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Abstract

Structural Health Monitoring (SHM) is essential for ensuring the safety, serviceability, and longevity of civil
infrastructure through continuous condition assessment. Among various SHM techniques, the
Electromechanical Impedance (EMI) method using piezoelectric (PZT) transducers has gained considerable
attention owing to its high sensitivity, simplicity, and capability for real-time local damage detection. This
paper reviews the fundamental principles, sensing mechanisms, technical requirements, and practical
applications of the EMI technique. The effects of key parameters, including PZT dimensions, excitation
frequency, adhesive properties, sensing range, temperature variations, and damage assessment metrics, on
monitoring performance are discussed. Applications of EMI-based SHM in concrete, steel, composite, bridge,
pipeline, aerospace, and retrofitted structures are also reviewed. Recent developments in low-cost
instrumentation, wireless sensing, energy harvesting, and dual-PZT configurations are examined, along with
existing challenges and future research directions. The EMI technique offers significant potential for robust,
cost-effective, and adaptable structural health monitoring and smart infrastructure management.

Keywords: Structural Health Monitoring (SHM); Electromechanical Impedance (EMI); Piezoelectric
Transducer (PZT); Smart Sensors;, Damage Detection; Autonomous Monitoring; Energy Harvesting.

1. Introduction
Infrastructure development is a key indicator of a
nation's economic and technological progress. The

structural integrity wusing advanced sensing
technologies. Unlike conventional inspection

expansion of infrastructure necessitates effective
maintenance, condition assessment, and retrofitting
strategies to ensure long-term safety and
performance. Conventional non-destructive testing
(NDT) techniques, although widely used, are
generally application-specific and have inherent
limitations [1], [2]. Their implementation often relies
on prior knowledge of potential damage locations and
engineering judgement. Furthermore, several NDT
methods require the inspected portion of a structure
to be temporarily isolated or taken out of service,
potentially disrupting normal operations and
increasing maintenance costs.

Structural Health Monitoring (SHM) provides a
systematic approach for continuous assessment of

methods, SHM does not require prior knowledge of
damage location and can be implemented while
structures remain in service [3]. Among various SHM
techniques, the electromechanical impedance (EMI)
method has emerged as a promising approach for
damage detection and condition assessment [4]. The
technique utilises the electromechanical impedance
response of piezoelectric (PZT) transducers surface-
bonded to or embedded within structural
components. Although PZT transducers are also
employed in acoustic emission, ultrasonic pulse, and
guided wave-based SHM techniques, the present
study focuses primarily on the development and
applications of the EMI technique for structural
health monitoring.
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2. Health Monitoring Methodology
2.1.Piezoelectric Property

Piezoelectric materials are primarily available in two
forms: ceramic materials, such as lead zirconate
titanate (PZT), and polymeric materials, such as
polyvinylidene fluoride (PVDF). Their unique
electromechanical coupling characteristics have led
to their classification as smart or adaptive materials.
These materials undergo mechanical deformation
when subjected to an electric field and, conversely,
generate an electrical potential when mechanically
strained, as illustrated in Figure 1. This bidirectional
electromechanical conversion enables their use as
both actuators and sensors. In conventional SHM
applications, separate PZT transducers may serve as
actuators and sensors for Lamb-wave generation and
detection. In contrast, the EMI technique employs a
single PZT transducer for both actuation and sensing,
and hence it is commonly termed a self-sensing
actuator. As shown in Figure 1 Electromechanical
sensing and actuation behaviour of a PZT transducer.
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Figure 1 Electromechanical sensing and
actuation behaviour of a PZT transducer

2.2.Electromechanical
Technique

The electromechanical impedance (EMI) technique
exploits the electromechanical coupling of
piezoelectric (PZT) transducers by applying an
alternating voltage over a high-frequency range. The
applied excitation induces mechanical vibrations in
the PZT transducer, which may be surface-bonded to
or embedded within the host structure, thereby
producing localised structural excitation. The

