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Abstract

With increasing demands for continuous health monitoring remotely, wear-
able and implantable devices have attracted considerable interest. To fulfill
such demands, novel materials and device structures have been investi-
gated, since commercial biomedical devices are not compatible with flexible
and conformable form factors needed for soft tissue monitoring and in-
tervention. Among various materials, piezoelectric materials have been
widely adopted for multiple applications including sensing, energy har-
vesting, neurostimulation, drug delivery, and ultrasound imaging owing
to their unique electromechanical conversion properties. In this review,
we provide a comprehensive overview of piezoelectric-based wearable and
implantable biomedical devices. We first provide the basic principles of
piezoelectric devices and device design strategies for wearable and im-
plantable form factors. Then, we discuss various state-of-the-art applications
of wearable and implantable piezoelectric devices and their design strate-
gies. Finally, we demonstrate several challenges and outlooks for designing
piezoelectric-based conformable biomedical devices.

255


mailto:canand@media.mit.edu
https://doi.org/10.1146/annurev-bioeng-020524-121438
https://doi.org/10.1146/annurev-bioeng-020524-121438
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.annualreviews.org/doi/full/10.1146/annurev-bioeng-020524-121438

256

Contents

1. INTRODUCTION ...ttt 256
2. PRINCIPLES AND STATE-OF-THE-ART EXAMPLES OF
ULTRASOUND TECHNOLOGIES IN BIOMEDICAL APPLICATIONS .... 258

2olle Bincingy IR ERESENG oo c00000000000000000000000000000000000000000000300000040 258

2.2. Mechanical Sensing ........... ..o i 262

2.3. Neurostimulation ............oiiiiiiiiiiiii i 264

24, Drug Delivery .....oouiiiiii 267

2.5. Ultrasound Imaging . .........oooiiiiiiiiiiiii i 270
3. CONCLUSIONAND OUTLOOKS ... 274
1. INTRODUCTION

As civilization advances rapidly, technology plays a pivotal role in improving healthcare acces-
sibility across the globe and furnishing enhanced medical treatments to patients equitably (1).
Thanks to the development of novel materials, devices, and analysis techniques, medical institutes
have numerous healthcare capabilities, significantly improving survival rates and quality of life
(2). In today’s evolving health landscape, there is an additional demand for personalized medicine,
at-home therapy, telehealth, and early intervention (3, 4). However, conventional biomedical in-
struments and devices are often rigid and bulky, making them unsuitable and uncomfortable for
continuous usage (5, 6). Furthermore, given the high prices of these devices, they are not eas-
ily accessible to the majority of people around the world (7). In addressing such needs, advanced
medical technologies including wearable and implantable devices emerge as crucial tools, allevi-
ating the burden on the healthcare systems, reducing medical costs, and improving the quality of
care (6). In particular, conformable form factors for safe and seamless integration of wearable and
implantable devices with soft tissue have been vigorously investigated (4, 8).

Among various materials implemented for conformable wearable and implantable biomedical
devices, piezoelectric materials have drawn large interest owing to their unique physical proper-
ties, as shown in Figure 1 (9, 10). Piezoelectric materials can generate electrical signals in response
to mechanical stress or strain (Figure 14), making them suitable candidates for contact-based
wearables that are exceptionally sensitive to physiological movements and forces (10). Moreover,
piezoelectric energy harvesters, which also utilize direct piezoelectric effects, have also shown
great potential to address power limitations in wearable and implantable devices (11, 12). By con-
verting kinetic energy into electrical energy, they can provide a crucial power source for these
systems (13).

In contrast to the direct piezoelectric effect, the converse piezoelectric effect enables the gen-
eration of mechanical (ultrasound) waves, which can propagate through the body to reach deep
tissues, enabling comprehensive monitoring and therapeutic applications, as shown in Figure 14
(14, 15). Recently, research into ultrasound-induced bioeffects (16) has expanded the biomedical
uses of piezoelectric materials to stimulation and drug delivery, thereby significantly broaden-
ing their applications to encompass both induced bioeffects and passive sensing capabilities (17,
18). Wide pools of piezoelectric materials offer significant advantages for both implantable and
wearable healthcare technologies. Biocompatible inorganic piezo-materials provide robust and
reliable performance without eliciting adverse biological responses (19). Meanwhile, biodegrad-
able organic piezoelectric materials offer the additional benefit of breaking down safely within
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Figure 1 (Figure appears on preceding page)

(@) Overview of piezoelectric-based wearable and implantable devices for biomedical applications. Direct and converse piezoelectric
effects of piezoelectric materials enable electromechanical transducing for diverse applications including energy harvesting, mechanical
sensing, stimulation, drug delivery, and ultrasound imaging. Mechanical sensing panels adapted from References 51 and 54 with
permission from Springer Nature. Stimulation panels adapted from Reference 101 (CC BY 4.0) and from Reference 104 with
permission from Springer Nature. Energy harvesting panels adapted from Reference 34 with permission from Wiley-VCH, from
Reference 43 with permission from Springer Nature, and from Reference 46 (CC BY 4.0). Ultrasound imaging panels adapted from
Reference 146 with permission from Springer Nature. Drug delivery panels adapted from Reference 17 with permission from
Wiley-VCH and from Reference 105 with permission from American Chemical Society. (5) Several fundamental definitions of
piezoelectricity including basic structures of piezoelectric materials (top /ef?), piezoelectric coefficient d (top right), electrical poling
(bottom left), and electromechanical coupling coefficient k (bottom right). Abbreviations: PET, poly(ethylene terephthalate); PMN,
lead-magnesium-niobate lead-titanate; PU, polyurethane; PVDE, poly(vinylidene fluoride); PZT, lead zirconate titanate.
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the body, making them ideal for temporary implants and reducing long-term complications and
additional operations for device extraction (19).

Although there are several key advantages of piezoelectric materials for wearable and im-
plantable devices, there are still several challenges to be overcome. In this review, we provide
an intensive overview of the latest breakthroughs and advancements in conformable piezoelec-
tric technologies for wearable and implantable biomedical applications. The term conformability
indicates the ability to make a seamless contact with soft tissues even under dynamic motions.
The key works that have resolved these limitations and have helped realize some of the current
state-of-the-art research are covered in the upcoming sections. We address various applications
of piezoelectric devices, including mechanical sensing, energy harvesting, drug delivery, neu-
rostimulation, and ultrasound imaging. Finally, future outlooks for next-generation piezoelectric
material-based conformable devices are detailed.

2. PRINCIPLES AND STATE-OF-THE-ART EXAMPLES OF
ULTRASOUND TECHNOLOGIES IN BIOMEDICAL APPLICATIONS

In this section, we introduce some state-of-the-art wearable and implantable devices utilizing di-
rect (energy harvesting and mechanical sensing) and converse (neurostimulation, drug delivery,
and ultrasound imaging) piezoelectric effects. Brief working principles of each application are
provided, and practical examples with novel approaches are discussed.

