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Abstract

This paper presents a new piezoelectric composite material integrating with dispersed
electro-mechanical impedance (EMI) measurements for achieving structural self-awareness.
The composite material is meticulously designed and fabricated through homogeneous
distribution of piezo-ceramic particulates across an epoxy-based polymeric medium, followed
by impregnation into glass fibers. The influence of piezo particles on the mechanical properties
of the composite material is systematically investigated through tensile tests. To gain an insight
into the EMI active self-sensing integrated with the functional composite structure, finite
element modeling is conducted. Subsequently, a root mean square deviation (RMSD) algorithm
is adopted for evaluating impedance signal deviations for identifying the damage location. It is
found that the RMSD metric indicates substantial deviations in the impedance spectrum near the
damage site, while spectra at distant locations show minimal change. Dense electrodes can form
dispersed sensing neurons, rendering a high resolution spatial diagnostic capability. Finally,
experimental validation is performed, demonstrating the performance of the EMI active sensing
for damage diagnostics.

Keywords: smart structures, functional materials, electromechanical impedance spectroscopy,
self-sensing, structural health monitoring

1. Introduction the potential to reduce maintenance costs and prevent major
failures. The development of SHM coupled with the integ-
ration of self-sensing technology into load-bearing structures
could open up a new paradigm for improving the management

and safety of infrastructure systems [1].

Structural health monitoring (SHM) is an essential technique
in structural engineering. It can provide information on struc-
tural integrity, thus greatly reducing the probability of cata-

strophic failure of structures. The emergence of intelligent
structures with integrated self-sensing capabilities marks a
major advance in structural engineering. These structures have

* Author to whom any correspondence should be addressed.

Piezoelectric materials have both direct and converse piezo-
electric effects, allowing them to function as actuation and
sensing elements. Among them, piezoelectric wafer active
sensor (PWAS) is particularly noteworthy and widely used in
SHM applications due to its outstanding performance [2—4].
However, the inherent fragility of these sensors limits their

© 2025 IOP Publishing Ltd. All rights, including for text and
data mining, Al training, and similar technologies, are reserved.
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application. To address this issue, numerous studies have
focused on exploring the use of piezoelectric thin films for
SHM [5-7]. Chang et al developed a novel smart layer for
applications in the aerospace field [8]. Additionally, Inman
et al explored the application of macro fiber composite (MFC)
for SHM, broadening the application potential of piezoelec-
tric film technologies in this domain [9, 10]. Taking a similar
stance, Yuan et al introduced a novel co-curing method for
surface mounting, facilitating the in-sifu incorporation of an
extensive sensing network for damage monitoring in intricate
structures [11, 12]. Despite these advancements, the installa-
tion of sensors remains a critical challenge. Surface-bonded
sensors are susceptible to damage from debonding or peel-
ing, which can compromise their long-term performance and
reliability. Furthermore, the sensing space resolution is con-
strained by the number of piezo elements in the system. The
increase in sensor density will lead to a dramatic rise in cost.

On the other hand, there is a consensus among research-
ers that embedding sensors into structures is an alternat-
ive approach to achieve structural self-awareness [13, 14].
Minakuchi and Takeda embedded fiber optic sensors for
detecting damage, introducing the concepts of ‘smart crack
arrester’ and ‘hierarchical sensing system’ [15]. Lampani et al
proposed an embedded self-powered wireless sensor for SHM
[16, 17]. Additionally, Sha et al designed an embedded smart
piezoelectric sensor to extend service life and improve monit-
oring precision [18]. However, Paget et al identified a critical
issue through experiments: the low survival rate of embedded
piezoceramic transducers within mechanically loaded com-
posite materials [19]. Meanwhile, embedding sensors inevit-
ably causes stress concentrations within materials, potentially
initiating local cracks.

