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An Emerging Era: Conformable Ultrasound Electronics

Lin Zhang, Wenya Du, Jin-Hoon Kim, Chia-Chen Yu, and Canan Dagdeviren*

Conformable electronics are regarded as the next generation of personal
healthcare monitoring and remote diagnosis devices. In recent years,
piezoelectric-based conformable ultrasound electronics (cUSE) have been
intensively studied due to their unique capabilities, including nonradiative
monitoring, soft tissue imaging, deep signal decoding, wireless power
transfer, portability, and compatibility. This review provides a comprehensive
understanding of cUSE for use in biomedical and healthcare monitoring
systems and a summary of their recent advancements. Following an
introduction to the fundamentals of piezoelectrics and ultrasound
transducers, the critical parameters for transducer design are discussed.
Next, five types of cUSE with their advantages and limitations are highlighted,
and the fabrication of cUSE using advanced technologies is discussed. In
addition, the working function, acoustic performance, and accomplishments
in various applications are thoroughly summarized. It is noted that
application considerations must be given to the tradeoffs between material
selection, manufacturing processes, acoustic performance, mechanical
integrity, and the entire integrated system. Finally, current challenges and
directions for the development of cUSE are highlighted, and research flow is
provided as the roadmap for future research. In conclusion, these advances in
the fields of piezoelectric materials, ultrasound transducers, and conformable

real-time analysis of bodily vital signs
have assumed paramount importance in
safeguarding individuals from the onset
and progression of diseases. On the one
hand, those who rely on conventional cen-
tralized healthcare services are required
to physically visit hospitals in order to
access medical treatment, hence poten-
tially experiencing delays in meeting their
healthcare needs. In contrast, it is im-
portant to acknowledge that the diverse
range of rigid tools and diagnostic tech-
niques present a number of limitations,
including suboptimal biocompatibility, re-
liance on skilled operators, and uncom-
fortable patient experiences.l’! It is highly
desired to have medical equipment or
systems that allow patients to monitor
and control their own health problems
by themselves. In recent decades, con-
formable electronics have garnered sig-
nificant interest and will transform tradi-
tional healthcare monitoring and diagno-
sis through the incorporation of qualities

electronics spark an emerging era of biomedicine and personal healthcare.

1. Introduction

Healthcare and medical systems have been facing tremendous
challenges in recent decades, due to the ever-increasing health
requirements of society as well as the unanticipated health prob-
lems that have arisen around the world."l More and more in-
dividuals are realizing that most non-communicable diseases
are caused by physical inactivity, poor nutrition, and low-quality
lifestyle choices. In modern society, the regular collection and
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such as portability, wearability, remote ac-
cess, and timelines.’] A variety of flexi-
ble electronics with different substrates and
matrices (i.e., polymers,* elastomers,!
textiles,[®l aerogels,”] hydrogels!®))—have
been demonstrated for monitoring a wide range of health-
relevant parameters—such as electrophysiological (e.g., electro-
cardiogram (ECG), electroencephalogram (EEG), electromyog-
raphy (EMG), electrooculogram (EOG)),l”! physiological (e.g.,
blood pressure, % pulse,['!] temperaturel'?)), thermal (e.g., ther-
mal conductivity, temperature distribution(!?)), mechanicall'l
(e.g., strain,[**] pressure!'®l) and biochemical information (e.g.,
glucose/lactate,['’ hydration,!'¥! pH,[!?! sweat,!?)] local field
potential?!), have continuously emanated from the human body.
However, the majority of these devices tended to concentrate
on physiological signals from the human body’s surface or the
tissue/organ’s surface, offering limited information on or in-
side deep tissues/organs. Decoding data from deep tissue, which
plays a crucial role in the intricate processes at the root of many
disease forms, is of great interest.

Ultrasound technology, one of the most widely used and
quickly evolving diagnosis and treatment modalities, has been
extensively explored for medical diagnosis in deep tissue. It has
numerous advantages over magnetic resonance imaging (MRI),
which lacks real-time imaging and is expensive, as well as com-
puted tomography (CT), which is ionizing and dangerous. Ultra-
sonic waves are typically produced by a number of physical phe-
nomena, such as magnetostrictive, electrostatic, electrodynamic,
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piezoelectric, and capacitive effects.[??] The piezoelectric effect is

the most common operating principle for actuating and sens-
ing ultrasonic signals.[?*! This review will concentrate solely on
piezoelectric-based ultrasound systems. The ultrasonic method
is an ideal technology for non-destructive testing (NDT), biomed-
ical, and healthcare applications because of its special character-
istics, such as its excellent precision, powerful deep tissue pen-
etrating capability, tremendous sensitivity, and non-ion radiative
nature. The design principle, materials, configurations, fabrica-
tion, and applications of traditional ultrasound transducers have
been widely investigated in recent decades.!?’] Despite the advan-
tages offered by ultrasound technologies, traditional ultrasound
probes are large and heavy, and an operator is required to hold
them steady to achieve a solid acoustic coupling interface, a suf-
ficient field of view, or a desired penetration direction. In par-
ticular, it is still not possible for an ultrasound probe to cover
the full curved surface of a human body part such as elbow,
skull, knee, or large parts of the body such as breast, abdomen,
or fetus.[?* Therefore, mechanically deformed ultrasonic trans-
ducers that may seamlessly adhere to the skin and still contain
ultrasound function are significantly needed for accurate imag-
ing, long-term monitoring, precise therapy, and other applica-
tions. In this review, we used conformable ultrasound electron-
ics (cUSE) to represent all types of attachable, wearable, flexi-
ble, and soft ultrasound sensors, transducers, and patches. The
concept of cUSE was first put forth before 2010,/2#%! then in-
tensively investigated in the past six years,[?®) which not only
solved some current limitations of rigid and bulky ultrasound
probes, but also developed various designs and technologies of
conformable electronics for healthcare to a new level. In recent
studies, numerous cUSE were proposed and fabricated using
several fabrication strategies for NDT and biomedical applica-
tions (Figure 1), including stretchablel?”! and bendablel?®] de-
vices imaging on complex surfaces, long-term monitoring with
bio-adhesion!?! or intergated system,*%! large organ monitor-
ing (breast tissue,?!l baldder volume),3?! cardiac monitoring,!*3!
blood pressure monitoring.[*l blood flow monitoring,*! energy
harvesting!*®! and power transfer for implant device,*’! tissue
repair,3® chronic wound healing,*! retinal stimulating,[“°! pe-
ripheral nerve stimulation,*!! brain stimulation,!*?! drug delivery
on faces,!*}] transdermal cosmeceutical delivery,**] and several
other biomedical applications.

In this review, we provide an overview of the most current ad-
vancements and innovations in piezoelectric-based cUSE, includ-
ing the selection of materials, device performance, mechanical
conformability, and applications in biomedical and health moni-
toring systems (Figure 2). A brief outline of this review is as fol-
lows. Section 2 introduces the fundamentals and configurations
of ultrasound transducers, including single-element transducers,
1D arrays, and 2D matrix arrays for 3D images, and the properties
of different types of piezoelectric materials, particularly the spec-
ifications needed for high-performance ultrasound transducers.
Strategies for cUSE are outlined in Section 3, along with different
types, several technical requirements, substrates, and interfaces,
beamforming, and data acquisition systems. Section 4 exhibits
the cUSE for various biomedical applications, including wearable
large patches for tissue imaging, health monitoring, brain/neural
stimulation, energy harvesting and power transfer, therapeutics,
drug delivery, and CUSE hybrids with other electronics. Finally,
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in Section 5, we provide a summary of the current status of cUSE,
and discuss the challenges and prospects for the future.

2. Piezoelectric Materials and Ultrasound
Transducers

In recent years, piezoelectric materials, as the smart materi-
als that link electrical and mechanical energy, have been exten-
sively utilized in a variety of electronic devices. Recent develop-
ments in mechanical engineering and material fabrication tech-
nology have made it possible to realize high-performance piezo-
electric devices in conformable configurations and given them
unique prospects for usage in bio-integrated applications.[1*46]
Piezoelectric conformable electronics, fabricated from ceram-
ics, crystals, composites,!”*’] thin film, polymers, fibers,*8! have
demonstrated real-time and continuous signal monitoring and
decoding for diverse soft tissue biomedical and healthcare ap-
plications, ranging from sensing!“¢** to energy harvesting! 4]
and human-machine interactions,® including in understand-
ing body motion, facial motion,>*% skin modulus,!*>>3] heart
motion,** gastrointestinal motility,[ tactile stimuli,>®) blood
pressure, 34 and blood flow.[**] In addition, through quanti-
tative imaging, piezoelectric ultrasound transducers can provide
insight into deep tissues and curved organs, improving our un-
derstanding of soft tissue illnesses. Because there are numerous
piezoelectric materials, it is necessary to have an in-depth sum-
mary of available materials to choose the appropriate one for cre-
ating ultrasonic transducers. In the first half of this section, vari-
ous well-known piezoelectric ceramics, single crystals, thin films,
and composites are introduced. The critical parameters and equa-
tions of piezoelectric materials are summarized in Table 1. Some
novel piezoelectric materials are also discussed to illustrate the
most recent piezoelectric material fabrication technologies. In
the second half of this section, the design and configuration of
ultrasound transducers are summarized, and important param-
eters are listed in Table 2. A large range of piezoelectric materials
have been developed because of the great variety of piezoelectric
transducers, as listed in Table 3.

2.1. Traditional Piezoelectric Materials for Ultrasound
Transducers

2.1.1. Critical Parameters of Piezoelectric Materials

Piezoelectricity is a unique property of certain non-centrally sym-
metric crystalline materials.*®! The piezoelectric effect is a re-
versible process that exhibits two effects: direct piezoelectric ef-
fect (generating electric polarization after applying mechanical
stress) and the converse piezoelectric effect (generating mechan-
ical strain after applying an electric field), which are fundamen-
tal for a number of electronic devices, including transducers, ac-
tuators, and sensors (Figure 3a,b).!?>**7] The piezoelectric coeffi-
cient for each material has its own value with respect to its crystal
orientation.*®) An appropriate material must be polarized by us-
ing a strong electric field in order to create piezoelectric charac-
teristics. Two digits are frequently used to subscript or describe
piezoelectric characteristics. The direction of the created charge

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 1. Overview of conformable ultrasound electronics (cUSE) and their biomedical applications. The cUSE is the research domain that encompasses
the study of piezoelectric materials, ultrasonic technology, and conformable electronics. The representative biomedical applications included: imaging
the dynamics of the stomach (Reproduced with permission.[?°] Copyright 2022, American Association for the Advancement of Science), imaging the
moving subject (Reproduced with permission.[3%] Copyright 2023, Springer Nature Limited), cardiac activity monitoring (Reproduced under the terms of
the Creative Commons License.[*’] Copyright 2023, The Authors, Published by Springer Nature Limited), imaging on breast tumors (Reproduced under
the terms of the Creative Commons License.[*'] Copyright 2023, The Authors, Published by American Association for the Advancement of Science),
bladder volume monitoring (Reproduced with permission.32] Copyright 2023, Springer Nature Limited.), blood pressure monitoring (Reproduced with
permission.34 Copyright 2021, Springer Nature Limited), blood flow monitoring (Reproducedunder the terms of the Creative Commons License.[3%]
Copyright 2021, The Authors, Published by American Association for the Advancement of Science), energy harvesting and power transfer (Reproduced
under the terms of the Creative Commons License.3¢] Copyright 2021, The Authors, Published by American Association for the Advancement of Science),
wound healing (Reproduced with permission.[3° Copyright 2021, Wiley-VCH), retinal electrical stimulation (Reproduced under the terms of the Creative
Commons License.[*0] Copyright 2022, The Authors, Published by Springer Nature Limited), drug delivery (Reproduced with permission.[*4] Copyright
2023, Wiley-VCH), brain stimulation (Reproduced under the terms of the Creative Commons License.[*?] Copyright 2022, The Authors, Published by

Springer Nature Limited).

or the applied electric field is indicated by the first subscript. The
direction of the mechanical stress or strain is indicated by the
second subscript. The polarizing direction, or applied polariza-
tion field direction, has traditionally been abbreviated as “3”. The
direction “3” refers to other instructions. Although a piezoelec-
tric material can have a wide range of characteristics and piezo-
electric coefficients, it is chosen based on the intended vibration
mode. Consider a vibrational mode in which thickness plays a sig-
nificant role. For applications requiring thickness or out-of-plane
vibration monitoring, a piezoelectric element with a higher d,,
property is chosen.

In the field of materials science, many parameters must be
defined to describe the properties of piezoelectric materials. Di-
electric, piezoelectric, electromechanical, and acoustic properties
are the four most important material properties when designing
an ultrasonic transducer, including the piezoelectric coefficient
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(ds3), dielectric permittivity (¢,), electromechanical coupling co-
efficient (k), and acoustic impedance (Z). In addition, the use
of piezoelectric composites has attracted a great deal of inter-
est due to the material’s enhanced electromechanical coupling,
which can help broaden bandwidths and increase energy trans-
fer, resulting in a substantial improvement in signal-to-noise ra-
tio (SNR). Temperature and high electric field stability are also
important for ultrasound transducers, since the dielectric permit-
tivity changes as a function of temperature and electric field, re-
sulting in a variation of electrical impedance of the device.
Because the piezoelectric material is a capacitor, the related
electrical port of an ultrasonic transducer is a capacitor structure,
which is the dielectric between two parallel electrodes.l®! A di-
electric is an electrical insulator that can respond to external elec-
tric stimulation.[®®) When an AC electric field is applied to the di-
electric material, the dielectric permittivity (¢*) shows a complex
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Figure 2. The overview of the key aspects in piezoelectric-based cUSE, including the selection of materials, device performance, mechanical conforma-

bility, and applications in biomedical and health monitoring systems.

form.[%! The phase difference between D and E is defined as the
dielectric loss (tans), which can be considered as the process by
which a portion of the electric energy is changed into thermal en-
ergy under an external electric field. The clamped capacitance of
an ultrasonic transducer is determined by the clamped dielectric
permittivity, area, and thickness of the piezoelectric material. In
addition, dielectric permittivity is a critical parameter in order to
match the electrical impedance of the transducer to that of the
driving electronics. To achieve maximum power transfer, the ul-
trasonic transducer’s input electrical impedance at the intended
frequency must be real, and its input resistance must equal the
source’s electrical impedance (typically 50 Q in termination).
The electromechanical coupling factor is an important pa-
rameter for measuring the ability of piezoelectric materials to
convert energy between electrical and mechanical forms. It de-
pends on the geometry of the material rather than being a con-
stant material property. For instance, a material’'s k coefficient
is higher in a rod shape than it is in a plate form.’®l A high k
value in transducer design is preferred for greater energy con-
version, increased bandwidth, and higher sensitivity. Depending
on the vibration mode at which the element is excited, the cou-
pling factor can be estimated using the measured resonance and
anti-resonance frequencies of a piezoelectric element. The res-
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onant frequency and the acoustic impedance of a material are
determined by the speed of sound inside itself, which is an in-
herent property of the material. It is mentioned above that the
impedance matching between the transducer and the propagat-
ing medium is very important to improve the transducer’s per-
formance. The most prevalent coupling variables for vibration in
a circular disk along the radial and thickness axes are typically de-
noted as k;; or k, and k,, which are described and summarized in
Table 1 with other critical parameters and equations of piezoelec-
tric materials. The configuration of the piezoelectric element can
be adjusted to approach the desired transducer performance, in
addition to choosing the proper piezoelectric material for a partic-
ular transducer.!??*! A trade-off in other features is typically nec-
essary because the majority of applications want a combination
of properties.[®!]

2.1.2. Lead-Based Ceramics
Piezoelectric lead zirconate titanate Pb(Zr,_,Ti,)O, (PZT) ceram-
ics have been widely used as the transducers’ active components

in commercial ultrasound probe applications due to their low
cost and well-developed and stable piezoelectric properties with
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Table 1. Critical parameters and equations of piezoelectric materials.
Properties Symbol Name Equation Notes
Piezoelectric properties s Compliance under a constant electrical [5] _ sF d] [T] Direct/converse piezoelectric effect
field D d el LE
e’ Dielectric permittivity under a constant
stress
d; Piezoelectric charge coefficient or dij=kj - Vst el ds3 can be directly measured by the ds;
piezoelectric strain coefficient meter.
g piezoelectric voltage coefficient gy =dj /e’ -
dy, Hydrostatic piezoelectric charge dy, =d3; +dy; +dy; -
coefficient
Dielectric properties €jjy € Dielectric permittivity Dj=¢;-E,C = ocrh D is the electrical displacement
" .
tand Dielectric loss tané = 14; , &= % =€ —je, -
s Tt e
z Electrical impedance o = oA Transducer’s input Z must equal the
source’s Z.
E, Coercive field - A large coercive field is critical for
high-power transducers
Electromechanical k Electromechanical coefficient k2 = converted mechanical energy _ - converted electric encrgy
input electrc energy  ~nput mechanical energy
roperties . . - S
propertt k electromechanical coupling factors =1l Thin disk-shape samples
4 P p f2
k, electromechanical coupling factors K = % Jicot(g;l) Thin disk-shape samples
a a
) . 2 _xh 1 -
k33 electromechanical coupling factors K, = % fcot(gff) Longitudinal mode
2
k31 electromechanical coupling factors k23]1 = % Jj;"cot(gfl) Transverse mode
317 r r
On Mechanical quality factor O, = Af—’ Afis the frequency difference at -3 dB
of the maximum admittance.
Acoustic properties V33 longitudinal acoustic velocity vi3 = 2f, -t tis controlling dimension of the
piezoelectric element (thickness)
z, Acoustic impedance Z,=p-vy p is the density of the sample
N Frequency constant N =f, -t f. is the anti-resonance frequency.
Temperature T, Curie temperature €=z CT Cis the Curie-Weiss constant. A greater
-Tc

T, can guarantee transducer a wider
temperature operating range.

compositions near the morphotropic phase boundary (MPB) (d;;,
< 700 pC N7, k;; < 0.7).[62] The majority of conformable ul-
trasound devices use commercial PZT.27333563] Due to their
higher polarizability—which results from the coupling between
two equivalent energy states, namely the tetragonal and rhom-
bohedral phases—MPB compositions have abnormally high di-
electric and piezoelectric characteristics.l! This allows for the
most efficient possible domain reorientation during the poling
process. In addition to PZT, researchers also focused on a wide
variety of piezoelectric compositions due to further alterations
employing acceptor and donor dopants.|®! Several complex lead-
based relaxor materials Pb(B’B’')O, and Pb(B’'B"’)O; — PbTiO,
(B = Mg?* , Zn?*, In** ,Ni2* ... B’ = Nb°*, Ta°+,
WC+ . .) have been intensively studied,/® among them, PMN-
PT and PbMg, ;Nb,;0;-PbTiO; (PMN-PT), PbZn,;Nb, ;0
PbTiO, (PZN-PT) and xPb(In,,Nb, ,)O;-yPb(Mg, ;Nb, ;)03~
zPbTiO; materials are most attractive ceramics due to their ex-
ceptional piezoelectric performance.l®’] In addition, conventional
piezoceramics, which have grain sizes in the range of 5-10 pym,
are not the best choice for high-frequency transducer applications
because the active components’ sizes can reach tens of microm-
eters. PMN-PT-based ceramics, which are particularly suited for
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array transducers due to their high clamped dielectric permittiv-
ity, are now being manufactured in fine grain versions, which is
critical to the high-frequency transducer and the requirement of
the dicing operation.l%8] Furthermore, Zhang’s and Li’s groups
successfully addressed the long-standing challenge of synthesiz-
ing new piezoelectric ceramics by introducing dopants into the
local structural heterogeneity for a specific ferroelectric system,
and achieved record-high dielectric and piezoelectric properties
of the newly designed ceramics.%”! After that, rare-earth (RE)
single-doped or co-doped element (RE = La**, Sm3*, Pr’*+, Yb*,
Eu’*) doped or co-doped PMN-PT and PZN-PT ceramics have
attracted the interest of researchers due to their ultrahigh d;
and k;;. Very recently, RE-doped PMN-PT and RE-doped PIN-
PMN-PT based transducers have been developed for piezoelectric
transducer design,”"! which achieved enhanced acoustic perfor-
mance for imaging.

2.1.3. Lead-Based Crystals
Single crystal relaxors have received attention in recent years

due to their advantages over PZT systems,/”! including easier
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Table 2. Critical parameters and equations of ultrasound transducers.
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Properties Symbol Name Equation Notes
Basic parameters f Resonance frequency of the element f= n;—‘; v, is the acoustic velocity of piezoelectric element, and n
is an odd integer with the lowest resonant frequency of
n=1
A Wavelength of the transducer A= ;7’ v, is the sound velocity in the loading medium (1540 m/s
for water or tissue).
Z, Acoustic impedance of the matching layer (Z, z,=(2,2)'"* Single matching layer
and Z are the acoustic impedances of Z, = (ZPZ,Z)]/3 Single matching layer for wideband signal.
piezoelectric material and the loading 43 1 6 1/7 . o nd
medium, respectively) Zm =(2,2))7 Zpy = (2,2)) Two matching layers: 1" (inner) and 2" (outer)
[ Thickness of the matching layer t, = AT”‘ An is the wavelength in the matching layer
1. Center frequency f.= @ The center frequency of the Fast Fourier Transforms
(FFT) spectrum at -6 dB
Evaluation of BW Bandwidth BW = fzf;f] f> and f; is the upper and lower frequency on the
c
transducers magnitude of the FFT of the echo at -6 dB value,
respectively.
2_2
kegr Effective electromechanical coupling factor kzﬁ = f"f—zf’ f, and £, is the anti-resonance and resonance frequency,
‘ respectively.
I Insertion loss IL =20 Iog(%) V, and V; are the echo voltage and excitation voltage,
’ respectively.
Vop Peak-to-peak voltage - Peak-to-peak amplitude of the output voltage signal
Raxial Axial resolution (-6dB) Roial = ﬁ = ﬁ BW is the bandwidth
-
Other performances Riateral Lateral resolution Ritoral = A "Fa= = - Fy F, the f-number (the ratio of focal distance to aperture

Fy Doppler shift frequency

M.1 Mechanical index

fe

dimension)
Fy,=F, — F, = ZF"—\:“’SG F,: echo of reflected frequency, F,: operating frequency,
V: speed of the reflector, ¢: speed of sound, 6: angle
between flow and sound propagation
M.l = 22 PNP is the peak negative pressure

crystal growth around MPB compositions and superior piezo-
electric and electromechanical properties obtained through do-
main engineering.[®®72! For example, due to improved polariz-
ability brought on by the connection between two equivalent en-
ergy levels, PMN-PT single crystals possess very good piezoelec-
tric characteristics (k33 > 85% and dy; = 1200-2500 pC N~!). Fur-
thermore, the application of domain engineering techniques, in-
volving the manipulation and alignment of crystal domains in
directions other than the spontaneous polarization direction of
single crystals, has significantly contributed to the enhancement
of their electrical properties.*®! In bulky transducers with sin-
gle elements or phased arrays, it has been proven that PMN-PT
single crystal based transducers exhibit superior acoustic perfor-
mance compared to PZT-based transducers, including greater
bandwidth, reduced pulse length, and improved axial and lateral
resolutions.!?**73] However, the Curie temperature T, (=150 °C)
and rhombohedral to tetragonal phase transition temperature
T, (70-90 °C) are quite low for PMN-PT solid solutions.[”? It
is widely acknowledged that thermal stability and outstanding
electromechanical performance cannot be achieved simultane-
ously. Therefore, it is essential to discover alternative solutions to
the limitations of piezoelectric materials.[**®°] Moreover, in nu-
merous electromechanical applications, such as those involving
high-power transducers and high-field actuators, the combina-
tion of strong piezoelectric responsiveness with a substantial co-
ercive field (E) facilitates enhanced operational efficiency and
a wide range of operational capabilities. Therefore, the pursuit
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of novel relaxor-PT systems that satisfy the subsequent criteria
poses a pressing endeavor: i) high T, and T,,, ii) high d,;, or
iii) large E. 7 In one research direction, researchers found that
PIN-PMN-PT single crystals near MPB composition with a high
T. of 200 °C have comparable piezoelectric performance to that
of the PMN-PT single crystals. There has been a notable inclina-
tion towards the utilization of ternary single crystals in the realm
of ultrasound transducer applications. Similarly to ceramics,
the thermal stability and piezoelectric characteristics can be en-
hanced simultaneously with the incorporation of RE elements as
dopants.

