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ABSTRACT1

This paper presents the electro-mechanical (E/M) impedance method for
structural health monitoring and non-destructive evaluation. The precursors to this
method have been developed over a period of several years by Professor Craig A.
Rogers and a number of his Ph.D. students and research collaborators, but a unified
approach has only recently been established. Section 1 of the paper gives a brief
listing of the precursor work and the related research. Section 2 presents a
description of the E/M technique, indicating the basic equipment, the conceptual
system diagram and typical impedance response and damage index results. Section
3 deals with the main physical ingredients of the E/M technique, i.e., the direct and
converse piezoelectric effects, and the elastic wave propagation through an elastic
medium. Formulae for the electro-mechanical impedance and for the damage index
are briefly presented. Section 4 presents the advantages and special characteristics
of the E/M impedance method, and compares it with other NDE techniques such as
vibrations, ultrasonics, eddy currents, E/C impedance, etc. Section 5 shows a
number of experimental proof-of-concept demonstrations that illustrate the
applicability of the E/M technique to a large number of engineering areas. The
paper finishes with conclusions and a comprehensive list of references.

1. INTRODUCTION
The structural-integrity health-monitoring for detection of incipient damage in

aging structures remains a major preoccupation of the engineering community.
During scheduled maintenance and overhaul of a variety engineering structures
ranging from bridges, to aircraft, Navy ships and nuclear reactors, a battery of
damage detection methods are applied to assess the structural health. However,
none of these NDE techniques can perform continuous monitoring of the structure
using non-intrusive small transducers that could be remotely interrogated in an
automated mode. The electro-mechanical impedance technique aims to do just this.

The precursors to the electro-mechanical (E/M) impedance technique for
structural health monitoring and non-destructive evaluation were developed over a
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period of several years by Professor Craig A. Rogers with the assistance of a
number of Ph.D. students and research collaborators. Liang, Sun, and Rogers
(1993), and Giurgiutiu, Chaudhry and Rogers (1994) described the coupling
between the electrical and mechanical impedance of a piezoelectric transducer
affixed to an elastic structure. Chaudhry, Sun, and Rogers (1994) and Sun,
Chaudhry, Liang and Rogers (1995) use impedance measurements on a model
space-truss to identify damage. Sun, Chaudhry, Rogers, and Majmundar (1995)
used switching electronics and real-time computer data processing to interrogate
several transducers placed on the space-truss model. Chaudhry, Joseph, Sun and
Rogers (1995) studied local-area health monitoring on a tail-fuselage aircraft
junction. Chaudhry, Lalande, Ganino, Rogers, and Chung (1995) measure the
structural integrity of a composite patch repair specimen. Ayres, Rogers, and
Chaudhry (1996) investigated the health monitoring of a ¼-scale steel bridge
junction. Childs, Lalande, Rogers, and Chaudhry (1996) studied the NDE of
complex precision parts. Estaban, Lalande, Rogers, and Chaudhry (1996) attempted
the modeling of wave-propagation in bolt-jointed 1-D bars.

Other investigators used different approaches for structural health monitoring.
Keilers and Chang (1995) identified delamination in composite beams using an
array of PZT wafers, some acting as actuators, others as sensors. Lakshmanan and
Pines (1997) used wave propagation models to detect transverse cracks in a rotating
composite beam. Saravanos, Birman, and Hopkins (1996) proposed the use of
surface mounted piezoelectric transducers to detect changes in local curvature of a
composite beam under sub-resonance excitation. Moetakef, Joshi, and Lawrence
(1996) considered the generation of elastic waves through piezoceramic patches.

2. DESCRIPTION OF THE ELECTRO-MECHANICAL IMPEDANCE
TECHNIQUE

The electro-mechanical impedance technique utilizes the direct and the
converse electro-mechanical properties of piezoelectric (PZT) materials, allowing
for the simultaneous actuation and sensing of the structural response. The variation
of the electro-mechanical impedance of a PZT sensor-actuator interrogator
intimately bonded to the structure is monitored over a large frequency spectrum in
the high kHz frequency band (Figure 1). The basic ingredient for the method are: an
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Figure 1 Principles of the electro-mechanical impedance technique: (a) Schematic
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diagram of the experimental set-up; (b) conceptual diagram of the
automated monitoring system.