Impedance (EMI)

resulting electrical response is characterised through
the admittance, with the conductance signature
corresponding to the real component of the electrical
admittance ((Y)) as a function of excitation
frequency. These signatures are commonly measured
using impedance analysers or LCR meters and
provide a basis for evaluating structural condition.
The electrical admittance, defined as the reciprocal of
impedance, of a PZT transducer coupled to a host
structure has been analytically formulated in previous
studies. Considering the host structure as a single-
degree-of-freedom (SDOF) system, as shown in
Figure 2, the corresponding electrical admittance can
be expressed as follows [5]

Structural impedance, Z
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Figure 2 Single-degree-of-freedom (SDOF)
structural model with a PZT actuator [5]

Y = wj Walg [% + (i) d%z@ (tanKla) _

ha Z+Zg4 klg
dZ,Y5| (Eq. 1)

o = angular frequency of the applied alternating
voltage, wa = PZT width, la = PZT length, ha = PZT
thickness, Z = mechanical impedance of the host
structure, Za = mechanical impedance of the PZT
transdure, (¢ 33"T ) and d32 are piezoelectric
constants, (Y _227°E ) = complex Young’s modulus.
As indicated by Equation (1), the electrical
admittance of a PZT transducer is influenced by the
electromechanical interaction between the transducer
and the host structure. Structural damage locally
alters the mass, stiffness, and damping
characteristics, thereby modifying the mechanical
impedance of the structure. These changes are
reflected in the electrical conductance response (Re
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Y) of the PZT transducer, which can therefore serve
as a sensitive damage indicator. This principle is
equally applicable to two- and three-dimensional
PZT-structure interaction models. Figure 3 shows
representative experimental admittance signatures
obtained before and after structural damage [6]. The
conductance signatures, corresponding to the real
component of complex admittance, exhibit distinct
changes following damage. Here, a signature denotes
the admittance response over a specified excitation-
frequency range. These responses are analogous to
frequency response functions (FRFs) used in
structural ~ vibration analysis, although EMI
measurements generally employ substantially higher
excitation frequencies. As shown in Figure 3
Experimentally obtained conductance signatures of
the PZT transducer before and after structural
damage (in siemens) [6].

Real admittance(S)

104 106 108 10
Frequency (kHz)
Figure 3 Experimentally obtained conductance

signatures of the PZT transducer before and
after structural damage (in siemens) [6]

3. Technical Aspects of The Emi
(Electromechanical Impedance) Technique
3.1.Test Equipment Requirement
The electrical admittance signatures of PZT
transducers are commonly acquired using
commercial impedance measurement instruments,
such as the HP 4192A Impedance Analyzer, Agilent
E4980A Precision LCR Meter, and Wayne Kerr
Precision Impedance Analyzer [4], [7]. These
instruments facilitate accurate measurement of the
admittance response over the selected frequency
range for SHM applications.

Figure 4 illustrates a typical impedance measurement
setup, in which the PZT transducer is connected to
the measurement instrument through electrical wires.
The two wires are soldered to the opposite electrodes
of the PZT transducer at one end and connected to the
corresponding  terminals of the impedance
measurement device at the other. This configuration
enables the acquisition of the PZT admittance
response across the prescribed excitation-frequency
range. As shown in Figure 4 Typical impedance
measurement equipment used for acquiring PZT
admittance signatures [6].

