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Abstract
This study presents the development of ultrasound (US) sensors for structural health monitoring
(SHM) by directly printing the sensors onto structural components. Unlike traditional
ultrasound-based SHM systems, this approach minimizes sensor placement and environmental
interference challenges, providing a stable, durable, and cost-effective solution for long-term
monitoring of critical infrastructure. The core of this technology is a piezoelectric composite
made of an OE 132–43/P189 mixture at 80 vol.% ferroelectric particles in a polyimide matrix,
selected for its optimal dielectric strength, consistent d33 polarization, high-frequency response
(1–20 MHz), and high thermal stability. Experimental validation showed that the printed sensors
effectively measured component thickness in steel and aluminum, confirming their suitability
for non-destructive evaluation. Additionally, multi-layer sensor designs were explored,
producing higher acoustic pressure at lower operating voltages, enabling applications on thicker
materials. This work advances SHM by enabling continuous, real-time monitoring, improving
structural safety, and reducing maintenance costs across various industries.

Keywords: piezoelectric composite, dielectric strength, dielectric spectroscopy,
non-destructive evaluation, thickness evaluation

1. Introduction

Structural health monitoring (SHM) is vital for ensuring the
safety and longevity of critical infrastructure, such as bridges,
buildings, and pipelines [1, 2]. By continuously assessing
structural integrity, SHM helps detect early signs of wear or
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damage, enabling timely maintenance and preventing cata-
strophic failures. This proactive approach enhances public
safety, reduces repair costs, and extends the lifespan of struc-
tures. In industries like aerospace and energy, SHM is partic-
ularly valuable for optimizing performance and minimizing
downtime through real-time insights into structural behavior
under varying conditions [3, 4].

SHM employs various non-destructive techniques (NDT)
to evaluate structures without causing damage. Visual inspec-
tions, while common, are limited to surface-level insights
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Figure 1. Illustration of a printed ultrasound sensor.

[5]. Vibration-based methods detect damage through changes
in structural dynamics, such as frequency shifts [6, 7].
Electromagnetic techniques, such as eddy current testing,
identify surface defects in conductive materials [8, 9], while
thermal imaging reveals hidden flaws through heat distri-
bution patterns. Ultrasound stands out as an especially ver-
satile technique, enabling the detection of internal defects
like cracks and voids by analyzing the behavior of high-
frequency sound waves [10]. Changes in wave speed, amp-
litude, or direction indicate material degradation or damage,
such as corrosion or fatigue cracks, that might not be visible
externally.

Despite its versatility, ultrasound-based SHM faces
challenges, particularly in sensor reproducibility [10, 11].
Measurements are highly sensitive to sensor positioning and
coupling pressure, making results prone to inconsistency.
Environmental factors like temperature and surface condi-
tions further affect sensor performance, leading to potential
false readings or difficulties in reproducing results [12].

Several solutions exist to address these challenges.
Automated or permanently mounted sensors ensure consistent
placement and contact pressure [13]. Sensor arrays or phased
arrays improve coverage and reduce misalignment issues [14,
15]. Advanced signal processing techniques, such as baseline
subtraction, help mitigate environmental effects [16]. Regular
sensor calibration and consistent surface preparation can fur-
ther enhance reliability.

While effective, these solutions involve complexities,
such as installation challenges, ongoing calibration, and
susceptibility to environmental interference [17, 18]. This
study proposes an alternative to overcome these limitations:
printing sensors directly onto the monitored structure (see

figure 1). This approach integrates sensor placement during
manufacturing, eliminating manual positioning issues and
allowing continuous monitoring without operational disrup-
tions. Additionally, printed sensors ensure a stable interface
with the structure, reducing maintenance needs and providing
reliable long-term data [9, 19–21].

By optimizing materials and printing techniques, we
achieved highly functional, durable sensors capable of con-
tinuous monitoring without additional installation steps. This
approach maintains the integrity of critical parts and makes
it economically feasible to monitor larger surfaces, reducing
costs compared to traditional sensor deployment methods.

2. Ultrasound printed sensors

2.1. Structure of an ultrasound printed sensor

In NDT for SHM, ultrasound sensors often require miniatur-
ization to meet space constraints or allow integration on thin
surfaces. This feature is typically achieved using piezoelectric
composite films, which consist of a polymermatrixmixedwith
micrometer-sized ferroelectric particles [22, 23]. Once polar-
ized, these films exhibit piezoelectric properties, making them
suitable as sensing elements [24].