array of piezo-electric PZT sensor-actuators applied to the monitored structure, and
a high-precision impedance analyzer coupled to a data-acquisition computer. The
size of the PZT sensor-actuators is typically small (less than 0.5 sq. in., 0.01 in.
thick), allowing for non-intrusive installation in the monitored structure. The PZT
sensor-actuator is excited electrically by high-frequency low-power voltage, and its
complex electro-mechanical impedance is measured over a given frequency range.
Figure Error! Not a valid link.a shows the frequency response diagrams obtained
during a typical laboratory demonstration of the electromechanical impedance
technique. Figure Error! Not a valid link.b presents a typical damage index diagram
that distinguishes between damaged and undamaged locations during the health-
monitoring process.
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Figure 2 Typical damage detection results: (a) impedance signature pattern;
(b) damage index comparison (after Chaudhry, Joseph, Sun and Rogers,
1995).

The high resolution of this technique is ensured through the intimate electro-
mechanical coupling between the electrical impedance response of the piezo-
electric sensor-actuator 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 area of the PZT sensor-
actuator. The insensitivity of the methods to far-field changes ensures rejection of
the unwanted far-field information and prevents the method from giving “false
alarms” due to changes that are part of the normal structural usage (changes in
boundary conditions and 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. This aspect is a significant advantage for quickly
bringing this NDE technique to wide-spread practical implementation.

3. PHYSICAL MECHANISM OF THE ELECTRO-MECHANICAL
IMPEDANCE TECHNIQUE

The electro-mechanical impedance technique relies on two main physical
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principles: (a) the piezo-electric material coupling between mechanical and
electrical fields that permits the interrogation of the structural health through
electric means; and (b) the elastic wave propagation that allows the interrogation
signal to travel into the structure. A brief review of these aspects is given next.

3.1 PIEZO-ELECTRIC TRANSDUCERS
3.1.1 Basic Equations of Linear Piezo-Electric Material Behavior

The general constitutive equations of linear piezo-electric material behavior,
given by ANSI/IEEE Standard 176-1987, describe a tensorial relation between
mechanical and electrical variables (mechanical strain ijS 1, mechanical stress ijT 2,
electrical field iE 3, and electrical displacement iD 4) in the form:

, k
T
jkkljklj

kkijkl
E
ijklij

ETdD

EdTsS

ε+=

+=
(1.)

where sijkl
E 5 is the mechanical compliance of the material measured at zero electric

field ( E = 0 6), ε jk
T is the dielectric permittivity measured at zero mechanical stress

( T = 0 7), and dkij 8 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.

3.1.2 Surface -Mounted PZT Wafer Transducers
The piezo-electric transducers used in the electro-mechanical impedance

technique are thin Lead (Pb) Zirconate Titanate (PZT) ceramic wafers intimately
bonded to the surface of the host structure (Figure Error! Not a valid link.a). 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.

 (a)

PZT wafer
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wires

 (b)

PZT wafer
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2-D Surface

 (c)

PZT wafer
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Figure 3 Details of the E/M impedance technique: (a) PZT wafer transducer
affixed to the host structure; (b) PZT wafer transducer acting on a 2-D
surface;(c) PZT wafer transducer acting on a 1-D structure.

For a PZT transducer affixed to 1-D member, e.g., a beam along the 1-direction
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(Figure Error! Not a valid link.c), 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 (Figure Error!
Not a valid link.b). Since the electro-mechanical coupling constants, d31 and d32, have
essentially same value, radial symmetry can be applied, and the analysis can be
reduced to a one-dimensional case in the radial coordinate, r.

3.1.3 Driving-Point Impedance
The effect of the piezo-electric transducer bonded to the structure surface is to

apply a local strain parallel to the surface that creates strain waves in the structure.
In response, the structure presents to the transducer a local drive-point mechanical
impedance, Z i m c ikstr e e e( ) ( ) ( ) ( ) /ω ω ω ω ω ω= + − . Through the coupling between
the mechanical and electrical effects taking place in the transducer, the structural
impedance modifies the effective electrical impedance of the piezo-electric
transducer. The electro-mechanical impedance technique for health monitoring and
NDE utilizes the changes that take place in the driving point impedance to identify
incipient damage in the structure.

v t V t( ) sin( )= ω PZT wafer
transducer

ce(ω)

F(t) ke(ω)

me(ω)

�( )u t
 i t I t( ) sin( )= +ω φ

Figure 4 Electro-mechanical coupling between the PZT transducer and the
structure.

