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Abstract—Wearable ultrasound has the potential to
become a disruptive technology enabling new applica-
tions not only in traditional clinical settings, but also in
settings where ultrasound is not currently used. Under-
standing the basic engineering principles and limitations
of wearable ultrasound is critical for clinicians, scien-
tists, and engineers to advance potential applications and
translate the technology from bench to bedside. Wearable
ultrasound devices, especially monitoring devices, have
the potential to apply acoustic energy to the body for far
longer durations than conventional diagnostic ultrasound
systems. Thus, bioeffects associated with prolonged
acoustic exposure as well as skin health need to be care-
fully considered for wearable ultrasound devices. This
article reviews emerging clinical applications, safety con-
siderations, and future engineering and clinical research
directions for wearable ultrasound technology.

Index Terms— Quantitative biomarkers, ultrasonic imaging, ultrasonic transducers, wearable health monitoring,
wearable sensors.

I. INTRODUCTION

OVER the past several decades, advances in microelec-
tronics and material science have enabled continual

miniaturization and enhancement of ultrasound (US) imaging
systems, leading to profound changes in the application of
diagnostic US in a variety of healthcare settings. In particular,

Manuscript received 31 October 2023; accepted 8 December
2023. Date of publication 13 December 2023; date of current ver-
sion 15 July 2024. This work was supported in part by NIH
under Grant 5U01EB027601; and in part by U.S. DoD under Grant
W81XWH2010817, Grant W81XWH2010190, and Grant W81XWH-22-
9-0016. (Corresponding author: Siddhartha Sikdar.)

Pengfei Song is with the Department of Electrical and Computer
Engineering and the Beckman Institute, University of Illinois Urbana–
Champaign, Urbana, IL 61801 USA (e-mail: songp.@ .illinois.edu).

Michael Andre is with the Department of Radiology, University of Cali-
fornia San Diego, La Jolla, CA 92093 USA (e-mail: mandre@ucsd.edu).

Parag Chitnis and Siddhartha Sikdar are with the Department of
Bioengineering, George Mason University, Fairfax, VA 22030 USA
(e-mail: pchitnis.@ .gmu.edu; ssikdar.@ .gmu.edu).

Sheng Xu is with the Department of Nano and Chemical Engineering
and the Department of Radiology University of California San Diego, La
Jolla, CA 92093 USA (e-mail: shx064.@ .ucsd.edu).

Theodore Croy was with the U.S. Army Medical Center of Excellence,
Fort Sam Houston, TX 78234 USA. He is now an Independent Consul-
tant (e-mail: tcroypt.@.gmail.com).

Keith Wear is with the U.S. Food and Drug Administration, Silver
Spring, MD 20993 USA (e-mail: keith.wear.@.fda.hhs.gov).

Digital Object Identifier 10.1109/TUFFC.2023.3342150

low-cost and portable US imaging systems have enabled
lifesaving diagnostic capabilities in low-resource settings [1].
Point of care US (POCUS) systems [2] have seen increased
usage at the bedside [3] and in nonclinical environments
such as a battlefield [4], natural disasters [5], public health
emergencies [6], and space [7].

At present, the field of US imaging is poised for
yet another potentially revolutionary advancement: wearable
ultrasound [8], [9]. In contrast to POCUS, where the minia-
turization happens at the scanner side (e.g., the main body of
the US system), wearable ultrasound miniaturizes handheld
transducers into wearable form factors, enabling real-time
imaging in freely moving humans. Whereas traditional US
has been used for diagnosis and image-guided interventions
in radiology, cardiology, surgery, obstetrics and gynecology,
emergency medicine and musculoskeletal imaging, wearable
US has the potential for both clinical and nonclinical appli-
cations, such as cardiovascular, cerebrovascular, and fetal
monitoring, rehabilitation, sports medicine and athletic train-
ing, military medicine and assistive technology. While the
field of wearable US is still in its infancy, rapid techno-
logical advances are being made with exciting applications
rapidly emerging. It is likely that commercial wearable US
devices may soon become available to both clinical and
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Highlights
• Wearable ultrasound is poised to push the use of ultrasound technology beyond traditional diagnostic settings and

will provide opportunities to engage clinicians, scientists, and engineers from a broad range of disciplines.

• Wearable ultrasound applications will require development and validation of robust quantitative biomarkers that
provide actionable information about tissue properties, physiology, and function.

• Future development of wearable ultrasound systems should be guided by engineering and technological consider-
ations as well as user needs and considerations of factors that impact safety and data quality.

nonclinical users. This new and rapidly evolving trend raises
some important technical as well as open research questions
surrounding the clinical usefulness, biosafety, quality con-
trol (QC), and other engineering considerations associated
with wearable US. As such, the purpose of this perspective
paper is to articulate some guiding principles for the future
technical and clinical research directions involving wearable
US.

This article is organized as follows. First, we outline several
unmet clinical needs that could be addressed by wearable
US technologies, including a discussion of potential chal-
lenges for adoption in different healthcare settings. Second,
we discuss potential safety, bioeffects, and quality assurance
considerations that are essential for the safe and effective
use of wearable US, particularly under nontraditional and
nonclinical settings by novice users of US. Finally, we share
our perspectives regarding engineering research challenges
that need to be considered for wearable US from the points
of view of both hardware (e.g., probe design and fabrica-
tion) and software (e.g., beamforming, data analysis, and
interpretation).

II. UNMET CLINICAL NEEDS THAT CAN BE ADDRESSED
BY WEARABLE US TECHNOLOGY

The widespread clinical adoption of US has been driven in
part by its relatively low cost and the advantageous design of
US systems, i.e., a handheld transducer enabling interactive
real-time imaging in a variety of settings. However, this
design also presents inherent challenges [10]. These include
operator dependence in selecting the anatomical imaging
planes, the expertise required to interpret 2-D US images in
relation to underlying 3-D anatomy, limited acoustic windows
into the body, and a field-of-view limited to the position
and orientation of the transducer. In addition, US has been
challenged by difficulties in standardizing imaging during
dynamic tasks and obtaining repeatable, reproducible, and
reliable quantifications of physiological and tissue proper-
ties. Wearable US devices have the exciting potential to
address many of these challenges, by eliminating handheld
operation, enabling placement of multiple sensors simultane-
ously on different body areas, and achieving a long-sought
goal of imaging dynamic function in freely moving humans.
In the following subsections, we describe some of the current
unmet clinical needs that can be addressed with wear-
able US imaging devices. Table I summarizes the example
applications.

A. Wearable US for Cardiovascular Applications

The American College of Cardiology, Washington, DC,
USA, noted that one-third of global deaths in 2019 were
attributed to cardiovascular disease and that the incidence of
cardiovascular disease is rising [11]. US has important appli-
cations for establishing the health of a patient’s cardiovascular
system as well as for the management of ill and postsurgical
patients [12]. Despite many promising advances [8], clinical
quality cardiovascular US imaging remains a challenge for
wearable US devices. Transthoracic comprehensive echocar-
diography requires views of the complete heart that may
not be feasible with a small wearable patch [12]. However,
a promising goal for wearable US devices is to provide
extended temporal monitoring of patients in and out of the
hospital setting, for which it may be sufficient to focus on
specific regions of interest or aspects of the heart function
relevant to the clinical problem [13]. Wearable US devices
may help reduce some sources of variability known to occur
in echocardiography measurements [14]. For example, the
assessment of recommended metrics such as left ventricular
ejection fraction, diastolic volume, mass, and wall motion
score with handheld probes may be subject to intra- and
inter-operator variation largely due to positioning [15].

Imaging techniques in diagnostic US are based on mapping
backscattered energy from tissue and interfaces, as well as
mapping blood flow. Wearable devices have been success-
fully applied to common US imaging techniques. In A-mode
imaging, 1-D data of echo amplitudes along a single line are
recorded with depth. Motion of the interface echoes has been
displayed by translating the 1-D A-line over time to record
the relative motion of cardiac chamber walls or valve leaflets,
known as M-mode. In B-mode US, 2-D maps of multiple
lines of backscatter data are recorded as a cross-sectional
plane with echo amplitude converted to a pixel brightness.
Blood flow assessment can be performed in either continuous
wave (utilizing the Doppler frequency shift principle with
separate transmit and receive transducers) or pulse wave
(utilizing motion-induced phase shifts between consecutive
pulsed echoes) modes. In the latter case, color flow cod-
ing may be applied to the motion map superimposed onto
the B-mode image, with red indicating motion toward and
blue motion away from the transducer. Color power imaging
sacrifices directional indication for improved sensitivity to
slow flow.

Some of the most prominent applications for single-element
wearable US are measurements of blood pressure waveform,
heart rate, vessel diameter, and pulse wave velocity (arterial
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TABLE I
SUMMARY OF EXAMPLE APPLICATIONS OF WEARABLE ULTRASOUND

wall displacement). Continuous monitoring of blood pressure
waveforms, derived from arterial wall displacement mea-
surements, provides biomarkers to detect abnormal cardiac
activities in the diagnosis and postoperative assessment of
individuals at a high cardiovascular risk, Fig. 1, [16], [17],
[18]. M-mode US is suitable for monitoring the structural
dynamics of the heart walls and chambers, and cardiac output

capacity over extended periods of time. An example of a
wearable M-mode application for continuous monitoring of
ventricular dimensions over time appears in Fig. 1 [8].