The structure of a piezoelectric composite sensor is
straightforward: a piezoelectric composite layer is sandwiched
between two electrodes (figure 2(a)). For conductive sub-
strates, the substrate itself can serve as the bottom electrode,
provided it has a smooth and defect-free surface (figure 2(b)).
However, surface imperfections can compromise electrical
contact and reduce sensor performance.
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Figure 2. Typical structure of a SHM ultrasound sensor (a) layered configuration, (b) the specimen under control is electrically conductive
and plays the role of the bottom electrode).

Notably, the piezoelectric vibratory effect is amplified
when the excitation frequency matches the composite’s
mechanical resonance frequency, which depends on the
layer’s thickness [25, 26]. Adjusting this thickness allows
sensors to operate at specific test frequencies tailored for
materials like metals or fiber composites [27]. This tuning
enhances sensitivity, resolution, and performance for various
applications.

The resonant frequency of the sensor (f0) in equation (1) can
be calibrated to align with the natural resonance of the tested
material, maximizing the piezoelectric response.

f0 =
v
2e

(1)

v=

√
C33

ρ
(2)

Where e is the piezoelectric patch thickness, v is the speed
of sound (or acoustic wave velocity) in the piezoelectric mater-
ial in the direction of thickness, C33 is the elastic modulus for
thickness mode, and ρ is the density.

Piezoelectric composites have lower piezoelectric coeffi-
cients than solid ceramics, with d33 values typically lower by
10–100 pC·N–1 (table 2 in [28]). They necessitate higher elec-
tric fields to achieve the same vibratory effect, posing chal-
lenges for thick composites. As the thickness increases, so
does the required voltage. For instance, generating an elec-
tric field of 10 V·µm–1 for ultrasonic actuation in compos-
ites thicker than 1 mm could demand voltages exceeding 1
kV, which is impractical for standard NDT devices limited to
500 V [22, 29].

Figure 3. Typical structure of a SHM ultrasound multi-layer
transducer (where P0 gives the polarization direction).

A promising solution is using multi-layer transducers
(figure 3). By stacking multiple piezoelectric layers
with alternating electrodes, the same resonant frequen-
cies as a single thick layer can be achieved while sig-
nificantly reducing the supply voltage requirements. This
configuration increases the electric field for a given
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voltage, enhancing compatibility with conventional NDT
equipment [30, 31].

2.2. Piezoelectric composite

2.2.1. Piezoelectrical particles: description. Two com-
monly used piezoelectric materials for ultrasonic testing
applications are barium titanate (BaTiO3) and lead zirconate
titanate (PZT) [32, 33].

This study imposes an additional constraint of temperat-
ure resistance, as the sensor must operate continuously at
temperatures up to 200 ◦C, a requirement for nuclear-type
applications [34]. While BaTiO3, with its 120 ◦C Curie tem-
perature, is unsuitable for such conditions, PZT offers a higher
Curie temperature and ensures reliable performance.

PZT, with the chemical formula PbZrxTi1–xO3 (0⩽ x⩽ 1),
is a ceramic material with a perovskite-type crystalline struc-
ture and strong ferroelectric properties [32, 34]. Its Curie tem-
perature, ranging from 230 ◦C to 500 ◦C, can be tailored
through doping.

PZT’s lead content places it under the SGH08 hazard cat-
egory (sensitizing, mutagenic, carcinogenic, and reprotoxic)
[35], leading to regulatory restrictions that limit its availabil-
ity and detailed material characterization. Despite these chal-
lenges, PZT remains a viable choice for this study due to its
superior thermal stability and industrial applicability.

The ultrasonic sensors of this study use a pulse-echo con-
figuration, where a single active element alternately transmits
and receives signals [36]. This dual-role configuration requires
a careful selection of composite particles. Hard PZT ceramics,
with low losses and high thermal stability, are ideal for energy-
efficient transmission.

Due to the miniaturization requirements, the active ele-
ment is designed as a composite rather than a solid
ceramic. Unfortunately, composites require higher electric
fields for polarization, increasing the risk of dielectric
breakdown.

