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ABSTRACT: Piezoelectric ultrasound sensors are essential across biomedical monitoring, distance and obstacle detection, structural
health monitoring, and emerging fields such as battery diagnostics and wireless energy transfer, owing to their high electromechanical
coupling and fast response. This review provides a comprehensive overview of piezoelectric ultrasound sensing modules and their
applications. We first examine the key material parameters that govern sensor performance, including the piezoelectric charge and
voltage coefficients, the electromechanical coupling factor, and the mechanical quality factor, together with strategies such as phase-
boundary engineering, dopant engineering, and texturing used to enhance them. It then surveys four major application domains such
as bio-signal sensing, obstacle or distance sensing in different environmental conditions, and structural sensing by summarizing the
key sensor design considerations that are relevant to each domain, along with representative studies. Finally, we discuss forward-
looking strategies to overcome current performance limits, including acoustic metamaterial amplification, biocompatible and tissue-
integrated material design, and lead-free piezoelectric development, outlining a path toward more sensitive, benign, and deeply
integrated receiving modules in ultrasound sensors.

KEYWORDS: Piezoelectric ultrasound sensors, Biomedical sensors, Non-destructive testing, Structural health monitoring,
Distance and obstacle detection, Battery diagnostics, Wireless energy transfer, Acoustic metamaterials, Dopant engineering,
Templated grain growth, Acoustic impedance matching

1. INTRODUCTION

Ultrasound-based sensors have become a common sensing
modality in science and engineering [1]. They operate on the
fundamental principle of propagating mechanical pressure
waves and converting acoustic energy into measurable
electrical signals [2]. While various source-based sensing
technologies, such as optical, electromagnetic, and capacitive
sensors, are widely used across modern industries, their
depth and require  improved
performance for certain applications [3,4]. Ultrasound
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overcomes these limitations and demonstrates exceptional
capabilities across several key application domains [5]. For
example, in biomedical applications where ensuring human
safety while securing reliable internal data is a major concern,
ultrasound can be a suitable sensor source for maintaining
high penetration as the source propagates through various
internal tissues and operates without emitting harmful
electromagnetic radiation [6-8]. Similarly, in ranging and
obstacle detection sensors, it is crucial to transmit signals over
a broad spatial range while minimizing severe scattering and
erroneous signals [9]. Furthermore, structural failure detection
also requires the sensing signal to successfully propagate
through highly dense media [10]. In all these cases, ultrasound
operates as an excellent source signal for sensors, inherently
bypassing the fundamental limitations of other conventional
sensing sources such as the severe scattering of optical
methods and the
electromagnetic systems. Thus, it enables transmission with
lower attenuation across these diverse media [4,10].

interference  vulnerabilities  of

Because ultrasound is fundamentally a mechanical pressure
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Fig. 1. The categories of ultrasound-based piezoelectric sensors’ applications: bio-signal and physiological sensing, air/water distance and
obstacle detection, structural health monitoring (SHM) and non-destructive testing (NDT), and emerging uses such as battery-state and

wireless energy transfer.

wave, utilizing it as a sensing modality requires converting this
signal through an
electromechanical coupling mechanism [11]. Among various

acoustic input into an electrical
conversion principles, the triboelectric and piezoelectric effects
are the most widely considered [12,13]. For ultrasound-based
sensor applications operating primarily in the kHz to MHz
range, the piezoelectric effect is preferred over the triboelectric
effect due to its fast response time, wide bandwidth, and lower
acoustic attenuation [11,14,15]. Driven by their inherent
mechanical stability and high-efficiency electromechanical
coupling, piezoelectric materials have emerged as an attractive
option for applications with high-frequency [16]. For
biomedical and structural failure detection, high sensitivity is
important for capturing the extremely weak, high-resolution
echoes returning from deep tissues or dense solid media
without signal loss [17,18]. Furthermore, for ranging and
obstacle detection, the rapid response time of piezoelectric
highly precise time-of-flight (ToF)
measurements [9,16].

sensors  ensures
This review provides a comprehensive overview of
piezoelectric  ultrasound
applications. It first reviews key piezoelectric material

parameters for ultrasound sensors and strategies to enhance

sensing modules and their

them [19,20], then surveys the principal application domains
1): bio-signal and
physiological sensing [21,22], air/water distance and obstacle
detection [9,16], structural health monitoring (SHM) and non-
destructive testing (NDT) [23,24], and emerging uses such as

across four major categories (Fig.

battery-state and wireless energy transfer [25,26]. It then
examines the further development of material- and structural-
level sensors [11,17], and discusses forward-looking strategies
[27,28],
lead-free piezoelectric

acoustic metamaterial
biocompatible design [29], and
materials [30,31] to overcome existing performance limits.

including amplification

2. KEY PIEZOELECTRIC PARAMETERS
FOR ULTRASOUND SENSORS

At the core of an ultrasound-based piezoelectric sensor is the
piezoelectric effect, so the performance of the sensing module
is dictated by a compact set of material constants: the
piezoelectric charge coefficient (d) and voltage coefficient (g),
the electromechanical coupling factor (k), and the mechanical
quality factor (Q,). The charge coefficient, defined as the
change in electric displacement (D) per unit stress (7) at
constant electric field (£), [32]

d= (0D / 0T) (1)

sets how much electrical charge an incident acoustic
pressure liberates, so that in the linear constitutive description
the electric displacement under an applied stress is written as
[33]

D=dl +¢'E )
where &' is the permittivity at constant stress. As the

polarization generated at the material level is transferred
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through an actual circuit to operate in specific applications, g
is an important parameter, defined at constant electric
displacement, and can also be obtained by dividing d by
permittivity [32].

g =- (OE | D) = di(essy) )

The other constants describe conversion quality. £ represents
the square root of the fraction of input electrical (or
mechanical) energy converted to output mechanical (or
electrical) energy and thus determines the achievable
sensitivity and bandwidth of the sensor [34]. O,, represents the
inverse of mechanical loss at resonance, which is related to
heat dissipation in practical device operation [35].

