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Abstract

Sections

Wearable ultrasound technology refers to ultrasound devices designed
with compact form factors that do not restrict the mobility or routine
functions of the wearer. These devices are intended to provide
continuous monitoring of internal tissue structures and offer therapeutic
intervention without manual operation. Wearable ultrasound
technology has potential applications in the management of chronic
diseases, acute conditions during surgeries and emergencies, and
post-operative care. This technology can provide clinicians and patients
with dataandinsights, such as patterns of physiological variations
over time and critical periods of disease progression, that are hardly
attainable using conventional handheld ultrasound devices. In this
Review, we discuss recent advances in wearable ultrasound technology,
focusing on material selection, mechanical design, the integration of
wearable systems, and exemplary medical applications. Additionally, we
provide aframework for expanding the adoption of wearable ultrasound
technology, particularly in low-resource settings, by exploring barriers
in technology transfer. Finally, we identify critical challenges from
scientific, engineering and clinical perspectives to advance wearable
ultrasound technology to the next stages of development.
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Key points

o Wearable ultrasound technology enables hands-free,
operator-independent and continuous operation.

e The integration of miniaturized back-end circuits, autonomous
signal processing algorithms and multimodal sensing systems is
intended to enhance diagnosis accuracy, user experience and patient
outcomes.

e Wearable ultrasound technology has shown potential in a wide
range of use cases, although most of the results are yet to be validated
against gold standards in well-controlled clinical studies.

o To enable clinical translation, it is necessary to carry out controlled
clinical studies, establish safety protocols for therapeutic intervention,
and integrate wearable data with electronic health records.

o Future advancements should focus on improving imaging resolution,
realizing efficient 3D imaging, integrating control electronics with

low size, weight and power consumption, creating breathable device
packaging.

Introduction

Ultrasound is a versatile healthcare tool used for both diagnostic
and therapeutic purposes. Diagnostic ultrasound sends sound waves
into the body, which interact with tissues to produce echoes. These
echoes canbe captured and processed for anatomicalimaging (such as
A-mode, B-mode and M-mode) to visualize internal structures, or func-
tional imaging (such as Doppler and elastography) to quantify tissue
behaviour and properties. Therapeutic ultrasound uses the bioeffects
of transmitted ultrasound waves to treat diseases and conditions'. For
example, surgical interventions, drug-related treatments and neuro-
modulation can be performed using the mechanical and thermal effects
of ultrasound waves.

Ultrasound can provide real-time feedback and is generally lower
incostthan other medicalimaging techniques, making it anindispen-
sabletoolinhealthcare. Although conventional diagnostic ultrasound
devices, such as cart-based ultrasound machines, are adequate and
effective for many purposes (such as vascular ultrasound for detect-
ing deep vein thrombosis, thyroid ultrasound for evaluating nodules
and ocular ultrasound for diagnosing retinal detachment), they fail
to capture comprehensive longitudinal views and critical transient
moments of dynamicsinthebody. Similarly, conventional therapeutic
ultrasound is effective for many use cases (such as ultrasonic litho-
tripsy, tumour ablation and cataract removal) but often fails to provide
continuous or prolonged targeted interventions.

Advancements in the integrated circuits have resulted in palm-
sized ultrasound probes. These probes enable protable and remote
physician-guided operation based on robotics or mobile phones and
canpotentially alleviate the burden of centralized facilities’. However,
the cost of robotics can be prohibitively high, making them inacces-
siblein many settings. Additionally, mobile phoneintegrated probes
still require an experienced sonographer to supervise untrained users.
Furthermore, because these probesstill need to be fixed to a specific
body area by robotics or by hand, patient mobility is limited, and they
are unsuitable for continuous assessment or treatment.

Wearable devices provide continuous tracking and regulation
of physiological signals, enabling early detection of anomalies and
timely interventions® . These devices typically comprise miniaturized
sensors or actuators that canbe wornon the body without restricting
user mobility. The sensors capture physiological signalsin real time to
provide a comprehensive assessment of the user’s health status. The
actuators caninteract with bodily functions — for example, regulating
neurological behaviours® ’, administering medications'®", accelerat-
ing tissue regeneration after injury” and managing pain perception®.
The low form factor offers patient mobility, efficiency and usability,
and enhances patient compliance and outcomes™.

Signals frominner organs can often provide amore systemic per-
spective onthe humanbody than those from the skin surface or shallow
tissues. Probing signals from deep tissue is a broad trend across mul-
tiple modalities”™. For example, wearable microneedle-based glucose
sensors, which access interstitial fluid in the dermis by penetrating
~500 pm into the skin, provide more accurate measurements than
sweat-based glucose sensors'®. Wearable microneedle-based electro-
myography outperforms surface electromyographyincapturingsubtle
muscular contractions involved in fine motor tasks". Deeper wear-
able optical biopsy can also be achieved by replacing light-emitting
diodes with laser-based equipment to detect more pathologies beneath
the epidermis, such as diabetic microangiopathy and subcutaneous
inflammation’®.

Wearable ultrasound technology integrates the deep penetra-
tion depth of ultrasound with the continuous operation of wearable
devices' 2. Specifically, wearable ultrasound devices can adhere to the
skin without manual holding, electronic scanning by phased array tech-
nique allows active searching of the target, and artificial-intelligence-
based data processing enables automatic datainterpretation without
theinvolvement of sonographers (Box 1). Wearable ultrasound techno-
logy empowers patients to capture continuous data streams and
provide prolonged intervention if needed. Furthermore, healthcare
providers canaccess the dataremotely at any time without disrupting
the patients’ daily lives. Together, wearable ultrasound technology
has the potential to simplify ultrasound applications by requiring
minimal training to perform diagnostic assessments and/or treat-
ments independently”, which holds potential for applications rang-
ing from managing chronic diseases to responding to acute medical
emergencies and providing post-operative care. In this Review, we
discussthe design, fabrication, integration, and applications of wear-
ableultrasound devices with a particular emphasis on the technology
translation. Additionally, we identify specific challenges and explore
approaches for future advancements of this technology.

Device design
Material design of transducers
Transducers are core components of ultrasound devices (Fig.1a). They
convertelectrical energy intoultrasound waves and vice versa. They can
be made of bulk materials, including piezoelectric crystals®, ceramics*
and polymers® %, or can incorporate micromachined membranes
and cavities® (Table 1). Their functionality can be evaluated by the
piezoelectric coefficient, electromechanical coupling coefficient and
acousticimpedance.

The piezoelectric coefficient (d5;, usually ranging from 20 to 1,550
pC N7 quantifies conversion between electric field and mechanical
strain® and is defined by:

d33=S;/E
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where S, is the strain produced and £; is electric field applied along
the transducer thickness direction. Higher piezoelectric coefficients
correlate with better transducer sensitivity.

The electromechanical coupling coefficient (k, typically ranging
from 0.15 to 0.95) describes the conversion between electrical and
mechanical energy’® and is defined by:

k= (UME/UE)O'S

where Uy is the stored mechanical energy and U is theinputelectrical
energy. For anideal transducer, it approaches unity.

Theacousticimpedance (Z, usually ranging from 3.7 to 34 MRayl)
isdefined by:

Z=pv

where pand vare material density and the sound velocity in the material,
respectively. Itindicates theresistance to ultrasound wave propagation
through different tissues. The mismatch of acousticimpedances in dif-
ferenttissuesserves as the fundamental contrast mechanism for ultra-
soundimaging. However, it also causes energy loss at media interfaces®.
Anideal transducer for biomedical applications would have a similar
acoustic impedance to that of soft tissue (-1.6 MRayl)*?, enabling low
energy loss in acoustic transmission and good signal quality®.

Piezoelectric ceramics, such as polycrystalline lead zirconate
titanate Pb(Zr,, Ti,)O; (known as PZT), have high cost-efficiency, large
piezoelectric coefficient (374-650 pC N7), strong electromechani-
cal coupling coefficient (0.17-0.58) and high acoustic impedance
(-30 MRayl)** ¢, The material can be fabricated into pillars and embed-
dedinapolymermatrix such asepoxy, toformal-3 composite (Fig. 1b)
withareduced acousticimpedance (9-17 MRayl), closer to that of soft
tissue. With theideal aspectratio, the transverse and longitudinal vibra-
tionfrequencies of the pillars match and achieve the largest vibration
amplitude in the thickness direction of the composite material. This
results in electromechanical coupling coefficientin the thickness (k,)
direction approaching the ideal k;; value®®, enhancing the energy
efficiency and signal-to-noise ratio™.

Piezoelectric crystals have highly ordered and symmetrical lat-
tice structures, and thus uniformly aligned electric dipoles, leading
to higher piezoelectric coefficients compared with their ceramic
counterparts, which have randomly oriented grains. A representa-
tive material is lead indium niobate-lead magnesium niobate-lead
titanate (PIN-PMN-PT) (Fig. 1c), which features an outstanding piezo-
electric coefficient (1,550 pC N™), a high electromechanical coupling
coefficient (0.56-0.95) and a high acoustic impedance (34 MRayl)*®.
However, the thermal stability of the commonly used PIN-PMN-PT
crystalis lower than that of other crystals (such as PZT), suggesting it
isnotideal forapplications that require high-power transmission. The
Curie temperature of PIN-PMN-PTis only130-170 °C (ref. 39), whereas
itis >300 °C for PZT***', Additionally, the use of crystals is limited by
complex preparation and growth processes requiring precise control
over temperature, pressure and cooling rates.