While lead-free materials like potassium sodium niobate
(KNN) would have solved the lead content issue, they cur-
rently fall short in performance and stability for demand-
ing applications. Also, most of them are not commercially
available. Therefore, PZT P189, a NAVY III-type piezoelec-
tric ceramic produced by Saint-Gobain (France) and available
in our laboratory, was selected as the active material of the
composites [25, 37]. P189 combines high thermal stability
with efficient energy transfer, meeting the demanding require-
ments of this study. Table 1 summarizes its physical properties
[38, 39].

2.2.2. Piezoelectrical particles: characterization

• Particle size

We analyzed particle size with the laser diffractometer
Mastersizer 2000 from Malvern Panalytical (UK). The results

Table 1. P189 Properties.

Unit Typical value

Density 103 kg·m−3 7,65
Curie temperature ◦C 320
Relative dielectric
Permittivity ε33

— 1150

Loss angle (Tan δ) % 0,05
Piezoelectric
coefficient d33

10−12 m·V−1 240

Figure 4. Particle size distribution.

(figure 4) revealed a bimodal particle size distribution, with
two distinct peaks at 1.3 and 8.2·µm and a median particle
size of 1.4·µm. The presence of smaller particles within
the composite facilitates the occupation of void spaces left
by the larger particles, leading to improved final composite
performances.

• Curie temperature

A significant peak in permittivity marks the Curie temperat-
ure (Tc) of the P189 particles. As the temperature approaches
Tc, thermal agitation disrupts the domain alignment, causing
a rapid increase in dielectric permittivity. At Tc, the permit-
tivity reaches its maximum. Beyond Tc, the material trans-
itions from a ferroelectric to a paraelectric phase, decreasing
permittivity. The Curie temperature can be precisely determ-
ined by monitoring this peak through capacitance measure-
ments at 1 kHz during controlled heating of the piezoelec-
tric material. Relative permittivity (εr) ) can be calculated from
equation (3).

εr =
Cd
Aε0

(3)

Where C is the capacitance measured, d is the sintered
pellet thickness (1.85 mm), A = πr2 is the pellet area
with r = 6.625 mm and ε0 the vacuum permittivity
(8.85 10−12 F·m−1).

Our measurements on P189 indicate a Curie temperat-
ure of 390 ◦C (figure 5), confirming its classification as an
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Figure 5. Relative permittivity thermogram of PZT P189 sintered
pellets.

Table 2. Short list of the selected polymer matrix.

Manufacturer Commercial reference Nature

Finale Advanced
materials (Paris, France)

Duralco 4460 Dielectric
epoxyDuralco 4461

Dupont (Wilmington,
Delaware, USA)

HT 702

Dielectric
polyimideEpoxy technology Inc

(Billerica,
Massachusetts, USA)

OE 132–43

intermediate-hard PZT suitable for the intended application.
This high Curie temperature also substantiates P189’s suitab-
ility for high-temperature applications.

2.2.3. Polymer matrix: description. The polymer matrix
provides structural integrity and reduces system permittivity,
optimizing electro-mechanical performance [40]. For ultra-
sonic transducers in NDT, the matrix must exhibit high rigidity
tominimize energy losses frommechanical damping, ensuring
effective acoustic energy transmission and improving sensitiv-
ity and accuracy.

The matrix must also maintain mechanical properties at
elevated temperatures to ensure stability in industrial envir-
onments. High glass transition temperatures are essential to
prevent thermal degradation, while high dielectric strength is
needed to withstand the electric fields applied during polar-
ization. Insufficient dielectric strength can lead to electrical
breakdown, compromising the composite’s integrity.

Considering these constraints, high-temperature epoxy and
polyimide matrices were selected as suitable candidates. Four
formulations (two epoxies and two polyimides) were evalu-
ated for their performance under high-temperature, high-stress
environments (table 2).

Figure 6. Picture of the tested polymer matrix discs.

It is worth mentioning that polyimides are generally known
for their excellent thermal stability and resistance to environ-
mental factors (humidity, etc.) [41, 42].

2.2.4. Polymer matrix: characterization

• Dielectric strength
The dielectric strength determines the polymer’s capacity
to withstand the high electric fields necessary for particle
polarization. In this study, it was assessed through break-
down tests conducted on 16 discs, each with an 8 mm
diameter (figure 6). A DC voltage was applied with a ramp
rate of 500 V·s−1 until sample failure [43]. These tests
were done at room temperature and resulted in a Weibull
distribution (equation (4)), providing a cumulative statist-
ical breakdown probability Pi(E) for an applied electric
field E.