A wearable US patch attached to the neck was shown
to be capable of continuously tracking flow parameters in
the carotid artery [13], including continuous qualitative and
quantitative tracking of pulsatile flow. A lightweight and
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Fig. 1. Overview of current state of the art for wearable US. Wearable US systems involve different configurations for transducers, such as
deformable arrays [69], multielement patches [8], [18] and single-element pucks [70]; biosignals, such as Doppler spectra [8], cardiac contraction [19]
and muscle contraction [53]; as well as applications such as stress echocardiography [8], continuous blood pressure monitoring [20], prosthetic
control [60] and muscle function monitoring [70]. Research and development of integrated systems for specific use cases will require interdisciplinary
expertise from a range of clinical, scientific and engineering disciplines. All figures were reprinted from their respective journals with permissions.
1. Example transducer configurations—(a) Deformable arrays. (b) Multielement patches. (c) Dual-element pucks. 2. Example biosignals—(a) Blood
flow velocity. (b) Cardiac contraction. (c) Muscle contraction. 3. Example applications—(a) Stress echocardiography. (b) Continuous blood pressure
monitoring. (c) Prosthetic control. (d) Monitoring muscle function.

wearable US sensor for inspection of blood flow velocities of
deep arteries in real time has been developed [19]. In clinical
practice, the patient’s blood flow velocities and assessments
of these conditions are often required. Peak systolic veloc-
ity (PSV), end-diastolic velocity (EDV), time-averaged peak
velocity (TAPV), and several flow velocity indices or ratios
can be extracted and interpreted. The resistive index (RI)
and pulsatility index (PI) are common indicators of vascular
resistance and compliance. Pulsed-wave spectral analysis pro-
vides quantitative information about vasculature and vital data
for identifying conditions that affect cardiovascular health.
Color flow and color power imaging of the carotid artery
have been demonstrated, comparing favorably to full-size clin-
ical systems [13], [18], [19]. Wearable sensors are currently
focused on monitoring blood flow using pulse-wave rather than

continuous wave mode [8]. Flow velocity measurement and
multimode Doppler are research priorities.

B-mode wearable US using array transducers has been used
for imaging of the heart and vessels for conditions such as
heart failure, pulmonary hypertension, cardiomyopathy, etc.
Wearable US patches performed stably with body movements
for continuous monitoring and compared favorably to clinical
scanners [20]. However, echocardiography can be challenging
in many patients with large body habitus, and contrast agents
are currently used to improve image quality [21]. This may
be a significant challenge for monitoring applications.

B. Wearable US for Transcranial Doppler Assessment
Transcranial Doppler ultrasonography (TCD) is a non-

invasive, bedside, portable tool for assessment of cerebral
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hemodynamics, detection of focal stenosis and arterial
occlusion, monitoring treatment effects, and assessment of
vasomotor reactivity [22], [23], as well as brain motion [24],
[25]. Although uncomfortable for longer-term use, modern
TCD head frames allow continuous hands-free emboli detec-
tion, providing risk stratification and assessment of treatment
efficacy in several cardiovascular disease processes. TCD
is an excellent screening tool for vasospasm in aneurys-
mal subarachnoid hemorrhage because of its high sensitivity
and negative predictive value. TCD is used intraoperatively
during carotid endarterectomy and stenting to provide hemo-
dynamic management while minimizing the risk for brain
ischemia [26].

Accurate and continuous monitoring of cerebral blood
flow is valuable for clinical neurocritical care and fun-
damental neurovascular research. Continuous monitoring of
cerebral hemodynamics enables screening for and diagnosis
of brain disorders (e.g., vasospasm, stenoses, aneurysms, and
embolisms) as well as understanding neurological neurovascu-
lar functions (e.g., sensory, motor, and cognitive controls) [27].
However, to examine relevant vasculature requires two-way
transit across the skull and brain, presenting challenges to
Doppler analysis due to signal attenuation and aberration [28].
Conventional TCD probes are rigid and need to be either hand-
held or tightly fastened with a headset. Operator-dependency,
subjective selection of the target arterial segment and user
discomfort limit the measurement accuracy and practicality
for prolonged recording [29].

The development of wearable devices for TCD addresses
many of these constraints through electronically steered
velocimetry systems, which enable noninvasive measurement
of cerebral blood flow velocity (CBFV) with limited oper-
ator interaction. Wearable prototype systems for continuous
measurement of CBFV that are capable of autonomous vessel
search and tracking have been reported [29]. Although flow
phantom and preliminary human validation show promise, fur-
ther testing is needed for comparison to existing commercial
TCD systems. Validation is needed for vessel identification and
tracking in a variety of patients and under head movement
and ambulation. Detection of transient emboli in the blood
with Doppler spectrum analysis has been proposed even for
surgical environments [30], [31].

Another unexplored opportunity for wearable US may be
in monitoring brain acceleration and the impact of shock
wave propagation through the brain [25] during contact sports,
as well as in the battlefield, to better understand the impact
of concussion and mild traumatic brain injuries. Despite
the increasing use of sensors and other approaches to track
impact of the head in athletes [32], there is currently no
feasible method for directly measuring brain motion. This
has been a long-standing challenge in the field of concussion
biomechanics. Wearable US may provide an opportunity to
achieve this goal since transcranial US provides an opportunity
to directly measure brain motion. However, many technical
challenges need to be overcome, due to acoustic attenua-
tion and phase aberration introduced by the skull, before
the feasibility of this approach using wearable devices is
demonstrated.

C. Wearable US for Fetal Monitoring

Despite advances in medicine, childbirth mortality is a
major issue worldwide [33]. A key factor for the prevention
is early detection of fetal compromise. Fetal movements in
utero are early expressions of fetal neural activity and are
indications of fetal well-being. A healthy fetus moves regularly
until labor, so changes or disappearance of fetal movements
are indications of potential fetal compromise [34]. It is also
observed that fetal movements are reduced in cases of pla-
cental insufficiency [35]. In high-risk pregnancies, especially
when placental insufficiency is suspected, monitoring of fetal
movements would be valuable.

Existing clinical methods of monitoring fetal movement
include maternal perception and sonographic evaluation of
movements of fetal trunk, limb, or head [36]. Fetal sonog-
raphy is the preferred clinical tool; however, it is generally
performed only by expert operators in hospital or outpatient
clinical settings, thus it may not be available to all patients
at the needed times during pregnancies. Maternal perception
of fetal movements as early as week 25 of pregnancy is
widely employed and does not require a clinical setting [33].
The major drawback of this method is its subjectivity; it is
reported that the sensitivity of maternal perception can vary
considerably [36], [37].

Fetal heart rate (fHR) monitoring using Doppler US is a
reliable method to assess fetal health before and during labor.
However, it only allows short or intermittent assessment and is
operator-dependent [35]. During labor, continuous monitoring
of fHR is valuable especially for high-risk deliveries. Continu-
ous monitoring of the fHR is performed using a US transducer
fixed on the maternal abdomen and may be combined with
simultaneous monitoring of the uterine activity, known as car-
diotocography. The procedure has known limitations including
periods of signal loss and inaccurate estimation of fHR. Signal
loss may occur in premature deliveries, mothers with high
BMI, and multiple gestations [38], or simply positional shifts
of the transducer or fetus.

Wearable US systems have been demonstrated to accurately
record Doppler waveforms at frequencies appropriate for in
utero use [36]. Applications in nonclinical settings would make
them accessible and affordable in underserved communities
where most stillbirths occur. fHR monitoring and labor surveil-
lance are identified as keys to prevention [39].

A flexible US transducer array was proposed that allows for
measuring the fHR independently of knowing the fetal heart
location (fHL) [40]. In addition, a method for dynamic adap-
tation of the transmission power of this array was introduced
with the aim of reducing the total acoustic dose transmitted to
the fetus and the associated power consumption, an important
design requirement. The transducer array correctly measured
the fHR for varying fHL while only using 50% of the total
transmission power of standard clinical US transducers.

D. Wearable US for Musculoskeletal and
Rehabilitation Applications

Musculoskeletal rehabilitation applications of wearable US
may usher in a new era of in vivo imaging during exercise [41],
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[42], rehabilitation [43], or even sport performance tasks after
injury. Current technical challenges of clinical musculoskeletal
US imaging include maintaining probe position, adequate
field-of-view, and sufficient skin contact during dynamic (but
slow) subject movement during an imaging examination.
A wearable US with miniaturized and adhesive sensors or
arrays may improve muscle activity monitoring, tendon load-
ing, or ligament stress under controlled clinical conditions
designed to test muscular performance or tendon loading [44].