Besides the design of the components, post-treatment is also
critical to the performance of the crystals. The alternating cur-
rent poling (ACP) was intensively used recently due to its low
cost, time saving, and high efficiency to improve the electrome-
chanical properties of the composites and enhance the band-
width and insertion loss of the transducers, making the ACP
a potential and advantageous technology to improve the trans-
ducer performances.I””! In addition, ACP was also used to im-
prove the transparency of piezoelectrics. It was possible to get
extremely high optical transmittance or exceptionally high piezo-
electric characteristics by doping appropriate RE elements into
PMN-PT ceramics. Due to the light scattering at ferroelectric do-
main walls and grain boundaries, it was still difficult to achieve
high piezoelectricity and flawless transparency at the same time
before the report on ACP PMN-28PT crystals.’®! The ultra-
high piezoelectric coefficient d;; (>2100 pC N71), excellent
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Table 3. Piezoelectric properties and acoustic performance of selected single element transducers.

Properties of materials Performance of transducers Refs.
Piezoelectric materials dss[PCNTT] el,/eq  Z[Mrayls] k, £, IMHz] Thickness [um] Aperture [mm X mm] —6dB BW [%]  IL[dB]
Leas-based ceramics
PZT-5H 515 2500 - 0.51 3.03 310 12x 0.5 66.4 —44.4 [337]
Sm-PMN-PT 1200 3500 - 0.55 39 - 0.4x0.4 80 -13 [70b]
Sm-PbZrTiO, 462 1512 32.8 0.50 2.40 800 g=1 54.4 -29.3 [332]
Sm-PbBaZrTiO; 533 1850 33.7 0.52 2.31 800 g=1 61.3 -23.2 [332]
PNN-PZT 760 3409 30.2 0.6 42 41 2=0.33 79 -19.6 [333]
Lead-based crystals
PMN-PT 1500 5350 27.5 - 3.1 380 15 % 0.19 90.0 -24.6 [73a]
PMN-31PT 1883 7699 35 0.59 9.93 200 0.5x0.5 35.1 -17.0 [334]
PZN-PT 2009 5265 343 - 3. 360 20x0.2 72.5 -46 [335]
PIN-PMN-PT 1510 4400 36.0 0.57 2.08 - 10 x 10 773 -29.6 [336]
Yb/Bi-PIN-PMN-PT 2800 7000 29.2 0.61 7.5 240 8% 0.09 71 - [37]
Lead-free ceramics
KNN-3 306 - 26.9 - 24.5 100 =20 97 -17 [337]
Co-NBT 32 148 30 0.35 70.4 0.7x0.7 52.7 - [338]
BS-PT 450 777 26.5 0.58 10.57 200 - 243 - [339]
BS-64PT 450 1253 - 0.54 4 500 @=10 9 - [340]
BZT-50BCT 600 2817 26.7 0.41 30 75 0.8x0.8 53 -18.7 [347]
Lead-free crystal
LiNbO; - 44 34.0 0.49 22 90 2=10 72 -19.5 [342]
KNLN 490 466 - 0.55 82 28 0.4 x0.4 57.3 - [343]
NBT-BT 210 80 30 0.52 25 87 0.6 X 0.6 46.2 -31.9 [344]
Mn-KNN 300 512 0.64 50 70.2 - [345]
Textured ceramics
PMN-PZT 1100 2310 29.4 0.69 15 80 2=25 67 21 [101a]
PNN-PZT 920 2230 29.4 0.55 3 750 =115 63.6 -14.4 [101b]
KNLN 150 550 - 0.44 52 35 0.4 x 0.4 61.5 - [346]
KNLN-BZ-BNT 319 1651 25.2 0.4 81 30 0.4 x 0.4 52 . [347]
BCTZ 570 1241 29 0.53 2.9 310 12 x 0.5 80.5 -47.1 [337]
1-3 composites
PZT /epoxy 610 21 15.8 0.58 2.98 560 2=10 136.8 213 [167]
PIMNT /epoxy 1283 2423 18.9 0.83 1.81 650 =12 107 -24.3 [348]
PMN-PT/Epoxy 1230 822 15.9 0.81 3.06 560 =10 174.7 -20.3 [167]
PMN-PT/Epoxy 1412 1358 22.5 0.88 3.1 630 =10 142.8 -16.1 [124a]
PIN-PMN-PT/epoxy 1100 1813 19.5 0.83 2.24 610 10 x 10 97.8 259 [336]
Sm-PMN-PT/epoxy 1065 - - 0.77 23 - - 135.9 87 g
BS-PT/epoxy - - 16.2 0.61 8.93 200 3.4x3.4 41.6 - [339]
KNN /epoxy 332 12 - 23.4 100 =25 75.4 67 [349]
KNNS-BNZH /epoxy 350 1342 15.8 0.70 5.0 450 D=3 80 -30 1350]
2-2 composites
PZT5H /epoxy - 1237 - 0.66 40 130 - - - 357]
PZT5H/Epo-tek301 - 787 22 0.70 14.4 70 128 x 4 69.4 -33.9 [352]
PMN-PT/Epo-tek301 359 588 24.8 0.58 8.75 - - 35.5 - [353]
PIN-PMN-PT/epoxy 1200 2902 21.6 0.86 2.24 590 10x 10 96.4 -25.8 [336]
PIN-PMN-PT/epoxy 1200 2902 21.6 0.86 10.18 140 15x1 140 - [354]
Adv. Mater. 2023, 2307664 2307664 (7 of 52) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. The basic information of ultrasound transducers. a) Principle of ultrasonic generation based on converse piezoelectric effect. ¢) Schematic of
ultrasound transducers in three port model. d) Schematic of active elements for single transducers, including single material and composites (i.e., 2-2
connection and 1-3 connection). e) Schematic of array transducers, including 1D array, 2D array, 2D array with RCA, annular array, and circular array. f)

Schematic of pMUT.

electromechanical coupling factor k;; (94%) and large electro-
optical coefficient y;; (%220 pm V™), are far beyond the per-
formance of the commonly used transparent ferroelectric crys-
tal LiNDO,. Following this work, many new transparent piezo-
electrics were reported (Table 4),7”] and various sensors, actua-
tors, and ultrasound transducers have been proposed.[’®! Espe-
cially for photoacoustic imaging, the transducer with PMN-PT
transparent crystal exhibited higher sensitivity, a larger photoa-
coustic amplitude, and enhanced resolution.

2.1.4. Lead-Free Ceramics

The most important motivation for the investigation on lead-free
ceramics is the poisonous element Pb used in the lead-based ma-
terials. The growing demand for environmental protection and
sustainable development has sped up the development of lead-
free piezoceramics.[*+72>7%] Lead-free piezoelectric ceramics can
be divided into three categories: perovskite, zinc oxide, tungsten
bronze, and bismuth layered structures.®”] The ABO,-type family
of perovskites is one of the most well-known classes of lead-free
piezoelectric materials, including BaTiO; (BT),®" K, ,Na, ,NbO,

Adv. Mater. 2023, 2307664 2307664 (8 of 52)

(KNN),8) Bi; ,Na, ,TiO; (BNT),® and BiFeO; (BFO).3 Re-
searchers also focused on their different combinations of binary
systems to achieve improved piezoelectric performance.!®’]

For device applications, besides the mass-production process-
ing limitations,® lead-free ceramics also meet a similar chal-
lenge, which is to gain the comprehensive properties of both high
piezoelectricity and good thermal stability. Due to this reason,
many researchers developed various binary and ternary solid so-
lutions in the vicinity of the MPB in order to enhance T, and
improve the dependence of piezoelectric and ferroelectric prop-
erties on temperature.®”] Several compositions showed relatively
large piezoelectric coefficients and were fabricated into the low
and high-frequency transducers as listed in Table 4. Clearly, in
contrast to the lead-based ceramics and crystals that have been
extensively employed for various transducer configurations, the
majority of research is still in the early stages and focuses on eval-
uating the acoustic capabilities of lead-based ceramics utilizing
single-element probe designs.[®) For ultrahigh frequency nee-
dle transducers, KNN- and BNT-based ceramics were selected,
which achieved sufficient bandwidth, but were still not compa-
rable to lead-based piezoelectrics. There is no information re-
ported about bulky lead-based ceramics for cUSE, despite the fact
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Table 4. Comparison of representative piezoelectrics for ultrasound transducers.
Comparison aspects Ceramics!®>20] Lead-based Lead-free PVDF based ~ Composites!'72] 3D printed
crystall37¢353] films[232] polymers!110d] materials145:146,356]
Preparation Method Solid state Bridgman crystal Sol-gel, Casting and  Dice-and-fill, mixing, 3D printing
reaction growth sputtering various template, etc.
Deposition treatment
Fabrication Difficult Difficult Medium Easy Easy Easy
Cost High Very high Medium Low High Low
Dielectric, piezoelectric, and dy; (PCN7T) < 1,000 > 1,500 3-10 10-30 400-1400 60/500
acoustic properties k, 0.5-0.6 0.5-0.6 - Low (<02)  High (0.6-0.8) Medium (0.4-0.6)
tans <2% <0.5% <2% > 1% Medium <2%
el High High Medium Low Medium Medium
d, Low (negative Low Low Low High (positive d3;) Medium
ds)
[ Low Low Low Low High Medium
Physical properties Elastic modulus High High Medium Low Medium Medium
Density (g cm™3) High High High Low Medium Medium
Flexibility Low Low High High Medium Medium
Z (MRayl) 30-35 30-35 20-35 4-5 10-20 3-8

thatlarge lead-based ceramics have been utilized for conformable
electronics.[®]

2.1.5. Lead-Free Crystals

LiNbO, (LN) single crystal is a widely known piezoelectric ox-
ide material with a single crystal structure.[?*®! LN single crys-
tal is extensively utilized in acoustic and electro-optical applica-
tions due to its stable and robust electro-mechanical and electro-
optical coupling properties.[?*! Compared to lead-based PZT ma-
terials, a 36° rotated Y-cut LN single crystal exhibits a compara-
ble electromechanical coupling coefficient, a significantly lower
dielectric permittivity, a higher longitudinal sound speed, and a
higher Curie temperature.”*! This makes the LN single crystal
an ideal and promising active element for sensitive large aper-
ture single-element transducers. The KNN systems have been
regarded as one of the most promising candidates. The KNN-
based single crystal exhibited superior piezoelectric response
(d33 %690 pC N1), high Curie temperature (T, ~420 °C), and
a large electromechanical coupling coefficient (k, ~0.55).°!] Re-
cently, a major breakthrough has been made in KNN-based single
crystals with superior performance (measured dy; > 9000 C N~!
and strain of 0.9% at 1 kV mm™').?] Therefore, the creation of
single crystal thick films based on KNN may be a good option
to replace the electrical device’s piezoelectric layer that contains
lead. Unfortunately, due to its brittleness, it is extremely difficult
to produce KNN-based single-crystal thick films with a thickness
below 30 um using the traditional lapping down procedure. Fur-
thermore, it is yet unclear if KNN-based single-crystal thick films
can maintain excellent electrical performance. In light of this, in-
vestigating KNN-based single-crystal thick films and future ap-
plications would be worthwhile.

Numerous initiatives have been taken to develop lead-free
piezoelectrics as single crystals,®”! which take use of the de-
signed domain arrangement to achieve electromechanical cou-
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pling factors of up to 90%. The growth and properties of
lead-free single crystals, however, suffer from difficulties due
to the volatile nature of the constituent elements, inhomoge-
neous components, poor quality, small size, low ¢, and con-
sequently low dy;, low T, and low E, all of which will re-
strict their use. In order to further enhance their piezoelec-
tric properties, utilizing the engineered domain configurations,
without compromising the temperature usage range or field
drive stability, many efforts must be concentrated on the crys-
tal growth and thorough understanding of lead-free piezoelectric
materials.

2.1.6. Textured Ceramics

Texture defines the preferred orientation of crystallographic
grains in polycrystalline materials, which were created to bridge
the disparity between single crystals and polycrystalline ceramics
as the primary impetus.[??] The aforementioned characteristics
made single crystals very well-suited for an extensive range of
advanced electromechanical applications, however, the poor
mechanical properties and challenges associated with produc-
ing consistently high-quality crystals of higher dimensions
render the utilization of single crystals impracticable in numer-
ous scenarios.® On the other hand, it should be noted that
polycrystalline ceramics exhibit mechanical strength, but they
generally lack anisotropy, save for their significantly reduced
directional characteristics when compared to single crystals.
Textured materials have anisotropic qualities akin to those of
single crystals due to their grain-oriented morphology and
polycrystalline structure and offer mechanical reliability with a
wide range of compositional variations. Advancements in the
field of texture engineering have facilitated the production of
ferroelectric ceramics that exhibit exceptional alignment and
possess electromechanical capabilities akin to those found in sin-
gle crystals. Researchers investigated several textured ceramics,
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including PIN-PMN-PT,*! doped PIN-PMN-PT ceramics,*°
PIN-PSN-PT,””]  BiScO,-PbTiO, %) Sm-PMN-26PT,*! and
PMN-PZT with a near ideal k;; value (~0.93).1%! Very recently,
some textured have been fabricated into ultrasound transducers
(Table 4),") which exhibited enhanced acoustic performance
compared to ceramics.

2.1.7. Inorganic Films

Inorganic piezoelectric thin films provide an advantage over bulk
crystals in terms of price, reduced material consumption, com-
pact cell size, energy efficiency, and simplicity of integration in
Si semiconductor technology.['%2] A new option for piezoelec-
tric materials for ultra-high frequency ultrasonic transducers
has emerged with the advancement of microelectromechanical
systems (MEMS) technology and piezoelectric film fabrication
technologies.l'®] The thickness control technology is well devel-
oped, and the piezoelectric capabilities of films based on conven-
tional ferroelectric materials are outstanding. Thin film piezo-
electric materials are used for ultrasonic generation and detec-
tion in recent studies as one of the most crucial parts of a PMUT
architecture.l1%

PZT and PMN-PT are the most widely used lead-based thin
films, which have been created using a variety of techniques,
including sol-gel, radio frequency magnetron sputtering, ion
beam sputtering, pulsed laser deposition, chemical vapor de-
position, chemical solution deposition (CSD), and others.!1%!
Very recently, similar to bulky materials, RE-doped thin films
have also been synthesized, such us La-doped PZT film,[1%] Pr-
doped PMN-PT film,!'%] and RE-doped PMN-PT film,['%8 to ob-
tain high remanent polarization, low leakage current, and high
transmittance, indicating the potential application in a multi-
functional ultrasound and optoelectronic device. AIN and ZnO
are lead-free thin films, which are wurtzite structured materi-
als, a kind of hexagonal crystal system that illustrates a piezo-
electric response along [0001]. AIN is particularly appealing in
sensors and resonator applications because of its benefits, in-
cluding strong electrical resistivity, compatibility with CMOS pro-
cessing, and high-frequency constant.l>1%! AIN is better suited
for CMOS than ZnO because ZnO has a significantly higher
diffusion rate and more contamination problems. Meanwhile,
ZnO is used in MEMS and NEMS devices more commonly than
AIN due to its superior availability and less demanding vacuum
conditions.[1%]

2.1.8. Organic Films

Organic piezoelectric materials have been gaining popularity
for sensors, actuators, transducers, and energy storage devices
due to their superior mechanical flexibility, design diversity,
low processing temperatures, and ease of fabrication as com-
pared to inorganic counterparts.>**11% Polyvinylidene (PVDF)
and its copolymer with trifluoroethylene (TrFE) have been widely
used for conformable electronics for biomedical and healthcare
applications.[1021103111] Ag previously noted, a low dielectric per-
mittivity allows for improved electrical matching to the electron-
ics in large area high-frequency devices. Thus, PVDF and re-
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lated polymers were also discovered to be useful in the pro-
duction of high-frequency transducers and an extraordinarily
wide band width (up to 100 MHz). Following the polymeriza-
tion, stretching, and poling procedures, a thin sheet of PVDF
with a thickness ranging from 5 to 25 pm can be employed
as a transducer material. PVDF has a high degree of flexibility,
a low density, and a low acoustic impedance (4 MRayl), trans-
parent, allowing it to match impedance with media such as
water and biological tissues.[''?] In addition, PVDF-based poly-
mers are potentially complementary metal oxide semiconductor
(CMOS) compatible piezoelectric materials due to their easy fab-
rication and low annealing temperature.[>*>13] However, due to
its low electromechanical coupling coefficient, PVDF is not an
ideal transmitting material, which is the primary reason why
PVDF-based cUSE is typically employed for bio-signal detec-
tion and not high-resolution imaging. More information about
the PVDF base cUSE will be discussed in Section 2.2.4 and
Section 3.2.1.

2.1.9. Composites

Piezocomposites can be classified into two types: ceramic-matrix
and polymer-matrix composites.l'"*l To decouple the piezoelec-
tric and dielectric properties, a bulk piezoelectric ceramic with
a high piezoelectric charge coefficient and relative permittiv-
ity is substituted by a low permittivity second phase (e.g.,
air/polymers) in the former. The goal is to drastically lower per-
mittivity while retaining high piezoelectric qualities; the great-
est decoupling of these properties is normally observed in soft
ferroelectrics, which typically have a high permittivity. The latter
entails introducing a piezoelectrically active phase into a polymer
with the goal of achieving reasonably high d,; values through mi-
crostructural design. Porous ferroelectric ceramics will be treated
as ceramic-matrix composite systems. For ultrasound transduc-
ers, the composites are usually made of a piezoelectric ceramic
and a polymer, which are intriguing materials due to their ex-
cellently customizable features.['*] The geometry and boundary
conditions of the piezoelectric materials will have a significant
impact on the piezoelectric properties. For transducer design, the
composite can attain greater piezoelectric and electromechanical
coefficients, reduced acoustic impedance, and superior mechani-
cal stability when compared to crystals or ceramics.[''®) According
to the connection of each phase in one, two, or three dimensions,
the geometry for two-phase composites can be divided into ten
different forms. The most practical piezocomposite is thought to
be a 0-3, 1-3, 2-2, and 3-3 piezocomposite for different piezoelec-
tric devices.

Especially 1-3 piezocomposites are the most widely used be-
cause they wisely utilize the geometry of the piezoelectrics to
achieve high coupling factors, low acoustic impedance, good
matching to water or human tissue, mechanical flexibility, and
broad bandwidth combined with a low mechanical quality factor
(Tables 4 and 5).1'"”] In recent studies, researchers mainly focused
on the following three directions on piezocomposites. First, intro-
ducing new piezoelectric ceramics/crystal to fabricate new com-
posites is still the main research direction to improve the acoustic
performance of the transducers, such as 2.5Sm-PMN-30PT 1-3
composites (2.3 MHz, —6 dB bandwidth of 135.9%),[''8] NBBT
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Table 5. Mechanical properties of materials for substrates.
Substrate Modulus Dielectric Transparency Maximum Mechanical Elastic Refs.
(MPa) constant operating performance stretchability [%)]
temperature
[°q

Si wafer 130-190 12 No 1000 Rigid - 1357]

10
Metal foil (stainless steel) 190-203 - No 1000 Bendable - [358]

2103
Polyimide (PI) 2300- 2.8-3.5 Yellowish 360-450 Bendable - [2,357-359]

2500
Polyethylene terephthalate (PET) 2000-2700 2.5-35 High 100-140 Bendable - [2, 358-360]
Polyethylene naphthalate (PEN) 4000-5000 2.9-3.2 High 155-180 Bendable - [2, 358-360]
SU-8 4000 4 High 380 Bendable - [367]
Parylene-C 3200 3.1 High 110 Bendable - [357]
Thermoplastic Polyurethane (TPU) 6 8.2 Opaque to 100 Stretchable 110 [362]

transpar-
ent

Polydimethylsiloxane (PDMS) 0.5-3 2.65 High 150 Stretchable 100-200 [358-360]
Ecoflex 0.05-0.1 2.8 Opaque 232 Stretchable 900 [359, 363]
Acrylic (3M VHB) 0.01-3 3.2 High 150 Stretchable 900 1364]
Poly(styrene-ethylene/butylene- 0.43 2.4 High 100 Stretchable 800 [365]

styrene) block copolymer
(SEBS)

1-3 composite (k, > 71%),/11°1 PNN-PZT composites, 12! textured
PMN-PZT composites,!1%1] etc. Second, proposing new structure
designs and using new fabrication methods to tune the volume
fraction and the vibration of the elements, including a cold abla-
tion process method for PMN-PT 1-3 composites, 12! a multiple-
layer-design to achieve larger transmission efficiency,!'??l non-
periodic composites breaking the limits of the lateral mode,!!?3]
etc. Third, even though the 1-3 composites were investigated, re-
searchers still found some new external methods or treatments
to improve their performance. The ACP was intensively used re-
cently due to its low-cost, time-saving, and high-efficiency to im-
prove the electromechanical properties of the composites and en-
hance the bandwidth and insertion loss of the transducers, mak-
ing the ACP a potential and advantageous technology to improve
the transducer‘s performances.'**! A change in the configura-
tion of the domain is responsible for the improvement of the
piezoelectric characteristics following ACP. Although it is still
unknown, it is generally believed that the contributions of the
domain wall motion represent an extrinsic contribution.!!?*]

2.2. Recent Advances on Conformable Piezoelectric Materials

In recent years, some novel conformable piezoelectrics have been
synthesized and produced owing to advanced preparation tech-
nologies and amazing methods. These piezoelectrics not only
have exceptional piezoelectric capabilities, but also show promise
as candidates for ultrasound transducers; some of these have
been fabricated for the cUSE. The hot research covers three main
directions based on the varied manufacturing and design pur-
poses: flexible/conformal composites, piezoelectric biomaterials,
and 3D printed piezoelectrics.