Pi (E) = 1− e−(
E
η )

m

(4)

With η is the critical breakdown electric field at which
63,2% of samples failed, and m a shape factor characterizing
the distribution of sample’s breakdown electric fields.

The breakdown probability also reflects the test-specific
conditions, it is influenced by film thickness, electrode size,
and temperature, which affect defect occurrence and free
charge mobility, limiting conclusions about the general dielec-
tric strength of the material.

Figure 7 displays the breakdown test results for table 2
polymer matrices, with experimental points and their asso-
ciated Weibull distributions fitted with equation (4). Duralco
4460, HT702, and Epotek OE 132–43 matrices were tested
under consistent conditions, including an average deposition
thickness of 30·µm at room temperature. The Duralco 4461
matrix was excluded due to some inconsistency in the films
thickness and poor substrate wettability, leading to deposit
inhomogeneities.

For the three tested resins, the results demonstrate sufficient
dielectric stiffness to support their use as matrices in the devel-
opment of our targeted piezoelectric composites. The paramet-
ers corresponding to their Weibull distributions (equation (4))
are provided in table 3 below.
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Figure 7. Weibull plot of the breakdown electric fields for the
polymer matrices investigated.

Table 3. Weibull distribution (equation (4)) parameters for the three
tested resins.

Nature η (V µm−1) m

Duralco 4660 Epoxy 586 3,12
OE 132–43 Polyimide 201 7,45
HT 702 Polyimide 172 2,5

m reflects the distribution’s spread and is associated with
defects and inhomogeneities within the polymer matrix [44].
A comparison between the HT 702 and OE 132–43 matrices
illustrates these influences: both are polyimide-based, with
HT 702 containing silica particles and OE 132–43 compris-
ing pure polyimide. The lower shape factor and broader distri-
bution for HT 702 indicate a higher spread linked to extrinsic
defects (i.e. silica particles). In contrast, the distribution for
OE 132–43 is characteristic of polyimide’s intrinsic proper-
ties. Similarly, the Duralco 4460 matrix shows indications of
extrinsic failure, with observed degassing challenges suggest-
ing a notable presence of defects, which accounts for these
findings.

• Dielectric spectroscopy characterization
Dielectric spectroscopy was used to determine the optimal
polarization temperature. At elevated temperatures, some
polymers exhibit increased permittivity, enhancing polar-
ization by concentrating the electric field in the lower-
permittivity particle phase. However, higher temperatures
also increase dielectric losses, raising the risk of dielec-
tric breakdown. Thus, identifying an optimal polarization
temperature is critical to balance effective polarization with
breakdown risk.

In this study, dielectric spectroscopy was performed on
Duralco 4460 and OE 132–43 matrices using a Novocontrol
impedance analyzer (Germany) at 0.1 Hz with 5 ◦C incre-
ments. The HT 702 matrix was excluded due to its low
dielectric breakdown strength. Results (figure 8) show that for
Duralco 4460, the permittivity (ε′) increases significantly from
90 ◦C, peaking at 250 ◦C, while losses (ε′′) rise from 50 ◦C

Figure 8. Conservative and dissipative permittivities thermograms
of Duralco 4460 and OE 132–43.

and peak at 200 ◦C. For OE 132–43, ε′ remains stable up to
210 ◦C, with minimal losses until 200 ◦C. These findings sug-
gest that at certain temperatures, the permittivities of the mat-
rix and particles align, enhancing the polarization efficiency
of the piezoelectric composite.

2.2.5. Substrate (bottom electrode). The substrate of the
flat ultrasonic sensors developed in this study can be either a
polymer film or a thin metallic sheet, depending on applic-
ation requirements. Polymer substrates offer high flexibility
[45]. For such cases, a conductive ink layer serves as the lower
electrode.

Alternatively, thin metal sheets provide structural support
and inherent electrical conductivity, simplifying manufactur-
ing by removing the need for conductive ink. When the metal
sheet is sufficiently thin (<200 µm), it retains flexibility com-
parable to polymer substrates, making it suitable for applica-
tions requiring some conformability.