Piezoelectric polymers, especially polyvinylidene fluoride
(PVDF)* and its copolymer with trifluoroethylene (PVDF-TrFE)?”, are
used in biomedical applications owing to their cost efficiency and
high flexibility**** (Fig. 1d). The thermal stability of these polymers
is lower than that of inorganic piezoelectric materials because the
polymer chains in PVDF become mobile at ~170 °C (ref. 45) (below its
Curie temperature*®), leading to softening and gradual depolariza-
tion of the material. The polymers display a relatively low piezoelec-
tric coefficient (20-29 pC N) and a low electromechanical coupling

Box 1| Low-resource considerations

Traditional imaging systems (such as X-ray computed tomography,
magnetic resonance imaging and positron emission tomography)**
can be difficult to access in low-resource settings because these
modalities demand considerable investments in equipment

and maintenance, as well as an experienced workforce (such as
radiologists and sonographers) to operate and interpret results.
Additionally, specialized infrastructures, such as radiation shielding
for X-rays and cryogenic systems for magnetic resonance imaging,
are required®**. Those residing in remote regions or facing
healthcare disparities disproportionately bear this burden®®.

Wearable ultrasound technology is a viable alternative to
overcome these barriers because these devices do not need
substantial infrastructure or maintenance investments associated
with traditional imaging systems'. Their portability makes them
particularly suitable for remote areas with limited healthcare
resources, ensuring that everybody, including those unable to
travel, has access to advanced imaging systems®®,

Unlike portable handheld probes, wearable ultrasound
devices enable hands-free, operator-independent and continuous
monitoring, which is particularly useful for high-risk populations or
those with acute conditions, such as in intensive care scenarios®*®,
Additionally, wearable ultrasound technology provides automated
image acquisition, ensuring consistent and reliable data quality in
environments with limited clinical oversight. Automated data
interpretation algorithms further mitigate this reliance.

Wearable ultrasound technology can potentially extend
the reach of advanced healthcare. In the short term, it can
circumvent the concentration of complex imaging equipment
in traditional highly specialized (such as tertiary and quaternary)
hospitals, making advanced imaging available even in primary and
secondary care settings*®. In the long term, these imaging systems
can be integrated with telemedicine platforms to offer expert
diagnoses and consultations to individuals in remote regions,
eliminating the need to travel to hospitals®’. Such strategies
could transcend economical barriers, democratize access to
advanced medical resources and provide a level of care previously
unattainable in low-resource settings.

coefficient (0.15-0.3), which restrict their voltage sensitivity as ultra-
sound transducers. However, because the permittivity of polymers
is lower than its inorganic counterparts®, the piezoelectric voltage
constant (g;;, 200-300 V m N)*8 is relatively high, enabling them
to detect ultrasound waves efficiently. Therefore, PVDF is preferred
for reception-only applications such as photoacoustic imaging and
hydrophone-based characterization. Additionally, PVDF canbe readily
processed into thin films with desired curvature, making them natu-
rally focused for high-resolution imaging* or scanning microscopy
imaging™. These polymers are flexible and can conform to developable
surfaces, offering better mechanical compliance than ceramics and
crystals. Compared with its ceramic counterparts (Young’s modulus
~50 GPa), PVDF has asmaller modulus (Young’s modulus 2.0-3.5 GPa)™*
leading to asmaller acousticimpedance (3.7-3.9 MRayl) and thus less
mismatch with soft tissue (Supplementary Table 1).

Piezoelectric micromachined ultrasound transducers feature a
piezoelectricmembrane sandwiched between two electrodes™ (Fig. 1e).
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The piezoelectric membrane primarily operates in the flexural mode,
which pops the membrane out-of-plane. When activated by alternating
current voltages®’, the membrane vibrates. The generated acoustic
pressure is typically linearly proportional to the activation voltage
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(such as 4.9 kPa V' at 1.5 MHz)**. Owing to their limited amount of
piezoelectric material, these micromachined transducers have lower
sensitivity than bulk piezoelectric transducers®. However, they offer
advantagesin fine-pitch design and compatibility with standard circuit
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Fig. 1| Transducer material design, acoustic stack and configurations for
wearable ultrasound devices. a, Transducer design with acoustic stacking
layersincluding a backing layer, electrode layers, a transducer layer, amatching
layer, and an acoustic lens or protection. b, In1-3 composite piezoelectric
ceramics, the ceramic rods extend throughout the thickness but are isolated
laterally by the polymer matrix. ¢, A fine-pitch array fabricated with lead
indium niobate-lead magnesium niobate-lead titanate (PIN-PMN-PT)
crystal.d, A flexible transducer array design with the air-filled gaps and the
poly-vinylidene fluoride-co-trifluoroethylene (PVDF-TrFE) film structure.

e, The structure of a piezoelectric micromachined ultrasound transducer.
The piezoelectric layer is adhered to a Si layer using cyclic transparant optical
polymer (CYTOP), forming the vibration membrane. f, The structure of a
capacitive micromachined transducer. The cavity is vacuum sealed to prevent
moisture and variations inambient pressure from affecting the transducer’s
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performance. g, Representatives of wearable ultrasound transducers, including
anindividual transducer, alinear array, an orthogonal array, a phased array

and a two-dimensional array (top row) and their corresponding schematic
layout of configurations and imaging capabilities (bottom row). PZT, lead
zirconate titanate. Part b is adapted with permission from ref. 237, AAAS. Part cis
reprinted with permission fromref. 238, IEEE. Part d is adapted fromref. 25,
Springer Nature Limited. Part eis reprinted from ref. 239, Springer Nature
Limited. Part fis reprinted with permission from ref. 240, IEEE. Part g ‘individual
transducer’ is reprinted from ref. 241, CC BY 4.0 (https://creativecommons.org/
licenses/by4.0/). Part g ‘linear array’is reprinted fromref. 68, Springer Nature
Limited. Part g ‘orthogonal array’is reprinted fromref. 63, Springer Nature
Limited. Part g ‘phased array’is reprinted from ref. 24, Springer Nature Limited.
Part g ‘two-dimensional array’is reprinted fromref. 75, Springer Nature Limited.
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Table 1| Comparison of wearable diagnostic ultrasound technologies

Mode Signal Advantages Disadvantages  Applications Transducer Conformity Durability" Dataand/or Refs.
processing material power transfer
method
A-mode Absolute intensity Accurate distance  No lateral Bladder dimension Piezoelectric Rigid Non-durable Wireless 89,90
of radiofrequency measurement; information ceramics
signal simple signal . . .
processing Plezoe}ectrlc Stretchable Durable Wired 139
ceramics
Blood pressure Piezoelectric Flexible Non-durable Wired 25
polymers
Piezoelectric Stretchable Durable Wired 91-93
ceramics
Piezoelectric Stretchable Durable Wireless 68
ceramics
Respiratory Piezoelectric Flexible Non-durable Wired 94
ceramics
Muscle dimension  Piezoelectric Rigid Non-durable Wired 80,81,
ceramics 95
Muscle dimension PMUT Rigid Non-durable Wired 127
Muscle dimension  Piezoelectric Flexible Durable Wireless 98
ceramics
Intestinal function PMUT Rigid Non-durable Wired 99
M-mode Continuous Visualization of No lateral Myocardiumwall  Piezoelectric Stretchable Durable Wired 63
line scanning temporal changes; information motion ceramics
over time high temporal
regs;olutios Respiratory Piezoe.lectric Flexible Durable Wireless 98
ceramics
B-mode 2D image of High spatial Complex signal  Bladder volume Piezoelectric Stretchable Durable Wired 24
radiofrequency resolution; wide processing; crystals
signals from field of view prone to i - lectri habl bl red
anarray artefacts Cardiac anatomy P|ezoe.ectr|c Stretchable Durable Wire 63
— ceramics
theimage is Stomach volume  Piezoelectric Rigid Durable Wired 73
reconstructed ceramics
from multiple
sequential scans Muscle dimension Piezoelectric Rigid Non-durable Wired 126
ceramics
Breast tumour Piezoelectric Rigid Non-durable Wired 23
crystals
Elastography Radiofrequency  Quantification of Complex setup; Musclesoreness  Piezoelectric Stretchable Durable Wired 75
signals from tissue modulus; low temporal and injury ceramics
localized tissue enables detection resolution ) i X lectri lexibl bl ired
displacement of tissue boundaries Liver stiffness Plezoe.ectrlc Flexible Durable Wire 103
even with minimal CEEIICS
acoustic impedance
differences
Spectral Velocity Quantification No lateral Blood flow velocity Piezoelectric Stretchable Non-durable Wired 72,04
Doppler waveforms using  of flow velocity resolution; no ceramics habl bl ired
continuous or profile; visualization axial information Stretchable Durable Wire 107
pulsed waves of temporal flow for continuous Rigid Durable Wired 73
changes wave
Rigid Non-durable Wireless 19
Colour Mean phase Visualization of No quantification Artery and vein Piezoelectric Stretchable Durable Wired 107
Doppler difference flow direction; high  of flow velocity  differentiation ceramics
from multiple spatial resolution rofile
pulse-ech:es B > Musc@emovement Piezoe.lectric Rigid Durable Wired 73
velocity ceramics
Power Integrated power High spatial No differentiation Blood flow Piezoelectric Stretchable Non-durable Wired 72
Doppler from multiple resolution of flow directions; ceramics

pulse-echoes

no quantification
of flow velocity
profile

PMUT, piezoelectric micromachined ultrasonic transducer. *Durability is defined as “durable with non-vaporizable coupling materials” and “non-durable with vaporizable coupling gel”.
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integration and their microfabrication processes®®. These micro-
machined transducers can be manufactured on polymer substrates to
make them mechanically compliant®.