Various techniques have been developed to enhance these
factors. The first family of strategies targets d itself, together
with k, since & = &#/(s"¢") rises with d so long as the elastic
compliance and permittivity paid in return stay bounded [36].
The most general method is compositional tuning to a
morphotropic phase boundary (MPB) or polymorphic phase
boundary (PPB) where the coexistence of multiple phases
provides a relatively large number of available polarization
directions, leading to superior piezoelectric performance. This
strategy is frequently coupled with other microstructural
approaches such as texturing, secondary sintering, and dopant
engineering to maximize piezoelectric performance across
various systems [37-40]. Dopant engineering supplies a second
strategy with a different approach. Applying donor doping by
substituting higher valence causes metal vacancies and
promotes movement of domain walls, which can lead to higher
d [41]. Recently, rare-earth dopants (Sm’*, Eu’*, Sc*', La’",
Er’’, etc.) act as inherent donors on A-sites, while additionally
inducing local structural heterogeneity that fragments long-
range polar order into nanoscale regions, and the resulting
random fields lower the energy cost of polarization rotation
[42]. Sm’*-doped PMN-PZT crystal ceramics near the MPB
achieve exceptionally high performance (ds;= 910 pC/N, k33 =
0.81) [43]. In another approach, Eu’" substitution onto Pb*"
sites in PIN-PMN-PT single crystals induces local lattice
distortions and polar nano-regions (PNRs), boosting ds; from
2110 to 2870 pC/N alongside full-matrix anisotropy
characterization [44]. Furthermore, Sm/Pr co-doped 0.72PMN-
0.28PT ceramics push ds; up to 1310 pC/N, suggesting that
strategically combining dual dopants can further enhance
piezoelectric properties [45]. Templated grain growth (TGG)
utilizes aligned templates to induce epitaxial growth of matrix
grains resulting in highly textured
polycrystalline specific  crystallographic
alignment enables the bulk ceramic to mimic single-crystal
domain behavior, offering a solution to achieve enhanced
piezoelectric properties. Eu-doped PMN-PZT textured with 3

during  sintering,

ceramics. This

vol% BaTiO; templates reaches d3; = 1310 pC/N and k3; =
0.87, against 325 pC/N and 0.70 for the random ceramic [46].
Nor is the approach confined to lead-based systems: a lead-free
NKNS-BZ-BAZ ceramic textured with NaNbO; templates to a
Lotgering factor of 98.4% delivers d5; = 805 pC/N [47].

For sensors that combine transmit and receive functionality
in a single element, the figure of merit (FoM) is commonly
expressed as d x g, reflecting the combined contribution of the
transmitting (d) and receiving (g) capabilities [48]. However,
based on Eq. (3), d and g cannot be optimized independently
since compositions engineered for a large d invariably carry a
high permittivity, which suppresses g. To bypass this
counterproductive effect, more sophisticated strategies aim to
increase d that is not accompanied by a corresponding rise in
permittivity [49]. In lead-free systems, textured KNNS-BNZ-
BF combining a compositional design for structural flexibility
with grain-oriented texturing yields a ds; ~ 807 pC/N and FoM
~64.7 x 10" m*/N [50]. A similar strategy was demonstrated
in the relaxor-PT single crystals by introducing large-radius
Ho™" ions at the B-site to increase ion mobility and oxygen-
octahedral distortion. This suppresses the rise in ¢, typically
accompanying doping-induced enhancement of d;, resulting
in an FoM of 199 x 10" m*N [51]. Table 1 summarizes the
material properties of the various piezoelectric compositions
mentioned above.

In applications such as high-frequency pulse-echo and high-
power transmit-receive modules, Q,, becomes the key limiting
factor because energy dissipated through internal mechanical
loss is converted to heat, which depresses both transmitted
pressure and echo signal-to-noise ratio (SNR) [52]. The
standard route is the mirror image of the donor chemistry
above: acceptor doping with low-valence cations such as Mn,
Cu, Fe, whose charge-compensating oxygen vacancies bind to
the acceptor into defect dipoles that establish an internal bias
field and pin domain-wall motion. Mn-doped 0.15PYN-
0.48PMN-0.37PT raises Q,, to 1159 while holding d;; at 345
pC/N and T, at 207°C [53]. The same chemistry now extends
to lead-free systems, where Cu-doped defect dipoles at an
orthorhombic-tetragonal phase boundary in (K, Na)NbO,
increase Q,, fourfold at the cost of only a one-fifth reduction in
ds; [54]. Because pursuing hardening alone suppresses domain
wall mobility via defect dipoles and ultimately limits d, recent
studies have overcome this trade-off by combining multiple
mechanisms length scales [55].
Superimposing texture onto defect engineering has proven to
be the most effective strategy. For instance, in [001]-textured
9PMnN-91PZT, Mn
sufficiently to preserve the BaTiO; templates, combining ds; =
360 pC/N with Q,,, = 2507 at T,= 261°C [56]. Complementary
doping achieves the same reconciliation chemically. Co-

acting on different

lowers the sintering temperature
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Table 1. Piezoelectric material characteristics for ultrasound-based devices in various applications

