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ABSTRACT1 

 The aging of aerospace structures is a major current concern 
of civilian and military aircraft operators. PZT active sensors 
offer special opportunities for developing sensor arrays for in-situ 
health monitoring of aging aircraft structures. In this paper, we 
examine the structural health monitoring of aging aircraft 
structures with the electro-mechanical (E/M) impedance method. 
Local impedance methodology as well as damage detection 
strategy were developed. The detection of damage due to 
corrosion, structural cracks, and active sensor self-diagnostics 
with electro-mechanical (E/M) impedance method are discussed. 
The paper emphasis is  sensor fabrication and installation 
procedures. Consistency and repeatability of sensor fabrication 
and installation were perfected and confirmed by statistical tests 
on a number of nominally identical specimens. Experiments on 
simple metallic beams were then performed and the results were 
compared with readily available theoretical predictions. 
Experiments on square plates manufactured from aircraft grade 
thin-gage stock followed. Statistical analysis of plate data 
confirmed that consistent and repeatability results could be 
achieved with our methodology. Finally, experiments on realistic 
aircraft panels with simulated crack and corrosion damage were 
performed. An array of four sensors were installed along a line 
emanating at a right angle from the crack, and E/M impedance 
readings were collected from all sensors. Consistency of sensor 
readings was verified. Also, the tendency of frequency to shift in 
the vicinity of the crack was noticed. However, further data 
processing, and detailed FEM modeling are still needed before 
full understanding of the correlation between crack presence and 
sensors readings is achieved. 
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ELECTRO-MECHANICAL (E/M) IMPEDANCE METHOD 

 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.  
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Figure 1 Electro-mechanical coupling between the PZT active 
sensor and the structure. 

 The electro-mechanical (E/M) impedance method (Rogers 
and Giurgiutiu, 1997) is an emerging technology that offers 
distinctive advantage over the mechanical impedance method. 
While the mechanical impedance method uses normal force 
excitation, the E/M impedance method uses in-plane strain. While 
the mechanical impedance transducer measures mechanical 
quantities (force and velocity/acceleration) to indirectly calculate 
the mechanical impedance, the E/M impedance active sensor 
measures the E/M impedance directly as an electrical quantity. 
The principles of the E/M impedance technique are illustrated in 
Figure 1. 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 structure 
presents to the active sensor the drive-point impedance, 
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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 gets directly represented in the 
effective electrical impedance as seen at the active sensor 
terminals. The apparent electro-mechanical impedance of the 
piezo-active sensor as coupled to the host structure is: 
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where ( )Z ω is the equivalent electro-mechanical admittance as 
seen at the PZT active sensor terminals, 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= ), Zstr is the impedance of the structure, and 
ZPZT is the impedance of the PZT active sensor. The electro-
mechanical impedance method is applied by scanning a 
predetermined frequency range in the hundreds of 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. 
 Giurgiutiu and Rogers (1997, 1998) presented an extensive 
review of the state of the art in E/M impedance health monitoring 
of structures. Recent developments in this method focus on 
finding an effective damage metric to compare the E/M 
impedance spectra of pristine and damaged structures. Quin et al. 
(1999) developed an E/M impedance damage index (DI) scheme 
based on the differences of the piecewise integration of the 
frequency response curve between the damaged and undamaged 
cases. In addition, improved characterization of the structure is 
achieved by the separation of transverse and longitudinal outputs 
through directionally attached piezoelectrics (DAP). Lopes et al. 
(1999) used neural network techniques to process high-frequency 
E/M impedance spectra. In analytical simulation studies, a three 
level normalization scheme was applied to the E/M impedance 
spectrum based on the resonance frequencies. When applied to 
actual E/M experiments, the neural network approach was 
modified to another set of normalized values: (i) the area between 
damaged and undamaged impedance curves; (ii) the root mean 
square (RMS) of each curve; and (iii) the correlation coefficient 
between damaged and undamaged curves. These values were 
calculated for both real and imaginary parts of the impedance 
spectrum. Good identification of damage location and damage 
amplitude was reported. 

