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Abstract 

The capabilities of embedded piezoelectric 
wafer active sensors (PWAS) to perform in-
situ ultrasonics for active structural health 
monitoring (SHM) and nondestructive 
evaluation (NDE) are explored. The paper 
shows that PWAS, though low-power, light-
weight, and small, can successfully perform 
Lamb wave transmission and reception, 
pitch-catch and pulse-echo, as well as large 
area scanning using the phased-array 
principle. The opportunities for 
implementation in structural health 
monitoring systems and the needs for further 
research are also discussed. 

Introduction 

 Structural health monitoring (SHM) 
requires the development of small, 
lightweight, inexpensive, unobtrusive, 
minimally invasive sensors to be embedded 
in airframes or other critical structures with 
minimum weight penalty and at affordable 
costs [1]. Such sensors should be able to 
scan the structure and identify the presence 
of defects and incipient damage.  
 Guided waves propagate along the mid-
surface of thin-wall plates and shallow 
shells and can travel at relatively large 
distances with little amplitude loss minimum 
of installed sensors. Guided Lamb waves 
allow cost-effective detection of damage in 
aircraft structures and other thin-wall 
structures [2]. However, conventional 
Lamb-wave transducers (wedge and comb 
probes) are too heavy and too expensive for 
SHM deployment. 
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Figure 1  Piezoelectric wafer active 

sensors (PWAS) mounted on an 
aircraft panel 

 Piezoelectric wafer active sensors 
(PWAS) are a class of inexpensive, un-
obtrusive, and minimally invasive 
transducers that can be surface-mounted on 
existing structures, inserted between the 
layers of lap joints, or put inside composite 
materials [3,4]. With PWAS, one can 
perform embedded ultrasonics, i.e., 
replicate the pitch-catch, pulse-echo, and 
phase array techniques with embedded 
transducers and guided Lamb waves. 

Research 

 One of our main research objectives is 
the understanding of the basic science 
behind the PWAS operation. PWAS couple 
their in-plane motion (excited by a high-
frequency oscillatory voltage through the 
piezoelectric effect) with the Lamb-waves 
particle motion in the material. Lamb waves 
can be either quasi-axial (S0, S1, S2, …), or 
quasi-flexural (A0, A1, A2, …) as shown in 
Figure 1. Tuning opportunities exist that 
allow the PWAS transducers to couple 
strongly with certain Lamb modes that are 
most adequate for the detection of particular 
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defects (e.g., S0 for through-the-thickness 
cracks, A0 for disbonds and delaminations). 
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Figure 2 PWAS interaction with S0 and A0 

Lamb modes 

 The PWAS operation is different from 
the operation of conventional ultrasonic 
transducers [4]. Not only are PWAS much 
smaller and cheaper than conventional 
ultrasonic transducers, but they also have 
different operation principles: 
(a) PWAS achieve Lamb wave excitation 

and sensing through in-plane strain 
coupling, while conventional ultrasonic 
transducers excite through surface 
pressure. 

(b) PWAS are strongly coupled with the 
structure and follow the structural 
dynamics, while conventional ultrasonic 
transducers are relatively free from the 
structure and follow their own dynamics. 

(c) PWAS are non-resonant wide-band 
devices, while conventional ultrasonic 
transducers are narrow-band resonators. 

Lamb Mode Tuning with PWAS 

The coupling of Lamb waves with PWAS 
transducers was studied through the space-
domain Fourier transform. Our analysis has 
yielded the following solution [4]: 
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where τ  is the Fourier transform of the 
interface stress τa(x), and the other variables 
follow the usual Lamb-wave notations [4]. 
Evaluation of the integrals by the residue 
theorem and assumption of ideal bonding 
between PWAS and structure, yields the 
closed form solution [4] 
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Equation (2) proves that frequencies can be 
found for which the response is dominated 
by certain preferentially excited modes. This 
wavelength mode tuning was verified 
experimentally as shown in Figure 3. 
Another factor that must be considered in 
Lamb wave tuning with PWAS is the Lamb 
mode amplitude at thickness-wise position 
where the PWAS is located. 
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Figure 3 Lamb-wave tuning with PWAS  
(a) theory; (b) experiments [4] 
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PWAS Phased Arrays for Crack Detection 

