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ABSTRACT  

 Piezoelectric wafer active sensors (PWAS) are inexpensive, non-intrusive 
unobtrusive devices that can be surface mounted on existing structures, or inserted in 
a new composite structure. The PWAS can be used in both active and passive modes. 
In active mode, the PWAS generate Lamb waves that can exist as either traveling 
waves or standing waves. As traveling waves, PWAS-generated Lamb waves can be 
used with the pitch-catch, pulse-echo, or phased-array methods that arrow far-field 
and some medium-field damage detection. The PWAS phased-array approach 
considered here is the embedded ultrasonics structural radar (EUSR) method. This 
paper presents new results obtained in the use of PWAS for the structural health 
monitoring using the phased-array approach.  
 The first set of results presented in this paper addresses the validation of the 
PWAS EUSR phased array method with single-mode tuning of specific guided Lamb 
waves in thin-wall structures. Both flat and curved panels were considered. The 
second set of results refers to the detection capabilities of the PWAS EUSR method. 
Detection sensitivity was investigated using pin-hole damage of increasing size. The 
issues related to the imaging of multiple damage-generated targets were studied. The 
third set of results refers to the detection of crack propagation in a fracture-mechanics 
panel. The crack was propagated using cyclic fatigue loading in a large testing 
machine. Direct imaging of the crack growth during testing was shown possible. The 
PWAS EUSR imaging compared very favorably with actual photos of the crack taken 
during the experiment. 

PIEZOELECTRIC WAFER ACTIVE SENSORS (PWAS) 
 Piezoelectric wafer active sensors (PWAS)[1] are inexpensive, non-intrusive, un-
obtrusive, and minimally invasive devices that can be surface-mounted on existing 
structures, or inserted between the layers of lap joints or inside composite materials. 
Typical PWAS weigh around 68 mg, are 0.2 mm thin, and cost less than $10. The 
PWAS transducers operate on the piezoelectric principle that couples the electrical 
and mechanical variables in the material (mechanical strain, Sij, mechanical stress, Tkl, 
electrical field, Ek, and electrical displacement Dj) in the form 
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j jkl kl jk kD d T Eε= +  (1) 

where E
ijkls  is the mechanical compliance of the material measured at zero electric 

field (E = 0), T
jkε is the dielectric permittivity measured at zero mechanical stress (T = 

0), and djkl represents the piezoelectric coupling effect. For structural health 
monitoring (SHM) applications, PWAS couple their in-plane motion (which is excited 
through the piezoelectric effect by an oscillatory applied voltage) with the Lamb-
waves particle motion on the material surface. PWAS transducers can act as both 
exciters and detectors of the elastic Lamb waves traveling in the material. The main 
advantage of PWAS over conventional ultrasonic probes is in their small size, 
lightweight, low profile, and small cost. In spite of their small size, PWAS are able to 
replicate many of the functions performed by conventional ultrasonic probes. 
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Figure 1: Lamb-wave tuning using a 7-mm round PWAS placed on 1.07-mm 2024-T3 
aluminum alloy plate: (a) prediction; (b) experimental results 

TUNED LAMB-MODE EXCITATION WITH PWAS TRANSDUCERS 
 The excitation of Lamb waves with PWAS transducers can be studied by 
considering the excitation applied by the PWAS through a surface shear stress 

0 ( ) i tx e ωτ τ= . Using the space-domain Fourier transform analysis of the basic Lamb 
wave equations yields the strain and displacement solutions in the form [2] 
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where τ  is the Fourier transform of τa(x), ( )2 2 2 2/ Lp cω ξ= − , ( )2 2 2 2/ Tq cω ξ= − , 

while 2 ( 2 ) /Lc λ µ ρ= +  and 2 /Tc µ ρ=  are the longitudinal and transverse wave 
speeds, λ and µ are Lamb constants, ρ is the mass density, and 
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Note that p and q depend on ξ, thus increasing the problem complexity. The 
integral in Equation (2) is singular at the roots of DS and DA, which corresponds to 
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the roots of the Rayleigh-Lamb characteristic equations: 

 0 1 2, , ,...S S Sξ ξ ξ                0 1 2, , ,...A A Aξ ξ ξ  (3) 
i.e., the symmetric (S) and the anti-symmetric (A) Lamb wave modes. The evaluation 
of the integral in Equation (2) is done by the residue theorem, using a contour 
consisting of a semicircle in the upper half of the complex ξ plane and the real axis. 
For ideal bonding of the PWAS to the plate, the strain-wave solution becomes 

 ( ) ( )0 0( ) ( )( , ) sin sin
( ) ( )

S A

S A

S A
S i x t A i x tS A

x S A
S A

a N a Nx t i a e i a e
D D

ξ ω ξ ω

ξ ξ

τ ξ τ ξε ξ ξ
µ µξ ξ

− −= − −
′ ′∑ ∑  (4) 