DAMAGE DETECTION STRATEGY 

 The real part of the E/M impedance reflects the state of 
structural health in the local area under the influence of the 
excited sensor. The integrity of the sensor itself is confirmed by 
the E/M impedance imaginary part  
 Consider an array of 4 active sensors as presented in Figure 
2. Each active sensor has its own sensing area resulting from the 
application of the localization concept. This sensing area is 

characterized by a sensing radius and the corresponding sensing 
circle. Inside the sensing area, the sensor capability decreases as 
the distance from the sensor to the damage increases. A damage 
feature that is placed in the near field of the sensor is expected to 
create a larger disturbance in the sensor response than a damage 
feature placed in the far field. Effective area coverage is ensured 
when the sensing circles overlap. The diagnostics of the adjacent 
structure is performed using the active (real) part of the E/M 
impedance (Re Z). Incipient damage changes taking place in the 
structure are reflected in the drive-point structural impedance. 
Our experience has indicated that the change in the structural 
drive-point impedance extensively affects the real part of the 
effective electro-mechanical impedance of the piezo-electric 
active sensor affixed or embedded in the structure (Giurgiutiu and 
Rogers, 1998). 
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Figure 2 Damage detection using an array of 4 piezoelectric active 
sensors and E/M impedance method: (a) detection of 
structural cracks; (b) detection of corrosion damage. 
The circles represent the sensing radius of each active 
sensor. 

E/M Impedance Detection of Structural Cracks 
 Figure 2a features a structural crack placed in the sensing 
circle of active sensor 1. The crack presence modifies the 
structural field and effective drive-point structural impedance as 
seen by sensor 1. In the same time, the crack also belongs to the 
sensing circle of sensor 2, but it is right at the periphery of this 
circle. By this token, we expect that the effective drive-point 
structural impedance as seen by sensor 2 to be also affected, but 
to a much lesser extend than for sensor 1. Regarding sensors 3 
and 4, the structural crack is outside their sensing circles, hence 
their drive-point structural impedance will be almost unchanged. 
In virtue of Equation (2), these changes in the drive-point 
structural impedance will be directly reflected in the E/M 
impedance of the sensor. In conclusion, the crack illustrated in 
Figure 1a is expected to strongly modify the E/M impedance of 
sensor 1, to slightly modify that of 2, and  to leave unchanged 
those of 3 and 4. 

E/M Impedance Detection of Corrosion Damage 
 Figure 2b features a patch of corrosion damage placed in the 
sensing circle of active sensor 1. In the same time, the corrosion 
damage also belongs to the sensing circles of sensors 2 and 4, but 
to a lesser extent. (For sensor 2, only half of the corrosion 
damage is inside its sensing circle; for sensor 4, the corrosion 
damage only touches the periphery of its sensing circle.) We 
expect that the effective drive-point structural impedance seen by 
sensor 1 will be strongly modified, that seen by sensor 2 will be 
somehow modified, and that of sensor 4 will be slightly modified. 
The drive-point impedance of sensor 3 will remain virtually 



 
 

3

unmodified. In virtue of Equation (2), these changes in the drive-
point structural impedance will be directly reflected in the E/M 
impedance of the sensor. In conclusion, the corrosion damage 
(Figure 2b) is expected to strongly modify the E/M impedance of 
sensor 1, to somehow modify that of 2, slightly modify that of 4, 
and to leave unchanged that of 3. 

Active Sensor Self-diagnostics 
 Piezo-electric wafer transducers affixed to, or embedded 
into, the structure play a major role in the successful operation of 
the health monitoring and damage detection system. Integrity of 
the transducer and consistency of the transducer/structure 
interface are essential elements that can “make or break” an 
experiment. The general expectation is that, once the transducers 
have been placed on or into the structure, they will behave 
consistently throughout the duration of the health monitoring 
exercise. For real structures, the duration of the health monitoring 
exercise is extensive and can span several years. It also will 
encompass various service conditions and several loading cases. 
Therefore, in-situ self-diagnostics methods are mandatory. The 
transducer array should be scanned periodically as well as prior to 
any damage detection cycle.  Self diagnostic methods for 
assessing active sensor integrity are readily available with the 
E/M impedance technique. The piezo-electric active sensor is 
predominantly a capacitive device that is dominated by its 
reactive impedance 1/iωC. Our preliminary tests have shown that 
the reactive (imaginary) part of the impedance (Im Z) can be a 
good indication of active sensor integrity. Base-line signatures 
taken at the beginning of endurance experiments when compared 
with recent reading could successfully identify defective active 
sensors. Figure 3 compares the Im Z spectrum of a well-bonded 
PZT sensor with that of a disbonded (free) sensor. The 
appearance of sensor free-vibration resonance, and the 
disappearance of structural resonances constitute un-ambiguous 
features that can be used for automated sensor self-diagnostics. 
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Figure 3  Active sensor self diagnostic using the imaginary part 

of the E/M impedance: when sensor is disbonded, new 
free-vibration resonance features apear at ~267 kHz. 

