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ABSTRACT 1 
 Piezoelectric wafer active sensors can be applied on aging aircraft structures to monitor 
the onset and progress of structural damage such as fatigue cracks and corrosion. Two main 
detection strategies are considered: (a) the electro-mechanical (E/M) impedance method for 
near-field damage detection; and (b) the wave propagation method for far-field damage 
detection. These methods are developed and verified on simple-geometry specimens, and then 
tested on realistic aging-aircraft panels with seeded cracks and corrosion. The instrumentation 
of these specimens with piezoelectric-wafer active sensors and ancillary apparatus is 
presented. The experimental methods, signal processing, and damage detection algorithms, 
tuned to the specific method used for structural interrogation, are discussed. In the E/M 
impedance method approach, the high-frequency spectrum is processed using overall-statistics 
damage metrics. The (1-R2)3 damage metric, where R is the correlation coefficient, was found 
to yield the best results. In the wave propagation approach, the pulse-echo and acousto-
ultrasonic methods were considered. Reflections from seeded cracks were successfully 
recorded. The simultaneously use of the E/M impedance method in the near field and of the 
wave propagation method in the far field opens the way for a comprehensive multifunctional 
damage detection system for aging aircraft structural health monitoring. 

PIEZOELECTRIC ACTIVE SENSORS 
 Piezo-electric active sensors are small, non-intrusive, and inexpensive piezoelectric wafers 
that are intimately affixed to the structure and can actively interrogate the structure 
(Giurgiutiu and Zagrai, 2001a). Piezoelectric active sensors are non-resonant devices with 
wide band capabilities. They can be wired into sensor arrays and connected to data 
concentrators and wireless communicators. Piezoelectric active sensors have captured the 
interest of academic and industrial community (Bartkowicz et al., 1996; Boller et al., 1999; 
Chang 1988, 2001). The general constitutive equations of linear piezoelectric materials given 
by ANSI/IEEE Standard 176-1987, describe a tensorial relation between mechanical and 
electrical variables (mechanical strain, Sij, mechanical stress, Tkl, electrical field, Ek, and 
electrical displacement Dj) in the form: 
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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 kijd is the 
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piezoelectric coupling between the electrical and mechanical variables. Figure 1a shows an 
active sensor consisting of a Lead Zirconate Titanate (PZT) piezoceramic wafer affixed to the 
structural surface. In this configuration, mechanical stress and strain are applied in the 1 and 2 
directions, i.e. in the plane of the surface, while the electric field acts in the 3 direction, i.e., 
normal to the surface. Hence, the significant electro-mechanical couplings for this type of 
analysis are the 31 and 32 effects. The application of an electric field, E3, induces surface 
strains, S11 and S22, and vice-versa. As the PZT sensor is activated, interaction forces and 
moments appear (Figure 1b): 
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Figure 1  Piezoelectric active sensor interaction with host structure: (a) PZT wafer affixed to 

the host structure; (b) interaction forces and moments; (Giurgiutiu, 1999) 