Raghavan and Cesnik [3] extended these results to the case of a circular transducer 
coupled with circular-crested Lamb waves and proposed corresponding tuning 
prediction formulae based on Bessel functions: 
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 A comprehensive study of these prediction formulae in comparison experimental 
results has recently been performed by Bottai and Giurgiutiu [4]. The sin( )aξ  and 

1( )J aξ  terms in Equations (4) and (5) go through maxima when the effective 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 pattern of such maxima 
and minima emerges, since several Lamb modes, each with its own different 
wavelength, coexist at the same time. For example, Figure 1a shows that, at 320 kHz, 
the amplitude of the A0 mode goes through zero, while that of the S0 is close to its 
peak. This represents an excitation “sweet spot” for S0 Lamb waves. Experimental 
results confirming this prediction are presented in Figure 1b. This proves that 
frequencies can be found for which the response is dominated by certain modes 
(wavelength-based mode tuning).  

PWAS PHASED-ARRAYS ON FLAT AND CURVED PANELS 
 An important application of the PWAS based ultrasonics is based on phased array 
principles. Giurgiutiu and Bao [5] developed a PWAS phased array method and 
named it embedded ultrasonics structural radar (EUSR). Lamb waves can exist in a 
number of dispersive modes. However, through smoothed tone-burst excitation and 
frequency tuning, it is possible to confine the excitation to a particular Lamb wave 
mode, of carrier frequency fc, wave speed c, and wave length cc fλ = . Thus, we 
could apply simple phased-array principles to Lamb-wave coupled phased-arrays, 
where each PWAS acts as a point-wise omni-directional transmitter and receiver of 
single-mode low-dispersion guided Lamb waves.  
 Conventional phased array transducers focus or steer the ultrasonic wave front in a 
specific direction by firing the individual elements of the array at slightly different 
times. This approach requires a large number of excitation channels working in 
parallel (one for each element of the phased array). This would impose a large 
hardware burden on an SHM system. To reduce the hardware burden, the EUSR 
method excites only one PWAS in the array at a time, while collecting data on all the 
PWAS. The excitation is then switched around all the other PWAS in a round-robin 
manner. Thus, an array of M2 elemental signals was generated and collected. The 
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EUSR algorithm post-processes the array of M2 elemental signals and creates a beam-
steering/focusing effect in virtual time. Once the beam steering and focusing is 
established, the crack detection is done with the pulse-echo method. Thus, direct 
guided-wave imaging of the investigated structure is obtained. 
 

  
Figure 2 EUSR experimentation: (a) EUSR experiment setup 

 To verify these theoretical results, several experiments were conducted in the 
Laboratory for Adaptive Materials and Smart Structures (LAMSS) at the University 
of South Carolina [6]. A phased array of eight 7-mm round PWAS was built on a 1-
mm aluminum plate. Single-mode tuning was achieved at f = 343 kHz. The 
experimental setup (Figure 2) consists of a signal generator, a digital oscilloscope, and 
a PC for data processing. The experiments were conducted on both flat and curved 
panels. For the curved panels, curvature radii between 2 m and 4 m were tested. 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 
all directions. No significant difference due to the applied curvature could be 
observed. These results agree with the theory [7]: for shallow cylindrical shells (h/r 
and h/λ << 1), the longitudinal modes in a thin shell approach the Lamb wave modes. 

IMPROVED PWAS EUSR DETECTION AND IMAGING 
 Improved PWAS EUSR detection and imaging was achieved through advanced 
signal processing and phased-array design [6]. The signal processing used in the 
advanced EUSR algorithm includes single frequency filtering with the continuous 
wavelet transform (CWT), denoising with the discrete wavelet transform (DWT), 
envelope extraction with the Hilbert transform (HT), time of flight (TOF) extraction 
with the cross correlation method (Figure 3). Post-processing includes visualization of 
the A-scan in a selected direction and of the imaged upper half of the structural panel. 
3-D representation of the guided-wave pattern can be selected on demand. In 
comparison with ref. [5], the capability of EUSR algorithm to detect and image 
damage using PWAS coupled guided waves was vastly improved. Full details of these 
signal processing efforts are given in ref. [6].  
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Figure 3 EUSR LabVIEW program advanced data processing flowchart 

 Experiments were conducted to verify the capabilities of the improved EUSR 
algorithm. First, the minimum detectable damage size was explored. In these 
experiments, we wanted to verify the EUSR ability to detect small pin-hole damage; 
and wanted to find the minimum detectable pin-hole size. The experiment used a 1-
mm aluminum plate with a PWAS phased-array and a pin hole. The diameter of the 
pin-hole was gradually increased from 0.5 mm, to 1 mm, then 1.57 mm, and finally 2 
mm (Figure 4a). The EUSR algorithm started detecting the pin hole when the 
diameter was 1.57 mm. The corresponding EUSR image is shown in Figure 4b. The 
tiny dot at the broadside position is the mapped image of the pin hole. 
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Figure 4 EUSR detection of pin-holes: (a) schematic of the experimental specimen; (b) 
EUSR mapped image of the pin-hole with 1.57 mm diameter 