Capacitive micromachined ultrasound transducers are composed
of flexible membrane layers, a cavity, an insulator layer (Fig. 1f),and a
bottom electrode”. When an alternating voltage is applied to the two
electrodes, electrostatic force willinduce oscillations inthe membrane
electrode, generating ultrasound. In comparison with piezoelectric
counterparts, the vibrating membranes of capacitive transducers
are thinner®®, leading to lower inertia, flexural rigidity and acoustic
impedance®; and therefore higher sensitivity to high-frequency signals
and higher ultrasound transmission efficiency to soft tissue. A volt-
age of up to tens of volts can be applied, known as the bias voltage, to
pre-stress the membrane electrode and pullit closer to the substrate,
resultingin better pressure sensitivity*® (suchas 21 kPa V"'at1.85 MHz;
ref. 60). Tuning the bias voltage adjusts the stress in the membrane
electrode and the transducer’s resonance frequency to suit specific
applications that require delicate tissue structures at various depths,
suchas musculoskeletal and ophthalmicimaging. However, the use of
abias voltage necessitates the inclusion of additional power convert-
ers to boost the low voltage input of batteries®, which increases the
complexity of driving electronics®.

Transducer stack and configurations

The transducer stack features a backing layer, a matching layer, an
acousticlens, and/or anencapsulation layer (Fig. 1a). The backing layer,
typically composed of metal-epoxy resin composites®, absorbs and
dissipates acoustic energy propagating backwards to prevent multiple
reflections that can degrade bandwidth and spatial resolution. The
matchinglayer creates animpedance gradient to compensate for the
mismatch between the transducer and soft tissue, enhancing the trans-
mission of ultrasound energy™®. This layer is a quarter-wavelength thick
to achieve phase synchronization and constructive interference®*,
and this thickness eliminates theinterfacial reverberation between the
matching material and the transducer®. The acousticlens focuses the
ultrasound beam to produce high intensity at the desired depth®®.
The encapsulation, or protection, layer is typically made of silicone
elastomers that have similar modules with soft tissue for better acous-
tic transmission®. A single layer of elastomer could be designed to
serve as both lens and protection®. A complete transducer stack is
critical toachieving high imaging performance. Insome non-imaging
applications, the stack can be simplified to reduce the probe thickness
and bulkiness. For example, pulse recording from shallow peripheral
arteries may not require the lens®®, and continuous-wave Doppler for
flow monitoring can operate without the backing layer®.

Wearable ultrasound devices can be configured individual
transducers, linear arrays, orthogonal arrays, phased arrays and two-
dimensional (2D) arrays (Fig. 1g). Individual transducers have simple
electrical connections and can function for both signal transmission
andreceiving, but theylack lateral resolution. Linear arrays enable elec-
tronicsteering of the ultrasound beam to provide lateral resolution’.
Orthogonal arrays combine two independent, perpendicular linear
arrays, enabling them to capture two cross planes simultaneously.
The elements at the intersections are shared through multiplexing by
both linear arrays®. Phased arrays are characterized by wide-range
beam steering and focusing. The centre-to-centre distance between
adjacentelements (pitch) in phased arrays needstobe close to halfof an
ultrasound wavelength, so that the main beam can be steered to any
angle and undesired secondary beams (grating lobes) are kept outside

thefield of view. This makes it ideal for applications that require alarge
field of view from a small acoustic window, such as imaging cardiac
chambers through intercostal spaces. A pitch smaller than half of the
ultrasound wavelength reduces sensitivity, however, owing to the
smallwidth of each element*. 2D arrays are composed of individually
addressable elements arranged inamatrix”, and they use electrical vol-
umetricbeamsteering and focusing to enable three-dimensional (3D)
imaging. However, complex and high-channel-count wiring systems
arerequired to support 2D arrays’.

Rigid, flexible and stretchable wearable probe designs
Conventional handheld ultrasound probes use liquid gel to couple with
the skin, which dries quickly and complicates disinfection when the
probes are used on different participants. In addition, conventional
handheld probes require manual operation, whichis time consuming
and pronetoerrors, especially on curved and dynamic body surfaces,
suchasjoints and other extremities. Furthermore, their acoustic win-
dowsareintrinsically small. Material and structural engineering canbe
applied to develop rigid, flexible or stretchable wearable ultrasound
probes to address these limitations (Supplementary Table 2).

Rigid wearable ultrasound probes integrate a rigid transducer
array, which is structurally similar to that of conventional ultrasound
probesto ensure high quality and compatibility with back-end systems.
Therigid probe canbe coupled to the skin asoft layer commonly made
of silicone” or hydrogel” elastomers (Fig. 2a,b), which are acousti-
cally transparent and can mitigate the mechanical mismatch between
the transducer array and the human body. This soft coupling layer
can also be engineered to serve as a supporting substrate** and skin
adhesive”. These probes can be used at various sites, which are rela-
tively flat or have subcutaneous fat and muscles as natural cushioning,
such as the parasternal window for cardiac imaging, the temporal
window for transcranialimaging, the tibial window for musculoskeletal
imaging and the abdominal window for internal organimaging. How-
ever, at highly curvedsites, such as the wrist, knee and shoulder, athick,
soft coupling layerisrequired to maintain skin contact, whichincreases
device bulkiness and can compromise its wearability”.

Flexible wearable ultrasound probes feature bendable transducer
arrays on polymer substrates, such as polyimide®***” (Fig. 2c). Flexible
probes can conformto curved skin surfaces without thick, soft coupling
layers, aiding long-term wear. However, flexible probes can only con-
formto developable surfaces or cylindrical shapes (such as the neck®
and limbs™), not to non-developable geometries such as spherical or
curvilinear body parts.

Stretchable wearable ultrasound probes are designed to main-
tain electrical connectivity and mechanical integrity when stretched.
Electrical connectivity is achieved through patterned metals, including
serpentine copper” (Fig. 2d), or intrinsically soft conductive materials,
such as liquid metals®® (Fig. 2e). Mechanical integrity is maintained
by filling transducer kerfs, the gaps between adjacent elements, with
elastomer’. Using hydrophobic elastomers limits moisture perme-
ability and prevents electrode corrosion by sweat” (Fig. 2f). Stretchable
probes provide the highest degree of skin conformity and maintain
device functionality during body motion®®. However, their fabrication
involves processes, such as transfer printing on elastomers, that are
not yet compatible with established industrial manufacturing stand-
ards. These processes rely on manual operation, creating a scalability
barrier. Non-recurring engineering investments can help establish
specialized equipment to enable scalable fabrication. For example,
transfer printing could be replaced by roll-to-roll printing tailored for

Nature Reviews Bioengineering


http://www.nature.com/natrevbioeng

Review article

Hydrogel

5cm

2l
2k
Piezoelectric
transducer

L = r— 0%
Fig. 2| Rigid, flexible and stretchable wearable ultrasound designs. a, Arigid
wearable ultrasound device to the skin has a bioadhesive hydrogel to provide
conformal contact and efficient acoustic coupling. b, Isolated rigid arrays are
embedded inasilicone elastomer toimage with extended aperture. ¢, A flexible
wearable ultrasound device on a polyimide substrate. d, A stretchable
wearable ultrasound device including serpentine copper electrodes as
stretchable bridges to interconnect transducer islands. e, A stretchable liquid
metal electrode can remain electrically conductive at various strain levels.
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f, Astretchable ultrasound device with transducer spacing filled by silicone
elastomer. The elastomer serves as electrical insulation and transducer
protection. BAUS, bioadhesive ultrasound. Part ais reprinted with permission
fromref. 73, AAAS. Partbis reprinted from ref. 24, Springer Nature Limited.
Partcis reprinted fromref. 74, Springer Nature Limited. Part d is reprinted with
permission fromref. 237, AAAS. Part eis reprinted from ref. 63, Springer Nature
Limited. Part fis reprinted fromref. 104, CCBY 4.0 (https://creativecommons.org/
licenses/by4.0/).

elastomer substrates’”. By distributing the initial engineering invest-
ments across high-volume production, stretchable ultrasound probes
could transition from bespoke prototypes to commercially viable
products.

Device integration

Back-end circuits

Toaid rapid prototypingin early research stages, wearable ultrasound
probes are often tethered through flexible cables to bulky back-end
circuits, where dedicated software is designed?***”>. The tethering
cable confines the user’s mobility. To expand the utility of wearable
ultrasound devices, the circuits must be made compact and wearable so
thatindividuals can move freely and engage in daily activities without
constraints.

Ingeneral, the complexity and size of these circuits depend on the
number of transducer elements because, in principle, each element
requires a transmitter and receiver’ (Fig. 3a). To reduce the number
oftransmitters and receivers, multiplexers can be used to sequentially
connect multiple transducer elements to a single transmitter and
receiver’s,

Single-element wearable ultrasound probes use a simple circuit,
for example, including a controller, a transmitter, a transmit-receive
switchand areceiver. Under the command of the controller, the trans-
mitter generates high-voltage analog pulses to activate the transducer
elements, whichemitultrasound waves’. The transmit-receive switch
protects the receiver by blocking the high-energy transmitted analog
pulses that could otherwise damage sensitive receiving electronics’®.

The receiver records, amplifies, filters and digitizes the reflected
radiofrequency signals from the transducer element’®,

Building on the single-element circuit design, dual-element
wearable ultrasound probes use separate elements for transmit-
ting and receiving ultrasound waves, and therefore do not require a
transmit-receive switch. For pulsed-wave Doppler, a pulse generator
transmits ultrasound pulses, which enables calculation of the latency
between the transmission and reception for distance measurements’®,
For continuous-wave Doppler, a clock generator ensures signal
synchronization among all circuit components, and a quadrature
demodulator typically enables blood flow measurement by detect-
ing phase differences between transmitting and receiving transducer
elements® (Fig. 3b).

Arrayed ultrasound probes require multiple transmitters and
receivers’. Inexemplary eight-elementarrays, each element equipped
with individual transmitter-receiver pairs, have demonstrated the
capability for simultaneous transmission and receiving to detect mus-
cle activities in limb amputees®®®'. Multiplexers can allow data trans-
mission from up to 32 elements using a single transmitter-receiver
pair®®. However, they lack beam-steering capabilities and have limited
temporal resolution. To solve this problem, multiple multiplexers can
be configured to introduce phase delays across multiple channels, ena-
blingbeam steering®. Additionally, multiplexers reduce the number of
necessary channels tobe connected to each transmitter-receiver pair
atany given time and therefore reduce channel congestion.

