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ABSTRACT

A short review of current methods for damage detection and failure prevention in
complex machinery is first presented. Two main classes are identified: (a) detailed
inspection through machinery strip-down and minute examination with a variety
of scanning methods, and (b) in-situ health monitoring using passive and active
sensors. The emergence of new in-situ sensor techniques based on the active
material approach is highlighted. In this context, the electro-mechanical
impedance technique is identified as an emerging new technology with high
potential for in-situ health monitoring and NDE of complex machinery.

The fundamental principles of the electro-mechanical impedance methods are
presented and its practical implementation is highlighted. The piezoelectric
material response equations are given. The coupled electro-mechanical impedance
of a wafer-transducer affixed to on an elastic structure is presented. A number of
demonstration experiments are presented. These experiments were conducted on a
variety of applications: precision machinery parts, real-life aircraft junction,
composite patch repairs, etc. From these experiments, the importance and benefits
of this method for on-line health monitoring and damage detection of complex
machinery become apparent. Further investigation of the electro-mechanical
impedance method is warranted. A deeper understanding is needed of the
complex interaction between wave propagation, drive-point impedance, structural
damage and electro-mechanical impedance of the wafer transducer. Thus the
method could be developed in a widely used technique and its applicability can be
extended to other engineering areas.

Key Words: Damage detection; Health monitoring; Failure prevention; Electro-
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INTRODUCTION

Machinery failure prevention is 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 in vital machinery parts. 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, the affected structure can be locally repaired, and put back in service.
By substituting timely repairs for costly replacements, important cost saving can
be achieved in the machinery lifecycle. 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. It
is apparent that the development of damage detection technologies plays a major
role in the larger picture of preventing the failure of machinery and reducing the
lifecycle cost.

However, early damage detection is not easily achieved during the operation of
complex machinery. The principal difficulty lies with the fact that incipient
damage can propagate inside a part of machinery without producing detectable
changes in its operational parameters. Global detection methods, as those based
on vibration modeshapes and frequency characteristics, are rather insensitive to
incipient local damage. A crack initiating at a critical location in complex
machinery can be fatal for its operation, but may produce an undetectable change
in the overall structural frequency. For this reasons, failure detection methods are
sought that can address the detection of local structural changes in vital areas of a
complex machinery. Two approaches are possible: either subject the structure to
minute periodic inspection; or devise an automatic system for continuous health
monitoring. The two approaches differ in the way they can be implemented and in
the technologies they use. During periodic inspection, the machinery is
disassembled and its vital parts are subjected to meticulous scanning in search of
local damage. In contrast, automatic health monitoring will perform continuous
surveillance of the machinery, with special emphasis on the critical areas. For
rapid evaluation, a scalar damage index and a danger threshold may be used.
Then, a Green-Yellow-Red condition scale will indicate the state of structural
health and will warn of incipient damage. At present, both approaches are used:
periodic inspection is done on most complex machinery, ranging from airplanes,
helicopters and their engines to nuclear power plants and Navy ships. However,
periodic inspection is 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 cost-effective trend of
substituting fixed-term replacement of expensive parts with as-needed
replacement puts an additional burden on the periodic inspection procedures. In
contrast, the continuous health monitoring concepts are gaining increasing
popularity by raising the prospect of early detection and timely intervention with
the accompanying cost saving opportunities. Both approaches are limited by the



availability of enabling technologies [1], [2]. On one hand (Figure 1), we find a
multitude of active and passive scanning technologies that are essential during
periodic inspections. On the other hand, we have a number of in-situ sensor
technologies that could enable continuous health monitoring. The in-situ sensors
and their accompanying technologies are of paramount importance for 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. Emitter-detector pairs
7. Electro-mechanical impedance