2.1. Energy Harvesting

In most wearable electronics, rechargeable batteries are utilized for the power sources, which have
limited lifetimes and size constraints. Thus, repetitive charging is necessary, which is uncomfort-
able for the users. This issue is even more critical for implantable devices such as pacemakers, as
battery replacement necessitates additional postimplantation surgery. Hence, harvesting energy
from environments including solar power, body heat, fluid, and motion has become of great in-
terest (20, 21), as such harvested energy can directly operate the devices or charge the batteries.
Among these approaches, harvesting energy from body motion contains great potential since it
can generate a high amount of kinetic energy for the power source of wearable devices (22, 23).
Among various materials, piezoelectric materials are potential candidates for harvesting such
kinetic energy from body motion. Piezoelectric materials can generate an electrical field when
they are mechanically pressed or flexed, as shown in Figure 22. When two electrodes are formed
at the top and bottom surfaces of the piezoelectric material, and external electrical loads (exter-
nal resistance, capacitor, battery, etc.) are connected to these electrodes, the electrical current
induced from piezoelectric materials by external mechanical deformations can flow through
the external circuit, as shown in Figure 2b. The generated current can perform various tasks

Kim et al.


https://creativecommons.org/licenses/by/4.0/legalcode
https://creativecommons.org/licenses/by/4.0/legalcode

a_Bending Bent 2 ———7———T7—T—T7—T— 77—

[ ————
o —»
i

Released f Releasing *

Bent state

Voltage (V)

Original state

\"A V, o J— —"
Ofssssasaaiies VOt & 3] nl Releasing !
Al — P R R R S T
0 2 4 6 8 10 12
Time (s)
b N Energy i Energy if Wireless temperature i
| harvesting j storage | sensor node 1 Ci Microbattery x _asfa T
I Q] T | © S 1] 226432
I I I I Rectifier] &= 414
(NG| | | Rectifier] ! 08 [406409%
| G| 3!_ il Temperature || Signal Wireless I o8 40
| T 3 Il sensor processor | | transmitter | EE
1 S 1] >
! ! ! fl_'_l ! “PZT - SR | 5 5 S A
I n I I ribbons  1cm 80 90 100110120

Heart rate (beats/min)

ii . T . T ———Tlemperature xpansion (E) Relaxation (R)
RF sensor——— sensjng and Rechargeab
E v connest travr\:lsl;ili(ZZison battery K
g ¥E___(18times) Rectifier - PZT MEH
k- e,
o !
> Charge ' Discharge
state ! state
0 n | n | L | L | 1 | L
0 10 20 30 40 50 60
Time (min) Sz\r/]?;
15 el |
~07F | - ~
di 3 ‘ -
10 - 0 ; = v
5 ~16 —
§ 1 — Design A
w ; — Design B

4 Stretchability

SiO,, Tum
Mo, 200 nm

& 1o 200
0O, nm
E 4 Pl, 4 pm
5 mm PDMS, 40 pm

—— PCL film
Mo electrode
PLLA/BTO fiber

Carotid
artery.

< 0.10 45 Days
o 0.08
g’ 0.06
'—; 0.04 Respiratory motion
S 002 ] |
20 22 24 26 28 30
Time (s)

(Caption appears on following page)

www.annualreviews.org o Conformable Piezoelectric Devices 259



Figure 2 (Figure appears on preceding page)

Energy harvesting and mechanical sensing. (#) Electromechanical transduction mechanism of piezoelectric materials. Deformation of
the material (7) induces voltage generation when bending and releasing occur (7). () Wireless temperature sensing circuit operated by
PZT-based energy harvester (7). The generated energy is stored in a capacitor, which can be discharged for temperature sensor
operation and RF communication (#). () Implantable PZT-based energy harvester storing energy by changing induced AC signals into
DC signals by a rectifier circuit (7). An implantable device attached on the heart (i7) can conduct energy harvesting, whose average peak
voltage is dependent on the frequency of the heartbeat (7if). (d) Thin-film AIN-based wearable strain sensor array (7) for facial motion
detection (i7). (¢) Kirigami cutting method for fabricating a stretchable PVDF-based mechanical sensor (7), demonstrating different
characteristics based on different device designs (7). (f) Electrospun PVDF fiber-based implantable mechanical sensor (i) for blood
pulse monitoring on carotid artery (i7). (¢) BTO-doped PLLA fiber-based mechanical sensor for injury recovery monitoring on sciatic
nerve (7), which shows biodegradability (7). Abbreviations: AC, alternating current; BTO, BaTiOs; DC, direct current; LV, left ventricle;
MEH, mechanical energy harvester; Mo, molybdenum; NG, nanogenerator; PCL, polycaprolactone; PDMS, polydimethylsiloxane;
PLLA, poly-L-lactide; PVDE, poly(vinylidene fluoride); PZT, lead zirconate titanate; RF, radiofrequency; RV, right ventricle. Panel 4,
subpanel i/ adapted from Reference 27 with permission from Springer Nature. Panel 4 adapted from Reference 25 with permission
from Wiley-VCH. Panel ¢ adapted from Reference 11 with permission from National Academy of Science. Panel 4 adapted from
Reference 54 with permission from Springer Nature. Panel e adapted from Reference 55 with permission from Springer Nature. Panel f
adapted from Reference 77 with permission from Wiley-VCH. Panel g adapted from Reference 79 with permission from Wiley-VCH.

including charging batteries and capacitors and allowing the operation of self-powered sensors
(11,24, 25).

In this section, the working principles of piezoelectric materials, design strategies, and their ap-
plications for energy harvesting are discussed. For a wearable piezoelectric energy harvester, the
main deformation mode is the bending mode based on a thin and flexible form factor (11, 25, 26).
While the piezoelectric energy harvester is undergoing convex bending, as shown in Figure 24,
positive and negative piezoelectric potentials are generated on the top and bottom of the piezo-
electric layer, respectively, due to the mechanical stress induced by the mechanical bending. When
the top and bottom electrodes are connected to the external circuit, electrons will flow into and
out of the top and bottom electrode, respectively, to balance the electric field induced within the
piezoelectric layer. Such electron flow generates electrical current, and the amount of the current
will increase and reach the maximum value when the bending radius is the highest, as shown in
Figure 24. While the piezoelectric energy harvester maintains a bent state, the electrical flow will
relax to zero, as shown in Figure 24 (27). When the piezoelectric energy harvester starts to relax
back to the flat state, the electric field induced by the piezoelectric effect will diminish, accom-
panying the opposite electrical current, as shown in Figure 24. This opposite current flow will
reach maximum magnitude when the device reaches the flat state. When the piezoelectric energy
harvester undergoes concave bending, the electric field will be applied with the opposite polarity.

The exact dynamics of voltage and current under the mechanical deformation of the piezo-
electric energy harvester can be calculated using plate bending and piezoelectric theories (11,
28). As shown in Figure 24, electrical current is generated only during the dynamic deformation
of the piezoelectric energy harvester. Hence, the frequency of the deformation is critical in the
energy harvesting performance of the piezoelectric energy harvester. Since the generated current
shows alternating current (AC) characteristics, a rectifier circuitis generally required when a direct
current (DC) source is needed (charging the battery, etc.), as shown in Figure 2b,c.

Several material and structural design approaches can be considered to develop high-
performance wearable piezoelectric energy harvesters. When selecting the piezoelectric material,
materials with a high piezoelectric coefficient d (described in Figure 15) are preferred due to
their high energy conversion efficiency (11, 29-31). Piezoelectric ceramics exhibit a cubic-like
perovskite structure, which can be polarized from an external electric field to reorganize the po-
larization vectors within the structure, called a poling process, as described in Figure 15 (25).
Such a poling process endows the macroscale piezoelectric effect by preventing the canceling
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of the induced electrical field, allowing the highly efficient direct piezoelectric effect for energy
harvesting and mechanical sensing. Among various materials, inorganic ceramics such as lead zir-
conate titanate [Pb(Zr Ti,)O3] (PZT), Pb(Mg1sNb,/3)O0;PbTiO; (PMN-PT), BaTiO; (BTO),
K,,Na;,,NbO; (KNN), and AIN have been explored for wearable and implantable applications
(11, 25, 31-34). Although such inorganic piezoelectric materials have high energy conversion
efficiency, their inherent brittleness is a major challenge in applying them to wearable energy
harvesters.