ACTIVE SENSORS FABRICATION 

 Previous efforts (Giurgiutiu et al., 2000) have shown that 
sensor intrinsic behavior can significantly affect the E/M 
impedance readings, and that consistent sensor fabrication and 
installation procedures are needed for the E/M impedance method 
to be successful. Hence, the analysis of the sensor fabrication and 
identification/elimination of faults and shortcomings was one of 
our major concerns of the present investigation. In order to save 
costs, previous efforts attempted to fabricate the small 6-mm sq. 
sensors out of large PZT sheet using conventional tooling. This 
process, though inexpensive, was producing significant variation 
in sensor size and geometry that affected the E/M impedance 
readings. In order to reduce uncertainties, we desired to seek 
small-size commercially available piezoelectric wafers, produced 
with precision technologies. Several vendors that can supply 
small PZT wafers were identified. The small PZT wafers 
produced by American Piezo Ceramics, Inc. were selected based 
on their low cost and good manufacturing tolerances (Table 1). 
 
Table 1 Manufacturing tolerances for APC, Inc. small 

piezoelectric wafers (www.americanpiezo.com ) 

Dimension Units (mm) Standard Tolerance
Length or Width of 
Plates <13mm +/-0.13mm 

Thickness of All Parts 0.20mm to 0.49mm +/-0.025mm 
 
Table 2 Properties of piezoelectric ceramic APC-850 (as from 

company website www.americanpiezo.com ) 

 
 
 A batch of 25 APC-850 piezoelectric wafers (7 mm sq., 0.2 
mm thick, silver electrodes on both sides) was acquired and 
subjected to statistical evaluation. In this process, we started with 
the mechanical and electrical properties declared by the vendor 
and then conducted our own measurements to verify the vendor 
data and evaluate its veridicality. The mechanical tolerances of 
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these wafers, as presented by the vendor on their website, are 
given in Table 1. The material properties of the basic PZT 
material are given in Table 2. The tolerances declared by the 
vendor for some standard electrical properties were ±5% in 
resonance frequency, ±20% in capacitance and ±20% in the d33 
constant. Standardized test methods for in process quality 
assurance of active sensor fabrication process were developed 
based on the following measurements: 

• = Geometrical dimensions 
• = Electrical capacitance 
• = Free-free E/M impedance and admittance spectra. 

 

(a)
PZT wafer 
6.90 mm sq. 

        (b)
PZT wafer 
0.222 mm thick

 

Figure 4 The dimensions of the APC-850 piezoceramic PZT 
wafers were measured with: (a) Mitutoyo Corp. CD-6'' CS digital 
caliper; and (b) Mitutoyo Corp. MCD - 1'' CE digital micrometer.  

Geometric measurements 
 Twenty-five nominally identical APC-850 wafers were 
measured with precision instrumentation consisting of Mitutoyo 
Corp. CD - 6'' CS digital caliper (0.01-mm precision) and 
Mitutoyo Corp. MCD - 1'' CE digital micrometer (0.001-mm 
precision). Length, width, and thickness were measured and 
recorded (Figure 4). The results of the statistical analysis of the 
data obtained from these measurements are presented in Figure 5. 
Good agreement with the theoretical Normal distribution (Gauss 
law) was observed. Mean and standard deviation values for 
length/width and thickness were 6.9478 mm, ± 0.5%, and 0.2239 
mm, ± 1.4 %, respectively. 
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Statistical distribution of thickness
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Figure 5 Statistical distributions of geometrical dimensions of APC-
850 piezoceramic wafers: (a) length; (b) thickness. 

Electrical Measurements 
 Electrical capacitance was measured with a BK Precision® 
Tool Kit™ 27040 digital multimeter (Figure 6a) with a resolution 
of 1pF. Capacitance measurements were selected as a in-process 
quality check to be applied during each step of sensor 
development and also during the sensor installation process. 