PC connected to the Impedance
analyzer through GPIB card/cable
interface

40-channel Multiplexer (N2260A)
plugged into Agilent 3499A
switching system

Impedance Analyzer
HP 4192 A

Figure 4 Typical impedance measurement
equipment used for acquiring PZT admittance
signatures [6]

3.2.Power Requirement
During measurement, the impedance analyser applies
an alternating excitation voltage, typically 1 V root
mean square (RMS), to the bonded PZT transducer
across a predefined frequency range. Studies have
shown that variations in excitation voltage have little
influence on the resulting conductance signatures.
However, higher excitation levels may improve the
response of weak structural modes, thereby
facilitating their identification in the measured
admittance spectrum [8].
3.3.Influence of Adhesive

Epoxy resins are widely employed for bonding PZT
transducers to structural surfaces. The adhesive layer
facilitates the transmission of high-frequency
mechanical vibrations from the PZT to the host
structure and ensures effective electromechanical
coupling. Hence, the adhesive should exhibit a high
shear modulus after curing and be applied uniformly
at minimal thickness to reduce energy losses and
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ensure reliable bonding. The effects of adhesive-layer
characteristics on measured admittance signatures,
including the real component (conductance) and
imaginary component (susceptance), have been
extensively investigated [9].
3.4.PZT Dimensions

Annamdas and Soh [10], [11] examined the effect of
PZT transducer dimensions on admittance
characteristics. Their findings showed that, for
constant length and width, decreasing the transducer
thickness increased the amplitude of the first
dominant admittance peak, whereas increasing the
thickness reduced its amplitude. Conversely, for a
constant thickness, increasing the transducer length
and width shifted the first dominant peak towards

lower frequencies, while decreasing these
dimensions produced a shift towards higher
frequencies.

3.5.Sensing Zone
The effective sensing radius of a typical PZT
transducer depends on the properties of the host
structure and generally ranges from approximately
0.4 m for composite structural elements to about 2.0
m for metallic beam structures [7], [12].

3.6.Frequency Range of Actuation
The conductance signature of a PZT transducer is
first recorded over a high-frequency range under the
pristine condition to establish a baseline response.
During subsequent inspections, the signature is
remeasured and compared with the baseline to assess
structural condition and detect potential damage.
Selecting an appropriate excitation-frequency range
is essential for effective damage detection. Park et al.
[13] recommended a frequency range of 30400 kHz
for PZT transducers measuring 5-15 mm. Higher
frequencies (>200 kHz) generally provide better
damage localisation by reducing the sensing region,
whereas lower frequencies (<70 kHz) offer a larger
sensing area and are therefore suitable for monitoring
broader structural regions.

3.7.Damage Metrics
Structural damage is reflected in conductance
signatures through new resonance peaks and shifts in
peak frequency and amplitude. Several statistical
damage indices, including RMSD, WCC, SAC,
ATM, RD, MAPD, CC, and Cov, have been proposed

to quantify these changes [7], [8], [12]. However,
Naidu and Soh [14], [15] reported that such non-
parametric metrics may not adequately capture
damage-induced changes in structural dynamic
properties,  particularly = natural  frequencies.
Parametric metrics, which account for changes in
modal properties, can therefore provide more reliable
information on damage location and severity.
3.8.Temperature Effect
PZT conductance signatures are sensitive to
temperature variations, which can overlap with
damage-induced changes and complicate structural
assessment. Within a narrow frequency range,
temperature effects generally appear as uniform
horizontal and vertical shifts in the signature, whereas
damage produces more abrupt and localized
variations [8]. Appropriate temperature
compensation is therefore essential for reliable EMI-
based damage assessment [16]. An RBF-based
support  vector regression model has also
demonstrated effective temperature estimation in
healthy and damaged steel specimens, highlighting
the potential of EMI for multimodal sensing [17].
4. Emi Technique for Shm Application
Numerous studies have demonstrated the feasibility
and effectiveness of the -electromechanical
impedance (EMI) technique for structural damage
detection across diverse structural systems [4], [13],
[18]. Its localized sensing capability has been
validated in laboratory-scale trusses, truss joints, steel
bridge and pipe joints [19]-[21], reinforced concrete
bridges [22], concrete structures [23], steel and
aluminium plates [6], and aircraft components [24],
[25]. In these studies, PZT transducers located closer
to the damaged region generally exhibited higher
damage indices than those positioned farther away,
demonstrating the potential of strategically
distributed PZT arrays for damage localization and
long-term SHM. Moreover, EMI signatures are
relatively insensitive to mechanical disturbances such
as random impacts and traffic-induced vibrations
because the technique operates predominantly in the
ultrasonic frequency range (>20 kHz), which is
considerably higher than typical environmental
vibration frequencies. Beyond damage detection, the
EMI technique has been integrated with linear elastic
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fracture mechanics (LEFM)-based prognosis models
to estimate the remaining useful life of fatigue-
affected structures [26]. It has also been applied to
monitor axial and flexural stresses in beams and
distinguish stress-induced variations from damage-
related changes in conductance signatures [27]-[30].
In concrete structures, EMI has been used for
monitoring early hydration [31], [32], strength
development during curing [33], [34], corrosion in
reinforced concrete [35], and the stress—strain
response of concrete [37]. The technique has also
enabled simultaneous detection of bolt-loosening
location and severity in bolted flange structures [36].
Furthermore, EMI-based monitoring has been
employed to assess debonding of carbon fibre-
reinforced polymer (CFRP) laminates and fibre-
reinforced polymer (FRP) rebars in retrofitted
structures [38], [39]. Embedded PZT transducers
acting as smart aggregates have additionally shown
potential for monitoring concrete  strength
development and structural condition [40] - [43].