Researchers have also explored manipulating material
properties to incorporate functional components. Mongioi et al
designed a stacking laminate by interleaving piezoelectric
nanofibers among glass fibers for achieving structural self-
sensing [20]. Yin et al provided an extensive review about
the thermal spray methods in the manufacturing of piezoelec-
tric ceramic coatings, emphasizing their ability to improve the
performance and longevity of sensing systems [21]. Philibert
et al fabricated direct-write piezoelectric transducers by apply-
ing sprayed coatings with interdigital electrodes onto carbon
fiber composite plates for impact detection [22]. Moreover,
researchers have explored the potential of polyvinylidene flu-
oride (PVDF) as a coating material for SHM. Groo et al
integrated piezoelectric sensing via acoustic emission test-
ing (AET) with thermally stable DHF PVDF for damage
detection [23]. Zou et al optimized the blow spinning tech-
nology for piezoelectric sensing film, providing a low-cost,
self-powered SHM approach [24]. Liu et al fabricated PVDF-
TrFE transducers for defect detection in multilayer plate via
zero group velocity (ZGV) waves [25]. Zhao et al developed
a self-powered piezoelectric composite, integrating a nano-
generator with traditional composites for self-diagnosis [26].
These approaches mark the forefront of self-sensing structural
innovation, yet they also encounter substantial challenges,

including the weak actuation capabilities and the constraint to
passive monitoring. To address these limitations, pioneering
studies have laid a solid foundation for applying piezoelec-
tric composites in SHM. Notably, Raja and Ikeda introduced
a novel concept of shear-actuated fiber composites through an
electro-elastic model based on a micro-mechanics approach,
providing significant insights into optimizing shear actuation
and coupling behavior for smart structural applications [27].
Similarly, Raja et al contributed a study on the impact of
delamination in piezoelectric composite beams and plates,
highlighting the degradation of actuator and sensor perform-
ance due to damage [28]. Building on these groundbreak-
ing works, developing an innovative multifunctional structure-
actuator-sensor system is a crucial approach to advancing self-
sensing intelligent structures.

Electro-mechanical impedance spectroscopy (EMIS) has
been investigated as a powerful tool for SHM, offering high
sensitivity to damage in localized regions of structures. Due
to its effectiveness in detecting early-stage material degrad-
ation, it has been widely adopted across various structural
applications, from aerospace to civil engineering. Giurgiutiu
et al developed predictive models for EMIS applied to com-
posite materials and conducted damage detection in aging air-
craft panels [29, 30]. Park et al explored the impedance tech-
nology for real-time detection of structural damage in crit-
ical civil facilities, particularly in post-earthquake pipeline
systems [31]. Raju et al highlighted the efficacy of EMIS
in conducting thorough and reliable inspections of pipeline
systems [32]. Moreover, Li et al developed a novel imped-
ance measurement printed circuit board for on-orbit SHM of
inflatable structures [33]. Furthermore, Lu and Shen developed
the nonlinear EMIS methodology to improve the damage
detection sensitivity [34-37]. The present research introduces
a novel integration of EMIS with piezoelectric composites,
combining the sensing capabilities directly within the mater-
ial (See figure 1). To the best of the authors’ knowledge, this
integration has not been previously explored in the existing
literature. It facilitates continuous and real-time diagnosis of
structural damage, enhancing the robustness, scalability, and
accuracy of SHM systems. This integration paves the way for
more intelligent and autonomous monitoring solutions in the
next generation of smart structures.

This paper proposes an innovative structure-actuator-
sensor integration that combines active damage detection with
strong mechanical performance. The piezoelectric glass fiber
reinforced polymer (GFRP) composite structure is fabricated
by distributing the piezo-ceramic powder within epoxy matrix,
while utilizing glass fiber reinforcements to enhance the mech-
anical properties. Electrodes are strategically placed at desig-
nated locations to implement a dispersed impedance measure-
ment, enabling the achievement of a high spatial sensing res-
olution. The finite element (FE) simulations are carried out for
damage detection in the proposed composites. Furthermore, an
root mean square deviation (RMSD) metric is developed for
the damage localization. This composite material integrates
its inherent self-sensing capability with the EMIS method,
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Figure 1. A schematic presentation of self-sensing structural framework with dispersed sensing neurons by high spatial resolution EMI

measurements.

overcoming the limitation of traditional self-sensing materials
which can only applied for passive monitoring. The proposed
approach demonstrates the potential application of this mater-
ial in aerospace, pressure vessel, and pipeline infrastructure
monitoring.

2. Preparation of the piezoelectric composite
specimen

This section presents the fabrication process of the piezoelec-
tric composite specimen. Then, a series of experiments are
conducted to evaluate the mechanical properties of the com-
posite structure. Finally, the effect of temperature on imped-
ance is studied.

