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Abstract

Structural health monitoring (SHM) based on ultrasonic-guided waves has been widely
investigated for aerospace, transportation, marine engineering, petrochemical equipment
and large-scale civil infrastructure. As the core component for guided-wave excitation and
signal reception, the transducer directly affects electromechanical conversion efficiency,
modal selectivity and service stability. Interdigital transducers (IDTs) are characterized by a
lightweight structure, designable wavelength, tunable operating frequency and good array
compatibility, and therefore show considerable potential for curved structures, compos-
ite components and large-area online monitoring. The periodically repeated interdigital
electrode pattern represents a basic form of structural symmetry in IDTs, providing the
geometric basis for wavelength matching and frequency-selective response, while substrate
properties govern the electromechanical conversion efficiency and stability of the device.
This review focuses on the research progress of substrate materials for flexible IDTs. The
material characteristics and application status of inorganic piezoelectric materials, piezo-
electric polymers, piezoelectric composites and heterogeneous integrated substrates are
summarized. The differences among typical substrate systems are compared in terms of
electromechanical coupling, flexible conformability, thermal stability, acoustic loss and
integration process. Recent applications of IDTs in guided-wave damage detection, flexible
sensing, high-temperature monitoring and on-chip acoustic devices are also discussed. The
main challenges and future directions of IDT substrate materials are analyzed to provide
guidance for material selection, device design and SHM applications.

Keywords: flexible interdigital transducer; substrate material; ultrasonic-guided wave;
structural health monitoring; piezoelectric thin film; flexible sensing

1. Introduction
Critical engineering structures in the petrochemical industry, aerospace, marine en-

gineering and large-scale infrastructure are continuously affected by alternating loads,
changes in temperature and humidity, corrosive media, material aging and manufacturing
defects during long-term service. Cracks, debonding, delamination, corrosion thinning
and fatigue damage may gradually accumulate in such structures [1–6]. If these early
defects cannot be identified in time, their continuous growth may reduce the load-bearing
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capacity of structures and even lead to severe safety accidents [4,7–9]. Therefore, structural
health monitoring (SHM) technology is of great significance for safe operation, service life
extension and maintenance decision-making of complex engineering structures [10–31].
Representative engineering scenarios for IDT-based monitoring are summarized in Figure 1.

Figure 1. Typical application scenarios of interdigital transducers in the petrochemical industry,
aerospace, gas turbines and wind turbine blades.

Conventional nondestructive testing methods, such as visual inspection, radiographic
testing, magnetic particle testing and conventional ultrasonic testing, have been widely
used for local defect identification [32–38]. However, for large-scale structures, complex
configurations or harsh service environments, these methods still suffer from limited
inspection coverage, strong dependence on manual operation, relatively low efficiency and
difficulty in online monitoring [39–43]. In contrast, SHM integrates sensors, actuators, data
acquisition and analysis systems into target structures, enabling continuous perception of
structural states and early damage warning, and providing an effective means for early
defect recognition and remaining-life assessment [44–52].

Among various SHM techniques, ultrasonic-guided waves have attracted extensive
attention because they can propagate over long distances with relatively low attenuation,
are sensitive to local defects such as cracks and delamination, and can cover large inspection
areas [52–65]. Lamb waves can propagate in plate-like structures over long distances. By
selecting the frequency, mode and propagation path, they can be used for different types
of damage in aerospace composites, ship structures, bridge components and storage or
transportation pipelines [66–73]. It should be noted that guided-wave inspection perfor-
mance depends not only on signal processing algorithms but also strongly on transducer
excitation efficiency, receiving sensitivity, modal selectivity and coupling condition with
the host structure.

An interdigital transducer (IDT) is a functional device that realizes mutual conversion
between electrical signals and elastic waves through periodic interdigital electrodes [74–76].
Compared with conventional bulk piezoelectric transducers, IDTs are thin, lightweight,
designable in center frequency and excitation wavelength, easy to form into arrays and
suitable for large-area deployment [76,77]. By adjusting geometric parameters such as
electrode period, finger spacing, finger width and aperture, IDTs can control guided-wave
propagation direction, center frequency and excitation mode, thereby providing a hardware
basis for directional excitation, multipoint monitoring and regional damage imaging in
complex structures [78–80]. The periodically repeated electrode fingers can therefore be
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regarded as a form of structural symmetry, and this spatial regularity provides the basis for
wavelength matching, coherent wave superposition, and frequency-selective excitation.

The performance of an IDT is not determined only by the electrode structure. The sub-
strate material is also a key factor influencing device performance [81,82]. Piezoelectricity,
dielectric properties, thermal stability, flexibility and interfacial integrity of the substrate
affect electromechanical coupling efficiency, guided-wave propagation loss, frequency
stability, environmental adaptability and long-term service performance [83]. From this
perspective, substrate selection is also important for maintaining the regular electrode–
substrate configuration and ensuring a stable acoustoelectric response under bending,
temperature variation, and long-term service conditions. A systematic review of substrate
materials for IDTs is therefore necessary. Different substrates show distinct advantages
and limitations in electromechanical coupling, guided-wave excitation, flexible conforma-
bility and temperature resistance. Meanwhile, SHM, wearable sensing, high-temperature
monitoring and on-chip acoustic devices impose different requirements on IDT substrate
materials [84]. This review focuses on the progress and applications of flexible IDT sub-
strate materials and provides references for material selection, device optimization and
engineering design.

2. Working Principle and Frequency Response of IDTs
2.1. Basic Structure and Electromechanical Conversion Mechanism

When an IDT works as an actuator, an alternating voltage applied to adjacent in-
terdigital electrodes generates a periodic electric field. Under the inverse piezoelectric
effect, periodic mechanical deformation is produced in the piezoelectric material and elastic
waves are radiated [85–96]. When an IDT works as a receiver, external elastic waves induce
strain variation in the piezoelectric substrate, and an electrical signal is generated between
electrodes through the direct piezoelectric effect [97–102]. Thus, an IDT is essentially a
bidirectional energy converter based on the direct and inverse piezoelectric effects.

The frequency selectivity of an IDT originates from the periodic spatial distribution of
interdigital electrodes. Only when the electrode period satisfies the phase-matching condi-
tion with the target acoustic wavelength can waves excited by individual electrodes be con-
structively superimposed and produce a high response. When the excitation frequency de-
viates from this condition, phase cancelation occurs and the response amplitude decreases.