Adv. Mater. 2023, 2307664 2307664 (11 of 52)

2.2.1. Flexible/Conformal Piezoelectric Composites

Besides the planar geometries of piezoelectric composites,
curved, bendable, and flexible 0-3 and 1-3 composites were
proposed to accommodate various surface and application
requirements. 0-3 composites usually mix piezoelectric
particles with the flexible matrix, showing limited acoustic
performance.l'?%] Therefore, researchers spent more efforts on
the 1-3 curved/flexible composites, which can be fabricated by
reshaping the plane elements using different methods, such as
hard-pressing on ceramics,!'?”) or used bendable or stretchable
matrix to replace the Epoxy, such as silicone rubber!'?®! and poly-
dimethylsiloxane (PDMS).'®! Jiang’s group reported several
PDMS-based 1-3 composites with stretchable electrodes, which
exhibited robust mechanical flexibility with promising acoustic
performance, and have been conducted for blood pressure
monitoring.3% Li’s group modified the 3D-printing-assisted
inserting method to achieve large-area and conformal single
crystal piezocomposites (Figure 4a—d).[3!! The single-crystal
piezocomposite exhibits a high k, of 85% and a large dy; of
1150 pC N~! with a bending angle of 162°, which will benefit
the future design and fabrication of high-performance and
complex-shape piezoelectric composites as key materials for
cUSE. Besides the single flexible elements, 1-3 composites
have also been fabricated as the array, which can conform to
irregular surfaces to obtain precise images.l3?] Very recently,
Shen’s group reported a highly stretchable/compressible piezo-
electric composite using ferroelectric relaxor as the skeleton
and elastomer as the matrix, which exhibited a ultrahigh d,,
(250 pC N7, high k.s (x65%), ultra-low acoustic impedance
of 3 MRyl, and high cyclic stability under 50% compression
strain.[1%%]
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Figure 4. Recent advances on conformable piezoelectric materials. Conformally large-area single-crystal piezocomposites with high performance for
acoustic transducers. a) Optical images of the polished single-crystal piezocomposites (PCs). b) Pictures of the prepared conformally large-area single-
crystal piezocomposites. ¢) Comparison of k; and ds3 with the reported single-crystal and ceramic PCs. d) Comparison of the k, of the reported large-area
piezoelectric materials. Reproduced with permission.!'3P] Copyright 2023, American Chemical Society. Shear mode ultrasonic transducers from flexible
piezoelectric plla fibers for structural health monitoring. e) Field emission scanning electron microscope (FESEM) micrograph of aligned PLLA fibers.
f) Schematic illustration of using an ultrasonic transducer made of PLLA fiber mat for generating and detecting SHO wave mode in aluminum plate.
g) Ultrasonic signal when using PLLA fiber mat as an ultrasonic transmitter. Reproduced with permission.!'>”] Copyright 2023, Wiley. 3D Printing and
processing of miniaturized transducers with near-pristine piezoelectric ceramics for localized cavitation. h) Schematic of the fabricated miniaturized
ultrasound transducer with curved PZT elements. i) Micro-curved stave elements with different curvatures. j) Polarization-electric field (P-E) loop of 3D
printed PZT. k) d33 and k, benchmarked with state-of-the-art 3D printed piezoelectric materials. Reproduced under the terms of the Creative Commons
License.l>2] Copyright 2023, The Authors. published by Springer Nature Limited.

2.2.2. Piezoelectric Biomaterials

Piezoelectric biomaterials represent a category of functional ma-
terials that not only have the capability to convert mechani-
cal deformation into electrical energy and vice versa, but also
have the potential to exhibit biocompatibility, flexibility, envi-
ronmental sustainability, minimal toxicity, and robust mechan-
ical properties, rendering them suitable for the development
of sustainable and compliant devices for health and environ-
mental applications.['**] In recent years, the biodegradable poly-
mers known as poly-L-lactic acid (PLLA) or poly(p-lactic acid)
(PDLA) have been investigated as biodevices, including biosen-
sors, bioactuators, and tissue electrical stimulators or ultrasound
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stimulators, because they exhibit a distinctive set of material
properties, including low density, low processing temperature,
notable flexibility, high tensile strength, and a pure shear piezo-
electric response that does not necessitate electrical poling.!'**]
Ren’s group mainly focused on the PLLA as the pulse sensor
and energy harvester due to easy fabrication and relatively simple
structure.[13¢] Whereas, Nguyen’s group has shown the prospec-
tive uses of PLLA polymer as ultrasound transducers with var-
ious dimensions for different biomedical applications, includ-
ing electromechanical force sensing to record important physi-
ological forces,[**”] highly sensitive biodegradable pressure sen-
sor to monitor vital physiological pressures, and a biodegrad-
able ultrasonic transducer for blood-brain barrier opening, 134
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exercise-induced piezoelectric stimulation for the treatment of
osteoarthritis,[*®) and skin scaffold electrical stimulator for skin-
wound healing(!** and bone regeneration.'*"! In addition, PLLA
can also be fabricated in shear mode for cUSE to perform struc-
tural health monitoring. These PLLA-based transducers demon-
strate a reliable level of sensitivity in identifying flaws in both
liquid and air mediums. Furthermore, it should be noted that
the sole shear mode observed in PLLA fibers is derived from
their crystal structure, eliminating the need for electrical pol-
ing to induce piezoelectric behavior. Theoretical analysis and ex-
perimental findings pertaining to both flat and tubular struc-
tures have demonstrated the considerable potential of PLLA ma-
terial (Figure 4e—g). Moreover, the utilization of the PLLA fiber-
based shear mode ultrasonic transducers has been found to of-
fer significant advantages for underwater structural health mon-
itoring (SHM) applications. Different from PLLA, chitosan is
another biomaterial that can be processed into a very thin and
highly compliant flexible film for flexible MEMS and minia-
turized devices.*!l Additional investigations have been con-
ducted on several organic piezoelectric gels!'*?! and piezoelectric
biomaterials!!*] (i.e., glycine, cellulose, collagen, and silk) to ex-
plore their potential use as piezoelectric devices. However, there
is currently no available literature reporting their utilization as
ultrasound transducers. In the realm of future research, it is cru-
cial to address the main challenge that must be overcome to en-
hance the utilization of biomaterials. This inquiry involves the
enhancement of moderate piezoelectric constants in organic ma-
terials, as well as the regulation of the dissolution rate of specific
biodegradable piezoelectric polymers to ensure their suitability
for prolonged utilization.

2.2.3. 3D Printed Piezoelectrics

In recent years, there has been an increasing tendency towards
the utilization of 3D printing technology to produce piezoelec-
tric materials that possess intricate geometries and customized
features.!**] The 3D printing processes commonly employed for
piezoelectric materials include stereolithography (SLA), selective
laser sintering (SLS), direct ink writing (DIW), digital light pro-
cessing (DLP), inkjet printing (IJP), and fused deposition mod-
eling (FDM).['*] In general, the selection of printing methods is
contingent upon factors such as resolution specifications, the na-
ture of materials involved, and the need for multi-material fabri-
cation capabilities. The utilization of 3D printing technology en-
ables the precise manipulation of the composition, microstruc-
ture, and shape of materials, hence leading to notable improve-
ments in the performance of piezoelectric materials with the ad-
vantages of fast molding, high precision, 3D modeling, materi-
als technology, and digital information technology.['**] The 3D-
printed high-performance piezoelectric materials hold substan-
tial potential for a wide range of applications, such as sensors,
energy harvesting, and medical devices.l"*1%’1 Zhou’s groups
have reported several interesting works on 3D printed ultrasound
transducers for biomedical applications,'*®! including BaTiO,
piezoceramic (dy; = 160 pC N7! and k, = 0.47) for ultrasonic
focusing imaging on the porcine eyeball,'*! BaTiO; with hon-
eycomb structure (dy; = 60 pC N7! and k, = 0.31) to avoid the
dicing-filling method,[**°! and lithium niobate helical-like config-
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uration for microparticle manipulation.>!! For example, the 3D-
printed dense piezoelectric elements achieve high piezoelectric
properties (d;; = 583 pC N1 and k, = 0.57) and complex archi-
tectures for localized cavitation (Figure 4h—j).">?] The utilization
of 3D printing technology in the production of package compo-
nents allows for the adjustment of acoustic properties, thereby
enabling the adaptation of PZT elements to various transmis-
sion media and applications. This enhances the adaptability of
the ultrasound transducers manufactured through this process,
particularly in the field of medical treatments. In addition, other
ceramics, including PZT,">*} Pb(Ni, ;Nb,;)0;-PZT,">*l doped-
KNN,[15°] PVDF,!156] have also been 3D printed for ultrasound
transducers. Although the utilization of 3D printing for piezo-
electric materials exhibits potential for enhancing their perfor-
mance and expanding their range of applications, there remain
various obstacles and constraints, including the issue of poros-
ity, the high rate of damage incurred throughout the production
process, and constrained dimensions and configurations of the
piezoelectric components.

2.2.4. Summary and Perspective

Flexible piezoelectric materials have garnered significant atten-
tion in recent years due to their potential applications cUSE.
However, like any emerging technology, there are several chal-
lenges and perspectives that need to be considered for the future
development and utilization of flexible piezoelectric materials.
First, it is critical to maintain piezoelectric performance and flexi-
bility concomitantly. The challenge lies in developing flexible ma-
terials with high piezoelectric coefficients to generate sufficient
electrical output for practical applications. Second, it should en-
sure the long-term reliability and robustness of these materials,
especially when subjected to mechanical stress and environmen-
tal factors. Third, it deserves to explore a broader range of materi-
als and produce flexible piezoelectric materials in large quantities
and with consistent properties, including organic and hybrid ma-
terials, to improve flexibility, scalability, and cost-effectiveness.
Furthermore, the aspect of miniaturization is a significant fac-
tor to consider, particularly in relation to the potential decline in
performance resulting from 3D printing of small components or
biopolymers with reduced aperture sizes. The issue lies in effec-
tively incorporating these materials into compact, portable, and
pliable devices while maintaining optimal functionality. There-
fore, it is of great importance for piezoelectric material to exhibit
a combination of desirable characteristics, including a high level
of piezoelectric performance, exceptional mechanical flexibility,
biocompatibility or biodegradability, environmental sustainabil-
ity, and the ability to be fabricated on a large scale at a reasonable
cost. The performance of the flexible composites based cUSE will
be discussed in Section 3.2.1.

2.3. Structure and Configurations of Ultrasound Transducers
2.3.1. Structure and Parameters of Transducers
Three-Port Network: The core component of the ultrasound

system is the ultrasound transducer. The performance of the
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ultrasound transducer is mostly determined by the transducer’s
design. The essential parts of a transducer are similar, even
though the design changes greatly depending on the diverse
needs. In medical ultrasound diagnosis, there are two primary
categories of ultrasonic transducers: single-element and array
transducers (including linear array and phased array). Single-
element transducers generate images through mechanical scan-
ning. In contrast, array transducers utilizing electronic scanning
are preferred in clinical ultrasound imaging systems due to their
numerous benefits, including high frame rate imaging, dynamic
focusing capability, real-time flow measurement, and clinical
convenience. An ultrasound transducer, as shown in Figure 3¢, is
usually treated as a three-port network: two acoustic (or mechan-
ical) ports on the front (matching layer) and back (backing layer)
sides of the piezoelectric material, and one electrical port cou-
pled to the driving/receiving circuits.?*"! The background layer,
active layer, matching layer, and optional focusing lens are the
major structural components, from bottom to top. For electri-
cal shielding and safety, the transducer is housed in a grounded
enclosure.

Matching Layer: Piezoelectric materials have an acoustic
impedance of 30 MRayl, which is substantially higher than that
of biological tissues (1.5 MRayl). Due to the acoustic impedance
mismatch, ultrasound is reflected at the interface, and thus the
ultrasound wave cannot effectively travel across the interface. As
a result, the acoustic matching layer is necessary, which can im-
prove the transducer’s sensitivity, bandwidth, and energy trans-
fer efficiency. The matching layer design requires exact acous-
tic impedance and precise thickness to achieve excellent match-
ing performance. The acoustic impedance of the matching ma-
terial is tuned by mixing high impedance particles (i.e., metal
particles, metal oxides particles) with low impedance polymer
(i.e., Epoxy) at a certain ratio.?*"! Recently, for different require-
ments of the transducer design, various matching layers have
been proposed to improve the bandwidth, including a match-
ing layer for a high-frequency (> 100 MHz) transducer (BW
at -6dB = 58.3%),/'8] neural network modeled for 2-2 com-
posites (79.6%),[1>%1 acoustic metamaterial (silica with epoxy)
with broadband gradient impedance matching (107%),['*°) nano
tungsten-epoxy based broadband gradient impedance matching
(BW = 170%),[161] transparent matching layer,1%! five equivalent
layers (142%),1%%] and so on.

Backing layer: When an electrical source excites a transducer,
it resonates at its natural resonant frequency. For continuous-
wave applications, the transducers are air-backed to enable the
maximum amount of energy to be radiated forward. Due to the
disparity in acoustic impedance between air and piezoelectric
material, acoustic energy is reflected in the forward direction at
this interface."* Thus, a negligible amount of energy is lost
through the rear port. This mismatch, which generates the so-
called ringing effect in pulse-echo applications, is extremely un-
desirable because it increases the pulse duration. To reduce ring-
ing or widen the bandwidth, absorbent backing materials with
acoustic impedances comparable to those of the piezoelectric
material can be utilized. The backing material should reduce
the mismatch in acoustic impedance as well as absorb some
of the energy from the rear face’s vibration. The energy that
enters it is absorbed to the greatest extent possible. It should
be emphasized that sensitivity must be sacrificed to suppress
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ringing or reduce pulse duration because the backing material
absorbs a significant amount of energy.'®! As a result, sensi-
tivity and pulse duration are usually traded off to increase a
transducer’s sensitivity by altering the backing layer impedance.
Tungsten-loaded epoxy and Esolder 3022 are quite popular for
backing material, and the impedance can range from 8 to
20 MRay].[23166]

Acoustic Lens: Acoustic lenses are widely used in focused ul-
trasound transducers to i) regulate the acoustic field (i.e., focus
the ultrasound beam and produce high acoustic intensity) at the
focal point, and ii) protect the matching layer because the lens
directly contacts the target for medical transducers.['”] Acous-
tic field regulation technology, based on piezoelectric ultrasonic
transducers, can be bifurcated into active and passive control
strategies. Passive control encompasses techniques such as solid
curved lenses, acoustic Fresnel lenses, acoustic projectors, lig-
uid acoustic lenses, acoustic metasurfaces, photonic crystals, and
acoustic holography.!'%®! Conversely, active control primarily in-
volves techniques like piezoelectric arrays, piezoelectric meta-
materials, and coded piezoelectric metasurfaces.['*] For exam-
ple, the unique advantages of liquid acoustic lenses,!'¢417% and
acoustic projectors,'7!] are their capacity to dynamically modu-
late the focused acoustic field distribution by altering the volume
of injected liquid and the angle of the reflective mirror. The novel
acoustic hole-hologram, ensures optimal acoustic beam focusing
while providing the transducer with high sensitivity.'’?] Coded
piezoelectric metasurfaces,!'”3] with their dual function of sound
wave generation and modulation, showcase their potential as in-
novative disruptors in the field of high-frequency acoustic field
control.

Critical Parameters: Because the piezoelectric element is essen-
tial to the transducer, the majority of the material-related param-
eters were covered in Section 2.1.1 and are included in Table 1.
Table 2 primarily contains transducer-related parameters, such as
basic ultrasonic principles, transducer design, transducer evalu-
ation, and certain resolution and doppler parameters. The link
between ultrasonic velocity and wavelength is the foundation of
transducer design. To accomplish 100% transmission from trans-
ducer to object, many equations describing acoustic impedance
and matching layer thickness are typically utilized for compu-
tation. The three most significant characteristics for evaluating
the transducer’s acoustic performance are -6 dB bandwidth, in-
sertion loss (sensitivity), and peak-to-peak voltage. With a com-
promise between bandwidth and sensitivity, the resolution of
an ultrasound imaging system is highly dependent on the de-
sign of its transducer elements. To generate high resolution im-
ages in both the axial and lateral directions, the transducer el-
ements must generate brief acoustic pulses, and the system as
a whole must have a high signal-to-noise ratio and adequate fo-
cus. Ultrasonic transducer systems have evolved to use linear
and two-dimensional arrays in which an image is formed by
electronically sweeping a beam. This is in response to the is-
sue of poor resolution outside the focal plane and limited fre-
quency in single-element transducer systems. The sound field,
beam diameter, and focal zone of the single element probe de-
termine transducer performance. Spatial resolution, temporal
resolution, and contrast resolution in ultrasound imaging are
all affected by the pulse excitation as well as the transducer
parameters.
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2.3.2. Single Element Transducers

Single element transducers are the most prevalent type of trans-
ducer, particularly for ultrasonic imaging and diagnostic applica-
tions requiring high frequency. Throughout the first few decades,
the majority of ultrasonic systems utilized single-element trans-
ducers. As depicted in Figure 3c,d, the typical structure of a
single-element transducer consists of a stack of one piezoelec-
tric element for energy conversion, multiple matching layers to
maximize energy transmission into the loading medium, and
one backing layer to provide a rigid support for the fragile piezo-
electric element and adjust the bandwidth and sensitivity of the
transducers. In general, single-element transducers can be clas-
sified as planar or focused for specialized applications.[?)] Be-
cause the planar structure limits lateral resolution and sound in-
tensity, focusing is employed to improve lateral resolution and
performance in high-resolution imaging applications. Shaping
the piezoelectric element or using a lens to create focused trans-
ducers is a typical way. The main advantage of a single-element
ultrasonic transducer over an array ultrasound transducer is its
lower geometrical complexity. As a result, the single-element ul-
trasound transducer has been investigated at ultrahigh frequen-
cies (300 MHz).

Considering the configuration of the active layer, planar single-
element transducers are commonly employed in applications re-
quiring miniature transducers or needle transducers, such as in-
traoral ultrasonography!'’#! and intravascular ultrasound (IVUS)
imaging using high working frequencies (20 MHz to over 60
MHz).l'75) Intraoral ultrasonography is based on a high working
frequency with a small aperture due to the narrow space around
the gingival area, while IVUS imaging is based on side-looking
single-element ultrasound transducers mechanically driven by a
motor to rotate inside the vessel to form a 360° cross-sectional
image.['’®l The focused transducer configuration can improve
lateral resolution and performance in high-resolution imaging
applications. In some work, the focused lenses were added to
achieve focused imaging without a destructive pressing effect on
the piezoelectric element.['””] However, the lower sensitivity due
to attenuative losses and the mechanical quality of the lens lim-
ited its practical application.['’%] In recent studies, with the devel-
opment of novel piezoelectric materials and composites, planar
single-element transducers have always been fabricated and char-
acterized using standard methods to check the performance of
new materials because of their simplest configuration. It should
be mentioned that the smaller surface area of piezoelectric ma-
terials results in a higher electrical impedance when fabricat-
ing needle transducers.”®! Therefore, new piezoelectric materi-
als with large clamped permittivity and high piezoelectric prop-
erties are advantageous for fabricating needle transducers with
high performance. Various single-element transducers with dif-
ferent piezoelectric materials, including ceramics, single crystals,
and composites, have been intensively investigated (Table 3).

2.3.3. Array Transducers
Array transducers contain multiple elements. These elements

may be rectangular and arranged in a line (referred to as a 1D lin-
ear array transducer), square and arranged in rows and columns
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(referred to as a 2D array transducer), or arranged in a circle (re-
ferred to as a circular array), or ring-shaped and arranged con-
centrically (referred to as an annular array).[*®! Figure 3e depicts
the schematic diagram of different array transducers. Array trans-
ducers are preferred over single-element transducers in clinical
applications due to their clinical convenience, increased frame
rates, and ability to dynamically focus the beam. Applying re-
peated voltage pulses to groups of elements is how an array is op-
erated. An image identical to that obtained by mechanically scan-
ning a single transducer is created as the sound beam is moved
electronically across the transducer’s front side.

In contrast to a linear array, which typically has a pitch of one
wavelength, a phased array has a pitch that is less than half that
wavelength. A phased array can direct beams with a narrower
pitch without creating grating lobes. Additionally, the relatively
smaller footprint of the array is advantageous when only a very
small contact area is allowed. A linear phased array has an ele-
ment spacing of 4/2 and can steer the ultrasonic beam off the
axis of the array, whereas a linear array has an element separa-
tion of one wavelength in the tissue and focuses along the ar-
ray axis. A 2D array may focus and scan a symmetrically focused
beam throughout a volume to produce a 3D image. It has an el-
ement spacing of A or 4/2 in both dimensions. Real-time volu-
metric imaging of complete organs is now therapeutically fea-
sible on high-end ultrasound scanners because of the develop-
ment of 2D matrix transducer arrays.['”°! Although a matrix probe
has demonstrated excellent resolution in 3D imaging, N? con-
nections cannot be avoided, where N is the number of elements
in each dimension of the 2D array.'® Row-column addressed
(RCA) probes have the potential to be more affordable to produce,
and the use of fewer connections makes setup easier. In order to
reduce the number of channels in a completely populated ma-
trix array of dimension N X N by a factor of N/2, the idea of RCA
probes with N + N components has been suggested.['¥] Recently,
the RCA matrix has been utilized for many applications, mainly
volumetric flow imaging.!1”°]

2.3.4. Piezoelectric Micromachined Ultrasonic Transducers

As previously noted, such transducers typically consist of a piezo-
electric material sandwiched by electrode layers, often with an
adhesive layer, and finally coupled by electrical wires. This type
of construction, however, has significant restrictions. The anti-
resonant frequency of the transducer is proportional to the thick-
ness of the piezoelectric material and the longitudinal velocity of
sound in the piezoelectric material’s poling direction. Because
of the direct dependence of the resonance frequency on layer
thickness, transducer design and structure are limited for certain
applications.['] Due to the complexities of matching layers with
precise thickness for high frequency ultrasound transducers, the
fabrication difficulties of traditional piezoelectric transducer ar-
chitectures increase considerably for 1D linear and 2D ultra-
sound arrays for beam steering and 3D volumetric imaging.[18?]
In recent decades, micromachined ultrasonic transducers
(MUTs) have been investigated as an alternative to conven-
tional piezocomposite ultrasonic transducers, primarily due to
the advantages that microelectromechanical systems (MEMS)
provide in minimizing and eliminating the problems that were
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mentioned above.'®] Sensors that utilize MEMS technology

have shown a decrease in noise in data collection, lower power
consumption, and can be produced in large batches.['**# One
of the most common MUTs being developed and researched
today is the piezoelectric micromachined ultrasonic transducer
(pMUT). For ultrasound imaging, the acoustic pressure emit-
ted by each PMUT element is reflected by an object and re-
turns to the PMUT array to induce stress in the piezoelec-
tric layers (Figure 3f). Recently, many pMUT have been de-
signed using the RCA connection due to the easy and large-scale
fabrication.[*®] unlike CMUTs, which improve transducer sensi-
tivity by reducing the impacts of parasitic capacitance while allow-
ing for the use of low voltage electronics. In comparison with bulk
piezoelectric ultrasound transducers, pMUTs offer advantages
such as increased bandwidth, flexible geometries, and a good
acoustic match with the medium.!"8! In comparison with capac-
itive micromachined ultrasonic transducers (c(MUT), PMUTSs, do
not require a high voltage bias and have fewer geometric and de-
sign constraints, making integration with low voltage circuits eas-
ier. PMUTs also have various advantages, such as larger capaci-
tance, lower electrical impedance, and higher acoustic intensity.

