distribution for in
the case of an ideal bonding solution was assumed. This
assumption led to a harmonic solution of the wave equation
itself. The wave equation in terms of potential function was
solved by transforming it with the Fourier transform and
the displacement solution was found. The problem was
divided into symmetric and antisymmetric solutions (for
isotropic plate). The boundary conditions were applied.
Once the integration constants were derived, the strain
equations were transformed to the space domain with an
inverse Fourier transform and yielded

3
2
1
0

0 100 200 300 400 500 600 700
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Fig. 3. PWAS tuning at 300 kHz for aluminum 2024-T3 plate of 1 mm thickness installed with 7 mm round PWAS: (a) prediction with Eq. (7); (b)
experimental veriﬁcation [29].
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all the symmetric (nS) and antisymmetric (nA) Lamb wave
modes that exist for a given value of x in a given plate.
The sin na in Eq. (7) displays maxima when the PWAS
length la = 2a equals an odd multiple of the half wavelength. Several such maxima and minima exist; each is
associated with a certain Lamb wave mode of its own
wavelength. Hence, it can be seen that these maxima and
minima allow us to achieve Lamb mode tuning. That is
to say, a selected Lamb mode can be tuned by choosing
the appropriate frequency and PWAS dimensions.
Fig. 3 presents a tuning experiment on an aluminum
plate of 1 mm thickness installed with 7 mm round PWAS.
Fig. 3a is the simulation result of Eq. (7). In the 0–700 kHz
range, two Lamb modes, S0 and A0 modes, co-exist. The
normalized strain curves follow the general pattern of a
sine function, which hits zeros when the half length of
PWAS matches an odd multiple of one of the wavenumbers of the Lamb waves. Such zeros occurred at diﬀerent
frequencies for the A0 mode and the S0 modes. The experimental results in Fig. 3b are in good agreement with the
prediction. Therefore, a S0 tuning frequency around
300 kHz is found, with the amplitude of S0 mode dominating and that of A0 mode being minimized.
3. Generic PWAS Lamb wave array beamforming
The parallel ray approximation limits ultrasonic phased
arrays’ application in the near ﬁeld where the approximation may result in large deviation error [32]. As shown in
Fig. 4b, the propagating wave front is curved (circular
wave front) and the wave propagating directions vary with
the PWAS locations. Thus the wave propagation direction
varies from PWAS to PWAS and individual direction vectors need to be assigned to each PWAS. For PWAS–EUSR
system, since the beamforming is conducted as a signal
post-processing procedure, it is possible to directly use
the full wave paths for delay calculation without complex
multiplexer penalty. The derived algorithm then can be
applied to any ﬁelds in the interrogated structures. Using
antenna theory [18], the far and near ﬁelds are deﬁned as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:62 D3 =k < Rnear 6 2D2 =k and Rfar > 2D2 =k
ð8Þ

a

where D is the array aperture
and ﬃk is the excitation wavepﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
length. For region R 6 0:62 D3 =k, phased array theory is
no longer valid; however, other methods for damage detection, such as PWAS electromechanical impedance technique can be employed.
To ﬁnd out the generic beamforming formulas of PWAS
phased arrays, we assume:
(1) All the elements in the array lying in the same plane.
(2) All the elements behaving as omnidirectional active
sensors (circular wave front).
(3) Monochromatic excitation and reception regardless
of the dispersion of guided wave.
(4) Simultaneous and uniform excitation.
An array’s total beamforming is determined by the product
of (a) the ﬁeld of a single element at a selected reference
point (usually the origin), known as the element factor
and (b) the ﬁeld of an equivalent point-wise array, known
as the array factor [18]. With the assumption (2) that
PWAS act as omnidirectional sources, element factor has
the value of one. Therefore, the array’s total beamforming
is completely determined by the array factor, i.e., the beamforming of a corresponding point-wise array. Signiﬁcance
of monochromatic excitation has been explained and exempliﬁed in Ref. [29]. The non-dispersion assumption results
in a constant phase velocity c in isotropic materials. The
synthetic beamforming at a point P(r, /) of an arbitrary
array of M PWAS located at {~
sm }, m = 0, 1, . . . , M  1,
will be found using the full wave traveling paths.
3.1. PWAS Lamb wave phased array beamforming
The PWAS phased array is developed by using the
delay-and-sum algorithm and by using the exact wave
propagation paths [30]. Combined with PWAS Lamb wave
principles, the beamforming consists of two steps:
(1) Applying delay Dm and weight wm to the propagating
wave from the mth PWAS, f ð~
rm ; tÞ;
(2) Summing up the output signals of the total of M
PWAS.
This two-step procedure can be mathematically expressed
as

b

Far field
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Near field

zð~
r; tÞ ¼

M 1
X

wm f ð~
rm ; t  Dm Þ

ð9Þ

m¼0

r

ξ

r

ξ1

r

ξ

r

ξ

r

ξm θ m
mth PWAS

mth PWAS

Fig. 4. Wave fronts in near ﬁeld and far ﬁeld of a PWAS array: (a) near
ﬁeld; (b) far ﬁeld.