 Using Lamb-wave mode tuning, we have 
verified that ultrasonic pitch-catch and 
pulse-echo methods can be successfully 
applied with embedded PWAS technology. 
We have also developed a PWAS phased 
array technology that uses PWAS-
generated Lamb waves to cover a large 
surface area through beam steering from a 
central location [4]. This concept, called 
embedded ultrasonics structural radar 
(EUSR), permits the efficient scanning of 
thin-wall structures (e.g., aircraft shells, 
storage tanks, large pipes, etc.). Proof-of-
concept experiments were conducted using a 
PWAS array consisting of 9 identical 7-mm 
sq. elements placed at 9-mm pitch. The 
PWAS phased array was placed at the center 
of a 1220-mm square aluminum plate. The 

wave pattern generated by the phased array 
is the result of the superposition of the 
waves generated by each individual element. 
By sequentially firing the individual 
elements of an array transducer at slightly 
different times, the ultrasonic wave front can 
be focused or steered electronically in a 
specific direction without physical 
manipulating the transducers. Our EUSR 
algorithm permits the implementation of the 
steering beam concepts in virtual time by 
reconstructing the synthetic signal from a 
collection of primitive signals collected in a 
round-robin fashion with a minimum of 
instrumentation [4]. Once the beam steering 
and focusing was established, the detection 
of crack was done with the pulse-echo 
method (Figure 4). 
 

 

 
Figure 4 Graphical user interface of EUSR phased-array imaging; the signal reconstructed at a 

particular beam angle (here, φ0 = 136 deg) is shown in the lower pane [4]. 
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Electromechanical (E/M) Impedance 

Permanently attached PWAS also permit the 
direct measurement of the structural 
impedance [4]. The point-wise mechanical 
impedance appears reflected in the real part 
of the electrical impedance measured at the 
PWAS terminals. The measurements are 
done in the high kHz range, where the 
mechanical impedance is highly-sensitive to 
incipient local damage. This standing-wave 
near-field technique is complementary to 
the traveling-wave techniques. 

Conclusions 

 Piezoelectric wafer active sensors 
(PWAS) are one of the enabling technologies 
for the implementation of active structural 
health-monitoring, i.e., interrogating the 
structure and finding out its health state. 
PWAS permit embedded ultrasonics, i.e., 
ultrasonic NDE with transducers that are 
permanently mounted in the structure and can 
be interrogated at will. Embedded ultrasonics 
could not be achieved with conventional 
ultrasonic transducers because of cost and 
size, but can be achieved with PWAS, which 
are small, lightweight, inexpensive, 
unobtrusive, and minimally invasive.  
 PWAS transducers have very interesting 
Lamb-mode tuning capabilities. A theoretical 
analysis of this phenomenon has predicted 
that various Lamb-wave modes can be tuned 
with the same PWAS at various frequencies. 
These predictions were verified 
experimentally. 
 PWAS-based embedded ultrasonics has 
been demonstrated with the pitch-catch, 
pulse-echo and phased array techniques in a 
series of proof-of-concept experiments. 
 The emerging PWAS technology requires 
a sustained R&D effort to achieve its full 
developmental potential. Key subjects that 
need to be address are: 

1. Deeper understanding of the coupling 
mechanism between PWAS and structure, 
including the transfer in the bonding layer 
under various Lamb-wave modes 

2. Extension of the mode-tuning modeling to 
composite and sandwich materials 

3. Quantitative understanding of the 
bidirectional power and energy transfer 
between the PWAS and the structure, in 
order to achieve very low-power operation 
for embedded applications 

4. Modeling and understanding of the input 
and output impedance offered by the 
embedded PWAS to the electronics 
interface when operating in various Lamb-
wave modes. 

5. Studying of the nano technologies 
opportunities for in-situ fabrication of 
PWAS directly onto structures and 
elimination of bonding reliability problems. 
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