2.2. Frequency Response Relationship

The center frequency of an IDT is mainly determined by the acoustic velocity and elec-
trode period. Let the wavelength be λ0, the acoustic velocity be vs, the acoustic propagation
period be T and the center frequency be f 0. The basic relationship is

λ0 = vsT =
vs

f0
(1)

For a conventional uniformly spaced IDT, if the width of one electrode is a and the
spacing between adjacent electrodes is b, the pitch can be expressed as

p = a + b (2)

Because adjacent electrodes with the same polarity correspond to one complete spatial
period, the excited wavelength is usually

λ0 = 2p = 2(a + b) (3)
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Accordingly, the acoustic synchronous frequency or center frequency is

fc =
vs

λ0
=

vs

2(a + b)
(4)

For surface acoustic wave devices, vs is generally the surface acoustic wave velocity of
the piezoelectric substrate. For Lamb-wave IDTs, the phase velocity cp of the target mode at
the corresponding frequency should be used. Because Lamb waves are dispersive and their
velocity varies with the frequency–thickness product, the IDT design should be combined
with dispersion curves and satisfy

λ =
cp

f
(5)

Therefore, the structural design of an IDT is essentially a matching problem between
the electrode period and the target acoustic wavelength. A smaller pitch corresponds to a
higher center frequency, whereas a larger pitch corresponds to a lower center frequency.
The corresponding geometric parameters are illustrated in Figure 2.

Figure 2. Structural schematic of an interdigital transducer, showing finger spacing, finger width,
electrode width, interdigital electrode and piezoelectric substrate.

2.3. Frequency Response Analysis Based on the Delta-Function Model

To describe the frequency response of an IDT, the delta-function model can be used
for equivalent analysis. In this model, each electrode finger is treated as a discrete acoustic
source, and the entire IDT is regarded as the superposition of periodically distributed
delta-function sources [103–106].

Assume that the IDT has N finger pairs. For the n-th electrode, the acoustic amplitude
is an, the polarity factor is sn and the time delay from the first electrode to the n-th electrode
is tn. The impulse response can be expressed as

h(t) =
N

∑
n=1

snanδ(t − tn) (6)

After Fourier transformation, the frequency response function of the IDT is

H(ω) =
∫ +∞

−∞
h(t)e−jωtdt =

2N

∑
n=1

snane−jωtn (7)

This expression indicates that the frequency response of an IDT results from the
coherent superposition of equivalent acoustic sources in the frequency domain. When the
excitation frequency satisfies the phase-matching condition, the sources are superimposed
in phase and the response reaches its maximum. When the frequency deviates from the
center frequency, phase differences among the sources reduce the response amplitude.
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For a uniform periodic IDT with a metallization ratio of η = 0.5, the amplitudes of the
electrodes can be considered approximately equal, and the response can be written in a
form containing the familiar array factor:

H(ω) = a0
sin(2N θ

2 )

sin( θ
2 )

ejφ (8)

where θ is the phase difference between adjacent equivalent sources and φ is a phase term.
The frequency response therefore has clear main-lobe and side-lobe characteristics. When
the frequency is close to the center frequency, the main-lobe amplitude is the highest; as the
frequency deviates from the center frequency, the response gradually weakens.

The number of finger pairs N strongly affects the response. As N increases, more
sources participate in coherent superposition, the main-lobe amplitude increases and fre-
quency selectivity is enhanced; however, the main-lobe width decreases and the bandwidth
becomes narrower. Thus, IDTs with many finger pairs are suitable for narrow-band and
highly selective excitation, while IDTs with fewer finger pairs provide broader bandwidth
but relatively lower output amplitude and modal selectivity. The normalized responses for
representative finger-pair numbers are compared in Figure 3.

Figure 3. Normalized frequency response of a uniform IDT for different numbers of finger pairs
N, illustrating the increase in frequency selectivity and the reduction in main-lobe bandwidth as
N increases.

In summary, the frequency response of an IDT is jointly determined by electrode ge-
ometry, target acoustic mode and substrate properties. The interdigital structure provides
frequency and wavelength selectivity, while the acoustic velocity, piezoelectric properties,
dielectric loss and mechanical characteristics of the substrate further affect practical con-
version efficiency, propagation loss and response stability. Therefore, structural parameter
optimization should be coordinated with substrate material selection.

3. Development Status of IDT Substrate Materials
An IDT generally consists of a piezoelectric substrate and a comb-like metal electrode

pattern fabricated on its surface. Preparing high-performance piezoelectric substrates is one
of the important directions for optimizing interdigital transducers [107–115]. By applying
an alternating voltage to the interdigital electrodes, the direct and inverse piezoelectric
effects are used to realize energy conversion between the electrical and mechanical do-
mains, as well as conversion between acoustic waves and electrical signals. According to
material type, piezoelectric substrates can be classified as inorganic piezoelectric materials,
piezoelectric polymers and piezoelectric composites.
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3.1. Inorganic Piezoelectric Substrates

Inorganic piezoelectric materials are among the earliest and most extensively studied
substrate systems for IDTs [65,66,70]. They usually have a high piezoelectric response, low
acoustic loss and good frequency stability, and are suitable for SAW devices, Lamb-wave
resonators, ultrasonic transducers and SHM. However, they are generally stiff and brittle,
which limits direct application on complex curved surfaces and structures undergoing
large deformation [71]. According to material form and composition, they can be further
divided into piezoelectric single crystals, piezoelectric ceramics and inorganic piezoelectric
thin films.

3.1.1. Piezoelectric Single-Crystal Substrates

Piezoelectric single crystals are representative early IDT substrates. White and Voltmer
reported direct excitation of surface elastic waves using periodic surface electrodes, laying
the experimental foundation for IDT acoustic devices [65]. Subsequently, quartz, LiNbO3

and LiTaO3 single crystals were widely used in SAW filters, delay lines and frequency con-
trol devices [66,70]. Quartz is known for frequency stability, whereas LiNbO3 and LiTaO3

possess a stronger piezoelectric response and electromechanical coupling and are more
suitable for broadband and high-frequency acoustoelectric conversion [71]. In recent years,
thin-film LiNbO3 has further promoted IDTs toward high frequency, miniaturization and
on-chip integration. GHz-level A1-mode Lamb-wave devices based on LiNbO3 thin films
show advantages in high frequency, low loss and broadband integration [96,98,116,117].

Single-crystal IDTs offer excellent frequency stability, low acoustic loss and strong
high-frequency performance. Their limitations are high stiffness and brittleness, which
make direct adaptation to curved and flexible structures difficult. For flexible SHM, single-
crystal materials usually need to be combined with flexible substrates by thinning, transfer
printing or heterogeneous integration. A high-resolution schematic of a representative
LiNbO3 thin-film IDT configuration is provided in Figure 4.

Figure 4. High-resolution schematic of a LiNbO3 thin-film IDT [116].

3.1.2. Piezoelectric Ceramic Substrates

Piezoelectric ceramics have a strong piezoelectric response, high electromechanical
coupling efficiency and mature preparation processes. They are commonly used for active
excitation and guided-wave detection in IDTs. Compared with single crystals, ceramics can
produce a larger mechanical response under relatively low driving voltages and are suitable
for Lamb-wave excitation, ultrasonic transduction and active SHM. Typical piezoelectric
ceramics include lead zirconate titanate (PZT), barium titanate (BaTiO3), potassium sodium
niobate ((K,Na)NbO3, KNN), and bismuth sodium titanate (Bi0.5Na0.5TiO3, BNT).