Application-specific integrated circuits (ASICs) can reduce the
circuit size without sacrificing complexity, although their development
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is costly’. For example, an ASIC with four transmitters, four transmit-
receive switches and four receivers for sensing applications can be
miniaturized to only 9.89 mm?in size®. This compact size means that
the circuit can be integrated closer to the transducers, and the short-
ened signal path reduces noise coupling and improves signal quality’®.
Additionally, this ASIC features an optimized transistor architecture to
reduce current leakage, thereby minimizing static power consumption
and enhancing power efficiency’®. For therapeutic applications, the
ASIC integrates transmitters and boost converters to elevate battery
voltage for high-energy transmission. Transmit-receive switches or
receivers are not required. Therefore, therapeutic ASICs are gener-
ally smaller than those for sensing applications. Their size depends
on the number of elements: 4 mm?for single-element®, 6.25 mm?for
16-element® and 96.04 mm?for1,024-element® arrays. The nonlinear
scaling of these ASIC sizes is driven by factors such as manufactur-
ing processes (180 nm versus 350 nm), pulser type (unipolar versus
bipolar) and shift register width (smaller registers reduce complexity).

For wireless communication, both Bluetooth and Wi-Fi modules
can transfer received digitized data to a terminal device®. Bluetooth
operates using a short-range radiofrequency, resulting in relatively
lower power consumption and less susceptibility to signal interference
owing to its limited coverage®**. By contrast, Wi-Fi uses high-power
radio signals across multiple frequency bands, offering higher data
transfer rates and broader coverage®®.

Signal processing
Radiofrequency signals are the simplest form of received signals and
are amenable to a multitude of processing modes including ampli-
tude (A-mode), motion (M-mode), brightness (B-mode), elastography
and Doppler (including spectral Doppler, colour Doppler and power
Doppler)®*5s,

A-mode represents the absolute intensity of radiofrequency sig-
nals; it measures the time of flight, defined as the time required for an
ultrasound pulse to travel from the transducer to a target and back®s.
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Each peak in A-mode signals represents a tissue interface, where an
acousticimpedance mismatch occurs, enabling accurate distance meas-
urements. These measurements canbe achieved using a single-element
circuit with minimal signal processing. Applicationsinclude assessing
bladder dimension®”°, blood pressure®**, respiratory dynamics™,
muscle dimension®*"*** and intestinal function®. However, because
this method records signals only along a single beam path, it does not
capture lateral spatial information, meaning it cannot visualize 2D or
3D anatomical structures.

M-mode displays radiofrequency signals over time, offering a
one-dimensional (1D) view that captures tissue motions (such as myo-
cardiumwall motion®, respiratory dynamics®® and vessel pulsation®®).
A single element can generate a M-mode image with high temporal
resolution. For example, a 32-element array was used to generate 32
M-mode images of a vessel®®. Amachine-learning model trained witha
labelled dataset can classify these images and autonomously select the
image capturingthe vessel diameter, eliminating the need for manual
selection by a technician®® (Fig. 3c). Domain adaptation techniques
apply the unique features of the labelled dataset to a non-labelled
dataset, enhancing the model’s generalizability across participants
with different M-mode image features, such as luminosity and tissue
movement patterns®s,

B-mode reconstructs radiofrequency signals from an array to
generate 2D or 3D images of anatomical structures. Beamforming
controls the direction and focus of ultrasound waves using a multiel-
ement circuit, by adjusting the timing and amplitude of signals from
eachtransducer element. Various transmit beamforming techniques,
such as plane wave, mono-focusing and wide-beam compounding,
can be used to enhance image quality®, as evaluated by axial and lat-
eral resolutions***'°°, Plane wave relies on single transmission and
therefore offers high frame rates but sacrifices spatial resolution'".
Mono-focusing improves resolution by concentratingacoustic energy
within the focal zone but deteriorates outside of it, owing to beam
divergence'”’. Wide-beam compounding enables the beam to diverge
and cover alarge field of view®’. Superimposing frames from multiple
transmission angles produces high-quality B-mode images but with
alimited frame rate and an increased susceptibility to artefacts. The
images can be further processed using a fully convolutional neural
network to extract actionable information such as left ventricular
volume, stroke volume, cardiac output and ejection fraction®® (Fig. 3d).

Ultrasound elastography collects radiofrequency signals from
localized displacements to map tissue moduli. Tissue boundaries,
even with minimal acoustic impedance differences, can be detected
because the displacements depend onvariations in tissue moduli®*'%%,
Owingtothelow temporal resolution of elastography, B-mode imaging
is usually used to identify the region of interest before elastography.
In quasi-static elastography, displacement vectors are measured
by correlating the radiofrequency signals before and after tissue
deformation”. Inferring tissue moduli from these displacements pre-
sents an inverse elasticity problem owing to their complex and non-
linear relationship”. The problem was solved by iteratively finding the
distribution of shear modulus that minimizes the difference between
predicted and measured displacement fields”. Because the applied
stress is unknown, only relative tissue moduli could be acquired.
In shear-wave elastography, a focused ultrasound beam applies an
acousticradiation force to generate localized shear waves, mechanical
waves that travel through soft tissues perpendicular to the direction of
ultrasound propagation'®®. The measured shear-wave velocity canthen
be used to calculate Young’s modulus given tissue density.

Doppler ultrasound uses phase differences between the transmit-
ted and received radiofrequency signals to detect movement®*. Spec-
tral Doppler displays velocity waveforms using either continuous®”'*
or pulsed-wave’* ultrasound. For continuous wave, the signal process-
ingisrelatively straightforward because it continuously measures the
phase differences along the entire beam path between the transmitted
and received signals from a two-element circuit, but it lacks depth
resolution®. By contrast, pulsed wave uses transmitted pulses and their
received echoes®. The signal processing is more complex because it
measures the phase differences based on the time of flight®*. This ena-
bles flow measurements at specific depths because the time interval
between the transmitted pulses and received echoes can be accurately
determined®. These Doppler spectra quantify blood flow velocity
profiles and visualize temporal flow changes. However, the spectraare
susceptible to signal interference from tissue motions. An advanced
graphics processing unit canenable simultaneousimaging and spectral
Doppler, allowing real-time vessel identification and reduced interfer-
ence from tissue motion'®, Automated envelope tracing processes
these spectra by identifying the outer boundary of the waveform to
extract peak systolic and end diastolic velocities’ (Fig. 3e).

Colour Doppler uses pulsed waves to measure the mean phase dif-
ferences between consecutive pulse-echoes, caused by moving objects
(such as flowing red blood cells)'°°. These images can visualize arterial
and venous flow velocities and muscle movement patterns towards and
away from the probe'””. Power Doppler uses pulsed waves to calculate
the integrated power, which relates to the number of moving objects
(such asredblood cells), from multiple pulse-echoes®. Thisresultsin
higher sensitivity to blood flow, but it cannot differentiate between
flow directions'*®. Neither method can visualize tissue interfaces,
requiring B-mode superimposition, nor quantify flow velocity profiles,
necessitating spectral Doppler for precise velocity measurements.

Ultrafast imaging transmits several unfocused waves (such as
plane or diverging waves) of different transmission angles into the
tissue at very high frame rates, typically thousands of hertz'*’. The
backscattered signals collected withinashort duration (aslittleas1s),
known as compounded data, are then coherently summed and pro-
cessed through a spatiotemporal clutter filter (such as singular value
decomposition toisolate tissue motion signals from blood flow signals)
based onthe difference intheir spatiotemporal coherences. Therefore,
ultrafastimaging canbe used to enhance the quality of B-mode, elastog-
raphy and Dopplerimages. By integrating ultrafast imaging with wear-
able ultrasound probes, 3D power Doppler signals were reconstructed
with an enhanced signal-to-noise ratio and sensitivity of the Doppler
shift’2. Consequently, the wearable probes could effectively capture
weak cerebral blood flow even with skull attenuation.

Applications

Physiology monitoring

Wearable ultrasound technology provides continuous monitoring
of deep tissues and real-time insights into internal organ functions
(Fig.4a-n).

Cardiovascular assessment. The cardiovascular system provides
oxygen and nutrients and removes waste to support all functions of the
humanbody. Wearable ultrasound probes that integrate B-mode and
M-mode imaging can capture dynamic cardiac structures and provide
warnings when abnormalities (such as heart attack) are detected to
prevent severe outcomes for high-risk patients. B-mode imagingis used
to visualize cardiac anatomy and detect structural malfunctions’"°.
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Fig. 4| Applications of wearable ultrasound technology. a-t, Wearable
ultrasound devices can be tailored for different targets and applications in
physiology monitoring (red), therapeutic interventions (blue), and energy
and/or data transfer (yellow). Part ais adapted fromref. 72, Springer Nature
Limited. Partbis adapted fromref.107, Springer Nature Limited. Part cis
adapted fromref. 63, Springer Nature Limited. Part d image courtesy of IEEE
(ref. 242). Part e is adapted fromref. 98, Springer Nature Limited. Part fis
reprinted fromref. 68, Springer Nature Limited. Part g is reprinted fromref. 24,
Springer Nature Limited. Part his adapted with permission fromref. 23, AAAS.
Partiis adapted with permission fromref. 103, AAAS. Part jis reprinted from

ref. 75, Springer Nature Limited. Part k is adapted from ref. 145, CC BY 4.0
(https://creativecommons.org/licenses/by4.0/). Partlis reprinted with
permission fromref. 73, AAAS. Part mis adapted fromref. 91, Springer Nature
Limited. Part nis reprinted fromref. 152, Springer Nature Limited. Part o is
reprinted (adapted) with permission from ref. 182, American Chemical Society.
Imagein pis courtesy of P. Lewin, Drexel University. Part qimage courtesy of
ZetrOZ Systems LLC. Partris reprinted from ref. 36, IEEE. Part s is reprinted
(adapted) with permission fromref. 11, American Chemical Society. Part tis
adapted with permission fromref. 197, AAAS.