5. Technical Developments of the Emi
Technique
5.1.Miniaturization and low-cost variants of
EMI technique

Conventional EMI measurements commonly employ
HP4192A or HP4194A impedance analysers, with
the acquired data transferred to a computer through
an /O interface for subsequent processing. Despite
their accuracy, these instruments are relatively bulky,
costly, and difficult to deploy for field-based SHM.
Although LCR meters provide a low-cost alternative,
their sophisticated features are also underutilised for
EMI applications, & their cost remains a constraint
for scale implementation [18]. To address these
limitations, Peairs et al. [44] developed a compact
measurement system comprising a PZT transducer, a
series resistor, and an HP 35665A digital signal
analyser with FFT capability. The system was
successfully demonstrated for structural damage
detection and offered improved portability and
reduced cost. Similarly, Giurgiutiu and Xu [45]
developed a compact, field-portable impedance
analyser for EMI applications. Panigrahi et al. [46]
further simplified the system by replacing the FFT
analyser with an Agilent 33220A function generator

and an Agilent 54622D mixed-signal oscilloscope for
measuring the output voltage at each excitation
frequency. The resulting setup reduced the overall
cost to approximately US§$5,000. Bhalla et al. [47]
subsequently developed a lower-cost system, costing
approximately US$2,000, using a basic function
generator and an Agilent 34411A digital multimeter.
However, this configuration measured only the
magnitude of admittance and did not provide phase
information. Kaur et al. [48] addressed this limitation
by incorporating an NI Express Chassis with the
function generator to measure both output voltage
and its phase difference relative to the excitation
voltage. The system could therefore determine the
complete complex admittance, providing
measurements comparable to those obtained using
conventional impedance analysers.
5.2.Energy Harvesting Units for
Technique
The length of cables connecting PZT transducers to
impedance measurement instruments can adversely
affect admittance signatures, particularly for cable
lengths exceeding approximately 30 m [4].
Moreover, large-scale deployment of multiple PZT
transducers introduces extensive wiring,
complicating  installation, management, and
maintenance. These limitations have motivated the
development of wireless EMI-based SHM systems to
improve portability and scalability. Mascarenas et al.
[49] reported one of the early wireless EMI systems,
incorporating a portable, miniaturized, and low-cost
impedance measurement chip. The system
successfully detected load-induced changes in a
bolted frame structure and was integrated with a
microprocessor and wireless telemetry for local
signal processing and data transmission. Park et al.
[50] developed a wireless EMI-based SHM system
combining principal component analysis (PCA) for
data compression and k-means clustering for pattern
recognition. The system employed an ADS5933
impedance measurement chip and a self-sensing
macro-fiber composite (MFC) transducer. However,
its interrogation frequency range was limited to 10—
100 kHz, substantially narrower than that of
conventional instruments such as the HP 4192A (5
Hz-13 MHz), HP 4194A (100 Hz—40 MHz), and