Rehabilitation clinicians are interested in ensuring
post-injury muscle recovery including the ability to contract,
control, and engage synergistic muscle activity to achieve
optimal, pain-free movement consistent with the planned
rehabilitation goals. Clinical information consisting of patient
self-report, visual exercise performance, and palpation
skills [45] may be augmented further with wearable US to
provide biofeedback of quantifiable muscle activity during
an entire rehabilitation session, enabling quantification of
load, progress over time, or even insufficient effort [44].
Identification and prevention of arthrogenic muscle inhibition
following common knee injuries have been found to be
an important rehabilitation priority in athletes making
advancements in muscle activity monitoring consistent with
current clinical recommendations [46], [47]. Wearable US
may play an important role in informing clinicians and
patients about muscle function over time.

Unlike the other systems, the musculoskeletal system’s
primary function is the production and execution of movement
and stability of the body, making clinical understanding of
tissues during movement a key concept to understand [48].
While few imaging applications enable imaging during move-
ment, wearable US could unlock further knowledge of tissue
behaviors under increasingly dynamic conditions and spark
new approaches to rehabilitative treatment of muscle, joint,
or tendon injuries [44]. Unquestionably, dynamic imaging is
challenging, leaving clinicians with reasoned assumptions on
musculoskeletal function during dynamic tasks. Advances in
video-based evaluation and coaching methods have improved
2-D and 3-D assessment of rapid, multiplanar movement.
Wearable US may augment clinical observation and coaching
to further enable rehabilitation progress and improvement by
providing real-time biofeedback associated with the activation
of specific musculoskeletal tissues during rehabilitation exer-
cises.

Surface electromyography (sEMG) has been used for sens-
ing electrical activity of muscles during rehabilitation [49],
in addition to joint kinematic measures. The ability of a muscle
to generate force depends not only on electrical activation but
also on changes in muscle tissue properties, such as fibrous
and fatty infiltration [50], and the biomechanical properties
of the connective tissue (fascia) that are critical for force
transmission from muscle to joints [51]. Wearable US can
image muscle architecture and tissue properties, as well as
muscle mechanics [44]. Thus, wearable US can provide dis-
tinct and complementary information compared to sEMG and
other conventional joint-based biomechanical measures.

Periodic application of wearable US technology could be
used during rehabilitation sessions in the early (0 to 6 weeks

postoperative or postinjury) to help monitor and re-establish
quadriceps activity prior to applying more advanced strength-
ening exercises. Repeated isometric or isotonic muscle
contractions using wearable US can be used to quantify
patient effort, consistency, and limb symmetry in order to
inform patient and clinician about the effectiveness of the
exercise early in postoperative or acute recovery phases with
reasonable accuracy [41]. New opportunities for developing
biomarkers to inform exercise dosing may emerge, which
could include contraction strength, intensity, or hold duration.
Visual observation of exercise performance could be correlated
with wearable US feedback of muscle activity to understand
fatigability limits or tendon loading [52] in order to alter
the session according to the clinician’s interpretation. These
metrics derived from wearable US devices could result in
targeted goals quantifiable at the level of individual muscles,
which is expected to be a significant improvement over patient
self-report alone.

Rehabilitation following nerve injury, limb amputation,
or stroke may be enhanced via specific biofeedback of muscle
groups or proximal muscles during the relearning of motor
patterns to facilitate early rehabilitation. Real-time and contin-
uous biofeedback enabled by wearable US monitoring could
enhance patient performance and provide tangible outcomes
facilitating further clinical goal setting. Visual or auditory
feedback of muscle activity can facilitate clinical teaching
and enable a patient to initiate or correct a movement pat-
tern consistent with the clinician’s directions. Neurological
rehabilitation involving patients with hemiparesis may be
augmented through continuous monitoring of select muscles
during functional activities (such as ambulation). Wearable
US-based outcome measures may include muscle activation
patterns, bilateral asymmetry of activation, and changes in
activation patterns over time during a course of care.

Baseball pitchers and batters, golfers, or athletes skilled in
repeatable movements requiring consistent starting and ending
positions may benefit from monitoring of core musculature via
wearable US sensors to identify core muscle activity necessary
to initiate consistent, rapid trunk movements. Core stabiliza-
tion is known to be necessary prior to movement initiation,
however, lumbar spine injuries have been shown to impair
core muscle activation and timing [53]. Muscular activation
patterns of specific and repeatable movement tasks (gait, pitch,
golf swing) could be integrated into video recording of those
tasks to develop a deeper understanding of movement pattern
characteristics observed by therapists, coaches, or trainers and
may lead to novel approaches to movement correction and
rehabilitation provided that the device allows free movement.

E. Wearable US for Rehabilitation Engineering and
Neuroengineering Applications

A novel application of wearable US that is being investi-
gated involves sensing of muscle activity to infer the volitional
intent of a user with neuromuscular and motor impairments,
such as amputation [54], stroke, and spinal cord injury [55].
Reliable decoding of the user’s intent can enable the volitional
control of an assistive device such as a powered prosthetic
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hand or a leg, or an exoskeleton. However, decoding the
user’s intent has been a major challenge in the fields of
rehabilitation engineering and neuroengineering [56]. For the
past 50 years, the dominant method of decoding volitional
intent from muscle activity has involved the use of sEMG
sensors that detect the electrical activity associated with mus-
cle contraction. However, sEMG has many limitations [57].
These include the inability to resolve the source of activation
when multiple muscles overlie each other and to distinguish
relative muscle firings between adjacent muscles. In addition,
sEMG is unable to reliably monitor deeper muscles and has
somewhat poor signal-to-noise ratio (SNR), especially for
weak muscle contractions, and suffers signal degradation due
to muscle fatigue. Therefore, many of the recent advances
in neurorobotics have involved implanted sensors, such as
implanted myoelectric sensors, to improve spatial specificity
and SNR. Recent advances in wearable US have opened
up a new method of inferring volitional intent by analyzing
the mechanical deformation of muscle during contraction.
This method is known as sonomyography (SMG). SMG has
advantages over sEMG, including spatial selectivity enabled
by the depth resolution of US, as well as potentially superior
SNR [58]. US can also be used to analyze muscle twitch
response during functional electrical stimulation, which is
not practical with sEMG [59]. New research has also shown
the ability of US to isolate spatially-resolved motor unit
action potentials [60]. SMG has been demonstrated to be
feasible for controlling both upper [61], [62], [63], [64] and
lower [65] prosthetic limbs. In addition, preliminary work is
demonstrating the ability for SMG to decode the intent of users
with spinal cord injury [66]. Rapid advances are being made in
this novel application of US, and wearable US technology can
hasten the translation of these advances to benefit patients with
motor impairments. There are also opportunities to combine
SMG and sEMG to impact of electromechanical delay (EMD)
[67], and better predict muscle force development and joint
kinematics [68].

F. Potential Barriers to Clinical Adoption
Smart wearables generate a plethora of data through var-

ious sensors and software algorithms. Understanding their
basic engineering principles and limitations can be helpful
for clinicians and scientists. Several challenges still hinder
the widespread adoption of wearables in clinical practice,
including a concern for device accuracy, data security, patient
privacy, cost, and how to separate actionable data from noise.

Wearable B-mode US sensors have been used to measure
many tissues in the human body, but there are still a number
of issues that need to be addressed [9], [72]. For example,
measurement accuracy is constrained by the robustness of
continuous acoustic coupling between the sensor and the skin,
especially during free movement. In addition, the acoustic
field of a flexible array may change when it is worn in
different locations on the body, which poses a challenge for
the controllability of the acoustic field. The varying curvature
of the skin also affects detection capability of a wearable US
array, although different beamforming strategies may correct
for this.

Evidence supports the use of wearable devices in cardiovas-
cular risk assessment and cardiovascular disease prevention,
diagnosis, and management [73], but large, well-designed clin-
ical trials are needed to investigate their potential advantages
over existing standard of care.

Potential reluctance to learn and experiment with wearable
US devices may impair the widespread clinical adoption of
wearable US. Perceptions of setup time and device complexity
by clinicians or patients may delay the adoption, as would
anything requiring interpretation of US images, issues already
known to be barriers in the adoption of POCUS [74].
Long-term use of wearable US will raise concerns for skin
damage, particularly in the elderly population, and early stud-
ies must investigate the correlation between wear time and skin
health [75]. Device purchase and maintenance costs should
be considered from the end-user perspective including admin-
istrators involved in purchasing decisions who must weigh
the perceived benefit of the output against the complexity of
integrating wearable US into patient care, including changes
to workflow, personnel training, etc.

There are many opportunities to enhance the performance
of wearable acoustic sensors in terms of sensitivity, specificity,
response time, and power consumption. Advances include
the use of manufacturing techniques, such as piezoelectric
micromachined ultrasound transducers (PMUTs) [76], as well
as novel piezoelectric materials [77]. The sensor size, shape,
as well as the choice of backing and matching layer can impact
sensor performance [78]. Machine learning algorithms can be
used to analyze sensor data, extract useful information, and
potentially provide rapid feedback to adjust beam steering and
power [79]. Noise reduction techniques can be used for better
SNR and to improve the sensor’s sensitivity. In a stretchable
and bendable sensing system, mechanical stresses due to the
movement of the human body can cause displacement of the
components, which poses a significant challenge to wearable
electronics. Motion artifacts can introduce large noise that
compromises the system measurement. Although challenging,
wearable acoustic sensors could be integrated with other types
of markers and systems, such as integrated laser scanning [80],
and strain sensors [81] to allow updating the locations of
individual transducer elements once applied to the patient.