ELECTRO-MECHANICAL IMPEDANCE DAMAGE IDENTIFICATION  
 The impedance method is a damage detection technique complementary to the wave 
propagation techniques. Ultrasonic equipment manufacturers offer, as options, mechanical 
impedance analysis (MIA) probes and equipment (Staveley NDT Technologies, 1998). The 
mechanical impedance method consists of exciting vibrations of bonded plates using a 
specialized transducer that simultaneously measures the applied normal force and the induced 
velocity. Cawley (1984) extended Lange’s (1978) work on the mechanical impedance method 
and studied the identification of local disbonds in bonded plates using a small shaker. Though 
phase information was not used in Cawley’s analysis, present day MIA methodology uses 
both magnitude and phase information to detect damage.  
 The electro-mechanical (E/M) impedance method (Giurgiutiu and Rogers, 1997, 1998; 
Giurgiutiu and Zagrai, 2001a) is an emerging technology that uses in-plane surface excitation 
to measure the pointwise mechanical impedance of the structure through the real part of the 
electrical impedance measured at the sensor terminals. The principles of the E/M impedance 
technique are illustrated in Figure 2. The effect of a piezo-electric active sensor affixed to the 
structure is to apply a local strain parallel to the surface that creates stationary elastic waves in 
the structure. The drive-point impedance presented by the to the active sensor structure can be 
expressed as a frequency dependent quantity, ( ) ( ) ( ) ( ) /str e e eZ i m c ikω ω ω ω ω ω= + − . Through 
the mechanical coupling between the PZT active sensor and the host structure, on one hand, 
and through the electro-mechanical transduction inside the PZT active sensor, on the other 
hand, the drive-point structural impedance is reflected directly in the electrical impedance, 
Z(ω), at the active sensor terminals: 
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where C is the zero-load capacitance of the PZT active sensor, κ31 is the electro-mechanical 
cross coupling coefficient of the PZT active sensor ( 31 13 11 33/d sκ ε= ), r(ω) is the impedance 
ratio between the pointwise structural impedance, Zstr(ω), and the impedance of the PZT 
active sensor, ZPZT , while 1

2 alϕ γ= , with γ being the active sensor wave number and la its 
linear dimension. The electro-mechanical impedance method is applied by scanning a 
predetermined frequency range in the high kHz band and recording the complex impedance 
spectrum. By comparing the impedance spectra taken at various times during the service life 
of a structure, meaningful information can be extracted pertinent to structural degradation and 
the appearance of incipient damage. It must be noted that the frequency range must be high 
enough for the signal wavelength to be significantly smaller than the defect size. 
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Figure 2 (a) Electro-mechanical coupling between PZT active sensor and structure.  
(b) circular plate with a 7-mm dia. piezoelectric active sensor at its center 

SYSTEMATIC E/M IMPEDANCE EXPERIMENTS ON CIRCULAR-PLATES 
 A series of experiments on thin-gage aluminum plates were conducted to validate and 
calibrate the E/M impedance technique (Giurgiutiu and Zagrai, 2001b). Twenty-five plate 
specimens (100-mm diameter, 1.6-mm thick) were constructed from aircraft-grade aluminum 
stock. Each plate was instrumented with one 7-mm diameter PZT active sensor placed at its 
center (Figure 2b). A 10-mm circumferential slit EDM was used to simulate an in-service 
crack. The crack was placed at increasing distance from the sensor (Figure 3). Thus, 5 groups 
of five identical plates were obtained. E/M impedance data was taken using an HP 4194A 
Impedance Analyzer. During the experiments, the specimens were supported on packing foam 
to simulate free-free conditions. The experiments were conducted over three frequency bands: 
10-40 kHz; 10-150 kHz, and 300-450 kHz. The data was process by displaying the real part of 
the E/M impedance spectrum, and determining a damage metric to quantify the difference 
between two spectra, “pristine” and “damaged”. Figure 4a indicates that the presence of the 
crack in the close proximity of the sensor drastically modifies the pointwise E/M impedance 
spectrum. Resonant frequency shifts and the appearance of new resonances are noticed. 
Several damage metrics were tried: root mean square deviation (RMSD); mean absolute 
percentage deviation (MAPD); covariance change (CC); correlation coefficient, R, deviation 
(CCD). The (1-R2)3 damage metric was found to decrease almost linearly with the distance 
between the crack and the sensor (Figure 4b). However, in order to obtain consistent results, 
the proper frequency band (usually in high kHz) and the appropriate damage metric must be 
used. Further work is needed to systematically investigate the most appropriate damage metric 
to be used for successful processing of the frequency spectra. 
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Figure 3 Systematic study of circular plates with simulated cracks (slits) at increasing 

distance from the E/M impedance sensor 
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Figure 4 E/M impedance results: (a) superposed spectra of groups 1 & 5; (b) variation of  

(1-R2)3 damage metric with the distance between the crack and the sensor. 