Direct capacitance tests using metallic ground plate. 
 Capacitance of the basic PZT sensors was measured directly 
by putting the PZT square on a flat metallic ground plate. The 
negative probe was connected to the plate in a semi-permanent 

fashion (hole, bolt + nut + washer, short multifilament lead, 
alligator clip), and the top of the PZT square was touched with 
the positive probe. Then, data was taken when the tester readings 
had converged to a stable value. At least 6 readings were recorded 
and the average was taken. The process was iteratively improved 
until consistent results were obtained. At least 6 readings were 
taken to a form statistical set of data. Mean and standard 
deviation values were 3.276 nF, ± 3.8 %. While this method has 
clear advantages, it also has the shortcoming that instability in 
electrical readings may occur due to lack of a firm electrical 
connection through mechanical clamping of the parts in contact. 
To compensate for this shortcoming, we tried two alternatives: (a) 
a mechanical clamp; and (b) conductive adhesive tape. 

(a)      (b)  

Figure 6 In process quality check equipment: (a) BK Precision® 
Tool Kit™ 27040 digital multimeter; (b) PZT test clamp. 

Capacitance tests using a mechanical clamp 
 As an alternative, a test clamp was designed, constructed, 
and utilized to measure the capacitance of the PZT wafer (Figure 
6b). During these measurements, slow convergence of the 
capacitance values was observed. The reasons for such slow 
convergence are not fully understood, but we believe that they are 
associated with the parasitic capacitance of the clamp, the 
unscreened portion of the cable, etc. Hence, this method was later 
abandoned.  
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(b)

Statistical distribution of capacitance
(APC-850 piezoceramic wafers with narrow tape)
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Figure 7 Statistical distribution of APC-850 piezoceramic wafers 
capacitance: (a) as measured on metallic ground plate; 
(b) as measured with narrow conductive tape. 

Capacitance tests using conductive adhesive tape 
 The use of conductive adhesive tape as an alternative means 
of connections was also investigated. We used single coated 3M® 
Cu foil conductive tape with 0.034mm foil thickness, 0.086-mm 
total thickness, and 0.032 Ohms/cm2 electrical resistance through 
the adhesive. This tape works on the principle of producing 
electrical conductivity through a pressure-sensitive acrylic 
adhesive. As the tape is applied, conductive particles in the 
adhesive bridge the gap between the back-up Cu foil and the 
piezoceramic. We used two tape widths: (a) wide, i.e, as received 
with a width of 6.3-mm; and (b) narrow, i.e., 2-mm wide strips 
cut out of the as received tape. The length of the connection with 
the PZT wafer was (a) 7-mm for the wide tape; and (b) 3-mm for 
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the narrow tape. The use of adhesive tape exhibited the same 
slow-convergence problems previously reported with the use of a 
mechanical clamp. When narrow tape was used, somehow better 
results were obtained, but the convergence of capacitance 
readings was still slow. The values measured during these tests 
are presented in Figure 7b. Mean and standard deviation values of 
4.126 nF, ± 16.4 % were recorded. The data shows capacitance 
values are significantly different from those obtained using a 
metallic ground plate. It was concluded that the use of conductive 
tape, though convenient, poses some electrical problems that need 
to be studied further. Hence this method was also abandoned. 
 

(a)

PZT element 

(b)

 

Test probe

Ground 
lead 

PZT wafer

Metallic support plate

 

Figure 8 (a)Test jig for dynamic measurement of PZT elements (J. 
W. Waanders, 1991 “Piezoelectric ceramic”, p.82, Fig 8.7); (b) 
aluminum plate with metallic bolt head used for measument of E/M 
impedance and admittance spectra of the PZT active sensors. 

 

PZT active 
sensor 

Amplitude 
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Figure 9 Experimental set up for measuring the impedance and 

admittance characteristics of the PZT with HP 4194A 
Impedance Phase-Gain Analyzer. 

Measurements of the intrinsic E/M impedance and 
admittance spectra of the PZT active sensor  
 The intrinsic E/M impedance and admittance spectra of the 
PZT active sensors, before being attached to the structure, was 
measured with the HP 4194A Impedance Phase-Gain Analyzer.  
Three possible methods for electrically connecting the PZT wafer 
to the test equipment were considered: (a) clamping at center; (b) 
attaching conductive adhesive tape leads; and (c) attaching 
soldered wire leads. It was found that (a) and (c) give practically 
identical results, while (b) clearly different. Hence, method (b) 
was discontinued, and method (a) was adopted as standard 
procedure for its expedience. The testing fixture for implementing 
the method (a) was designed following Waanders (1991) concept 