M-mode captures structural behaviours, such as myocardial wall
motions, over time to assess the dynamic functionality of the heart®.
Stress echocardiography is used to diagnose heart conditions but can
only be performed before and after exercise. However, many cardio-
vascular risks are visible only when maximum exertion is applied to
the heart. Therefore, wearable ultrasound probes are designed to pro-
vide continuous monitoring of the heart before, during and after exer-
cise. The probes capture real-time cardiac responses and offer objective
datatostandardize the stresstestendpoint and enhance patient safety.
A wearable ultrasound probe used orthogonal transducer arrays to
independently and simultaneously capture cardiac imaging in two
complementary orientations, without the need for manual rotation of
handheld probes in clinical protocols® (Fig. 4c). Furthermore, a deep
learning model, FCN-32, was used to segment the B-mode images
to extract the left ventricular volume®. Although this probe has the
potential to evaluate cardiac functions and diagnose diseases such as
heart failure, heart valve disease and coronary artery disease, the cur-
rent modelis limited to participants included in the training dataset®.
Expanding the training dataset or optimizing it with few-shot learning
orreinforcement learningstrategies could potentially enable the model
to adapttoalarger and more diverse population.

Continuous and non-invasive monitoring of haemodynamic
parameters such as blood pressure and flow is necessary to manage
cardiovascular diseases™ ', Traditional methods to monitor blood
pressure include the cuff and arterial line, which can induce bruis-
ing, infection and thrombosis, especially with prolonged use. Wear-
able ultrasound probes can measure arterial wall pulsations based
on A-mode radiofrequency signals and correlate the vessel diameter
waveformto the blood pressure waveform following established math-
ematic models®**”"""*15 This method canbe applied to monitor blood
pressure at multiple locations, including the neck, arm, wrist and foot™.
The mean differences between the wearable ultrasound probe and
clinical reference methods (such asa cuff or arterial line) are <3 mmHg,
with standard deviations of the difference <4 mmHg, during a range
of daily activities with healthy participants, as well as in controlled
clinical settings such as outpatient clinics, cardiac catheterization
laboratories and intensive care units with cardiovascular patients”.
Such high agreement between the measurement results from the
wearable ultrasound probe and clinical reference methods indicates
thatthe wearable ultrasound probe canbe reliably used across diverse
settings. However, the mathematical models used for blood pressure
monitoringinwearable ultrasound probes assume a constant arterial
stiffness coefficient based on initial calibration®***"*7 which may
fluctuate during the progression of cardiovascular diseases. Further
research is needed to understand arterial wall dynamics and refine
the vessel diameter—pressure relationship for accurate long-term

monitoring"®.

Wearable Doppler ultrasound has been used to measure
blood flow and identify issues such as arterial stenosis and venous
insufficiency®®1°*1"%120_ A phased array can actively steer and focus
an ultrasound beam with different incident angles to target regions
of interest and precisely monitor blood flow velocity in the body'””
(Fig. 4b). Similarly, wearable transcranial Doppler'?'* enables con-
tinuous, long-term monitoring of cerebral blood flow for early detec-
tion of strokes, identifying vasospasms in patients with subarachnoid
haemorrhage, and studying neurovascular coupling. A wearable ultra-
sound array’* uses ultrafastimaging with diverging waves to visualize
the cerebral vasculature in 3D, which assists in identifying arterial
segments and diagnosing vessel-morphology-correlated diseases'*
(Fig. 4a). Additionally, focused ultrasound enables the acquisition
of blood flow spectra at selected locations. For example, a series of
intracranial Bwaves (slow oscillationsin the cerebral blood flow veloc-
ity indicating the waste-cleaning process in the brain'*) was captured
when the participant was drowsy. When compared with a conventional
transcranial Doppler probe, measurements from the wearable probe
showed high agreement across participants of diverse backgrounds’.
This demonstrates the ability of the wearable ultrasound array toaccu-
rately measure transcranial blood flow, a key factor in the long-term
management of cerebrovascular diseases. However, without contrast
agents, the spatial resolution of the array was limited to -1 mm. Addi-
tionally, ultrasound gel must be used as an acoustic coupling medium,
especially when applied over hair.

Musculoskeletal evaluation. Wearable ultrasound probes have
demonstrated their ability to monitor musculoskeletal health for
sports training and rehabilitation after injury. First, A-mode and
B-modeimaging directly reveal changes in muscle dimensions during
physical activities and can be used to evaluate muscle contraction and
training intensity®**”?¢'% Second, elastography can monitor muscle
moduli correlated to muscle soreness and injury'?®. Awearable ultra-
sound array has been used to track the dynamic recovery process of
muscle after repeated exercise” and to provide immediate feedback
on the effectiveness of training and rehabilitation (Fig. 4j). Third,
tissue Doppler imaging has been used to assess changes in muscle
movement velocities, which can be correlated to fatigue'”, and as
the fatigued muscle recovers, the average muscle velocity waveforms
show areturntoward their baseline’”. Fourth, transosseous ultrasound
propagation canbe used to evaluate bone fracture healing™. Astudy in
sheep, using amid-shaft tibial osteotomy, demonstrated that changes
inultrasound velocity and signal amplitude could be tracked to assess
callus formation bridging the fracture gap. In the early stages of heal-
ing, the callusislargely composed of soft tissue and fluid. Ultrasound
waves travel slowly with reduced amplitude. As the callus matures and
mineralizes, both velocity and amplitude increase. These changes
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offer insights into bone consolidation, enabling clinicians to better
guide recovery protocols.

Wearable ultrasound probes could potentially act as human-
machine interfaces to control prosthetics and robots™"*? (Fig. 4¢).
Traditional human-machineinterfaces are based on electromyography
andelectroencephalography, which have limitations in complex control
tasks. Electromyography is primarily sensitive to superficial muscles
and therefore cannot accurately identify complex hand gestures'.
Furthermore, the signals from multiple muscle fibres can be mixed,
making it difficult toisolate specific muscle contributions, losing spatial
resolution’®. Similarly, using electroencephalography is not practical for
finemotor controlin prostheses becauseitisindirectly related to mus-
cleactivities. Incontrast, echomyography based on ultrasound imaging
provides direct, real-time visualization of both shallow and deep muscle
distributionacross different gestures™*. Each gesture produces aunique
muscle distribution, resulting in a distinct echomyography signal. The
correlation between echomyography signals and specific gestures
can be established by machine-learning algorithms®"*>"*¢, Therefore,
echomyography enables complex gesture classification and fine motor
control in prostheses®. However, muscle configurations are highly
complex, and existing wearable ultrasound devices can only collect
1D or 2D information from muscles, meaning that the devices must be
carefully aligned with the target muscles to accurately identify different
gestures, which can be challenging in practice®.

Breast examination. Wearable probes hold potential for early breast
cancer detection because they empower patients to monitor tissues
without the need tovisit the hospital, enabling the detection of tumours
that can go unnoticed between annual screenings'” and post-surgery
surveillance for tumour recurrence. For example, ahoneycomb-shaped
wearable ultrasound probe with an easy-to-operate tracker has been
developed for continuous, large-area and multi-angle B-mode breast
imaging” (Fig. 4h). An ultrasound specialist was able to identify a
patient’s breast cysts with both the wearable probe and a conventional
probe to validate the potential of the wearable probe. However, the
honeycomb design contains only six openings for the transducer array,
which limits the imaging views and does not provide comprehensive
coverage of the breast™. Furthermore, to move the transducer array,
the user must manually slide it sequentially across different openings,
whichisinefficient. Amore ergonomic layout, such as aringor partially
circular design that could pivot around the breast, could be considered
to enable comprehensive coverage and smoother transitions among
different scanning positions.

Bladder screening. Wearable ultrasound technology empowers
users to manage toileting objectively and independently®>%138139,
Itcan provide paraplegic patients with automatic and precise bladder
volume measurements, as well as diagnosis for conditions such as
hydronephrosis and incomplete bladder emptying, to improve medi-
cal care outcomes and quality of life. Conventional ultrasound devices
use A-modeto detect the anterior-posterior dimension of the bladder,
which canlead toerrorsin volume estimation. A wearable ultrasound
probe hasbeen developed to provide B-mode imaging of the bladder*
(Fig. 4g). Based on five phased arrays, the probe locates the bladder
without manual rotation and enables amulti-angle and more accurate
estimation of bladder volume compared with conventional devices.
The wearable probe is validated on four participants without ultra-
sound gel, demonstrating high agreement with a reference clinical
system (GE LOGIQ E10 with the C1-6-D probe).

Stomach evaluation. Similarly, awearable ultrasound probe has been
used to evaluate stomach volume” (Fig. 41). Over the course of continu-
ous 48-h B-mode imaging, it captures changes in the human gastric
antral cross-sectional area following fluid intake’’. By detecting signs
of delayed gastricemptying or abnormal antral distension, this probe
canaidindiagnosing conditions such as gastroparesis, gastrointestinal
reflux disease and pyloric obstruction, demonstrating the potential of
wearable ultrasound in digestive health monitoring.