The driving point impedance change is sensed electrically through the electro-
mechanical coupling of the piezo-electric transducer,

Y = i C 1
Z

Z + Z
str

PZT str
( )

( )
( ) ( )

ω ω κ
ω

ω ω
−� �31

2 , (2.)

where Y = Z( )ω ω1/ ( ) is the equivalent electro-mechanical admittance, and κ31 is

the electro-mechanical cross-coupling coefficient, i.e., κ ε31 13 11 33= d s/ .

3.1.4 Complex Impedance Spectrum and Scalar Damage Index
The complete application of the electro-mechanical impedance method is

performed by scanning a predetermined frequency range in the hundreds of kHz
range and recording the complex impedance plots. By comparing these plots for at
various intervals during the service of a structure, meaningful interpretation can be
extracted pertinent to the modifications taking place in the structure and the
appearance of defects. The frequency range has to be high enough for the
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 taking place in the structure. A convenient damage index is:

[ ]M Y Yi i
N

= −Re( ) Re( )1 0 2
, (3.)

where N is the number of sample points in the spectrum, and the upperscripts 0 and
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1 signify the initial and the present state of the structure.

3.2 WAVE PROPAGATION IN ELASTIC MEDIA
A wave propagating along the x-axis follows the differential equation

∂ ∂ ∂ ∂2 2 2 2 2u t c u x/ /= , (4.)
where u is a generic disturbance, and c is the wave speed. The general solution of
Equation (1) is given in the form (Graff, 1991):

u x t Ae Bei x t i x t( , ) ( ) ( )= +− +γ ω γ ω , (5.)
where ω is the circular frequency and γ is the wave number.  The first term in
Equation (2) signifies an advancing wave, while the second term represents a
retreating wave. The constants A and B are determined from the initial conditions. If
the medium is bounded, boundary conditions are also imposed, and wave reflection
and refraction takes place at the boundary. Equation (2) can also be expresses as

u x t Ae Be
i

x t
T

i
x t

T( , )
( ) ( )

= +
− +2 2π λ π λ , (6.)

where T is the period of oscillation ( T f= 1/ ) and λ is the wavelength ( λ = cT ).

3.2.1 Elastic Waves in Infinite Solids
In an unbounded 3-D elastic solid, two basic waves type can exist: dilatational

and rotational. Dilatation waves, (Kolsky, 1963), are described by the equation
( )ρ∂ ∂ λ µ2 2 22∆ ∆/ t = + ∇ , where ∆ = + +ε ε εxx yy zz  is the dilatation of the

medium, λ is Lame's constant, µ is the shear modulus (a.k.a. G), and ρ is the mass
density. (The constants λ and µ can be related to the Young's modulus, E, and
Poisson's ratio, ν, by [ ]λ ν ν ν= − +E / ( )( )1 2 1  and [ ]µ ν= +E / ( )2 1 . The propagation

speed of dilation waves is ( )c∆ = +λ µ ρ2 /  (Table Error! Not a valid link.). In
seismic studies, dilatational waves are called P-waves, where "P" stands for
"principal" or "pressure".

Table 1 Propagation velocities c∆∆∆∆, cωωωω, and cR for various materials (adapted after
Graff, 1991, pp.278)

Material Dilatational wave
speed c∆

Rotational wave speed
cω

Rayleigh wave speed
cR

m/sec ft/sec m/sec ft/sec m/sec ft/sec
Aluminum 6,150 20,177 3,100 10,171 5,705 18,718

Gold 3,140 10,302 1,170   3,839 2,913 9,557
Steel 5,710 18,734 3,160 10,367 5,289 17,351

Concrete 2,425 7,956 1,617   5,305 2,165 7,103
Rotational waves are described by ωµ∂ωρ∂ �� 222 2/ ∇=t ,, where ω  is the

rotation vector ( 32231 // uuuu ∂∂∂∂ω −= , etc.). The propagation speed of rotational

waves is ρµω /2=c  (Table Error! Not a valid link.). Rotational waves correspond
to incompressible distortion of the solid, e.g., shear, and are often referred to as
distortion waves or shear waves. Distortional waves can be polarized in a preferred
plane. In seismic studies, distortion waves are called as S-waves, where "S" stands
for "secondary" or "shear". SH-waves signify shear motion taking place in the
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horizontal plane, while SV-waves refer to the vertical plane.