The delays can be adjusted to focus the array’s maximum
output beam on a particular propagating direction while
the weighting factors can be used for further beam
enhancement, such as changing the beam’s shape or reducing sidelobe levels [30].
A coordinate system with its origin coinciding with the
phased center is used. As illustrated in Fig. 5, the target
P(r, /) is ~
rm away from the mth PWAS located at ~
sm . The
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Eq. (17) shows that the maximum beamforming BFðwm ; ~rm Þ
is expected if the exponential parts equal to one,
ð1  ~rm Þ=c  Dm ð/0 Þ ¼ 0, or, exp fð1  ~rm Þ=c  Dm ð/0 Þg ¼
1. Hence, the proper delay applied to the mth PWAS is

P (r ,φ )
r

ξ

r
r
r
sm

r

r
rm

ξm

Dm ð/0 Þ ¼

mth sensor

Fig. 5. Geometrical schematic of the mth element in an M-PWAS array
with a target located at P(r, /).

following notations are used as well: ~
n as the unit direction
vector from origin O to the target P and ~
nm as the unit
direction vector from mth PWAS to P.
The wave front at the target P from mth PWAS is
ð10Þ

with normalized magnitude. The synthetic wave front at P
from the total of M PWAS then is
M 1
X

M 1
X

1
~
wm f ð~
rm ; tÞ ¼
wm pﬃﬃﬃﬃﬃ ejðxtkm ~rm Þ
zð~
r; tÞ ¼
r
m
m¼0
m¼0

~
r
~
n¼ ;
r

~
rm ¼ ~
r ~
sm ;

rm ¼j ~
rm j;

x
~
k ¼~
n
c
~
x
r
m
~
; ~
km ¼ ~
nm ¼
nm 
c
j~
rm j

r ¼j ~
r j;

Eq. (11) can be re-written as
1rm 
M1

r X
1
r
zð~
r; tÞ ¼ f t  
wm pﬃﬃﬃﬃﬃﬃﬃﬃﬃ ejx c
c m¼0
rm =r

ð11Þ

ð12Þ
ð13Þ

ð14Þ

Normalize the quantity rm by the quantity r, ~rm ¼ rm =r,
yielding
M1

1~rm
r X
1
ð15Þ
wm pﬃﬃﬃﬃﬃ ejxð c Þ
zð~
r; tÞ ¼ f t  
c m¼0
~rm
In Eq. (15), we notice that the synthetic signal zð~
r; tÞ is fully
determined by the second multiplier (summation), which
depends on the weights {wm} and the normalized PWAS
locations {~rm }. We represented the second multiplier as BF
BFðwm ; ~rm Þ ¼

M 1
X

1~rm
1
wm pﬃﬃﬃﬃﬃ ejxð c Þ
~rm
m¼0

ð16Þ

To steer the output wave front zð~
r; tÞ at certain direction
/0, i.e., to reinforce the wave in the desired direction /0
with respect to waves propagating in other directions, the
delays {Dm(/0)} are introduced,
BFðwm ; ~rm Þ ¼

M 1
X

1~rm
1
wm pﬃﬃﬃﬃﬃ ejxð c Dm ð/0 ÞÞ
~rm
m¼0

BFðwm ; ~rm ; /0 Þ ¼

M1
X

1
wm pﬃﬃﬃﬃﬃ
~rm
m¼0

ð17Þ

ð19Þ

Eq. (19) shows that further manipulation to shape the maximum beam at the desired direction /0 can be achieved by
adjusting the weighting factor {wm}. One way is to use the
factors to compensate the diﬀerence caused by the PWAS
locations by deﬁning
pﬃﬃﬃﬃﬃ
ð20Þ
wm ¼ ~rm
This yields a beamforming factor of
r;~
sm ; /0 Þ ¼
BFðwm ;~

To facilitate the calculation, following notations are deﬁned as well:
~
k ¼~
n  x=c;

ð18Þ

Then the beamforming factor at this particular direction /0
becomes

O

1
~
f ð~
rm ; tÞ ¼ pﬃﬃﬃﬃﬃ ejðxtkm ~rm Þ
rm

1  ~rm
c

M 1
X

1¼M

ð21Þ

m¼0

Substitute Eq. (21) into Eq. (15), the synthetic wave of the
M-PWAS array at P is