Material (composition) Mt}a,t:er;al (p(é}/BN) (m\f i;/N) (](;)) Ref.
(Bay 5Cay.15)(Zr0.1 Tig)Os Random 710 - - [37]
0.97(K 5Nay 5)(Nbg 06Sbg.04)05-0.03(Big sNay 5)(Zr s Tig2)O5 Random 323 - k, ~ 372 [38]
0.96(Nay 5Ky 5)(Nbg 93Sby ¢7)05-0.01CaZr0;-0.03(Biy sAgy 5)ZrO; Random 680 - k, ~ 47 [40]
0.1 mol% Sb,0s-doped 0.5Ba(Zr,,Tiy5)0;-0.5(Ba,,Cay3)TiOs Random 623 - k, ~ 51 [41]
2.5 mol% Sm-doped 0.4 Pb(Mg,;Nb,;)05-0.248PbZr0;-0.352PbTiO; Random 910 25.1 ky ~ 81 [43]
0.5 mol% Eu-doped 0.24Pb(In,,Nb,;,)0;-0.45Pb(Mg,sNb,;3)0;-0.31PbTiO; Single crystal 2870 353 ks ~ 95 [44]
2.5 mol% Sm/Pr co-doped 0.72Pb(Mg,;Nb,;)05-0.28PbTiO; Random 1547 - k, ~ 65 [45]
Eu-doped 0.4Pb(Mg;;Nb,3)0;-0.28PbZr0;-0.32PbTiO; Textured 1310 - ks ~ 87 [46]
0.96(Nay 5Ky 5)(Nbyg.03Sby,07)05-0.02BaZr0;-0.02(Biy sAg 5 )Z1rO; Textured 805 - k, ~ 64 [47]
0.25 mol% Mn-doped (Lig 06(Ko.52Nag.45)0.04)NDg 71 Ta 29)O5 Textured 171 101 k ~ 35 [49]
0.97(Nay 5K 5)(Nbg 95Sbyg,05)05-0.03(Big sNa, 5)O05-0.5%wtBiFeO, Textured 807 - ks ~ 88 [50]
0.3 mol% Ho-doped 0.71Pb(Mg,;Nb,;)0;-0.29PbTiO; Single crystal 4400 452 fy ~ 92.6 [51]
Table 2. Piezoelectric material characteristics for high-power ultrasound-based devices.
Material (composition) Mt;;e;al (pcéB/N) (07(%) On  Refl
3 mol% Mn-doped 0.15Pb(Yb,,Nb,,)05-0.48Pb(Mg,;Nb,;)0;-0.37PbTiO; Random 345 207 1159  [53]
1 mol% Cu-doped 0.95(K,4sNa, 5,)NbO;-0.05(Bi,sNa, s)HfO5-0.2 mol% Fe,0; Random 340 - 256  [54]
0.3 wi% MnO,-doped 0.03Pb(Mg,;Nb,;)0;-0.03Pb(AL,,Nb,,)05-0.94Pb(Zt, 5, Ti4)0;  Random 370 310 1160  [55]
0.3 mol% Mn-doped 0.77Pb(Mg;;Nb,;)05-0.23PbTiO; Textured 455 119 1466  [56]
2 mol% Mn, 1.5 mol% Eu co-doped 0.24Pb(In,;;Nb,;,)0;-0.46Pb(Mg,;;Nb,;)05-0.30PbTiO; Textured 508 > 170 > 850 [57]

doping an A-site Eu donor and a B-sitte Mn acceptor in
textured 0.24PIN-0.46PMN-0.30PT spatially separates the
cation-oxygen vacancy recombination that would otherwise

cancel the opposing effects. This dual strategy delivers d;
508 pC/N alongside k, = 0.64, O, > 850 [57]. The material
of the
compositions are outlined in Table 2. In practice, the relative

properties previously discussed piezoelectric
importance of these parameters during sensor design varies
depending application operating
environments. For instance, in biomedical applications that

on constraints and
require the detection of weak signals, the parameter g, which
is directly related to sensor sensitivity, is usually prioritized.
Furthermore, in defect inspection applications where a single
sensor consists of a transmitting and a receiving module, both
parameters d and g are generally considered. O,, also becomes
a critical parameter to evaluate, particularly in high-power

devices prone to significant heat generation.
3. APPLICATIONS
3.1 Physiological and bio-signal sensing
Biomedical reception is defined by a compromise between

472

penetration and resolution. Its interrogation is typically
performed in the megahertz (MHz) range. For example, deep
organs such as the heart are probed at 2-5 MHz, and superficial
vessels and skin structures require 10 MHz or higher [7,58,59].
Since the acoustic attenuation coefficient in tissue rises largely
with the increase of incident acoustic frequency, the receiving
module in a sensor must maintain high sensitivity across a
wide frequency band as dictated by the target [60]. For this
reason, two main factors dominate the design of the sensor.
The first is the acoustic impedance matching. The acoustic
impedance of the active element should match that of
biological tissue (~1.5 MRayl) to minimize boundary
reflection and maximize the acoustic coupling with the sensor
[61]. To achieve this impedance matching, low-impedance
materials such as PVDF or polymer-rich composites are
widely adopted in wearable acoustic sensors [62]. Second, as
discussed in Section 2, materials with a high g are preferred to
maximize the generated voltage even under weak pressure
waves. Based on these criteria, wearable sensors are designed
for specific physiological targets. The target type and depth
largely determine the choice of frequency, material, and array
format.

1-3 composites are widely used in biomedical applications

© The Korean Sensors Society
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Fig. 2. Representative ultrasound-based piezoelectric sensors for biomedical applications. (a) Schematic illustration of hemodynamic monitoring
based on pulse-echo ultrasound signals reflected from arterial walls. Adapted from Ref. [64]. (b) A breathable, fabric-integrated
ultrasound array utilizing "S"-shaped island-bridge electrodes for accurate continuous blood pressure measurement. Adapted from Ref.
[66]. (c) Conceptual illustration of a wearable PMN-PT composite array for precise pressure tracking, paired with a detailed 3D rendering
that highlights its serpentine connections and eutectic solder joints. Adapted from Ref. [64]. (d) Exploded structural view of a stretchable
piezocomposite array incorporating liquid-metal electrodes, and an illustration of its application for dynamic cardiac imaging. Adapted
from Ref. [69]. (e) Geometric schematic illustrating the transmission and reflection pathways of ultrasound-guided waves through soft
tissue and bone for multi-site bone densitometry. Adapted from Ref. [70]. (f) Exploded diagram showing the functional layers of a
wireless, suspended lithium niobate (LN) thin-film sensor, accompanied by in vivo measurement graphs tracking physiological signals

and apnea events. Adapted from Ref. [71].