3. Advanced Designs and Technologies for
Conformable Ultrasound Electronics

3.1. Current Limitations and Motivation

Most conventional ultrasound probes have been widely used for
medical diagnosis and non-destructive testing (NDT), including
linear arrays, convex/concave arrays, phased arrays, and 2D ma-
trix arrays. They are notable for being presented in a rigid format,
whose size and shape are decided upon at the time of manufac-
ture and fastened to a solid support. In addition, it is not possible
to maintain solid interfacial contact and excellent coupling with
irregular non-planar surfaces, such as engineering components
(vessel/pipe, wind turbine blade, aircraft structures, etc.) or hu-
man body parts (human skull, belly, shoulder, etc.). Air gaps or
inadequate contacts at these interfaces result in significant acous-
tic energy reflections and wave distortions, resulting in unreli-
able test results. Although many applications can be satisfactorily
accommodated by these hard probes, they have inherent limits
in certain situations and still face fundamental challenges that
significantly limit their usability for the next generation of wear-
able technologies and their applications.**! For instance, it is im-
possible to achieve sufficient contact over soft surfaces in large
areas (such as the shoulder or breast) or small joints (such as
the finger or wrist joints) because the ultrasound transducer is
rigid and planar in contrast to the curvilinear shape of the body
parts. Similarly, it is also difficult to let the probe fully contact
the irregular surface, or examine the interior walls of a hollow
workpiece through a small opening. The defect detection sensi-
tivity is reduced, and the possibility of receiving false signals is
increased. Attempts at imaging these body and object parts are
highly operator-dependent, requiring manually scanning back
and forth at different orientations.!'®’] To solve these challenges,
the past six years have witnessed the development and impact of
wearable electronic devices on a range of areas, of which health-
care is considered to be the most promising due to the long-term,
continuous wearability of these devices.
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Compared with traditional ultrasound probes, cUSE with dif-
ferent designs exhibited many advantages that meet the require-
ments of next-generation biomedical devices.[?72%33-3563] The
cUSE can i) balance the high ultrasound performance and me-
chanical stretchability over irregular surfaces of objects or the hu-
man body, ii) achieve seamless adhesion for long-term and com-
fort monitoring, iii) provide expanded detection and an enlarged
field of view in a more operator-independent fashion, accumulat-
ing more information in a single scan without translating and ro-
tating transducers manually, iv) enhance the signal quality, power
transferring, and beam focusing capabilities, v) improve the ul-
trasound wave penetration, and vi) provide efficient and accu-
rate therapy. With these advantages, the cUSE can be performed
safely at home and is easy to use by patients themselves, elimi-
nating the dependence on a trained ultrasound technician. In the
next section, five design strategies for cUSE with examples will
be summarized and discussed (Figure 5).

3.2. Strategies towards Conformable Ultrasound Electronics
3.2.1. Type I: Flexible Single Element

This form of cUSE has been extensively studied because polymer-
based transducers are typically the first option when discussing
flexible/wearable piezoelectric devices. The single flexible ele-
ment may consist of any piezoelectric material, including poly-
mers and flexible composites (Figure 5a). The flexible single el-
ement can usually be used to transmit and receive signals for
A mode ultrasound measurement or utilize the entire device to
generate ultrasound power. Even though some devices employ
array configurations, they are still regarded as singular elements.
PVDF and PVDF-based copolymers have been fabricated as ul-
trasound transducers with unique properties for a wide range
of medical and biological imaging applications.[!13¢19] PVDF-
based flexible sensors have attracted considerable attention due
to their advantages of flexibility, wide frequency response, low
cost, ease of fabrication, biocompatibility, and lightweight.[11%¢]
Although the electromechanical properties of PVDF fall short of
those of composite ceramic materials in the traditional diagnos-
tic frequency range, it has substantial advantages between 25 and
100 MHz. In the past few decades, PVDF films have been exten-
sively investigated as sensors for physiological signal-measuring
systems. Its low acoustic impedance, which mirrors that of the
body reasonably well, and its flexible mechanical properties are
most notable.

Most ultrasonic sensors were made of PVDF film with sil-
ver paint electrodes and polyimide (PI) films with silicone
glue for electrical insulation, sensor protection, and water
resistance.['1341%4] Despite the fabrication and monitoring of sev-
eral ultrasound sensors for diverse organs, including muscle
thickness,1°! skeletal muscle,!'®! diabetic foot care,''3d artery
monitoring, %! and finger printing.[''*] This particular design
exhibited three significant flaws: i) the PI film and silicone ad-
hesive caused internal ultrasound reflections that made it hard
to find desired ultrasonic signals near the sensor, ii) the sen-
sor was sensitive to electronic noise because it did not have a
way to block out electromagnetic radiation, and iii) the poly-
mers are not suitable to serve as transmitters because of their
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Different types of cUSE Representative work

Type I: Flexible single element
= The element can be polymer or flexible composites

= Seamlessly adhesion on regular curved surface

nly for signal monitoring/powering/stimulating

Type ll: Flexible single array
= Elements on the bendable/flexible substrate

= Seamlessly adhesion on regular curved surface
= Suitable for long-term powering/monitoring/imaging

= Localization of all elements is critical to the imaging

Type lll: Stretchable single array
= Elements on the stretchable substrate

= Can image limited area (phased array for low freq.)
= Seamlessly adhesion on irregular surface (i.e. skin)

= Localization of all elements is critical to the imaging

Type IV: Multiple phased arrays
= Several phased arrays on the stretchable substrate

= Any type of the array and works independently
= Seamlessly adhesion on irregular surface (i.e. skin)

= |maging reconstruction can achieve larger FOV

Type V: Rigid single array
= The array is rigid or integrated into PCB
= Adhesion from external pressure or interface bonding /i

= Suitable for long-term powering/monitoring/imaging

= Performance similar to conventional transducers

Figure 5. Strategies toward conformable ultrasound electronics. a) Type I: Flexible single element. b) Ultrasound measurement of skeletal muscle con-
tractile parameters using flexible and wearable single-element ultrasonic sensor. Reproduced under the terms of the Creative Commons License.[1%8]
Copyright 2020, The Authors, Published by MDPI. c) Conformally large-area single-crystal piezocomposites with high performance for acoustic transduc-
ers. Reproduced with permission.l'*1b] Copyright 2023, American Chemical Society. d) 3D-printing piezoelectric composite with honeycomb structure
for ultrasonic devices. Reproduced under the terms of the Creative Commons License.['3%] Copyright 2020, The Authors, Published by MDPI. ) Type II:
Flexible single array. f) Continuous monitoring with a permanently installed high-resolution ultrasonic phased array. Reproduced with permission.[23]
Copyright 2023, The Authors, Published by SAGE Publications. g) Flexible ultrasound transceiver array for non-invasive surface-conformable imaging
enabled by geometric phase correction. Reproduced under the terms of the Creative Commons License.l'®%] Copyright 2022, The Authors, Published
by Springer Nature Limited. h) Thin, flexible, and biocompatible medical ultrasound array transducer using a sol-gel composite spray technique.l’®]
Copyright 2023, The Japan Society of Applied Physics. i) Type I1I: Stretchable single array. j) Stretchable ultrasonic transducer arrays for three-dimensional
imaging on complex surfaces. Reproduced under the terms of the Creative Commons License.l?’] Copyright 2018, The Authors, Published by American
Association for the Advancement of Science. k) Monitoring of the central blood pressure waveform via a conformal ultrasonic device. Reproduced under
the terms of the Creative Commons License.[3*] Copyright 2018, The Authors, Published by Springer Nature Limited. |) A wearable cardiac ultrasound
imager. Reproduced under the terms of the Creative Commons License.[**] Copyright 2023, The Authors, Published by Springer Nature Limited. m) Type
IV: Multiple phased arrays. n) Conformable phased array ultrasound patch for bladder volume monitoring. Reproduced with permission.[32] Copyright
2023, Springer Nature Limited. o) Methods and apparatus for imaging with conformable ultrasound patch. Reproduced under the terms of the Cre-
ative Commons License.['2] Copyright 2020, The Authors. p) Bendable pMUT arrays based on silicon-on-insulator (SOI) technology.[®d] The schematic
drawn by authors is to show the design of this work. q) Type I: Rigid single array. r) Flexible ultrasound-induced retinal stimulating piezo-arrays for
biomimetic visual prostheses. Reproduced under the terms of the Creative Commons License.[*?] Copyright 2022, The Authors, Published by Springer
Nature Limited. s) Bioadhesive ultrasound for long-term continuous imaging of diverse organs. Reproduced under the terms of the Creative Commons
License.[?°l Copyright 2022, The Authors, Published by American Association for the Advancement of Science. t) Cnformable ultrasound breast patch
for deep tissue scanning and imaging. Reproduced under the terms of the Creative Commons License.31] Copyright 2023, The Authors, Published by
American Association for the Advancement of Science.
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low electromechanical coupling coefficients, low dielectric con-
stants, and high dielectric losses.'”] To solve these challenges,
some flexible piezocomposites have been proposed to improve
acoustic power and provide short pulse generation, as discussed
in Section 2.2.11302198] Potential candidates for single-element
transducers will also include some other freshly manufactured
piezoelectric composites, such as 0-3 composites,!'®! 1-3 com-
posites (Figure 5c),'2131%] and 3D printed complex structure
(Figure 5d).118]

3.2.2. Type Il: Flexible Single Array

This type of cUSE with a flexible single array is derived from Type
I because Type I only utilized a single element that was inca-
pable of achieving B mode ultrasound imaging. The main con-
figuration of Type I is to distribute piezoelectric elements on the
bendable/flexible (not stretchable) substrate to achieve good con-
tact on the developed (curved and regular) surface (Figure 5e).
For this type, there are fewer reports on PVDF-based flexible ar-
rays because PVDF does not have strong imaging capability.[2%]
Therefore, most of the flexible array are based on commercial
PZT ceramics or PZT and AIN thin films, including a flexible ul-
trasound array for structural health monitoring (Figure 5f),[%!
a flexible PZT linear array by the sol-gel composite spray tech-
nique (Figure 5h),[1!) a 3D-smart flexible phased array with a pro-
filometer for element localization,?°!l piezoelectric fibers with
air gap to achieve flexibility,2?] flexible 2 x 8 array with copper-
cladded flexible printed circuit,?®®! affixable thin flexible ultra-
sound transducer using PZT mounted on the silicon islands for
needle guidance,?* a ring-annular ultrasound array for use in
interventional procedures,[?) MEMs fabricated flexible 4 x 4
transducer,2%! rubber encapsulated flexible array for inspecting
curved components,?”] 1-3 composites encapsulated by rubber
layer for irregular surface,!?%®] flexible transducer for imaging alu-
minum pipe with interior crack,?*”! bendable pMUT array for
brain stimulation, !l wearable pMUT array for muscle disor-
der diagnostics,!?!! bendable array for the image-guided neural
therapy,!'®] AIN based flexible pMUT;[212] PZT with flexible pas-
sive rubber imaging on a fractured cortical bovine bone, ¢ Ag-
NWs electrodes for 1-3 bendable composites,!®"! and ‘belt-type’
conformal transducer array for transcranial brain imaging.[?13]
In addition to pMUT, researchers also expanded their studies on
cMUT in a flexible configuration,!?!*! but continue to emphasize
the fabrication method and rarely discuss the imaging applica-
tion.

The advantages of Type II can be summarized as follows: i)
increased image information during a single scan due to the
increased coverage; ii) potentially reduce both the expertise re-
quired to acquire an image and the variance between users of
varying skill levels; iii) conformal images can be created via post-
processing. There are also some critical issues to which atten-
tion needs to be paid during design and fabrication: i) trade-
off between the desirable high aspect ratio of their piezoelectric
rods and the flexibility and durability of the piezoelectric poly-
mer matrix, ii) these flexible arrays can only conform to sur-
faces that can be developed, such as cylindrical surfaces, and not
non-developable surfaces, such as spherical surfaces, iii) the el-
ement position is critical to the image post-processing, and iv)
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when used repeatedly, the flexible conductive interconnections
are prone to breakage or debonding because their flexibility is in-
sufficient to handle the complex and time-dynamic motion of the
electrodes and the device during measurements.

3.2.3. Type Ill: Stretchable Single Array

In general, most of the work reported in Types I and II suf-
fered from several limitations. First, the flexible ultrasonic probe
should not be considered a heavy-duty tool because constant pres-
sure should be applied to the probe to maintain good adhesion for
clear signals. To solve this problem, the flexible probe was usually
connected to a holder assembly for operation or pressed by hand
to achieve sufficient contact on the irregular surface. Second, it
is still difficult to accurately calculate the time delay for curved
components, and it is not applicable to use theories of planar
time delay laws for array elements distributed on curved surfaces.
Third, the flexible device is not stretchable, which can only fully
conform to developable surfaces (i.e., cylindrical surfaces) but
cannot seamlessly attach to non-developable surfaces (i.e., spher-
ical, or irregular surfaces). Fourth, the current work is mainly
dedicated to the design and fabrication of the conformable ul-
trasound transducer, lacking consideration of the flexible inte-
grated circuit and whole imaging system in a conformable way.
As a result, it is highly desirable to develop conformable ultra-
sound transducer arrays that are operator-independent and pro-
vide seamless contact with the curvilinear surfaces. Meanwhile, it
is also important to accurately determine the time delay laws and
sound field distribution inside the object with curved surfaces,
then refine the inspection technique and improve reliability and
repeatability.

The key distinction between type I1I and type II is that type III
can accomplish greater coupling with irregular, non-planar sur-
faces. Based on this perspective, replacing the flexible substrate
with a stretchable substrate (e.g., PDMS, Ecoflex) allows for the
fabrication of a stretchable single array.?’! However, to achieve
device flexibility while preserving the rigid key components
of the transducer (i.e., active elements, backing layer, match-
ing layer), the “island-bridge” structure has been widely used
(Figure 5i),1*] which consists of thin piezoelectric elements
as transducers, single or multilayered serpentine metal traces
as electrical interconnects, and low-modulus elastomer mem-
branes as encapsulation materials.!?”] This type of cUSE was first
proposed by Zhang and Sheng in 2018,121%! then have become the
most widely used design in the past 6 years. Many researchers
have become dedicated to combining ultrasound functionality
with this type of design.[7333563] The top and bottom stretch-
able interconnections are usually made of copper (Cu) as a
conductive layer and polyimide (PI) as a protective layer. This
design utilizes the advantage of stretchability while maintaining
the ultrasound performance of each element and has been
achieved in various applications, including for Al block imaging
(Figure 5j),!%”] blood pressure monitoring (Figure 5k),[3+217]
blood velocity monitoring,*! cardiac monitoring (Figure 51),1*!
treatment on bone injury?®! wireless multifunctional
implants,!° 3D scanning on skull model,[®¢22] chronic
wound healing,®*! deep brain stimulation,*?! and many other
monitoring.33221]
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Similar to Type III, some critical issues have been over-
come but still need further investigation: i) the multiple elec-
trode design would greatly increase the difficulty and cost
of fabrication, ii) precise and dynamic localization of all ele-
ments with advanced imaging algorithms, iii) combination of
the transducer with on-board signal pre-conditioning, memory,
and wireless data transmission, and iv) replacing the power
supply with a flexible lithium-polymer battery of the highest

quality.

3.2.4. Type IV: Multiple Phased Arrays

The design idea of the cUSE with multiple phased arrays can
be found as early as in C. Daft’s introduction/?*! and X. Jiang’s
further concept description,[???] then realized for breast patch
designl®! and achieved on bladder imaging with a clinical study
by Zhang and Dagdeviren (Figure 5m—o).1>2] This design enabled
the wearable integration of ultrasound technology and displayed
a spatio-temporally precise image reconstruction technique on
a larger field of view (FOV) for monitoring deeper bodily com-
ponents. Different from the Type III design, which uses hun-
dreds of elements on the stretchable substrate, in this design,
adjacent parts are brought closer together to build phased arrays
to balance the mechanical stretchability and ultrasound imaging
resolution. The aperture of the phased array is designed to pro-
duce a higher FOV and cover the space between adjacent arrays.
The array can be either a 1D array or a 2D matrix phased ar-
ray. As a result, the phased array imaging performance is main-
tained while simultaneously allowing for large surface area cover-
age and mechanical deformation. The new design demonstrates
both local stiffness and global malleability. The partial overlap
between images from each phased array helps with the final
image reconstruction. This design is also feasible for the bend-
able pMUT with high element density and reduced fabricated
steps. Puers’s group proposed pMUT based multiple arrays on
the silicon islands, which were connected by the silicon strings
(Figure 5p).[3d] The induced wave generated by a pMUT can be
transmitted easier through the substrate to other pMUTs. Based
on the suggested methodology, a bendable array is very confor-
mal to the intended structure. Several silicon islands, each carry-
ing a pMUT array and linked together by silicon springs, make
up the flexible structure. Very recently, a novel transformable
design inspired by the paper-folding mechanism was proposed,
which can transform between a 1D linear array and a 2D planar
array with the ability to switch between different functions, in-
cluding 2D/3D imaging and high-intensity focused ultrasound
beamforming. %]

For specific applications, such as imaging and monitoring
large organs (breast, bladder, fetus, etc.), this design can obtain
the images in two orientations (transverse and sagittal planes)[3?!
or any orientation (breast)®"192l simultaneously, avoiding the re-
quirement for manual rotation. For localizing the position of each
array and image reconstruction, we suggested two methods: i) to
use the position of the objects in the overlapped area in the ul-
trasound images to stitch different images, ii) to use separate el-
ements to localize the array positions by ultrasound wave, which
is similar to the principles used in the global positioning system
(GPS).[192]
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3.2.5. Type V: Rigid Single Array

In recent work for cUSE, this type of design represents a unique
path. The configuration is like the first generation of conformable
electronics, which employed a belt, band, straps, or holder to wear
the functional devices on the human body, because it uses a rigid
single array with a high density of elements or integrated rigid
components with the PCB. This type of cUSE still requires sup-
port for adherence because it cannot be laminated on the skin by
itself. Examples of such assistance include tape or adhesive be-
tween the device/skin interface, external pressure on the device’s
back, and other frame or holder pressing on the skin (Figure 5q).
However, this kind of adhesion did not hamper patients’ mobility
or cause any inconvenience or discomfort. The main reason we
take this type into account in the cUSE is because it meets the
requirements of long-term continuous imaging and monitoring
and operates independently.

Zhao’s group recently reported that they had made a bioad-
hesive ultrasound (BAUS) device that stuck well to the skin. It
had a small, rigid ultrasonic array and a coupling layer made of a
flexible, resilient, bioadhesive hydrogel-elastomer hybrid.[?l The
BAUS device provides 48 hours of continuous imaging of diverse
internal organs. The innovation can be attributed to the hydrogel-
elastomer hybrid, which paved the way for future long-term mon-
itoring not only for the cUSE, but also for other conformable
electronics.???! In some organs, it does not require long-term
monitoring but requires precise repeatability of array positioning
on a large, curved surface over a long time. Very recently, Dagde-
viren’s group proposed a different design that uses a nature-
inspired honeycomb patch to hold the rotated phased array on the
breast to achieve tumor imaging.[*!! Breastimaging, unlike heart,
bladder, and other organ monitoring, focuses on the precise po-
sition of the cyst in the breast rather than requiring continuous
imaging during a person’s activities. The patch design provides
several developments, including i) the ability to move through a
path of 15 imaged sections to cover a larger area; ii) mechani-
cal support and stability for the array, with a tracker to achieve
images at different angles via rotation,; iii) the elimination of the
need for an operator to constantly move the array; and iv) great
repeatability positions, demonstrating reliable and comparable
breast tissue screening for long-term monitoring. This design
solved the conventional transducers with small apertures could
not achieve continuous imaging and large area scanning at the
same time, providing a new, easy-operated strategy for imaging
large area surfaces. Besides the single rigid array, the transducer
integrated with the electronics to form a miniaturized cUSE is
another important type. Material selection, advanced manufac-
turing processes, and circuit integration are critical to the minia-
turized cUSE.[? This design usually targets special or inter-
nal organs with a small area, such as ultrasound-induced retinal
stimulating,**l and miniaturized neural dust mote.[22*]

3.3. Advanced Materials and Technologies for cUSE
Advanced materials and novel technologies are critical for cUSE
to achieve superior ultrasound performance and mechanical

confirmability. For the different types of cUSE discussed in
Section 3.2, besides the selection of advanced piezoelectrics,
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Substrate

Rigid thin substrate

\\__/

Bendable substrate

N

Stretchable substrate
V -
Figure 6. Schematic of various substrates and coupling agents for cUSE.

various novel structure designs, high-tech fabrication, and inte-
grated electronics are also needed to be summarized.

3.3.1. Substrates: from Hard to Soft

Conventional ultrasound transducers were fabricated on rigid
substrates such as silicon wafers. Due to the increasing de-
mand for mechanically flexible ultrasonic transducers for wear-
able biomedical applications, several approaches have been de-
veloped to realize flexible or even stretchable ultrasonic trans-
ducers (Figure 6).[224220255] [n that sense, substrates also need
to become softer and more flexible. The mechanical properties
of commonly used substrates are listed in Table 5, and the se-
lection of the substrate will depend on the application of the
ultrasonic transducer. In general, substrates for conformable
ultrasonic transducers require good thermal stability, biocom-
patibility, and proper mechanical properties. The mechanical
properties of the substrate can also be modified by optimiz-
ing the thickness of the substrate, since the bending stiffness
of the thin film is a function of Young’s modulus and the
thickness.[22¢] If the transducer will be used for monitoring rel-
atively large organs with low surface curvature, such as the
heart, fetus, and bladder, a flexible substrate will be sufficient.
Whereas if the transducer will be applied to organs with small
features or larger curvatures, such as the skull, elbow, or small or-
gans, ultrasonic transducers should be in a thin and stretchable
form.

In terms of device fabrication, it is quite challenging to
fabricate high-performance flexible ultrasonic transducers di-
rectly onto a flexible substrate since most piezoceramic ma-
terials require high-temperature processing (over 700 °C) to
increase piezoelectric performances, or mechanical dicing or
laser cutting methods to fabricate high-performance piezoelec-
tric composites, which are not compatible with flexible polymeric
substrates.[?”5%2227] Thus, several approaches were developed to
fabricate flexible ultrasonic transducers: i) fabricate ultrasonic
transducers on the rigid substrate and transfer them to the flexi-
ble substrate; and ii) use low-temperature processable piezoelec-
tric materials such as polymer-based or high-performance piezo-
electric thin films. Hu et al. reported stretchable ultrasonic trans-
ducers and fabricated 1-3 piezoelectric composites on a rigid
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glass substrate using the dice-and-fill technique and transferred
them onto a stretchable Ecoflex substrate (Figure 7a,b).[?”] Fur-
thermore, Liu et al. reported thin PZT film-based flexible ul-
trasonic transducers on polyimide substrates. They fabricated
Pt/PZT/Pt structured ultrasonic transducers on the silicon wafer
with silicon dioxide and transferred it onto polyimide films
(Figure 7c).1227% On the other hand, Mastronardi et al. reported
flexible piezoelectric transducers based on AIN thin film.!'%°]
They directly deposited a transducer with a Mo/AIN/Mo struc-
ture on the flexible PI substrate using the sputtering method
(Figure 7d). As summarized in Table 5, there are various sub-
strates that could be applied to mechanically flexible and stretch-
able ultrasonic transducers. However, innovation is required in
piezoelectric materials such as novel processing methods or low-
temperature processable high-performance piezoelectric materi-
als to fabricate flexible ultrasonic transducers with high reliabil-

ity.