Educating the users will be a significant prerequisite for
successful adoption. Preparing a practical guide for clinicians
can facilitate the integration of these devices in routine clinical
practice. Clinicians should be involved in the development
and dissemination of appropriate guides, through hands-on-
workshops and other training activities through professional
societies.

III. SAFETY CONSIDERATIONS FOR
WEARABLE US DEVICES

A. Potential Bioeffects of US

Potentially harmful effects of US on tissue (i.e., bioeffects)
are generally divided into thermal and nonthermal. Nonthermal
bioeffects, such as cavitation, are generally thought to be
threshold phenomena that occur when a particular level of
acoustic output is exceeded [82], [83]. Thermal bioeffects tend
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Fig. 2. Thermal Bioeffects. A plot of thermally produced biological
effects that have been reported in the literature in which the temper-
ature elevation and exposure durations are provided. Each data point
represents either the lowest temperature reported for any duration or
the shortest duration for any temperature reported for a given effect.
The solid lines represent multiple data points relating to a single effect.
Combinations of temperature and exposure duration above the dashed
line are considered unsafe. Reprinted from [85] with permission from
Elsevier.

to be cumulative in nature, depending on exposure duration as
well as instantaneous acoustic exposure. Wearable US devices,
especially monitoring devices, have the potential to apply
acoustic energy to the body for far longer times than would
typically be encountered in conventional diagnostic US exams.
Therefore, this section will emphasize safety considerations
associated with long exposure times.

When US is applied to tissue, a fraction of the applied
energy is absorbed by the tissue and converted into heat.
Sufficiently large quantities of heat can potentially damage
tissue. The likelihood of thermal bioeffects in tissue due to any
heat-generating source depends on the magnitude and duration
of elevated temperature. There are abundant empirical data
from experiments with heat applied to mammals to indicate
combinations of temperature rise and exposure duration that
give rise to bioeffects [84], [85], [86], as shown in Fig. 2.

The actual temperature rise induced by US in humans
in vivo is usually unknown. Temperature rise could be
measured by inserting a measurement device such as a thermo-
couple into the tissue, but this would generally be unacceptably
invasive. Temperature rise could be measured using magnetic
resonance thermometry, but this would usually be impractical
as it would require the subject to lie in a magnetic resonance
imaging system during US exposure, completely defeating the
purpose of a compact, portable, wearable US device.

B. Safety Considerations for Wearable US
These practical limitations can be avoided by using an

estimate of temperature rise called the thermal index (TI). The
TI was developed to provide a real-time, onscreen index of the
likelihood of thermal bioeffects to guide diagnostic US scanner
operators during clinical exams. The TI for a given trans-
ducer under specified driving conditions (e.g., transmit voltage
waveforms and beamforming algorithms) may be computed
from acoustic output parameters (i.e., power and intensity) that

may be measured in a water tank during system calibration.
The effects of tissue attenuation in vivo may be accounted
for by applying an exponentially decaying “derating” function
to the measurements. Under a set of assumptions, including
values for tissue attenuation and absorption properties, the TI
corresponds to the temperature rise in degrees Celsius induced
in the tissue by the US pressure waveform [87]. However,
since tissue attenuation and absorption properties can vary
substantially from tissue to tissue and from subject to subject,
the TI is usually regarded as just an approximate estimate of
temperature rise.

Since bone has a much higher absorption coefficient than
soft tissues [88], the presence of bone in the US propagation
path can have a big influence on expected temperature rise.
Therefore, there are three models for TI to accommodate
various situations that might be encountered in vivo: soft
tissue (TIS), bone at focus (TIB), and bone (i.e., cranium)
at surface (TIC) [87]. Depending on the transmitted pressure
waveform, maximum tissue heating can occur near the skin
surface or deeper into the tissue. In addition to dependence
on acoustic output, TI can depend on aperture size and
frequency. More detail on measurement methodology for TI
is provided in an International Electrotechnical Commission
(IEC), Geneva, Switzerland, standard [89] (IEC 62359, 2017).
Beam intensity can be considerably underestimated due to
hydrophone “spatial averaging” that occurs during the cali-
bration process. Spatial averaging can lead to underestimation
of TI, particularly for highly focused, nonlinear beams such as
pulsed Doppler and acoustic radiation force impulse (ARFI)
waveforms [90], [91].

Based on empirical data for thermal bioeffects in mammals,
professional organizations such as the American Institute of
Ultrasound in Medicine (AIUM), Laurel, MD, USA, and the
British Medical Ultrasound Society (BMUS), London, U.K.,
have developed guidelines for maximum exposure durations
as functions of TI [92], [93], [94], [95]. The guidelines are
different for fetal and postnatal tissues because fetal tissues
are more thermally sensitive than postnatal tissues. AIUM
recommendations are shown in Table II.

Skin heating is a concern for all medical devices that contact
the skin. Skin heating might be of particular importance for
wearable US devices, considering the relatively long durations
that they could be used. An IEC standard presents tests for
estimating skin heating by medical US devices [96] (IEC
60601-2-37, 2015). One test involves applying the US device
to a test object that mimics acoustic attenuation, specific heat
capacity, and thermal conductivity of the tissue(s) that the
device is intended to contact. Another test involves operating
the US device against still air. Temperature of the transducer
assembly may be measured during these tests, for example,
with infrared radiometry or thermocouple methods. According
to the IEC standard, the tests should be conducted for durations
up to 30 min. However, the tests might not have envisioned
devices with operating durations that might be intended for
some wearable US devices. The standard provides acceptable
temperature rises associated with these tests. IEC is currently
working on a new standard to replace the section of IEC
60601-2-37 that applies to temperature rise measurements.
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TABLE II
MAXIMUM EXPOSURE DURATIONS RECOMMENDED BY AIUM

Skin irritation is a potential concern for all medical devices
that contact the skin. Again, skin irritation might be of
particular importance for wearable devices, considering the
relatively long durations that wearable devices could be used.
Many devices are encapsulated with silicone, which is con-
sidered a biocompatible material [97]. Polylactic acid (PLA)
and poly(lactic-co-glycolic acid) (PLGA) are biodegradable
and bioresorbable polymers extensively employed in medical
applications, such as sutures, implants, tissue engineering
scaffolds, and pharmaceuticals. However, their utilization in
wearable electronics is limited, primarily due to the need for
polymers with prolonged durability in sweat and biofluids.
In the realm of wearables, silicone elastomers, polyurethane,
and styrene-ethylene/butylene-styrene are prevalent choices.
These polymers are known for their biocompatibility, making
them suitable for on-skin applications, a fact well-documented
in the literature [98], [99], [100].

More information on standards for biocompatibility may
be found in ISO 10993-1 [101], and standards to ensure
thermal, mechanical, and electrical safety of medical electrical
equipment may be found in ANSI, Washington, IEC 60601-
1-2 [102].

IV. ENGINEERING CONSIDERATIONS FOR
WEARABLE US DEVICES

A. Probe and Device Design

While the fundamental building blocks of soft, wear-
able US probes are reminiscent of conventional handheld
probes [103], [104], their engineering necessitates certain
compromises that impact their performance compared to the
latter. Specifically, to achieve flexibility and stretchability,
the transducer element pitch must be increased, resulting
in degraded focusing capability and lateral resolution, and
perhaps increased effects of grating lobes. Moreover, the
packaging materials used for flexible/stretchable probes, typ-
ically based on silicon-elastomers, exhibit higher acoustic

attenuation compared to those employed in conventional
handheld probes. Consequently, this leads to weaker trans-
mitted signals and lower SNR in the acquired signals.
Additionally, the lifespan of flexible/stretchable probes is
significantly shorter than that of conventional handheld probes,
which can last for years when used and maintained appro-
priately. The former tend to experience wear and tear
after repeated use due to their susceptibility to mechanical
deformations.

Therefore, there exists a tradeoff between the performance
of the probe and its flexibility/stretchability. The stretchability
of human skin varies based on several factors, such as age,
gender, ethnicity, and body location, but typically does not
exceed 30% [20], [105]. For most applications, a wearable
US probe with a stretchability in the range of 10%–30%
would be sufficient. For scenarios where the probes should
be flexible but need not be stretchable, another approach of
bonding diced piezoceramic elements on a thinned comple-
mentary metal-oxide semiconductor (CMOS) device provides
an innovative solution for integrating electronics with the
transducer array [106], [107], [108]. This approach has been
shown to produce strong US signal amplitudes amenable to
diagnostic and therapeutic applications [106], [107], [108].

Although the goal is to maximize the performance of
the wearable US probe, it is likely to remain challenging
to match the capabilities of conventional handheld probes
in the foreseeable future. However, it is important to note
that wearable and conventional probes cater to different
use scenarios. Wearable probes are well-suited for situ-
ations outside the hospital setting or in resource-limited
areas where access to high-quality ultrasonography is limited.
While they may not match the performance of conventional
handheld probes, wearable probes can offer sufficient capa-
bilities to monitor, screen, or triage subjects before they
are referred to hospitals for further diagnosis [6], [8], [69],
[109], [110].