because incorporating a low-impedance polymer matrix lowers
their effective acoustic impedance toward that of biological
tissues, greatly enhancing acoustic coupling efficiency [63].
Furthermore, their inherent flexibility accommodates human
body movements, thereby improving mechanical durability
and extending the lifespan of the device. A prominent example
of biomedical sensing that leverages these tailored material
properties is hemodynamic monitoring by ultrasound wall
tracking, which converts wall echo delay into a vessel diameter
to yield blood pressure waveforms, as illustrated in Fig. 2(a)
[64]. A 240 pm-thick conformal 1-3 composite array
stretchable to 60% blood pressure
waveforms from the carotid artery and jugular veins [8], and a
flexible PZT-5A/PDMS 1-3 composite sensor with silver-
nanowire electrodes captured ulnar-artery waveforms without
occlusion or calibration [65]. Subsequent studies utilized
advanced methodologies to further elevate wearability and
measurement accuracy. For instance, a 4 x 5 array hot-press-
transferred onto breathable fabric through “S”-shaped island-

recovered central

bridge electrodes achieved an axial resolution of 330 pm,
while maintaining a measurement error of £ 2 mmHg
compared to a commercial reference (Fig. 2(b)) [66]. The 45%
ceramic filling factor of the PZT 5H 1-3 composite serves as
a key tuning parameter, lowering the acoustic impedance to
15.3 MRayl for better tissue coupling while retaining a high
thickness-mode coupling coefficient of £, = 0.62. Similarly, a 5
x 4 PMN-PT 1-3 composite array integrated via low-
temperature Sn—Bi eutectic solder operated at 6.0 MHz with a
45° acceptance angle, tracking pressure within 4 mmHg of a
commercial standard (Fig. 2(c)). The device leverages the high
dy; (1282 pC/N) of PMN-PT to achieve signal accuracy
without any matching or backing layers, overcoming the
acoustic impedance mismatch (16.5 MRayl to tissue).
Additionally, the sub-140°C soldering process was critical to
strictly keeping the fabrication temperature below the PMN-
PT Curie temperature, preventing any degradation of its
piezoelectric properties [64].

Biological imaging places rigorous requirements on

© The Korean Sensors Society
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coupling stability and channel count, as high-resolution

reconstruction  requires  precise,  phase-distortion-free
beamforming [67,68]. To achieve this without compromising
the high performance of conventional rigid transmitting
modules, one strategy optimizes the acoustic interface using
auxiliary coupling agents. For example, a bio-adhesive
layer provided
matching, enabling a rigid probe to achieve 48 hours of
continuous imaging across internal organs [58]. Additionally,

integrating 1-3 piezocomposites with an acoustic matching

hydrogel—elastomer long-term  acoustic

layer improves both conformability and signal transmission.
For instance, using Eco-flex as a matching layer bridges the
impedance gap between the active element and human tissue,
effectively minimizing wave reflection. A backing layer with a
high attenuation coefficient effectively minimized the ringing
effect, ensuring more accurate signal detection. By applying
these integrated approaches, the sensor successfully achieved
highly accurate imaging of the left ventricle during exercise
(Fig. 2(d)) [69].

Beyond conventional vertical pulse-echo sensing, recent
advancements have expanded into complex acoustic modes to
address structural and physical constraints. For hard-tissue
diagnostics, Fig. 2(e) demonstrates a rare-earth-doped PMN-
PZT array (ds; = 525 pC/N) that utilizes axial-transmission
guided waves for bone densitometry across the humerus,
femur, and fibula. In this system, La/Sm co-doping raises k;; to
0.77, significantly outperforming undoped PMN-PT or PZT.
This enhanced coupling efficiency sharpens the transmitted
pulse and improves the timing precision, which is critical for
accurate speed-of-sound measurements. The system employs
three arrays tilted at 17°, 20°, and 23°, eliminating the need for
strict normal-incidence geometry to accommodate the varying
curvatures of different bone sites [70].

Furthermore, to overcome the weak-echo limitation inherent
to deep or subtle physiological measurements, resonant
operation offers a transformative pathway. Instead of listening
for returning reflections, Fig. 2(f) depicts a wireless, battery-
free 3-um suspended lithium-niobate thin film sensor that
tracks shifts
deformation. This mechanism enables precise monitoring of
soft arterial pulses and sleep apnea as a skin patch, while

resonance-frequency under mechanical

achieving intracranial pressure with 0.15 mmHg precision
across a 240 mmHg dynamic range [71].