r
zð~
r; tÞ ¼ M  f t 
ð22Þ
c
We see the synthetic wave zð~
r; tÞ is M times reinforced of
the wave coming from a single PWAS located at the origin.
This manifests that with proper delays and weights, phased
arrays are able to direct at certain direction with enhanced
magnitude. When the direction /0 changes, beam steering
of the PWAS phased array is accomplished thereby.
If the target meets the far ﬁeld condition, the parallel ray
assumption applies. The generic formulas can be reduced
to a simpliﬁed format based on the parallel ray approximations [25].
3.2. Embedded ultrasonic structural radar (EUSR)
The embedded ultrasonic structural radar (EUSR) is a
method and device for performing ultrasonic damage
detection in thin-wall structures using the PWAS phased
arrays for the transmission and reception of Lamb waves
and a signal post-processing methodology based on the
beamforming process. 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 suitable adhesive). One distinctive feature of this methodology is the provision of an operative mode in which very little instrumentation and
minimal power are required to implement the phased array
principle compared with the conventional ultrasonic
phased arrays. In EUSR, excitation is implemented on only
one PWAS at a time and a round-robin procedure is
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applied to measure a set of primitive signals that are stored
in digital format and processed in virtual time after the data
collection. This feature is speciﬁc to SHM implementations
which allows for extensive signal processing over time. This
feature permits inexpensive and light-weight implementation of phased array beamforming by avoiding complex
multiplexing electronics. Other features and aspects of the
EUSR algorithm can be found in greater details in [30].
EUSR was developed under the assumptions of: (a) a
PWAS array permanently attached onto the structure;
and (b) PWAS phased array beamforming formulas. For
an M-PWAS array, if all signals arrive at the target simultaneously, the elements need to be ﬁred with certain delays
such
sP ðtÞ ¼
¼



1
r r  rm
 Dm ð/Þ
wm pﬃﬃﬃﬃﬃ sT t  þ
rm
c
c
m¼0

M 1
X


1
r
wm pﬃﬃﬃﬃﬃ sT t 
rm
c
m¼0

M 1
X

ð23Þ

pﬃﬃﬃﬃﬃ
where 1= rm represents the decay due to the omnidirectional 2-D wave radiation, r/c is the time traveling to the
target from the origin O, and (r  rm)/c is the time to the
target from the mth element. Wave-energy conservation,
i.e., no dissipation, is assumed. If the delay Dm(/) is taken
appropriately, a maximum transmitting wave will be obtained such that it is directed to the target P(r, /0) through
implementing delays inPthe ﬁring of
 the elements in the arM1
p1ﬃﬃﬃﬃ over the signal magniray with a factor of
m¼0 wm rm
tude of the individual excitation sT(t).
After the transmission signals arrive at target P, they
will be scattered and picked up by the array. The PWAS
transducers serve now as receivers. The signal received at
the mth PWAS will arrive quicker by Dm(/). To synchronize all the received signals, we simply need to delay them
with Dm(/). Assume that at P(r, /0) the incoming signal is
backscattered with a backscatter coeﬃcient A; thus, the signal received at each PWAS will be
!
M 1

X
1
r r  rm 
1
wm pﬃﬃﬃﬃﬃ
ð24Þ
A
pﬃﬃﬃﬃﬃ sT t  þ
rm
c
rm
c
m¼0
The receiver beamforming is obtained by assembling all the
signals arriving at the same time, i.e.,
!
!
M 1
M 1

X
X
1
r
1
0
sR ðtÞ ¼
wm pﬃﬃﬃﬃﬃ sT t 
wm pﬃﬃﬃﬃﬃ
A
ð25Þ
rm
c
rm
m¼0
m¼0
with appropriate delays Dm(/) being used ðDm ð/Þ ¼ rrc m Þ
and w0m as the weights for reception beamforming. Thus,
the
assembled received signal is further scaled by the factor
PM1
0 p1ﬃﬃﬃﬃ
m¼0 wm rm .
If the location of target P(r, /0) is indicated by the angle
/0, the coarse estimation of /0 can be implemented by
using the /0 sweeping method. For linear PWAS arrays,
the EUSR algorithm scans through 0° to 360° by incrementing /0 at 1° each time, and then ﬁnding the direction
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where the maximum received energy, max ER(/0), is
obtained. The received energy, ER(/0) is deﬁned as
Z tp þta
2
j sR ðtÞj dt
ð26Þ
ER ð/0 Þ ¼
tp

