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ABSTRACT

The emerging electro-mechanical impedance technology has high potential for in-situ health monitoring and NDE of
structural systems and complex machinery. At first, the fundamental principles of the electro-mechanical impedance method
are briefly reviewed and ways for practical implementation are highlighted. The equations of piezo-electric material response
are given, and the coupled electro-mechanical impedance of a piezo-electric wafer transducer as affixed to the monitored
structure is discussed. Due to the high frequency operation of this NDE method, wave propagation phenomena are identified
as the primary coupling method between the structural substrate and the piezo-electric wafer transducer. Attention is then
focused on several recent advancements that have extended the electro-mechanical impedance method into new areas of
applications and/or have developed its underlying principles. US Army Construction Engineering Research Laboratory used
the electro-mechanical impedance method to monitor damage development in composite overlaid civil infrastructure
specimens under full-scale static testing. A simplified E/M impedance measuring technique was employed at the Polytechnic
University of Madrid, Spain, to detect damage in GFRP composite specimens. The development of miniaturized "bare-
bones" impedance analyzer equipment that could be easily packaged into transponder-size dimensions is being studied at the
University of South Carolina. US Army Research Laboratory developed novel piezo-composite film transducers for
embedment into composite structures. Disbond gauges for monitoring the structural joints of adhesively bonded rotor blades
have been studies in the Mechanical Engineering Department at the University of South Carolina.

These recent developments accentuate the importance and benefits of using the electro-mechanical impedance method for on-
line health monitoring and damage detection in a variety of applications. Further investigation of the electro-mechanical
impedance method is warranted. A further examination of the complex interaction between wave propagation, drive-point
impedance, structural damage and electro-mechanical impedance of the piezo-electric wafer transducer is needed. Once these
aspects are better understood, the E/M impedance method has the potential to become a widely used NDE technique with
large applicability in diverse engineering fields (aerospace, automotive, infrastructure and biomedical implants).

Key Words: Damage detection; Health monitoring; Failure prevention; Electro-mechanical impedance; NDE; Non-
destructive evaluation; Incipient damage; Piezo-electric transducer; Crack propagation; Crack detection..

INTRODUCTION

Structural health monitoring and machinery failure prevention form a complex activity that requires the interaction of several
concurrent factors. Critical among them is the ability to detect the apparition and propagation of structural damage at an
incipient stage. The detection of damage (e.g., cracks, delaminations, disbonds, etc.) is crucial in any failure prevention
technology. If damage could be detected at an early stage, corrective measures can be taken and catastrophic failure can be
prevented. Moreover, a structure with incipient damage can be quickly repaired, and put back in service. By substituting
timely repairs for costly replacements, important lifecycle cost savings can be achieved. A reliable procedure for early
damage detection will reduce the design uncertainties, will increase designer confidence, and will result in lower reserve
factors, smaller weight, and reduced initial cost. The development of damage detection technologies plays a major role in the
overall process of machinery failure prevention and lifecycle cost reduction.
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However, early damage detection is not easily achieved. The principal impediment in achieving early detection of incipient
damage lies in the very nature of this type of damage. Incipient damage is a small scale phenomenon. Incipient damage can
propagate inside a machinery part without producing detectable changes in its operational parameters. Global detection
methods, as those based on vibration modeshapes and frequency characteristics, are insensitive to incipient local damage. A
crack initiating at a critical location in a complex structure can be fatal for its operation, but may produce undetectable
changes in the overall structural frequency. For this reasons, failure detection methods are still needed for the detection of
incipient damage in vital structural areas. Two approaches are possible: either subject the structure periodically to minute in-
depth inspection; or implement an automatic system for continuous health monitoring. The two approaches differ in the way
they are applied and in the technologies they use. During periodic inspection, a complex machinery is disassembled and its
vital parts are subjected to meticulous scanning in search of incipient damage. This is a time-consuming and labor-intensive
activity. In contrast, automatic health monitoring performs continuous surveillance of the machinery, with special emphasis
on the critical areas. For rapid evaluation of incipient damage, a scalar damage index and a danger threshold are used. A
Green-Yellow-Red structural health indicator displays the state of the structure health and warn if incipient damage is
detected. At present, only the first approach is widely used: periodic inspections are done on most complex machinery,
ranging from airplanes, helicopters and their engines, to nuclear power plants and Navy ships. However, periodic inspections
are very costly and time consuming, demands that the machinery is taken out of service for a considerable period of time, and
is not foolproof against failures between inspection intervals. The current trend in machinery maintenance is to substitute the
"fixed-term" replacement policy with an "as-needed" replacement policy. This trend is driven by cost reduction and makes
perfect economic sense. However, it puts additional burden on the periodic inspection procedures. In contrast, continuous
health monitoring concepts raise the prospect of early detection and timely intervention. Continuous health monitoring is in
perfect accord with the as-needed replacement policy and can lead to very significant cost saving opportunities. Both
approaches, periodic inspection and continuous health monitoring, depend on the availability of enabling technologies (ASM
Handbook, Vol. 17, 1992). Figure 1 present a list of such enabling technologies. On the left -- passive and active scanning
methods for periodic inspection. On the left, in-situ sensors array technologies that could enable continuous health
monitoring. The in-situ sensors array methods, and their accompanying technologies, are of paramount importance for the
successful implementation of on-line health monitoring and failure prevention.