3.2 Distance, obstacle, and underwater detection

Distance measurement and obstacle detection are essential
technologies across various application fields. They are
fundamentally based on the ToF principle. In other words,
physical position is calculated by receiving a signal emitted
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from a transmitter after it reflects off a target and precisely
measuring the elapsed time [72]. To ensure sensor reliability in
complex and diverse measurement environments, it is crucial
to minimize signal scattering or attenuation caused by the
medium and to clearly extract only the desired target signal.
Compared to widely used optical or radio frequency (RF)-
based sensors, ultrasound sensors are unaffected by the optical
or electromagnetic properties of the surrounding medium.
While laser sensors can barely detect transparent targets,
ultrasound sensors are capable of stable sensing regardless of
color or transparency [73]. For instance, a 3 X 3 PMUT array
sensor located various transparent targets within 0.5 mm, as
shown in Fig. 3(a) [74]. The cost is also quite low, as a
sputtered PZT film delivered 0.764 Pa/V and an 87.4 Pa array
output at 52 kHz [75]. Additionally, while detection resolution
improves as frequency increases, signal attenuation within the
medium also increases with frequency [76]. Considering this
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Fig. 3. Ultrasound-based piezoelectric sensors for airborne distance
measurement and obstacle detection. (a) A linear regression
plot illustrating the highly precise spatial localization
performance of a PMUT array, even for transparent targets.
Adapted from Ref. [74]. (b) Isometric schematics, cross-
sectional views showing device layers, and corresponding
mechanical models for a cantilever-based PMUT architecture
utilizing soft polymer interconnects. Adapted from Ref. [80].
(c) Transient response graphs showing input and receiving
voltage plots, demonstrating significantly enhanced
sensitivity for a ScAIN PMUT array compared to
conventional bulk transducers. Adapted from Ref. [88]. (d)
Schematic cross-sections (top-left), top-down views (bottom-
left), and a signal-to-noise ratio (SNR) plot (right) with a
device inset photo, outlining a structurally optimized single-
element dual-ring ScAIN device for long-range measurement.
Adapted from Ref. [89]. (e) A complete system block
diagram illustrating the neuromorphic signal processing flow,
where paired PMUT echoes are pre-processed and converted
into spike-based ToF signals. Adapted from Ref. [90].
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trade-off between resolution and detection range, utilizing

piezoelectric  sensors, which have relatively high

electromechanical coupling characteristics, is the most
effective approach among ultrasound-based signal detection
devices.

In the design of air-coupled sensors, the most critical
challenge is overcoming the enormous acoustic impedance
mismatch, spanning approximately four orders of magnitude,
between the sensor and air. Without proper impedance-
matching strategies, most of the incident acoustic energy is
reflected at the sensor—air interface, severely degrading both
the transmitted acoustic pressure and the sensor sensitivity. To
address this issue, various strategies have been developed. The
most common approach is to insert a quarter-wavelength
matching layer with very low acoustic impedance, such as
porous polymers, hollow-microsphere composites, or silica
aerogels, between the sensor and air [77,78]. For instance, a
hollow polymer microsphere/epoxy matching layer improved
the sensor sensitivity by 20.9 dB [79]. A cantilever PMUT
with soft polymer interconnects that synchronize neighboring
cells and act as a reflection-reduction agents covered 0.27-3.8
m over a 170° field (Fig. 3(b)) [80]. However, since the ideal
matching impedance for air is on the order of 0.02 MRayl, a
single layer is often insufficient, and multilayer or graded-
impedance structures have been proposed to provide a more
gradual impedance transition [81]. A 1-3 piezocomposite air-
coupled sensor achieved a two-way insertion loss of —56.86
dB by utilizing a double-layer matching structure made of
hollow glass microsphere-filled epoxy and a micro-membrane
filter [82]. Building on this concept, traditional discrete layers
can be replaced by a continuous impedance gradient. For
instance, a cone-structured acoustic metamaterial using silica-
epoxy unit cells was developed [83]. By gradually reducing the
silica content away from the piezoelectric element, they
lowered the acoustic impedance from 11.4 to 3.0 MRayl and
enabled an exceptionally broad —6 dB bandwidth of over
100%. This highlights
metamaterials, which control

a key advantage of acoustic
impedance through their
structural geometry rather than just material composition.
Consequently, even exceptionally thin metasurfaces with
resonators or air cavities can maximize wave transmission. An
ultrathin metasurface (A/100) designed for the water-air
interface demonstrated a 100-fold increase in acoustic
transmission, from 0.1% to approximately 30% [84]. In
addition to addressing the impedance mismatch at the
interface, macroscopic structural designs such as horn-type
acoustic concentrators or focused acoustic lenses offer
complementary approaches to further improve efficiency
[85,86]. By physically focusing acoustic waves to amplify
local pressure, these structures directly compensate for another

major challenge in air-coupled ultrasound, which is extreme
signal attenuation. Indeed, in terms of attenuation, while water
(0.0022 dB/cm/MHz) and soft tissue (0.75 dB/cm/MHz)
exhibit low attenuation coefficients, air demonstrates an
extremely high signal attenuation coefficient of 7.50 dB/cm/
MHz [87]. Therefore, to effectively implement an air-coupled
ultrasound sensor system, the receiving sensitivity of the
sensor must be maximized by selecting a piezoelectric material
with a high piezoelectric coefficient, enabling it to output a
high voltage even from severely attenuated, minute echo
signals. Scandium-doped AIN (ScAIN) is highly advantageous
here, as its low permittivity yields a favorable g, boosting
receive voltage. Demonstrating this, a SCAIN PMUT array
doubled the acoustic pressure and receiving voltage (11.7 vs
59 mV at 10 cm) of bulk transducers, achieving a range
beyond 6.8 m (Fig. 3(c)) [88]. Similarly, a single-element dual-
ring ScAIN device (k° = 8.92%) achieved a 6 m range (Fig.
3(d)) [89]. Recently, spatial detection advanced through
neuromorphic read-outs (Fig. 3(e)), where a pair of PMUTs
converts acoustic echoes into spike-based ToF signals.
Resistive-memory coincidence detectors then map these
arrival time differences into precise target angles [90].
Ultrasound-based distance and obstacle sensors offer
significant ~ advantages,  particularly  in
environments, as conventional electromagnetic and optical

underwater

detection technologies are inherently limited by the high
absorption and scattering properties of water [91]. The first
man-made echo-ranging device, 540 Hz
electrodynamically driven oscillator, demonstrated depth

Fessenden’s

sounding and returned an echo from an iceberg at a distance of
3200 m in March 1914 [92].
piezoelectricity in this field began during World War I, when
Langevin pioneered the sandwich resonator, which is an

The application of

assembly of quartz plates bonded between steel masses to
detect submerged submarines [93]. Following the commercial
introduction of the fathometer in the mid-1920s, its application
expanded rapidly within a decade. Shortly after acoustic
echoes from cod were identified in sound traces, fish-finding
sonars entered the market in 1948 [94]. Building upon this
foundational work, numerous subsequent technical studies to
improve sensitivity have been conducted (Fig. 4(a)) [95]. For
example, a matching-layer PMN-PT rod sensor improved
free-field receiving voltage sensitivity by over 6 dB relative to
its PZT-4 counterpart [96]. As illustrated in Fig. 4(b), ordered
polar micro-holes machined into [001]-oriented PIN-PMN-PT
pillars introduce a dual-piezo-charge mechanism that raises the
sensitivity compared to previous approaches [97].