2.1. Design and fabrication of the active composite specimen

For the material preparation, the P-52 (Pb(Zr(5,Tip45)O3)
ceramic powder was chosen as active piezoelectric compon-
ent. The epoxy resin (SWANCOR 2551) was employed as
the bonding matrix, while non-conductive glass fibers (G150)
were selected as the reinforcement material. To fabricate the
resin, P-52 powder was blended with epoxy resin at a 5:1
weight ratio to ensure optimal piezoelectric functionality.

A systematic preparation method was employed to achieve
uniform distribution of PZT powder and minimize agglomer-
ation. The sintered P-52 material was first pulverized using a
high-speed grinding device (SHR-10 A) to break down large
clusters into finer particles. These particles were then sieved
through a precision mesh to remove fragments larger than
0.096 mm, ensuring consistent dispersion within the mat-
rix. The powder was subsequently mixed with epoxy using
a vacuum-assisted system to eliminate air voids that could
lead to particle clustering. During integration into a woven
glass fiber substrate, the mixture was maintained at approx-
imately 40 °C on a thermal platform (DB-C600A) to enhance
resin fluidity, thereby improving penetration and reducing
interfacial defects. This process resulted in a homogeneous

distribution of P-52 particles with no significant aggregation
within the composite structure. The structural characterist-
ics and particle distribution were analyzed using scanning
electron microscopy (SEM) (VEGA-Compact), as shown in
figure 3. The micrograph confirmed an even spread of piezo-
electric particles across the matrix, a result of meticulous
grinding, sieving, and vacuum-assisted blending. This uniform
dispersion was essential for effective load transfer and elec-
tromechanical performance, supporting the composite’s self-
sensing capabilities for SHM applications.

During the manufacturing process, a vacuum extraction
method was utilized to eliminate air bubbles within the mater-
ials. Figure 3 clearly confirms that the fabricated samples
exhibit no significant air bubbles, and the porosity meets the
required standards. The presence of pores could disrupt the
continuity of the piezoelectric phase, significantly impairing
the sensing and actuation capabilities of the piezoelectric com-
posite material. For instance, increased porosity might have
diminished impedance signature amplitude, making it chal-
lenging to distinguish between pristine and damaged states.
In actuation, voids hindered stress transfer between the mat-
rix and piezoelectric particles, limiting mechanical deforma-
tion under electric fields. Additionally, voids could have acted
as stress concentration points, accelerating degradation under
cyclic loadings. By achieving low porosity through refined
fabrication techniques, the proposed composite ensured reli-
able signal transmission and mechanical response, making it
highly suitable for distributed sensing and actuation in intelli-
gent structural systems.

The fabrication process employed autoclave molding to
achieve high-performance, defect-minimized piezoelectric
composites, as illustrated in figure 2. Prepared prepregs were
layered inside a mold, sealed to maintain a vacuum environ-
ment, and then subjected to a controlled heat and pressure
cycle in an autoclave. The curing process initially involved
holding the composite at 40 °C for 1 h under a pressure
of two bars to allow excess resin to flow and minimize air
bubbles, and then a constant temperature 80 °C was held and
followed by isothermal retention for 9.5-10.5 h to facilitate



Smart Mater. Struct. 34 (2025) 075019

S Zhou et al

PZT powder Curing agent
%177.// <l
Stirring T
—

Epoxy | vacuum

’

Protective layer High voltage device

Flectrode

Woven glass fiber

Autoclave molding

Vacuum setup

Mold

Silver paste

l Piezoelectric composite beam

A
Electrode
Wk

Figure 2. Fabrication procedure for a piezoelectric composite beam.

1516 mm

RESOLUTION 2.00 kx

Figure 3. SEM image of the piezoelectric composite.

full cross-linking of the thermosetting matrix. After cooling
to room temperature and releasing the pressure, the compos-
ites were exposed to a poling condition to induce piezoelec-
tric properties. A patterned conductive layer was deposited via
precision screen printing on the surface of the specimen and
subjected to a 9 kV mm~! electric field in oil for 15 min, facil-
itated by a high-voltage amplifier. An iodine-potassium iodide
etchant, prepared by mixing iodine (I,), potassium iodide (KI),
and distilled water (H,O) in a 1:3:16 weight ratio, was util-
ized for precision silver etching. Excess silver was chemically

etched to preserve the electrode pattern, enabling each elec-
trode location to serve as both an actuator and a sensor. The
final specimen measuring a size of 200 mm in length, 30 mm in
width, and 2 mm in thickness was fabricated, consistent with
the numerical simulation setup in section 4.