Hence, various strategies have been investigated to cope with this limitation. The first approach
is to make the device thinner. According to the mechanics of materials, the bending stiffness of
the films is proportional to Young’s modulus and the cube of the thickness of the devices (35).
As the thin film structure allows high bending curvature while maintaining the strain below the
fracture threshold, the strategy can endow higher conformability and flexibility to the piezoelectric
ceramics on soft tissue interfaces. For instance, when a PZT-based thin film piezoelectric energy
harvester with a total thickness of 77.2 pm [polyimide (PI) (1.2 pm)/Au (200 nm)/Cr (20 nm)/PZT
(500 nm)/Pt (300 nm)/Ti (20 nm)/PI (75 wm)] was fabricated, the maximum bending strain applied
to the PZT layer under 25 mm of bending radius was only 0.1%, lower than the fracture strain of
PZT (11).

Another approach is using inorganic nanomaterials including nanoparticles (NPs) and
nanowires (NWs). NPs can easily be embedded into flexible and soft polymer matrices, providing
high mechanical flexibility and even stretchability. Various inorganic NPs based on BTO, KNN,
and PZT have been incorporated into soft organic materials and showed good energy harvest-
ing performances (36-38). Vertically aligned inorganic piezoelectric NWs based on BTO, GaN,
or ZnO can be utilized as flexible energy harvesters (39, 40). Owing to their geometry being
insensitive to in-plane bending, vertically aligned inorganic NW-based harvesters could possess
high power density. Waseem et al. (41) reported flexible piezoelectric energy harvesters based on
Mg-doped GaN (GnN:Mg)/ZnO core-shell NWs. They achieved a power density of
170 wW/cm? at a load resistance of 2.5 MQ (41).

Organic piezoelectric materials are also promising candidates for wearable piezoelectric en-
ergy harvesters due to their excellent mechanical flexibility and conformability (29, 42, 43). To
enhance the harvesting performance of organic piezoelectric materials, various materials have
been investigated. Among them, fluoropolymer-based poly(vinylidene fluoride) (PVDF)-based
materials showed great piezoelectric performance owing to the fluorine atom in the poly-
mer chain, as shown in Figure 15 (29). The various fabrication method options are another
advantage of organic piezoelectric materials. Electrospinning has been widely adopted, since
simultaneous mechanical stretching and electrical poling are applied to the spun fiber during
fabrication, which enhances the piezoelectric performance significantly (44). Moreover, inor-
ganic NPs can be incorporated into PVDF fibers during the electrospinning process to further
enhance the piezoelectric performance (36-38). Qin et al. (45) reported a Bi; 15Ndgg5Ti301,
microsphere-embedded PVDF-hexafluoropropylene (PVDF-HFP)-based flexible piezoelectric
energy harvester. They recorded a power density of 938 pW/cm? at a load resistance of 10 M
(45).

Developed piezoelectric energy harvesters are usually applied to the lower limbs in locations
such as the hip joint, knee, ankle, and foot due to the high kinetic energy and continuous periodic
motions of these areas during walking and running (22, 46). It has been shown that flexible and
wearable piezoelectric energy harvesters can charge batteries in the circuit to perform various
activities. Hwang et al. (25) developed PZT-based flexible energy harvesters with interdigitated
electrode geometry. By transfer-printing high-quality PZT layers onto a flexible substrate using
an inorganic-based laser lift-off method, they obtained a piezoelectric energy harvester with an
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output power of 200 wW, which is enough for charging a 1-mF capacitor. By using this device,
they could directly charge a supercapacitor, operate a temperature sensor, and transmit the data
through radiofrequency (RF) communication for 18 repetitive cycles without recharging, as shown
in Figure 2b (25).

As mentioned above, power management of implantable devices is extremely crucial. Vari-
ous internal organs such as the heart, lung, diaphragm, intestines, and stomach are constantly in
motion, which makes them good sources for mechanical energy harvesting (11, 33). Hence, in-
tegrating an energy harvester with implantable devices could be a good method to extend the
battery life of the devices. Dagdeviren et al. (11) reported a PZT-based flexible piezoelectric de-
vice for harvesting mechanical energy from the heart, as shown in Figure 2¢. They integrated the
device with a rectifier and microbattery, demonstrating that PZT-based energy harvesters could
charge the battery while attached to the heart, lung, and diaphragm on a pig model in vivo (11).
They also showed that by optimizing the device orientation and stacking, the device could gen-
erate enough electrical power for operating a commercial pacemaker (11). Recent progress in the
development of piezoelectric energy harvesting devices has shown that they have strong potential
as power sources for wearable and implantable electronic devices, but their low power conver-
sion efficiency should be improved to charge electronics with high power consumption such as
smartwatches. The conversion efficiency of piezoelectric energy harvesters can be enhanced by
utilizing various approaches, including: (#) improving the piezoelectric properties of materials
(29), (b) adopting novel device structures such as nanotextures (47), (¢) engineering the harvester
geometry to match the resonance frequency with the dominant motion’s vibration frequency (47),
and (d) optimizing the electrical circuit for impedance matching and adjusting the electrical load
to extract maximum electrical power (48).

2.2. Mechanical Sensing

The electromechanical transducing effect from the piezoelectric materials introduced above can
also decode mechanical deformation. Due to the simple mechanism and high sensitivity of piezo-
electric material-based devices, mechanical sensing is one of the most basic applications, and it has
shown high effectiveness for diverse biomedical utilizations. By utilizing the direct piezoelectric
effect, which transduces mechanical deformation into an electrical signal, diverse modalities in-
cluding pressure (49-53), strain (54-56), modulus (57, 58), acoustics (59-61), and acceleration (62)
can be effectively decoded. In particular, recently studied mechanically compliant piezoelectric
mechanical sensors have been successfully integrated with soft tissue, so that they enable diverse
wearable biomechanics decoding (19, 63-65). Here, we demonstrate wearable and implantable
mechanical sensors fabricated with various piezoelectric materials and diverse form factors.
Similar to the piezoelectric energy harvesters discussed in Section 2.1, the most popular and
widely used materials for wearable mechanical sensing are piezoelectric ceramics. Piezoelec-
tric ceramics generally show high d, which reflects the electromechanical transducing efficiency
(66). To cope with the inherent brittleness of inorganic piezoelectric material, similar ultrathin
geometry has been adopted, as mentioned in the previous section. For instance, Dagdeviren
et al. (51) demonstrated a PZT-based cutaneous pressure monitoring device that implemented
400-nm-thick PZT films. Since decoded cutaneous pressure can reflect the arterial pulse infor-
mation, the device can be utilized for daily health monitoring. Moreover, blood pressure can be
efficiently estimated by applying multiple piezoelectric pressure sensors. In addition, by incorpo-
rating the converse piezoelectric effect, the viscoelasticity of the skin can be also measured through
PZT-based conformable actuator-sensor pairs whose active layer thickness is 500 nm (57). When
the actuator induces mechanical motions generated by the converse piezoelectric effect through
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integrated tissues, the sensor can decode the motion through voltage response via the direct piezo-
electric effect. This mechanism enables measurement of the modulus of skin, which can be used
for pathology mapping of lesions from skin cancer on various human tissues including face and
leg tissues. Moreover, it is also applicable to measure the modulus of various organs including the
lungs, ventricles, and apex of the heart (57).

In addition to PZT, other ceramic materials can be also effectively adopted for conformable me-
chanical sensing applications. For example, a conformable piezoelectric sensor array utilizing AIN
(thickness: 1.5 wm) as the active piezoelectric material enabled facial motion detection for both
healthy subjects and patients with neuromuscular diseases (e.g., amyotrophic lateral sclerosis),
as described in Figure 2d (54). By integrating machine learning signal analysis methods includ-
ing k-nearest neighbor and dynamic time warping, the conformable device successfully classified
various facial motions, and this application is expected to be utilized for language classification
and human—machine interfaces. Furthermore, to enhance the piezoelectricity, rare elements have
been adopted as a doping material for piezoelectric ceramics. For example, Sm-doped PMN-PT
(thickness: 850 nm) was harnessed for motion detection of various body parts including the wrist,
fingers, and foot (67).