PZT is one of the most mature ceramic substrates for IDTs. Giurgiutiu investigated
tuned Lamb-wave excitation and detection using PZT wafers and showed that the matching
among transducer size, excitation frequency and target modal wavelength significantly
affects the guided-wave response [80]. Jin et al. designed a PZT-IDT for crack detection in
plates and demonstrated that matching the electrode period with the Lamb-wave wave-
length can enhance modal selectivity and propagation directivity [81]. Stepinski et al. and
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Mańka et al. further developed tunable IDTs by changing electrode connections, enabling
switchable excitation of different wavelengths and modes and improving the adaptability
of PZT-IDTs in guided-wave inspection [118,119].

Thin-film PZT provides an important route for flexible integration and miniaturized
devices. PZT films can be prepared by sol–gel processing, sputtering and micromachining,
and have been used in PMUTs, MEMS sensors and flexible ultrasonic transducers [120–123].
Dangi et al. integrated PZT thin films on PI substrates to fabricate flexible PZT ultrasonic
transducers, demonstrating that high-response ceramic films can be integrated with flexible
substrates to alleviate the rigidity of bulk ceramics [99]. Recent reviews also indicate that
PZT thin films remain competitive in MEMS, ultrasonic detection and acceleration sensing,
although mechanical stability, process compatibility and environmental considerations still
need improvement [100]. A representative flexible PZT thin-film transducer is shown in
Figure 5.

 

Figure 5. Flexible PZT thin-film ultrasonic transducer: [99].

Lead-free piezoelectric ceramics have also attracted increasing attention. BaTiO3 is
lead-free, has a high dielectric constant and can be fabricated using mature processes,
but its piezoelectric properties and Curie temperature are generally lower than those
of PZT, making it more suitable as a filler in flexible composite sensors [105]. KNN-
based ceramics have relatively high Curie temperatures and promising lead-free potential;
high piezoelectric performance can be obtained through composition design and phase-
boundary regulation [106,109]. BNT-based ceramics show large field-induced strain and are
suitable for actuators and large-strain sensing, but their high coercive field and hysteresis
limit their use in low-power IDTs [110,111].

Overall, PZT remains suitable for strong guided-wave excitation and active SHM,
while BaTiO3, KNN and BNT provide material bases for lead-free and composite de-
signs. The main limitations of ceramic substrates are high stiffness, brittleness and limited
conformability to curved surfaces. Thus, in flexible IDTs, ceramics are more suitable as
piezoelectric thin films, local reinforcement layers or ceramic/polymer composite phases.

3.1.3. Inorganic Piezoelectric Thin-Film Substrates

AlN, AlScN and ZnO are commonly used inorganic piezoelectric thin-film mate-
rials for IDTs. Compared with bulk ceramics, thin films are more compatible with mi-
cro/nanofabrication, array fabrication and on-chip integration, and can be combined more
easily with silicon, sapphire, glass, metal foils or polymer substrates. AlN/AlScN is partic-
ularly suitable for high-frequency, low-loss and on-chip acoustic devices, whereas ZnO is
more suited to low-cost flexible SAW devices and multifunctional surface sensing.

AlN has high acoustic velocity, low dielectric loss, good thermal stability and relatively
strong CMOS compatibility. It is widely used in high-frequency Lamb-wave resonators,
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SAW devices and high-temperature sensors [124–126]. Lam et al. studied transducer design
for AlN Lamb-wave resonators and pointed out that electrode material, thickness, finger
width and film parameters affect electromechanical coupling and device loss [127]. Further
studies by Zou et al. on multimode resonance, boundary reflection and low-loss design
demonstrate that the performance of AlN-based IDTs depends not only on the piezoelectric
film but also on electrode loading, film stack and acoustic boundary conditions [128–131].
Figure 6 provides a representative example of an AlN IDT-based microcantilever device.

Figure 6. AlN microcantilever humidity sensor excited by IDTs: (a) device schematic; (b) transmission
and phase response near resonance [132].

AlScN represents an important performance-oriented development of conventional
AlN piezoelectric thin films. Sc incorporation enhances the electromechanical coupling
of AlN and therefore improves the electrical-to-acoustic energy conversion capability of
high-frequency acoustic devices [133]. For example, Esteves et al. reported Al0.68Sc0.32N
Lamb-wave resonators with an electromechanical coupling coefficient of approximately
10.28% [134]. Compared with conventional AlN, this enhanced coupling makes AlScN
particularly attractive for IDTs requiring stronger acoustic excitation, reduced device di-
mensions, and high-frequency operation.

However, the improvement in electromechanical coupling is accompanied by a trade-
off between piezoelectric performance and film stability. Increasing the Sc content may
increase film stress, make crystallographic texture more difficult to control, and introduce
phase-stability problems. These effects are particularly important for flexible and large-area
IDTs, because a film with high electromechanical coupling does not necessarily provide
the best device-level performance if excessive residual stress, poor texture uniformity, or
structural instability leads to interfacial degradation. Therefore, the optimization of AlScN
films should not focus solely on maximizing the Sc concentration or electromechanical
coupling coefficient, but should balance coupling performance, film stress, orientation
stability, and fabrication uniformity.

The performance of AlScN-based IDTs should also be considered at the film stack and
interface levels rather than at the piezoelectric film level alone. Studies on AlN acoustic
devices have already shown that electrode loading, film thickness, multilayer configuration,
and acoustic boundary conditions can substantially influence electromechanical coupling
and acoustic loss [127–131]. These effects may become more pronounced when AlScN
films are integrated with flexible substrates, because mechanical mismatch between the
piezoelectric layer, electrode, buffer layer, and supporting substrate can interact with
the intrinsic film stress. Consequently, the development of flexible AlScN IDTs requires
coordinated optimization of the piezoelectric film, electrode/film interface, supporting
layer, and acoustic boundary. This material–interface–device co-design represents an
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important transition from simply increasing intrinsic piezoelectric performance toward
achieving stable device-level performance under bending and long-term service.

3.2. Piezoelectric Polymers and Flexible Substrates

Piezoelectric polymers provide a different design route for flexible IDTs. PVDF and
its copolymer PVDF-TrFE are lightweight, flexible, corrosion resistant and suitable for
large-area processing. Since Kawai discovered the piezoelectricity of PVDF in 1969, PVDF
has become a representative material for flexible piezoelectric sensors [135]. Its piezoelectric
voltage constant is relatively high, making it suitable for dynamic strain, impact, vibration
and acoustic emission detection. In addition, the electroactive phases of PVDF and its
copolymers can be regulated by stretching, poling, electrospinning and thin-film processing
to improve sensing performance [136–138].

PVDF has good flexibility and attachment capability for structural monitoring. Guz-
man et al. studied the survivability of integrated PVDF film sensors under accelerated aging
conditions in aeronautical and aerospace composite structures and found that the sensors
could still provide valid signals after aging [139]. Singh et al. fabricated a lightweight
self-powered vibration sensor based on PVDF nanofibers and used it for string vibra-
tion measurement, demonstrating the potential of PVDF for miniaturized, low-mass and
dynamic-response sensing [140]. BTO/PVDF-HFP composite nanofibers can further im-
prove acoustoelectric output, providing a new material route for broadband acoustoelectric
transducers [141].