Passive and Active Scanning
1. Ultrasonic probing
2. Eddy currents
3. Liquid penetrant
4. Thermography and Vibro-thermography
5. Magnetic particles and Magnaflux
6. Computer tomography
7. Laser ultrasound
8. Low power impulse radar

In-situ Sensor Arrays
1. Vibration monitoring
2. Strain monitoring (electrical and fiber optics)
3. Peak-strain indicators
4. Acoustic emission
5. Dielectric response
6. Elastic Wave emitter-detector pairs
7. Electro-mechanical impedance

Damage Detection Technologies

Figure 1 Overview of damage detection technologies

Vibration sensors (accelerometers and velocity transducers), have been used for a long time to monitor the vibration levels
and frequency spectra at critical locations. In this method, the presence of incipient damage may be inferred from changes in
the vibration signature. This method is effective in situations where a dominant harmonics is present in the normal operation
(e.g., related to the basic rotation speed of a turbine or electric motor). Then, the appearance of new harmonics indicate that a
change in the structural health has taken place. However, vibration monitoring methods are almost meaningless when no
dominant normal-operation harmonic is present. Strain monitoring sensors (e.g., resistance strain gauges or fiber optic
sensors) may be used as an alternative way of recording vibrations. Strain sensors may also be used to measure actual strains
in the structure, but inference of damage information from structural strain values is not straightforward. The peak-strain at
critical locations can be recorded with the TRIP technology peak-strain indicators recently developed by Thbompson and
Westermo (1994) of Strain Monitoring Systems, Inc. Acoustic emission (AE) sensors are another example of passive
technology. AE sensors pick-up the minute “pops” generated in a structure as a crack is tearing its way through the structural
material. Dielectric sensors are capable of passively detecting the structural changes taking place in a polymeric composite
due to insufficient cure, or damage, or moisture absorption. The advent of active materials capable of deforming their shape
and dimensions in response to electric, magnetic, and thermal fields has opened new options and opportunities in the field of
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sensor technologies for nondestructive evaluation (NDE) and health monitoring. It is now possible to advance from passive
sensors (e.g., vibration pick-up, acoustic detection microphones, etc.) to active devices that can simultaneously interrogate
the structure and listen to its response. Emitter-detector pairs of piezoelectric transducers have been used to send ultrasonic
waves through the material and detect the incipient damage using wave signature (Keilers and Chang, 1994). Alternatively,
changes in the point-wise structural impedance can be detected and recorded by an array of piezoelectric wafer transducers
(Rogers and Giurgiutiu, 1997). In the latter case, the processing of the electro-mechanical impedance spectrum determined by
the transducers is used to identify if incipient damage has occurred (Giurgiutiu and Rogers, 1997). These emerging new
technologies have the potential of identifying incipient damage well before it starts to affect the normal and safe operation of
the structural system and/or machinery.

ELECTROMECHANICAL (E/M) IMPEDANCE TECHNIQUE

The electro-mechanical (E/M) impedance technique utilizes the direct and the converse electro-mechanical properties of
piezoelectric materials, allowing for the simultaneous actuation and sensing of the structural response (Rogers and
Giurgiutiu, 1997). The variation of the electro-mechanical impedance of piezo-electric sensor-actuators (wafer transducers)
intimately bonded to the structure is monitored over a large frequency spectrum in the high kHz frequency band. Their
frequency response reflects the state of structural integrity.
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Figure 2 Principles of the electro-mechanical impedance technique: (a) Schematic diagram of the equipment set-up; (b)
conceptual diagram of the automated monitoring system (Rogers and Giurgiutiu, 1997).