Despite the high piezoelectric performance of inorganic materials, their brittleness limits their
application to a low range of deformation. In this regard, organic piezoelectric materials have
been widely investigated for mechanical sensors owing to their good flexibility and conformabil-
ity (66). For example, Chiu et al. (68) harnessed commercial PVDF film (thickness: 25 pum) for
heartbeat and respiration monitoring by decoding the output voltage variance from the film. In
addition, PVDF fiber-based mechanical sensors, which have the advantage of higher flexibility
and easy integration with commercial clothes, have also been investigated (64). Persano et al. (62)
utilized electrospinning technology to manufacture poly(vinylidenefluoride-cotrifluoroethylene)
[P(VDF-TrFe)] fiber-based sensors for pressure sensors and accelerometers. Doping with inor-
ganic piezoelectric materials has been shown to be a highly effective method for enhancing the
electromechanical coupling coefficient & (described in Figure 1) of polymer-based piezoelec-
tric materials, as mentioned in Section 2.1. For example, electrospun BTO-doped PVDF fiber
exhibited high sensitivity and long stability while maintaining the flexible characteristics of the
polymer materials (69). Moreover, piezoelectric yarns fabricated by twisting electrospun BTO-
doped P(VDF-TrFe) demonstrated robust strength with enhanced piezoelectric performance
when utilized for wearable mechanical sensors attached to socks for motion classification (70).

Another notable strategy to enhance the operation range of piezoelectric material-based me-
chanical sensors is integrating a kirigami structure (71). A kirigami structure enables a high degree
of stretchability for both piezoelectric ceramics and piezoelectric polymers for efficient strain
sensing at a high degree of strain. For example, Hong et al. (72) utilized a PZT composite-coated
kirigami-structured textile for joint motion sensing for preventing musculoskeletal disorders in-
cluding neck pain and shoulder fatigue by continuously monitoring joint bending direction,
bending radius, and types of motions of the upper body terminal. Kim et al. (55) harnessed
kirigami-cut PVDF film for hand gesture recognition. Notably, according to the cutting direc-
tion and pattern on the film, the sensitivity, stretchability, hysteresis, and linearity can be adjusted
for different purposes, as described in Figure 2e (55). Other diverse kinds of materials including
piezoelectric NP-doped hydrogels (73, 74) and piezoelectric NWs (75) have also been adopted
for wearable mechanical sensing applications.

In addition to noninvasive wearable mechanical sensors, implantable devices for decoding in-
ternal tissue biomechanics have gained significant interest. The most basic method is utilizing
similar mechanical sensors on internal tissues with an encapsulation. For example, Dagdeviren
et al. (76) harnessed thin PZT film for implantable gastrointestinal motility sensing. By adopting
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PI encapsulation, the device showed adequate biocompatibility in cell culture tests, which suggests
its feasibility for implantable applications. In vivo evaluation showed that the sensor could decode
the volume variation of the stomach in a swine model. Another popular application of implantable
mechanical sensing is cochlear implants, which utilize a piezoelectric sensor for acoustic sensing.
Tlik et al. (61) demonstrated a PZT-based thin film sensor with different lengths to decode acoustic
waves with different frequencies for effective cochlear function.

Polymer-based piezoelectric materials have also been utilized for implantable devices. Wang
et al. (53) developed a PVDF-based tissue-adhesive soft sensor for implantable blood pressure
monitoring attached to the carotid artery. Acquired voltage output signals were effectively utilized
for analyzing blood pressure, heart rate, and respiratory rate. Moreover, a fiber-based piezoelectric
polymer was harnessed for implantable mechanical sensors by virtue of its high flexibility. For
instance, electrospun PVDF-based arterial pressure sensors were successfully operated on carotid
arteries, as described in Figure 2f (77). The monitoring was successfully conducted in vivo for
an extended period of 10 weeks, during which the adolescent rat matured into adulthood and the
artery continued to grow in size. Despite the increasing size of the artery with age, the device could
operate successfully, which demonstrated the effectiveness of the flexible fiber-based piezoelectric
mechanical sensor.

For implantable devices, biodegradability is one of the important requirements to minimize
the required surgery. In that sense, biodegradable piezoelectric mechanical sensors also have been
investigated. Various biodegradable materials have shown piezoelectric properties. For instance,
poly-L-lactide (PLLA) polymer, which is biocompatible, biodegradable, and shows piezoelec-
tric behavior, has been widely investigated for implantable mechanical sensor applications. Curry
et al. (78) employed various US Food and Drug Administration—approved biocompatible mate-
rials including PLLA, molybdenum, and polylactic acid to fabricate an implantable force sensor
for diaphragm pressure measurement. In addition, similar to the wearable PVDF-based poly-
mer mechanical sensor, PLLA can also implement a doping strategy with inorganic piezoelectric
NPs to enhance its piezoelectric sensitivity. For example, Shan et al. (79) doped BTO in PLLA
fibers for evaluation of motor function during injury recovery by implanting the device on the leg
of a rat with sciatic nerve injury, as described in Figure 2g. The output voltage signal exhibited
high conformity when compared with that of a traditional electromyography-based muscle move-
ment sensing signal, demonstrating the effectiveness of implantable motion recognition based on
implantable piezoelectric mechanical sensors.

Suggested approaches for using piezoelectric materials for conformable mechanical sensing
have shown high versatility and effectiveness for diverse biomedical applications. Furthermore,
the development of novel biocompatible materials with high 4 and enhanced user comfort and
flexibility—such as sweat-permeable three-dimensional piezoelectric fabrics—would be an effec-
tive approach for daily wearable applications (80), and creative device design for multiparameter
sensing, such as multimodal sensors that could decode both strain and pressure, would be expected
to allow for various other applications (81).

2.3. Neurostimulation

Neurostimulation is a promising tool for neurodegenerative diseases, visual restoration, and or-
gan (liver, spleen, etc.) neuromodulation. There are various methodologies for neurostimulation,
utilizing electrical, optical, chemical, and ultrasound-based techniques (82-86). Electrical stimu-
lation is the most commonly used stimulation method, but implantable forms are necessary for
deep organ stimulation (87, 88). Implanted devices for electrical stimulation usually suffer from
biofouling and corrosion, which limit their operating lifetime. Optogenetics is also a promising
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candidate for deep organ neurostimulation owing to its minimal invasiveness and high spatial res-
olution. However, to perform optogenetic treatment, local or systemic viral infection to deliver
light-responsive opsin to the nervous system is required. This might pose the risk of immuno-
genicity and long-term safety issues (89). In contrast, ultrasound-based neurostimulation can be
noninvasive and fully encapsulated and does not require any genetic modification (90, 91). Al-
though noninvasive transcranial focused ultrasound can be affected by significant attenuation and
target offset owing to the skull’s high acoustic impedance, the selection of optimal operation fre-
quency of the transducer (less than 1 MHz) and adoption of a phased array transducer and acoustic
lens enable delivery of a focused ultrasound beam to target regions with a minimal energy loss
(92-94).

Although there are numerous advantages of ultrasound-based neurostimulation, its exact
mechanisms for the stimulation of neurons are still unclear. Several hypotheses for ultrasound-
based neurostimulation are described in Figure 32 (91). When the acoustic wave generated
by the ultrasound transducers reaches the neurons, several physical phenomena can happen:
(#) temperature increase, (b) bubble formation and cavitation, and () acoustic radiation force (91).
Among these phenomena, the thermal effect has a negligible effect on neurostimulation since low-
intensity (less than 500 mW/cm?) ultrasound waves do not induce the hyperthermia effect, which
is also known to induce activation of neurons (16). Another physical phenomenon that can occur
is cavity formation using low-frequency ultrasound waves. Generated air bubbles can collide with
the lipid bilayer membrane, even collapsing within the tissue, which induces the stimulation of
the neurons by deforming the cell membrane (90).