3.3. Proof-of-concept 1-D EUSR algorithm for linear
PWAS array
Laboratory proof-of-concept experiment conducted
using the 1-D EUSR algorithm implementing damage
detection with a linear PWAS array are shown in Fig. 6a.
An eight-PWAS array (APC-850 PWAS by American
Piezo Ceramics Inc., 7 mm round, spacing at 8 mm from
center to center) was installed on a large aluminum plate
(1200 mm square, 1 mm thick). A broadside crack was represented by a 20 mm long and 1 mm wide slits located
305 mm in front of the array.
The experimental hardware (Fig. 6b) includes a
HP33120 function generator to send the excitation and a
TDS210 digital oscilloscope to collect the signals. The collected signals were stored in a computer through the GPIB
interface. A round-robin pattern was used for signal excitation and collection. At each time, one PWAS acted as
transmitter to send out the excitation signal and all the
PWAS served as receivers to pick up the reﬂection signals.
In the experiments, a 3-count toneburst signal was used as
the excitation. The carrier frequency fc was deﬁned in the
range 100–600 kHz until the S0 mode was tuned at
300 kHz, where the wave propagates at a speed of
5440 m/s. The resultant aperture/wavelength ratio is about
3.1. A typical raw signal recorded in the experiments is
shown in Fig. 6c, transmitting from the most left and
receiving at the most right, with a signal-to-noise ratio
(SNR) at 7.6. Result of the EUSR scanning is given in
Fig. 6d. Note that image enhancements were employed
here. An observation window is used to maximize the display by removing the initial bang and the reﬂections from
the boundaries, and a threshold value at 80% of the maximum crack echo amplitude was applied to remove the sidelobe inﬂuence and background noise. The dark shade at
90° correctly indicates the presence of a broadside crack
in the plate about 305 mm in front of the array. However,
due to geometrical limitation of 1-D arrays, the scanning
image is symmetric about array. A mirrored crack is seen
at 270° corresponding to the expected one at 90°. The
SNR for the echo at 90° was found at about 38, demonstrating a great enhancement compared to the original
senor signal. More results on 1-D PWAS can be found in
[25].
4. Development and implementation of 2-D PWAS arrays
To construct a planar array, array elements can be positioned along various grids, such as cross-shaped, rectangular, or circular grid. Planar arrays have the advantages of
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Fig. 6. Damage detection implementation through 1-D EUSR algorithm using linear PWAS array: (a) specimen schematic; (b) laboratory experiment
hardware setup; (c) individual PWAS signal with a signal-to-noise ratio at 7.6 (transmitting from the most left and receiving at the most right); (d) EUSR
scanning image at 300 kHz. The dark shade indicates the presence of a broadside crack about 305 mm in front of the array. However, the upper and lower
halves are symmetric.

not only providing more controls but also being able to
improve the array beamforming with better performance,
being more versatile, and being able to provide much ﬁner
beam with lower sidelobes [18]. We proposed several conﬁgurations of 2-D arrays and implemented rectangular
PWAS arrays to demonstrate their full range damage
detection ability.
4.1. 2-D PWAS array design and beamforming
Several 2-D PWAS arrays were studied through analytical simulation in this section. The simulation assumed
arrays consisting of 7-mm round PWAS installed on 1mm thick aluminum plates and tuning frequency at
300 kHz to obtain an ideal non-dispersive single S0 Lamb
wave mode (with a propagating speed c = 5440 m/s). For
2-D array development, directional beamforming within

360° range with good directivity (thin beam and low sidelobe level) is desired [18,31].
4.1.1. Cross-shaped array
The cross-shaped array layout is illustrated in Fig. 7a.
Using Cartesian coordinates, M and N PWAS elements
are distributed along x- and y-directions, spaced at dx
and dy, respectively. Beamforming results at various directions using an M = N = 9 cross-shaped array are shown in
Fig. 7b. For 20° and 60° directions, unique directional
beams in 360° range are obtained, though with signiﬁcant
sidelobes. For 0° and 90°, duplicated beams in the opposite
direction are also present (180° for beamforming at 0°, and
270° for beamforming at 90°). Hence, directional beamforming in 360° range still can be conditionally attained.
For the directions along the array alignments, such as 0°,
90°, 180°, and 270°, duplicated beams appear.
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both x- and y-directions, its beamforming is given in
Fig. 9b. It can be seen that directional beamforming within
the 360° full range still can be obtained. Though the rectangular ring array relieves the wiring concerns, it has larger
sidelobes which produces smaller interrogatable area, compared with the corresponding 8  8 rectangular array
(Fig. 8b).
4.1.4. Circular ring array
The circular ring array is shown in Fig. 10a, uniformly
spaced at d. Using polar coordinate system, the coordinates
of the mth element in an M-PWAS ring array is

0

Fig. 7. 2-D cross-shaped array design: (a) schematic of a cross-shaped
array with M-element in x-direction and N-element y-direction; (b)
beamforming at various angles with f = 300 kHz, dx = dy = 0.5k, r/d = 10,
M = N = 9.