Most of the current wearable US devices are wired for
power supply and data transmission. However, there has been
a recent demonstration of a fully integrated wireless wearable
US device [69]. It is important to note that this wireless device
is limited to A-mode, M-mode, and B-mode, which are less
power-hungry and require less data compared to Doppler-
mode imaging.

To progress toward a wireless Doppler-mode wearable US
device, each acoustic channel will produce data at a substantial
rate of tens of hundreds of megabits per second. To manage
power consumption and data demands, we can implement mul-
tiplexing and duty-cycling during the transmit and receiving
sequence. By doing so, power usage and data transmission
can be reduced at the cost of temporal resolution. Given the
array’s numerous channels, the power budget is estimated to
range from tens to hundreds of milliwatts. To achieve real-time
imaging capabilities, high-speed gigabit wireless network con-
nections like 802.11ac may need to be employed [111]. For
added convenience and versatility, the device can store the
recorded raw radio frequency data onboard in a memory,
allowing for later retrieval and further analysis on a terminal
device.
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B. Equipment and Imaging Quality Assessment

Standards for QC of US imaging systems are provided by
the ACR-AAPM technical standard (the American College of
Radiology (ACR), Reston VA, USA; the American Associa-
tion of Physicists in Medicine (AAPM), Alexandria, VA, USA)
for diagnostic medical physics performance monitoring [112],
the AIUM routine quality assurance guidelines [113], and IEC
standards [114], [115], [116]. Clinical US equipment is subject
to the established standards of acceptance testing, performance
evaluation, and continuous quality assurance programs with
periodic QC measurements. General purpose tissue-mimicking
phantoms with acoustic targets of various sizes, contrasts,
echogenicity, and locations are commonly used in QC for
B-mode imaging, which includes spatial resolution (axial, lat-
eral, and elevational), contrast resolution, geometric accuracy,
uniformity, and depth of penetration [117]. For systems with
Doppler capabilities, specific measurements and phantoms
are available for assessing Doppler sensitivity and verifying
flow velocity and direction accuracy [112], [117]. For strain
elastography (SE), Dietrich et al. [118] serve as a general
reference for quality assessment. For shear wave elastography
(SWE), the Quantitative Imaging Biomarker Alliance of the
Radiological Society of North America, Oak Brook, IL, USA,
has provided consensus standard approaches for equipment
calibration and imaging performance assessment [119], [120].

In principle, wearable US systems should be subject to the
same standards for equipment and imaging quality assessment
as conventional US imaging systems. However, since wearable
devices are likely to be used in unconventional imaging
settings, QC for wearable US presents unique challenges.
For example, routine system checks and cleaning that are
recommended on a daily basis and regularly conducted by
sonographers, physicians, or other qualified US system users
may not be possible when the device is deployed in a non-
clinical environment. Since daily routine checks and cleaning
involve inspections for transducer damage (e.g., cracks, sepa-
rations, and imaging artifacts associated with dead elements or
a delaminated lens) and transducer disinfection, missing these
tasks may compromise the fidelity of the system and impose
health risks to patients, especially when the device is attached
to body surface for sustained periods of time. While transducer
disinfection and physical damage inspections (e.g., cracks, dis-
colorations) may be carried out routinely by patients, imaging
quality assessment is challenging for novice users of US sys-
tems who are also unlikely to have access to standard US QC
phantoms. This issue is further compounded by the delicate
wearable transducers which tend to be more susceptible to
physical deteriorations and damage as compared with conven-
tional handheld transducers. Meanwhile, since wearable US
devices are likely to be used for continued monitoring of small
tissue variations that sometimes occur during long periods of
time, assurance of imaging reproducibility becomes essential.
This makes frequent and routine QC extremely important for
wearable US systems. In the future, automatic and intelligent
tools for transducer inspection (e.g., by using photographs
of the transducer) and system-defect-related imaging artifact
detection may be necessary to serve as an alternative to

routine QC by practitioners. Electronic methods, internal to
the wearable US system (e.g., by impedance spectroscopy),
may be preferable to conventional phantom-based methods
for identifying dead elements in the transducer array. Guide-
lines will also need to be updated to provide standards for
QC of wearable devices used in unconventional imaging
settings.

C. Imaging Modes and Beamforming

To date, the majority of the reported wearable US devices
support A-mode, M-mode, and B-mode imaging [8], [18],
[69], [81], [105], [110], [121], [122]. Blood flow imaging
(e.g., color flow and color power imaging), tissue Doppler,
and SE have also been recently demonstrated [105], [110].
ARFI-based SWE (ARFI-SWE) has not been demonstrated
on wearable devices yet due to the requirement of high-
power “push” beams. In general, the imaging quality of
existing wearable US devices is inferior to that of clinical
US systems operating with traditional, handheld transducers.
As discussed above, this limitation is largely attributed to
the stretchable transducers, which suffer from weak trans-
missions, noisy reception, and other design compromises
such as larger element pitch, leading to suboptimal imag-
ing spatial resolution, contrast resolution, grating lobes, and
SNR. The suboptimal signal quality from wearable transducers
also negatively impacts US sensitivity to blood flow and
tissue motion, which undermines Doppler and elastography
performance [123]. Considering the fact that most existing
wearable transducers are wired to a US system that is not
wearable (e.g., Verasonics, Kirkland, WA, USA), true wearable
devices (i.e., wireless and stand-alone) are expected to have
further reduced imaging quality because of the power and
data communication constraints [69]. As such, one should
not expect wearable US devices to have comparable imaging
quality as conventional clinical systems or the ability to
replace them for established clinical applications. Instead,
wearable US should be expected to provide sensitive and
accurate detection of tissue variations compared to base-
line and generate actionable notifications to users and care
providers.

Similar to conventional US systems, delay-and-sum (DAS)
beamforming is the most commonly used image recon-
struction method for wearable US devices that involve
B-mode image reconstruction using array transducers [8],
[69], [110], [122]. In fact, most existing wearable array
transducers are connected to Verasonics US systems and
utilize Verasonics’ pixel-oriented software beamformer for
image reconstruction [124]. FPGA-based hardware beamform-
ers have also been reported for wearable US devices [81].
Some studies have explored nonlinear beamformers such as
delay-multiply-and-sum (DMAS) to reduce incoherent imag-
ing artifacts and improve image quality [69], [103]. For
transmit sequences, synthetic aperture imaging, line-by-line
scanning, and compounding plane wave imaging have all
been reported [8], [69], [103]. Because of the relatively
low SNR associated with wearable transducers, it is chal-
lenging to recover high-quality images via beamforming.
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However, advanced deep learning-based US beamformers and
signal processing techniques [79], [125], [126], [127] may
be used to mitigate low SNR using a data-driven approach.
In addition, the movement of the wearable transducer ele-
ments responding to tissue deformation manifests as a phase
aberration correction problem, which is mathematically anal-
ogous to uncertainty in ultrasound propagation delays due
to aberrating layers (e.g., fat or skull), a longstanding issue
of US imaging. Conventional, model-based phase aberra-
tion correction techniques typically require a “guide star”
and computationally expensive algorithms to operate [128],
[129], [130], [131], which is pragmatically challenging for
real-time imaging applications. To address this challenge,
transducer element positions may be actively measured (e.g.,
provided by embedded sensors in the wearable transducer)
for beamforming or used as prior information for phase
aberration correction. Advanced phase aberration correction
techniques based on differential beamformers may also serve
as promising solutions for fast and robust element position
correction in real-time imaging with flexible devices [132],
[133]. Meanwhile many deep learning-based phase aberra-
tion correction techniques have been rapidly emerging [131],
which presents many enticing opportunities for addressing the
unique problem of transducer deformation in wearable US
devices.

D. Data Analysis, Interpretation, and Education

A large number of transducer elements and associated
electronic channels, megahertz sampling, and long-term mon-
itoring applications can produce large volumes of data,
especially for wearable devices designed for 3-D imaging.
Sparse arrays and Fourier-domain convolutional beamform-
ing [134] can be used for reducing both the channel count and
sampling rate for US devices that rely on wireless data trans-
mission and this approach was recently demonstrated to reduce
the sampling rate by over a factor of 30 compared to standard
DAS approaches [134]. Discrete cosine transforms have also
been used for compressed sensing of US signals to facilitate
miniaturized and portable US devices [135]. Deep learning is
yet another emerging approach for obtaining high-quality US
image reconstruction from subsampled US data [136], [137]
without compromising imaging quality, albeit these methods
often require large amounts of high-quality training data to
produce generalizable models. Another promising approach
that is particularly well-suited to reduce channel count in
2-D transducer arrays is row-column addressing in transducer
arrays [138]. When implemented with orthogonal row-column
electronic scanning and spatial compounding, these transduc-
ers have the potential to enable wearable devices for 3-D and
ultrafast imaging [139].