shown on Figure 8(a). We used a metallic plate with a lead 
connected at one corner (Figure 8b). The PZT wafer was centered 
on the bold head and held in place with the probe tip. Thus, 
center clamping conditions were simulated, and the wafer could 
perform free vibrations while being tested.  
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Figure 10 Amplitude and phase characteristic of a free-free sensor 
vs. frequency in terms of admittance: (a) real part of 
admittance; (b) imaginary part of admittance; (c) 
amplitude of admittance; (d) phase of admittance 
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Figure 11 Amplitude and phase characteristic of a free-free sensor 

vs. frequency in terms of impedance: (a) real part of 
impedance; (b) imaginary part of impedance; (c) 
amplitude of impedance; (d) phase of impedance. 

To obtain the intrinsic E/M impedance and admittance spectra, 
the PZT active sensors were tested in the 100Hz   12MHz 
frequency range using the HP 4194A Impedance Analyzer 
(Figure 9). The data was collected through the GPIB interface and 
processed in MS Excel. Typical admittance and impedance 
frequency spectra are given in Figures 10 and 11. The PZT wafer 
resonance frequencies were identified from the E/M admittance 
spectra. It was found that since the length and the width of the 
PZT wafers are nearly identical, the corresponding lengthwise 
and widthwise frequencies are coalescent, forming twin-peaks of 
in-plane vibration resonances. The first, second, and third in-
plane resonance frequencies, as well as the out-of-plane 
(thickness) resonance (which is at much higher frequency) were 
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identified and recorded. Also recorded were the values of the 
corresponding resonance peaks. Statistical distributions of the 
resonance frequencies and resonance amplitudes are given in 
Figure 12. Mean values of 251kHz and 67.152 mS, and standard 
deviations of ±1.2% and ±21%, respectively, were obtained. 
These results proved that the basic APC-850 piezoelectric wafers 
had acceptable quality with a narrow dispersion band in 
resonance frequency. 
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 (b)

Statistical distribution of amplitude of 1st resonance
(PZTwafers in free-free condition)
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Figure 12 Statistical distribution of (a) 1st resonance frequencies 
and (b) admittance amplitudes on 1st resonance of APC-850 
piezoceramic wafers. 

 

 
Figure 13 The installation kit for strain gages (Measurements 

Group, Inc) was used in the bonding of piezoelectric 
active sensors. 

ACTIVE SENSORS INSTALLATION 

 Sensors installation on the health-monitored structure is an 
important step that may have significant bearing on the success of 
the health monitoring tests. The development of a reliable and 
repeatable installation method, which would provide consistent 
results was one of our major preoccupations. In the installation 
process, the adhesive used to bond the sensor to the structure 
plays a crucial role. The thickness and stiffness of the adhesive 
layer can significantly influence the sensor capability to excite the 
structure and may affect the quality and veridicality of the E/M 
impedance signatures. Using published data (e.g., Bergman, 
Quattrone, 1999) and personal communications with 
piezoceramic vendors we concluded that cynoacrylate adhesives 
are appropriate and convenient for short-term experiments, 
though their performance may degrade under prolonged 
environmental exposure. For long-term environmental exposure, 
other adhesive types (e.g., epoxy) may be more appropriate. Some 

investigators also reported the use of conductive epoxy, but we 
found that the adhesive conductivity is not necessary as long as 
the adhesive layer is sufficiently thin to allow physical contact 
between the PZT wafer surface  “asperities” and the substrate. 
The cynoacrylate adhesive used was M-Bond 200 from 
Measurements Group, Inc. The accompanying strain-gage 
installation Instruction Bulletin 309D (Measurements Group Inc., 
1992) and installation kit (Figure 13) were also used. 
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Figure 14 Diagram for installation procedure for piezoelectric active 

sensors. 

The sensor installation procedure followed the general steps 
mentioned in the strain gage installation Instruction Bulletin, with 
some modifications introduced to account for the rigidity and 
fragility of the PZT material. Changes in sensor handling, 
cleaning, and cure pressure requirements were introduced. The 
complete procedure that we elaborated for bonding piezoelectric 
active sensors is diagrammatically presented in Figure 14. After 
the bonding procedure is finished, sensors edges were cleaned up 
to eliminate spills of cynoacrylate adhesive that may short circuit 
the sensor. This mechanical and chemical procedure was 
performed with fine tools and acetone. After installation, the 
sensor capacitance was measured again and checked for 
consistency against the on-file free-sensor capacitance. 