4.1.2. Rectangular grid array
Rectangular grid arrays are illustrated in Fig. 8a. Using
Cartesian coordinates, PWAS elements are distributed
along the x- and y-directions, spaced at dx and dy, respectively. Beamforming of an 8  8 PWAS array spacing at
0.5k is shown in Fig. 8b, resulting an aperture of 56 mm.
For this array, unique directional beams at all desired
directions, 0°, 20°, 80°, 150°, 260°, and 330°, have been successfully obtained, with low sidelobes. The simulation
results show that a rectangular array is a good candidate
for 360° full-range damage detection. When either M or
N decreases to one, the rectangular array reduces to a
1-D linear array as shown in Fig. 8c (N = 1).
4.1.3. Rectangular ring array
Rectangular arrays have good directionality in the 360°
full range, yet the use of a large number of PWAS results in
the complexity of wiring and data collection. A substitute
for the rectangular array is the rectangular ring array,
where only the elements at the circumference are used
(Fig. 9a). For a rectangular ring array with 8 elements in

a

b

ðR cos hm ; R sin hm Þ

ð27Þ

where
R¼

Md
;
2p

hm ¼ m 

2p
M

ð28Þ

Beamforming of a 64-PWAS circular ring array spaced at
0.5k with a diameter about 81.5 mm is shown in Fig. 10b.
Compared with the equivalent 64-PWAS rectangular array
(Fig. 8b), beamforming of the circular ring array has ﬁner
mainlobe but much higher sidelobe levels. Additionally,
note that the ring array has a diameter of about 163 mm
while the rectangular array has a diagonal of 80 mm, i.e.,
the equivalent rectangular array has a much more compact
size. When M = 2, the circular ring array is reduced to a
classic dipole (Fig. 10c).
4.1.5. Concentric circular array
Concentric circular array is composed of a group of ring
arrays with a common center, as shown in Fig. 11a. The
spacing between two rings is dr (radial spacing) while the
spacing between two elements in the same ring is dc (circumferential spacing). The number of elements M in the
nth ring is determined by rounding up 2pndr/dc to the closest integer. Beamforming result of a 5-ring concentric circular array spacing at 0.5k in each direction is shown in
Fig. 11b. The number of elements in each ring is
{1, 7, 13, 19, 26}, giving a total of 66 PWAS. The diameter

c
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y
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20º

20º

N-1

0º
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dy
0

M-1

dx
330º
260º

Fig. 8. 2-D rectangular array design: (a) schematic of an M  N rectangular array spacing at dx and dy; (b) beamforming at various angles with
f = 300 kHz, dx = dy = 0.5k, r/d = 10, M = N = 8; (c) beamforming at 20° and 80° when N = 1.
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Fig. 9. 2-D rectangular ring array design: (a) schematic of a rectangular ring array spacing at dx and dy; (b) beamforming at various directions for such an
array with 8 PWAS on each side, f = 300 kHz, dx = dy = 0.5k, r/d = 10.

a

b

c

80º

150º
20º
1

m

0 r

O

0º

d

330º

260º

Fig. 10. 2-D circular ring array design: (a) schematic of the circular ring array; (b) beamforming at various angles with f = 300 kHz, d = 0.5k, r/d = 10,
M = 64; (c) beamforming when M = 2 when the circular ring array is reduced to a classic dipole.

a

b
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Fig. 11. Concentric circular array: (a) layout of the concentric circular
array; (b) beamforming within 0–360° range at diﬀerent angles with
f = 300 kHz, dc/k = dr/k = 0.5.

of the array is 2R5 = 2*(5  1)*dr = 64 mm. Compared
with the 8  8 rectangular array, we see that both arrays
have good directionality within the 360° full range and
have similar beamforming performance while the circular
array yields a little higher sidelobe levels.

4.2. 2-DEUSR for rectangular PWAS phased array
The 1-D EUSR algorithm needs to be modiﬁed for the
2-D situation and named as ‘‘2-D EUSR” in this paper.
Summarizing the beamforming of various 2-D arrays discussed in Section 4.1, we have found that the rectangular
array can achieve single beamforming within 360° range
with good direcitionality and the most compact size compared to other arrays. We then developed 2-D EUSR for
rectangular arrays and conducted laboratory proof-of-concept experiments to verify their detection ability.
For rectangular arrays, the front side needs to be deﬁned
ﬁrst, i.e., the order of ﬁring PWAS in the array needs to be
established. Here the ﬁring will start from left to right and
then move from back to front, as illustrated in Fig. 12a. By
this means, the front side of the array is determined and the
crack in the ﬁgure is considered located in front of the
array at 90° direction (with 0° direction deﬁned as the
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Fig. 12. 2-D rectangular PWAS array indexing: (a) array numbering starting from the left bottom, determining the front side of the array; (b) details of the
numbering and resulting element coordinates.
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Fig. 13. 360° full range crack detection using a 4  8 rectangular PWAS array: (a) specimen layout. (Sizes are not proportional. Crack and array are
exaggerated for illustration.) (b) 4  8 rectangular array using 7-mm sq. PWAS.