E/M IMPEDANCE EXPERIMENTS ON AGING AIRCRAFT PANELS 
 Realistic aerospace panels containing simulated crack and corrosion damage 
representative of aging-aircraft structures were constructed at Sandia National Labs (Figure 
5). These panels were instrumented with PZT active sensors and subjected to E/M impedance 
evaluation. The sensors were applied to the simulated aircraft panels to detect the change of 
E/M impedance spectrum induced by the proximity of a simulated crack. Figure 6 shows 
sensors installation: the sensors are placed along a line, perpendicular to a 12.7-mm crack 
originating at a rivet hole. The sensors are 7-mm square and are spaced at 7-mm pitch. E/M 
impedance readings were taken of each sensor in the 200 – 2600 kHz range. Figure 7a shows 
the frequency spectrum of the E/M impedance real part. The spectrum reflects clearly defined 
resonances that are indicative of the coupled dynamics between the PZT sensors and the 
frequency-dependent pointwise structural stiffness as seen at each sensor location. The 
spectrum presented in Figure 7a shows high consistency. The dominant resonance peaks are 
in the same frequency range, and the variations from sensor to sensor are consistent with the 
variations previously observed in the circular plate experiments. 
 Examination of Figure 7a indicates that, out of the four E/M impedance spectra, that of 
sensor 1 (closest to the crack) has lower frequency peaks, which could be correlated to the 
presence of the damage. In order to better understand these aspects, further investigations 
were performed at lower frequencies, in the 50 – 1000 kHz range (Figure 7b). In this range, 
we can see that the crack presence generated features in the sensor 1 spectrum that did not 
appear in the other sensors spectra. For example, sensor 1 presents an additional frequency 
peak at 114 kHz that is not present in the other sensors. It also shows a downward shift of the 
400 kHz main peak. These features are indicative of a correlation between the particularities 
of sensor 1 spectrum and the fact that sensor 1 is placed closest to the crack. However, at this 



stage of the investigation, these correlations are not self evident, nor are they supported by 
theoretical analysis and predictive modeling of the structure under consideration. Further 
signal processing and features extraction improvements are needed to fully understand the 
correlation between the spectral features of the E/M impedance response and the presence of 
structural damage in the sensor vicinity. 
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Figure 5 Realistic aging aircraft lap-splice joint panel with simulated cracks (EDM slits) and 

corrosion (chem-mill areas). 
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Figure 6  Piezoelectric sensors installed on the aircraft panel with aging damage simulated 

by a 10-mm crack originating from a rivet. 

 Based on these results, we formulated a damage detection strategy to be used with the 
E/M impedance method. The real part of the E/M impedance (Re Z) reflects the pointwise 
mechanical impedance of the structure, and the E/M impedance spectrum is equivalent to the 
pointwise frequency response of the structure. As damage (cracks, corrosion) develops in the 
structure, the pointwise impedance in the damage vicinity changes. Piezoelectric active 
sensors placed at critical structural locations detect these near-field changes. In addition, due 
to the sensing localization property of this method, far-field influences will not be registered 
in the E/M impedance spectrum. The integrity of the sensor itself, which may also modify the 
E/M impedance spectrum, is independently confirmed using the imaginary part of E/M 
impedance (Im Z), which is highly sensitive to sensor disbond, but much less sensitive than 
the real part to structural resonances (Giurgiutiu and Zagrai, 2001a). 
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Figure 7 Real part of impedance for sensors bonded on aging aircraft structure: (a) 200-2600 
kHz range; (b) zoom into the 50-1000 kHz range. 