In IDTs, PVDF or PVDF-TrFE can serve as a piezoelectric layer combined with interdig-
ital electrodes to form flexible transducers. Their advantages include bendability, conformal
attachment and suitability for complex surfaces and large-area fabrication. Their limitations
are that piezoelectric strain constants and electromechanical coupling are lower than those
of PZT, LiNbO3 and AlN, and active guided-wave excitation capability is limited. The
viscoelasticity of polymers also introduces significant acoustic loss. For high-temperature or
long-term service, PVDF usually requires encapsulation, composite reinforcement or com-
bination with inorganic piezoelectric fillers. A representative PVDF-HFP acoustoelectric
transducer is shown in Figure 7.

Figure 7. PVDF-HFP acoustoelectric transducer: (a) equivalent circuit; (b) capacitor voltage as a
function of charging time; (c) voltage output over the frequency range [141].

PI, PET and PDMS are often used as flexible substrates, encapsulation layers or
buffer layers for IDTs. PI has good temperature resistance, dimensional stability and
microfabrication compatibility, and is suitable for supporting PZT, AlN and ZnO films. PET
is low-cost and suitable for low-cost flexible sensing. PDMS has good stretchability and
biocompatibility and is widely used in wearable and soft structures. A flexible substrate
does not simply provide mechanical support; its thickness, modulus, acoustic impedance
and damping characteristics change the acoustic field distribution and influence bandwidth,
frequency response and signal amplitude.
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3.3. Piezoelectric Composites and Heterogeneous Integrated Substrates

A single material is often unable to simultaneously satisfy the requirements of high
piezoelectric response, low acoustic loss, flexible conformability and environmental stability.
Piezoelectric composites and heterogeneous integrated structures have therefore become
important directions for flexible IDTs. The former combine inorganic piezoelectric phases
with polymer matrices to improve flexibility and actuation capability, while the latter
use thin-film deposition, transfer printing, bonding and micro/nanofabrication to realize
multilayer functional integration.

3.3.1. Piezoelectric Fiber Composites

Macro-fiber composites (MFCs) and active-fiber composites (AFCs) are typical piezo-
electric fiber composites. They generally consist of oriented piezoceramic fibers, a polymer
matrix and interdigital electrodes. The interdigital electrodes generate an in-plane electric
field along the fiber direction, efficiently utilizing the d33 mode to produce strong in-plane
actuation. The piezoelectric fiber composite with interdigital electrodes proposed by Bent
and Hagood laid the foundation for later MFC/AFC transducers [142]. Wilkie et al. further
developed anisotropic piezocomposite actuators based on single-crystal fibers, improving
the actuation performance of composite piezoelectric structures [143]. Birchmeier et al.,
Brunner et al. and Collet et al. investigated piezoelectric fiber composites for Lamb-wave
generation, structural monitoring and surface-mounted guided-wave transduction, prov-
ing that MFC/AFC can be used for medium- and low-frequency guided-wave excitation
and structural state monitoring [144–146]. Representative material properties are compared
in Table 1.

Table 1. Comparison of representative material properties of MFC, AFC, PVDF, and PZT.

Relative
Permittivity, εr

Young’s Modulus
Along Main (GPa) d33 (pC/N) Typical Structure Material

≈103 ≈30.3 400–460
Rectangular PZT fibers +

epoxy matrix +
interdigitated electrodes

MFC

≈755 (ε33) ≈21 ≈374
Circular PZT fibers +

epoxy matrix +
interdigitated electrodes

AFC

12–13 2–4 ≈−33 Polarized piezoelectric
polymer film PVDF

1800–3800 49–69 350–650 Bulk piezoelectric ceramic PZT

MFC/AFC transducers provide stronger actuation than PVDF and better compliance
than bulk PZT. They are suitable for composite structures, curved shells and medium- to
low-frequency guided-wave monitoring. Lanza di Scalea et al. used MFC transducers
to monitor wing skin-to-spar joints of unmanned aerial vehicles and demonstrated the
capability of MFCs for Lamb-wave excitation and debonding detection [90]. Mańka et al.
further studied tunable MFC-based IDTs and showed that changing electrode connections
can adapt the device to different target wavelengths, thereby improving Lamb-wave
excitation flexibility [91,147]. Nevertheless, these materials involve complex fabrication
and multiple interfaces among fibers, polymer matrices, electrodes and encapsulation
layers. Hygrothermal aging, fatigue and thermal cycling may cause interface degradation.
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3.3.2. Lead-Free Piezoelectric Composite Films

Lead-free piezoelectric materials provide an important route toward environmentally
compatible flexible IDTs, but their role in flexible devices differs from that of conventional
bulk ceramic substrates. BaTiO3, KNN, and BNT exhibit different advantages as lead-free
piezoelectric phases. BaTiO3 has mature processing and a relatively high dielectric constant
but generally lower piezoelectric performance and Curie temperature than PZT [105].
KNN-based ceramics offer relatively high Curie temperatures and can achieve improved
piezoelectric properties through composition and phase-boundary regulation [106,109],
whereas BNT-based ceramics exhibit large field-induced strain but are constrained by their
high coercive field and hysteresis in low-power IDT applications [110,111]. Because these
ceramics remain relatively stiff and brittle in bulk form, their integration into polymer
matrices is particularly relevant for flexible and conformal IDTs.

The key function of a lead-free composite film is therefore to balance the electrome-
chanical activity of the inorganic phase with the mechanical compliance of the polymer
matrix. BaTiO3/PVDF, KNN/PI and related ceramic/polymer systems combine the en-
hanced piezoelectric or dielectric response of inorganic phases with the flexibility and
processability of polymers. BTO/PVDF-HFP composite nanofibers, for example, demon-
strate that incorporation of a lead-free piezoelectric phase can improve acoustoelectric
output compared with the polymer matrix alone [141]. However, the relationship between
ceramic content and device performance is not monotonic. Increasing the inorganic fraction
can enhance electromechanical response, but excessive filler loading may increase stiffness,
generate additional interface defects and acoustic scattering, and reduce the mechanical
durability required for flexible operation. Consequently, the optimization of lead-free
composite IDTs should simultaneously consider piezoelectric response, filler content, po-
larization uniformity, dielectric loss, acoustic impedance matching, and ceramic/polymer
interface quality rather than treating the piezoelectric coefficient as the sole material selec-
tion criterion. Figure 8 shows a representative flexible PI/BLF-PT device illustrating this
integration strategy.

Figure 8. Flexible PI/BLF-PT energy harvester: [148].