Continued advances in reducing array channel counts, sub-
sampling, or compressed sensing, and artificial intelligence
are crucial for furthering the development of wearable US
systems for widespread implementation. Wearable US imag-
ing devices also have the potential to make this diagnostic
technology more widely available to untrained or minimally
trained users, provided that tools are developed for automated

or easy image segmentation, labeling, and interpretation. Deep
learning has emerged as a useful tool for addressing these
needs in clinically relevant settings [140], [141], [142], [143],
and these techniques are now being adopted in portable and
wireless US systems [144], [145]. A key roadblock will be
the availability of high-quality annotated US data for training
deep learning networks. Efforts to make large quantities of
US image data publicly available [146], [147] will facilitate
training these deep learning networks.

V. SUMMARY: GUIDING PRINCIPLES FOR FUTURE
RESEARCH AND DEVELOPMENT

While we anticipate that future technical advances will
continue to rapidly drive down the size and power consump-
tion and increase the functionality of wearable US devices,
we believe the following guiding principles could lead to
successful translation and adoption of this technology in the
near future.

1) In contrast to conventional diagnostic US systems where
there is a high emphasis on image quality, wearable
US systems need to generate robust and actionable
quantitative measures for the end users. Thus, there
is a need for an additional effort toward deriving and
validating quantitative, reproducible, sensitive, and use-
ful biomarkers from US data for quantifying tissue
properties, physiology, and function.

2) Diagnostic US can be a safe imaging modality as long
as ALARA (expose As Low As Reasonably Achievable)
principles are followed. The applications for wearable
US may involve exposures for longer durations than
traditional diagnostic scans, and thus system designers
need to be aware of potential bioeffects associated with
prolonged US exposure and include mitigating measures
(e.g., alternating between ON and OFF modes) in the
system design. ALARA guidelines need to be developed
for wearable US applications and users need to be
educated.

3) Current diagnostic US relies on the interpretation of
images by trained experts. The potential applications
for a wearable US will often involve users who are not
trained sonographers. In these cases, quantitative image
outputs of wearable devices should be tailored to be
easily interpretable.

4) New QC and assurance guidelines need to be devel-
oped for wearable US systems that are likely to be
distinct from the existing guidelines for diagnostic US
systems and transducers. Manufacturers of wearable US
systems need to develop simple and straightforward QC
and quality assurance approaches that can automatically
alert users of system malfunction or failure or loss of
acoustic coupling without the assistance of trained US
practitioners.

5) AI/ML methods are likely to play an important role
in the reconstruction, analysis, and interpretation of
wearable US data. Additional research is needed in
understanding the behavior of these methods in unex-
pected scenarios not encountered when training the
AI/ML models.
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VI. CONCLUSION

Wearable US has the potential to revolutionize medical
imaging by significantly improving the accessibility and diag-
nostic and monitoring capability of US imaging. Wearable
US can simplify clinical US imaging workflow and improve
diagnostic performance of US in both traditional and new
imaging settings, as well as nondiagnostic biosensing appli-
cations such as biofeedback and human–machine interfaces.
Neuromodulation and therapy are other important applications
not discussed in this article. As the field of wearable US is
rapidly growing, researchers, developers, and users should be
aware of important safety considerations to prevent adverse
bioeffects associated with tissue heating and skin irritation.
They should be well informed on the current safety and QC
standards of US devices. The field of wearable US is ripe for
new advances in instrumentation, device design, and advanced
data analytic capabilities based on AI/ML. Clinical translation
and adoption of the technology need to be facilitated by a deep
and early engagement with prospective users of wearable US
technology who will provide key insights for researchers and
developers to come up with practical and viable solutions for
unmet clinical needs.

REFERENCES

[1] R. D. Harris and W. M. Marks, “Compact ultrasound for improving
maternal and perinatal care in low-resource settings,” J. Ultra-
sound Med., vol. 28, no. 8, pp. 1067–1076, Aug. 2009, doi:
10.7863/jum.2009.28.8.1067.

[2] C. F. Dietrich et al., “Point of care ultrasound: A WFUMB position
paper,” Ultrasound Med. Biol., vol. 43, no. 1, pp. 49–58, Jan. 2017,
doi: 10.1016/j.ultrasmedbio.2016.06.021.

[3] L. Zieleskiewicz et al., “Bedside POCUS during ward emergencies is
associated with improved diagnosis and outcome: An observational,
prospective, controlled study,” Crit. Care, vol. 25, no. 1, p. 34,
Jan. 2021, doi: 10.1186/s13054-021-03466-z.

[4] C. M. Haines, C. P. Waasdorp, E. R. Lockhart, and S. A. Lareau, “Point-
of-care ultrasound transmission for remote interpretation in austere
environments,” Wilderness Environ. Med., vol. 34, no. 4, pp. 420–426,
Dec. 2023, doi: 10.1016/j.wem.2023.05.009.

[5] M. A. J. Dean, M. B. S. Ku, and M. E. M. Zeserson, “The utility of
handheld ultrasound in an austere medical setting in Guatemala after
a natural disaster,” Amer. J. Disaster Med., vol. 2, no. 5, pp. 249–256,
Sep. 2007.

[6] X. Gao et al., “Application of POCUS in patients with COVID-19
for acute respiratory distress syndrome management: A narrative
review,” BMC Pulmonary Med., vol. 22, no. 1, p. 52, Feb. 2022, doi:
10.1186/s12890-022-01841-2.

[7] A. E. Sargsyan et al., “FAST at Mach 20: Clinical ultrasound
aboard the international space station,” J. Trauma, Injury, Infec-
tion, Crit. Care, vol. 58, no. 1, pp. 35–39, Jan. 2005, doi:
10.1097/01.TA.0000145083.47032.78.

[8] H. Hu et al., “A wearable cardiac ultrasound imager,” Nature, vol. 613,
no. 7945, pp. 667–675, Jan. 2023, doi: 10.1038/s41586-022-05498-z.

[9] T. La and L. H. Le, “Flexible and wearable ultrasound device for
medical applications: A review on materials, structural designs, and
current challenges,” Adv. Mater. Technol., vol. 7, no. 3, Mar. 2022,
Art. no. 2100798, doi: 10.1002/admt.202100798.

[10] C. Martinoli, “Musculoskeletal ultrasound: Technical guidelines,”
Insights Imag., vol. 1, no. 3, pp. 99–141, Jul. 2010, doi:
10.1007/s13244-010-0032-9.

[11] G. Roth, G. Mensah, and C. Johnson, “Global burden of cardiovascular
diseases and risk factors, 1990–2019,” J. Amer. College Cardiol.,
vol. 76, no. 25, pp. 2982–3021, Dec. 2020.

[12] B. Zhong and L. Wang, “A stretchable cardiac ultrasound imager:
A milestone in wearable bioimaging,” Sci. Bull., vol. 68, no. 9,
pp. 868–870, May 2023.

[13] J.-É.-S. Kenny et al., “A wireless wearable Doppler ultrasound
detects changing stroke volume: Proof-of-principle comparison with
trans-esophageal echocardiography during coronary bypass surgery,”
Bioengineering, vol. 8, no. 12, p. 203, Dec. 2021, doi: 10.3390/bio-
engineering8120203.

[14] P. A. Pellikka, L. She, and T. A. Holly, “Variability in ejection
fraction measured by echocardiography, gated single-photon emission
computed tomography, and cardiac magnetic resonance in patients with
coronary artery disease and left ventricular dysfunction,” JAMA Netw.
Open, vol. 1, Jan. 2018, Art. no. e181456.

[15] F. Lyng Lindgren et al., “The variability of 2D and 3D transthoracic
echocardiography applied in a general population,” Int. J. Cardio-
vascular Imag., vol. 38, no. 10, pp. 2177–2190, Apr. 2022, doi:
10.1007/s10554-022-02618-8.

[16] A. P. Avolio, M. Butlin, and A. Walsh, “Arterial blood pressure
measurement and pulse wave analysis-their role in enhancing cardio-
vascular assessment,” Physiol. Meas, vol. 31, pp. 275–290, Mar. 2009.

[17] L. Zhao et al., “Emerging sensing and modeling technologies for
wearable and cuffless blood pressure monitoring,” NPJ Digit. Med.,
vol. 6, no. 1, p. 93, May 2023.

[18] C. Wang et al., “Bioadhesive ultrasound for long-term continuous
imaging of diverse organs,” Science, vol. 377, no. 6605, pp. 517–523,
Jul. 2022.

[19] F. Wang et al., “Flexible Doppler ultrasound device for the monitoring
of blood flow velocity,” Sci. Adv., vol. 7, no. 44, p. 9283, Oct. 2021.

[20] C. Wang et al., “Monitoring of the central blood pressure waveform
via a conformal ultrasonic device(link is external,” Nature Biomed.
Eng., vol. 2, no. 9, pp. 687–695, Sep. 2018, doi: 10.1038/s41551-
018-0287-x.

[21] B. N. Shah and R. Senior, “Stress echocardiography in patients with
morbid obesity,” Echo Res. Pract., vol. 3, no. 2, p. R18, Jun. 2016,
doi: 10.1530/ERP-16-0010.

[22] A. Rigamonti, A. Ackery, and A. J. Baker, “Transcranial Doppler
monitoring in subarachnoid hemorrhage: A critical tool in critical
care,” Can. J. Anesthesia/J. Canadien d’Anesthésie, vol. 55, no. 2,
pp. 112–123, Feb. 2008.