Conventional electro—mechanical impedance (EMI)
sensors that require densely dispersed placement for local-
ized damage detection, the proposed self-sensing piezoelectric
composite inherently possessed sensing capability throughout
its entire structure. It enabled integrated distributed sensing
via customizable electrode patterns printed directly onto the
material surface, allowing these electrodes to function as a
network of sensing units. By tailoring these patterns, dense
sensor arrays can be easily achieved, significantly reducing
material, installation, and maintenance costs. Additionally, the
composite served a dual purpose of load-bearing and precise
damage detection and localization, enhancing its applicability
in real-world structural systems such as those in aerospace
and automotive engineering, where both structural integrity
and health monitoring are paramount.

Table 1 summarizes the measured piezoelectric and elec-
tromechanical properties of the developed piezoelectric com-
posite specimen. The piezoelectric constant (d33) was determ-
ined to be approximately 32 pC N~!, markedly higher than the
typical values of around 20 pC N~! reported for glass fiber-
reinforced PVDF polymer composites [38]. Under test con-
ditions (25 °C, 40% relative humidity), the capacitance was
recorded at 21 pF, reflecting the composite’s dielectric char-
acteristics. Additionally, the dielectric loss factor (tand) was
measured at 2.35, substantially higher than values observed
in conventional piezoelectric ceramics [39]. Moreover, the
electromechanical coupling factor (k33) was evaluated at 0.25,
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Table 1. Piezoelectric properties of the piezoelectric composite specimen.
Property Symbol Unit Value Test condition
Piezoelectric constant ds3 pC N~! 32
Electromechanical coupling factor k33 — 0.25 25 °C and 40% RH
Capacitance C pF 21
Dielectric loss factor tand — 2.35
Pulling
Fracture
Specimen ~ 180r Case 1 -
< /r/
% ------- Case 2 it
[an) 40 I -~ ,4"
A /‘/
§ 100}
/
2 "
= 60+ a
3] 7
s |/
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(d)

Engineering Strain (%)

Figure 4. (a) Tensile test experimental setup; (b) case 1 (specimen without piezo-ceramic powder); (c) case 2 (specimen with piezo-ceramic

powder); (d) tensile test results.

suggesting limited energy conversion efficiency compared
to pure ceramics. These findings highlighted the trade-off
between the processability of the composite and its piezoelec-
tric performance.

2.2. Tensile tests on the specimen

Integrating piezoelectric powder into the composite enables
the addition of sensing capabilities but simultaneously arose
concerns of its influence on the load-bearing capacity.
Therefore, it is essential to evaluate whether the smart struc-
tures retain adequate mechanical strength. Therefore, two dis-
tinct sample configurations were employed for a compar-
ative experimental analysis. Case 1 excluded piezoelectric
powder, serving as the comparative base, representing conven-
tional composite structures. Case 2 retained the same material

ingredients and fabrication procedure, with the only modifica-
tion being the incorporation of piezoelectric powder. The spe-
cimens were manufactured to measure 120 mm long, 28 mm
wide, and 1 mm thick. Under quasi-static loading conditions,
the specimens were rigidly constrained within the universal
testing apparatus (MTS), employing immobilized terminal fix-
ation and displacement-controlled axial loading. The load was
applied at a constant displacement rate of 0.5 mm min~! to
ensure smooth and controlled stress application. Throughout
the test, the elongation of the specimen and the applied load
were continuously monitored via high-precision displacement
and load sensors until the specimen fractured. The data were
recorded in real-time by a computer system, generating the
stress—strain curve. The initial and failed morphologies of the
laminated composite specimens were shown in figures 4(b)
and (c).
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Table 2. Comparison of mechanical properties for conventional and multifunctional composite specimens.

Material ~ Relatively density, v  Specific strength S/ (MPa)  Specific stiffness £/~ (GPa)
Case 1 2.37 79.16 16.54
Case 2 2.72 67.22 12.65

Figure 5. Experimental layout of the temperature tests on the specimen.