Recent research has focused on the performance
requirements of underwater sensors are required to perform.
Miniaturized MEMS sonars are now being mounted on
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Fig. 4. Ultrasound-based piezoelectric sensors for underwater distance measurement and obstacle detection. (a) A 3D conceptual schematic

representing foundational underwater acoustic sensing, illustrating ongoing technological advancements in high-sensitivity sonar systems
for submarine vehicle obstacle detection. Adapted from Ref. [95]. (b) Detailed exploded structural schematics and fundamental
mechanism diagrams of an advanced transmitting module of ultrasound sensors, where ordered polar micro-holes machined into PIN-
PMN-PT npillars introduce a dual-piezo-charge mechanism to significantly raise sensitivity. Adapted from Ref. [97]. (c) A transient
waveform plot comparing signals in clear and turbid water (top-left) alongside a cross-sectional device schematic (bottom) of a PDMS-
encapsulated CMUT. This architecture provides robust and stable ranging performance for robotic fish in visually opaque environments
where optical methods completely fail. Adapted from Ref. [98]. (d) An underwater RGB photograph (left) and a comprehensive system
cross-section diagram (right) of a fully submerged, battery-free camera. The integrated piezoelectric transducer system enables ultra-low-
power localization, backscatter communication, and imaging. Adapted from Ref. [101].

platforms too small for conventional projectors. While
piezoelectric sensors remain the primary focus, non-
piezoelectric capacitive micromachined ultrasound transducers
(CMUT) provide a crucial complementary benchmark for
these advanced underwater sensing platforms. For a robotic
fish to track obstacles within a long-distance range (10 to 42
cm), a PDMS-encapsulated CMUT was mounted and enabled
its ranging error to remain unchanged even when sand and ink
were added to simulate turbid water: a condition where optical
ranging completely fails (Fig. 4(c)) [98]. Pushing toward
resolution rather than range, a CMUT with a 100% fractional
bandwidth resolves 4 mm targets and reconstructs the
topography of submerged 3D structures up to 60 cm away,
even operating at a relatively high frequency of 1.5 MHz [99].
The most remarkable achievement is the dramatic reduction in
power consumption. These piezoelectric nodes harvest energy
from incoming sound waves and communicate simply by
changing their own impedance, which drastically lowers the
underwater power consumption. In real-world river tests,
metamaterial-enhanced nodes maintained their speed over 62
m and successfully connected more than 10 devices.

Compared to previous state-of-the-art technologies, this
represents a 5-fold increase in data speed and a 6-fold increase
in transmission range [100]. Built on the same principles, a
fully submerged battery-free camera localizes tags with sub-10
cm accuracy at 3.5 m and decodes a 1 kbps uplink from
beyond 40 m, while shooting images while consuming an
average power of 276.31 pW, which is 5 times lower than
previous underwater wireless imagers, with the backscatter
modulation itself drawing just 24 nW (Fig. 4(d)) [101]. Taken
together, the air and underwater cases show how FoM reorders
the entire hierarchy of material and architecture choices.

3.3 Structural health monitoring and non-destructive
testing

In structural health monitoring applications, the sensor is
bonded to, or embedded in, the component. It detects guided
elastic waves, which are mechanical stress waves that
propagate along the physical boundaries of a structure to
enable long-range damage detection [102]. The mode, velocity,
and arrival time reveal the presence and location of hidden
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Fig. 5. Ultrasound-based piezoelectric sensors for structural health
monitoring and non-destructive testing. (a) Macroscopic
optical photographs (left) and a microscopic surface image
(right) of high-coupling PMN-PT 1-3 composites, which
serve as broadband, high-sensitivity sensors for ToF
diffraction defect detection. Adapted from Ref. [34]. (b) A
top-down photograph (top) and a corresponding cross-
sectional schematic (bottom) of a direct-write sensing
platform applied to an aluminum plate, configured to resolve
small structural defects against acoustic edge echoes. Adapted
from Ref. [109]. (c) A 3D conceptual schematic accompanied
by transient wave propagation graphs, illustrating a direct-
ink-written, Sm-doped PMN-PT ring-type sensor conforming
tightly to curved, narrow-access pipes for continuous defect
monitoring. Adapted from Ref. [110]. (d) A transient voltage
response graph with an inset photograph (left) alongside a 3D
structural schematic (right) of a thin, flexible piezoelectric
array. This highly conformable architecture enables phased-
array focusing to pinpoint defects on curved or confined
aerospace components. Adapted from Ref. [112].

damage. Directly integrated into the structure, the active
sensors transfer mechanical strain without intermediate
coupling media. To successfully capture weak scattered signals
from distant damage, their design must ensure stable bonding,
precise mode selectivity, and high piezoelectric sensitivity.
Several papers detail how specific sensor geometries, wave-
mode strategies, and signal-processing chains have made this
approach the mainstay of structural diagnostics [103-106]. The
concept of piezoelectric wafer active sensors (PWAS) using a
bonded PZT wafer to excite and detect tuned Lamb waves was
originally established for aircraft-grade aluminum plates. This
work demonstrated SO mode using a PWAS and pulse-echo
crack detection over distances up to 2,500 mm using a phased
sensor array [107]. Today, high-coupling PMN-PT 1-3
composites (d3; = 1208 pC/N, k = 0.857) provide the
broadband, high-sensitivity sensors needed for ToF diffraction
defect detection (Fig. 5(a)) [34].