Fig. 14. 2-D 4  8 rectangular array EUSR inspection at 285 kHz: (a) original EUSR image; (b) EUSR image after thresholding.
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Fig. 15. Beamforming of the 4  8 rectangular array: (a) beamforming
prediction for excitation at f = 285 kHz at various directions; (b)
beamforming at 90°.

positive horizontal direction). Also, both column information (related to x coordinate) and row information (related
to y coordinate) are needed to identify the location of an
element in the array (Fig. 12b). An element locating at
[n, m] has the coordinates

 

M 1
N 1
m
dx; n 
dy
ð29Þ
2
2
where dx and dy are the spacings in the x- and y-directions,
respectively.
Data collection is conducted in a round-robin pattern in
the same way as done in the 1-D arrays. Each time, one
transmitter sends out excitation and the rest serve as receivers to pick up the reﬂections. All the elements in the array
take turn to serve as transmitters. When the round-robin
data collection is done, a total of M 2total (Mtotal = M  N)
signals are recorded. Then the 2-D EUSR algorithm
post-processes the data set, implementing the simultaneous
ﬁring by applying delays to the sending out signals in vir-

tual time. The transmission or reception beamforming at
a direction /0 after appropriate delays can be expressed as
(
)
X X
zð/0 Þ ¼
f ðt  DT ;/0  DR;/0 Þ
ð30Þ
T

R

Or,
zð/0 Þ ¼

N 1
X
n1 ¼0



M 1
X
m1 ¼0

(

N 1 X
M 1
X

)
f ðt  Dðn1 ;m1 Þ;/0  Dðn2 ;m2 Þ;/0 Þ

n2 ¼0 m2 ¼0

ð31Þ
In EUSR system, the delay D/0 is calculated using the generic formula in Eq. (18). By changing the target direction
/0, the 2-D EUSR steers the directional beams sweeping
through the specimen and map the scanning results as a
2-D plane image.

8x8 PWAS
array

610 mm

b

305 mm

a

Fig. 17. Beamforming prediction of the 2-D 8  8 rectangular array at
300 kHz: (a) theoretical beamforming at various directions; (b) beamforming at 90°.

1mm thick, 1220 mm (4ft) sq.
2024 T3 alumium

Fig. 16. 360° full range crack detection using an 8  8 rectangular PWAS array: (a) specimen layout. (Sizes are not proportional. Crack and array are
exaggerated for illustration.) (b) 8  8 array using 7-mm rd. PWAS.
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In a summary, the 2-D EUSR for the PWAS Lamb
wave array were developed based on the exact wave traveling paths, instead of the limited parallel ray approximation. The advantage of using full paths is the exclusion of
far ﬁeld assumption with straightforward formulation.
Moreover, diﬀerent from the conventional ultrasonic
phased array, PWAS array scanning is implemented in virtual time through signal post-processing method. The virtual beamforming not only avoids the necessity of using
complex electronics but also make the algorithm easy to
integrate with more advanced signal processing methods
for better scanning performance. Compared with the work
previously done in this ﬁeld as given in the Section 1.1, the
2-D EUSR algorithm is simply and immediately achieved
in the time domain. The array’s algorithm, combined with
the application of PWAS transducers for In situ SHM, is
unique. The algorithm is applicable for both 2-D and 1D (which have been veriﬁed theoretically and experimentally [25]) arrays. Particularly, a detailed implementation
and investigation of 2-D rectangular PWAS phased arrays
were conducted theoretically and experimentally. The
details are to be presented in the following section.
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Such a crack would act as a specular reﬂector and send
the echo signal directly back to the array. The 8  8 array
was installed on a specimen with a 45° inclined broadside
crack which sends its specular reﬂection signal away from
the array and thus makes the detection more diﬃcult.
Experimental setup and related parameters are the same
as used in 1-D experiments unless otherwise speciﬁed.
5.1. Damage detection using a 4  8 PWAS array
A 4  8 rectangular PWAS phased array (a total of 32
PWAS) was installed on the aluminum plate to detect a
broadside crack, as illustrated in Fig. 13a. Fig. 13b shows
the close look of the 4  8 array constructed with 7-mm
square PWAS. The array was installed in the middle of the
plate, with its center 610 mm away from the plate boundaries. The broadside crack was located 305 mm away from
the array center. Excitation wave is a 3-count toneburst signal with carrier frequency in the range of 100–600 kHz. With
frequency tuning, the excitation frequency was selected at
285 kHz where S0 dominates and A0 mode is minimized.
After collection, the data set is stored in a computer for
EUSR algorithm to conduct virtual beam scanning.

5. Damage detection using rectangular PWAS array
To verify the damage detection ability of the 2-D EUSR
array, two rectangular PWAS arrays, a 4  8 array and an
8  8 array, were used. The 4  8 array was used ﬁrst on a
specimen with a horizontally oriented broadside crack.