The most widely accepted potential mechanism is the acoustic radiation force (91). The con-
tinuous acoustic pressure induced on the target neuron can deform (stretch and bend) the cell
membrane, which can cause electrical potential change and activation of mechanosensitive ion
channels (90). It was proposed that the deformation of the lipid bilayer cell membrane can gener-
ate membrane polarization, caused by a flexoelectric effect (95). Several studies have shown that
the neurons are sensitive to mechanical stress. Recent studies have shown that ultrasound can di-
rectly activate several mechanosensitive ion channels [K* channel family TREK-1, TREK-2, and
TRAAK; voltage-gated Na™ and Ca2™; and piezo-type mechanosensitive channels (Piezol and
Piezo2)] (96-100). Hence, ultrasound-based neurostimulation has potential for the treatment of
neurodegenerative diseases.

Ultrasound neurostimulation is a useful tool not only for the brain but also for other body
parts and internal organs such as the retina, liver, and spleen. Stimulating the nervous system
in internal organs with high selectivity is challenging with electrical stimulation due to its tightly
bundled nerve structure. However, ultrasound-based stimulation can achieve such high resolution
through beam focusing, which converges the generated ultrasound beam into a single focal point
(86). Hence, ultrasound can be an optimal solution. For instance, Cotero et al. (86) reported that
focused ultrasound neurostimulation could regulate blood glucose levels by stimulating neurons
within the spleen and liver, as shown in Figure 35.

For ultrasound-based neurostimulation to be implemented for practical applications in the
future, the development of ultrasonic transducers with a wearable form factor is required. Capaci-
tive micromachined ultrasonic transducers (CMU'TS) and piezoelectric micromachined ultrasonic
transducers (PMU'Ts) fabricated on a flexible substrate or Si wafer are utilized for wearable tran-
scranial focused ultrasound stimulation (101, 102). To generate focused ultrasound waves, an
acoustic lens is incorporated in front of the transducers (shown in Figure 3¢) or a phased ar-
ray transducer is utilized (94). Kook et al. (92) reported a lightweight (0.75 g) CMUT array for
a mouse behavioral study. They used acoustic lenses to focus the ultrasound beam and found no
significant change in mouse movement while attaching the device to the mouse head.
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Figure 3 (Figure appears on preceding page)

Neurostimulation and drug delivery. (#) Potential mechanisms of US-based neurostimulation. () Focused US enables local stimulation
of spleen for glucose level regulation by beam focusing method. (¢) Neurostimulation by CMU'Ts and acoustic lens for focused US
generation with wearable form factor (), remote neurostimulation by the electrical field formed by injected piezoelectric NPs (i7), and
electrical retina stimulation by wireless activation of piezoelectric receiver arrays using ultrasonic transducer (i7i). (d) Implantable
KINN-based deep brain stimulation device (7) for dopamine release modulation (7). (¢) PZT-based wearable patch for transdermal
niacinamide delivery (7). The converse piezoelectric effect formulates cavity bubbles, which can stimulate the stratum corneum (i) to
enhance drug permeation through the skin (i77). (f) MN-based transcutaneous Dex delivery device (i) operated by the direct
piezoelectric effect from a connected PENG (7). The drug release rate can be controlled by the electrical signal from the PENG,
inducing reduction/oxidation of PPy (iii). Abbreviations: Ach, acetylcholine; BX2AR, B2-adrenergic receptors; CMU'T, capacitive
micromachined ultrasonic transducer; DA, dopamine; Dex, dexamethasone; HMGBI, high mobility group box 1; IL, interleukin;
ImPULS, implantable piezoelectric ultrasound stimulator; KNN, K;/,Na;/2NbO3; MN, microneedle; MNP, microneedle patch; NE,
norepinephrine; NIA, niacinamide; NP, nanoparticle; PBS, phosphate buffer solution; PCB, printed circuit board; PDMS,
polydimethylsiloxane; PENG, piezoelectric nanogenerator; PLA, polylactic acid; PPy, polypyrrole; PVDE, poly(vinylidene fluoride);
PZT, lead zirconate titanate; SNc, substantia nigra pars compacta; stim, stimulation; TNE, tumor necrosis factor; US, ultrasound.
Panel 2 adapted from Reference 91 (CC BY 4.0). Panel 4 adapted from Reference 86 with permission from Springer Nature. Panel ,
subpanel / adapted from Reference 92 with permission from Springer Nature. Panel ¢, subpanel i/ adapted from Reference 103

(CC BY 4.0). Panel ¢, subpanel i adapted from Reference 104 (CC BY 4.0). Panel 4 adapted from Reference 83 with permission from
Springer Nature. Panel e adapted from Reference 17 with permission from Wiley-VCH. Panel fadapted from Reference 133 with
permission from Wiley-VCH.

Indirect approaches based on ultrasound neurostimulation are also widely utilized tools (103).
By integrating piezoelectric receiver arrays and electrical stimulating electrodes, controlled, wire-
less activation of retinal stimulation by external ultrasound signals was demonstrated by Jiang et al.
(104), as shown in Figure 3c. Various implantable piezoelectric nanomaterials including BTO
NPs and PVDF nanosheets can be utilized for wireless stimulation of neurons by an electrical
field generated from ultrasound waves transmitted remotely, as shown in Figure 3¢ (103).

To cope with the limitations of transcranial ultrasound neurostimulation, implantable ultra-
sonic transducers also have been reported for delivering acoustic energy directly and precisely
to deep brain regions. Implantable ultrasound probes can be completely encapsulated, which
could minimize the possibility of biofouling and corrosion of active layers (83). Recently, Hou
et al. (83) reported highly flexible PMUT-based ultrasound transducers for deep brain stimu-
lation, as shown in Figure 3d. They used biocompatible KNN as the piezoelectric layer and a
biocompatible polymer (SU-8) as the encapsulation layer. They showed that ultrasound stim-
ulation using an implantable PMUT could modulate dopamine release by stimulating neurons
of the substantia nigra pars compacta to innervate the dorsal striatum, as shown in Figure 3d
(83).

Ultrasound-based neurostimulation is a promising tool for the treatment of various neurode-
generative diseases with minimal invasiveness. To make ultrasound-based neurostimulation a
universal tool for practical treatment, more clinical data need to be collected to establish detailed
protocols, since ultrasound neurostimulation in humans is a very new methodology (18).

2.4. Drug Delivery

Piezoelectric materials have the potential to enable efficient drug delivery through the utiliza-
tion of their piezoelectric effect to induce stimulation for drug delivery (17, 105). Among various
biomedical applications, drug delivery has gained substantial interest due to its potential to pro-
vide various kinds of therapeutic substances to target tissues (106-108). The application comprises
cosmeticuse (17,105), clinical therapy (109-112), and neural function modulation (113). The ther-
apeutic benefit of drugs is critically correlated with the method of drug delivery within the body
(106); thus, various strategies for drug delivery aimed at various target tissues have been vigorously
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investigated (107, 114-117). Here, we demonstrate representative piezoelectric material-based
drug delivery applications from wearable devices.

Transdermal drug delivery is a simple but efficient method for providing a steady supply of
a drug in a noninvasive way (118, 119). The method is more convenient than a typical venous
injection of a drug because it does not require assistance from professionals nor invasive op-
eration. Moreover, various drugs including hyaluronic acid (105), fentanyl (120), caffeine (120),
niacinamide (17), and insulin (121) have been able to be applied directly on the skin for transder-
mal drug absorption. However, since human skin has multiple barrier layers that protect against
the penetration of external substances, the permeability of the skin is generally not high enough
for typical passive transdermal drug delivery (122). In this regard, various methods including ion-
tophoresis (123), electroporation (124), sonophoresis (125), thermal enhancers (126), and chemical
enhancers (127) have been adopted to promote drug delivery through the skin.