3.3.3. Heterogeneous Integrated Substrates

Thin-film heterogeneous integration provides another route. PZT/PI, ZnO/PI, AlN/Si,
AlN/sapphire, AlN/metal foil and LiNbO3 thin film/Si structures all belong to this cate-
gory. This strategy preserves the high-frequency or high-driving characteristics of inorganic
piezoelectric films while using substrates, buffer layers and encapsulation to improve me-
chanical adaptability. Its limitations mainly originate from multilayer mismatch, including
differences in thermal expansion coefficient and elastic modulus, residual stress, warpage,
interfacial cracks and frequency drift.
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3.4. Performance Comparison and Application-Oriented Selection of IDT Substrate Materials
3.4.1. Material-Level Performance Comparison

Different IDT substrate materials exhibit substantial differences not only in intrinsic
piezoelectric properties but also in device-level acoustic performance, thermal capability,
mechanical compliance and interfacial reliability. Therefore, material selection for IDTs
should not be based on a single parameter such as the piezoelectric coefficient or flexibility.
Instead, electromechanical coupling, acoustic loss, operating temperature, mechanical
durability and integration compatibility should be considered simultaneously.

Piezoelectric single crystals and AlN/AlScN thin films generally provide favorable
high-frequency characteristics and relatively low acoustic loss, making them attractive for
SAW, Lamb-wave and on-chip acoustic devices. In particular, representative Al0.68Sc0.32N
Lamb-wave resonators have demonstrated an electromechanical coupling coefficient of
approximately 10.28%, while AlScN-on-SiC resonators have demonstrated operation at
temperatures as high as 800 ◦C. In contrast, PZT and MFC/AFC systems provide stronger
actuation capability and are more suitable for active guided-wave excitation and struc-
tural health monitoring. Polymer-based and polymer-supported structures, including
PVDF, PVDF-TrFE, PZT/PI and ZnO/PI, provide improved conformability but gener-
ally involve a trade-off among piezoelectric output, acoustic attenuation and long-term
mechanical stability.

Table 2 therefore compares representative substrate systems using engineering-
relevant indicators rather than only qualitative advantages and disadvantages. Where a
parameter is strongly dependent on device geometry, acoustic mode or testing conditions,
it is identified as device-dependent rather than treated as an intrinsic material constant.
This distinction is important because device-level performance cannot always be directly
inferred from bulk material properties.

Table 2. Engineering-relevant comparison of representative IDT substrate material systems.

Preferred
Application

Flexibility/
Durability

Thermal
Capability

Acoustic
Velocity

(m/s)

Relative
Permittivity,

εr

Electromechanical
Performance

Material
System

High-frequency
SAW/

Lamb-wave;
on-chip

Rigid; brittle ~200–500 ◦C ~3500–7300 ~28–50
k_eff 2 ~5–30%

(cut/mode
dependent)

LiNbO3/LiTaO3
single crystals

Guided-wave
SHM;

ultrasonic
transduction

Bulk: poor;
thin-film/PI:

moderate–high
~150–300 ◦C ~3000–4600 ~1800–3800 d33 ~350–650

pC/N
PZT ceramic/

thin film

Curved/
composite
structures;

guided-wave
SHM

Good
conformability;

packaging-
dependent
durability

<150–200 ◦C ~2500–4000
(effective) ~755–1000 Effective d33

~370–460 pC/N MFC/AFC

High-frequency
resonators;

SAW; high-T
sensing

Substrate-
dependent
thin-film
flexibility

>500 ◦C
(suitable stacks) ~5500–11,000 ~8.5–10 k_eff 2 ~1–3% AlN thin film

High-coupling
on-chip;
high-T

acoustics

Flexible
integration

possible;
interface stability

critical

Up to 800 ◦C
on SiC ~4500–8500 ~10–20 k_eff 2 ~5–15%; AlScN thin film
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Table 2. Cont.

Preferred
Application

Flexibility/
Durability

Thermal
Capability

Acoustic
Velocity

(m/s)

Relative
Permittivity,

εr

Electromechanical
Performance

Material
System

Low-cost
flexible SAW;

multifunctional
sensing

Good
conformability;

device-
dependent
durability

<200–300 ◦C ~2700–6000 ~8–10 k_eff 2 ~1–5%
ZnO flexible

thin film

Curved sensing;
wearable/

flexible devices

Excellent
flexibility;

~103–105 bending
cycles

<80–120 ◦C ~1500–2500 ~10–13 d33 ~−20 to
−35 pC/N

PVDF/
PVDF-TrFE

3.4.2. Device-Level Comparison Between Rigid and Flexible IDTs

The advantages of flexible IDTs should be evaluated at the device structure level rather
than only through intrinsic material properties. Rigid piezoelectric IDTs, particularly those
based on bulk PZT or single-crystal substrates, generally provide strong electromechanical
conversion, stable electrode geometry and mature fabrication. On flat structures under
well-controlled bonding conditions, such devices may provide higher or more stable
guided-wave excitation than polymer-based flexible IDTs.

Flexible IDTs, however, provide advantages that become increasingly important when
the monitored structure departs from a flat and mechanically stable configuration. Their
lower bending stiffness allows the active area to conform to curved shells, pipelines and
composite skins, reducing local gaps and facilitating distributed array deployment. There-
fore, the principal advantage of flexible IDTs is not necessarily a higher intrinsic elec-
tromechanical conversion efficiency, but improved conformability, reduced structural
perturbation, lower added stiffness and more adaptable sensor array integration.

A meaningful comparison between rigid and flexible IDTs should therefore include
at least three categories of device-level performance. The first is guided-wave excitation
and reception performance, including signal amplitude, signal-to-noise ratio, target mode
selectivity and propagation distance under identical excitation conditions. The second
is damage detection performance, including damage localization error, imaging contrast,
identification accuracy and repeatability. The third is service durability, including bending
radius, cyclic bending life, frequency drift, signal retention and interfacial integrity.

Importantly, these indicators should be evaluated under comparable operating con-
ditions. Differences in driving voltage, center frequency, transducer area, host structure,
adhesive layer and propagation distance can otherwise dominate the measured response
and obscure the actual effect of substrate flexibility. Therefore, future comparative studies
should prioritize controlled rigid–flexible benchmarking rather than comparing isolated
performance values reported under different experimental configurations.

From an engineering perspective, rigid and flexible IDTs should be regarded as com-
plementary rather than mutually exclusive technologies. Rigid IDTs remain advantageous
when high actuation efficiency and dimensional stability dominate, whereas flexible IDTs
become increasingly attractive for curved structures, lightweight monitoring, dense arrays
and mechanically adaptive interfaces.

3.4.3. Application-Oriented Material Selection Framework

Based on the preceding comparison, substrate selection should be driven by the domi-
nant engineering constraint rather than by a universal material ranking. High-frequency
and on-chip applications prioritize electromechanical coupling, acoustic loss and fabrica-
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tion compatibility, whereas guided-wave SHM emphasizes excitation capability and modal
control. Curved-structure monitoring additionally requires mechanical conformability and
stable interfacial coupling, while high-temperature applications are governed by thermal
stability and multilayer reliability. Stretchable systems further require the interdigital
geometry and electrical continuity to remain stable under large deformation. Figure 9
summarizes these application-oriented material selection pathways.

Figure 9. Application-oriented material selection framework for representative IDT substrate systems.

4. Development Trends and Key Issues of IDT Substrate Materials
The rapid development of flexible electronics, thin-film piezoelectric processes, mi-

cro/nanofabrication and SHM has driven IDT substrate materials from conventional rigid
piezoelectric materials toward thin-film, composite, flexible and highly stable systems.