EMI
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Agilent LCR meter (20 Hz—2 MHz), potentially
restricting applications requiring higher-frequency
measurements. Grisso et al. [51] developed a wireless
active sensing system, which was subsequently
advanced by Overly et al. at Los Alamos National
Laboratory through the Wireless Impedance Device
(WID 2.0) [52]. The compact 5.5 x 3.7 cm? device
integrated an impedance measurement chip,
microcontroller, wireless telemetry, and data storage,
operating at 2.8 V and interrogating four sensors in
approximately 6 s.  These  developments
demonstrated the feasibility of wireless EMI systems
for portable and efficient SHM. Further
advancements in battery-powered wireless EMI
sensor nodes have been reviewed by Annamdas and
Radhika [18], highlighting their potential for portable
and autonomous monitoring. Further research has
developed a portable wireless impedance analyzer for
multichannel PZT measurements, incorporating
temperature monitoring and low-power operation for
field applications. Experimental validation on an
unmanned aerial vehicle wing demonstrated its
feasibility for wireless EMI-based detection of
aircraft structural damage [53]

5.3.Energy Harvesting Units for

Technique

Large-scale EMI-based SHM requires continuous
sensor interrogation and a reliable power supply.
However, PZT transducers installed at remote
locations pose challenges for battery replacement and
maintenance, while long cables may introduce
measurement errors and multiple impedance units are
costly. Although wireless sensor nodes reduce wiring
requirements, their dependence on batteries limits
operational life and long-term monitoring continuity.
Energy harvesting can address these limitations by
providing supplementary power to wireless EMI
systems. Annamdas and Radhika [18] reviewed
solar- and vibration-based energy harvesting
approaches for EMI-based SHM, although practical
implementations remain limited. A low-power, self-
powered wireless EMI sensor node based on a Texas
Instruments MSP430 evaluation board was
developed in [54]. The system performs periodic
SHM interrogation and wirelessly transmits data,
consuming approximately 0.3 J per interrogation. Its

EMI

low energy requirement enables potential operation
using energy harvested from structural vibrations,
although further development is needed for reliable
long-term field deployment.
5.4.Ring dual sensor variation of EMI

technique
A novel impedance measurement approach based on
a dual-PZT configuration, comprising two separate
concentric PZT segments, was proposed in [55]. By
enabling independent actuation and sensing, the dual-
PZT EMI technique can detect structural responses
that may be less pronounced in conventional EMI
measurements. The resulting resonance peaks are
comparable to those obtained using the conventional
approach, while the configuration exhibits reduced
sensitivity to temperature variations. This makes it
particularly promising for monitoring large and
massive structures. However, further experimental
and field studies are required to establish its
effectiveness and practical applicability in SHM.
Conclusion
This paper presents an overview of the fundamental
principles of the electromechanical impedance (EMI)
technique, its technical requirements, and its
applications in structural health monitoring (SHM).
The EMI method exploits the impedance
characteristics of self-sensing piezoelectric (PZT)
transducers for the detection and assessment of
structural damage. Recent advancements in the
technique, including the miniaturization of
measurement systems, the development of cost-
effective instrumentation, integration with wireless
sensor networks, and the incorporation of energy
harvesting technologies, are reviewed. Emerging
research trends and future directions for the practical
implementation of EMI-based SHM systems are also
discussed. Owing to its high sensitivity, adaptability,
and potential for continuous condition monitoring,
the EMI technique represents a promising approach
for the next generation of intelligent structural health
monitoring systems.
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