Among these approaches, sonophoresis utilizing piezoelectric material as a mechanical stimu-
lator has exhibited significant performance improvements in transdermal drug delivery, in terms
of the drug absorption speed through the skin (128, 129). By utilizing the converse piezoelec-
tric effect, when voltage is applied to the piezoelectric material, ultrasound waves are induced
from the mechanical vibration of the piezoelectric material. The main principle of sonophoresis
is based on the cavitation effect induced by ultrasound waves (130). When the piezoelectric ma-
terial interfaces with the skin through the fluid medium between them, the ultrasound from the
piezoelectric material induces cavitation bubbles. The cavity can stimulate the stratum corneum
to make openings between skin cells, such that the skin becomes more permeable to the drug
(130). The main advantage of sonophoresis is the ability to adjust the cavitation mechanism by
modulating the frequency and voltage of the input sinusoidal electrical signal (17). Cavitation
mechanisms of sonophoresis differ as a function of the frequency of the ultrasound (118). When
high-frequency ultrasound is applied (>0.7 MHz), the radius of the cavity becomes small, and
the size becomes similar to the distance between each cell in the stratum corneum (17). In this
case, the effect occurs in the skin, whereas low-frequency ultrasound (20-100 kHz) acts at the skin
surface (118). Low-frequency stimulation formulates larger cavity bubbles and induces various
transient effects including shockwave generation and bubble collapse (118). When a higher volt-
age is applied to the piezoelectric material, the pressure within the fluid increases. A certain level
of threshold voltage is needed for cavitation formation with adequate pressure (17). Generally,
higher voltage produces more cavities, which creates more frequent cavitation effects (118).

Yu et al. (17) developed a conformable transdermal drug delivery patch utilizing PZT as the
piezoelectric material and niacinamide as the drug. They successtully confirmed the effect of the
ultrasound induced by the piezoelectric material, by exhibiting a higher niacinamide permeation
amount compared with normal passive permeation, as demonstrated in Figure 3e. The cumulative
niacinamide permeation was 26.2-fold higher (9.14 £ 4.00 mg/cm?) when utilizing an ultrasound
patch compared with the permeation rate without the device (0.35 £ 0.09 mg/cm?) after 1 h of
operation on porcine skin. Li et al. (105) introduced a sonophoresis face mask promoting the
delivery of hyaluronic acid, which gives the skin more moisture. The sonophoresis mask induced
a relatively higher permeation speed at shallow depths from the skin surface than in deep tissue.
Moreover, the drug permeation using the ultrasound mask was higher than that of the thermal
treatment group, which applied heat, and the control group, which utilized passive transdermal
drug delivery, over a 30-wm depth from the skin surface. Such results demonstrate that wearable
ultrasound stimulation devices can effectively enhance transdermal drug delivery.

In addition to conventional noninvasive transdermal drug delivery, a method of harnessing
microneedles in wearable form that can contain drugs in the cones and penetrate them into skin
tissues has been on the rise (131, 132). Such a method enables penetration of the drug to the deep
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target tissues, passing over the relatively impermeable stratum corneum. However, one of the most
important functions of microneedle-based drug delivery systems is the ability to control the release
rate of the drug (133). To enable drug dose control, diverse external sources to modulate the drug
release have been devised. Among them, piezoelectric material-based drug release methods have
shown not only enhanced drug delivery efficiency but also precise control over drug release by
utilizing either direct or converse piezoelectric effects.

Drug release rates can be precisely controlled by utilizing the electrical voltage and current
generated from the direct piezoelectric effect. For instance, Yang and colleagues (133, 134) de-
veloped a self-powered controllable microneedle-based drug delivery system, as demonstrated in
Figure 3f. The microneedle of the device was fabricated with the conductive polymer polypyrrole
(PPy), which can efficiently load and release various drugs by switching between its oxidative and
reductive states. When external electrical stimulation is applied to PPy, oxidation and reduction
induce the movement of ions and water into and out of the polymer, and the reaction accompa-
nies the shrinking and expanding of the polymer microneedle. Therefore, the release rate of the
drug can be properly controlled by adjusting applied electrical signals to the PPy. For electrical
stimulation, piezoelectric nanogenerators (PENGs) were adopted. Compared with no stimulation,
the drug release efficiency was fourfold higher (~80%) when utilizing piezoelectric stimulation
(~20%) after 180 min of operation (133). As PENGs can transduce mechanical energy collected
from the motion of the body including joint movements and heartbeats, the device can be oper-
ated in a self-powered manner. The PENG was composed of PVDEF polymer to create a flexible
form factor. The device could release 8.5 ng of dexamethasone per electrical stimulation induced
from the AC signals generated by the PENG (133). An in vivo rat experiment demonstrated that
the controlled drug release from the device showed effective treatment of psoriasis.

Similar to the noninvasive approach mentioned above, mechanical activation of a microneedle
drug carrier by the converse piezoelectric effect can also control the drug release rate. For in-
stance, Wu et al. (134) fabricated microneedles with biocompatible light-responsive resin through
3D printing, which were able to load 400 pL of drugs in a connected liquid reservoir. On the
drug reservoir, PZT was attached to generate acoustic streaming for drug release. When elec-
trical signals were applied to the PZT material, the acoustic waves generated from the converse
piezoelectric effect oscillated the microneedle. The oscillation produced a streaming vortex at the
tip of each microneedle, which extracted drugs from the microneedle. By adjusting the power of
the acoustic wave, the drug release rate could be modulated according to the user’s need. Over-
all, the injected volume and absorbance of the drug showed a linear relationship (40 pwL/min
at 4 W) (134). Furthermore, multiple mechanisms including cavitation, sonophoresis, thermal
effects, and radiation pressure effects were concurrently observed during acoustic stimulation,
which helped increase the permeation of the drugs for more efficient drug delivery. The re-
searchers exhibited controllable drug delivery with mouse experiments by delivering sodium
fluorescein with the microneedle device. The in vivo experiment also validated the control-
lable drug release of the device by exhibiting a linear relationship between the delivered drug
concentration with applied power and operation time. As this method can harness various liquid-
based drugs for delivery, it is expected to be adopted for various transcutaneous drug delivery
applications.

In summary, wearable and implantable technology utilizing piezoelectric-induced ultrasound
is expected to create novel clinical solutions for efficient drug delivery. In addition to drug delivery
through the skin, drug delivery methods targeting deeper tissue regions are also being investigated.
For instance, the injection of NPs or microbubbles could be enhanced by applying ultrasound
stimulation, showing its potential for tumor therapy (135).
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2.5. Ultrasound Imaging

Ultrasound imaging, or sonography, works on the principles of sound wave reflection and
transmission, typically operating at frequencies higher than 20,000 Hz. These high-frequency
vibrations, also known as ultrasound waves, are emitted by a transducer based on the converse
piezoelectric effect, as shown in Figure 1. When these transducers are activated on the surface of
the skin to be examined, generated ultrasound waves propagate through the skin and encounter
various tissues and structures. During the propagation, partial reflection of ultrasound waves at
each interface might occur due to different densities of the biological mediums (bone, blood,
muscle, etc.) (136). When the reflected waves arrive at the receiving transducers, the transducers
convert the ultrasound waves back into electrical signals by the direct piezoelectric effect, as shown
in Figure 1. These signals are then denoised and converted into digital samples by the analog front
end for further processing. The time it takes for the sound waves to return and the intensity of the
reflected ultrasound wave can help determine the location and nature of the structures being ex-
amined. The image reconstruction algorithm, commonly known as the beamforming algorithm,
utilizes this information to create a visual image of the internal structure (14). This allows for real-
time imaging of organs, tissues, and blood flow, making it a viable alternative to delayed imaging
techniques such as magnetic resonance imaging.