GUIDED PLATE WAVES (LAMB WAVES) DAMAGE IDENTIFICATION 

 Lamb waves (a.k.a., guided plate waves) are ultrasonic elastic waves that travel inside and 
along thin plates. Lamb waves can propagate in two modes, symmetrical and anti-
symmetrical. The wave velocity depends on the product of frequency and material thickness. 
Investigations on Lamb and leaky Lamb waves have been pursued theoretically and 
experimentally for a variety of applications, ranging from seismology, to ship construction 
industry, to acoustic microscopy, and to non-destructive testing and acoustic sensors 
(Krautkramer, 1990; Rose, 1999; Lemistre et al. 1999). The Lamb wave speed is obtained by 

solving the Rayleigh-Lamb equation (Viktorov, 1967). First, define 2 2/S Pc cξ = , 
2 2/S Lc cζ = , and Sd k d= ; where cL is the Lamb wave speed, and d is the half thickness of 

the plate. In addition, also define Lamb wave number kL = ω/cL, and the variables, 
2 2

L Pq k k= − , 2 2
L Ss k k= − . For symmetric motion (Figure 8a), the Rayleigh-Lamb 

frequency equation 
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yields the value of ζ. Hence, one can write the two components of the particle motion, as 
plotted in Figure 8a: 
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For anti-symmetric motion (Figure 8b), similar equations can be derived. 



 (a)   (b)  
Figure 8 Simulation of Lamb wave particle motion: (a) S0 symmetric mode; (b) A0 anti-

symmetric mode 
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Figure 9 Dispersion curves in 1.6 mm aluminum plates: (a) wave speed; (b) group velocity 

Figure 9 presents the dispersive (frequency dependant) symmetric and anti-symmetric (S0 and 
A0) Lamb wave speed and group velocity in 1.6-mm aluminum plates. Also shown in Figure 9 
are the conventional (Bernoulli-Euler) flexural waves. One notices that, at low frequencies, 
the conventional flexural wave and the A0 Lamb wave speeds tend to coincide. At high 
frequencies, the Lamb wave speeds reach a horizontal asymptote, while the flexural wave 
speed would continue to increase. 

LAMB WAVE EXPERIMENTS ON RECTANGULAR PLATES 
To understand and calibrate the Lamb-waves damage-detection method, active-sensor 
experiments were conducted on thin metallic plates of regular geometries (Giurgiutiu et al., 
2001). A 1.6 mm thick, 2024-aluminum alloy plate (914 mm x 504 mm) was instrumented 
with an array of eleven 7-mm x 7-mm PZT wafer active sensors positioned on a rectangular 
grid. The sensors were connected with thin insulated wires to a 16-channels signal bus and 
two 8-pin connectors (Figure 10). An HP33120A arbitrary signal generator was used to 
generate a smoothed 300 kHz tone-burst excitation with a 10 Hz repetition rate. The signal 
was sent to active sensor #11, which generated a package of elastic waves that spread out into 
the entire plate. A Tektronix TDS210 two-channel digital oscilloscope, synchronized with the 
signal generator, was used to collect the signals captured at the remaining 10 active sensors. A 
digitally controlled switching unit and a LabView data acquisition program were used. A 
Motorola MC68HC11 microcontroller was tested as an embedded stand-alone option. 
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Figure 10 Experimental setup for rectangular plate wave propagation experiment: (a) overall 

view showing the plate, active sensors, and instrumentation; (b) detail of the 
microcontroller and switch box. 

These systematic experiments proved several important points (Giurgiutiu et al., 2001): (a) 
High-frequency Lamb waves could be excited in an aircraft-grade metallic plate using small 
inexpensive non-intrusive PZT-wafer active sensors. (b) The elastic waves generated by this 
method had remarkable clarity and showed a 99.99% distance-time correlation that permitted 
accurate wave speed determination. (c) The pulse-echo method was successfully verified. 
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Figure 11 Crack detection experiment on aging aircraft panel: (a) damaged panel featuring 3 

rows of rivets, a 12.75 mm EDM hairline slit (simulated crack) and an active 
sensor; (b) echo reflection from the crack detected by the active sensor 