Damage Detection Technologies

Figure 1 Overview of damage detection technologies

Vibration sensors (Figure 1), such as acceleration and velocity transducers, have
been used for a long time to monitor the vibration level and its frequency
spectrum at critical locations. By detecting changes in the vibration signature, the
appearance of incipient damage can be inferred. The strain monitoring sensors
(e.g., conventional strain gages or fiber optic sensors) are used as an alternative
way of recording vibrations. The peak-strain at critical locations can be recorded
with the special peak-strain gages recently developed by Strain Monitoring
Systems, Inc [3]. The acoustic emission sensors are another example of passive
technology. They are able to pick-up the minute “pops” generated by the crack as
it advances by tearing through the material. The dielectric sensors are capable odf
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 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 [4]. Or the
point-wise structural impedance can be recorded by an array of piezoelectric
wafer transducers [5]. 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 [6]. These emerging new technologies pose the promise of
identifying incipient damage well before it starts to affect the normal and safe
operation of the machinery.



ELECTROMECHANICAL (E/M) IMPEDANCE TECHNIQUE

The electro-mechanical 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. The variation of the
electro-mechanical impedance of a PZT sensor-actuator (wafer transducer)
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 the experimental schematic and the conceptual system diagram
for health monitoring a structure 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. 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.

Frequency (kHz)
100 110 120 130 140 150

100

120

140

160

180

200

220

240

Real Admittance
(micro-Siemens)

No Damage
Damage

(a)  (b)

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

N
ea

r-
fie

ld
da

m
ag

e 
#1

N
ea

r-
fie

ld
da

m
ag

e 
#2

Fa
r-

fie
ld

da
m

ag
e 

#1

Fa
r-

fie
ld

da
m

ag
e 

#2

Fa
r-

fie
ld

da
m

ag
e 

#3

D
am

ag
e 

In
de

x

Figure 3 Typical damage detection results: (a) impedance signature pattern; (b) damage
index comparison (after Chaudhry, Joseph, Sun and Rogers, 1995).



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 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 wafer 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 [7]. This aspect is a significant advantage for quickly
bringing this 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 [5], [6]: (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:

S s T d E

D d T E
ij ijkl

E
kl kij k

j jkl kl jk
T

k

= +

= +ε  ,
(1.)

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

field (E = 0), ε jk
T 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
Lead Zirconate Titanate (PZT) ceramic 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.

Driving-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,
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 (Figure 4).

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

ce(ω)
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 i t I t( ) sin( )= +ω φ

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 driving point impedance to identify
incipient damage in the structure. The change in the driving point impedance is
sensed electrically through the electro-mechanical coupling of the piezo-electric
transducer. This is shown by the equation:

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 of the PZT transducer,
κ ε31 13 11 33= d s/ .

Wave propagation in Elastic Media
In unbounded 3-D elastic solid, two basic waves can exist: dilatation (pressure) and
distortion (shear). The propagation speed of pressure waves (P-waves) is

( ) ρµλ /2+=Pc ; where 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 shear waves (S-waves) is ρµ /2=Sc .

When the solid medium is not infinite, two additional aspects are apparent: (a) the
effect of wave reflection and refraction on the boundary; and (b) the existence of
additional wave types due to the boundary effects (Rayleigh wave and Lamb
waves). 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. Rayleigh waves are confined to the surface
and its proximity. The amplitude of Rayleigh waves decreases rapidly with depth,
and becomes almost zero at a depth of approximately 1.6λ. However, at the
surface, the energy contained in the Rayleigh waves greatly exceeds the energy
contained in the shear and pressure waves. The propagation speed of Rayleigh
waves is close to that of shear waves, i.e. )1/()12.187.0(/ νν ++≈SR cc . In
layered solids, the propagation of elastic disturbances can also take place through
Love waves. A Love wave is a wave confined to a superficial layer existing on
top of a homogeneous solid. The particle motion in a Love wave is transverse and
contained in the horizontal plane (SH-wave). The forward propagation of Love
waves is accompanied by an up-and-down vertical propagation within the
superficial layer that resembles multiple reflections. The propagation speed of a
Love wave depends on its frequency and, at low frequencies, it approaches the
substrate shear wave speed.