4.1. High-Temperature Service and Thermal Stability

High temperature changes the dielectric constant, elastic constants and piezoelectric
coefficients of materials, further affecting guided-wave velocity, center frequency and sig-
nal amplitude. For aerospace engines, gas turbines, high-temperature pipelines, nuclear
equipment and bolt preload monitoring, IDTs must maintain detectable acoustoelectric
responses at high temperatures and preserve frequency repeatability and signal stability
after thermal cycling or long-term exposure. Temperature variation has been shown to
change Lamb-wave velocity, phase and amplitude, thereby interfering with damage iden-
tification [87,149]. Therefore, high-temperature IDTs should be designed by considering
the thermal stability of the piezoelectric layer, electrodes, buffer layer and encapsulation
materials simultaneously.

In addition to the intrinsic thermal stability of individual materials, thermal expan-
sion mismatch across multilayer interfaces is a fundamental reliability issue for high-
temperature flexible IDTs. For a piezoelectric film/substrate system, the thermal mismatch
can be characterized by the difference in thermal expansion coefficients,

∆α = αpiezo − αsub (9)

and the corresponding mismatch strain increases approximately with temperature
variation as

εth ∝ ∆α∆T (10)

Therefore, repeated heating and cooling can generate cyclic tensile and compressive
stresses in the piezoelectric layer, electrodes, buffer layers and bonding interfaces. In
multilayer flexible devices, these stresses may accumulate near interfaces and promote local
cracking, warpage or delamination. Such damage can subsequently alter the mechanical

https://doi.org/10.3390/sym18091423

https://doi.org/10.3390/sym18091423


Symmetry 2026, 18, 1423 15 of 28

boundary conditions of the IDT and cause changes in acoustic velocity, electromechanical
coupling, signal amplitude and center frequency.

Electrode degradation is another key issue for high-temperature IDTs. Conventional
metal electrodes are prone to oxidation, diffusion, agglomeration and increased resistance
at high temperatures, leading to degradation of the interdigital structure and output
attenuation. Pt, Ir, Ru, Pt-Al2O3 composite electrodes and high-temperature conductive
ceramic electrodes are important options for high-temperature SAW and IDT devices [150].
Pei et al. proposed Pt-Al2O3 composite nano-thick interdigital electrodes that showed good
thermal stability in SAW sensors, providing a reference for high-temperature electrode
design [151]. In addition, AlScN-on-SiC resonators operating up to 800 ◦C indicate that
heterogeneous integration of piezoelectric films with thermally conductive and stable
substrates can further extend IDT applications in extreme environments [152].

Electrode degradation and interfacial degradation should therefore be treated as cou-
pled rather than independent high-temperature failure mechanisms. Oxidation, interdiffu-
sion and agglomeration of metal electrodes increase electrical resistance, whereas thermal
mismatch can simultaneously weaken adhesion between the electrode, piezoelectric film
and supporting substrate. Consequently, high-temperature reliability should be evaluated
using not only the maximum operating temperature but also thermal-cycle number, high-
temperature holding time, frequency shift, signal amplitude retention, electrode-resistance
variation and post-test interfacial morphology.

AlN, AlScN, LiNbO3, LiTaO3, langasite (LGS) and GaPO4 remain important candidate
materials for high-temperature acoustic devices. AlN has high acoustic velocity, low
dielectric loss and good thermal stability, and has been widely used in high-temperature
Lamb-wave resonators, SAW sensors and thin-film ultrasonic transducers [125,153]. Zou
et al. investigated the temperature stability of SiO2/AlN/SiO2 multilayer Lamb-wave
resonators and showed that temperature-induced frequency drift can be regulated through
layer-stack design [154]. Moutaouekkil et al. introduced ribbon-structured SiO2 films into
AlN-based Lamb-wave devices and combined them with diamond films to improve velocity
and coupling, further indicating that high-temperature stability can be achieved through
structural configuration rather than relying only on a single piezoelectric material [92].

In general, high-temperature IDTs need to address three issues: stability of the piezo-
electric layer under high temperature, oxidation and diffusion of metal electrodes and inter-
face layers, and coupling between temperature-induced frequency drift and damage signals.
Future studies should strengthen systematic evaluation of thermal cycling, long-term heat
exposure, frequency drift rate, signal retention rate and interfacial damage morphology.

4.2. High Sensitivity, Low Loss and Modal Control

The detection capability of an IDT depends on whether it can efficiently excite the
target wave mode and complete acoustoelectric conversion with low loss. In guided-
wave SHM, sensors must detect local defects such as cracks, delamination, debonding
and corrosion over relatively large areas. In high-frequency acoustic devices, quality
factor, electromechanical coupling coefficient, insertion loss and frequency selectivity are
more important. Although the evaluation indicators differ, both applications require good
matching among the piezoelectric material, target wave mode, electrode structure and
acoustic boundary.

A high piezoelectric response remains the basis for improving IDT conversion effi-
ciency. PZT, PMN-PT, PIN-PMN-PT and MFC/AFC materials provide strong electrome-
chanical conversion and are suitable for active guided-wave excitation and high-sensitivity
detection [80,81,118]. In guided-wave inspection, IDTs realize modal selection by matching
the finger period with the target wavelength. The PZT-IDT designed by Jin et al. showed
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that wavelength-period matching enhances the excitation efficiency and propagation direc-
tivity of the target mode [81]. Tunable PZT-IDTs and MFC-IDTs proposed by Mańka et al.
further confirmed that changing electrode connections or interdigital structures can realize
switchable excitation at different wavelengths and frequencies [118,119].

Low-loss design also depends on device structure. For AlN and AlScN Lamb-wave
resonators, electrode thickness, metallization ratio, finger width, film thickness and bound-
ary reflection conditions affect electromechanical coupling and acoustic loss [124,127,133].
Zou et al. achieved low-loss AlN Lamb-wave resonators by controlling boundary re-
flection and acoustic loss, confirming the importance of boundary design for improving
the quality factor [129,130]. AlScN further improves the coupling of AlN-based films.
The Al0.68Sc0.32N Lamb-wave resonators reported by Esteves et al. achieved a coupling
coefficient close to 10.28%, showing that Sc doping can significantly enhance the con-
version efficiency of AlN-based films [134]. However, a high Sc content may introduce
stress, orientation-control difficulty and phase-stability issues, particularly in large-area
fabrication and flexible integration.

Modal control is an important feature that distinguishes IDTs from ordinary piezo-
electric patches. By tuning finger period, aperture, number of electrode pairs, phase
distribution and array layout, IDTs can enhance target Lamb-wave modes and suppress
spurious modes. Frequency-tunable and direction-controllable guided-wave transducers
have recently attracted attention. Mohammadgholiha et al. proposed a unidirectional
frequency-steerable acoustic transducer for guided-wave damage imaging, showing the
potential of electrode and array design for wave-field control [97]. Future improvements in
IDT performance will therefore rely not only on high-performance substrates but also on
electrode topology, wave-field regulation and signal processing.