3.2.2 Elastic Waves in Bounded Solids
When the solid medium is not infinite, two additional aspects have to be

considered in connection to the boundary effects: (a) the effect of wave reflection
and refraction on the boundary; and (b) the existence of additional wave type
closely related to the boundary effects. The main effect of wave reflection at the
boundary is that the presence of only one type of wave cannot be maintained. E.g.,
when a pure pressure wave traveling at an oblique angle hits a free boundary, both
pressure and shear waves are generated in the reflection process.

Figure 5 Distribution of displacement and energy in dilatational, shear, and
Rayleigh waves generated in an elastic half-space by a harmonic normal
load (after Woods, 1968).

A free boundary gives rise to new wave types connected with the movement close
to the solid surface: Rayleigh waves and Lamb waves. Rayleigh wave amplitude
decreases rapidly with depth, and becomes almost zero at a depth of approximately
1.6λ. At the surface, the energy contained in the Rayleigh waves greatly exceeds the
energy contained in the shear and pressure waves, as illustrated in Figure Error! Not
a valid link.. This aspect is essential not only in seismology, but also in wave-based
NDE, for the detection of defects must be inferred from surface interrogation of the
material. The propagation speed of Rayleigh waves is close to that of shear waves,
i.e. )1/()12.187.0(/ 2 νν ++≈ccR  (Table Error! Not a valid link.). Love waves are
confined to a superficial layer existing on top of a homogeneous solid. Their
propagation speed depends on frequency and approaches the shear wave speed in
the substrate material for f → 0.

3.2.3 Elastic Waves in Rods, Plates and Shells
The elastic waves propagating in rods can be axial, torsional, flexural and shear.

The longitudinal waves involve uniform axial pressure, while torsional waves
involve torsional shear. The propagation of axial waves takes place with the
velocity c E0 = / ρ , while the torsional waves propagate with c GS = / ρ . The
flexural waves involve normal stress varying linearly across the cross-section. At
relatively low frequencies (e.g., f < 100 kHz in a 1-in diameter steel bar), flexure



8

waves are described by the classical Euler-Bernoulli theory of bending, and their
wave speed varies linearly with the wave number ( c EI AF = γ ρ/ ). At higher
frequencies, Timoshenko's theory of flexural vibrations predicts the simultaneous
presence of two types of waves, one associated with bending, the other with shear.
At very high frequencies and wave numbers (γ → ∞ ), their propagation speeds
become c E0 = / ρ  and c GS ' /= κ ρ , respectively, where κ is a cross-section
related numerical factor. Similar effects are also present in plates and shell, though
the mathematical description of the phenomenon becomes more elaborate. Of
special interest are also the Lamb waves; these appear in plates just as Rayleigh
waves appear in solids.

Elastic wave propagation is essential in the understanding of the electro-
mechanical impedance technique. The wave propagation dynamics (transmission,
refraction and reflection) determines the driving-point impedance of the structure,
and it modification with the degradation of the material and of the structural joints.
For this reason, the operating frequency must be in the high hundreds of kHz range,
such that the wavelength is well below the typical size of the structural defects.

4. ADVANTAGES AND SPECIAL CHARACTERISTICS OF THE
ELECTRO-MECHANICAL IMPEDANCE TECHNIQUE
The electro-mechanical impedance technique has several advantages over other
health monitoring methods. In summary, these advantages are:
•  Not based on any model, and thus easily applied to complex structures.
•  Non-intrusive and small-size light weight transducers that add no significant

mass to common structures and can be placed in inaccessible locations.
•  Insensitive to unwanted disturbances associated with changes in boundary

conditions, loading, or normal operational vibrations.
•  Capable of on-line health monitoring, and suitable for continuous monitoring

that can replace scheduled depot-based inspections.
Several special characteristics differentiate the electro-mechanical impedance
technique from other NDE techniques such as modal analysis, frequency spectrum,
ultrasonics, eddy currents, etc., as detailed next.