Liver diagnosis. Liver health can be tracked using elastography to
monitor liver stiffness and evaluate fibrosis and cirrhosis'®. Awearable
ultrasound probe, equipped witha128-element linear array, hasbeen
developed to generate shear waves for measuring variations in liver
stiffness'® (Fig. 4i). Its accuracy was validated in rats with acute liver
failure, and the liver stiffness measured from the wearable probe
showed high consistency with that from histopathological staining.
However, wearable ultrasound for liver elastography remains in the
early stages of clinical validation. Key challenges include early detec-
tion of chronicliver disease, distinguishing fibrosis from inflammation,
and monitoring of post-transplant graft health. Addressing these
questions will require further rigorous clinical studies.

Lung inspection. Wearable ultrasound probes can be used to manage
lung health™%"!, For patients with chronic respiratory obstructive
disease or asthma, airway inflammation can cause breathing fluc-
tuations. Continuous monitoring is critical for early diagnosis and
tracking of the progression of these respiratory conditions’. Wear-
able ultrasound probes can perform M-mode and B-mode imaging to
measure diaphragm excursion and lung wall movements, thus provid-
ing continuous real-time data on lung functionality”>**'“"1*> (Fig. 4d).
This measurement enables remote data transmission to clinicians,
minimizing in-person contact and reducing reliance on hospital-based
facilities®®, whichis particularly valuable during pandemics.

Fetal surveillance. Wearable ultrasound probes augment fetal
monitoring'*>"**, They offer a flexible and portable alternative to tra-
ditional rigid Doppler probes and cardiotocography systems, which
are typically available in hospital settings and thus restrict mobility.
These wearable probes can accurately record tissue Doppler wave-
forms from heart valve movements, which are used to derive fetal heart
rate and heart rate variability, enabling early detection of pregnancy
abnormalities™ (Fig. 4k). Thisis particularly beneficial for underserved
communities, in which maternal morbidity and mortality rates are
the highest, because current monitoring technologies are often too
expensive and complex to adopt'®.

Multimodal monitoring. By measuring biomarkers fromseveral inde-
pendent sensors, multimodal monitoring enables arich physiological
profile, improves diagnostic accuracy and supports personalized
healthcare strategies. For example, adeviceintegrating ultrasound and
electrochemical sensors offers simultaneous monitoring of haemo-
dynamic signals and fluidic biomarkers to provide comprehensive
information of the body’s response to daily activities” (Fig. 4m). The
device was able to capture higher fluctuations in blood pressure and
lactate levels during exercise in sedentary than in active individuals.
Low lactate levels with high blood pressure can indicate a healthy
response to cardiovascular stress, signalling that continued exercise
is safe for the patient™*'”". Conversely, high lactate and blood pres-
sure levels during exercise may signal severe cardiovascular stress,
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and exercise should be paused*'*. Additionally, electromyography
can complement ultrasound in monitoring muscle activity'*®, Ultra-
sound provides structural and gesture-related changes in muscle dis-
tribution, and electromyography monitors muscle activity. Together,
they can precisely correlate muscle electrical activity patterns with
various gesture movements for applications such as prosthetics and
human-machine interfaces™®,

Ultrasound canbe generated through various mechanisms, includ-
ing thermal, X-ray and optical excitation, corresponding respectively
to thermoacoustic'*’, X-ray-induced acoustic° and photoacoustic
imaging™'. Wearable photoacoustic probes have been developed by
integrating ultrasound transducers with compact optical components,
such as light-emitting diodes and vertical-cavity surface-emitting
laser diodes, to generate high-contrast biomolecular images'*
(Fig.4n).Uponillumination at 850 nm, biomolecules, such as haemo-
globin, absorb and convert optical energy into ultrasound waves that
can be detected for imaging'®. This technique holds potential for
monitoring blood perfusion in conditions such as breast cancer and
haemorrhage™’. To add chemical contrast to reconstructed images, dif-
ferentlight wavelengths can be used to activate different biomolecules,
for example 260 nm for nucleic acid bases™, 700 nm for melanin®*
and 1,530 nm for collagen™. Optical fibres can be used to enable this
multi-wavelength capability, although this requires acomplex back-end
laser source™®. Other studies have used transparent ultrasound trans-
ducer elements sothat the optical components canbe overlaid on top
toreduce the device footprint™>>'’,

There are other multimodal sensors based on conventional ultra-
sound devices, which can be integrated into wearable ultrasound
probes. For example, vessel distension measurements using ultra-
sound canbeintegrated with force sensors that provide precise quan-
tification of external compression for calibration-free blood pressure
monitoring* ', Additionally, multimodal sensors can be integrated
with deep learning to improve detection accuracy®. Deep learning
models analyse the correlations of multiple sensing signals to spe-
cificdisease patterns, automatically extract shared features and iden-
tify subtle patterns to enhance predictive capabilities. For example,
combining electrocardiograms with ultrasound using deep learning
modelsimproves the detection precision of hypertrophic cardiomyo-
pathy by 33% compared with deep learning based on echocardiogram
alone'®. Similarly, the evaluation of fetal health can be automated
using a convolutional neural network to integrate fetal heart rate
measured by ultrasound with uterine contraction measured by toco-
dynamometer, potentially reducing assessment time fromhourstoan
instant'®>. Machine-learning-based fusion of mammogram and ultra-
sound images has refined breast cancer detection, reducing human
diagnostic errors'®, However, challenges remain in optimizing power
efficiency for multimodal wearable devices, as well as ensuring deep
learning model generalizability across a large population.

Therapeuticinterventions

Ultrasound interventionis based on mechanical and/or thermal effects,
which are synergistic and difficult to differentiate’*. Mechanical effects
arise from acoustic radiation force, which caninduce tissue displace-
ment owing to shear stress or promote fluid flows through acoustic
streaming'®, facilitating cell membrane activities and molecular
transport'®'®’, Acoustic radiation force can also induce cavitation, a
process of microbubble formation and collapse'®*, which generates
localized forces and heat to temporarily increase the permeability
of cell membranes'®®, Thermal effects arise from the conversion of

ultrasound energy into heat'®’. The oscillatory movements of molecules
driven by ultrasound generate friction and raise the tissue tempera-
ture, which also increases the permeability of cell membranes. These
combined effects enable various therapeuticinterventions (Fig. 40-s).
Therapeutic interventions can be achieved using both high-
intensity and low-intensity ultrasound. High-intensity ultrasound
causes localized heating that leads to tissue coagulation or ablation'.
Achieving such high-intensity levels is challenging for wearable ultra-
sound becauseit often requires amplifiers and cooling systems', which
aredifficult tointegrate into acompact wearable device. Low-intensity
ultrasound is typically used for therapies with mild tissue displace-
ment and heating. Wearable ultrasound with low intensity can provide
continuous and controllable interventions for many use cases.

Neurostimulation. Ultrasound-based neurostimulation provides
non-invasive, precise and cost-effective therapy for neurological
disorders’’°. Mechanically, acoustic streaming and cavitation can
deform cellmembranes and activate mechanosensitiveion channels,
leading to neuronal polarization or depolarization’”. Thermally, the
phospholipid bilayer undergoes axial narrowing and lateral expan-
sion as temperature increases. Heating can also alter the electrical
capacitance of the plasma membrane'’>. However, the exact mecha-
nisms by which ultrasound modulates neural activities remain a sub-
ject of active investigation'’>. Wearable ultrasound probes enable
hand-free continuous neurostimulation throughout the day, whichis
particularly beneficial for conditions requiring frequent or long-term
neurostimulation'’*. For example,a wearable ultrasound band has
been developed to transmit low-pressure acoustic waves (-0.5 MPa)
at 1.3 MHz for Vagus nerve stimulation®® (Fig. 4r) . By using different
parameters (such as frequency, intensity and duty cycle), this band
has the potential to modulate physiological responses in multiple
ways: it can stimulate afferent nerve fibres to promote the release
of anti-inflammatory mediators, thereby modulating inflamma-
tory reflexes'”; alter neuronal excitability and synaptic plasticity in
mood-regulating brain regions to alleviate depression'®; and even
influence autonomic activity, modifying vascular tone and heart rate
to help regulate blood pressure'”.

Drug delivery. Wearable ultrasound technology allows user-
independent and precise drug delivery to target areas, which can
enhance patient convenience, safety and treatment efficacy. Acoustic
streaming canaccelerate drug distribution within fluids. Cavitation can
disrupt cellmembranes and open vesicles, to aid localized drug trans-
port and improve skin permeability for deeper drug penetration'.
Additionally, the thermal effect accelerates drug diffusion and assists
drugrelease from temperature-sensitive carriers such asliposomes'”’.
Forexample, awearable ultrasound facial mask has been developed for
skincare" (Fig. 4s). The mask uses controllable electric power and dura-
tion so that the maximumdevice temperature remains <42 °C, posing
no safety concerns. Although this was applied for relatively short peri-
ods (10 min per session), human experiments have demonstrated that
treatment in a single session can increase skin moisture by up to 20%
and accelerate hyaluronic acid permeation compared with controls.

Wound healing. The mechanical effects of ultrasound can activate
the immune system to promote wound healing. Acoustic stream-
ing promotes the release of chemical mediators such as histamine
from white blood cells, attracting fibroblasts and endothelial cells
to form granulation tissue, a connective tissue that fills wounds™°.

Nature Reviews Bioengineering


http://www.nature.com/natrevbioeng

Review article

Furthermore, acoustic streaming increases the rate of fibroblast
migration and boosts collagen secretion, thereby accelerating tissue
repair and enhancing the tensile strength of connective tissues'°.
Inapilot clinical study, awearable ultrasound probe operating within
20-100 kHzreduced the average wound closure time on human partici-
pants from 12 weeks to 4.7 weeks™ (Fig. 4p). The intensity was set to a
spatial-peak temporal-peakintensity 0of 100 mW cm™forup to15 minto
ensure ultrasound exposure safety (up to 4 hwithout adverse effects).
Invitro experiments using murine 3T3 fibroblasts as the cellular model
showed that exposure to 20 kHz ultrasound at 100 mW cm™for 24 h
resultedinanaverage increase of 32%in cellular metabolism (P < 0.05)
and a40% increase in cell proliferation (p < 0.01) compared with con-
trol cells, providing quantifiable evidence of fibroblast activation for
collagen production that underpins the accelerated wound healing

observed clinically™.