4.3. Flexible Attachment and Curved-Structure Adaptation

Flexible IDTs are driven by the needs of curved-structure monitoring, wearable sensing
and lightweight equipment monitoring. For aerospace composite skins, pipelines, wind
turbine blades and complex curved shells, rigid piezoelectric patches may be difficult to
attach stably and may change the local dynamics of the host structure. Flexible substrates
reduce device stiffness, improve conformal attachment and facilitate array deployment.
PVDF, PVDF-TrFE, ZnO/PI, PZT/PI, AlN/metal foil and MFC/AFC structures all show
different levels of flexibility. For curved structures, adhesive thickness, interfacial acoustic
impedance and installation consistency significantly affect guided-wave energy transfer.

PZT/PI and ZnO/PI are representative thin-film flexible structures. PZT/PI is more
suitable for miniature ultrasonic emission and active excitation, while ZnO/PI is more
suitable for low-cost flexible SAW devices and multifunctional sensing. Flexible PZT thin-
film transducers on PI substrates demonstrate that high-actuation piezoelectric films can
be integrated with flexible substrates for miniature ultrasonic emission and reception [99].
However, the mismatch in elastic modulus and thermal expansion coefficient between
inorganic films and polymer substrates may lead to interfacial debonding, electrode crack-
ing and signal drift after cyclic bending. Evaluation of flexible IDTs should therefore
include bending radius, number of bending cycles, frequency shift after bending, signal
amplitude retention and interface morphology, rather than only initial frequency response
and sensitivity.

For curved-structure monitoring, the flexible IDT, adhesive layer and host structure
form a coupled multilayer acoustic transfer system. The acoustic impedance of each layer
can be expressed as

Z = ρc (11)
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where ρ is density and c is acoustic velocity. A large impedance mismatch between adjacent
layers increases reflection and reduces the acoustic energy transmitted from the IDT to
the monitored structure. Therefore, conformability alone does not guarantee efficient
guided-wave excitation; the acoustic compatibility of the interface must also be considered.

The adhesive layer plays a dual mechanical and acoustic role. A sufficiently compliant
adhesive can improve conformal contact on curved surfaces, whereas excessive adhesive
thickness may increase viscoelastic damping and alter the effective mechanical boundary
condition of the transducer. The transmitted guided-wave amplitude can therefore be
regarded as a coupled function of adhesive thickness ha, adhesive modulus Ea, interfacial
acoustic impedance Za, excitation frequency f, and structural curvature R:

Atrans = F(ha, Ea, Za, f , R) (12)

This expression is introduced here as an engineering framework rather than a univer-
sal closed-form law, because the exact relationship depends on the guided-wave mode,
frequency–thickness product, adhesive viscoelasticity and structural geometry. Neverthe-
less, it highlights that curved-surface IDT optimization should simultaneously consider
mechanical conformity and acoustic energy transfer.

Accordingly, future curved-surface IDT studies should report not only bending radius
and signal amplitude but also adhesive thickness, attachment pressure, interface condition
and signal repeatability. Such information is required to distinguish improvements caused
by the substrate material itself from those caused by installation and interfacial coupling.

Flexible SAW devices provide important references for flexible IDTs [155–158]. Jin
et al. built flexible SAW resonators on plastic films, showing that ZnO films can realize
acoustoelectric conversion on flexible substrates [155]. He et al. fabricated dual-mode flexi-
ble SAW devices based on ZnO/PI and used them for ultraviolet sensing [156]. Wu et al.
constructed flexible transparent humidity sensors using ultrathin glass, ZnO nanowires
and graphene quantum dots, demonstrating the potential of flexible acoustic devices for
environmental detection [158]. Recent reviews of flexible SAW and wearable acoustic de-
vices indicate that flexible acoustic devices have been developed for temperature, humidity,
ultraviolet, strain and physiological signal detection, but the acoustic propagation theory
under bending strain, long-term device stability and batch-to-batch consistency still require
further study [94,159,160].

Curved-structure SHM imposes higher requirements on flexible IDTs than ordinary
flexible sensing. Wearable sensing often focuses on local strain or surface disturbance,
whereas large-scale guided-wave monitoring requires stronger excitation, longer prop-
agation distance and repeatable interface coupling under curvature. Therefore, design
experience from flexible SAW devices cannot be transferred directly to guided-wave SHM.
Future research should establish clearer relationships among material flexibility, acoustic
output, structural curvature and long-term interface coupling stability.

4.4. Stretchable Devices and Soft-Structure Applications

Flexible devices mainly solve bending adaptation, whereas stretchable devices further
require electrical continuity and stable acoustic response under stretching, compression,
torsion and large deformation. The development of soft robots, electronic skins, human–
machine interaction and wearable systems has made stretchable interdigital structures
a new research direction. Dielectric elastomers, PDMS, Ecoflex, liquid metals, carbon
nanomaterials and conductive polymers are commonly used in this field. The deformation
principle of a dielectric elastomer transducer is illustrated in Figure 10.
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Figure 10. Deformation principle of a dielectric elastomer (DE) transducer.

Dielectric elastomers have large deformation, low density and fast response, and are
suitable for soft actuation and large-deformation sensing. Pelrine et al. demonstrated the
potential of dielectric elastomers for electrostrictive actuation and later reported high-speed
electrically actuated elastomers with strain greater than 100% [161,162]. Subsequent studies
indicated that dielectric elastomer transducer performance depends on dielectric constant,
elastic modulus, breakdown strength, electrode compliance and charge leakage [163–165].
Bar-Cohen and Anderson reviewed electroactive polymer actuators and pointed out that
such materials are advantageous for compliant actuation, although driving voltage, material
stability and long-term performance still limit their applications [95].

For clarity, EAP, EAC and SMA denote electroactive polymer, electroactive ceramic
and shape memory alloy, respectively. Table 3 reports actuation strain quantitatively and de-
scribes the different actuator classes using directly comparable mechanical response terms.

Table 3. Comparison of electroactive polymers and selected traditional actuator materials.

Typical Mechanical
Response Response Time (s) Stress (MPa) Actuation Strain Material Type

Large, recoverable elastic
deformation ~10−6 0.1–25 Up to >100%

(DE-type EAPs)
Electroactive polymer

(EAP) [95]

Small-strain, high-stress
response; limited flexibility ~10−3 30–40 0.1–0.3% Electroactive ceramic

(EAC) [163]

Recoverable strain through
phase transformation ~10−3–60 ~200 <8% Shape memory alloy

(SMA) [165]

For stretchable IDTs, the main challenge is not only maintaining electrical continuity
but also preserving the periodic geometry that determines acoustic frequency selection.
Conventional metal electrodes can crack under large deformation, resulting in increased
resistance and eventual failure of the interdigital structure. Conductive polymers, carbon-
based electrodes and ionic conductors provide improved mechanical compliance, although
their resistance stability, high-frequency response and environmental durability remain im-
portant limitations. The transparent ionic conductors reported by Keplinger et al. provide
a representative strategy for mechanically compliant electrodes [166], while the 3D-printed
interdigitated dielectric elastomer actuators demonstrated by Chortos et al. show that
complex stretchable interdigital geometries can be fabricated [167].