Figure 2 presents a schematic diagram of the experimental setup and the conceptual diagram for a structural health
monitoring system using the electro-mechanical impedance approach. Two basic ingredients are essential to this method: (a)
an array of piezo-electric wafer transducers applied to the monitored structure and (b) a high-precision impedance analyzer
coupled to a data-acquisition computer.
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Figure 3 Typical damage detection results: (a) impedance signature pattern; (b) damage index comparison (after Chaudhry,
Joseph, Sun and Rogers, 1995).
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The size of the wafer transducers is typically small (less than 0.5 sq. in., 0.01 in. thick), allowing for non-intrusive installation
in the monitored structure. The small dimensions and wafer-like appearance of these transducers make them ideal for
application to civil engineering structures. Figure 3a shows the frequency response diagrams obtained during a typical
laboratory demonstration of the electromechanical impedance technique. Figure 3b presents a typical damage index diagram
that distinguishes between damaged and undamaged locations during the health-monitoring process. The high resolution of
this incipient damage detection technique is ensured through the intimate electro-mechanical coupling between the electrical
impedance response of the piezo-electric sensor-actuator (E/M transducer) affixed to the structure and the local mechanical
impedance of the adjacent material present in the structure and in the structural joints. Localization of the sensing area
ensures sensitivity of the impedance signature only to damage and/or structural changes in the near-field of the E/M
transducer. The method has good rejection of the unwanted far-field information and is prevented from giving “false alarms”
in response to changes due to normal structural usage (boundary conditions, mass distribution, service loads, etc.). The
electro-mechanical impedance technique utilizes well-developed equipment that is currently available for high-frequency
accurate measurements of electronic and electro-chemical impedance (Mansfeld, 1993). This aspect is a significant advantage
for quickly bringing this new NDE technique to widespread practical implementation.

PHYSICAL MECHANISM OF THE ELECTRO-MECHANICAL IMPEDANCE TECHNIQUE

The electro-mechanical impedance technique relies on two main physical principles (Rogers and Giurgiutiu, 1997; Giurgiutiu
and Rogers, 1997): (a) the piezo-electric coupling between mechanical and electrical fields inside the wafer transducer; and
(b) the elastic wave propagation of the interrogation signal into the structure.

Piezo-electric transducers
The general constitutive equations of linear piezo-electric materials, given by ANSI/IEEE Standard 176-1987, describe a
tensorial relation between mechanical and electrical variables (mechanical strain ijS , mechanical stress klT , electrical field

kE , and electrical displacement jD ) in the form:

, k
T
jkkljklj

kkijkl
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ijklij

ETdD

EdTsS

ε+=

+=
(1.)

where s 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 jkld is the piezo-electric coupling between the electrical and mechanical
variables. The second equation reflects the direct piezo-electric effect, while the first equation refers to the converse piezo-
electric effect. The piezo-electric transducers used in the electro-mechanical impedance technique are thin piezo-ceramic
(PZT) wafers intimately bonded to the host structure. 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. For a PZT transducer affixed to 1-D member, e.g., a
beam along the 1-direction, the analysis is mainly one-dimensional. In this case, the dominant electro-mechanical coupling
constant is d31. If the transducer is placed on a 2-D the surface, the analysis is, in principle, two-dimensional. Since the
coupling constants, d31 and d32, have essentially same value, radial symmetry can be applied, and the analysis becomes one-
dimensional in the radial coordinate, r.

Drive-Point Impedance

The effect of a piezo-electric transducer bonded to the structure surface is to apply a local strain parallel to the surface that
creates elastic waves in the structure. The structure presents to the transducer the drive-point impedance,

ωωωωωω /)()()()( eeestr ikcmiZ −+= . Through the mechanical coupling between the PZT transducer and the host
structure, on one side, and through the electro-mechanical transduction inside the PZT transducer, on the other side, the
drive-point structural impedance gets directly reflected in the effective electrical impedance as seen at the transducer
terminals (Figure 4).
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Figure 4 Electro-mechanical coupling between the PZT transducer and the structure.

The electro-mechanical impedance technique for health monitoring and NDE utilizes the changes that take place in the drive-
point structural impedance to identify incipient damage in the structure. The change in the drive-point impedance is sensed
electrically through changes in the apparent electro-mechanical impedance of the piezo-electric transducer. The apparent
electro-mechanical impedance of the piezo-transducer as coupled to the host structure is given by
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where )(ωZ is the equivalent electro-mechanical admittance as seen at the PZT transducer terminals, C is the zero-load
capacitance of the PZT transducer, κ31 is the electro-mechanical cross coupling coefficient of the PZT transducer
( 33111331 / εκ sd= ), Zstr is the impedance of the structure, and ZPZT is the impedance of the PZT transducer. 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.

A qualitative estimation of the structural health can be rapidly achieved through the damage index. The damage index is a
scalar quantity that serves as a metric of the damage that is taking place in the structure. A convenient damage index can be
based on the Euclidean norm, i.e.,
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where N is the number of sample points in the spectrum, and the superscript 0 signifies the initial (base-line) state of the
structure.