High-temperature resistance further constrains polymer
substrate selection. Polyimide film (125 µm thick Kapton)
was chosen for its thermal stability and mechanical properties,
ensuring reliability in high-temperature environments [46].
This material optimally balances flexibility and durability for
ultrasonic sensor applications.

A critical challenge in using substrates is managing acous-
tic impedance mismatches, which can disrupt ultrasonic wave
transmission and reduce sensor efficiency. Impedance match-
ing, typically achieved through a quarter-wave plate (λ/4),
minimizes this disruption by bridging impedance differences
between the substrate and tested material [47]. The quarter-
wave plate’s thickness depends on the test frequency and
the acoustic velocity (vmat) in the substrate, as governed by
equation (5):

λ=
vmat
f

. (5)

Designing the optimal substrate thickness ensures effective
wave transmission and minimizes energy loss. Tailoring the
substrate’s properties, including thickness and material com-
position, is crucial for maximizing performance.
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Figure 9. Piezoelectric composite film fabrication process. (a) Mixing stage. (b) Ultrasonic treatment. (c) Degassing stage. (d) Adjustable
film deposit. (e) Oven stage.

For conductive test specimens, the piezoelectric layer can
be applied directly to the part’s surface, eliminating the
substrate. This configuration avoids impedance mismatches,
enhancing acoustic energy transfer and sensor performance.
Such direct application is particularly advantageous in high-
precision applications requiring minimal signal attenuation.

2.2.6. Top electrode. In initial tests, the upper electrode can
be applied by physical sputtering, but this method is unsuitable
for industrial US sensors due to rapid gold degradation. For
durability, conductive ink is required, using either silver paint
or a paste of silver particles in a polymer. The choice depends
on adhesion and high-temperature durability.

Electrode deposition demands a smooth piezoelectric com-
posite surface. However, ink deposition may create micro-
scopic open porosities, allowing solvent infiltration that
reduces breakdown voltage. Steps to improve surface quality
include degassing the mixture, screen printing, and resting the
deposit at 80 ◦C to fluidify the ink and fill voids.

2.3. Manufacturing process

2.3.1. Initial mixture. The preparation of the piezoelectric
composite involved precise mixing of piezoelectric powder
and polymer matrix. The powder was finely ground with an
agate mortar to minimize aggregates and weighed precisely.
The polymer, including resin and hardener (for epoxy), was
added in pre-calculated amounts for the desired matrix-to-
particle ratio, accounting for solvent evaporation. After ini-
tial manual mixing, the blend underwent ultrasonic treatment
using a UP400S ultrasound device (Hielscher Ultrasonics,
Germany) to disperse particles. The composite was fur-
ther processed in a speed mixer to eliminate the remaining

clusters. Finally, the mixture was degassed in a vacuum cham-
ber to remove air and voids, ensuring uniformity and high
performance in the piezoelectric material.

2.3.2. Film deposit. The deposition of the piezoelectric
films onto the substrate was achieved using an adjustable film
applicator, Elcometer 3580 (Elcometer, UK). This device pre-
cisely controlled the thickness of the film through micromet-
ric screw adjustments. To perform the deposition, the ini-
tial mixture was carefully dispensed upstream of the applic-
ator slide, ensuring an even distribution across the entire
width of the slide. Once the mixture was properly posi-
tioned, a smooth translational movement was initiated to
spread it uniformly, resulting in a film of the expected
thickness.

This method ensured consistent and reproducible film
deposition, essential for fabricating high-quality piezoelectric
sensors. In the context of industrial production, it is worth not-
ing that screen printing could have been a highly advantage-
ous technique due to its scalability, precision, and suitability
for mass fabrication processes.

In the final stage, the resulting films were placed in a
Memmert (USA) UFE series oven. The first treatment was car-
ried out at 150 ◦C for 1 h, followed by a second treatment
at 285 ◦C for 1.5 h. These treatments ensured the complete
evaporation of solvents and polymerization of the polyimide.
Figure 9 illustrates the entire fabrication process.

When the piezoelectric composite was directly deposited
onto the part to be monitored, screen printing was used.
Substrate preparation involves surface abrasion with 800-
grit sandpaper to ensure effective adhesion of the composite.
Electrode deposition was also achieved through screen print-
ing, necessitating confirmation of compatibility between the
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Figure 10. Polarization setup.

conductive ink and the composite (i.e., no solvent-matrix inter-
actions and strong adhesion).