4.1 VIBRATIONS-BASED TECHNIQUES
The vibration based NDE techniques bear resembles with the present method
inasmuch that it uses vibrations to identify damage. Most vibrations-based NDE
techniques rely on performing a system vibrations identification of the structure
before and after damage. The presence of damage is inferred from subtle
modification appearing either in the structural frequencies, or in the modal,
stiffness, damping and mass, or in the structural modeshapes. The main drawback
of the vibrations approach is that it relies on the measurement of global  properties
to identify localized changes. Global parameters do not change significantly when
small local damage takes place. At low frequencies, small local cracks cannot
significantly affect the modal frequency to permit effective detection. And the long
wavelength of the low frequency modes across the local crack or damage without
sensing it. The presence of small flaws and localized or incipient damage in the
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structure though it can be critical to the structural safety, may only induce minute
changes in the global vibration response of the structure. In contrast, the E/M
impedance technique performs damage detection on a local level and can identify
minute changes that would pass unobserved by a global vibrations based method.
The E/M impedance technique can detect incipient localized damage and is ideal as
an early-warning technique.

4.2 ULTRASONICS
Ultrasonic techniques have gained wide acceptance and popularity as NDE methods
due to their capability of detecting local damage (Krautkramer, 1990). They rely on
elastic waves propagation and reflection within the material, and identifies the field
inhomogeneities due to local damage and flaws. The ultrasonic techniques use large
transducers, that transmit pulses of elastic waves and interpret the reflection and/or
the transmission of these to extract information about the state of the structure.
Ultrasonic detection is best suited for through-the-thickness excitation. Since
ultrasonic waves cannot be practically induced at right angles to the structural
surface, localized surface flaws, and transverse cracks cannot be readily detected. In
contrast, the E/M impedance technique uses small inexpensive transducers,
permanently bonded to the structural surface. It can produce waves parallel to the
surface, and thus detect damage that would escape an ultrasonic method.

4.3 EDDY CURRENTS
Eddy current methods can detect well surface damage and cracks perpendicular to
the surface, but it is restricted to conductive material. The eddy current techniques
resemble the E/M impedance method inasmuch that they perform stead-state
harmonic interrogation of the structure, but they rely on electric and magnetic fields
and hence can only be applied to conductive materials. In contrast, the E/M
impedance technique is based entirely on elastic waves propagation and can be
applied to all common engineering structural materials.

4.4 THE ELECTRO-CHEMICAL (E/C) IMPEDANCE TECHNIQUE
The electro-chemical (E/C) impedance technique bears a phonetic resemblance to
the E/M impedance method, but it is based on different principles and has a
different domain of application. The E/C impedance method measures the electro-
chemical impedance of pure substances and compounds at small and very small
frequencies. In contrast, the E/M impedance method measures the electro-
mechanical impedance of the structure at high and very frequencies.
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5. EXPLORATORY DEMONSTRATIONS OF THE ELECTRO-
MECHANICAL IMPEDANCE TECHNIQUE

 (a)  (b)
Figure 6 E/M impedance health monitoring of a 3-bay space truss (a) the

experimental set-up; (b) E/M impedance frequency spectrum before and
after application of near-field damage (Chaudhry, Sun, and Rogers, 1994)

High-frequency electro-mechanical (E/M) impedance measurements offer two clear
benefits over vibration-based NDE methods: (a) ensures high resolution to incipient
material and structural damage; (b) ensures localization of the actuation/sensing
area. A few exploratory experiments are presented next.

5.1 THREE-BAY ALUMINUM TRUSS
Chaudhry, Sun, and Rogers (1994) described the use of the E/M impedance
technique for health monitoring a three-bay aluminum truss (Figure Error! Not a
valid link.). The purpose of this experimentation was the on-line implementation of a
system using PZT actuator/sensors at multiple critical locations. Small PZT's
(approximately 8 x 8 x 0.2 mm) were bonded to the eight nodes of the middle-bay.
Damage was simulated by loosening one of the member's connection with the nodal
Derlin-ball.