3.3.2. Interconnects and Electrodes

Interconnects and electrodes are critical for whole conformable
ultrasound systems because they are the electrical skeleton that
physically links the transducers to the electronic hardware and
transmits electrical signals from elements to the system. Since
most high-performance piezoelectric materials are based on rigid
piezoelectric ceramics, most flexible or stretchable ultrasonic
transducers are based on an island interconnect structure, in
which small islands of transducer arrays are connected by con-
ductive interconnects.?”:225228] However, conventional conduc-
tive traces such as metal thin films or foils could not be applied to
flexible and stretchable ultrasonic transducers due to their brittle
nature. Hence, the development and integration of highly flex-
ible, even stretchable, conductive layers with piezoelectric lay-
ers are also critical challenges in flexible ultrasonic transducers.
In general, there are two types of approaches to developing me-
chanically robust conduction layers. One is adopting structural
modifications, such as serpentine structured conductive layers.
In this approach, metal thin films are patterned into serpentine
structures (Figure 7a,b).!’! This structural modification mini-
mizes the applied strain on the metal thin film interconnect,
hence preventing catastrophic failure of the interconnects.[?>! By
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Kapton

Figure 7. Flexible or stretchable ultrasonic transducers fabricated by various methods. a) A optical microscope image of 1-3 composites mounted on the
stretchable Ecoflex substrate and connected by serpentine interconnects (left) and scanning electron microscopy image of 1-3 composite piezoelectric
ceramic. b) a stretchable ultrasonic transducer array using diced piezoelectric ceramics mounted on a curved surface. Reproduced under the terms of
the Creative Commons License.[?”] Copyright 2018, The Authors, Published by American Association for the Advancement of Science. c) A 1D array of
thin film ultrasonic transducer fabricated on Si wafer prior to transfer it to the flexible polyimide substrate. Reproduced with permission.[2275] Copyright
2021, MDPI. d) A cross-section scanning electron microscopy image of a thin film ultrasonic transducer directly deposited on a polyimide substrate.

Reproduced with permission.l'%%] Copyright 2014, Elsevier.

designing the interconnects, the maximum stretchability of ser-
pentine traces could go up to 300%.22%! Serpentine interconnects
can be fabricated using conventional photolithography processes
or laser cutting.[220228230] Although the metal layer in serpentine
design can improve the flexibility of the entire device, metal-type
electrodes still suffer from cracking or delamination during me-
chanical bending or stretching, and it has not been overcome very
well, as shown in (Figure 8a,d).[?3!]

Hence, researchers also tried to develop intrinsically flexi-
ble or stretchable conductive materials. In this approach, var-
ious novel nanomaterials such as carbon nanotubes (CNTs),
metallic nanowire networks, liquid metals, and conducting poly-
mers such as polyaniline and Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) have been adopted for con-
ductive traces and interconnects. However, the conductivity and
electromechanical effects of conductive polymers limited their
use as electrodes for the transducer. Recently, Kim et al. pro-
posed flexible electrodes, mixing silver nanowires (AgNWs) with
PDMS, were deposited on the transducers using a spray coating
method, providing sufficient conductivity through the repeated
bending tests.[?! The AgNW/PDMS electrodes can maintain ex-
cellent conductivity in a highly strained state (e.g. > 5000 S cm™
at 50% tensile strain).®?] Hu et al. reported stretchable ultra-
sonic transducers using liquid metal conductive interconnects
(Figure 8e,f). They mixed eutectic gallium-indium liquid metal
into a poly(styrene-ethylene-butylene-styrene) co-polymer matrix
to make a highly stretchable interconnect, and this conducting
layer could be stretched up to 750% (Figure 8¢).1**] They could
continuously monitor cardiac activity by using ultrasonic trans-
ducers with liquid metal interconnects. Although serpentine-
shaped metal thin films could produce highly stretchable electri-
cal interconnects, novel intrinsically flexible or stretchable con-
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ductive materials could prevent the delamination issue and en-
able high density ultrasonic transducer arrays.

3.3.3. Device-Skin Interface

When designing the interface between the flexible ultrasonic
transducer and skin, two major points need to be considered: i)
good mechanical interface and ii) acoustic matching. For wear-
able electronics that receive physiological signals from the hu-
man body, maintaining good conformal contact with the skin is
crucial for accurate measurement.[22823] To maintain good con-
formal contact with the skin, the interfacial layer should have
a similar Young’s modulus and high adhesion strength to the
skin.[29233] If ultrasonic transducers have poor conformal contact
with the skin, an air gap will be formed at the interface, which
results in severe noise and scattering of the ultrasonic wave.[?28]
Young’s modulus of the skin is reported to be 5 kPa to 140 MPa,
and it is important to develop a proper matching layer to improve
the conformal contact.[?** In summary, the interface layer should
be evaluated by the following criteria: strong adhesion for robust
bonding, small attenuation for wave penetration, excellent per-
meability for moisture evaporation, and good biocompatibility for
safe and comfortable monitoring (Figure 6).

In a recent study, researchers proposed that hydrogels meet
the suggested requirement to solve the mechanical mismatch be-
tween ultrasound transducers and soft skin to achieve a chroni-
cally stable and robust device-skin interface.l*’>?*°] A new group
of hydrogel-based sensor—tissue interfaces exploits hydrogels
with both mechanical toughness and tissue-adhesive features to
realize strong bonding at the sensor-tissue interface.[?3¢) By min-
imizing the mechanical mismatch between the device and the
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Figure 8. Various electrical conductor materials for flexible and stretchable ultrasonic transducers. a) A photograph of metal thin film-based serpentine
interconnect under mechanical stretching and releasing. Delamination has occurred at the interconnect/elastomer interface. Reproduced under the
terms of the Creative Commons License.[2] Copyright 2018, The Authors, Published by American Association for the Advancement of Science. b)
An optical microscopy image of serpentine interconnect under stretching with 10% strain. Cracks were observed on the surface of the interconnect,
which could be observed in the magnified images (c) and (d). Reproduced under the terms of the Creative Commons License.[?3'] Copyright 2021, The
Authors, Published by IEEE. e) liquid metal-based stretchable conductive layers under various strains. f) An ultrasonic transducer using liquid metal-
based interconnects under mechanical stretching. Reproduced under the terms of the Creative Commons License.[43] Copyright 2023, The Authors,

Published by Springer Nature.

tissues compared with conventional ultrasound probes, hydro-
gels also eliminate the tiny voids that typically increase interfa-
cial impedance at the device/tissue interface. For example, Wang
et al. reported a bioadhesive ultrasound (BAUS) device that con-
sists of a thin and rigid piezoelectric probe array robustly ad-
hered to the skin via a couplant made of a soft, tough, anti-
dehydrating, and bioadhesive hydrogel-elastomer hybrid.[*! This
hydrogel matching layer has a Young’s modulus value of 100 kPa
and an interfacial toughness of 853 ] m=2 with the skin, which
showed good conformal contact with the skin for 48 hours and
superior acoustic matching, enabling wearable long-term ultra-
sound imaging.

3.3.4. Integrated System

The basic working principle of an ultrasound data acquisition
system for imaging can be described as following.?3”] The multi-
element transducer is stimulated by a high-voltage waveform via
a transmit/receiver (T/R) switch. The application of this voltage
induces expansion and contraction of the transducer element
through the phenomenon of piezoelectric effect, resulting in the
generation of an ultrasonic wave. Following the act of firing, the
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transmit/receive (T/R) switch undergoes a transition to the re-
ceive pathway. The process of ultrasound reflections, known as
echos, involves the expansion and compression of the transducer
element upon their return to the transducer. This expansion and
compression generate a voltage, facilitated by the piezoelectric
effect. The voltage is modulated by an analog front end (AFE).
The AFE commonly consists of several gain and filtering stages.
Frequently, the amplification of a stage exhibits temporal varia-
tion upon triggering. To mitigate the detrimental effects of wave-
form spreading and attenuation, time-gain compensation is em-
ployed. The conditioned signal is subsequently converted into
digital form through the utilization of an analog-to-digital con-
verter (ADC). The controller is responsible for regulating several
aspects of the transmission process, including the voltage lev-
els, waveform shape, and timing between different channels to
ensure proper beam focusing. Additionally, it controls the gains
and filters on the receiving side and manages the digitized data
stream. It may also do additional signal conditioning and receive-
side beam focusing as necessary. Additionally, the controller has
the capability to perform additional data processing in order to
generate B-mode images.

The existing electronics architecture of conventional imag-
ing systems encounters several obstacles for the future
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requirement of ultrasound imaging because i) the form fac-
tor changing from a traditional bulky probe to portable and
patches,!?*] i) imaging requirements from 2D to 3D with
enhanced resolution, and iii) the operator expanded from expert
sonographers into more widespread general public users.!2¥’¢]
The current electronics architecture of conventional imaging
systems, which relies on readily available commercial compo-
nents, lacks scalability in relation to the newly introduced form
factors, particularly in terms of size and power consumption.
Furthermore, in regards to channel count, these architectures ex-
hibit limited scalability when applied to 3D imaging. Integrated
circuits (ICs) and MEMS technology supported ultrasound-on-
chip platforms are of paramount importance in facilitating these
advancements.[?*”] Recently, many electrical engineers dedicated
to this field have proposed advanced systems, such as area- and
power-efficient application-specific integrated circuit (ASIC) for a
miniaturized 3-D ultrasound system,[?*") a PMUTon-CMOS with
a competitive noise efficient factor,?*!l a compact high-voltage
transmit circuit,?*?! an analog-front-end circuit,?*! a PMUT
device with the companion ASICs,!***] and a field-programmable
gate array (FPGA)-based portable system.[?*]

As previously indicated, the structures of interest demand
some tradeoffs in terms of the quality and strength of the sig-
nals that may be acquired when employing a conformable ultra-
sonic device. Conformable technologies provide a wide range of
wearable applications, which necessitate the adaptation of classic
ultrasonic acquisition methods to meet the demands.]3] Current
systems have several drawbacks that have limited their applica-
tion for cUSE, i) present systems lack an integrated, portable,
and low-cost imaging system with sufficient resolution to de-
termine the optimal position and focal depth for modulation;
ii) the current systems’ relative size, weight, and power are pro-
hibitive to widespread deployment; iii) the imaging quality highly
relies on the large control systems. It is not easy to combine
hard ultrasonic chips with a soft adhesive substrate to achieve
stable contact with human skin. Thus, Soumyajit's group pro-
posed several custom-designed bendable prototypes and data ac-
quisition systems to demonstrate its capability in acquiring ultra-
sound images, including modulating nerve conduction, imaging
to monitor the target, (%3] image-guided neural therapy,'®’] and
cardiovascular diseases.!***! However, it is still highly desirable
for a fully integrated system to be integrated into an entire con-
formable device. Very recently, Sheng’s group described the de-
velopment of a fully integrated autonomous wearable ultrasonic-
system-on-patch (USoP) (Figure 9a—d).3%! For signal precondi-
tioning and wireless data transfer, a tiny, flexible control circuit
is devised to communicate with an ultrasound transducer array.
Machine learning is employed to track shifting tissue targets and
aid in data interpretation. This work offered continuous deep tis-
sue signal decoding and imaging. It also pushes the cUSE to a
new high level that combines a stretchable array, a soft system,
long-term monitoring for clinical studies, and machine learn-
ing analysis in one work, expanding a new dimension for the
existing cUSE. Meanwhile, Feng’s group proposed another type
of soft system for acoustic energy transfer and communication
(Figure 9e—i).*¢] Compared to imaging, the system requirements
of the non-imaging application is much simpler and easier to
achieve mechanical conformability. It should be mentioned that
they developed a universal soft implantable platform for both the
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transmit system and the receiver patch, which is another great
milestone in the development of cUSE.

4. Applications of Conformable Ultrasound
Electronics

Conformable ultrasound electronics can expand the use of ultra-
sonic sensors and actuators in a variety of circumstances. Numer-
ous groups have proposed and developed numerous biomedical
and healthcare applications in recent years.?”33-3563] Conformal
ultrasound transducers can support ultrasound applications in
diagnostics and healthcare, ranging from intravascular imaging
to encompass the catheter tip to large area imaging and deep
stimulation with variable focal length. Prior research focused
primarily on five distinct aspects: components/tissue imaging,
health monitoring, energy harvesting and power supply, or-
gan/tissue electrical stimulation, and treatment. (1) Imaging is
one of the most common nondestructive diagnostic and biomed-
ical engineering applications of ultrasound. Utilizing large area
conformal ultrasound transducers to produce detailed 2D or 3D
overview images of large portions of objects and the human body
was the focus of the present research (Table 6). (2) Vital body func-
tions, such as blood flow and pressure sensing, wound healing,
and cardiac monitoring, can be observed in real-time through
the use of ultrasound body patches for health monitoring. (3)
Energy harvesting and power supply for next-generation bioim-
plantable systems utilize wireless and acoustic energy transfer.
(4) Ultrasound-based electrical stimulation has recently become
a popular area of study because it has the potential to combine
noninvasiveness with high spatial selectivity. Highly desirable is
the next-generation, pleasant ultrasound patch for neural inter-
facing. (5) Therapy is typically the last step of ultrasound body
patches, which can reduce the patient’s burden by enabling them
to move freely during treatment, such as pain relief, skincare,
odor control, and hyperthermia treatment. This section summa-
rizes and discusses five applications of conformable ultrasound
transducers, including device configuration, signal acquisition,
and result analysis. Other prospective applications for future de-
velopment are suggested.

4.1. Imaging on the Complex Surface

The most important application of ultrasonic transducers is to
image objects for NDT (inspecting components for subsurface
defects) and biomedical diagnostics (imaging deep tissue/organ).
The majority of ultrasonic brightness-mode (B-mode) images are
reconstructed using beamformers that rely on the delay-and-sum
(DAS) technique.l?”-2*’] In the setting of DAS, processing of high
frequency signals relies on the determination of time-of-flight
(ToF) from the sending element to the receiving element as it
traverses the imaging point. In order to accurately determine the
ToF value, it is imperative to have access to relevant data per-
taining to the geometry of the element array. In the event that
DAS beamforming is executed with an incorrectly assumed ele-
ment array geometry, the resulting reconstructed image will ex-
hibit a lack of focus and distortion.!?*8] The phased array with
various imaging algorithms such as plane wave imaging (PWI),

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB01 7 SUOWILLOD BA e8I 3|qeol(dde au Aq peussnob a2 S9 ol YO ‘SN JO Sa|NnJ 10} AkeudT8UIUO 48] 1M UO (SUOTPUOD-PUR-SLLIB)ALICO" A3 | W ARe.d] U JUO//:ScIY) SUOIPUOD pUe SWLB | 8L} 885 *[£202/2T/20] UO AReidi8ul|uo A8|IM ‘99/0€202 eWpe/Z00T 0T/10p/w0d A8 |im' Areiq1jpuljuo//sdny wouy pepeojumod ‘0 ‘Se0vTZST



ADVANCED
MATERIALS

www.advmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Serpentine interconnects

Piezoelectric
transducer
array

Autonormous wearable
ultrasound sensing

Tissue motion image

0 mm-
7 mm-
3mm

(1]

_ Analog __ Digital
echo signasl AFE  DAQ

5 of [W) -~ Seaencer ] | Batery )£ T
S H T T T X8
2 'ulse generator AN LN LN
g < Je (]| f| Mo
£ T/R)(_Booster wHR 61 BeM
W ADC
g.; 3 Receiver $0BP 68 mmHg
f 10 S8P 123 mmHg
E* T2 ch Y Filter Wi.-Fi
——————————————————————————————————— -
e
I Chip
Elastomeric S— — -_— .,- e  COMpoONents
encapsulation i_ p— -
—~. =aw =0 ANy Stetchable
e A 7757 .
l - % A T interconnects

Stretch

Figure 9. The integrated wearable ultrasound systems. A fully integrated wearable ultrasound system to monitor deep tissues in moving subjects: a) A
photograph of the encapsulated USoP laminated on the chest for measuring cardiac activity via the parasternal window. The inset shows a folded circuit.
b) Design of the USoP, including a stretchable ultrasonic probe, a flexible control circuit, and a battery. The ultrasonic probe consists of a piezoelectric
transducer array, serpentine interconnects, and an ACF (upper left). c) Block diagram of the USoP showing the flow of analog impulse, analog echo,
and digital signals. d) B-mode imaging of the carotid artery (CA) and jugular vein (JV), while the subject is performing the Valsalva maneuver to dilate
the JV (left). M-mode imaging of the pulsation pattern of CA walls (right). Reproduced with permission.3% Copyright 2023, Springer-Nature. A flexible,
stretchable system for simultaneous acoustic energy transfer and communication: e) Exploded schematics of the device structure. f) lllustration showing
the AECD function—wireless charging and communication based on ultrasound. g) Image of the device in the bent configuration. h) Image of the device
in the twisted configuration. i) Image of the device in the stretched configuration. Reproduced under the terms of the Creative Commons License.[3®!
Copyright 2021, The Authors, Published by American Association for the Advancement of Science.

synthetic aperture focusing technique (SAFT), and total focusing
method (TFM), possesses the advantageous capability to provide
beam steering at various angles and focalization at any desired
location, hence enabling comprehensive scanning even in situ-
ations where detecting areas are limited in accessibility.?8! The
time delay law governing the formation of dynamic beams is a ba-
sic principle that underlies both theoretical investigations and ac-
tual implementations of phased array technology. Conventional
rigid probes are particularly advantageous for in situ inspection
as they offer the greatest inspection coverage from a single de-
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tected location. However, it is often necessary to perform imaging
on rigid components or human body parts with curved surfaces,
and this can cause complications that lead to a reduction in defect
detection sensitivity and an increased chance of false informa-
tion. Despite the numerous advantages, it remains a challenge
for conventional rigid probes to image human body parts with
irregular surfaces due to several drawbacks, such as high oper-
ator dependence, measurement variability and inability to cover
curved surfaces,poor physical connection, and degrading ultra-
sonic signals by distortion and loss of sound energy. In addition,
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Table 6. The comparison of cUSE for deep tissues and organs imaging.
Work Typeof  Arrayina  Elements and materials ~ Form Factor Freq. [MHz] Pitch [mm] Max. Depth [mm] Axial Res. Targets
cUSE patch [mm]
Wang et al. (2018)[34] Type llI 2D array 5x 4 of 1-3 PZT/Epoxy  Stretchable 7.5 2.5/2.0 40 in tissue 0.5 Blood pressure
Oliveira et al. (2019)(632] Type Il 1D linear 48 elements of PZT Flexible 2.25 0.6 - - Bone phantom
array
Kim et al. (2019)!6%b] Type Il Single  1-3 PZT/PDMS composites  Bendable 1.7 - 90 in water - -
patch
Pashaei et al. (2020)(63] Type Il 1D linear 64 elements of PZT Flexible 4.0 0.2 20 in tissue 0.3 Nerve imaging
array
Sadeghpour et al. Type Il 6 of 2D 3 X 3 pMUT array Bendable 0.42 0.49 - - -
(2020)163] arrays
Wang et al. (2027)33] Type lll 2D phased 12 x 12 of 1-3 PZT/Epoxy ~ Stretchable 2.0 0.8 140 in tissue 2.5 Blood
array
Wang et al. (2021)(3%] Typelll  2Darray 3 x3of 1-3 PZT/Epoxy  Stretchable 5.0 2.0 25 in tissue - Blood velocity
Liu et al. (2021)163] Type lll 2D array 6 x 6 of PZT Stretchable 1.92 4.5 - - Skull phantom
Zhang et al. (2022)(¢*f] Type IV 50f 1D 1-3 PZT/Epoxy composites  Foldable 1.01 - 60 in tissue - -
array
Wang et al. (2022)12°] Type V 1D array  1-3 PZT/Epoxy composites ~ Wearable 3.0 0.5 (4) 180 in phantom 0.77  Various organs
Hu et al. (2023)14] Type Il Orthogonal 1-3 PZT/Epoxy composites ~ Stretchable 3.0 0.4 (0.784) 110 in phantom 0.8 Heart
array
Hu et al. (2023)1221] Type lll 2D array 16 X 16 of PZT Stretchable 2.8 0.8 (1.54) 40 in tissue 0.5 Tissue
biomechanics
Zhang et al. (2023)132] Type IV 5 of phased 64 elements of Stretchable 35 0.22 (0.564) 160 in tissue 0.6 Bladder imaging
arrays Sm/La-PMN-PT
Du et al. (2023)37] TypeV 1D array 64 element of Wearable 7.0 0.125 (0.564)  80in tissue 0.2 Breast imaging

Yb/Bi-PIN-PMN-PT

the interface curvature can cause ultrasonic beam self-focusing
or divergence and sound energy concentration or dispersion dur-
ing wave propagation. In recent decades, with the development
of transducer fabrication technologies, conformable ultrasound
transducers have become a wonderful alternative to inspecting
the parts/body with complex surfaces.

The configuration and fabrication of various cUSE have been
discussed in Section 3, In this section, we only discussed the con-
formable ultrasound transducers that have generated ultrasound
imaging for NDT and biomedical diagnostics. Casula et al. pro-
posed 2D and 3D flexible phased array transducers, which were
mechanically assembled with springs to couple the irregular sur-
faces directly and improve the contact inspection of pipes and
complex geometry components.[?°!l The radiating surface con-
sisted of mechanically assembled independent piezoelectric el-
ements, and a profilometer, embedded in the transducer, mea-
sured local distortion. The computed form is used by an algo-
rithm to compute the adapted delay legislation in real-time to
compensate for 2D and 3D profile distortions. The flexible ar-
ray transducers ultimately can inspect the defects in different
irregular components (i.e., butt weld, nozzle, and elbow). Lane
et al. proposed a low-profile flexible linear array probe to inspect
curved components with a sinusoidal profile using the total fo-
cusing method, which combined a fiber optic shape sensing de-
vice to measure the position of the elements along the array.?"’]
Similarly, Nakahata et al. used a flexible array transducer to ob-
tain images of flaws in cylinder specimens, cubic specimens, and
specimens with complicated surface.?®! To improve the resolu-
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tion, the author used scattering amplitude extracted from raw
signal data and introduced a numerical apodization technique
to suppress the influence of side lobes. It should be noted that
the current design is designed with specific application variables
in mind and is not suitable for all applications and use cases.
Besides the configuration of flexible patches, the design and val-
idation of body-conformal active ultrasound patches with system
leveled integrated imaging and modulation modalities have also
been proposed. Pashaei et al. presented a mechanically-flexible
linear 64-element array of piezoelectric transducers with a reso-
nance frequency of 5 MHz for nerve localization.[®*] A strain sen-
sor integrated on the probe provides patient-specific feedback in-
formation on array curvature for real-time optimization of focus-
ing and image processing. The flexible array that generated the
image on an artificial vein phantom (water-filled tube embedded
in gelatine) and the accuracy of the image were also confirmed
by the Verasonics Vantage research ultrasound system. Although
some artifacts can be observed in the image, the results showed
promising functionality of the flexible probe for imaging and tar-
get localization.