2.3.3. Piezoelectric composite polarization. After curing
and cooling the polymer matrix, the upper electrode
was deposited using a 208 h sputter coater (Cressington
Scientific Instrument, UK). The composite thickness beneath
each electrode was then measured to determine the exact
voltage required for polarization, ensuring optimal sensor
performance.

During polarization, precise electric fields were applied to
the specimens (figure 10). To prevent electrical breakdown
and ensure uniform temperature, samples, and electrical con-
tacts were submerged in a silicone oil bath, with temperatures
adjustable from 50 ◦C to 180 ◦C. The electric field was main-
tained for 30 min. After polarization, samples were cooled
under the applied electric field using forced air, preventing
depolarization during cooling.

The complete manufacturing process is highly scalable,
relying on standard mixing, casting, and curing techniques
adaptable to industrial production.

3. Characterization of the permanent printed
sensors

We prepared various piezoelectric films to identify the one
with the highest piezoelectric coefficient (d33). Parameters
available to optimize this coefficient include thematrix choice,
the volume fraction of piezoelectric particles within the com-
posite, particle selection, and the polarization temperature and
applied electric field amplitude.

3.1. Formulation characterization

A high particle volume fraction (>30 vol.%) is necessary
to achieve notable piezoelectric behavior. Initial permittiv-
ity measurements (figure 11) revealed that composites with
particle loadings up to 40 vol.% did not align with the predic-
tions of the Jayasundere and Smith model (equation (6) [48],),

Figure 11. Comparison between Jayasundere and Smith [48]
simulation results and experimental measurements obtained for
composites elaborated either with Duralco 4660 matrix or with
OE132-43 matrix.

indicating non-homogeneity within the composites.

εeff = εm ·
1+ 2partvol.% · εp−εm

εp+2εm

1− partvol.% · εp−εm
εp+2εm

(6)

Where εeff represents the effective permittivity, εm denotes
the permittivity of the matrix, and εp corresponds to the per-
mittivity of the particles. It is worth noting that other mod-
els, such as the Maxwell-Garnett model [49], were tested but
proved even less successful.

Scanning electron microscope (SEM) analyses of com-
posite cross-sections revealed significant particle sedimenta-
tion within the polymer matrix (figure 12). We identified two
layers: a sedimented particle layer near the substrate and a
pure polymer matrix layer. This sedimentation arises from the
high density of PZT particles, low composite viscosity, and
high temperatures (120 ◦C–150 ◦C) during polymerization or
solvent evaporation, allowing particles to settle.
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Figure 12. SEM image of a Duralco 4660-based composite filled
with 30 vol.% P189 particles.

Figure 13. SEM image of an epoxy-based composite filled with 30
vol.% P189 particles.

Polarization of such composites is challenging due to
uneven electric field distribution caused by permittivity con-
trasts between the layers [50]. The electric field concentrates in
the polymer layer, limiting polarization in the composite layer.
Higher particle loading reduces the polymer layer thickness,
promoting a more uniform field and facilitating piezoelectric
behavior.

Attempts to remove the polymer surface layer by pol-
ishing weakened dielectric properties, introducing defects
that caused premature breakdown. Dispersants to modify
particle-polymer interactions showed limited success, as sed-
imentation remained inevitable due to particle density.

The matrix was saturated with particles to prevent set-
tling and counteract sedimentation. Formulation tests determ-
ined the maximum feasible loading rate, balancing suffi-
cient fluidity for deposition with adhesion, brittleness, and
porosity formation (figure 13). Excessive porosity reduces
permittivity and dielectric strength, making polarization
unachievable.

Figure 14. SEM image of a polyimide-based composite filled with
81 vol.% P189 particles.

3.1.1. Epoxy polymer-based case. The maximum load-
ing rate for the Duralco 4460 epoxy matrix is 43 vol.%.
Exceeding this threshold causes themixture to adopt a cement-
like consistency, rendering film deposition impractical due
to poor substrate adhesion, aggregate formation, and unsuit-
ability for screen printing. The resulting film exhibits high
porosity, significantly reducing the composite’s dielectric
strength, with dielectric breakdown occurring at voltages well
below the coercive field of PZT particles, thereby preventing
polarization.