DEMONSTRATION EXPERIMENTS WITH THE ELECTRO-
MECHANICAL IMPEDANCE TECHNIQUE

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. Some demonstration experiments are discussed next.

Precision Parts
The electro-mechanical impedance technique was used for the NDE of high-
precision parts [8]. Gears were chosen as complex precision parts for the
experimental procedure because of their high tolerances, high quality, and broad
use. The goal was to show that incipient damage in the gear teeth, which are an
extension of the base structure, can be monitored. The most common types of
damage in gears, i.e., abrasive wear and bending fatigue cracks, were successfully
detected. The impedance measurements before and after damage were converted
into a scalar damages. In Figure 5, the damage metric of two frequency ranges for
the adjacent (0°) and distant (90°) cracks is shown to be dependent on the
frequency range. A greater structural activity in a frequency range, which reflects
in an impedance reading consisting of many peaks and valleys, will cause the



damage metric to increase because more variations in the impedance are present.
A dynamically active frequency range should be picked for increased sensitivity
of the impedance-based health monitoring technique. As mentioned earlier, the
damage metric is larger for cracks adjacent to the wafer transducer due to the
localized effect. The damage metric for the abrasive wear is also shown in Figure
5. The damage created by the wear of the gear teeth is less important than the
damage created by the crack.

 (a)  (b)

Figure 5 Detection of bending fatigue cracks and abrasive wear in high-precision gears:(a)
The experimental specimen; (b) the damage metric of all studied cases shows the
frequency dependence of the health monitoring technique (after ref. 8)

Tail-Fuselage aircraft junction
The electro-mechanical impedance technique was used to perform exploratory
testing of a typical aircraft junction [9].
Wafer transducers (PZT sensor-actuators
in Figure 6) The spectral difference
between the electro-mechanical impedance
curves was quantified in a scalar value
called damage index. Figure 6 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.

PZT sensor-actuators

Figure 6 Bolted junction between the
vertical tail and the fuselage of a Piper
Model 601P airplane instrumented with
electro-mechanical impedance transducers
(after ref. 9).



Composite patch repair
The composite repair of metallic and concrete structures is an area in which
adhesive joining techniques are of great importance. Due to in-service
degradation, a structure can become damaged and develop cracks. Short of
complete replacement, the structure can be locally repaired through the
application of composite patches consisting of advanced high-strength fibers
embedded in a polymeric resin. These composite patches act as crack stoppers.
The load field around the repaired crack is redirected through the composite
patch. Thus, the crack is arrested, and the crack growth is stopped.

(a)

PZT interrogator

Carbon/epoxy composite
patch repair

Metallic dog-bone
specimen

 (b)

Figure 7 E/M impedance health monitoring of composite patch repair dog-bone specimen:
(a) specimen layout; (b) admittance graph (after ref.10).

However, the effectiveness of this commercially attractive process depends to a
very large degree 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. In a typical application, cracks developed in an aircraft metallic
skin are repaired with carbon/epoxy patches applied with a wet lay-up technique.
To test the applicability of the E/M 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 (Figure 7). A 10
mm × 10 mm PZT wafer transducer was used to monitor the crack growth under
fatigue loading and to detect disbonds in the patch/substrate interface [10].
Further extension of this work includes the investigation of composite overlays on
concrete structures [11] and the health monitoring of spot welded and weldbonded
structures [12].

CONCLUSIONS
The electro-mechanical impedance technique was presented as an emerging
technique for in-situ health monitoring and NDE of complex machinery. Its
fundamental principles were been presented and its benefits highlighted.
Demonstration experiments conducted on a variety of applications (precision
machinery parts, real-life aircraft junction, composite patch repairs, etc.) were
presented and discussed. The importance of this method for on-line health



monitoring and damage detection of complex machinery is apparent. Further
investigation is warranted to strengthen the theoretical understanding of the
method and to extend its applicability to other engineering areas.
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