As discussed in Section 3.2.3, based on these considerations,
some groups proposed new structures or new theoretical frame-
works for conformable ultrasound arrays. To overcome the bot-
tleneck, advanced transducers that combine excellent ultrasonic
performance with desirable mechanical properties were pro-
posed by Xu’s group with a stretchable form factor that can con-
form to and detect non-planar complex surfaces.!*”] The probe
consists of a 10 x 10 array of piezoelectric transducers that
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Figure 10. The beamforming of cUSE on complex surfaces. Stretchable ultrasonic transducer arrays for three-dimensional imaging on complex surfaces:
a) concave surfaces and b) convex surfaces showing the good conformability of the device on these surfaces and acquired 2D images using delay
multiply and sum algorithms. Reproduced under the terms of the Creative Commons License.[2”] Copyright 2018, The Authors, Published by American
Association for the Advancement of Science. Flexible ultrasound transceiver array for non-invasive surface-conformable imaging enabled by geometric
phase correction: c) Photograph of the cast gelatin phantom used to collect B-mode images at arbitrary curvatures. d) Plan-view photograph of the air
pocket-containing gelatin mold. e) Simulated B-mode image when the radius of curvature is 1.5 cm and phase correction is implemented. f) Experimental
B-mode image of an air pocket in gelatin captured with the FlexArray when the radius of curvature is 1.5 cm. Reproduced under the terms of the Creative
Commons License.l'%%] Copyright 2022, The Authors, Published by Springer Nature Limited. Beam generating and sound field modeling of flexible phased
arrays for inspecting complex geometric components: g) Schematic diagram for calculating the time delays of single concave/convex components with
beam steering and focusing. h,i) Sound field distribution of the concave/convex specimen without or with the time delays. The circles represent the
desired focal points. Reproduced with permission.[?4’] Copyright 2019, Elsevier. Continuous monitoring with a permanently installed high-resolution
ultrasonic phased array: j) the prepared sample block with a curved top surface where a developed flexible ultrasonic array is bonded. k) the TFM
image after data acquisition using the MicroPulse array controller system. |) the TFM image after data acquisition using the low-cost multiplexed array
controller. m) Diagram of the data compensation strategy. Reproduced under the terms of the Creative Commons Licensen.[?8] Copyright 2023, The
Authors, Published by SAGE Publications.

exploit an “island-bridge” layout with multilayer electrodes,
encapsulated by thin and compliant silicone elastomers. The
stretchable probe shows excellent electromechanical coupling,
minimal cross-talk, and more than 50% stretchability. Its perfor-
mance was demonstrated by reconstructing defects in 3D space
with high spatial resolution through flat, concave, and convex
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surfaces (Figure 10a,b). The unique device design, combined
with the advanced delay multiply and sum imaging algorithms,
enables accurate, artifact-free, full-field, and nondestructive ex-
aminations underneath general complex surfaces. Very recently,
Zheng et al. studied the beam steering and focusing of flexi-
ble phased arrays for inspecting complex geometric components
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(Figure 10g—i). The authors derived the time delay laws and the
sound field analytic expressions for beam steering and focusing
on the curved components with a constant radius (concave, con-
vex, concave/convex).[2*l Sun et al. presented the design concept
on both the flexible array and controller system for a permanently
installable ultrasonic array for high-resolution long-term local-
ized monitoring of industrial structures (Figure 10j—m).[28]

4.2. Continuous Imaging on Various Organs

Continuous imaging of large and deep tissues and organs is very
important to offer clinicians a peek inside the body to moni-
tor health or diagnose disease. However, the conventional ultra-
sound probes that are mounted on rigid substrates with thick de-
vice structures require time-consuming manual operation dur-
ing measurements, preventing them from being seamlessly inte-
grated with the human body for continuous and long-term mon-
itoring. Even though some cUSE (i.e., Type I and II) have been
proposed to seamlessly attach to the irregular surface of objects
to achieve good images, they still suffer from three main limi-
tations: i) uncertain imaging quality during body movement be-
cause of the short continuous imaging stability; ii) limited free-
dom of monitoring due to wire connections between the de-
vice and the back-end processing system; and iii) limited cov-
ering area of deep organs due to the small area of the device.
Researchers proposed various methods to solve both challenges
and approved their strategy in the clinical study on the imaging
of large and deep tissues and organs.

To solve the first limitation, firmly bonding the cUSE to the
skin to minimize the influence of body movement is critical.
Wang et al. clearly mentioned the similar opinion that Type I and
Type II are to make the devices thin and stretchable, which can-
not solve this limitation. They proposed a different biointegra-
tion paradigm, using a soft, durable, and bioadhesive couplant to
securely attach thin, rigid devices to the body (Figure 11a—c),!*!
which avoided the issue of the device on the skin shifting in posi-
tion relative to the target tissue. To solve the second problem, the
fully integrated USoP opened the possibility of long-term mon-
itoring during body movement (Figure 9a—d),[**! which enables
the continuous monitoring of physiological signals from tissues
as deep as 164 mm and continuously monitors physiological sig-
nals on mobile subjects for up to 12 hours.

The third challenge is not easy to solve because there are many
large and curved organs, such as the breast, shoulder, knee, and
belly, that cannot be easily and fully monitored in a single shot.
The human breast poses a unique challenge in the large-area,
deep tissue imaging area because of its geometry and deforma-
bility, which are highly variable not only between subjects but
also at various times and ages within a given subject.?>*] Breast
imaging focuses on the precise location of the cyst in the breast
rather than requiring continuous imaging throughout a person’s
activities, in contrast to heart, bladder, and other organ monitor-
ing. Very recently, Dagdeviren’s group proposed a different de-
sign that uses a nature inspired honeycomb patch to hold the
rotated phased array on the breast to achieve tumor imaging.3!!
Breast imaging, unlike heart, bladder, and other organ monitor-
ing, focuses on the precise position of the cyst in the breast rather
than requiring continuous imaging during a person’s activities.
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Even though handheld ultrasonography (HHUS) and automated
breast ultrasound (ABUS) are the most appropriate ultrasound
breast imaging methods right now, there are still technical gaps
that need to be filled before ultrasound can be used as a reliable
method for breast screening, such as: (i) HHUS relies heavily
on the skill and training of the technician to manually scan the
whole breast by applying strong pressure, and (ii) ABUS can scan
the whole breast at once but still has poor skin contact and a sta-
tionary setting. For this reason, Du et al. proposed a first-of-its-
kind on-body ultrasound technology with a nature-inspired de-
sign that offers noninvasive, real-time, continuous monitoring of
curved breast tissue, a wide field of view, and an easy-to-use inter-
face (Figure 11d-f). The patch provided high-performance image
production with i) deep image depth (~80 mm), ii) sufficient con-
trast sensitivity (~3 dB at 30 mm depth), iii) desired axial/lateral
resolution (0.25/1.0 mm), and (iv) a larger field of view for breast
tissue imaging, which is cross-validated with a commercial ultra-
sound probe in a clinical study (Figure 11g-h). In a subsequent
work from Dagdeviren’s group, Zhang et al. used bladder volume
monitoring as an example and successfully demonstrated the ad-
vantages of Type IV using multiple phased arrays to obtain both
high resolution and deep detection (Figure 11i-1). Compared to
the conventional probe, this patch not only avoids the require-
ment for manual rotation to obtain the images in two orienta-
tions (transverse and sagittal planes),[*?! but also shows compa-
rable results with a commercial, bulky ultrasound machine, even
without using the ultrasound gel. Both of these works provide
novel strategies to achieve the goals of large area imaging and
high resolution.

4.3. Long-Term Cardiac and Haemodynamics Monitoring

Blood supply is critical for tissue survival, and the presence of
pulse is one of the fundamental signs of life. The blood pres-
sure waveform and blood flow alterations contain valuable in-
formation about specific dynamic cardiovascular activities, and
continuous, real-time monitoring of their variation has immense
clinical value for the diagnosis and prognosis of cardiovascular
diseases.[?!l The major challenge using conventional clinical ul-
trasonic probes to measure the arterial diameter or blood flow is
the motion artifact. The blood motion in the underlying tissues
leads to inaccurate and inconsistent measurements. Although
some flexible devices were proposed, such as ultrathin inorganic
piezoelectric array sensors,!'°*%42252] they still suffer from draw-
backs such as insufficient penetration depth and variable accu-
racy, making them not suitable for continuous or long-term mea-
surement.

The ultrasound wall-tracking technique provides high pene-
tration capability and real-time measuring capability for blood
pressure. To avoid invasive measurement and further improve
device conformability and measurement accuracy, Huang et al.
proposed a lightweight, wearable, and flexible ultrasonic sensor
made of piezoelectric PVDF film to measure the diameter change
of the brachial artery while minimizing errors due to motion
artifacts.?53] A conventional clinical ultrasound probe was used to
perform a diameter measurement of the brachial artery of a sub-
ject alongside the proposed flexible ultrasound sensor to serve
as a comparison. Both results demonstrated the capability to
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Figure 11. The cUSE for large organs imaging. Bioadhesive ultrasound for long-term continuous imaging of diverse organs: a) The BAUS device adhered
on the skin can withstand high pulling forces. b) Optical microscopic image of a BAUS probe with 3D-printed top and bottom circuits. c) The BAUS
imaging shows the dynamics of the stomach. The gastric antral cross-sectional area gradually decreases after the subject drinks 450 ml of juice. Repro-
duced with permission.[2°] Copyright 2022, American Association for the Advancement of Science. Conformable ultrasound breast patch for deep tissue
scanning and imaging: d) Schematic of a cUSBr-Patch on the body. e) Exploded view of the cUSBr-Patch to illustrate its four main components: a soft
fabric bra to serve as a familiar intermediary layer, a honeycomb patch as the outside layer to provide structure and guidance of the 1D array, the tracker
to hold and rotate the 1D array, and the single crystal based 1D phased array. f) Schematic of breast quadrants and the positions of circular regions
that align with the patch openings and circular holes in the bra. g) The photo of the cUSBr-Patch on the left breast of a female subject. h) Ultrasound
images at Position 4. The blue dashed circle indicates the hypoechoic lesion. Reproduced under the terms of the Creative Commons License.[311 Copy-
right 2023, The Authors, Published by American Association for the Advancement of Science. Conformable phased array ultrasound patch for bladder
volume monitoring: i) Schematic of the cUSB-Patch on the human'’s lower abdomen for bladder imaging. To avoid the requirement for manual rotation,
the cUSB-Patch can obtain the images in two orientations simultaneously. j) the image of the cUSB-Patch under twisting. k) The cUSB-Patch, which is
connected to the multiplexer box, was applied to the female subject during the clinical study. I) The results on female Subject. The ultrasound images of
full bladders for Case I: the cUSB-Patch with gel and without gel. Reproduced with permission.[32] Copyright 2023, Springer Nature Limited.

capture the diameter variation of the brachial artery over the car-  ical compliance (can be stretched with strains up to 60%) that
diac cycle. The clinical ultrasound probe provided easier identi-  allows intimate coupling with the human skin (Figure 12a—d).
fication of the arterial boundaries but suffered from errors as-  This device can be used to capture a series of key features in the
sociated with motion artifacts. Comparatively, the flexible ultra-  central blood vessels such as the carotid artery and jugular vein
sonic measurement system had difficulties identifying the pos-  with reliable performance and has strong clinical implications.
terior boundary of the brachial artery due to the weaker signal ~ However, the flexible ultrasonic sensor demonstrated the capabil-
strength of the transmitted ultrasound. To ensure conformal in- ity of measuring changes in brachial artery diameter with fewer
timate contact with the curvilinear and time-dynamic skin sur-  motion artifacts. Improvement of ultrasonic performance, such
face, Wang et al. have demonstrated a new class of conformal and  as signal strength and signal-to-noise ratio, of the flexible sensor
stretchable ultrasonic devices that offer non-invasive, accurate,  is a future research subject for more reliable and reproducible
and continuous monitoring of vital signs from well below the hu-  measurements. After that, Sheng’s group reported several work
man skin, adding a new dimension to the sensing range of con-  on the Type III of the cUSE for long-term cardiac and haemody-
ventional stretchable electronics.**l The system exploits strategic ~ namic monitoring,**?>*! and finally innovated a wearable ultra-
material integration and advanced microfabrication techniques  sonic device for continuous, real-time and direct cardiac function
to achieve both state-of-the-art functions and suitable mechan-  assessment (Figure 12h-i).[*’] This technology enables dynamic,
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Figure 12. Long-term cardiac and haemodynamics monitoring. Monitoring of the central blood pressure waveform via a conformal ultrasonic device. a)
Schematics of the stretchable ultrasonic device. When mounted on the human neck,the device enables monitoring of central blood pressure by capturing
the pulsating vessel diameter of the carotid artery, internal jugular vein (int. jugular), and external jugular vein (ext. jugular) using the pulse-echo method,
as illustrated in (b). c) BP measurements from the central to peripheral arteries and d) validation using a commercial tonometer. Reproduced with
permission.3*] Copyright 2018, Springer Nature Limited. Flexible Doppler ultrasound device for the monitoring of blood flow velocity. e) Schematics
(left) and exploded view (right) of the device structure. f) Schematic of the Doppler ultrasonic device. The device continuously transmits ultrasound
waves and receives echoes from a moving scatterer (such as red blood cells). g) Typical carotid blood flow spectra during a cardiac cycle (left) and several
cycles (right). Feature points are marked in the left image. Insets: An image showing the device mounted on the neck. Reproduced under the terms of the
Creative Commons License.[*] Copyright 2021, The Authors, Published by American Association for the Advancement of Science. A wearable ultrasonic
device for continuous, real-time and direct cardiac function assessment. h) Schematics showing the exploded view of the wearable imager, with key
components labelled (left) and its working principle (right), i) Schematics and B-mode images of cardiac anatomies from the wearable and commercial
imagers. The wearable imager was placed in the parasternal position for imaging in the parasternal long-axis and short-axis views and relocated at
the apical position for imaging in the apical four-chamber and two-chamber views. Reproduced with permission.[] Copyright 2023, Springer Nature
Limited.

accurate, wearable monitoring of cardiac performance in a vari-
ety of environments.

The Doppler ultrasound technique is usually utilized in
the clinical setting to evaluate and estimate the blood flow,
especially for transcranial examinations and fetal heart rate
monitoring.??’#2] To overcome the challenge of inaccurate
recordings due to compression by traditional ultrasound probes,
Song et al. proposed a wearable wireless neckband ultrasound
Doppler system that features a single-element ultrasound trans-
ducer on each side of the neckband for continuous acquisition
of blood flow dynamics from carotid arteries.[*] As a result, the
developed wireless neckband Doppler system can potentially be
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used as a monitoring tool for symptomatic or asymptomatic pa-
tients with cerebrovascular and/or cardiovascular diseases. How-
ever, the position of the ultrasound transducer needs to be man-
ually adjusted before the common carotid arteries can be cor-
rectly located to perform measurements, which may present op-
erational challenges that need to be overcome in point-of-care set-
tings. Due to these reasons, a cUSE for precise monitoring the
blood flow became a very interesting topic that has been inten-
sively studied. Cannata et al. developed a flexible and implantable
PVDF copolymer thin film device that can be wrapped around a
blood vessel and accurately measure blood flow.!?*”] The device is
fabricated using diffraction-grating transducers, which produce
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a beam at an angle to the surface, therefore creating a Doppler
signal that would not be generated with a conventional trans-
ducer. The system feasibility was further demonstrated with an
in vivo experiment on the rabbit infrarenal aorta, during which
the flow sensor was able to continuously operate during the 5-
hour experiment with the measured peak blood velocity within
1.7% of the measurement obtained using a duplex ultrasound
system. For fetal heart rate (fHR) monitoring, the rigid probe of-
ten requires repositioning when there is a period of signal loss
because of the inevitable change in the relative fetal heart lo-
cation (fHL) caused by fetal movement or displacement of the
transducer, which complicates the clinical workflow. To resolve
this issue, Hammelmann et al. proposed a flexible transducer
array composed of PZT discs embedded in PDMS that enables
measuring the fHR independently of the fHL.I?'>*l The system
utilizes a method to improve ultrasound transducer positioning
by estimating the fHL relative to the transducer, and the flexible
substrate enables a more conformal contact between the device
and maternal abdomen so that repositioning can be minimized.
However, it is noted that the exact size and shape of the flexible ar-
ray must be further optimized, and more transducer elements are
needed to measure the fHR for all possible fHL within the uterus.
In addition, the curvature of the array affects the received Doppler
power substantially and would need to be accounted for improved
power efficiency. For future work, additional modalities would
need to be integrated into the current systems to avoid calibration
or manual adjustment. Novel strategies to integrate other func-
tions, such as signal processing and wireless communications,
or flexible optoacoustic blood ‘stethoscope’!?8! in a lightweight
and stretchable format would greatly enhance system functional-
ity and wearability for the next generation of cardiovascular mon-
itoring devices.

4.4. Tissue Properties Monitoring

The physical properties of muscle tissues, such as thickness,
length, density, and stiffness, can provide valuable information
for clinical diagnosis and evaluation. Continuous monitoring of
these parameters during physical activity allows for applications
such as monitoring of muscle strain and fatigue, diagnosis of
neuromuscular disorders, and evaluation of efficiency and ef-
fectiveness of physical training and rehabilitation.[?*°] A variety
of techniques, such as electromyography, mechanomyography,
electrocardiography, and magnetic resonance imaging, were em-
ployed to assess the physical properties of muscle tissues.[>%!
However, these techniques suffer from drawbacks such as inva-
siveness, indirect measurement, or high cost. Compared to these
techniques, conventional ultrasound imaging offers advantages
such as non-invasiveness, high temporal resolution, and low cost.
The operational mechanism of the assessment of tissue proper-
ties using ultrasound monitoring is to predicate upon the produc-
tion, transmission, reflection, and identification of sound waves
of high frequencies on the targeted tissue or material.?*!l The
propagation of waves within a given medium is contingent upon
the velocity, which is influenced by the material’s density and
elasticity. Various tissues have distinct acoustic characteristics
that influence the velocity of wave propagation. An illustration of
this concept can be observed in the relationship between tissue
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density and the velocity of sound waves, as well as the influence of
tissue elasticity on its ability to undergo deformation when sub-
jected to stress.[2?] Elastography employs ultrasound technology
to evaluate the stiffness of tissues, a characteristic that can poten-
tially serve as an indicator of pathological conditions.[?%%]
Compared to conventional bulky probes, a flexible ultrasound
device that provides conformal contact without affecting the mus-
cle contraction dynamics is desired for obtaining more accu-
rate measurements of muscle tissues. The currently compatible
muscle tissue devices were based mainly on Type I, which used
PVDF film as an active layer to transmit and get muscle signals
at various body locations.!''3¢2%4 AlMohimeed et al. developed
a wearable and flexible ultrasonic sensor based on PVDF poly-
mer film that enables continuous monitoring of skeletal mus-
cle contraction.['*] The PVDF sheet was encapsulated by a poly-
imide layer along with silicone adhesive, with the overall system
weighing less than a gram and being less than 200 pm thick. It
was found that the generated ultrasound wave was able to pene-
trate at least 23 mm into the lower leg of a human subject, and
the measured muscle tissue thickness variations were in accor-
dance with the isometric muscle contraction performed, demon-
strating the feasibility of using the flexible PVDF-based ultra-
sound sensor for accurate muscle tissue monitoring without re-
stricting movements of the underlying tissue. They also used the
device to estimate wrist motion to determine whether the rela-
tionship between wrist motion and muscle thickness may be a
potential indicator of muscle-tendon health.[1*2] To further over-
come the intrinsic drawback of the relatively weak transmitting
acoustic signal strength of PVDF polymer films, AIMohimeed
et al. proposed a double-layer PVDF sensor in hopes of improv-
ing the signal-to-noise ratio of the ultrasound signal reflected
back from deep tissue.l?] The two antiparallel-polarized PVDF
layers were bonded using a low-viscosity epoxy and connected
in parallel electrically and in series acoustically. Compared to
a single-layer PVDF sensor of equivalent thickness, the devel-
oped double-layer wearable ultrasound sensor achieved 1.7 times
greater signal amplitude and was capable of capturing contrac-
tions of the biceps muscles in the upper arm. In addition, cardiac
tissue motion could be monitored with the device by performing
M-mode measurements, whose results corresponded well with
the cardiac cycles obtained from simultaneously acquired ECG
signals. As a result, with further development of incorporating
multiple sensors and validating with different muscle tissues, the
double-layer PVDF ultrasonic sensor holds great promise in al-
lowing long-term continuous monitoring of thicker and deeper
tissue motion with higher signal strength and accuracy. AlMo-
himeed et al. further extended their work to not only monitor
muscle tissue thickness changes but also extract functional pa-
rameters that are considered useful tools to assess the muscle
contractile properties during contractions. One study continu-
ously monitored the skeletal muscle contraction, which showed
that the muscle did not relax at the electrical muscle stimula-
tor frequency of 16 Hz under the experimental conditions em-
ployed, exhibiting tetanic contraction.!'>*! The device in another
work was capable of recording isometric contractions of gas-
trocnemius (GC) muscles in the lower leg of a human subject
and extracting parameters such as maximum thickness changes,
contraction time, sustain time, half-relaxation time, and contrac-
tion velocity, which aid in the assessment of muscle contractile
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properties.[2%%] Very recently, Jiang’s group proposed a stretchable

array with 4 X 4 elements in the PDMS that exhibits high flexi-
bility and wearability.?®’] The average values for the central fre-
quency, —6 dB bandwidth, and electrical impedance in water for
the elements were found to be 10.59 MHz, 37.69%, and 78.41 Q,
respectively. The efficacy of the suggested transducer in detect-
ing muscle activity was shown through in vitro tests and first in
vivo experiments. The visualization of muscle displacement was
achieved through the utilization of muscle movement imaging.

4.5. Ultrasound Energy Harvesting and Wireless Power Supply

Energy harvesting is a process by which electrical energy is de-
rived from ambient energy such as kinetic energy, thermal gra-
dient, and incident light to power autonomous electronic cir-
cuits and systems.[28] Among various energy sources, piezoelec-
tric energy harvesting systems, which are based on vibrational
motion and mechanical pressure, have become incredibly at-
tractive candidates for self-powered electronics and standalone
systems.[?®] Piezoelectric energy harvesting devices, which can
obtain energy from human activities (wearable electronics for
walking, running, jogging, talking, etc.), were intensively studied
recently for biomedical applications because their theoretically
infinite lifetime makes them a promising alternative to replac-
ing batteries.!1#2460542.270] Compared to wearable electronics out-
side the body, the surgeries to periodically replace the batteries in
implantable devices can often lead to prolonged hospitalization
and increased health risks, such as high morbidity or mortality
for patients.[”’!] As a result, various miniature energy harvesting
devices have been developed in hopes of providing a stable and
longer-term energy source for implantable devices.[?7?]

One of the major limitations of implantable devices is power
management.[??] For now, batteries have been mainly used to
power implantable devices, which require additional surgery to
charge or replace batteries. Hence, wireless power transfer or en-
ergy harvesting could be a strong power management method
for implantable devices. Except for directly scavenging biome-
chanical energy from internal organ motions, energy delivery
through ultrasound energy transfer is another promising tech-
nique to enable more reliable and miniaturized implantable en-
ergy harvesters, which has recently attracted much attention as
an energy harvesting technology candidate for next generation
bio-implantable systems.[?4l On the one hand, energy harvesting
devices integrated in artificial retinas, pacemakers, cardioverter
defibrillators, and neural stimulators harvest energy from in-
ternal organ movements to support the working system inter-
nally. On the other hand, energy can also be transmitted from
external sources utilizing stable and adaptable power. Ultrasonic
energy harvesters generally utilize piezoelectric transducers to
convert mechanical vibrations induced by acoustic waves into
electrical power, in order to achieve a desirable power level for
in vivo applications.[?’”*] The piezoelectric ultrasonic energy har-
vester (PUEH) with wireless charging technology can energize
implanted devices due to its advantages in safety, higher efficien-
cies at longer distances, and smaller device size. Compared to in-
ternal energy harvesters, external energy harvesters provide the
benefits of adaptability and stability of power output with fewer
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restrictions regarding location of implantation, organ shape, and
patient body size.