BEAM EXPERIMENTS  To better understand the 
relationship between structural resonances and the frequencies 
displayed by the E/M admittance/impedance spectrum of the PZT 
active sensor attached to the structure we performed experiments 
on simple beam and plate specimens. Structural modeling, 
performed in parallel, was used to predict the structural resonance 
frequencies and mode shapes. The theoretical and experimental 
results were compared, and validation of the theoretical 
prediction was achieved. Further, statistical processing of several 
“identical” specimens allowed us to estimate the method’s 
variability and expected intrinsic spread when applied on more-
complex structures. 
 One-dimensional beam structures are easy to model, and the 
prediction of their natural frequencies is fairly well understood 
(Inman, 1996). Hence, our first experiments concentrated on 
beam specimens. A number of small steel beams various 
thickness and width values were fabricated. All beams were 
100mm long, but their width varied from 19.6 mm (wide beams) 
to 8mm (narrow beams). The nominal thickness of the specimen 
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was 5.2mm; by gluing two specimens back-to-back, we were also 
able to create double thickness specimens. Thus, four beam types 
were used (Figure 15): narrow-thin, narrow-thick, wide-thin, and 
wide-thick. 
 
Table 3 Theoretical and experimental results for wide and 

narrow beams with single and double thickness. 
Narrow Beam, h Narrow Beam, 2h Wide Beam, h Wide Beam, 2h

#
Theory

kHz
Exp.
kHz

∆% Theory
kHz

Exp.
kHz

∆% Theory
kHz

Exp.
kHz

∆% Theory
kHz

Exp.
kHz

∆%

1 1.363 1.391 2.8% 2.726 2.806 2.9% 1.363 1.368 0.3% 2.726 2.775 1.8%
2 3.758 3.786 0.7% 7.515 7.418 -1.2% 3.758 3.775 0.5% 7.515 7.400 -1.5%
3 7.366 7.376 0.1% 14.732 13.768 -6.5% 7.366 7.375 1.2% 14.732 13.800 6.1%
4 12.177 12.095-0.7% 24.354 26.170 7.5% 12.177 12.125 0.4% 24.354 26.098 7.2%
5 18.190 17.910-1.5% 36.380 30.130 17.2% 18.190 17.965-1.2% 36.380 30.650 -15.8%

24.698 24.833
26.250 26.108

37.390
37.715

41.387 39.357 40.413 40.350
41.583

Cluster
101

Cluster
60

6 101.623 203.246 101.623 203.246
Cluster

175  
 
The comparison of wide and narrow beams was aimed at 
identifying the width effects in the frequencies spectrum, while 
the change from double to simple thickness was aimed at 
simulating the effect of corrosion (for traditional structures) and 
disbonding/delamination on adhesively bonded and composite 
structures. All specimens were instrumented with 7-mm square 
PZT active sensors placed at 40 mm from one end. Standard 
installation procedure, as outlined in the previous section was 
employed. 

 

Narrow beams:  
b = 8 mm, l = 100 mm 
h = 2.6 and 5.2 mm 

PZT active sensor 7 
mm sq. 0.200 mm thick, 
APC, Inc. 

Wide beams:  
b = 19.6 mm, l = 100 mm

h = 2.6 and 5.2 mm 
 

Figure 15 Experimental specimens to simulate one dimensional 
structure. 

During the experiments, recording of the E/M impedance real part 
spectrum with the HP 4194A Impedance Analyzer was performed 
in the 1 – 1000 kHz. When necessary, frequency zoom was 
employed. To approximate the free-free boundary conditions, the 
beams were supported on common packing foam. The beam 
natural frequencies were identified from the E/M impedance 
spectrum. The results are given in Table 3, “Exp.” columns. In 
parallel, theoretical impedance spectrum was predicted using the 
method described by Giurgiutiu and Rogers (2000). The peaks in 
these spectra were identified and recorded. The theoretical 
analysis (Giurgiutiu and Rogers, 2000) indicates that these 
frequencies should be identical with the basic beam resonances, 
as predicted by classical vibration analysis (Inman, 1996). This 
was numerically confirmed using a MathCAD-coded simulation 
program. Free-free boundary conditions, and the associated mode 
shapes and frequency expressions (Inman 1996) were used during 

the simulations. The predicted first 6 resonances for flexural 
vibrations are shown in the “Theory” columns of Table 3. It 
should be noted that the errors are small, and within the range 
normally accepted in experimental modal analysis. When the 
beam thickness was doubled, the frequencies also doubled. This 
is consistent with theoretical prediction. However, the error 
between theory and experiment seems larger for the double 
thickness beam, which may be caused by the compliance of the 
adhesive layer used in the construction of the double thickness 
beam. Even so, the confirmation of theoretical predictions  by the 
experimental results is quite clear.  
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Figure 16  Experimental and calculated spectra of frequencies for 

single thickness narrow beam. 