RECENT ADVANCEMENTS IN THE ELECTRO-MECHANICAL IMPEDANCE TECHNIQUE

Damage Detection of Composite Overlay Repair, Upgrade, and Rehabilitation of Civil Infrastructure
Quattrone, Berman, and Kamphaus (1998), at the US Army Construction Engineering Research Laboratory, reported the use
of the electro-mechanical impedance method to monitor crack initiation during static testing of masonry wall specimens
reinforced with composite overlays. The specimens had dimensions 4-ft by 4-ft and were build from standard concrete
masonry units. A face-shell bedding of type N mortar mix was applied on the wall face. The masonry wall were strengthened
with overlays of fiber reinforced polymeric (FRP) composite sheets applied on one face. The FRP composite overlays were
generally thin (approximately 1/8-in), but were able to provide up to 94% increase in the wall load-carrying capacity. Several
tests were performed with different composite-overlay fabrication solutions. One fabrication solution was to have the
composite overlay cured separately in the form of rigid sheets. These were applied on the masonry walls using contact
pressure and room temperature adhesive. The other fabrication solution was to apply the composite overlay as a wet lay-up
directly on the wall. In this situation, the polymeric resin acted a double role: it served as matrix for the composite fibers in
the overlay, and as adhesive for the joint between the composite overlay and the wall.
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A large scale MTS 904.98 Materials Testing System was used to test four unreinforced masonry wall specimens and six
masonry wall specimens reinforced with composite overlays. Diagonal shear load was applied in quasi-static increments per
ASTM E 519-81. The unreinforced masonry wall specimens failed due to cracks in the mortar between the bricks. The cracks
propagated in a typical staircase pattern. The failure load of the unreinforced samples averaged 31-kip, with the highest
individual value at 35-kip. The composite reinforced walls failed at higher loads. Since the reinforcing technology varied
from specimen to specimen, an average value was not deemed meaningful to computed. However, individual values varied
from 47-kip to 60-kip. During the composite-reinforced masonry wall tests, four distinct stages of behavior were observed.
(a) At a certain load level, cracks appeared in the mortar between the masonry units following a diagonal shear pattern. (b)
Due to the composite overlay, the wall still kept together and additional loading could be applied. (c) As high load levels
were attained, debonding of the composite overlay from the wall started to take place. (d) Final failure of the specimen was
accompanied by extensive debonding between the masonry wall and the composite overlay. The failure load recorded during
these tests was up to 94% higher than the failure load of an unreinforced wall. These tests showed the benefits of
strengthening masonry walls with composite overlay. They also identified the adhesive interface between the wall and the
composite as a critical area for structural safety. In order to address the possibility of early detection of structural damage in
the wall and of delamination between composite overlay and masonry wall, four of the six specimens were also instrumented
with electro-mechanical (E/M) impedance transducers. The transducers consisted of thin wafers of PZT-5A piezoceramic
material of size 1.25” ×1.25” × 0.01” (Quattrone, Berman, and Kamphaus, 1998). Five transducers were applied to each
specimen, one in the middle, and the other on the diagonals, one foot away from the corner. This placement pattern offered
84% area coverage for damage detection. The five transducers were wired to a switching box. The signal from the switching
box was sent to an impedance analyzer. The impedance analyzer and the switching box operated under PC control. The
impedance analyzer performed a frequency sweep of the E/M transducer over the range 45-65 kHz at recorded the impedance
at 401 discrete frequency points (Figure 5a). The output of the impedance analyzer was sent to the PC for processing. The
result of the processing operation was the value of the “damage index”, i.e. a metric of the amount of damage induced in the
structure. The damage indexed was defined in terms of the changes observed in the impedance spectrum with respect to a
base-line spectrum. The base-line spectrum was recorded for each E/M transducer at zero load and stored in the PC memory.
At each load level, the impedance spectrum of each E/M transducer was measured and the damage index was calculated.
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Figure 5 E/M impedance health monitoring of composite-overlay strengthening of masonry walls (URM specimen #10): (a) E/M
impedance spectrum for no load, 40-kip and 60-kip; (b) damage index (here, labeled “structural health indicator”) vs. load
(reproduced from Quattrone, Berman, and Kamphaus, 1998, with permission).