[23] A. V. Alexandrov et al., “Practice standards for transcranial Doppler
(TCD) ultrasound. Part II. Clinical indications and expected outcomes,”
J. Neuroimag., vol. 22, pp. 215–224, Jan. 2012.

[24] J. C. Kucewicz, B. Dunmire, D. F. Leotta, H. Panagiotides, M. Paun,
and K. W. Beach, “Functional tissue pulsatility imaging of the brain
during visual stimulation,” Ultrasound Med. Biol., vol. 33, no. 5,
pp. 681–690, May 2007, doi: 10.1016/j.ultrasmedbio.2006.11.008.

[25] S. Chandrasekaran, B. B. Tripathi, D. Espíndola, and G. F. Pinton,
“Modeling ultrasound propagation in the moving brain: Applications to
shear shock waves and traumatic brain injury,” IEEE Trans. Ultrason.,
Ferroelectr., Freq. Control, vol. 68, no. 1, pp. 201–212, Jan. 2021, doi:
10.1109/TUFFC.2020.3022567.

[26] R. Hakimi, A. V. Alexandrov, and Z. Garami, “Neuro-ultrasonography,”
Neurolog. Clinics, vol. 38, no. 1, pp. 215–229, Feb. 2020.

[27] V. L. Babikian et al., “Transcranial Doppler ultrasonography: Year 2000
update,” J. Neuroimag., vol. 10, no. 2, pp. 101–115, Apr. 2000.

[28] G. Pinton, J.-F. Aubry, E. Bossy, M. Muller, M. Pernot, and
M. Tanter, “Attenuation, scattering, and absorption of ultrasound in
the skull bone,” Med. Phys., vol. 39, no. 1, pp. 299–307, Dec. 2011.

[29] S. J. Pietrangelo, H. S. Lee, and C. G. Sodini, A Wearable Transcra-
nial Doppler Ultrasound Phased Array System (Acta Neurochirurgica
Supplement), vol. 126. Cham, Switzerland: Springer, Jan. 2018,
pp. 111–114.

[30] U. Sliwka et al., “Occurrence of transcranial Doppler high-intensity
transient signals in patients with potential cardiac sources of embolism:
A prospective study,” Stroke, vol. 26, no. 11, pp. 2067–2070,
Nov. 1995.

[31] A. D. Mackinnon, R. Aaslid, and H. S. Markus, “Ambulatory tran-
scranial Doppler cerebral embolic signal detection in symptomatic and
asymptomatic carotid stenosis,” Stroke, vol. 36, no. 8, pp. 1726–1730,
Aug. 2005.

[32] G. Tierney, “Concussion biomechanics, head acceleration exposure and
brain injury criteria in sport: A review,” Sports Biomech., vol. 2021,
pp. 1–29, Dec. 2021, doi: 10.1080/14763141.2021.2016929.

[33] R. L. Goldenberg et al., “Stillbirths: The vision for 2020,” Lancet,
vol. 377, no. 9779, pp. 1798–1805, May 2011.

[34] H. F. R. Prechtl, “Qualitative changes of spontaneous movements in
fetus and preterm infant are a marker of neurological dysfunction,”
Early Hum. Develop., vol. 23, no. 3, pp. 151–158, Sep. 1990.

http://dx.doi.org/10.7863/jum.2009.28.8.1067
http://dx.doi.org/10.1016/j.ultrasmedbio.2016.06.021
http://dx.doi.org/10.1186/s13054-021-03466-z
http://dx.doi.org/10.1016/j.wem.2023.05.009
http://dx.doi.org/10.1186/s12890-022-01841-2
http://dx.doi.org/10.1097/01.TA.0000145083.47032.78
http://dx.doi.org/10.1038/s41586-022-05498-z
http://dx.doi.org/10.1002/admt.202100798
http://dx.doi.org/10.1007/s13244-010-0032-9
http://dx.doi.org/10.3390/bioengineering8120203
http://dx.doi.org/10.3390/bioengineering8120203
http://dx.doi.org/10.3390/bioengineering8120203
http://dx.doi.org/10.1007/s10554-022-02618-8
http://dx.doi.org/10.1038/s41551-018-0287-x
http://dx.doi.org/10.1038/s41551-018-0287-x
http://dx.doi.org/10.1038/s41551-018-0287-x
http://dx.doi.org/10.1530/ERP-16-0010
http://dx.doi.org/10.1016/j.ultrasmedbio.2006.11.008
http://dx.doi.org/10.1109/TUFFC.2020.3022567
http://dx.doi.org/10.1080/14763141.2021.2016929


742 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 71, NO. 7, JULY 2024

[35] A. E. P. Heazell, G. M. Sumathi, and N. R. Bhatti, “What investi-
gation is appropriate following maternal perception of reduced fetal
movements?” J. Obstetrics Gynaecol., vol. 25, no. 7, pp. 648–650,
Jan. 2005.

[36] Z. R. Hijazi, S. E. Callan, and C. E. East, “Maternal perception of foetal
movement compared with movement detected by real-time ultrasound:
An exploratory study,” Obstetrical Gynecolog. Surv., vol. 65, no. 9,
pp. 556–557, 2010.

[37] L. Mangesi, G. J. Hofmeyr, V. Smith, and R. M. D. Smyth, “Fetal
movement counting for assessment of fetal wellbeing,” Cochrane
Database Systematic Rev., vol. 10, pp. 4–5, Jan. 2015.

[38] P. Hamelmann et al., “Doppler ultrasound technology for fetal heart
rate monitoring: A review,” IEEE Trans. Ultrason., Ferroelectr., Freq.
Control, vol. 67, no. 2, pp. 226–238, Feb. 2020.

[39] J. Lawn, “Ending preventable stillbirths: An executive summary for the
Lancet’s series,” Lancet, vol. 20, pp. 1–8, Jan. 2016.

[40] P. Hamelmann, M. Mischi, A. Kolen, J. van Laar, R. Vullings, and
J. Bergmans, “Fetal heart rate monitoring implemented by dynamic
adaptation of transmission power of a flexible ultrasound transducer
array,” Sensors, vol. 19, no. 5, p. 1195, Mar. 2019.

[41] R. J. Cunningham and I. D. Loram, “Estimation of absolute states of
human skeletal muscle via standard B-mode ultrasound imaging and
deep convolutional neural networks,” J. Roy. Soc. Interface, vol. 17,
no. 162, Jan. 2020, Art. no. 20190715, doi: 10.1098/rsif.2019.0715.

[42] S. Vostrikov et al., “A muscle pennation angle estimation framework
from raw ultrasound data for wearable biomedical instrumenta-
tion,” IEEE Trans. Instrum. Meas., vol. 73, pp. 1–12, 2024, doi:
10.1109/TIM.2023.3335535.

[43] S. Jiang, T. Zhang, Y. Zhou, P. Lai, and Y. Huang, “Wearable ultrasound
bioelectronics for healthcare monitoring,” Innovation, vol. 4, no. 4,
Jul. 2023, Art. no. 100447, doi: 10.1016/j.xinn.2023.100447.

[44] S. Sikdar, Q. Wei, and N. Cortes, “Dynamic ultrasound imag-
ing applications to quantify musculoskeletal function,” Exerc.
Sport Sci. Rev., vol. 42, no. 3, pp. 126–135, Jul. 2014, doi:
10.1249/JES.0000000000000015.

[45] R. W. Bohannon, “Manual muscle testing: Does it meet the standards of
an adequate screening test?” Clin. Rehabil., vol. 19, no. 6, pp. 662–667,
Sep. 2005, doi: 10.1191/0269215505cr873oa.

[46] A. S. Lepley and L. K. Lepley, “Mechanisms of arthrogenic muscle
inhibition,” J. Sport Rehabil., vol. 31, no. 6, pp. 707–716, Aug. 2022,
doi: 10.1123/jsr.2020-0479.

[47] B. Pietrosimone et al., “Arthrogenic muscle inhibition following ante-
rior cruciate ligament injury,” J. Sport Rehabil., vol. 31, no. 6,
pp. 694–706, Aug. 2022, doi: 10.1123/jsr.2021-0128.

[48] O. Amundsen, N. K. Vøllestad, I. Meisingset, and H. S. Robinson,
“Associations between treatment goals, patient characteristics, and
outcome measures for patients with musculoskeletal disorders in phys-
iotherapy practice,” BMC Musculoskeletal Disorders, vol. 22, no. 1,
p. 182, Feb. 2021, doi: 10.1186/s12891-021-04048-4.

[49] M. Jacoby, S. Averbuch, Y. Sacher, N. Katz, P. L. Weiss, and R. Kizony,
“Effectiveness of executive functions training within a virtual supermar-
ket for adults with traumatic brain injury: A pilot study,” IEEE Trans.
Neural Syst. Rehabil. Eng., vol. 21, no. 2, pp. 182–190, Mar. 2013,
doi: 10.1109/TNSRE.2012.2235184.