The effect of beam width is demonstrated by comparison of 
“Narrow Beam” and “Wide Beam” columns in Table 3. The 
experimental results indicate cluster of frequencies, which move 
to higher frequencies as the width of the beam is reduced. We 
associate these clusters with width vibrations, which are not 
covered by the simple 1-D beam theory. The width vibrations are 
also influenced by the thickness, i.e., they shift to higher 
frequencies as the thickness is increased. This is also noticeable 
in Table 3, which shows that the lowest cluster appeared for 
single thickness wide specimen and the highest cluster for double 
thickness narrow beam, Another important aspect that needs to be 
noticed is that the first axial mode of vibrations is at 25 kHz. This 
explains the ~25 KHz double frequencies observed in the single-
thickness beams, both narrow and wide. An example of the actual 
impedance spectra is given in Figure 16. The calculated and 
measured results are shown superposed (to fit into same graph, 
selective scaling was applied). Since these graphs refer to single-
thickness beams, the first 5 flexural resonances are contained in 
the 1 – 20 kHz range. For the first 4 modes, the predicted and 
measured frequency values almost superpose. For the 5th mode, 
there is a slight difference. This proves again that the predicted 
and measured results are in close agreement, well within the 
tolerance normally expected from experimental modal analysis. 

PLATE EXPERIMENTS 

 Since aircraft structures are 2-D plates and 3-D shells, the 1-
D results described in the previous section, though highly 
relevant to promoting the understanding of the E/M impedance 
method, could not be directly transitioned to aging aircraft 
investigation. Hence, a series of experiments on thin-gage 
Aluminum plates were planned and conducted. Twenty-five plate 
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specimens (100-mm square, 1-mm thick) were constructed from 
aircraft-grade aluminum stock. Each plate was instrumented with 
one 7-mm square PZT active sensor placed at its center (Figure 
17). The previously described sensor installation procedure was 
employed. Thus, a sample of 25 nominally identical plate 
specimens were obtained. Data was taken on 5 of these identical 
specimens using the HP 4194A Impedance Analyzer. 
 

PZT active sensor 

Aluminum plate 
 

Figure 17 Thin-gage aluminum plate specimens (100-mm square, 
1-mm thick), with centrally located piezoelectric sensors. 
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Figure 18 (a) E/M impedance spectrum around the 6th plate 
resonance; (b) bell-shape statistics for 5 plates. 

During the experiments, the specimens were supported on 
commercially available packing foam to simulate free-free 
conditions. Thus, plate resonance frequencies could be identified 
from the E/M impedance real part spectra. Figure 18 presents a 
typical case for the identification of the 6th plate frequency. 
Superposed in Figure 18a are the spectrum peaks from 5 identical 
plates. It can be appreciated that they fall in a narrow frequency 
band, with mean and standard deviation values of 9.952 kHz, and 
±0.577%, respectively. The corresponding bell-shaped statistics is 
given in Figure 18b. Similar results were also obtained for the 
higher frequencies. The resonance-frequency data was statistically 
processed, and the mean and standard deviation of each 
resonance frequency were computed (Table 4). Since rectangular 
plates do not have closed form solutions for natural frequency 
calculation (Inman, 1996), no theoretical predictions were 
performed, and no theoretical data could be inserted in Table 4 
for comparison with the experimental data. However, analysis of 
the experimental data presented in Table 4 indicates that 
frequency identification of thin-gage metallic plates using the 
E/M impedance method and PZT active sensors can be achieved 
consistently and with a good repeatability. The E/M impedance 
method is more convenient to use than traditional modal analysis 
methods that require separate instrumentation for excitation (e.g., 

impact hammer) and recording of structural response (e.g., 
accelerometers). The embedded PZT active sensors are much 
smaller size, un-obtrusive, and can be permanently attached to the 
structure, thus permitting in service structural health monitoring. 