5.1.1. 2-D EUSR mapped images
Direct EUSR scanning images of using the 4  8 PWAS
array are shown in Fig. 14a. Note that besides the desired
crack image at 90°, a strong unwanted phantom image
shows up at 270° direction. Investigation into the A-scan

Fig. 18. 2-D 8  8 PWAS array EUSR image at 300 kHz: (a) original EUSR image and A-scan at 95°; (b) enhance EUSR image using thresholding post
processing.
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Fig. 19. PWAS signal denoising: (a) original PWAS signal; (b) 3-level DWT denoising using biorthogonal wavelet; (c) CWT ﬁltering at 300 kHz.

signals at 90° and 270° reveals that the magnitude of Ascan at 90° is about double that of A-scan at 270°. The
phantom image can be removed by thresholding at 80%
of the maximum pulse magnitude. EUSR image after thresholding is given in Fig. 14b.
Theoretical beamforming simulation at various directions of the 4  8 array is present in Fig. 15a. It indicates,
under such array conﬁguration (N = 4, M = 8) and plate
properties (aluminum plate of 1 mm thickness, tuning frequency is experimentally determined at 285 kHz), the
beamforming has signiﬁcant backlobes at 90° (Fig. 15b),
explaining the presence of phantom image.
5.1.2. Discussion of 4  8 PWAS array
We have proved that the 4  8 rectangular 2-D array
has the full range 360° inspection ability on the test specimen compared with 1  8 linear array. However, a phantom shadow caused by the backlobe present in undesired
location interfered with the reliable detection of the crack,

nearly at half of the mainlobe level. Previous research on
array properties has veriﬁed that more array elements will
immediately oﬀer better beamforming performance with
increased mainlobe to sidelobe ratio (MSR) [25]. Hence,
a new 8  8 array using 64 PWAS is to be used to verify
this prediction.
5.2. Damage detection using an 8  8 PWAS array
The 8  8 array is constructed by 7-mm round PWAS
(Fig. 16b) and installed on the specimen with a 45° inclined
broadside crack (Fig. 16a). Excitation frequency was experimentally found to be 300 kHz. Theoretical beamforming
of the 8  8 PWAS array operating at 300 kHz is shown
in Fig. 17a. For this conﬁguration, beamforming directivity
MSR is greatly enhanced compared with the 4  8 conﬁguration. Particularly for target at 90° (Fig. 17b), compared
with the 4  8 situation (MSR = 1.747), the backlobe has
been substantially removed (MSR = 10.027).
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Fig. 20. DWT denoised EUSR image at 300 kHz: (a) original EUSR image and A-scan at 95°; (b) denoised EUSR image and A-scan at 95°.

Fig. 21. Continued 2-D 8  8 PWAS array experiments: (a) EUSR image of reversed indexing resulting the broadside crack at 270°; (b) EUSR image of a
single pin-hole at 180° (oﬀering a maximum pulse to noise level ratio at about 4.14).

5.2.1. 2-D EUSR mapped images
Scanning results of the 8  8 PWAS array are given in
Fig. 18. Fig. 18a is original image, indicating a crack
located at 90° to the array. It is noticed that the indication

is unique within the 360° range with no phantom image at
other directions. Fig. 18b shows the EUSR image after
thresholding at 80% of the maximum pulse amplitude to
remove the background noise. Note that the crack image
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Fig. 22. 2-D EUSR detection using 8  8 PWAS array for hole-and-crack damage: (a) specimen schematics; (b) EUSR image indicating both the inclined
crack at 90° and the 4-mm pin-hole at 180°, with an amplitude ratio of about 1.53.

is weaker compared with that obtained by the 4  8 array.
This occurred because we could not get specular reﬂection
since the crack in this specimen is inclined (Fig. 16a). For
the 8  8 array, the strongest reﬂection was found to be
in 95°, slightly away from right front side.
5.2.2. Wavelet transform denoising
A-scan signals shown in Fig. 18 have severe noises,
which probably resulted from the measurement and D/A
or A/D conversion. To remove these disturbances, two
wavelet transform based denoising methods were
employed. One is discrete wavelet transform (DWT) denoising; the other is continuous wavelet transform (CWT) single frequency ﬁltering:
1. DWT denoising. Example of biorthogonal wavelet DWT
denoising at level 3 on a typical PWAS signal from the
8  8 array experiment is given in Fig. 19. Fig. 19a is
the original signal and Fig. 19b is the denoised signal
after DWT processing. Compared with the original echo
(from defect) signal-to-noise ratio (SNR) at 4.583, after
the DWT denoising, the SNR increased to 22.5.
2. CWT ﬁltering. Example of Mayer wavelet CWT ﬁltering
at 300 kHz frequency for the same signal used in DWT
denoising example is given in Fig. 19c. After CWT ﬁltering, SNR increased to 14.138.
Details about these two methods can be found in Ref. [33].
In EUSR system, denoising is implemented after the beamforming and before the visualization. Comparing the denoising results of the two methods, we see that both the DWT
denoising and CWT ﬁltering have removed the noise present in the original signal while DWT method oﬀers better
SNR. We have incorporated this DWT denoising into
EUSR system and the denoised EUSR image is shown in
Fig. 20b. To make comparison convenient, original EUSR
image is also provided (Fig. 20a).