LAMB WAVE EXPERIMENTS ON AGING-AIRCRAFT PANEL 
Lamb-wave active-sensor damage detection strategy stems from the ultrasonic and acousto-
ultrasonic damage-detection methodologies (Blitz et al., 1996; Duke, 1988, respectively). 
Wave propagation experiments were conducted on the aging aircraft panels of Figure 5 using 
a number of PZT active sensors affixed at various locations. Several experiments were 
performed to verify the wave propagation properties, and to identify the reflections due to the 
construction features of the panels (rivets, splice joints, etc.) Damage detection of cracks and 
corrosion damage was studied and successfully verified. For illustration, Figure 11a shows a 
region of the aging aircraft panel displaying a horizontal double row of stiffener rivets, a 
vertical row of splice rivets in the far left, and a simulated crack (12.75 mm EDM hairline slit) 
starting from the first rivet in the horizontal top row. A piezoelectric active sensor was placed 
at 200 mm from the vertical row of rivets, i.e., at 100 mm from the start of the horizontal row 
of rivets. The pulse-echo method was used. Figure 11b shows the result of subtracting the 
signal received on a pristine panel from the signal received on the panel with crack. The 



resulting signal features a strong wave pack centered at 42 µs, representing the "reflection 
from the crack". The time of flight is consistent with the distance from sensor to the crack and 
the group velocity for 300-kHz S0 Lamb waves. The cleanness of the crack detection feature 
and the quietness of the signal ahead of it are remarkable. This indicates that this method 
permits good and un-ambiguous detection of structural cracks. An array of active sensors can 
be used in a round-robin fashion to generate and detect elastic waves that interrogate the aging 
aircraft structure in order to determine the presence of cracks and corrosion. 

 SUMMARY AND CONCLUSIONS 

 Piezoelectric-wafer active sensors are small inexpensive non-intrusive sensors that can be 
applied on existing aging aircraft structures to monitor the onset and progress of structural 
damage (cracks and corrosion). Two complementary methods can be simultaneously used 
with the same active-sensor installation: (a) electro-mechanical (E/M) impedance; and (b) 
elastic wave propagation. Through systematically conducted experiments, this paper has 
attained a double objective: (a) to develop and validate the methodology using simple-
geometry specimens; and (b) to illustrate its practical application using realistic structural 
specimens representative of aging aerospace structures with seeded crack and corrosion. 
 The E/M impedance method was used for near-field damage detection. The E/M 
impedance experiments showed that the real part of the E/M impedance spectrum is clearly 
influenced by the presence of damage (simulated crack). This behavior was explained in terms 
of the direct correlation between the pointwise mechanical impedance of the structure at the 
sensor location and the real part of the E/M impedance measured at the sensor terminals. 
Experiments performed on 100-mm diameter thin-gage circular discs showed that the distance 
between sensor and a simulated crack can be directly correlated with the (1-R2)3 damage 
metric. Experiments performed on realistic aging aircraft panel showed that a left shift in the 
natural frequencies and the appearance of a new frequency peak at around 114 kHz were 
created by the presence of a 12.7-mm crack in the sensor proximity. However, the complete 
understanding of the relationship between the sensor location and the changes in the E/M 
spectrum for complex built-up panels has not yet been fully achieved. Additional efforts in 
advanced signal processing, identification of spectrum features that are sensitive to the crack 
presence, and adequate modeling and simulation are required. 
 Elastic wave propagation was studied for far-field damage detection. Simple-geometry 
specimens were used to clarify the Lamb wave propagation mechanism, verify the group-
velocity dispersion curves, and illustrate the pulse-echo method using the reflections from the 
specimen boundaries. Realistic aging-aircraft specimens were used to demonstrate how a 
12.7- mm crack emanating from a rivet hole can be detected with the pulse-echo method using 
a 300 kHz wave generated and received by the same piezoelectric-wafer active sensor placed 
at 100 mm from the crack. 
 This study has shown that the E/M impedance method and the wave propagation approach 
are complementary techniques that can be simultaneously used for damage detection in aging 
aircraft structures instrumented with an array of piezoelectric-wafer active sensors. Since one 
method works in the near field, while the other acts in the far field, their simultaneous 
utilization will ensure that the aging aircraft structure is fully covered during the health 
monitoring process. 
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