Various structures were reported about the wireless power
probe (transmitter from outside the body) and on-board bio-
implantable devices (receiver from inside the body). Figure 13 is
a schematic of ultrasound energy harvesting and wireless power
supply between transmitters outside the human body and im-
plantable devices as receivers. The most widely used ultrasound
power probes are commercially bulky probes with a rigid hous-
ing to impose a fixed/clamped condition about the circumfer-
ence of the plate.[?8] Another type is the diaphragm, such as
pMUT, which uses a circular piezoelectric disk fixed to the back
side of a larger circular non-piezoelectric shim.[?’831 The on-board
bio-implantable devices can be fabricated into various config-
urations according to the target organ/tissue, including single
element (i.e., neural dust system(?2#27%)), rigid array,!?’/?%"l and
cUSE.36%¢] In some work, additional biomedical devices were
involved for sensing, actuation, and stimulation, which obtained
power/energy from the PUEH.[?81]

Conventional PUEH exhibits two drawbacks that limit its use
in self-powered implantable biomedical devices. First, conven-
tional bulky and plate configurations exhibite high theoretical
acoustic power output, but provide incongruent contact with cor-
rugated and curved surfaces and thus cannot be applied to gen-
eral complex surfaces such as organs. Second, the output power
of piezoelectric ultrasound transducers fluctuates with trans-
ferred distance due to standing waves.[?’6?”7] Thus, as the ap-
plications expand, there is a need for the energy harvesters to
be conformable to provide better contact to not be limited to ap-
plications associated with non-curved organs. In addition, inno-
vative strategies need to be explored to minimize the effect of
standing waves on any distance fluctuation during the energy
transfer process so that PUEHS can be utilized to power next-
generation biomedical microsystems where transfer through rel-
atively thick barriers is necessary.’®l In recent years, many flex-
ible/comfortable PUEH for bio-implantable sensors have been
reported for both electrical power transmitters (transducers out-
side the body) and receivers (implantable sensors), as shown in
Figure 14. From the transmitter side, the second strategy was to
use diaphragm architecture, which can achieve conformal con-
tact with the non-planar surfaces of tissues and organs, gener-
ating more power than plate architecture and lowering sensi-
tivity to changes in implantation depth and absorption power
losses for sub-millimeter size devices.[?¢2782284] [ the future,
the third strategy using a flexible/wearable power patch will be
proposed to achieve an entire conformable ultrasound system
(Figure 14f-h).3¢]

From the receiver side, the main strategy is to develop or-
ganic piezoelectric films or polymer substrates embedded with
piezoelectric ceramic nanoparticles. Selvarajan et al. reported a
biodegradable PUEH using 0-3 composites (BaTiO; nanoparti-
cles in poly (L-lactic-co-glycolic) acid polymer matrix) to utilize
both ultrasonic powering and energy harvesting schemes from
low frequency acoustic waves.[?#3] The output performance, bio-
compatibility, and tunable biodegradation of the proposed trans-
ducer demonstrate its potential as a biodegradable power source
for transient implantable devices. However, those materials ei-
ther possess inferior electromechanical coupling factors and per-
mittivity, or these properties become compromised when the
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Figure 13. Schematic of ultrasound energy harvesting and wireless power supply between transmitters outside the human body and implantable devices
as receivers. The structure of transmitters includes three types: the bulk-mode piezoelectric plate, the flexure-mode unimorph piezoelectric diaphragm,
and the proposed conformable ultrasound transducers. The configuration of receivers includes three types. Receiver 1: the single element (i.e., neural

dust), Reproduced with permission.[?24 Copyright 2016, Elsevier. Receiver 2:

the rigid array (i.e., microfabricated array), Reproduced with permission.[27¢]

Copyright 2016, Springer Nature Limited. Receiver 3: stretchable transducer (Type |11 of cUSE).[?77] Copyright 2019, Elsevier, Reproduced with permission.

piezoelectric material is embedded in a polymer substrate. Thus,
various efforts have been made for the third strategy, which
was embedding miniaturized bulky piezoelectric material in a
flexible substrate. Jiang et al. proposed and fabricated a flexi-
ble PUEH that provides seamless contact to complex surfaces
by integrating an array of piezoelectric active elements of 1-3
composite with multilayered wavy, flexible electrodes in PDMS
(Figure 14a—c).[?”71 Through an ultrasound energy source, the sys-
tem can produce continuous power output that can be stored in
capacitors and used to light up commercial LEDs on planar sur-
faces while maintaining excellent output performance on curved
surfaces. Furthermore, its excellent power transfer performance
was demonstrated by low attenuation in in vitro tests of transmit-
ting power through pork tissue of different thicknesses. Com-
pared to the previously reported ultrasonic energy harvesters,
the flexible 7x7 PUEH array delivered higher output perfor-
mance and demonstrates great potential for applications in the
next generation of wireless powering bioimplantable microde-
vices (Figure 14d—e). To overcome the performance bottleneck
when a piezoelectric material is embedded in a polymer sub-
strate and enhance conformability of the overall system, Jiang
et al. also reported a millimeter-scale flexible ultrasound patch to
power electrical stimulation of the neurons in retina as a means
of restoring vision for people with neurodegenerative diseases
(Figure 14i-k).[282] The flexible patch can be well-attached on
complex surfaces and is able to produce adjustable electrical out-
put with a maximum output power of 45 mW cm~2. Its applica-
tion in retinal stimulation was verified in an ex vivo experiment
with the device implanted into an excised porcine eyeball, pro-
ducing current and current density above the average thresholds,
thus demonstrating great potential in utilizing ultrasound-driven
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wireless energy transfer for medical electrical stimulation and
broader applications for charge bio-implantable devices.

For future work, there are several important approaches for
investigation. First, the power transfer performance of PUEHs
can fluctuate significantly when changing the distance between
the transmitter and receiver. Because of the manual implantation
surgical process and inherent differences in the patient’s body,
distance fluctuation between the external power source and im-
planted energy harvesting device is unavoidable and has a great
impact on coupling efficiency and power delivery. As a result,
the frequency at which the ultrasonic transducer operates needs
to be adjusted to achieve maximum power transfer efficiency
for any given distance, requiring the transducer bandwidth to
be wide.[7¢278%] Tt is desirable to propose a device that has the
ability to harvest energy even from small ultrasound intensities,
adjust the acoustic energy transfer frequency within the trans-
ducer bandwidth, and be adopted as the power source for vari-
ous implantable biomedical systems. Second, new understand-
ing should be obtained from the combination of PUEH with
other mechanical energy harvesting implantable devices. Third,
Transient implantable medical devices utilizing biodegradable
electronics can be used for diagnostic and therapeutic pur-
poses for a predetermined period of time and then biodegrade
(Figure 140—q).”®}] Fourth, the selection of the ultrasound trans-
mitter has a great impact on the results, and the integration of
resonance frequency adjustment circuitry on the transmitter side
will also enable higher system efficiency. Further development in
novel piezoelectric materials with higher electromechanical cou-
pling performance with miniaturized device dimensions while
maintaining flexibility and clever design of electrical connection
layers that result in higher compliance will also further improve
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Figure 14. The schematic of the ultrasound-based energy harvesting and power transfer. Flexible piezoelectric ultrasonic energy harvester array for
bio-implantable wireless generator: a-e) optical images of the flexible device with 7 X 7 array. Convex surface where pork tissue inserted between the
transmitter and the PUEH device to mimic the implanted situation. Output voltage and current signals measured in different situations. Reproduced with
permission.[27] Copyright 2019 Elsevier Ltd. A flexible, stretchable system for simultaneous acoustic energy transfer and communication: f) lllustration
showing the AECD function—wireless charging and communication based on ultrasound. g) Image of the device in the bent configuration. h) Image
of the device in the twisted configuration. i—k) Ultrasound-induced wireless energy harvesting for potential retinal electrical stimulation application. Re-
produced under the terms of the Creative Commons License.[3®! Copyright 2021, The Authors, Published by American Association for the Advancement
of Science. Reproduced with permission.[?82] Copyright 2019, Wiley-VCH. I-n) Multichannel piezo-ultrasound implant with hybrid waterborne acoustic
metastructure for selective wireless energy transfer at megahertz frequencies. Reproduced with permission.[3”] Copyright 2021, Wiley-VCH. o—q) Ultra-
sound powering of BT-PLGA transducer: degradation (0.1 m PBS, pH 7.4, and 37 °C) for 100 days, experimental setup for ultrasonic powering and the
piezoelectric output voltages of polled 30 w/v% BT-PLGA transducers (the zoomed in view shows the pulse train). Reproduced with permission.[28]
Copyright 2020, IEEE.

the outlook of utilizing PUEHSs as the energy source to power
biomedical implantable systems.

neural stimulation is represented by the exploitation of piezo-
electric based devices with various sources of mechanical stimu-
lation, including vibration, acoustic sounds, and ultrasounds.!?’]
In contrast, ultrasound waves can penetrate deep into solid struc-

4.6. Neural Stimulation and Activity Monitoring

Long term neural activity monitoring and neuromodulation have
been promising tools for the treatment of various brain diseases
such as depression, epilepsy, and Parkinson’s disease.[?®] Electri-
cal stimulation, optical stimulation, deep brain stimulation, and
transcranial magnetic stimulation are some of the brain stimu-
lation techniques that have been developed and used.[?**) How-
ever, these stimulation methods often suffer from drawbacks
such as invasiveness, poor spatial resolution, or low penetration
depth.[211 A promising approach for wireless and non-invasive
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tures such as bones and soft tissues with low transmission loss
and have been demonstrated to safely and reversibly modu-
late the central nervous system, making it a promising method
for neuromodulation.?88] Ultrasonic neuromodulation, or ultra-
sonic neurostimulation, is a technique that utilizes focused ul-
trasound waves to target and activate specific areas of the ner-
vous system in a non-invasive manner.[?#! Although definitive
conclusions have yet to be reached, various hypotheses and ex-
planations have been put forth in attempts to explain this phe-
nomenon. i) Mechanical Effects: Ultrasound waves induce a me-
chanical force on biological tissues. The exertion of this force has
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Figure 15. Conformable ultrasound device for nerve stimulation. a) Schematic diagram showing one working model of the F-URSP, in which a focused
US probe was used for selective excitation of the piezo-array. b) Under the excitation of a single focused probe, the output voltage magnitude of each
element in the array. c) Line profile data showing the signal-to-noise ratio of the output voltage magnitude for two typical positions-one on a row
with excitation elements (horizontal line) and one off the excitation (vertical line)-showing unambiguous differences. Reproduced under the terms of the
Creative Commons License.[*0] Copyright 2022, The Authors, Published by Springer Nature Limited. Hybrid-piezoelectret-based highly efficient ultrasonic
energy harvester for implantable electronics: ¢) Schematic diagram showing the H-UEH driven by US for peripheral nerve stimulation on a rat model
(vagus nerve, and sciatic nerve). d) Representative evoked CNAPs recorded on vagus stimulated by U-ES, Urf-ES, and D-ES. c) Average CNAPs of the

vagus in response to different stimulations methods. Reproduced with permission.[*1] Copyright 2022, Wiley-VCH.

the potential to induce mechanical deformation or movement of
neurons. ii) Thermal Effects: Ultrasound-Induced Heating refers
to the changes or alterations that occur in a system as a result of
variations in temperature. There is a potential for localized heat-
ing to induce changes in the temperature-sensitive characteris-
tics of neurons, hence influencing their excitability. iii) Acoustic
Cavitation: The application of ultrasound waves has the ability to
initiate the creation of minuscule bubbles, known as cavitation,
within biological tissues. The aforementioned bubbles have the
ability to undergo oscillation, collapse, and thus release energy.
iv) The phenomenon of electrostriction can result in the gen-
eration of electric fields within tissues due to the fast pressure
changes caused by ultrasonic waves. The interaction between
electric fields and the electrically excitable membranes of neu-
rons has the potential to influence their activity.[?*"!

However, the spatial resolution of ultrasound stimulation in
small animals for in vivo experiments is still limited by the large
size of a bulky transducer element and the fact that only a sin-
gle element is employed.?***??!] To overcome these challenges,
novel fabrication methods have been employed to enable a more
compact design that allows the integration of the transducer el-
ements into a flexible substrate to attach to the curved surface.
Lee et al. proposed a flexible PZT based pMUT array for studying
brain stimulation by ultrasound.?'%) It was verified that the PZT
layer maintained its high piezoelectric property after the thin-
ning process, and the sound pressure generated by the overall
system (44 mW cm~2 at 80 V and 4 mm distance) is sufficient for
low-intensity ultrasound brain stimulation. In addition, the flex-
ible pMUT array has a radius of curvature less than 5 mm and
can withstand compressive and tensile stretching, demonstrat-
ing the capability of the device to wrap around a mouse skull.
As a result, this novel, flexible pMUT array shows great promise
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for applications in ultrasound brain stimulation. Furthermore,
Lee et al. developed an in vitro, although not flexible, MEMS
ultrasound neurostimulation system that performs accurate lo-
calized ultrasonic neuromodulation at the cellular level.[286¢:292]
The system integrates a PDMS-based cell culture chamber with
PZT pMUT arrays consisting of sub-mm membranes to study the
mechanisms of ultrasonic neuromodulation. It was found that
the number of responding neuronal cells is proportional to the
acoustic intensity of the applied ultrasound, and only the cells
surrounding the working transducer would respond to the ul-
trasound stimulation, demonstrating the capability of the pMUT
array to generate sufficient power for neurostimulation and per-
form localized modulation of neural circuits with high spatial res-
olution. Despite not being flexible or conformable, this system
serves as a powerful tool to investigate the effect and underly-
ing mechanisms of ultrasound stimulation on neurons and brain
circuits. Jiang et al. reported a flexible ultrasound-induced reti-
nal stimulating piezo-array that may provide a different wireless
artificial retinal prosthesis method for triggering visual percep-
tions in blind people (Figure 152a,b).1*] A flexible printed circuit
board houses a two-dimensional piezo array with 32 stimulating
electrodes for pixels. Programmable ultrasound beamlines can
be used to dynamically apply spatially reconfigurable electronic
patterns to piezo elements that can be independently and ultra-
sonically actuated.

Furthermore, ultrasonic neuromodulation is usually com-
bined with other ultrasound technologies, such as wireless power
transfer and imaging guided.??*! Piech et al. developed a wireless,
wearable ultrasound system that features an implantable sensor
mote and an external ultrasound interrogation device that sup-
ports real-time backscatter processing for neuromodulation ex-
periments in animal models.[?*! The implantable sensor module
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consists of an array of diced PZT elements on a flexible PCB sub-
strate and communicates with the external interrogator module
with a generic digital encoding scheme customarily developed
for transmitting neural information. To mimic an in vivo envi-
ronment, ultrasound coupling gel was used as a tissue phantom
because its acoustic impedance is like that of target biological
tissues. The system’s performance was then validated by mod-
ulating the backscatter sensor mote, extracting the backscatter
modulation in real-time and transmitting that data to a remote
client over Bluetooth. However, further validation involving sig-
nals more representative of neural activity and in-vivo experi-
ments with animal models are needed for further demonstra-
tion of applicability in real-time neural activity monitoring. Wang
et al. proposed a hybrid, highly effective, simply constructed, and
biocompatible ultrasonic energy harvester that can function both
as a neuroprosthetic for peripheral nerve stimulation and as a
power source for implantable bioelectronics without being con-
strained by the implant scenario (Figure 15c—e).[*!] Pashaei et al.
reported the design and validation of flexible and body-conformal
patches for closed-loop image-guided acoustic neuromodulation,
along with a comprehensive system design and machine learn-
ing algorithm.[®*¢] One flexible linear array (64 elements, 5 MHz)
was fabricated for nerve localization, and the other array (8 ele-
ments, 1.3 MHz) integrated on the wearable probe was used for
low intensity focused ultrasound neuromodulation. A sensitiv-
ity of 80 kPa V! with 3 MHz bandwidth for the modulation and
20 kPa V-! with 6 MHz bandwidth for the imaging array were ob-
tained from the flexible prototype. For future attempts, the ultra-
sound transducers for neural activity monitoring and stimulation
can follow the strategies discussed in Section 4.5. Both wearable
and implantable devices can be fabricated in a conformable con-
figuration to make these ultrasound systems more biocompatible
and reliable.

4.7. Wound Healing and Tissue Repair

Chronic non-healing wounds can result in physical pain and
inflammation, and they have emerged as one of the most sig-
nificant healthcare problems.!?*>] The majority of wound care
methods used today, such as applying bandages or gauze to
the wound sites, are passive treatments that infrequently en-
courage the growth of endogenous cells. Compared to electri-
cal stimulation (ES) treatment and vibration treatment,!?! ultra-
sound treatment is one of the wireless energy harvesting meth-
ods that delivers energy in the form of mechanical waves to the
wound bed. It involves the use of high-frequency sound waves
to stimulate tissue repair and regeneration. There are two pri-
mary types of ultrasound therapy used for wound healing: low-
intensity pulsed ultrasound (LIPUS) and high-intensity focused
ultrasound (HIFU). LIU has been shown to stimulate various cel-
lular processes involved in wound healing. It may enhance the
production of growth factors, increase collagen deposition, and
improve angiogenesis (the formation of new blood vessels), all
of which are crucial for wound repair.®” HIFU generates heat
when focused on a specific area. This localized heating gener-
ated by the ultrasound power can stimulate tissue repair and
regeneration by increasing blood flow, promoting tissue relax-
ation, and accelerating various biochemical reactions that aid in
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wound healing.[?%] As a result, ultrasound therapy has enormous
promise for wound healing. Furthermore, because recent reports
indicate that the electrical output of a transducer can be well pro-
grammed with adjustable pulse characteristics, the in situ piezo-
electric stimulation generated by ultrasound irradiation can be
accomplished in a more controllable manner.[*12%]

Recently, most studies on the ultrasound treatment have
mainly focused on the implantation part (receivers), includ-
ing nanowires/nanofibers, thin films,?*! fluorinated ethy-
lene propylene,*!! P(VDF-TrFE) based composites,?® 3D
scaffolds.?%!l and TENG.*® A biodegradable high-performance
3D piezoelectric scaffold with US-driven wireless ES capability,
and demonstrated its successful application for the repair of
spinal cord injuries in a rat model (Figure 16a—d). Meng et al. re-
ported that a bioadhesive triboelectric nanogenerator (BA-TENG)
is a first-aid solution for rapid and robust wound closure and
ultrasound-driven accelerated wound healing (Figure 16e~g).®]
This biocompatible BA-TENG has a flexible TENG top layer and
a bioadhesive bottom layer, providing excellent electricity supply
and robust sutureless sealing on wet tissues. The BA-TENG
generated 1.50 V and 24.20 pA using ultrasound underwater
and closed flaws quickly (5 s) with high interfacial toughness
(150 J/m™) in the ex vivo porcine colon organ models and
hemostasis in the rat bleeding liver incision model, lowering
blood loss by 82%. The BA-TENG seals skin injuries instan-
taneously and generates a strong electric field (E-field) of 0.86
kV-m~! stimulated by ultrasound to speed skin wound healing
in rats. E-field-accelerated cell migration and proliferation ex-
plain these effects in vitro. TENG adhesives can also be used
for wound treatment, nerve stimulation and regeneration, and
implanted device battery charging.

However, most of the previous work still used conventional
ultrasound transducers as the power source. Due to restrictions
in use and unpredictable treatment outcomes caused by conven-
tional ultrasonic probes’ inability to adhere to the wound surface,
they are not frequently employed. There is limited research on
creating a flexible ultrasonic patch for efficiently healing chronic
wounds. Very recently, Feng’s group proposed a patch that was
made of discretized, linearly ordered pieces of piezoelectric ce-
ramic in a flexible circuit substrate (Figure 16h-k).*] In order to
prevent wound infection and ensure that ultrasound may pene-
trate, a thin hydrogel patch is employed as both an encapsulat-
ing and coupling layer. The ultrasonic patch can perfectly fit the
treatment region because it is gentle and lightweight. The tar-
get treatment area is controlled when the patch is bent because
the sound beams are concentrated in the center of the bending
circle. Some type II diabetic rats are used in ultrasound therapy
research. According to immunohistochemical (IHC) findings, ul-
trasonics promote Racl activation in both the dermal and epider-
mal layers, which speeds up wound healing. According to treat-
ment outcomes, ultrasound-treated wounds heal more quickly
than non-treated wounds. There is a 40% reduction in the healing
time.

4.8. Transdermal Drug Delivery
Ultrasound is a novel and interesting theranostic modality that

may be employed with great spatial precision to detect drug
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Figure 16. cUSE for Wound management and tissue repair. Ultrasound-powered wireless ES based on a biodegradable high-performance 3D piezoelectric
scaffold promotes neural regeneration in spinal cord injuries: a) LFB staining of myelin sheaths on the longitudinal sections of the spinal cords collected
at week 8. b) The lesion site area, and the cavity area were quantified according to the HE staining. c-d) Quantitative analysis of the LFB staining with
data normalized against the SCI control group. Reproduced with permission.[30"l Copyright 2022, American Chemical Society. An ultrasound-driven
bioadhesive triboelectric nanogenerator for instant wound sealing and electrically accelerated healing in emergencies: e) Schematic of the BA-TENG in
sealing and ultrasound-driven electrically healing rat skin injuries. f) 1) The BA-TENG can adhere to rat skin injury tightly for immediate wound sealing.
Scale bar (1 c¢m). 1) Ultrasound to generate the BA-TENG to produce electricity for wound healing. g) Comparison of 3-day wound healing images
in the untreated (control), suture, bioadhesive PAV only, and BA-TENG treated groups. Reproduced with permission.38] Copyright 2021, Wiley-VCH.
Flexible ultrasonic patch for accelerating chronic wound healing: h) Schematic of ultrasound accelerates wound healing by activating Rac1. i) The flexible
ultrasonic patch can completely conform to the skin. j) Schematic diagram of wound treatment with the flexible ultrasonic patch. k) The photographs
of the healing state, displaying the wounded surfaces for the four experimental groups treated with a functional ultrasonic patch for 6 days. Reproduced
with permission.[3*] Copyright 2021, Wiley-VCH.

Conformal to skin_

P

carriers, trigger drug release, and increase drug deposition.??]  achieve low bending stiffness and high bendability to conform to
Sonophoresis involves low-frequency sonophoresis (LFS)  the human face, and organic—inorganic composite structure to
(20-100 kHz), intermediate frequency sonophoresis (IFS)  enhance the ductility and robustness of the bridge interconnec-
(100 kHz to 1 MHz), or high-frequency sonophoresis (HFS) tions. This study shows that the SEFM has great facial health-
(over 1 MHz).3%] Based on sonophoresis, an idea for a wearable  care potential. The SEFM can increase skin moisture content
electronic patch for transdermal drug delivery must overcome  on human faces by 20%, which indirectly validates the effect of
a number of challenges: i) seamless conformal adhesion is  accelerating the transport of HA once more. The thorough re-
essential because the propagation effectiveness is significantly  sults of this investigation demonstrate the enormous potential
decreased by the air between the ultrasonic emission probe and  for use of the developed SEFM in facial healthcare applications.
the skin, ii) it is critical to cover a large skin area and still have suf- ~ Very recently, our group first demonstrated a conformable ul-
ficient power or intensity for drug delivery, iii) independent op-  trasound patch (cUSP) using intermediate-frequency sonophore-
eration can guarantee long-term use because the process of drug  sis (IFS) for effective and operator-independent transdermal de-
delivery usually takes tens of minutes.’*] As we discussed in  livery of cosmeceuticals outside of a clinical setting.[**] The de-
Section 3, it is very difficult for the handheld probe to meet these  vice is made up of a 2 X 2 array of piezoceramic (PZT-5H)
requirements. To solve this issue, some groups tried their bestto  disc transducers placed in a soft elastomer (PDMS) (Figure 17e),
overcome the technical challenges of the function of sonophore-  which can create 1 mm-deep and 0.8 cm?-area cavitation pock-
sis on large-area and complex surfaces of human faces. ets and can serve as a drug reservoir for prolonged cavita-

Li et al. proposed a stretchable electronic facial mask (SEFM)  tion (Figure 17f). With a 10-minute ultrasound application,
for sonophoresis, enabling the promotion of the delivery effect  the cUSP exhibited a 26.2-fold enhancement in niacinamide
of a drug mask (Figure 17a—d).[¥] This work invented the de-  transport in a porcine model in vitro (Figure 17g), demon-
sign of a single-side structure for piezoelectric components to  strating the device’s suitability for short-exposure, targeted
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Figure 17. cUSE for drug delivery. Stretchable electronic facial masks for sonophoresis. a) A stretchable electronic facial mask for sonophoresis and
island-bride mesh circuit for the facial mask. b) A user wearing the mask on top of a drug mask for transdermal drug delivery. c) A statistical comparison
between control and the ultrasonic group for time-dependent skin moisture content (SMC). d) Relative increment of the mean value of the skin moisture
content between the ultrasonic group and the control group. Reproduced with permission.[*}] Copyright 2022, American Chemical Society. A conformable
ultrasound patch (cUSP) for cavitation-enhanced transdermal cosmeceutical delivery. ) Exploded view of the 2D-array of cUSP. f) Schematic illustration
of the cUSP on skin. g) Amount of NIA permeated with application of ultrasound versus control for the cUSP array, h) Multiphoton confocal microscopy
images showing RhB penetration into a vertical section of a porcine skin sample for 10 min ultrasound treatment. Reproduced with permission.[44]
Copyright 2023, Wiley-VCH. 3D Printing and processing of miniaturized transducers for localized cavitation: i) Schematic of the experiment on capturing
the cavitation signal in a microbubble suspension. j) Zoom-in view of microbubble fragmentation. k,I) Ultrasound-induced microbubble fragmentation
via our 3D printed miniaturized ultrasound transducer in a 3D printed blood vessel phantom. Reproduced under the terms of the Creative Commons

License.[32] Copyright 2023, The Authors. published by Springer Nature Limited.

sonophoresis for patients and consumers suffering from skin
conditions and premature skin aging. In addition, this work
exhibited the full range of modeling and experiment-based bi-
modal characterization approaches, fabrication processes, and in
vitro testing results of a ground-breaking prototype of a wearable
IFS patch.