Figure 4(d) presents the results from the tensile tests, with
the stress-strain curves showing a consistent increase in stress
as strain grew for both composite specimens. Table 2 sum-
marizes the key mechanical properties, which are critical for
evaluating the material’s mechanical performances. The spe-
cific strength and specific stiffness of both samples were com-
parable, with only slight variations observed. The analysis
revealed that the incorporation of piezo-ceramic powder led
to a slight decrease in ultimate tensile strength and stiff-
ness. However, this reduction was minimal, and the composite
retained sufficiently outstanding mechanical properties. This
suggested that the material’s overall structural performance
was largely unaffected by the addition of the piezo-ceramic
powder, making it suitable for multifunctional applications
where both mechanical strength and self-sensing capabilities
were required.

2.3. Temperature tests on the specimen

To investigate the effect of temperature on the impedance
response of the developed self-sensing piezoelectric compos-
ite structures, a series of controlled experiments were con-
ducted. The primary objective was to quantify variations in
impedance spectra under varying thermal conditions. Figure 5
illustrates the experimental setup for the measurement of
temperature-dependent EMI responses. A programmable oven
(101-4B) maintained temperatures between 20 °C and 70 °C
with an accuracy of +0.5 °C. The piezoelectric composite spe-
cimen was mounted on supportive blocks inside the oven to
replicate boundary condition used throughout this study, as

depicted in figure 5. An impedance analyzer recorded EMI
spectra over a frequency range from 20 kHz to 250 kHz at
an excitation voltage of 1 V. Tests were conducted at tem-
peratures ranging from 30 °C to 70 °C in 10 °C increments
(30 °C, 40 °C, 50 °C, 60 °C, and 70 °C), with data collec-
ted at each level after a 20 min stabilization period to ensure
thermal equilibrium.

Figure 6 presents the experimental results under varying
temperature conditions. The measurement at 30 °C was recor-
ded after thermal cycling as the baseline. Figure 6(b) displays
the results of the quantification process used to analyze the
impedance response under different temperature conditions.
To perform this analysis, the impedance magnitude for each
temperature condition was compared to the baseline measure-
ment, calculating a ratio across the entire frequency spectrum
as follows:

2]
e 7]

=
|ZBase|

ey

where @ is the average impedance magnitude at temperat-
ure 7T, |Zpae| and is the average impedance at the baseline
temperature of 30 °C. This ratio helped highlight how the
impedance changed with temperature relative to the reference
condition.

Preliminary findings indicated a notable decrease in imped-
ance magnitude with rising temperature, due to increased
dielectric losses (tand = 2.35 at 25 °C, as shown in table 1) and
softening of the polymer matrix. Furthermore, performance
degradation of the piezoelectric ceramic particles at elevated
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Figure 6. (a) Impedance results at different temperatures; (b) temperature-dependent trend quantification results.

temperatures contributed to this trend, as higher temperatures
typically reduced the piezoelectric constant (d33) and elec-
tromechanical coupling factor (k33) due to thermal depolariza-
tion and enhanced domain wall mobility [40]. It was critical to
emphasize that the material exhibited irreversible degradation
of piezoelectric performance upon exposure to high temper-
atures, as shown in figure 6(b). But it still can provide mean-
ingful impedance peaks. These results were consistent with
prior studies, illustrating the thermal effect on the piezoelec-
tric properties [41-43].

3. EMIS method integrating with piezoelectric
composite structures

The EMIS method relies on frequency-domain measurements
through discrete, incremental frequency sweeping. Sinusoidal
excitations applied at the electrode terminal induce steady-
state electro-mechanical responses, with actuation and sens-
ing occurring concurrently to derive precise impedance val-
ues for each frequency. These excitations generate elastic
waves that interact with the material’s microstructure and
boundaries, creating localized vibrational modes. In contrast
to conventional bursts of propagating Lamb waves, EMIS
responses are dominated by continuous and standing Lamb
waves. Formed by the interference of reflected waves at
boundaries or discontinuities within a composite laminate,
these standing waves produce resonant patterns at specific
frequencies. EMIS emphasizes on localized resonance sens-
itivity to nearby structural changes like localized cracks,
delamination, or material degradation, enabling accurate dam-
age detection via impedance signatures in distributed sensing
applications.