Bone consolidation. Wearable ultrasound has been advocated to pro-
mote bone healing to complement or replace surgical interventions.
In arat femoral fracture model, a stretchable ultrasound array effec-
tively accelerated bone healing (Fig. 40). Daily treatments at 1 MHz and
15 Vfor25 minover 6 weeksled to a 615% increase inmodulus, a30.2%
increaseinbone density, a39.4%increase inbone tissue-to-total tissue
volumeand a35.7% increasein trabecular thickness'?. An Exogen stimu-
lator was used in a retrospective study on 14 patients with surgically
stabilized non-unions of lower-limb long bones'. This device provided
mechanical stimulation that enhanced callus formation and osteogenic
activity, thereforeaccelerating the consolidation process. After receiv-
ing 20 min of low-intensity (spatial-peak temporal-average intensity
of 30 mW cm ) stimulation daily over three months, bone consolida-
tion was achieved in 79% of the cases, compared with ~85-100% when
treated with revision surgery. Although these results are promising,
the overall efficacy of ultrasound in promoting bone consolidation
remainsinconclusive, owing to variability in study designs, differences
inultrasound parameters (such as frequency, intensity and duration),
lack of large-scale clinical trials, and inconsistencies in evaluating
outcomes'®* %, With that being said, it was proven that combining
wearable ultrasound with modalities such as extracorporeal shock
wave therapy' and pulsed electromagnetic fields'® could poten-
tially enhance bone consolidation more effectively than any single

treatment alone'™,

Pain relief. Ultrasound can provide pain relief based on vasodilation
induced by the thermal effect'®. Increases in temperature trigger the
endothelium of blood vessels to release nitric oxide, which causes
smooth muscle relaxation and blood vessels dilation, stimulating
blood flow to the target area'®®. Theimproved circulation aids nutrient
and oxygen delivery as well as the removal of metabolic wastes, which
is crucial for pain alleviation'”'. Wearable ultrasound systems for pain
relief are non-pharmacological in nature and offer ease of use and tar-
geted therapy. For example, sustained acoustic medicine (sam) treat-
mentdevices have been used to treat patients with soft tissue injuries™
(Fig. 4q). These devices usually deposit more than 4,000 J energy per
session, to provide heat up to 5 cm below the skinsurface to assist pain
relief. Ina controlled study, participants with elbow tendinopathy used
the sam device at home and assessed pain using the 11-point numeric
rating scale. The study shows a significant average reduction in pain
scores of 3.94 + 2.15 points over 6 weeks (P=0.004).

By enabling precise control of treatment parameters over time,
wearable ultrasound technology can be personalized to minimize the

risk of overdosing or underdosing, therefore reducing tissue damage
and ineffective treatments, and promoting healing. Ultimately, such
tailored interventions can shortenrecovery time and improve overall
treatment outcomes, enhancing the quality of patient care'”.

Energy and data transfer

Based on piezoelectric effects, wearable ultrasound devices can trans-
formultrasound wavesinto electrical energy or signals, and vice versa,
to wirelessly power and communicate with implantable devices'*"**.
A wireless energy supply enables compact implants with small bat-
teries and reduced frequency of surgical replacements. A wearable
ultrasound transducer has demonstrated a power transfer efficiency
of 23% from animplanted neurostimulator with aworking distance of
5 mm (ref.147) (Fig. 4t). In this system, the transducer emits ultrasound
waves through the skin and superficial subcutaneous tissue to the
implant. Theimplant’s transducer converts these waves into electrical
energy, generating an alternating current, whichis thenrectified into
direct current to power the implant’s electronics. In separate studies,
analternating current can be processed by animplanted rectifier and
filter circuit for stimulating the lumbosacral spinal cord to restore
locomotion'”, the tibialis anterior muscle for rehabilitation’®, and
theretinain visual prostheses®. However, the power transfer efficiency
of ultrasound to electricity is relatively low'” (-20% efficiency) com-
pared with other wireless power transfer methods such as electromag-
netic induction'*® (-80% efficiency) and radiofrequency transfer'*’
(-50% efficiency), primarily owing to a loss of energy in the form of
heat, which may raise safety concerns.

Implants canalsoinclude transmitters that convert electrical sig-
nalsinto ultrasound waves that travel through the tissue to awearable
receiver. By encoding physiological data, such as heart rate and temper-
ature, into ultrasound waves, the wearablereceiver then demodulates
andinterprets the signalsin real time'”. Because ultrasound has shorter
wavelengths than Wi-Fi and Bluetooth, this technology could poten-
tially lead to smallerimplants than those relying on Wi-Fi or Bluetooth.
In a preclinical study, a wearable ultrasound transducer powered an
implanted flexible battery-free cardiac pacemaker for cardiac pacing'”.
A programmed micro control unit in the implant analyses the signal
and activates the implanted transducer to transmit all signals back to a
wearable communicational transducer. If abnormalities are detected
and intervention is needed, the implant directly stimulates the heart
viaan electrical signal to restore normal cardiac rhythm.

Although promising, technical challenges remain. First, localized
tissue heating during prolonged operations can cause discomfort
and tissue damage, even though intensity levels are kept below the
FDA’s recommended limits for safe ultrasound exposure (derated
spatial-peak temporal-average intensity of 720 mW cm2)*°°, Second,
energy and datatransfer are only possible when an external ultrasound
sourceis available, potentially limiting continuous application. Third,
the system still requires the implantation of ultrasound transducers
and associated electronics, which require surgical removal. Further
research is necessary to these systems.

Clinical translation

Wearable ultrasound technology should ultimately be translated into
clinical practice to achieve meaningful impact. Although many wear-
able ultrasound prototypes have shown promising resultsin preclinical
orsmall-scale clinical studies?***”*??, large and well-controlled clinical
studies are required across a diverse patient population to establish
their effectiveness, safety, reliability, and consistency in real-world
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Box 2 | Technology transfer considerations

The translation of wearable ultrasound technology from academia
to real-world scenarios introduces challenges in terms of device
validation, regulatory approval, reimbursement and manufacturing.
Besides technologists, the commercialization journey engages with
various stakeholders to understand their needs and expectations.

After validating the unmet needs in healthcare, the next
step is to define the value propositions of wearable ultrasound
technology. These include continuous monitoring and therapy,
long-term user-independent operation, and the potential to provide
personalized care outside clinical settings. Conducting pilot studies
with target end users helps provide feedback to refine these value
propositions. Before that, preclinical testing may provide data
on the safety and functionality of the technology prior to clinical
applications.

Regulatory approval is a major hurdle in the deployment of all
medical devices. In the USA, the Food and Drug Administration
typically classifies ultrasound devices as class Il (intermediate risk)
or class Ill (highest risk) devices. Based on the device classification,
a premarket notification (510(k) process) or a premarket approval
may be required. To broaden the global reach of a device, regulatory
approvals such as Europe’s Conformité Européenne marking
and China’s National Medical Products Administration should be
considered. Compliance with these regulations ensures the device
meets the unique safety and performance standards required in
those regional markets. Wearable ultrasound technology may face
additional regulatory challenges owing to its continuous hands-free
operation. Early engagement with regulatory authorities, robust

settings. Regulatory bodies require comprehensive clinical databefore
granting approval for specific use cases****°". Insurance companies
and reimbursement agencies also require substantial clinical data
to justify coverage, affecting the financial viability of patients and
institutions (Box 2).

Appropriate ultrasound intensity must be tailored to theintended
application to balance safety and effectiveness. Therapeutic applica-
tions require the ultrasound intensity to exceed a specific threshold
toelicitthe desired effect. Therefore, there are no specific regulatory
recommendations dedicated to therapeutic ultrasound’. For diagnostic
applications, however, the ultrasound intensity is usually kept as low
as possible to minimize the risk of mechanical and thermal effects®®%.
The US Food and Drug Administration?’, American Institute of Ultra-
sound in Medicine?”* and British Medical Ultrasound Society?** provide
systematic recommendations (Supplementary Tables 3 and 4).

For mechanical effects, safety standards for diagnostic ultrasound
recommend that the mechanical index not exceed 1.9 to prevent cavi-
tation and mechanical damage to tissues*’°. For ophthalmic applica-
tions, the mechanical index limit is set at 0.23 to protect the delicate
eye’®°, Techniques, such as magnetic resonance elastography” and
velocimetry?’, can be used to investigate the changes in tissue and
biofluid characteristics owing to prolonged ultrasound exposure.

Thermal effects can accumulate over time and arise from both
the device-skininterface and deep tissues®”. For use onskin, surface
temperature is measured to quantify the heat generated by the wear-
able device itself, and acoustic measurements are used to calculate
at-surface thermalindices that quantify ultrasound reflection owing

usability testing and clear demonstration of clinical benefits are
crucial for successful approval.

Additionally, securing reimbursement for the devices is critical
for market penetration. This entails demonstrating the economic
value of the device to payers and insurers, who will scrutinize its
cost-effectiveness and impact on patient care outcomes. Besides
US Current Procedural Terminology codes for ultrasound-related
procedures, regional reimbursement codes shall be considered
for non-US markets to enable global adoption. For example,
Operationen- und Prozedurenschliissel codes in Germany, the Office
of Population Censuses and Surveys Classification of Interventions
and Procedures version 4 codes in the UK, and Medical Service ltem
codes in China are used to describe services provided to patients.

Furthermore, scaling up manufacturing for wearable ultrasound
devices requires careful planning to meet the expected market
demand while maintaining high standards of quality and compliance.
Manufacturers must source key components such as transducer
materials, electronic circuits and biocompatible packaging materials
from reliable suppliers. Establishing a thorough quality management
system is essential to ensure products meet safety and performance
standards. For example, compliance with international standards
such as ISO 13485 for medical devices is mandatory.