Figure 8b shows how the damage index changes with load. Two events need special attention. First, it should be noted that
significant changes in the damage index first appeared at 40-kip in the indication of transducers #1 and #2. Correlation with
visual observation during tests indicates that these transducers were placed at locations along a mortar crack. However, the
mortar crack could be visually observed at load levels higher than the level at which E/M impedance detection took place.
This indicates that the E/M impedance transducers were able to sense incipient damage taking place in the structure much
earlier than visual methods. This aspect is not surprising since the E/M impedance method is an active technique that is able
to detect structural damage that is impervious to the naked eye. Secondly, extensive changes in the damage index take place
at 60-kip, i.e., just before failure. (Failure load was recorded as the last load step supported by the specimen before failure.
Actual failure took place while loading from 60-ksip to the next load step.) At 60-kip, extensive damage was signaled not
only by transducers #1 and #2, but also by #3 and #5. This indicates that the E/M impedance technique was also able to
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detect wide-area damage and to predict failure of the structure.

Simplified Impedance Measurements Using an RC Bridge
Pardo de Vera and Guemes (1997), at the Polytechnic University of Madrid, Spain, employed the electromechanical (E/M)
impedance technique to detect damage in a GFRP composite specimen using a simplified impedance measuring method. The
simplified impedance-measuring method consisted in the use of an inexpensive laboratory-made RC-bridge instead of the
costly HP4194A impedance analyzer (Figure 9a).
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 (b) 

115 mm

PZT

30 mm

35 mm Simulated defect
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Figure 6 Experimental setup for GRFP composite health monitoring using the E/M impedance technique: (a) Inexpensive RC
bridge for detecting the E/M impedance change of a PZT wafer transducer affixed to the health monitored structure; (b)
GRFP specimen with PZT wafer transducer and hole. (after Pardo de Vera and Guemes, 1997)

The RC-bridge is initially balanced by making R2CPZT = R1C. This can be achieved by using a reference PZT wafer that is not
affixed to the structure. When the PZT wafer is affixed to the structure, an unbalance voltage is sensed between the test-
points A and B. This unbalance voltage contains information about the structure and about how the structure responds to the
active interrogation from the PZT wafer transducer. The advantage of using the RC-bridge lies in its low cost and simplicity.
The disadvantages of using the RC-bridge are (a) additional instrumentation and processing needs to be used to separate the
signal into its real (in phase) and imaginary (out of phase) parts. (b) Precise bridge balance needs to be initially attained in
order to prevent the excitation signal from filtrating into the output and masking the sensing signals (Pardo de Vera and
Guemes, 1997). The experimental set up consisted of a 4 × 30 × 115 mm3 GRFP specimen instrumented with a 0.2 × 10 × 20
mm3 PZT wafer transducer. The transducer was placed close to the left end of the composite specimen (Figure 9b). Damage
in the specimen was simulated by drilling holes of increasing size (3, 4, and 6 mm) on the central line of the specimen, 35
mm away from the PZT transducer. The instrumentation used during the experiment consisted of a high-rate A/D-D/A board
controlled by LabView software through a PC. Plots of the transfer
function (TF) over 1 kHz to 60 kHz range were obtained. Particular
activity was noticed in the 38 kHz range: as the hole size was
increased, the amplitude of the corresponding resonance frequency
was noticed to increase too. In order to quantify damage, a damage
factor, D, was defined as the difference between the transfer function
amplitudes of the damaged and undamaged structures:

−= 0
ii TFTFD (1)

The damage factor is usually used in qualitative evaluation, i.e. to tell
if incipient damage is present or not in the structure. In such case, an
alert threshold is usually set, and an alarm is sounded when the
threshold value is exceeded. Pardo de Vera and Guemes (1997) also
explored the possibility of correlating the damage factor with the
defect size. In this case, the damage factor can be used to perform quantitative evaluations, i.e., to identify the size and extend
of damage. Figure 10 presents a plot of the damage factor, DF, against the simulated-defect size (hole diameter). It can be
seen that a fairly good linear fit is present. This indicates that the E/M impedance technique, besides sensing incipient
damage, is also able to sense damage size.Pardo de Vera and Guemes (1997) also considered the effect of environmental
changes., e.g., temperature variations, on the PZT response, and developed a compensation method based on correction
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coefficients. In their study, a temperature range from 340C to 470C was considered. Increments of 10C were considered. In
line with previous observations by Sun, Chaudhry Rogers et al. (1995), a shift of the frequency peaks with temperature was
noticed. Using dimensional analysis, a temperature scale factor was developed of the form:

�
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L
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where VA and VS are the actuation and sensing voltage amplitudes, ε is the electric permittivity of the PZT, d31 is the cross-
axis induced-strain coefficient, L is a length scale,
ω is the excitation angular frequency, while E,
EPZT and ρ, ρPZT are the Young’s modulus and
density of the substrate and PZT, respectively.
The variable Geom signifies a generic variable
describing the geometrical features of the setup.
Using certain simplifying assumptions, Pardo de
Vera and Guemes (1997) proposed the correction
law:

Tba ∆��
�

� −−=
2

1
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ω (3)

where ω0 and ω are the original and the current
frequency values of the response peaks, ∆T is the
temperature increment, and sa and b are the
temperature variation coefficients of d31 and ε,
respectively. Figure 11 presents a plot of the
experimental frequency ratios vs. temperature
increment. A fairly good linear variation can be inferred from this graph. Thus, experimentally determined temperature-
correction factors could be determined. Pardo de Vera and Guemes (1997) used these temperature-correction factors to
successfully compensate for temperature changes in their experiment.