5.2.3. Continued 8  8 array experiments
The crack in Fig. 16a is considered at the back of the
array at 270° if the ﬁring order illustrated in Fig. 12a is
reversed. The scanning image using the reversed indexing
after thresholding process is given in Fig. 21a indicating a
strong reﬂection at 270° direction about 305 mm away
from the array center. This experiment further conﬁrmed
that the planar array can be directed to anywhere in the
structure and can correctly locate the damage. Another
specimen with a single pin-hole of 4 mm diameter at 180°
was used. After thresholding, a small reﬂection caused by
the pin-hole is observed in Fig. 21b at the expected direction, with a maximum pulse to noise level ratio at about
4.14. It shows that 2-D PWAS EUSR is able to pick small
defect such as a pin-hole.
A more complicated experiment was designed with both
the inclined crack at 90° and the 4-mm pin-hole at 180° in
the specimen (Fig. 22a). EUSR image is presented in
Fig. 22b. The reﬂection caused by the crack is much stronger than that from the pin-hole, with an amplitude ratio of
about 1.53. However, 2-D PWAS EUSR not only detected
both of them but also demonstrated the diﬀerence in size.
6. Conclusions
In this paper, an In situ method for detecting damage
in thin-wall structures using 2-D embedded phased-arrays
of piezoelectric wafers active sensors (PWAS) has been
described. This method uses scanning beams of guided
waves (e.g., Lamb wave in plates) that can travel at large
distances with little energy loss. The present concept is
an emerging In situ Lamb wave inspection technology
that is diﬀerent from conventional ultrasonic phased-arrays
because it uses unobtrusive and inexpensive permanentlyattached PWAS to perform on-demand structural interrogation. The PWAS phased arrays rely on the selective
excitation of single-mode guided-waves that are best
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adapted for phased-array damage detection for a given
plate thickness and material characteristics. The generic
beamforming formulas for the PWAS Lamb wave array
were developed based on the exact wave traveling paths,
which excluded the far ﬁeld assumption with straightforward formulation. Compared with the work previously
done in this ﬁeld, the generic EUSR algorithm which
combines the array theory and the PWAS Lamb wave
theory is unique in the In situ SHM applications. The
algorithm is applicable for both 1-D and 2-D array
implementation, as veriﬁed theoretically and experimentally in this paper.
Scientiﬁc challenges addressed in this paper are related
to the analysis and design of optimal 360° full range
phased-array to achieve best damage detection. Compared
to the widely used 1-D phased array, the 2-D arrays allow
360° full range scanning with multiple advantages. Using
the generic beamforming formulas, several 2-D PWAS
phased array conﬁgurations have been proposed and studied through numerical simulation, including cross-shaped
PWAS array, rectangular PWAS array, rectangular ring
PWAS array, circular ring PWAS array, and concentric
circular PWAS array. Among these conﬁgurations, rectangular array shows that it can achieve single beamforming
within 360° range with an optimized combination of good
direcitionality and compact size.
To verify the analysis and evaluate the practical applicability of the 2-D PWAS phased array concept, rectangular 4  8 and 8  8 planar PWAS arrays have been
developed and bonded on large aluminum plates to
detect small cracks seeded into the plate. The 4  8 array
proved its full-ﬁeld scanning capabilities by correctly
imaging the small crack in the 360° domain. However,
an issue that we had to confront during the 4  8 PWAS
phased array experiments was the phantom image caused
by the backlobe. As predicted by beamforming analysis,
a rectangular array in which the number of rows is different from the number of columns will display a strong
backlobe symmetrically about the weaker axis. To overcome the limitation caused by the inequality of the number of elements in diﬀerent direction, an 8  8 PWAS
array was also investigated. Compared with the EUSR
image obtained from the 4  8 array, the 8  8 array
demonstrates improved full range damage detection ability. However, since we can not get spatula reﬂection
from inclined crack, the crack image was weaker than
that obtained by the 4  8 array and the strongest Ascan signal was found to be in 95° direction. Additionally, the absolute noise was higher for the 8  8 array.
To remove the noise in the EUSR signals, wavelet transform denoising methods were investigated and used in
the EUSR system to enhance the image quality. Additional experiments with diﬀerent damage types were conducted to further investigate the potential of the 8  8
array. They showed that the 8  8 array is not only able
to detect small hole damage other than crack, but also
able to correctly image a plate with both damages.
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In summary, the 2-D PWAS arrays have shown their
abilities for full range damage detection In situ NDE/
SHM applications. The generic algorithm works well for
far ﬁeld damage and on well-designed laboratory experiments. Further investigations are directed to the comparison of generic and conventional parallel algorithms,
theoretically and experimentally. Practical specimens with
complex geometry should be used to verify the actual feasibility of the PWAS arrays. Continued research also
includes the improvement of PWAS arrays concerning:
(1) acoustic cross-talking between elements; (2) damage
resolution; and (3) damage recognition. 2-D PWAS array
of circular conﬁgurations will make the object of future
publications on this subject as well.
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