A major challenge with rigid sensors is their poor adhesion
to curved or irregular surfaces, which often leads to
detachment under operational stress. To address this, recent
research has heavily focused on developing conformal, directly
integrated receiving modules for sensors. For instance, direct-
write P(VDF-TrFE) sensors deposited straight onto pipe walls
detected simulated defects as shallow as 0.25 mm and resolved
wall-thickness changes with under 3% error via pulse-echo
timing [108]. Building on this same direct-write sensing
platform, a thinner coating on an aluminum plate similarly
resolved a 1 mm deep, 2 mm wide defect against the S, mode
edge echo (Fig. 5(b)) [109]. The limited access and fixed
geometry of pipeline monitoring have driven the development
of dedicated architectures. Additive manufacturing directly
addresses these physical constraints. For instance, a direct-ink-
written, Sm-doped PMN-PT ring-type sensor can conform
tightly to curved, narrow-access pipes (Fig. 5(c)). Because it is
excited uniformly around its circumference, it generates purely
axisymmetric guided waves, which eliminate the circumferential
interference that degrades conventional disk-type probes in
pulse-echo detection, achieving a signal-to-noise ratio of 41.1
dB, nearly 7-fold above the 6 dB reliability threshold [110].
Additionally, for real-time processing, FPGA-based smart
nodes leverage the torsional mode to localize pipe defects on-
board with errors as low as 8 mm, just 2% of the 400 mm
sensing span [111].

Furthermore, civil and aerospace structures present their
own unique constraints, which require highly specialized
sensor designs. For large-scale framework monitoring, guided-
wave sensor arrays combined with multivariate outlier analysis
can reliably inspect fatigue-prone truss welds, achieving up to
100% damage detection efficiency with the best-performing
sensing path, which is further detailed in Fig. 5(d) [112]. As
spatial constraints become more severe on curved or confined
aerospace components, maintaining conformability becomes
paramount: thin, flexible piezoelectric arrays enable phased-
array focusing, such as concentrating A, mode waves over a
100 mm path to pinpoint 10 mm defects [113]. Likewise, when
high-resolution imaging on planar components is required
without wave dispersion, SHy, wave phased arrays offer an
ideal alternative, capturing through-thickness flaws as small as
2 mm [114]. Across all these applications, the sensor
requirements differ fundamentally from traditional imaging:
they demand moderate frequencies, high sensitivity to faint
scattered waves, and, above all, a coupling interface that
remains stable over the structure's lifetime.

3.4 Emerging applications
While the applications examined so far, like biosensing,
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obstacle and distance detection, and non-destructive testing,
have primarily focused on identifying macroscopic shapes or
defect locations by utilizing the reflective properties of
ultrasound, new fields of application have recently emerged
that maximize the inherent advantages of ultrasound as a
mechanical wave [13]. In sealed environments impenetrable to
light or electromagnetic waves, ultrasound serves as an
effective method for traversing physical
leveraging the characteristics of mechanical waves that
respond to minute changes in the medium, ultrasound can

barriers. By

function as a sensor to monitor the physical and chemical
states of a closed system.

With the recent surge in the use of high-capacity lithium-ion
batteries, the early detection of thermal runaway, which can
directly lead to fires, and the accurate monitoring of State of
Charge (SOC) and State of Health (SOH) have become critical
[115,116]. However, conventional methods relying solely on
external voltage and current measurements are limited in their
ability to detect localized structural changes or side reactions
within the internal electrodes. In contrast, ultrasound waves
can penetrate the battery casing and possess unique
characteristics whereby the signal is modulated by internal
chemical and physical states as the mechanical waves
propagate through the medium [117]. For instance, the
lithiation process of an electrode alters the internal speed of
sound, while gas generation resulting from battery degradation
induces significant acoustic scattering. Consequently, the
internal state can be estimated by measuring the ToF and
attenuation of ultrasound waves [118]. Piezoelectric materials
play a crucial role in implementing such diagnostic systems.
Due to the high electromechanical coupling characteristics of
piezoelectric elements, operation is possible with a single
element, and miniaturization or thinning is easily achieved.
This enables real-time monitoring through direct contact with
the surface of a commercial battery cell, without requiring any
structural modifications. A single built-in piezoelectric sensor
can estimate the SOC with a root-mean-square (RMS) error
below 2.36% using direct guided waves [119]. More advanced
phased-array systems can map the SOC to within 4% while
visualizing gas generation inside a 40 Ah cell [120]. Similarly,
reflection-based schemes can effectively estimate the battery’s
charge and temperature, as depicted in Fig. 6(a) [121]. In
addition, real-time imaging enables the non-destructive
visualization of lithium plating as it forms (Fig. 6(b)) [122]. A
recent passive ultrasound probe embedded in a cell provides
early warning of internal thermal-runaway hazards, explicitly
utilizing a PZT element (d5; = 350 pC/N, &, = 0.60) operating
at 2.5 MHz [123]. In all these cases, the appeal of piezoelectric
sensors is clear: they are inexpensive, compact, and easily
attached to commercial cells without altering them.
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Fig. 6. Emerging applications of ultrasound-based piezoelectric
technologies. (a) A 3D structural schematic detailing a
reflection-based ultrasound scheme designed to effectively
estimate a battery's SOC and internal temperature across its
constituent layers. Adapted from Ref. [121]. (b) A conceptual
scanning diagram paired with transient acoustic reflection
waveforms, demonstrating the capability for real-time, non-
destructive visualization of lithium plating as it forms.
Adapted from Ref. [122]. (¢) A system schematic alongside
wave propagation models illustrating ultrasound wireless
energy transfer technology, highlighting acoustic transmission
through various media. Adapted from Ref. [125]. (d) An
anatomical application schematic of a flexible receiver on a
human heart. Adapted from Ref. [127].