Piezo-Composite Film Transducers Embedded in Layered Composites
Blanas et al. (1997), at the US Army Research Laboratory, reported the development of very thin piezoelectric-composite
wafer transducers that can be incorporated into composite plates. The piezoelectric composite consists of piezoelectric filler
ceramics into a polymeric matrix material. Calcium modified lead titanite (PTCa) piezoelectric ceramic powders of 10-30 µm
grain size were used as fillers. Polar copolymers (P(VDF-TrFE)) and non-polar epoxy resin were the two alternative matrix
materials used in the study. After the piezoelectric filler was intimately mixed with the matrix, a hot press method was used
to produce thin films of 100-150 µm thickness. Aluminum electrodes (1000 Å = 0.1 µm thick) were vacuum deposited on
both sides of the transducers. The films were poled at up to 25 kV/mm across the thickness in a silicon bath. The films were
poled at 800C/1000C, respectively, and then allowed to cool in the field.

The resulting piezo-composite films were found to have both 0-3 and 1-3 connectivity, where the first number refers to the
piezoceramic granules and the second term refers to the polymeric matrix. When the piezo-ceramic loading is sufficiently
high, 1-3 connectivity could be observed in thin piezo-composite films, with the thickness dimension of same order of
magnitude as the grain size. Since the piezo-composites developed by Blanas et al. (1997) presented both 0-3 and 1-3
connectivity, their connectivity was termed “mixed connectivity”.

The 3-direction poled piezo-composite films are expected to present both 33 and 31/32 piezoelectricity. This means that they
would electrically respond to direct strains applied normal to the mid-plane (33 effect) as well as in the mid-plane (31 and 32
effects). Blanas et al. (1997) used the monomorh piezo-polymeric films to fabricate bimorph elements that, through the
appropriate wiring option (either series or parallel), could be made to respond to either axial or bending deformation.
Monomorph and bimorph piezo-composite films were embedded in S-glass/epoxy composite plates. Experiments were
performed to detect acoustic (AE) emission signals. Acoustic emission is hypothesized to occur when a local defect (crack,
disbond) takes place and acoustic waves of a certain pattern (pops) are generated. In these experiments, simulated AE signals
were generated by the pencil-lead breaking method. The AE information travels through the composite in the form of Lamb’s
plate waves. Both the high-frequency low-amplitude axial waves and the low-frequency higher-amplitude bending waves are

Figure 8 Correlation between frequency factor and temperature increments
(reproduced from Pardo de Vera and Guemes, 1997)
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generated. were detected. Figure 12a shows the time domain signal, while Figure 12b presents its Fast Fourier Transform
(FFT). The time domain plot shows how the axial wave arrives first, followed by the flexure wave. The high-frequency low-
amplitude characteristics of the axial wave and the low-frequency high-amplitude characteristics of the flexure wave are
clearly apparent.

(a)

(b)

Extension mode Flexure mode

 (c)

Figure 9 PTCa/P(VDF-TrFE) bimorph transducer for the detection of acoustic emission signals in composite plates: (a) schematic
of transducer insertion into GFRP laminate; (b) time response to a simulated AE source; (b) FFT of the time response
signal (after Blanas et al. 1997)