Although ultrasound waves could have potentially harmful bioeffects, they are safer than imag-
ing techniques using ionizing radiation such as X-rays. Safety in ultrasound diagnostics is ensured
by regulating temperature and pressure limits, using indices (e.g., thermal index, mechanical index)
for risk estimation, and adhering to regulatory guidelines set by regulatory bodies (137). Ultra-
sound imaging is notably more portable than most other imaging tools, allowing for convenient
bedside and field use.

In this section, the brief working principles of piezoelectric transducers for ultrasound imag-
ing, different imaging modes, design strategies for imaging systems, and their applications are
discussed. Piezoelectric transducers are at the very heart of any ultrasound imaging system. Single-
element transducers consist of a single piezoelectric element and are typically used in applications
where lower dimensionality is acceptable (138), due to the lack of focusing and beam steering
capabilities. They generally require movement from the operator to scan a 2D area, but recent
works have explored and demonstrated that an acoustic lens could be utilized for dynamic beam
focusing (139). Yin et al. (139) demonstrated that by exploiting an acoustic lens composed of ran-
domly distributed scatters, high-order multiple scattering of ultrasound waves could be achieved.
Based on this, dynamic focusing could be achieved using a single transducer by manipulating the
transmitting waveform.

Array-based multielement transducers offer a large improvement in imaging capabilities, es-
pecially resolution and field of view. As shown in Figure 44, phased array ultrasound transducers
could utilize delayed voltage pulses to drive each transducer element to modulate the focal
point, which is called beam steering (140). This capability allows for precise spatial focusing and
higher quality image rendering. The complexity of controlling numerous elements requires the
development of complex beamforming algorithms.

There are various imaging modes that can be utilized by ultrasound transducers. Among them,
the most commonly used imaging mode is the brightness mode, or B-mode, which generally uses
multielement transducers in a 1D array form. It produces a 2D grayscale image where each pixel
value (brightness) represents the intensity of the reflected acoustic wave. The depth (vertical axis of
the image) of the interface can be interpreted from the time at which the reflected wave returns to
the transducer, and the lateral information (horizontal axis of the image) is inferred from the spe-
cific geometric location of the piezoelectric element receiving the signal (141). B-mode is widely
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Figure 4 (Figure appears on preceding page)

Ultrasound imaging. (#) Principle of transmit (7) and receive (/) beamforming with ultrasound transducing element array. (5) Wearable
ultrasound imaging devices for breast tumor detection (7) and bladder volume monitoring (7). () Wearable bioadhesive ultrasound
device (i) for acute liver failure detection with shear wave elastography method. The progression of the acute liver failure can be
estimated through the shear wave velocity measured from the device (i7). (d) Optical tracking method for beamforming on complex
surfaces (7). The delay calculation can be adjusted according to the surface information acquired from the optical marker tracking (7).
(¢) DL-based ultrasound image reconstruction method trained with RF data acquired from a single transducer element. (f) Wearable
PA patch decoding ultrasound waves from RBCs, induced by laser pulse (7). The ultrasound wave enables 3D imaging of RBCs (7).
Abbreviations: BN: batch normalization; conv, convolution; Ctrl, control; cUSB, conformable ultrasound breast; DL, deep learning;
PA, photoacoustic; RBC, red blood cell; ReLU, rectified linear unit; RE, radiofrequency; sag, sagittal; trans, transverse. Panel # (left)
adapted from Reference 140 (CC-BY 4.0). Panel 4 (/eff) adapted from Reference 15 with permission from American Association for the
Advancement of Science. Panel 4 (right) adapted from Reference 146 with permission from Springer Nature. Panel ¢ adapted from
Reference 147 with permission from American Association for the Advancement of Science. Panel ¢ adapted from Reference 152 with
permission from IEEE. Panel fadapted from Reference 155 with permission from Springer Nature.

used for anatomical imaging, enabling visualization of organs, muscles, and fetuses during preg-
nancy. Its advantages include providing clear structural information and guiding interventional
procedures such as biopsies.

3D B-mode imaging can be performed with the help of 2D transducer arrays, where, similar to
the above method, the image is generated with two dimensions other than depth derived from the
geometrical 2D location of the element in consideration, and the pixel value (brightness) continues
to represent the intensity of the reflected acoustic wave (142). The motion mode, or M-mode,
displays a single scan (multiple frames) over time representing motion in the field of view. This is
very useful in cardiac imaging where the movement of valves, walls, and arteries can be selectively
monitored given the high spatiotemporal resolution of ultrasound imaging today (143). Doppler
mode leverages the Doppler effect, where the frequency of the ultrasound waves is shifted due
to the motion of the reflecting surface, such as blood vessels. This shift in frequency can then
be processed by the imaging system to decode the speed and direction of motion, and the spatial
information can be retrieved as in B-mode imaging. Doppler ultrasound is crucial for assessing
vascular conditions, detecting blockages, and evaluating cardiac function. Its primary advantage is
real-time visualization of blood flow dynamics, aiding in diagnosing circulatory issues (144).

A wearable and continuous ultrasound imaging system is essential for real-time and continu-
ous health monitoring, enabling chronic disease management, point-of-care assessment, and early
disease detection.

Wearable ultrasound imaging devices are typically made up of a piezoelectric transducer for
actuation and reception, the transmission circuitry to control the actuation, the analog front end
for reception of the reflected acoustic waves, a processor for beamforming, and wireless com-
munication to relay the information to the user, as shown in Figure 44 (145). Interfacing the
transducer with the skin should be conformal to ensure seamless application and avoid air gaps in
the transducer—skin interface. This results in better comfort for long-term use as well. Given the
complexity of ultrasound imaging and the high-performance requirements of the transducer, cre-
ating a flexible transducer that is comparable to rigid transducer performance is challenging due
to the need to balance mechanical flexibility with efficient mechanical-to-electrical signal conver-
sion. The current research trends of wearable ultrasound imaging systems mainly focus on the
development of conformable and wearable ultrasound transducers, and other peripheral electron-
ics mentioned above rely on bulky commercial ultrasound systems such as GE and Verasonics
systems. Such limitations should be addressed to realize fully wearable ultrasound imaging sys-
tems. In this section, we address some state-of-the-art wearable ultrasonic transducers for various
imaging technologies and fully integrated ultrasound imaging systems, along with their challenges
and future directions.
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Du et al. (15) demonstrated a wearable ultrasound imager designed for deep tissue scanning
of the breast, aimed at applications such as breast tumor detection, as shown in Figure 4b. The
64-element 1D rigid transducer array operating at 7 MHz was developed using a Yb/Bi-doped
Pb(In;;Nb;,,)O3;-PMN-PT (PIN-PMN-PT) single crystal. The device features a conformable
honeycomb structure clipped onto a soft bra. This structure allows for free movement of the
transducer on the breast surface and has a locking mechanism in place for reliable continuous
monitoring in a specific position (15). Zhang et al. (146) developed a flexible patch-based ultra-
sound device for bladder volume monitoring, as shown in Figure 4b. This work demonstrated
successful continuous monitoring without the use of ultrasound coupling gel, which evaporates
and needs frequent replacement, posing an inconvenience for a wearable use scenario (146). The
bladder volume monitoring patch uses a 64-array transducer made from Sm/La-doped PMN-PT.
It operates at ~2-5 MHz, allowing for deeper penetration capability compared with the breast
patch. Given the large field of view required for bladder monitoring, the device was designed with
multiple rigid phased array transducers placed onto a common conformable substrate made of
silicone rubber. This prevents the degradation of image resolution while allowing a larger field of
view, ensuring reliable volume monitoring (146). Both of these devices use rigid transducer arrays
paired with a conformal substrate/structure to interface effectively with the human body.