More importantly, mechanical deformation directly modifies the frequency-selective
geometry of an IDT. According to the frequency-matching relationship introduced in
Section 2, the center frequency is determined by the acoustic velocity and interdigital
wavelength, f0 = v/λ. When an interdigital structure is stretched, both the finger spacing
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and the effective acoustic wavelength may change. For a small perturbation, the resulting
relative frequency shift can be expressed approximately as

∆ f
f 0

≈ ∆v
v

− ∆λ

λ
(13)

This relationship shows that the frequency drift of a stretchable IDT originates from
two coupled effects: deformation-induced changes in acoustic velocity and changes in the
periodic electrode geometry. When the variation in acoustic velocity is relatively small,
geometric deformation of the interdigital period becomes the dominant contribution to
the center frequency shift. Therefore, a stretchable IDT must maintain not only electrode
conductivity but also geometric periodicity during cyclic deformation.

From this perspective, three coupled stability requirements should be considered for
stretchable interdigital devices: electrical stability of the compliant electrodes, geometrical
stability of the finger period, and acoustomechanical stability of the piezoelectric/substrate
interface. Accordingly, future characterization should not be limited to the maximum
achievable strain. Frequency shift under strain, electrical resistance variation, signal ampli-
tude retention, cyclic deformation life, and recovery of the interdigital geometry should
also be reported. These metrics are particularly important when stretchable interdigital
structures are extended from soft actuation and wearable sensing toward guided-wave
excitation and structural monitoring.

At present, stretchable IDTs are still at an early stage of development for large engi-
neering SHM. They are more suitable for soft-structure state monitoring, low-frequency
vibration detection, flexible interface perception and wearable systems. If used for guided-
wave inspection, they must provide sufficient acoustic output, a stable interdigital period
and repeatable interface coupling. In the short term, stretchable interdigital structures are
more likely to supplement flexible IDTs than to replace mature transduction systems such
as PZT, MFC/AFC, AlN or LiNbO3.

4.5. Representative Flexible IDT Designs and System-Level Demonstrations

Representative studies from our research group illustrate how flexible substrate design
can be combined with electrode topology and array configuration. A ring-shaped broad-
band omnidirectional IDT and its array were constructed using a PVDF/PDMS composite
flexible substrate. By optimizing interdigital parameters and annular array configurations,
multifrequency guided-wave responses, directional characteristics and damage localization
capability were demonstrated [168]. The main contribution of this design is the integration
of substrate conformability with omnidirectional array-level wave-field control.

On this basis, a plum-blossom-shaped interdigital guided-wave transducer based
on an Archimedean spiral was proposed by combining sector-shaped interdigital units
with annular arrays, enabling broadband and omnidirectional guided-wave excitation and
reception for plate damage imaging [169]. This design further demonstrates that flexible
substrate performance can be enhanced through coordinated optimization of electrode
geometry and spatial array layout rather than by material selection alone.

At the system level, a LiNbO3/Al-based SAW temperature sensor and a GNU Radio
wireless interrogation platform were developed for remote temperature-signal extraction
and calibration [170]. Together, these studies show a progression from flexible substrate
selection to wave-field regulation and system-level wireless integration. Representative
array and system-level implementations are summarized in Figure 11.
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Figure 11. Fundamentals of IDTs and SAW sensor fabrication: (a) flexible fan-shaped IDTs and their
plum blossom-shaped array; (b) annular IDT array fabricated on a PVDF/PDMS substrate; and
(c) the LiNbO3/Al-based SAW sensor and its microstructure [168–170].

Despite these advances, several limitations remain. Most current demonstrations
have been performed under laboratory conditions and on relatively regular plate-like
structures. Systematic comparisons with conventional rigid IDTs under identical excitation,
bonding and propagation conditions remain limited, and long-term durability under
cyclic bending, thermal cycling and hygrothermal aging has not yet been fully established.
Further validation on complex curved engineering structures, together with system-level
optimization of wiring, packaging, channel synchronization and multichannel or wireless
interrogation, is therefore required before these flexible array concepts can be translated
into deployable SHM systems.

These case studies reinforce the broader conclusion that flexible IDT development
requires coordinated optimization of substrate properties, electrode topology, interface
coupling and system integration rather than improvement in any single material parameter
in isolation.

5. Conclusions and Outlook
This review summarizes the research progress of substrate materials for flexible in-

terdigital transducers, focusing on piezoelectric single crystals, PZT, AlN/AlScN, ZnO,
PVDF, MFC/AFC, composite substrates and heterogeneous integrated structures. Different
substrates show clear differences in electromechanical coupling efficiency, acoustic loss,
flexible conformability, temperature stability and long-term service performance. Piezo-
electric single crystals and AlN/AlScN thin films are suitable for high-frequency, low-loss
and on-chip acoustic devices.

Current studies show that IDT substrate materials face three major limitations. First,
high piezoelectric performance and flexible conformability are still difficult to achieve
simultaneously. Inorganic piezoelectric materials have high conversion efficiency but high
stiffness and brittleness, whereas polymers are flexible but limited in actuation capability
and temperature resistance. Second, composite and heterogeneous integrated structures
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can compensate for the limitations of single materials, but residual stress, thermal mis-
match, debonding and fatigue failure at multiple interfaces remain important issues. Third,
many studies still focus on single-device performance demonstration and lack systematic
evaluation under long-term service conditions, including thermal cycling, hygrothermal
aging, cyclic bending, interface degradation and signal drift.

Future studies on IDT substrate materials should pay more attention to application-
oriented material selection and device design. Five directions are particularly important:
(1) high-coupling flexible thin films and lead-free composites that better balance elec-
tromechanical output with mechanical compliance; (2) interface engineering for electrodes,
piezoelectric layers, buffer/adhesive layers and flexible supports to suppress residual stress,
debonding and fatigue; (3) long-term reliability under high temperature, thermal cycling,
hygrothermal aging and repeated bending; (4) deformation-tolerant electrode architectures
and compensation strategies that preserve interdigital periodicity and frequency stability
in stretchable devices; and (5) standardized rigid–flexible benchmarking under identical
driving, bonding and structural conditions, using unified metrics such as coupling effi-
ciency, acoustic loss, damage localization accuracy and service life. Overall, flexible IDT
substrate materials are developing toward thin-film, composite, flexible, thermally stable
and system-integrated forms. Future research needs to shift from comparing single material
properties to validating device-level and structure-level performance, establish unified
evaluation metrics and consider long-term stability in practical service environments. With
the progress of thin-film deposition, micro/nanofabrication, transfer printing and flexi-
ble encapsulation, IDT substrate materials are expected to find broader applications in
SHM, extreme-environment sensing, intelligent equipment and flexible electronics. From a
structural symmetry perspective, future substrate development should not only improve
piezoelectric response, flexibility, thermal stability and interfacial reliability, but also help
maintain the periodic regularity and stable frequency-selective response of IDTs during
practical service.
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