The piezoelectric composites are inherently less brittle than the pure piezoceramics. This greatly increases their processability
and makes then easier to use in applications. Piezoelectric composites can be manufactured in thinner gauges than
piezoceramics (lower limit on piezoceramic thin wafers seems to be around 0.0075-in ~ 190 µm, while piezo-composite films
reported by Blanas et al. are as thin as 100 µm). Besides, thin polymeric piezo-composites behave like films, while even very
thin piezoceramics still behave like plates. The strain to failure of polymeric piezo-composites is many times larger than that
of piezoceramics. These attributes make polymeric piezo-composites an ideal candidate for embedding in composite
materials. Polymeric piezo-composites are generally more forgiving, and have the potential of sustaining in-service strains
and impact loads. These benefits are, however, accompanied by the reduction in stiffness and force capabilities. However,
this reduction may be less dramatic than the reductions experienced by pure piezo-polymers, e.g., PVDF. In granular
composite, the effective modulus can be coarsely predicted by the rule of mixtures through compliance addition. Since the
polymeric phase is about two orders of magnitude more compliant than the ceramic phase, its compliance is dominant. For a
piezo-composite with, say, 40% vol. of polymer, the effective compliance will be 40% that of the polymer. In terms of
modulus, this means that a piezo-composite with 40% vol. of polymer has a modulus about 2.5 higher than that of the neat
polymer. For a 35% vol. of polymer, the effective modulus may be up to 3 times that of the matrix. In their work, Blanas et
al. (1997) reported volume fractions of polymer between 35% and 40%, but did not make modulus determinations However,
for an epoxy matrix, with EEpoxy ~ 3.3 GPa, the corresponding piezo-composite modulus could be as high as 10 GPa. This is
still about 1/7 of the modulus of neat piezoceramics (~70 GPa).

The piezocomposite microtransducers developed by Blanas et al. (1997) also have the potential of being used in conjunction with
the electromechanical impedance technique. This application would take these revolutionary transducers a step further from the
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passive into active applications. When used as pure acoustic emission sensors, the piezocomposite are only passive devices that do
not interact with the host structure and only listen to its sounds. But when used as E/M impedance transducers, they become active
devices that also send calibrated frequency elastic wave signals into the structure and determine the structures health from its
response impedance signature. In order to perform this transition from passive into active devices, the mechanical energy
generation capability of these microtransducers will have to be determined using mathematical predictions and experimental
determinations.

Electronic Packaging and Miniaturization Concepts for E/M Impedance Method Implementation
The E/M impedance method for structural health monitoring and NDE is a technique still in its infancy. To date, many proof
of concept demonstration experiments have been conducted, and a variety of structures have been considered. However, all
of these experiments have used as their ‘work-horse’ laboratory size impedance analyzer equipment which is rather bulky and
not easily transportable. However, for the E/M impedance technique to move from laboratory demonstrations into real-life
field applications, the development of miniaturized field-portable impedance measurement equipment must be performed.
This task is being now undertaken at the University of South Carolina. Figure 13a presents a laboratory size impedance
analyzer (HP 4194A). This full size piece of equipment measures 16.73-in × 14.76-in × 24.41-in, and weighs 81.4-lb. Figure
10b shows the schematic diagram of the impedance analyzer core electronic block. This core electronic block consists of a
signal-generation section, an auto-balancing bridge section, and a vector ratio detection section. In the signal generation
section, an oscillator and an amplifier are used to produce an excitation signal of required frequency and amplitude. The
excitation signal is sent through the PZT transducer (DUT – device under test – in Figure  13). DUT is electrically connected
in series with a range resistor. The auto-balancing bridge uses a null detector to automatically maintain the junction point Lc
between the DUT and the range resistor at zero potential (Lp ~ 0 V). The vector ratio detector section receives the voltage
(Hp) and current (Hc) signals, ratios them (impedance = voltage / current) and determines their relative phase. Thus, both the
amplitude and the phase of the impedance have been determined. An A/D converter transforms this information into digital
signal and sends it out for recording and implementation.

(a)   (b)

Figure 10 The impedance analyzer equipment plays a central in the E/M impedance technique: (a) HP 4194A laboratory size
equipment is a full-size instrument of 16.73-in × 14.76-in × 24.41-in, and 81.4-lb weight. (b) the impedance analyzer core
circuits (Honda, 1988) should be easily miniaturized and packed into transponder-size dimensions.

It is apparent from this schematic diagram that the development of miniaturized equipment for the E/M mechanical
impedance technique is feasible. By focusing the attention on the its basic functions, miniaturization and electronic packaging
principles can be applied, and transponder size dimensions can be achieved. The electronics necessary for this method are no
more complicated than the electronics currently used in the resistive strain gauge bridges. The only major difference seems to
lie in the fact that, for the E/M technique, the oscillator needs to sweep a range of frequencies, while for the conventional
resistance strain gauges, the power source is either DC, or at a constant frequency (say, 1 kHz). Considering these facts, it is
apparent that the electromechanical impedance technique has the potential to become no more difficult to use than the
conventional resistance strain gauge methods. Since resistance strain gauges have achieved wide spread acceptance in many



engineering fields, it is envisaged that E/M impedance gauges will also become widely used in the foreseeable future.