In conventional setups, a single PWAS transducer often
functions as both the actuator and the receiver, either
adhered to or embedded within the structure to capture
resonant characteristics [30, 44]. However, this approach
faces challenges related to external sensor placement, main-
tenance, and inconsistent coupling conditions, which could

compromise monitoring reliability and hinder accurate struc-
tural health assessment. To address these limitations, this
research integrates the EMIS method with piezoelectric
composite materials, utilizing a diversified and customiz-
able design of distributed sensing electrodes. This innov-
ative approach eliminates the need for external sensors, as
the composite inherently supports self-excitation and self-
sensing, as depicted in figure 7. Custom electrode pat-
terns printed on the composite surface enable designated
regions to apply electrical actuation, leveraging the material’s
piezoelectric properties for immediate electro-mechanical
feedback.

For real-time application in online SHM, the system is
engineered for continuous operation under dynamic condi-
tions. Unlike traditional offline methods, this online SHM
functionality enables real-time damage identification without
requiring equipment downtime, thereby minimizing opera-
tional interruptions in critical sectors such as aerospace and
automotive structures. Furthermore, the distributed sensing
scheme significantly enhances the spatial resolution of dam-
age detection.

4. Numerical investigation of EMI active sensing

In this section, the FE models are conducted integrat-
ing the EMIS method for diagnosing structural damage.
Subsequently, the RMSD metric is proposed for the damage
localization.

4.1 Numerical modeling

The FE simulations were performed using ANSYS 16.0.
Based on the experimental measurements, the density of
the piezoelectric composite material was 2720 kg m~3.
The key material properties were determined through
experimental testing of actual composite specimens,
accurately simulating the electro-mechanical behavior
of the piezoelectric composite. The specific coefficients
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used in the model are detailed below:
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where [Cp] refers to the stiffness matrix; [ep] indicates piezo-
electric matrix; [ep] denotes the dielectric matrix.

To reduce the computational burden and modeling com-
plexity of multilayer composite structures, the equivalent
material model was utilized. It treated the structure as a homo-
genized material with effective properties, rather than mod-
eling each layer individually. It reduced computational cost
while preserving reasonable accuracy in representing the over-
all structural response. The three-dimensional FE models dis-
played in figure 8 are employed to simulate the EMI active
sensing procedure. SOLID226 elements were deployed to dis-
cretize the entire piezoelectric composite beam, which meas-
ured with the identical dimensions to the actual specimen. The
impact of local damage on the impedance response was evalu-
ated using such a model. An in-plane mesh refinement of 1 mm
was utilized to optimize the trade-off between numerical pre-
cision and computational burden. The sensing electrodes were
designed with a diameter of 10 mm and arranged on both the
top and bottom surfaces of the beam. The spacing between

the electrodes was set to 25 mm to ensure adequate cover-
age for monitoring large areas, while the specific arrangement
was designed to enable precise detection of localized structural
damage.

Structural stiffness reduction in local areas was employed
to represent general damage sites within the structure. This
method simulated the degradation of mechanical properties
in laminated composite structures caused by a general dam-
age representative, which could be matrix cracking, delamin-
ation, or fiber pull-out for resulting in such a stiffness reduc-
tion effect. In the SHM research community, this method was
widely employed for studying the general damage effect on
the response signals [45, 46]. As shown in figures 8(b) and
(c), the damages were placed at specific locations. The first
damage was positioned between electrodes #3 and electrodes
#4, while the second damage was placed between electrodes
#6 and electrodes #7. Using the impedance signals of all elec-
trodes in the undamaged model as a baseline, a comprehensive
analysis and evaluation of impedance variations under dam-
aged conditions were conducted.

4.2. Analysis of simulation results

The selection of the appropriate range of the sweeping fre-
quency band can considerably influence the efficacy of the
damage detection employing the EMI technique [47]. The
research involved harmonic analysis, where frequencies were
swept from 20 kHz to 250 kHz. This was performed in
690 incremental steps to obtain the spectral characteristics.
Figure 9 presents the impedance curves at several represent-
ative electrodes. In all three cases, electrode #1 was located
far from the damage sites, resulting in the minimal variation
in its impedance spectra. The impedance spectra of electrode
#3 with damage exhibited significant changes compared to its
undamaged state, reflecting the direct impact of local dam-
age on the sensing signal. In contrast, the impedance spec-
tra of electrode #7 in figure 9(c) remained consistent under
pristine and one damage case. These results suggested that
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Figure 9. The impedance spectra comparison: signals from (a) electrode #1; (b) electrode #3; (c) electrode #7.

while the impedance spectrum was highly sensitive to dam-
age, its effects were confined to localized regions.