In addition to such state-sensing applications, the
mechanical wave characteristics of ultrasound enable a new
paradigm moving beyond mere information reception to the
transfer of energy. Unlike conventional electromagnetic wave-
based methods, ultrasound allows for the safe and efficient
transmission of high-density mechanical energy even through
various enclosed media without the risks of electromagnetic
interference or heat generation [124]. Consequently, ultrasound
wireless energy transfer technology based on these principles
has recently been gaining renewed attention. As shown in Fig.
6(c), the structure and design of the receiver are important
because diverse surface structures of the receiver change the
direction and shape of the transmitted ultrasound waves [125].
For instance, a receiver utilizing a relaxor single crystal
successfully transferred approximately 8 mW of power across
6 cm of water. Furthermore, it demonstrated the ability to
deliver power through solid barriers like metal and wood
[126]. A subsequent body-conformal design supplied reliable
power to a rechargeable battery at a 35 mm distance. Notably,
it maintained its output under repeated bending, proving its
suitability for curved implants such as artificial hearts (Fig.
6(d)) [127]. With these demonstrations validating the immense
potential of ultrasound-based energy transfer, piezoelectric
materials have emerged as a suitable platform for this
technology. Some groups have achieved significant power
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generation in vivo using purely piezoelectric receivers. An
implantable harvester based on a Sm-doped PMN-PT single
crystal produced 280 uW in rat brain tissue, which was
sufficient to trigger a measurable analgesic response [128].
Additionally, implants  have
successfully integrated both powering and sensing into a single

recent  millimeter-scale
ultrasound link. One such device continuously monitored
deep-tissue oxygen levels up to a 10 cm depth by receiving
power and transmitting data simultaneously via backscatter
modulation [129].

What unites these emerging applications is a fundamental
shift in the sensor's role. Rather than focusing on the high
image quality required in medical and industrial ultrasound,
these systems prioritize the ability to detect hidden state
variables such as charge, gas, flow, or motion. No competing
sensor can access these variables as directly or as cost-
effectively.

4. CONCLUSION

Despite the broad applications surveyed in Section 3,
surpassing current performance limits requires looking beyond
traditional material optimization. While Section 2 outlined
how intrinsic constants (d, g, k, and Q,,) can be tuned through
compositional engineering, modern wearable and implantable
formats demand far more complex operational capabilities
such as mechanical flexibility, biocompatibility, and lead-free
compliance that single homogeneous ceramics cannot deliver
alone. Since improving intrinsic material properties alone is no
longer sufficient to meet modern demands, overcoming current
performance limits requires innovative structural and system-
level designs. Three complementary strategies are proposed.

The first strategy employs metamaterials to manipulate the
incident waves. Metamaterials are engineered structures with
properties not found in nature, enabling the artificial
introducing metamaterials
specifically tailored for ultrasound, the efficiency of the sensor

manipulation of waves. By

can be maximized. For instance, anisotropic metamaterial
architectures can amplify pressure at the sensor interface by
over an order of magnitude and enhance the SNR by more
than 20 dB [28]. The approach extends further to energy-
tailored for energy
harvesting and self-powered sensing [130]. Because these
enhancements are purely geometric, they directly multiply
whatever

focusing metamaterial geometries

baseline sensitivity the material provides,
establishing structural amplification as a powerful route for
ultrasound-based sensors.

The second strategy focuses on redesigning active materials
for direct use on or inside the body, moving beyond simple

flexibility toward true tissue integration. Because of this direct

contact with the human body, the evaluation criteria must
expand. Beyond traditional sensitivity, essential requirements
now include cytocompatibility, mechanical softness that
matches human tissue, and ideally, controlled bio-resorption.
Recent advances in biocompatible piezoelectric materials
demonstrate that wirelessly activated ultrasound can deliver
localized, minimally invasive electrical cues, establishing a
viable bridge from laboratory concepts to practical clinical
applications [131,132]. A representative milestone is an
implantable, flexible lead-free device capable of generating
focused acoustic pressure for target deep-brain stimulation
while maintaining safety [133]. These multifunctional systems
blur the boundary of a sensor, stimulator, and implant.
Consequently, next-generation devices will be evaluated not
only on their individual performance but also on their
functional integration with living tissue.

Driven by environmental and biomedical regulations, the
third strategy focuses on developing biocompatible and eco-
friendly piezoelectric materials. Recent advances in KNN-
based materials and processing have significantly enhanced
their coupling and sensitivity, fulfilling the performance
requirements for modern ultrasound-based devices. A KNN-
based wearable imaging array achieved enhanced d;; from a
single flexible probe [134]. Additionally, a KNN-composite
with high gs;; was used for receiving and energy harvesting
[135]. Although KNN still exhibits a slight performance gap in
parameters such as d and k compared to Pb-based ceramics
like PZT [136,137], this difference is being overcome through
advanced processing techniques such as single crystallization
and templated grain growth, making it highly promising for
future practical applications.

The performance of an ultrasound-based piezoelectric sensor
is governed by a compact and well-understood set of FoM: the
piezoelectric  charge and  voltage constants, the
electromechanical coupling factors, the mechanical quality
factor, the permittivity, and, above all, the acoustic impedance
whose relative weight is decided by the medium into which the
device must listen. These same parameters, traced through this
review, explain why low-impedance polymers and dense
arrays dominate wearable health monitors, why flexural
micromachined membranes prevail in air-coupled ranging
while bulk composites prevail underwater, why stably bonded
structural monitoring,
inexpensive attached sensors are opening the sealed interiors of
batteries and pipes to inspection. The remaining frontier is to

wafer sensors define and why

surpass the material limits of the active element without
sacrificing wearability or safety. The convergence of
metamaterial amplification, biocompatible material design,
and increasingly capable lead-free ceramics indicates that the
next generation of ultrasound-based piezoelectric sensors will
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be simultaneously more sensitive, more benign, and more
deeply integrated into the systems they are built to observe.
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