Disbond Sensors for Adhesively-Bonded Rotor Blade Structures
The use of the E/M impedance technique for detecting disbonds between adhesively bonded structural elements was
investigated in the Department of Mechanical Engineering of the University of South Carolina. Helicopter blade sections
from the Apache 64H helicopter were considered. These rotor blades have a built-up construction consisting of preformed
sheet-metal members adhesively bonded with high-performance structural adhesive. In service experience with these blades
has shown disbonds between the structural elements appearing due to in-flight vibrations. In our experiment, we considered a
rear rotor blade section, as shown in Figure 14. The section was instrumented with several E/M impedance wafer transducers
of size 0.5-in × 0.5-in acting as of disbond gauges. The disbond gauges were adhesively bonded to the surface using standard
strain-gauge installation procedures.

Figure 11 E/M impedance disbond gauges were placed on a rear rotor-blade section in critical areas to detect delamination
between the adhesively bonded structural elements.

An HP4194A Impedance Analyzer was used to measure the E/M impedance signature of the disbond gauges attached to the
structure. Based on initial exploratory tests, the frequency range 100 to 750 kHz was selected. A base-line measurement of
the E/M frequency response of the structure in the “as received” condition was first recorded (Figure 15, dashed line).
Repeated sampling of the data indicated a stable and reproducible pattern of the impedance spectrum. Strong activity (clearly
defined response peaks) was observed in the 200 kHz band. Activity of lesser amplitude also appeared in the 400 kHz and
650 kHz bands, but. The data was stored in PC memory as base-line signature of the structure in the “as received” condition.
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Damage was mechanically induced in the structure in the form of local disbonds. A sharp knife blade was used to induce
local disbonds starting at the edge of the test section. The extent of the disbonds was about 0.5-in spanwise, i.e., ~10% of the
total bond length. The E/M impedance spectrum of the damaged structure is also shown in Figure 15 (continuous line).
Examination of the damage-structure E/M impedance spectra in comparison with the base-line spectra (dashed-line) reveals
three important phenomena: (a) frequency shift of existing peaks; (b) increase in peak amplitudes; and (c) appearance of new
peaks. The frequency shifts were consistently towards lower frequencies. This left shift in frequency could be explained by
the increase in local compliance due to disbonds. The increased impedance amplitude can be also correlated with the decrease
in local damping that appears when the two faying surfaces were separated. The appearance of new peaks is justified by the
new local modes that are created when disbonds appear. The damage index (DI) was calculated using the Euclidean norm of
Equation (3). The damage index values are shown as text in Figure 15. It can be seen that the damage index has a moderate
value at the #1 location (DI = 39.4%) and a higher value at the #3 location (DI = 286.1%). This difference is consistent with
from the visual appearance of the E/M impedance curves. The changes observed in the #1 location spectrum are less intense
than the changes observed in the #3 location spectrum. Further work needs to be done to fully develop this E/M impedance
disbond sensor. The research will concentrate on (a) Determining the sensing range of the E/M impedance disbond gauges.
(b) Establishing the environmental effects on the gauge performance (temperature and humidity); (c) Determining the
correlation between gauge size and driving voltage, on one hand, and disbond sensing range, on the other hand. (d)
Calibration of the disbond gauge in terms of minimum disbond size and minimum sensing distance as function of gauge size
and driving voltage.

CONCLUSIONS
The electro-mechanical (E/M) impedance technique is an emerging NDE technology with high potential for in-situ health
monitoring of complex machinery. Its fundamental principles have been briefly reviewed and its benefits highlighted. Recent
advancements in the E/M impedance technique have focused in two main directions: (a) development of new transducers and
signal analysis hardware; (b) extension of the E/M method into new application areas. Considerable success has been
achieved in both these directions. Further theoretical and applied research is needed to achieve sufficient understanding of the
complex interaction between wave propagation, drive-point structural impedance, structural damage, and the E-M impedance
response of the piezo-electric wafer transducer. The following areas of further research are proposed. (i) Development of a
wave-propagation-based model to predict the E/M impedance response as function of structural damage (disbonds, voids, and
delaminations). (ii) Mathematical modeling of the response of an elastic half-plane and of thin plate structures to the in-plane
“pinching” actuation of the piezo-electric transducer (so far, this problem has only been studied for out-of-plane normal
actuation in the context of ultrasonic methods). (iii) Further development of piezo-composite film transducers for
embodiment into composite structures. (iv) Exploration of the miniaturization and electronic packaging issues for stand-alone
field-portable impedance analyzer equipment coupled with transponder technology. (v) The study of the size, excitation level
and energy transduction issues for practical implementation of the E/M impedance method to various engineering structures
made of monolithic and/or composite materials. Once the understanding of these aspects is achieved, the E/M impedance
method will know a quick development into a well-established NDE technique used with wide engineering applicability from
aeronautics and space, through land and water transportation and civil infrastructure to biomedical and bioengineering fields.
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