EXPERIMENT WITH AGING AIRCRAFT PANEL 

 Realistic aerospace panel specimens containing simulated 
crack and corrosion damage representative of aging-aircraft 
structures, designed and constructed at Sandia National Labs 
(Giurgiutiu et al., 2000), were instrumented with PZT active 
sensors and subjected to E/M impedance evaluation. The results 
obtained during the present investigation were compared with 
previous results (Giurgiutiu et al.¸ 2000) obtained during 
investigations in which standardized sensor fabrication and 
installation procedures were not yet available. 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 19 shows sensors installation: the sensors are placed 
along a line, perpendicular to a 10-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 take of each sensor in the 200 – 
2600 kHz range. Figure 20 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 20 shows high consistency. The dominant 
resonance peaks are consistently in the same frequency range, and 
the variations from sensor to sensor are consistent with the 
variations previously recorded in the simple plate experiments. 
These observations indicate that the sensor fabrication and 
installation methodology has achieved a high degree of 
repeatability and consistency, which represents an important step 
forward from the  scattered results obtained with the unrefined 
sensor fabrication/installation reported by Giurgiutiu et al. 
(2000). 

10-mm 
Crack 

Piezoelectric active sensors

#1 #2 #3 #4
Rivet
head

 
Figure 19 Piezoelectric sensors installed on the aircraft panel with 

aging damage simulated by a 10-mm crack originating 
from a rivet. 

 Examination of Figure 20 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 damage 
presence. However, this argument is not entirely self-evident 
since the spectra in Figure 20 also show other sensor-to-sensor 
differences that are not necessarily related to the crack presence. 
In order to better understand these aspects, further investigations 
were performed at lower frequencies, in the 50 – 1000 kHz range 
(Figure 21). In this range, we can identify changes due to the 
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crack presence as features in the sensor 1 spectrum that do not 
appear in the other sensors. 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. For these reasons, we conclude that 
further investigations are required 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. Both further signal processing and adequate modeling 
(e.g., with the dynamic Finite Element Method) are needed. 
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Figure 20 Real part of impedance for sensors bonded on aging 

aircraft structure (200-2600 kHz range). 

0

30

60

90

0 200 400 600 800 1000
Frequency, kHz

R
e 

Z,
 O

hm
s

Sensor 1

Sensor 2

Sensor 3
Sensor 4

 
Figure 21 Real part of impedance for sensors bonded on aging 

aircraft structure (zoom into the 50-1000 kHz range). 

CONCLUSIONS 

 The work reported in this paper has shown that unobtrusive 
permanently attached PZT active sensors can be successfully used 
to identify the intrinsic dynamics of a structure through the 
examination of the recorded E/M impedance spectrum. The 

advantages of this approach over traditional structural 
identification methods (e.g., impact hammer/accelerometer 
combination) are self-evident and need not be elaborated upon. 
 A methodology for the fabrication and installation of PZT 
active sensors on metallic structures typical of aging airframes has 
been developed and validated through statistical tests. 
 Experiments on small steel beams instrumented with PZT 
active sensors have shown that the E/M impedance method is 
capable of accurately sensing the structural dynamics. The 
measured results compared well with theoretical predictions. 
Frequency increase with thickness reduction was experimentally 
confirmed. This observation could be directly used in the 
detection of corrosion damage in metallic structures, and of 
disbonding/delaminations in adhesively bonded and composite 
structures.  
 Experiments conducted on a statistical lot of thin-gage 
aluminum plates instrumented with PZT active sensors have 
proven that the sensor fabrication and installation procedures, 
reported in this paper, are sufficiently refined to give consistent 
and repetitive results on aircraft grade material. 
 Experiments on aircraft type panels using an array of PZT 
active sensors indicate that the sensor fabrication and installation 
methodology has achieved a high degree of repeatability and 
consistency, which represents an important step forward from the  
scattered results obtained with the unrefined sensor 
fabrication/installation reported by Giurgiutiu et al. (2000). The 
effect of simulated damage in the form of a 10-mm crack was 
noticed as a left shift in the natural frequencies for the sensor 
closest to the crack, and the appearance of a new frequency peak 
at around 114 kHz. However, complete understanding of the 
relationship between the sensor location and the changes in the 
E/M spectrum has not yet been fully achieved. Further efforts 
consisting in advanced signal processing, identification of 
spectrum features that are sensitive to the crack presence, and 
adequate modeling and simulation (e.g., via the dynamic Finite 
Element Method) are needed. 
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