Figure 10 elucidates the snapshots at peak structural res-
onance from distinct electrodes. When the sensing location
was positioned away from any damage, the primary vibra-
tional energy of the resonance was localized in the vicinity of
the excited electrode region, as shown in figure 10(a). It was
also observed that damage situated far away from the excita-
tion electrode had negligible impact on the stress distribution.
In contrary, when the damage area occurred in proximity to
excitation electrode, the distribution of equivalent stress was
significantly disrupted, forming an irregular high-stress region
around the sensing area. This disruption was driven by the
shift in resonance frequency caused by the damage, leading
to a comprehensive alteration in the overall stress distribution.
This evidently offered a visualization for the EMI resonance
scenarios. These phenomena aligned with the impedance spec-
trum characteristics presented in figure 9. The effective dam-
age detection area of a single electrode was validated through
the simulation, providing a theoretical foundation for optim-
izing the distribution design of sensing electrodes in prac-
tical applications. In conclusion, EMIS method focused on
detecting localized changes in material properties and struc-
tural dynamics, which was a key feature for accomplish-
ing active sensing and damage localization of the composite
structures.

The results presented in figure 11 depict the impedance
curves for each electrode pair for both pristine and damaged
conditions. For the undamaged structure, the spectra exhib-
ited a clear symmetry centered around electrode #4 (the cent-
ral sensing electrode). This symmetric behavior served as a
reference baseline, providing insight into the structural integ-
rity of the system. Upon introducing the damage, the spectra
of electrodes in close proximity to the damage site indicated
significant deviations. Specifically, the shift in the impedance
peak and variations in its amplitude were most pronounced
in these nearby electrodes. In contrast, electrodes located fur-
ther from the damage site remained nearly unaffected, as their
spectra displayed only minor or negligible changes. This loc-
alized behavior aligned closely with the trends observed in
figure 9, corroborating the sensitivity of the impedance meas-
urements to damage location. The shift and amplitude changes
in the impedance peaks served as key indicators of structural
damage.

4.3. Damage localization via RMSD

The RMSD has been predominantly employed as a quantitat-
ive metric to assess the congruence between two EMI spec-
tra. It serves as a statistical measurement of the average mag-
nitude of deviation between corresponding impedance values
for the structures under comparison. This research employed
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the RMSD damage metric, defined as follows:

RMSD = Zn: [Re(Z) —

i=1

Re(2)]/ Y Re(2). )

i=1

Here, N corresponds to the quantity of frequencies, the 0
indicates the pristine condition, and Z denotes the impedance
measurement at the corresponding frequency.

Figure 12 delineates the impedance deviations observed
under the damage scenarios. It was revealed that the met-
ric exhibited a high degree of effectiveness in captur-
ing the impedance discrepancies between the case studies.
Specifically, the RMSD values associated with the electrodes
manifested a pronounced increment in regions adjacent to the
damage sites. The spatial distribution of these RMSD values
is closely associated with the location of structural damage,
indicating that the self-sensing piezoelectric composite struc-
tural system not only detects the presence of damage but also
provides precise localization of the damage. Moreover, even
in the presence of multiple damage sites, the system demon-
strated the capability to distinctly identify multiple RMSD
peaks. The RMSD peak indicated that even in the presence

of two damages, the localization and monitoring of damage
could still be effectively achieved.

5. Experimental demonstration or EMI active
sensing

This section presents comprehensive experimental investiga-
tions for evaluating the efficacy of EMIS in the piezoelectric
composite structures. Subsequently, the RMSD metric is also
employed for the damage detection and localization.