At each stage of development, financial resources are correlated
with specific milestones to be achieved. Fundraising follows a
structured progression, and demonstrating evidence of past
achievements and future potential at each stage is essential for
securing funding for the next phase of development.

to the acoustic mismatch at the device-phantom interface?*”*°%, How-
ever, because the guidelines for surface temperature measurements>”’
and thermal indices****** differ, a direct correlation between these
parameters is challenging. For use in deep tissues, below-surface
thermal indices are used to estimate tissue heating from ultrasound
absorption. However, in vitro-derived values can fail to capture vari-
ability between individuals, especially during prolonged ultrasound
exposure’”’, Magnetic resonance thermometry can map temperature
in vivo, effectively characterizing thermal effects from prolonged
exposure, butits use is limited by high cost and constraints on patient
mobility***".

Besides device effectiveness and safety, integrating the con-
tinuous data stream from wearable ultrasound devices into existing
electronic healthrecords ensures compliance with data privacy regu-
lations, such as the Health Insurance Portability and Accountability
Act, safeguarding against unauthorized access and breaches”**". In
addition, it enables real-time, comprehensive surveillance by com-
bining ultrasound data with patient history and other sensor data in
both hospital and remote settings**. Machine learning and big data
analytics can be used to analyse such electronic health records and to
identify patterns and correlations among data streams to simplify the

diagnostic processes and enhance clinical outcomes?>.

Outlook

Although device prototypes have demonstrated the potential of wear-
able ultrasound technology to assist in early detection and efficient
management of diseases, several challenges related to image quality
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and device design must be addressed for the technology to achieve
widespread clinical adoption.

Achieving highimage quality is essential for detecting and moni-
toring subtle physiological changes. In contrast to rigid ultrasound
probes, flexible and stretchable wearable ultrasound probes do not
have fixed transducer element positions for image reconstruction
because they must conform to the curved and dynamic skin surface?”.
Thisintroduces variations in the array pitch and curvature and there-
fore phase aberration, degrading image quality?”. Thisissue becomes
more pronounced at higher frequencies, because element positional
errors induce relatively larger phase shifts for shorter wavelengths,
resulting in greater image degradation. To address this challenge,
bothhardware and software solutions have been proposed. Hardware
approachesinclude the use of 3D cameras®, strain sensors* and optical
fibres™® to accurately map element positions, which involve adjusting
the time delay of individual elements for phase aberration correc-
tion. Software approaches typically use an iterative process based
on entropy?®”, phase error”®, speckle brightness”” or the coherence
factor?’ until phase aberrations are minimized. Specifically, entropy
measures the level of randomness or disorder within an ultrasound
image, with high entropy corresponding to lower quality?”. It can be
iteratively minimized during the image reconstruction process to
produce an ordered and clear image. Phase errors induced by incon-
sistent transducer element positions misalign wavefronts, which can
be iteratively corrected for accurate and high-resolution imaging®.
Variations inspeckle brightness are caused by the interference of scat-
tered waves. Phase aberrations can reduce brightness and contrastin
certainareas of animage®”.. Iterative optimization of speckle brightness
ensures that interference patterns are well defined, improving image
quality. Finally, the coherence factor determines the uniformity of sig-
nals received across the transducer array®. A higher coherence factor
indicates signals are consistent across the array, reducing artefactsand
preservingimage integrity, particularly forimaging large or complex
anatomical structures.

Super-resolution ultrasound imaging, such as ultrasound locali-
zation microscopy and structured illumination, can achieve spatial
resolution beyond the diffraction limit***?*, Ultrasound localization
microscopy relies on microbubbles as contrast agents and uses ultra-
fastimaging to detect, localize and track individual microbubbles with
subdiffraction precision***. To reconstruct detailed vascular images,
many localizations must be accumulated over time with low micro-
bubble concentrations to ensure spatial separability, which limits the
number of localizations per frame and leads to prolonged acquisition
times***. Super-resolution imaging can also be achieved by structured
illumination, for which periodic multifocal patterns are transmitted
andinteract withtissue structural features to generate moiré fringesin
the received signal®>**°. These moiré fringes result from the wave inter-
ference between the knownillumination and unknown tissue structure,
and encode high-frequency spatial information®”. By transmitting
multiple shifted illumination patterns, this high-frequency information
canbedecoded and synthesized to formasingle image with enhanced
resolution’”. These techniques can be applied without requiring sub-
stantial hardware modifications, making them particularly compatible
with compact, wearable ultrasound probes.

The complexity of the human body makes 2D imaging highly
dependent on probe orientation and positioning, often lead-
ing to error-prone and time-consuming procedures in practical
applications®*®. Two-dimensional transducer arrays solve this prob-
lem by enabling 3D imaging that is independent of probe orientation

and less dependent on probe positioning. However, the number of
transducer elements required for 3D imaging, which is directly tied
to the desired image resolution and specific applications?, is typi-
cally in the thousands. Each element would ideally require a separate
electrode. Integrating such large arrays of electrodes is challenging.
To overcome this challenge, row-column addressing sequentially
transmits ultrasound waves from rows and simultaneously receives
echoes fromall columns*°, which reduces the number of electrodes to
approximately the square root of what afully populated 2D array would
require”'. However, row-column addressing is constrained to steering
inonly therowand columndirections, whichresultsin reduced spatial
resolution and overall image quality®'. Sparse arrays also reduce the
number of elements and thus electrodes, for example by 88%”*?, using
algorithms to optimize the placement of alimited number of elements
within the array**. This strategy intrinsically decreases the sensitivity,
which canbe mitigated by optimizing transmit power or accumulating
signals over multiple acquisitions®*,

Circuit integration, power consumption and device breathabil-
ity are also considerations in the further development of wearable
ultrasound technology (Table 1). A fully integrated wearable ultra-
sound device has been developed for M-mode-based blood pressure
monitoring®®. However, the system places large demands on the battery
capacity. Replacing commercial off-the-shelf chips with ASICs can
reduce power consumption while maintaining high performance®*.
Integrating wearable power-harvesting devices could also extend
the battery lifetime?*. Additionally, the prototypes are encapsulated
with hydrophobic silicone elastomers, which do not allow sweat per-
meation. Embedding breathability while maintaining the electrical and
structural integrity of the device would enhance skin ventilation and
minimize gel evaporation, whichis critical for protecting skin fromirri-
tation during prolonged monitoring®®. Nanofibre mats could be used
asthetransducer substrateinthisregard. The pore size of the substrate
can be controlled by varying the nanofibre diameter and coverage
density to balance sweat evaporation and gel loss for long-term use”*®.

Wearable ultrasound technology has shown potential for
hands-free, user-independent and continuous health monitoring,
aswell as therapeuticinterventions, even during motion. Addressing
the aforementioned limitations could accelerate its widespread adop-
tion across diverse healthcare settings. Its applications could extend
beyond clinical environments to consumer electronics such as wellness
and fitness trackers, and human-machine interfaces for gaming and
prosthetic control.
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Supplementary Table 1 | Advantages and disadvantages of different transducer materials

piezoelectric ceramics

Transducer materials Advantages Disadvantages
Piezoelectric ceramics e High sensitivity, high efficiency e  High impedance mismatch with soft
tissue
. High thermal stability
Piezoelectric crystals . Higher sensitivity and higher efficiency than . High impedance mismatch with soft

tissue
Lower thermal stability than piezoelectric
ceramics.

Piezoelectric polymers e High reception bandwidth . Low transmission efficiency

e  Low acoustic impedance mismatch with soft e Lower thermal stability than piezoelectric

tissue crystals

. Mechanical flexibility
Piezoelectric e High sensitivity e High fabrication complexity
micromachined e Low voltage operation e Narrower bandwidth than capacitive
ultrasound transducers e High compatibility with integrated circuits micromachined transducers
Capacitive e High sensitivity e High fabrication complexity
micromachined e High bandwidth e Complex pulser design to drive
ultrasound transducers . High compatibility with integrated circuits transducers with bias voltage

Supplementary Table 2 | Advantages and disadvantages of the rigid, flexible and stretchable
wearable ultrasound probes

Probe types Advantages Disadvantages
Rigid e Mature fabrication process e  Limited to relatively flat acoustic windows and subcutaneous fat for
e  High image quality cushioning
. Highly compatible with . May need thick encapsulation layer on highly curved body surfaces
conventional imaging systems
Flexible e  Better conformity and wearing e  Relatively complicated to fabricate
comfort than rigid probes e Array bending leads to minor phase distortion.
. Long-term wearability e  Additional components or methods needed to compensate array
bending
Stretchable e  Better conformity and wearing e Relatively complicated to fabricate
comfort than flexible probes e  Array stretching and bending lead to pitch change and phase
. Long-term wearability distortion.
e  Additional components or methods needed to compensate changes in
array pitch and curvature

Supplementary Table 3 | Thermal index recommendations®® for adult transcranial, general
abdominal, peripheral vascular, neonatal (except transcranial and spine) and other scanning
examinations (except the eye)

Tl range Maximum dwell time (minutes)
T1<0.7 No time limit

15<TI<20 120

20<TI<25 60

25<TI<30 15

3.0<TI<4.0 4

40<TI<50 1

50<TI<6.0 0.25

T1>6.0 Not recommended




45  Supplementary Table 4 | Thermal index recommendations®® for obstetric, neonatal
46  transcranial and neonatal spinal examinations

Tl range Maximum dwell time (minutes)
T1<0.7 No time limit

0.7<TI<1.0 60

1.0<TI<15 30

15<TI<20 15

20<TI<25 4

25<TI<30 1

T1>3.0 Not recommended
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