
 1 2010 USNCTAM 

16th US National Congress of Theoretical and Applied Mechanics 

June 27 - July 2, 2010, State College, Pennsylvania, USA 

USNCTAM2010-498 

PIEZOELECTRIC WAFER ACTIVE SENSORS FOR STRUCTURAL HEALTH 
MONITORING – STATE OF THE ART AND FUTURE DIRECTIONS 

 
Victor Giurgiutiu and JingJing Bao 

University of South Carolina 
Columbia, SC 29208 

victorg@sc.edu 
 
 

 
ABSTRACT 
 Piezoelectric wafer active sensors (PWAS) are lightweight 
and inexpensive enablers for a large class of structural health 
monitoring (SHM) applications. The presentation will start with 
a brief review of PWAS physical principles and basic modeling. 
Then, the presentation will consider the several ways in which 
PWAS can be used for damage detection: (a) embedded guided-
wave ultrasonics, i.e., pitch-catch, pulse-echo, phased arrays, 
thickness mode; (b) high-frequency modal sensing, i.e., the 
electro-mechanical (E/M) impedance method; (c) passive 
detection, i.e., acoustic emission and impact detection. 
Emphasis will be placed on recent developments. Special 
attention will be given to the mechatronics predictive modeling 
of the complete cycle from electrical excitation through 
piezoelectric transduction, ultrasonic acoustic waves, and 
finally reverse piezoelectric transduction to generate the 
received electric signal. Power and energy aspects of this 
process will be considered and discussed. The presentation will 
end with conclusions and suggestions for further work. 

INTRODUCTION 
 The mounting costs of maintaining our aging infrastructure 
and the associated safety issues are a growing national concern. 
Over 27% of our nation’s bridges are structurally deficient of 
functionally obsolete [1]. Deadly accidents are still marring our 
everyday life. In response to these growing concerns, structural 
health monitoring (SHM) sets forth to determine the health of a 
structure by monitoring over time a set of structural sensors and 
assessing the remaining useful life and the need for structural 
actions. Built-in SHM system capable of detecting and 
quantifying damage would increase the operational safety and 
reliability, would conceivably reduce the number of 
unscheduled repairs, and would bring down maintenance cost. 
SHM sensors should be able to actively interrogate the structure 
and find out its state of health, its remaining life, and the 
effective margin of safety. Two SHM sensing principles can be 
considered: (a) passive SHM sensing, in which the damage of 

the structure is inferred from the changes in load and strain 
distributions measured by the sensors; and (b) active SHM 
sensing, in which the damage is sensed by active interrogation 
of the structure with elastic waves. The active SHM technology 
is currently applied to airframes, land vehicles, ships, and civil 
engineering structures.  

PIEZOELECTRIC WAFER ACTIVE SENSORS 
 Piezoelectric wafer active sensors (PWAS) are the enabling 
technology for active SHM systems. PWAS couples the 
electrical and mechanical effects (mechanical strain, Sij, 
mechanical stress, Tkl, electrical field, Ek, and electrical 
displacement Dj) through the tensorial piezoelectric constitutive 
equations 
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where, E
ijkls  is the mechanical compliance of the material 

measured at zero electric field (E = 0), T
jk is the dielectric 

permittivity measured at zero mechanical stress (T = 0), and dkij 
represents the piezoelectric coupling effect.  PWAS utilize the 
d31 coupling between in-plane strain and transverse electric 
field. A 7-mm diameter PWAS, 0.2 mm thin, weighs a bare 78 
mg. PWAS are lightweight and inexpensive (~$1 each) and 
hence can be deployed in large numbers on the monitored 
structure. Just like conventional ultrasonic transducers, PWAS 
utilize the piezoelectric effect to generate and receive ultrasonic 
waves. However, PWAS are different from conventional 
ultrasonic transducers in several aspects: 
1. PWAS are firmly coupled with the structure through an 

adhesive bonding, whereas conventional ultrasonic 
transducers are weakly coupled through gel, water, or air.  

2. PWAS are non-resonant devices that can be tuned 
selectively into several guided-wave modes, whereas 
conventional ultrasonic transducers are resonant narrow-
band devices.  
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3. PWAS are inexpensive and can be deployed in large 
quantities on the structure, whereas conventional ultrasonic 
transducers are expensive and used one at a time. 

By using Lamb waves in a thin-wall structure, one can detect 
structural anomaly, i.e., cracks, corrosions, delaminations, and 
other damage. Because of the physical, mechanical, and 
piezoelectric properties of PWAS transducers, they act as both 
transmitters and receivers of Lamb waves traveling through the 
structure. Upon excitation with an electric signal, the PWAS 
generate Lamb waves in a thin-wall structure. The generated 
Lamb waves travel through the structure and are reflected or 
diffracted by the structural boundaries, discontinuities, and 
damage. The reflected or diffracted waves arrive back at the 
PWAS where they are transformed into electric signals.  
 PWAS transducers can serve several purposes [2]: (a) high-
bandwidth strain sensors; (b) high-bandwidth wave exciters and 
receivers; (c) resonators; (d) embedded modal sensors with the 
electromechanical (E/M) impedance method. By application 
types, PWAS transducers can be used for (i) active sensing of 
far-field damage using pulse-echo, pitch-catch, and phased-
array methods, (ii) active sensing of near-field damage using 
high-frequency E/M impedance method and thickness-gage 
mode, and (iii) passive sensing of damage-generating events 
through detection of low-velocity impacts and acoustic 
emission at the tip of advancing cracks. An example of damage 
detection using PWAS phased arrays is given in Figure 1, 
which shows that broadside and offside cracks can be 
independently identified with scanning beams emitting from a 
central location.  

CONCLUSIONS 
The piezoelectric wafer active sensors (PWAS) presented in 
this paper are a promising technology for SHM systems. 
Although PWAS transducers have been successful in laboratory 
tests, several fundamental scientific challenges remain in the 
implementation of PWAS transducers in actual SHM: 
(1) Predictable and controlled durability of the PWAS 

transducers on structural materials under environmental 
attacks and mechanical fatigue loading 

(2) Understanding and predictive simulation of PWAS 
electroacoustic interaction with the structural substrate to 
achieve active damage detection 

(3) Design and analysis of the layered PWAS architectures to 
achieve low-power ultra low voltage performance for 
wireless interrogation capability 
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Figure 1 Crack-detection in a thin plate using two piezoelectric wafer active sensors (PWAS) phased arrays:  

(a) test schematic; (b) broadside crack imaging; (c) offside crack imaging 
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