Developing highly adhesive interface materials between rigid ultrasound transducer arrays and
the skin is critical for long-term ultrasound imaging. Wang and colleagues (147, 148) reported on
a hydrogel-based bioadhesive material with high interfacial toughness and low acoustic attenua-
tion, suitable for long-term wearable ultrasound imaging. Liu et al. (147) applied this bioadhesive
layer to wearable ultrasound shear wave elastography for long-term (more than 48 h) liver mon-
itoring in a mouse model, as shown in Figure 4c. Ultrasound shear wave elastography is one
of the ultrasound-based imaging methods that monitors tissue elasticity (shear modulus) (149).
It utilizes multiple high-intensity ultrasound waves directed at the target area to create shear
waves that propagate through the liver. Afterward, the same transducer performs three-plane
wave compounding at the same operating frequency to detect particle displacement (147). These
displacements and their frequencies are geometrically mapped to assess tissue stiffness (147).
By measuring the speed at which these waves travel through various tissue sections, this tech-
nique provides critical insights into the liver’s condition, making it indispensable for functional
monitoring.

The methods mentioned earlier provide unique approaches for applying rigid transducers to
soft body tissues for imaging. These devices have limited apertures and are applied to typically
flat and stable surfaces, making it feasible to calculate delays accurately for reliable image re-
construction. However, when the transducer geometry (curvature and spacing between elements)
changes dynamically by the skin deformation, signal timing for beam steering and beamforming
for image reconstruction becomes extremely complicated. In Figure 4d,e, two methods for im-
age reconstruction when transducer geometry is changing are shown. The method highlighted in
Figure 4d tracks the geometries of multiple elements optically. This information is used to cal-
culate precise delays for beamforming and accurately reconstruct the image (150). Figure 4e
demonstrates the use of artificial intelligence (AI) for beamforming in flexible transducers. A
U-Net deep learning model was trained from prebeamformed RF data with corresponding ul-
trasound images reconstructed from a conventional delay-and-sum process and geometric phase
correction. This approach enabled effective image reconstruction from the input RF data, pro-
ducing images with high contrast and low variability (151, 152). Alternatively, shape estimation
algorithms have been proposed for beamforming correction, but they often fail due to their large
latencies and the significant processing power required. There remains a significant need for
solutions that enable reliable image rendering for soft ultrasound transducers.
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Apart from conventional ultrasound-based imaging, photoacoustic imaging is another method-
ology that combines electromagnetic radiation with ultrasound transducers to image internal
tissues (153). Photoacoustic imaging has several advantages over conventional ultrasound imaging
including high spatial resolution and multiple functional imaging capabilities (vascular structure,
blood oxygenation, and endogenous molecules) (153). In photoacoustic imaging, laser diodes with
visible to near-infrared wavelengths are utilized for a light source to obtain several centimeters
of penetration depth (153). When internal tissues interact with the incident light, they undergo
thermoelastic expansion, generating acoustic waves (154). These waves are then captured by the
piezoelectric transducers, enabling high-resolution imaging (155). This entire process of convert-
ing light-induced acoustic signals into detailed images is the core of photoacoustic imaging. Gao
et al. (155) proposed a conformable photoacoustic patch integrating a surface-emitting laser and
ultrasound transducers, as shown in Figure 4f. Using this device, they could image hemoglobin
dynamics with a penetration depth of 2 cm (155).

Most existing ultrasound imaging devices utilize large, bulky, and expensive ultrasound imaging
systems (e.g., Verasonics and GE Logiq), which are impractical for wearable and long-term ap-
plications. Hence, beyond the development of conformable ultrasound transducers, endeavors to
develop wearable ultrasound imaging systems should be pursued as well (148, 155). Lin et al. (145)
developed the first fully integrated wearable ultrasound imaging system for deep-tissue monitor-
ing that supports multiple modes of imaging. This device performed image reconstruction and
digital processing of the RF data (which was transmitted via Wi-Fi to a mobile device), drastically
reducing the power and processing requirements of the wearable patch. The study demonstrated
successful continuous monitoring of central blood pressure, heart rate, and cardiac output for up
to 12 h (145).

Ultrasound imaging has proven to be a powerful tool for monitoring internal tissues and organs
for various purposes. Imaging methods such as shear wave elastography and photoacoustic imaging
could offer various functions that cannot be achieved by conventional ultrasound imaging. Fur-
ther advancements in fully flexible transducers, their imaging algorithms, and high-performance
portable ultrasound imaging systems are required to make ultrasound imaging widely available
outside of medical institutions at a low cost.

3. CONCLUSION AND OUTLOOKS

Piezoelectric materials have been widely investigated for various wearable devices in biomedical
fields. In this review, we provide a comprehensive overview of wearable and implantable piezo-
electric devices for various applications. Owing to their unique electromechanical transduction
properties, piezoelectric materials can be utilized for multiple purposes including mechanical sens-
ing, energy harvesting, drug delivery, neurostimulation, and ultrasound imaging. In this review, we
address the basic working mechanisms of piezoelectric devices for the target applications and pro-
vide material and device design strategies for high-performance, flexible, and conformable form
factors.

Although all of the applications discussed in this review are highly promising and could evolve
into wearable and implantable form factors, there are several challenges that should be addressed
for further development and commercialization.

1. Improvement of the performance of piezoelectric-based devices: Although there has been
great progress in piezoelectric material-based wearable and implantable devices, the devices
themselves still need to be further improved for real applications. For instance, wearable
sensors based on piezoelectric materials need to be more sensitive and conformable to
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properly integrate with soft biological tissues. The Young’s modulus of biological tissues
is usually less than 10 MPa (156), whereas most piezoelectric materials, even those based on
organics, have a Young’s modulus higher than 1 GPa (approximately 5 GPa for PVDF and
70 GPa for PZT, respectively) (157). Such a large difference in Young’s modulus could result
in poor conformal contact, user discomfort, and delamination. Wearable energy harvesters
should have higher power conversion efficiency and improved structures to effectively har-
vest the energy from body motions with a low operation frequency. For wearable ultrasound
transducers for imaging, image resolution should be improved and image reconstruction
algorithms need to be enhanced to compensate for the deformation of the transducers
conformably attached to the skin surface.

2. Development of data acquisition system: Most currently reported wearable biomedical
devices are connected with external electronics by an external cable. Such an external con-
nection is not practical for wearable devices. Hence, a portable system with reading and
control circuits for wearable devices, wireless communication, and power management is
required for wearable electronics to be completely wireless and cable-free.

3. Development of closed-loop feedback system: Ideal wearable biomedical devices should
be capable of sensing biomarkers and performing activities/treatments based on the read-
ings acquired from the sensors. As discussed above, wearable devices based on piezoelectric
materials can perform multiple biomedical activities from sensing to treatment. Hence,
the development of closed-loop systems addressing both sensing and treatment responses
based on piezoelectric devices could be one of the potential applications of wearable
piezoelectronic devices.

4. Integration with Al and big data analysis: Owing to the recent advancement of Al, data
collected from wearable devices have become highly promising for more accurate disease
diagnosis and classification. Hence, machine learning (ML) algorithms can be developed
to utilize the data collected from wearable piezoelectric devices. Such ML algorithms can
be applied for motion detection, tumor recognition, and so forth. With rising model com-
plexities, it is essential to explore low-resource ML techniques for on-device inferencing.
Currently, cloud-based inferencing helps address the issue but fails to provide real-time
output. In the future, on-device learning and classification are also necessary to ensure the
privacy of personal medical data.

Wearable piezoelectric devices hold significant promise not only in the biomedical field but
also in various areas including general healthcare, the Internet of Things, augmented and virtual
reality, and prosthetics.
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