5.1. Experimental setup

Figure 13 shows the experimental setup. Iron blocks were
attached on the surface of the specimen for mimicking the
damage sites. In line with the approach taken in the numerical
simulations, EMI data were obtained by the impedance ana-
lyzer (Omicron Bode 100) to discern subtle changes within
the piezoelectric material caused by structural damage sites.
A detachable electrical connection was established using
clamps attached to designated electrode pins, providing a reli-
able and consistent interface for signal transmission while
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facilitating ease of assembly and disassembly. Previous stud-
ies have explored and demonstrated the sensitivity of EMI sig-
nals to boundary and loading conditions in SHM applications.
For instance, Giurgiutiu and Zagrai reported notable shifts
in resonance frequencies under varying clamping conditions
[48], while Soh et al highlighted the impact of applied loads
on impedance magnitude in composite structures [49]. Thus,
two blocks were placed at both ends of the specimen during
the experiments to ensure a consistent boundary and loading
condition. It should be noted that the focus of this study was
to evaluate the active sensing capability of self-sensing piezo-
electric composites using the EMIS method under controlled
conditions. To ensure result consistency and comparability,
all experiments were conducted with identical boundary and
loading setups.

1

5.2. Experimental results and discussion

The impedance spectra obtained from experimental measure-
ments are depicted in figure 14. Owing to the highly intrinsic
damping properties of the material in the fabricated sample,
the experimentally acquired impedance spectra showed a
decreasing amplitude with respect to frequency, deviating
from the numerical simulations. Specifically, impedance peaks
of the structure were concentrated in the lower frequency
domain. This damping effect suppressed higher-frequency
resonances and altered the overall dynamic response of the
structure. In the baseline (undamaged) condition, the imped-
ance spectra were asymmetrical around the central sens-
ing electrode (electrode 4). This asymmetry arose from
minor manufacturing imperfections introduced during the
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fabrication process, such as slight variations in material prop-
erties or geometric dimensions. Despite these discrepan-
cies, the efficacy of subsequent damage monitoring remained
unaffected, as long as the baseline signals were accurately
obtained.

Experimental validation and analysis confirmed the effect-
iveness and potential of the proposed self-sensing piezoelec-
tric composite for SHM applications. The RMSD algorithm
demonstrated outstanding performance in detecting imped-
ance discrepancies between the pristine and the damaged
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states, as illustrated in figure 15. The RMSD values exhibited
significant increases near damage sites in both single and mul-
tiple damage scenarios. This electrode configuration not only
enhanced the spatial resolution without significantly increas-
ing hardware costs but also allowed for customization of elec-
trode shapes to meet the testing requirements of some specific
structures. Compared to conventional sensor networks, the
scalability and design flexibility of piezoelectric self-sensing
composite materials greatly improved their applicability for
practical application, substantially reducing costs associated
with hardware and mitigating system complexity issues.

Despite these advantages, it is essential to acknowledge
that this method has certain limitations. Firstly, the measure-
ment principle of the EMIS dictates that it exhibits higher
sensitivity only to areas in close proximity to the electrodes.
Additionally, as demonstrated in section 2.3, environmental
factors such as temperature variations may impact the accur-
acy of the measurements. To address these shortcomings,
future research could focus on developing tailored plans for
different structures, optimizing the size and shape of sens-
ing electrodes to achieve maximum sensitivity. Moreover, to
mitigate the effects of temperature changes, compensation
algorithms could be implemented to enhance monitoring con-
sistency. For multi-channel signal acquisition demand, tech-
niques such as multi-sensor data fusion and matrix switch
could be employed to reduce hardware costs and system com-
plexity. These improvements would enhance the system’s reli-
ability and broaden its applicability in real-world scenarios.
These aspects will be explored in a future study.

6. Conclusions and future work

This research proposed an intelligent piezoelectric compos-
ite utilizing the EMIS methodology to achieve structural
self-awareness and health monitoring. The manufacturing pro-
cess of the piezoelectric composite structures was described

in details, where sample beams were produced through rig-
orous material optimization and process refinement, ensur-
ing high sensing sensitivity and function reliability. Coupled-
field FE models validated the feasibility of employing EMIS
for active structural sensing. Experimental validations demon-
strated the accuracy and effectiveness of the proposed smart
system, demonstrating the prowess of novel composite struc-
tural system for establishing self-awareness. Each location
of the structure can serve dual roles as both an actuator
and a sensor, enabling high-resolution active sensing damage
assessments.

Future research will further investigate a bio-inspired phys-
ical neuron system in the structures functioning with an artifi-
cial neuron network as the sensing algorithm to strive for the
next generation of smart structures as a broader and more gen-
eral solution.
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