3.1.2. Polyimide polymer-based case. EO 132–43, com-
posed of pure polyimide, allows a high particle loading rate of
up to 81 vol.% (figure 14). Additionally, the polyimide mat-
rix undergoes significant evaporation during the drying and
polymerization phase, enabling a high loading rate while pre-
serving a manageable base mixture for deposition. This fluid-
ity ensures uniformity in the final composite.

At high particle volume percentages, gradual mixing using
dispersion methods (e.g. ultrasonic) is essential. After mixing,
the viscosity of the resulting mixture was measured at 65 Pa·s
with a Physica MCR 301 rheometer (Anton Paar, Austria),
fallingwell within the optimal range for screen printing applic-
ations (50–150 Pa·s).

3.2. Polarization characterization

The charge coefficient d33 typically increases with the polar-
ization electric field until saturation in piezoelectric compos-
ites. In this study, we applied a bias voltage at 90% of the
sample’s breakdown voltage to achieve maximum d33 while
protecting the sample. Breakdown field values were determ-
ined using Weibull distributions (figure 7), requiring destruct-
ive testing for each composite. For printed composites, leakage
current monitoring can estimate breakdown fields, allowing
early detection and voltage stabilization to prevent damage.
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Figure 15. (a) Piezoelectric coefficient d33 vs. polarization field for the OE132-43/P189 composite (80 vol.%). (b) Piezoelectric coefficient
d33 vs. polarization temperature the OE132-43/P189 composite (80 vol.%).

Polarization requires an electric field exceeding the coer-
cive field of the piezoelectric material, approximately 2
kV·mm–1 for PZT P189 ceramics [51]. The polymer matrix
alters electric field distribution, necessitating a higher polar-
ization field. Incremental electric field tests (figure 15(a))
revealed that the piezoelectric coefficient increases signi-
ficantly up to 15 V·µm−1, after which it saturates. A
20 V·µm−1 bias field is enough to maximize the composite’s
properties.

Raising polarization temperature can enhance efficiency
by increasing polymer matrix permittivity and charge mobil-
ity. However, these free charges can lead to an artifi-
cially elevated d33 measurement immediately after polar-
ization, requiring a relaxation period for charges to sta-
bilize. A high-temperature short circuit dissipates these
charges, ensuring accurate measurements. Polarization
tests at various temperatures on OE132-43/P189 com-
posites (figure 15(b)) showed consistent d33 values, con-
firming temperature-independent performance for this
formulation.

The OE132-43 matrix exhibits minimal permittivity
changes at tested temperatures. To induce a significant permit-
tivity increase require polarization above the glass transition
temperature (∼250 ◦C for standard polyimides) [52]. High
particle loading further limits polymer influence on dielectric
properties. Finally, room temperature polarization was chosen
to reduce breakdown risk, enabling higher electric fields with
minimal sample damage.

3.3. Dielectric breakdown characterization

Dielectric breakdown tests were conducted on EO 132–43
composites loaded with over 80 vol.% particles and a thick-
ness of 120 µm. The results (figure 16) indicate that achieving
a dielectric strength of at least 21 V·µm–1 is necessary to attain
themaximumpiezoelectric coefficient. A polarization range of
18–20 V·µm–1 allows for optimized composite performance
while minimizing the risk of breakdown. The Weibull distri-
bution (equation (3)) optimized parameters used in figure 16
were η = 33.4 V·µm−1 and m = 4.8.

Figure 16. Weibull plot of cumulative breakdown probability for
the OE 132–43/P189 (80 vol.%) composite.

4. Experimental results

All experiments were conducted using the UTC 110 system
from Eurosonic Ultrasonic Technology (Germany).

4.1. Portable US sensors

We prepared US sensors using the OE 132–43/P189 com-
posite (80 vol.%). The prototypes were deposited onto alu-
minum metal sheet substrates with a reduced thickness of
100 µm. The manufacturing process employed a silkscreen
deposition method, though controlling the deposition thick-
ness posed challenges, requiring precise adjustments for poly-
imide removal and solvent evaporation. Despite these chal-
lenges, we successfully produced sensors with a range of
thicknesses, covering a broad frequency spectrum from 1 to
20 MHz, suitable for most targeted applications. Initial tests
indicate that the fabricated sensors demonstrate strong meas-
urement capabilities when applied to steel and aluminum
components. Figure 17 shows the experimental validation
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Figure 17. Experimental response of an OE 132–43/P189 (80 vol.%) portable US sensor for thickness evaluation: (a) 10.5 mm thick steel
block; (b) 8.9 mm thick aluminum block.