5.2 TAIL-FUSELAGE AIRCRAFT JUNCTION
Chaudhry, Joseph, Sun, and Rogers (1995) used this technique to perform
exploratory testing of a typical aircraft joint structure using (Figure Error! Not a valid
link.a). The spectral difference between the electro-mechanical impedance curves
can be quantified in a scalar value using a least-squares approach, called damage
index.
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Figure 7 The tail-fuselage bolted junction of a Piper Model 601P airplane:
(a) location of PZT interrogators; (b) damage index bar-chart (after
Chaudhry, Joseph, Sun, and Rogers, 1995).
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Figure Error! Not a valid link.b shows the damage index measured in the exploratory
demonstration of the E/M technique performed on the Piper Model 601P aircraft
fin/fuselage bolted junction. It is important to notice that the method is highly
sensitive to actual damage, while it is relatively insensitive to other types of
changes taking place during the normal operation of the aircraft. The sensing
localization and sensor cross-talk properties are also remarkably good. Large
damage readings were recorded for the smallest bolt turn in the near-field, while
almost no reading was obtained when the same change was applied to a bolt in the
far field.

5.3 HEALTH MONITORING OF A COMPOSITE PATCH REPAIR
Due to in-service degradation, a structure can become damaged and develops
cracks. In lieu of complete replacement, the structure can be locally repaired using
composite patches (advanced high-strength fibers embedded in a polymeric resin).
The composite patches act as crack stoppers: the load field around the repaired
crack is redirected through the composite patch, and the crack is arrested. In a
typical application, cracks developed in an aircraft metallic skin are repaired with
carbon/epoxy patches applied with a wet lay-up technique. However, its
effectiveness depends to a very large extend on the adhesive bond between the
substrate and the composite patch repair. NDE methods for monitoring and early
detection of cracks and delaminations in the adhesive interface are essential for the
acceptances of this repairs technique. To test the applicability of the E/M

 (a)

P ZT in terroga tor
Carbon /epoxy

com posite  pa tch
repa ir

M eta llic  dog-bone
specim en

 (b)
Figure 8 E/M impedance health monitoring of composite patch repair: (a) dog-

bone specimen; (b) electro-mechanical impedance plots (after Chaudhry,
Lalande, Ganino, Rogers, and Chung, 1995).

impedance technique to the repair health monitoring, an experiment was performed
using a 700 mm × 126 mm dog-bone specimen repaired with a 200 mm × 70 mm
carbon/epoxy patch interface (Chaudhry, Lalande, Ganino, Rogers, and Chung,
1995). A 10 mm × 10 mm PZT interrogator was used to monitor the crack growth
under fatigue loading and to detect disbonds in the patch/substrate (Figure Error!
Not a valid link.).

5.4 CONCEPTS FOR SPOT-WELDED AND WELD-BONDED STRUCTURES
The newly developed electro-mechanical (E/M) impedance technique is particularly
suited for NDE and health monitoring of spot-welded and weld-bonded structures.
This novel technique utilizes inexpensive piezo-electric probes that can be
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permanently affixed to the specimen and interrogated at various time intervals. We
propose to use this technique, in conjunction with ultrasonics, for the evaluation of
spot-welded and weld-bonded joints(Figure Error! Not a valid link.).

Ultrasonic probe
#1 (transmitter)

Ultrasonic probe
#2 (receiver)Spot-weld nugget

Piezo-electric interrogator for the
E/M impedance NDE technique

Adhesive

Figure 9 Schematic representation of the proposed NDE technique using the E/M
impedance technique and its comparison with conventional ultrasonics.

6. CONCLUSION
The electro-mechanical (E/M) impedance technique for high-frequency structural
health monitoring has been presented. The method utilizes the changes in the
apparent electrical impedance of a surface mounted piezo-electric transducer (PZT
wafer) intimately coupled with the drive point impedance of the host structure.
High frequency impedance spectra are measured with an impedance analyzer, while
data collection and interpretation is performed with a microcomputer. Because of
its high frequency, the technique is very sensitive to incipient damage in the host
structure, while the interrogation area is restricted to the transducer vicinity. This
sensing/actuation localization provides the capability of monitoring specific critical
areas while being insensitive to far field changes. Laboratory tests covered
applications from aerospace to civil engineering, composites and fine machinery.
Further developments and refinements of the method are required in two main
directions: (a) a more profound understanding of the wave-propagation and flaw
detection issues on material and structural NDE; and (b) development of portable
and deployable impedance analyzer units that can be remotely accessed on demand.
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