The detection of multiple targets was achieved using a 1-mm aluminum plate 
specimen with two thin 20-mm through-the-thickness cracks created at offside 
location with respect to the PWAS phased array, i.e., at 63º and 117º respectively 
(Figure 5a). The offside cracks are particularly difficult to detect because they do not 
offer specular reflections as broadside cracks do. Hence, the signals received back at 
the array are due to wave diffraction only; hence, the image is much weaker. 
However, the advanced PWAS EUSR method was able to positively detect the 
location of the multiple targets as shown in the mapped image of Figure 5b. 
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Figure 5 Two symmetrical offside: (a) schematic; (b) EUSR GUI mapped image 

IN-SITU IMAGING OF CRACK GROWTH WITH PWAS PHASED ARRAYS 

Extensive work was performed on achieving in situ imaging of crack growth using a 
phased array of PWAS transducers and the embedded ultrasonics structural radar 
(EUSR) concept. We have developed specific Lamb-waves phased array data analysis 
algorithms that have been applied to the design and analysis of several test 
configurations including large plates, thick parts, and curved panels. Full details of 
this work were given in ref. [8] [9]. Figure 6 shows the results of a fatigue crack 
growth imaged in a 2024-T3 plate on line during the actual fatigue testing. A total of 
seven crack growth increments were recorded (30, 40, 47, 50, 55, and 60 mm) over a 
58 kilocycles fatigue test. Good agreement between phased-array EUSR imaging and 
the actual digital camera photos was obtained (Figure 7). This experiment has proven 
that direct crack imaging and direct crack growth tracking can be achieved with the 
PWAS EUSR method under load in spite of a noisy environment specific to fatigue 
cycling testing. 
 
 

 
 
Figure 6: Crack growth imaging with PWAS phased arrays and the EUSR algorithm:  

(a) test specimen in the fatigue machine; (b) crack growth curve 
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Figure 7 In-situ crack growth tracking with PWAS EUSR phased-array during fatigue 

cycling: comparison of detailed crack imaging with the EUSR (bottom) vs. 
imaging with a digital camera (top). 

SUMMARY AND CONCLUSIONS 
 Piezoelectric-wafer active sensors (PWAS) are small, inexpensive, non-invasive, 
elastic wave generators/detectors that can be easily affixed to a structure. 
Piezoelectric-wafer active sensors are wide-band non-resonant devices. They can be 
deployed into sensor arrays and sensor networks. However, the PWAS development 
is not yet complete, and a number of issues have still to be resolved. This paper has 
presented recent advancements in using the PWAS for structural health monitoring.  
 The selective excitation of A0 and S0 Lamb wave modes through tuning between 
the PWAS size and the wavelengths of the Lamb wave modes was theoretically 
predicted and experimentally verified. The low-dispersion S0 Lamb wave mode 
generated in a PWAS phased array was used to create a sweeping interrogative beam 
able to detect the presence of cracks in a large metallic plate. However, unlike 
conventional phased array transducers, this phasing of the individual array elements 
was achieved in virtual time, through post-processing of the data using the embedded 
ultrasonic structural radar (EUSR) algorithm. Both flat and curved plates were tested. 
It was shown that the application of shallow curvature (2 m < R < 4 m) does not 
noticeably modify the crack detection capabilities of the EUSR method.  
 An improved PWAS EUSR algorithm utilizing advanced signal processing 
method (CWT, DWT, HT, correlation, etc.) was presented. Then, the detection 
capabilities of the improved PWAS EUSR algorithm were studied. Detection 
sensitivity was investigated using pin-hole damage of increasing size. It was found 
that 1.57 mm is the minimum diameter pin-hole detectable with the current EUSR 
method. The issues related to the imaging of multiple targets represented by multiple 
damage sites were studied next. It was found that the EUSR can detect multiple 
targets, even if their signal is weak, such as in the case of offside placed cracks. 
 The detection of crack propagation in a fracture-mechanics panel was studied. The 
crack was propagated using cyclic fatigue loading in a large testing machine. Data 
was collected during testing. Direct imaging of the crack growth during testing was 
shown possible. The PWAS EUSR imaging compared very favorably with actual 
photos of the crack taken during the experiment. It was proven that direct crack 
imaging and direct crack growth tracking can be achieved with the PWAS EUSR 
method under load in spite of a noisy environment specific to fatigue cycling testing. 
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