of these capabilities, highlighting the thickness measurement
performance of the portable sensor on two distinct materi-
als. In figure 17(a), the ultrasound oscillogram corresponds
to a 10.5 mm thick steel block, and in figure 17(b), to an
8.9 mm thick aluminum block. The oscillograms show the
ultrasonic wave time-of-flight. We used this signal to evalu-
ate the tested part thickness based on material sound velocity.
The device, pre-set with material properties, provided accur-
ate thickness measurements, closely matching actual values.
Reflected signals from the back walls of both samples con-
firm the OE 132–43/P189 sensor’s ability for non-destructive
thickness evaluation across a wide frequency range. This
result demonstrates the sensor’s precision and reliability
for assessing steel and aluminum components in industrial
applications.

4.2. Printed US sensors

US sensors were directly deposited on a 2.5 mm steel
test component (figure 18(a)), with the steel acting as the
lower electrode and eliminating the need for impedance
matching. Results (figure 18(b)) confirmed accurate thickness

measurements, demonstrating the feasibility of this approach
for direct applications.

However, this method is more constrained than portable
sensors printed on polymer or metal foils. Permanent sensors
require heating during composite fabrication, necessitating
parts that fit an oven for polymerization. The high-voltage
polarization step also requires a safety perimeter, limiting dir-
ect printing in industrial environments.

The following validation stage involved the 17.8 mm thick
steel tube shown in figure 1. We obtained excellent thickness
estimations with the printed US sensor (figure 19), confirming
the method’s viability for industrial-type elements.

Finally, we developed multi-layer sensors consisting of two
piezoelectric layers with opposing polarization orientations.
Experimental results indicate that these sensors operate within
a similar frequency range as single-layer sensors with a thick-
ness equivalent to the combined thickness of the multi-layer
design. Notably, multi-layer sensors produce increased acous-
tic pressure (higher echo intensity), making them a valuable
alternative by enabling lower voltage operation while achiev-
ing comparable performance and even improved penetration,
allowing for the measurement of thicker components.

11
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Figure 18. (a) Picture of a printed US permanent sensor (b) experimental response of an OE 132–43/P189 (80 vol.%) permanent US sensor
for the thickness evaluation of a 2.5 mm thick steel block.

Figure 19. Validation of the printed US sensor on a 17.80 mm thick steel in an industrial context.

5. Conclusions

This study developed an innovative ultrasound (US) sensor
technology for structural health monitoring (SHM) by dir-
ectly printing sensors onto critical components. We achieved
improved performances with a piezoelectric composite based
on an OE 132–43 polyimide matrix combined with P189
NAVY III-type piezoelectric ceramic particles at 80 vol.%.
The active composite enabled reliable results across a broad
frequency spectrum (1–20 MHz) and diverse substrates such
as aluminum and steel.

Compared to high-performance materials like PMN-PT or
PZT-based ceramics, the printed composites sacrifice some
sensitivity and stability in exchange for distinct advantages,
including cost-effectiveness, scalability, and the ability to be
directly printed onto components with complex geometries.

Despite certain constraints, such as the need for oven
polymerization and adherence to high-voltage safety proto-
cols, the technology’s ability to deliver stable, high-resolution
measurements makes it a promising candidate for long-
term monitoring applications. Additionally, the fabrication of
multi-layer sensors further enhanced echo intensity at lower
operating voltages, supporting applications on thicker struc-
tural elements.

Future research will expand upon this work with the fol-
lowing focal points:

_ Experimental Validation Across Substrates: Verifying the
resonance frequencies of the developed sensors across
alternative substrates (carbon fibers, etc.).

_ Optimization of Acoustic Impedance: Enhancing the
signal-to-noise ratio by optimizing the acoustic impedance
of the piezoelectric composite sensors (tailoring particle-
matrix ratios or integrating matching layers, etc.) [47].

_ Environmental Robustness Testing: Experimentally assess
the sensor’s performance under alternative environmental
conditions (temperature, humidity, andmechanical stress).

_ Long term durability: Controlling the printed sensor’s per-
formances over extended periods of time.
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