In addition to the stretchable ultrasonic patch, numerous
novel types of transducers have also been proposed very re-
cently, such as fiber based transducer,3®! electret,3%! and
3D printed transducer.[">?] Miniaturized ultrasound transducers
with microscale focusing features have been printed by Zheng’s
group.['2 These transducers are capable of generating high and
localized acoustic pressure in blood vessels with diameters as
small as 2.5 mm. This makes it possible to trigger localized cavi-
tation, improve drug delivery, and ultrasonically modulate cellu-
lar activity (Figure 17j-1). The blood vessel phantom received a
5 mg/ml microbubble suspension. The transducer was pulsed
to generate acoustic pressure. Microbubble fragmentation and
acoustic radiation generated a translucent patch in the focal
area.
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4.9. Ultrasound Therapy

Ultrasound has advanced not just as a diagnostic imaging tech-
nique but also as a therapeutic technique that deposits energy in
tissue to produce a variety of biological effects.’””] Ultrasound
technology has been extensively applied in the medical field as
a therapeutic tool for applications such as biomodulation, ortho-
pedics, treatment of muscle spasms and joint contractures, and
acceleration of rehabilitation after bone injury.*®! The acoustic
energy is delivered locally to enhance cellular metabolism, modu-
late tissue properties, or apply mechanical stimulus.[39723%2] The
ultrasound wave has a longer wavelength and attenuates to a
lesser degree compared to similar therapies that use electromag-
netic waves, such as light therapy, which allows it to penetrate
deeper into the body for more effective treatment.[39723%9] Ultra-
sound devices used for therapeutic purposes are classified into
two categories: high-intensity focused ultrasound (HIFU) and
low-intensity pulsed ultrasound (LIPU).32l HIFU has been used
for kidney stone lithotripsy with ultrasonic diagnostic technol-
ogy and noninvasive tumor therapy, while LIPU has been used
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for stimulating chondrocyte proliferation and healing of bone in-
juries and soft tissue. However, both HIFU and LIPU systems
available commercially still suffer from a lack of flexibility and
portability, making them unsuitable and inconvenient for long-
term treatment and daily usage. It is highly desirable to design
and implement low-power, small-size, and completely wearable
systems.

To solve these problems, the recently developed therapeutic
ultrasound devices are portable and wearable, but not comfort-
able. The sustained acoustic medicine (SAM) devices can be self-
administered and feature ultrasonic patches applied directly over
and proximal to the soft tissue injury location. They have been
used to treat conditions such as trapezius muscle spasm, shoul-
der pain from rotator cuff tendinopathy, knee osteoarthritis, and
tendon pain in the elbow, knee, or ankle with great success.3%!
The design and validation of a unique wearable conformal ultra-
sonic array with built-in imaging and modulation capabilities are
innovated.!'”] For imaging, a unique 64-element linear PZT ar-
ray with a 5 MHz resonance frequency was employed. The wear-
able probe also features an eight-element linear array with bigger
PZT elements for effective power transfer, allowing for image-
guided brain modulation. The resulting pressure field was es-
timated at various depths using full-wave models. This study’s
focus is on vagus nerve modulation utilizing low-intensity fo-
cused ultrasound, hence, the appropriate focal depth (10-20 mm)
was taken into account for both imaging and modulation array
designs. Liu et al. reported a flexible pMUT array with a sand-
wich structure that exhibits excellent flexibility (maximum ten-
sile stretch of 25%) and acoustic performance for potential adju-
vant treatment of bone injury.?'!] The sound pressure level de-
creased less than 2% when a fatty pork tissue of 3 cm thickness
was placed in between the flexible pMUT and hydrophone, in-
dicating good ultrasound penetration that ensures energy trans-
mission to the skeletal tissue. Thus, with its excellent flexibil-
ity and acoustic performance through tissue, the flexible pMUT
holds great potential for applications in the adjuvant treatment
of bone injuries. Very recently, Tian et al. proposed a two-step
flexible ultrasound strategy to enhance tumor radiotherapy us-
ing a metal-phenolic network nanoplatform and stimulation by
the LIPU.B12I The results indicate that LIPU is a safe approach
for successfully modulating hypoxia levels. The two-step method
based on PP18-Pt NPs can successfully limit breast cancer tu-
mor development while also activating the body’s antitumor im-
mune response. Future advancements in downsizing and fab-
rication techniques might make it possible for components to
be integrated into a single package and fit better to the skin’s
surface. Incorporating personalized therapy profiles with various
frequencies and intensities depending on individual treatment
responses might also enhance the system and hasten healing and
recovery.

4.10. Hybrid Electronics for Multiple Signals Decoding

Ultrasound technology has been integrated with flexible electron-
ics and other advanced technologies to create innovative medi-
cal devices and applications.!?*] With the development of cUSE,
many hybrid options, coupled with other skin-compliant and flex-
ible electronics, have been proposed.
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cUSE with Triboelectric Nanogenerators: Recently, it was shown
that transcutaneously implanted triboelectric nanogenerators
(TENG) could efficiently harvest energy from the ultrasonic
transducers placed on the skin (Figure 13), from stimulation to
therapy.>!3] Triboelectric generators can generate electrical volt-
age and current by charge transfer at the interface of different
materials.}'*] We could harvest electrical energies from various
mechanical movements such as vibration, sliding, and friction.
Hinchet et al. used a thin membrane of perfluoroalkoxy, as shown
in Figure 18a,b, which vibrates under the acoustic pressure gen-
erated from ultrasonic transducers.>'] The researchers showed
a triboelectric generator could generate electrical voltage and cur-
rent even when implanted under the porcine skin (Figure 18c,d).
Such results opened up the possibility of wireless power transfer
using ultrasonic transducers and triboelectric nanogenerators.
Furthermore, Chen et al. reported micromachined triboelectric
nanogenerators that could wirelessly receive energy from an ul-
trasonic transducer 30 mm away from the triboelectric nanogen-
erator (Figure 18e—g).[28"1 Additionally, they showed the potential
application of this technology in signal communication. The elec-
trical signal generation period from the triboelectric nanogener-
ator is proportional to the operation time of the ultrasonic trans-
ducer. These results strongly indicate that ultrasonic transducers
can also be applied to wireless energy and signal transmission
for implantable devices.

cUSE with Photoacoustic Imaging: The combination of ultra-
sound and photoacoustic imaging has led to a powerful hybrid
imaging technique that strengthens imaging and provides de-
tailed structural and functional information about tissues and
organs.31®] The hybrid device allows for a more comprehen-
sive view of tissue properties and offers enhanced contrast
for certain features. This enables multimodal imaging, which
can help clinicians make more accurate diagnoses and guide
interventions.3!”] Recently, several flexible arrays with photoa-
coustic functions were proposed, including an A-line photoa-
coustic signal from the flexible transducer array,*'®! a flexi-
ble array transducer for photoacoustic-guided interventions,3!!
a PVDF-based transparent flexible transducer for a photoa-
coustic imaging system,3%] and a flexible array transducer for
photoacoustic-guided surgery.3?!! For example, Jiang et al. pro-
posed a hybrid-induced energy transfer strategy using photoa-
coustic and piezo-ultrasound technology in a 3D twining wire-
less implant for stable powering and high-resolution signal
communication.?!%? The research by Sheng’s group demon-
strated the use of a photoacoustic patch to perform 3D mapping
of hemoglobin within tissues located at significant depths, in con-
trast to this implantable one. The photoacoustic patch presented
in this study incorporates an assemblage of ultrasonic transduc-
ers and vertical-cavity surface-emitting laser (VCSEL) diodes on
a flexible substrate that conforms to the skin. The device has the
capability to acquire 3D images of hemoglobin with a notable spa-
tial resolution. Additionally, it enables the precise and prompt
mapping of core temperatures in three dimensions, exhibiting
excellent accuracy.!>¥] In brief, the integration of ultrasound and
photoacoustic imaging has significantly broadened the scope of
medical imaging techniques. This technology provides a versa-
tile instrument that may be utilized in both clinical and scientific
settings, offering vital insights into the structure and function of
many tissues and organs.
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Figure 18. Wireless power and signals transmission using ultrasound transducer and triboelectric nanogenerator. a) Schematic description of wireless
power transmission from ultrasound transducer on the skin to implanted triboelectric nanogenerator. b) Schematic shows the location of the implanted
VI-TEG. c) Experimental setup of wireless power transfer through porcine skin. d) Electrical voltage (left panel) and current (right panel) output from
triboelectric nanogenerator under the ultrasonic wave. Reproduced under the terms of the Creative Commons License.[>>] Copyright 2019, The Authors,
Published by the American Association for the Advancement of Science. Micro triboelectric ultrasonic device for acoustic energy transfer and signal
communication. e) Representative diagram of the micro triboelectric ultrasonic device (uTUD). f) Optical microscopy (top) and scanning electron
microscopy (bottom) image of micromachined triboelectric nanogenerator. g) Experimental results of wireless signal transmission from ultrasonic
transducer (top panel) to triboelectric nanogenerator (bottom panel). Reproduced under the terms of the Creative Commons License.[280] Copyright

2020, The Authors, Published by Springer Nature.

All-in-One cUSE: There has been an increased focus on all-in-
one devices or multiplexed sensor systems. These systems en-
compass a combination of physical sensors, physical-chemical
sensors, and chemical sensors. Their purpose is to assess a wide
range of signals and several biomarkers simultaneously.*??] Re-
cently, ultrasound technology has been involved in these multi-
plexed sensor systems due to its unique functionality.*?}] Wang’s
research team developed a novel skin-worn device that enables
the simultaneous monitoring of blood pressure and heart rate us-
ing ultrasonic transducers, as well as the measurement of numer-
ous biomarkers through the use of electrochemical sensors.[>*]
The device recorded physiological responses related to food con-
sumption and physical activity, specifically focusing on the for-
mation of glucose following digestion, the utilization of glu-
cose through glycolysis, and the compensatory increases in blood
pressure and heart rate to counteract oxygen deprivation and lac-
tate production.?®! In addition, a soft robotic perception system
with remote object positioning and multimodal cognition capa-
bility is developed by integrating an ultrasonic sensor with flex-
ible triboelectric sensors,32° and a flexible optoacoustic blood
‘stethoscope’ for noninvasive, multiparametric, and continuous
cardiovascular monitoring.[28] In conclusion, the utilization of
an ultrasound all-in-one patch represents a novel avenue of re-
search. The incorporation of several sensors for the purpose of
decoding biosignals would greatly enhance its applicability in var-
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ious domains, such as monitoring the health of pregnant women
and their fetuses, monitoring the health and wellness of elderly
individuals, and facilitating digital monitoring of the entire body
in challenging environments.

5. Concluding Remarks and Future Perspectives

In the past six years, cUSE has been intensively studied and has
become a popular research topic, ushering in a period of pros-
perity for the ultrasound research field and opening a new door
for conformable electronics. In this review, we presented a com-
prehensive understanding of piezoelectrics, critical parameters
of ultrasound transducers, distinct types of cUSE, advanced tech-
nologies towards cUSE, and various applications in healthcare.
First, we evaluated the various piezoelectric materials for ultra-
sound transducers, emphasized the essential parameters for se-
lecting piezoelectrics, and introduced novel materials. Second,
we illustrated five distinct categories of cUSE and discussed ad-
vanced design and technologies for cUSE, such as soft substrates,
stretchable electrodes, device-skin interfaces, and integrated sys-
tems. In addition, we reviewed the recent advancements in the
development of cUSE and the representative research conducted
on the various applications, including soft tissue imaging, long-
term monitoring, bio-signal decoding, energy harvesting, power
transferring, drug delivery, wound healing, and therapy.
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Figure 19. The research flow of the investigation on cUSE.

5.1. Summary and Research Flow

In this section, we would like to first give a summary and recom-
mendation for the investigation into cUSE, particularly for the
researchers who are just beginning to focus on this field. The
inherent complexity and diversity of ubiquitous ultrasound bio-
electronics stem from their interdisciplinary nature. The develop-
ment of such devices requires intensive and in-depth collabora-
tion among researchers and practitioners from all relevant fields,
including materials, chemistry, physics, mechanics, algorithms,
software, electrical engineering, signal processing, and clinical
medicine, among others.

A comprehensive cUSE is expected to meet four criteria, which
can be summed up in a single sentence: i) conformable elec-
tronics with ii) an integrated data acquisition system, exhibiting
iii) superior ultrasound performance for iv) personalized health-
care. The general research flow is illustrated in Figure 19, which
is also implemented for other piezoelectric electronics or con-
formable electronics. The application determines the entire re-
search endeavor, including the choice of materials and the cre-
ation of the devices. High-resolution imaging applications, power
transmission applications, stimulation applications, and therapy
applications all have unique requirements for device dimensions,
form factors, and acoustic performance (such as depth, band-
width, acoustic pressure, quality factor, etc.). The device design
also needs to be aware of mechanical, biotechnical, and biomedi-
cal details of the target tissue or organs (Figure 20), ranging from
deep organs (such as the bladder and heart) to shallow epider-
mal (such as the skin, fingerprint, and eye), from large surfaces
(such as the breast and knee) to tiny regions (such as the eye,
blood vessel, and neuro). The correct components can be chosen
with ease if researchers have a thorough understanding of the
piezoelectrics’ features and characteristics. Bulky crystals and ce-
ramics perform better for applications requiring high power or
low frequency than composites and polymers. Composites typ-
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ically exhibit better k, and low Z for high-resolution imaging in
order to improve acoustic matching and increase bandwidth. The
configuration of the device can select from the five types of cUSE
discussed in Section 3.2 and make modifications in accordance
with their own needs. The various simulation techniques can be a
powerful aid in predicting outcomes and designing devices. Sta-
bility, consistency, and acoustic performance are all influenced
by the fabrication processes. During the back-and-forth phase of
fabrication-characterization, researchers might be having trouble
fine-tuning the design parameters and fabrication methods. The
efficiency during the fabrication-characterization phase will be
improved by the performance evaluation of in vitro phantoms.
For animal studies and human clinical studies, besides the per-
formance of the cUSE, researchers also need to have an in-depth
understanding and a detailed study plan on the following aspects,
such as safety issues, cross-validation, long-term stability, evalu-
ations, and so on.

5.2. Challenges

For the future research suggestion, as depicted in Figure 19, the
aim is to propose novel mechanically conformable electronics
with fully integrated systems to exhibit superior ultrasound per-
formance for precise diagnosis and therapy in healthcare. Several
challenges need to be addressed to propose the next generation
of cUSE.

The Best Piezoelectrics vs The Suitable Ones: The choice of piezo-
electric material plays a vital role in the performance of ultra-
sound transducers.!?**) Most conformable ultrasound devices use
commercial lead zirconate titanate (PZT).[2733-3>63] The tradi-
tional PZT ceramic usually shows low piezoelectric properties,
especially k, (<0.55), and d,; (<600), which have strong influ-
ence on the acoustic performance of the transducer, including
bandwidth, insert loss, sensitivity, etc. Piezoelectric polymers
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Figure 20. Wearable and implantable cUSE for various applications on different tissue/organs. Some images of organs were designed by Freepik.com.

often have low acoustic impedance and great inherent flexibility,
making them ideal for constructing wide bandwidth cUSE with-
out the use of additional matching layers. Their low electrome-
chanical coupling coefficient and relative dielectric permittivity,
on the other hand, would limit their use in flexible array ultra-
sound transducers. Due to their ease of production, rigid piezo-
electric films such as PZT and ZnO films are frequently placed
on flexible substrates to serve as active materials for single cUSE.
Nonetheless, the rigid piezoelectric films’ electromechanical cou-
pling and piezoelectric characteristics are lower than those of
bulk rigid piezoelectric materials, limiting the sensitivity of the
cUSE. However, to avoid losing flexibility and increasing process
complexity, cUSE based on stiff piezoelectric films has been de-
signed without backing layers and matching layers, which may
narrow the bandwidth and decrease the transducers’ quality fac-
tor. Furthermore, some piezoelectric crystals exhibit ultrahigh
piezoelectric performance, but they still have some limitations,
such as being very brittle, having a high acoustic impedance, and
having thermal instability. Piezocomposites can modify the prop-
erties of rigid piezoelectric materials and piezoelectric polymers
that can be employed as active materials in cUSE. However, there
are issues with piezocomposites, such as restricted flexibility,
insufficient polarization, and expensive production procedures.
Therefore, the selection of piezoelectrics is to choose the suitable
one, not the best one, according to the device design and appli-
cation requirements. In recent years, some novel piezoelectrics
have been synthesized and produced owing to novel prepara-
tion technologies and amazing methods. These piezoelectrics
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not only have exceptional piezoelectric capabilities, but also show
promise as candidates for ultrasound transducers; some of these
have been fabricated for the cUSE. The hot research covers four
main directions based on varied manufacturing and design pur-
poses: transparent crystals, flexible composites,!'2$>133] Additive
manufacturing for unique 3D structures,!!*152153] biodegrad-
able polymers,[1373%] and some predicted materials.3’] The new
generation of lead-free, high-performance piezoelectrics that also
meet flexibility, lightweight, and environmental criteria is highly
desirable.

Dynamic Conformability vs Precise Localization: Examples of
soft ultrasonic devices that have already been studied in the liter-
ature frequently use targets with predetermined forms and cur-
vatures, which make it possible to correctly calculate the relative
placement of each piece on the surface. This enables accurate
beamforming and makes it possible to readily determine the di-
rection of the ultrasonic pulse.l””] However, these artificially con-
trolled conditions are insufficient models for applications on the
human skin. The human skin surface is dynamic, which causes
the skin curvature to undergo continuous and unpredictable
changes, making accurate determination of each element’s loca-
tion on the skin difficult relying solely on existing methods.3?#!
The capacity to conduct independent imaging without the need
for manual scanning or turning the imaging equipment across
different angles is one of the most important goals of proposing
wearable and conformable ultrasound technologies. On the other
hand, most previous systems captured a relatively small sensing
area, imaging only the region directly beneath the instrument, re-
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stricting application because large sections of soft tissues and or-
gans could not be studied in full. Although a stretchable phased
array is offered in one example to electronically regulate beam
focusing and steering, preserving stretchability comes at the cost
of alarge pitch (greater than half wavelength), thereby restricting
imaging to low frequencies (typ. < 2 MHz), poor spatial resolu-
tions due to both low frequencies and low numbers of elements,
and the narrow imaging angles characteristic to linear arrays. The
narrow imaging angle is especially exacerbated for stretchable ar-
rays that attempt to operate at higher frequencies. In future work,
researchers should balance stretchability and exact localization,
as both are crucial to imaging quality and precise diagnosis and
therapy.

Simplify the Fabrication Processes vs Scalable Manufacturing:
cUSE are primarily based on traditional ultrasound transducer
manufacturing and combined with other novel technologies, in-
cluding micromachining manufacturing, additive manufactur-
ing, all of which require complicated fabrication processes for the
piezoelectric active layer, electrode connections, soft substrates,
and circuit integration.!?*d) With more fabrication technologies
involved, there is a higher risk of instability in mechanical robust-
ness and performance reliability after long periods of deforma-
tion. In addition, In future work, fabrication procedures should
be simplified in order to improve the stability and repeatability of
flexible ultrasound transducers during real time processing.

5.3. Outlook

Standard Evaluation: Although there have been hundreds of
relevant studies on cUSE, it is still not easy to compare differ-
ent reported works (i.e., resolution using different element num-
bers and working frequencies, power transfer capability, or imag-
ing resolution by various algorithms) due to various working
mechanisms, design methods, testing conditions, and applica-
tion scenarios. Sometimes commercial probes can be used for
cross-validation, but it is still unfair to compare the performance
of cSUE with a well-established system with no identical device
structure. Therefore, assessing the potential commercialization
of cUSE technologies is an urgent priority for both consumers
and companies.

System-Level Miniaturization and Integration: The majority of
cUSE is still in the proof-of-concept phase and is coupled to com-
plex supporting components. Designing a wearable ultrasound
patch involves integrating complex ultrasound components into
a compact and lightweight form factor. Ensuring that all neces-
sary components, such as transducers and electronics, fit into a
small, conformable patch without compromising image quality
can be a challenge. In addition, the integrated system should not
restrict human activity, so the device should be small enough to
impart only a minimal mechanical load to the skin, or it should
be soft enough to conform to the skin surface. Creating a user-
friendly interface that allows medical professionals to control and
interpret the device’s output is important. The patch should be
designed with ease of use in mind to facilitate its integration into
medical workflows.

Cloud Computing and Big Data: Recently, machine learning
has led to revolutionary breakthroughs in various image process-
ing tasks and big data analysis for flexible electronics!*?°! and
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cUSE.[#:247:330] Because cUSE can gather tons of ultrasound im-
ages and data when combined with machine learning and other
algorithms in a very short time, cloud computing and big data is
highly desirable. Based on this, enormous amounts of data would
be analyzed and computed on cloud platforms, which might yield
more precise information. Furthermore, smooth communica-
tion, precise analysis, and fast feedback are critical for remote
smart medical care that would be greatly assisted in the future
with high-efficient data analysis in the cloud. This is profoundly
important for enhancing the convenience and quality of our daily
lives.

Finally, we hope that this review will act as an overview of re-
cent advancements in conformable ultrasound electronics and a
guide for many fields to better design piezoelectrics and trans-
ducers for novel biomedical engineering applications. We be-
lieve this comprehensive review will inspire individuals to dedi-
cate themselves to this field, propose novel conformable devices,
enrich the toolbox for clinical researchers, and achieve the ulti-
mate goal of noninvasive, continuous, wireless, precise, reliable,
personalized, target-specific, and predictive monitoring of phys-
iological signals and deep tissues for advanced and intelligent
healthcare.
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