[50] S. Sikdar et al., “Quantification of muscle tissue properties by mod-
eling the statistics of ultrasound image intensities using a mixture
of gamma distributions in children with and without cerebral palsy,”
J. Ultrasound Med., vol. 37, no. 9, pp. 2157–2169, Sep. 2018, doi:
10.1002/jum.14566.

[51] F. Krause, J. Wilke, L. Vogt, and W. Banzer, “Intermuscular force trans-
mission along myofascial chains: A systematic review,” J. Anatomy,
vol. 228, no. 6, pp. 910–918, Jun. 2016, doi: 10.1111/joa.12464.

[52] S. McAuliffe, K. McCreesh, F. Culloty, H. Purtill, and K. O’Sullivan,
“Can ultrasound imaging predict the development of Achilles and
patellar tendinopathy? A systematic review and meta-analysis,” Brit.
J. Sports Med., vol. 50, no. 24, pp. 1516–1523, Dec. 2016, doi:
10.1136/bjsports-2016-096288.

[53] S. Shanbehzadeh, S. ShahAli, J. Hides, I. Ebrahimi-Takamjani, and
O. Rasouli, “Effect of motor control training on trunk muscle mor-
phometry, pain, and disability in people with chronic low back
pain: A systematic review and meta-analysis,” J. Manipulative Phys-
iolog. Therapeutics, vol. 45, no. 3, pp. 202–215, Mar. 2022, doi:
10.1016/j.jmpt.2022.06.003.

[54] S. M. Engdahl, S. A. Acuña, R. R. Kaliki, and S. Sikdar, “Sonomyo-
graphy for control of upper-limb prostheses: Current state and future
directions,” J. Prosthetics Orthotics, vol. 2023, pp. 1–12, Aug. 2023,
doi: 10.1097/JPO.0000000000000482.

[55] T. C. Bulea, N. Sharma, S. Sikdar, and H. Su, “Editorial:
Next generation user-adaptive wearable robots,” Frontiers Robot.
AI, vol. 9, pp. 1–12, Jan. 2022, Accessed: Oct. 04, 2022, doi:
10.3389/frobt.2022.920655.

[56] W.-K. Tam, T. Wu, Q. Zhao, E. Keefer, and Z. Yang, “Human motor
decoding from neural signals: A review,” BMC Biomed. Eng., vol. 1,
no. 1, p. 22, Sep. 2019, doi: 10.1186/s42490-019-0022-z.

[57] A. Phinyomark, E. Campbell, and E. Scheme, “Surface elec-
tromyography (EMG) signal processing, classification, and practical
considerations,” in Biomedical Signal Processing: Advances in Theory,
Algorithms and Applications (Series in BioEngineering), G. Naik,
Ed. Singapore: Springer, 2020, pp. 3–29, doi: 10.1007/978-981-13-
9097-5_1.

[58] A. S. Dhawan et al., “Proprioceptive sonomyographic control: A novel
method for intuitive and proportional control of multiple degrees-of-
freedom for individuals with upper extremity limb loss,” Sci. Rep.,
vol. 9, no. 1, Jul. 2019, Art. no. 1, doi: 10.1038/s41598-019-45459-7.

[59] J. A. Majdi, S. A. Acuña, P. V. Chitnis, and S. Sikdar, “Toward
a wearable monitor of local muscle fatigue during electrical muscle
stimulation using tissue Doppler imaging,” Wearable Technol., vol. 3,
p. e16, Jan. 2022, doi: 10.1017/WTC.2022.10.

[60] Non-Linearity in Motor Unit Velocity Twitch Dynamics: Impli-
cations for Ultrafast Ultrasound Source Separation. Accessed:
Oct. 28, 2023. [Online]. Available: ht .tps://ieeexplore.ieee.org/abstract/
document/10251028/

[61] S. M. Engdahl, S. A. Acuña, E. L. King, A. Bashatah, and S. Sikdar,
“First demonstration of functional task performance using a sono-
myographic prosthesis: A case study,” Frontiers Bioeng. Biotechnol.,
vol. 10, May 2022, Art. no. 876836, doi: 10.3389/fbioe.2022.876836.

[62] S. Engdahl et al., “Classification performance and feature space char-
acteristics in individuals with upper limb loss using sonomyography,”
IEEE J. Transl. Eng. Health Med., vol. 10, pp. 1–11, 2022, doi:
10.1109/JTEHM.2022.3140973.

[63] V. Nazari and Y.-P. Zheng, “Controlling upper limb prostheses using
sonomyography (SMG): A review,” Sensors, vol. 23, no. 4, p. 1885,
Feb. 2023, doi: 10.3390/s23041885.

[64] X. Yang et al., “Simultaneous prediction of wrist and hand motions
via wearable ultrasound sensing for natural control of hand prostheses,”
IEEE Trans. Neural Syst. Rehabil. Eng., vol. 30, pp. 2517–2527, 2022,
doi: 10.1109/TNSRE.2022.3197875.

[65] J. Mendez, R. Murray, L. Gabert, N. P. Fey, H. Liu, and T. Lenzi,
“Continuous A-mode ultrasound-based prediction of transfemoral
amputee prosthesis kinematics across different ambulation tasks,” IEEE
Trans. Biomed. Eng., vol. 71, no. 1, pp. 56–67, Jan. 2024, doi:
10.1109/TBME.2023.3292032.

[66] M. Shenbagam et al., “A sonomyography-based muscle computer inter-
face for individuals with spinal cord injury,” 2023, arXiv:2308.06278.

[67] A. Nordez, T. Gallot, S. Catheline, A. Guével, C. Cornu, and F. Hug,
“Electromechanical delay revisited using very high frame rate ultra-
sound,” J. Appl. Physiol., vol. 106, no. 6, pp. 1970–1975, Jun. 2009,
doi: 10.1152/japplphysiol.00221.2009.

[68] Q. Zhang, A. Iyer, Z. Sun, K. Kim, and N. Sharma, “A dual-
modal approach using electromyography and sonomyography improves
prediction of dynamic ankle movement: A case study,” IEEE Trans.
Neural Syst. Rehabil. Eng., vol. 29, pp. 1944–1954, 2021, doi:
10.1109/TNSRE.2021.3106900.

[69] M. Lin et al., “A fully integrated wearable ultrasound system to monitor
deep tissues in moving subjects,” Nature Biotechnol., vol. 5, pp. 1–13,
May 2023.

[70] J.-É.-S. Kenny et al., “A novel, hands-free ultrasound patch for con-
tinuous monitoring of quantitative Doppler in the carotid artery,” Sci.
Rep., vol. 11, no. 1, Apr. 2021, Art. no. 1, doi: 10.1038/s41598-021-
87116-y.

[71] B. M. Guthrie et al., “Relationships between surrogate measures of
mechanical and psychophysiological load, patellar tendon adaptations,
and neuromuscular performance in NCAA division I men’s volleyball
athletes,” Frontiers Sports Act. Living, vol. 5, pp. 1–15, Jan. 2023,
Accessed: Oct. 4, 2023, doi: 10.3389/fspor.2023.1065470.

[72] Y. Li et al., “Progress in wearable acoustical sensors for diag-
nostic applications,” Biosensors Bioelectron., vol. 237, Oct. 2023,
Art. no. 115509, doi: 10.1016/j.bios.2023.115509.

[73] A. Mizuno, S. Changolkar, and M. S. Patel, “Wearable devices to
monitor and reduce the risk of cardiovascular disease: Evidence and
opportunities,” Annu. Rev. Med., vol. 72, no. 1, pp. 459–471, Jan. 2021,
doi: 10.1146/annurev-med-050919-031534.

[74] A. C. Arnold, R. Fleet, and D. Lim, “Barriers and facilitators
to point-of-care ultrasound use in rural Australia,” Int. J. Envi-
ron. Res. Public Health, vol. 20, no. 10, p. 5821, May 2023, doi:
10.3390/ijerph20105821.

http://dx.doi.org/10.1098/rsif.2019.0715
http://dx.doi.org/10.1109/TIM.2023.3335535
http://dx.doi.org/10.1016/j.xinn.2023.100447
http://dx.doi.org/10.1249/JES.0000000000000015
http://dx.doi.org/10.1191/0269215505cr873oa
http://dx.doi.org/10.1123/jsr.2020-0479
http://dx.doi.org/10.1123/jsr.2021-0128
http://dx.doi.org/10.1186/s12891-021-04048-4
http://dx.doi.org/10.1109/TNSRE.2012.2235184
http://dx.doi.org/10.1002/jum.14566
http://dx.doi.org/10.1111/joa.12464
http://dx.doi.org/10.1136/bjsports-2016-096288
http://dx.doi.org/10.1016/j.jmpt.2022.06.003
http://dx.doi.org/10.1097/JPO.0000000000000482
http://dx.doi.org/10.3389/frobt.2022.920655
http://dx.doi.org/10.1186/s42490-019-0022-z
http://dx.doi.org/10.1007/978-981-13-9097-5_1
http://dx.doi.org/10.1007/978-981-13-9097-5_1
http://dx.doi.org/10.1007/978-981-13-9097-5_1
http://dx.doi.org/10.1038/s41598-019-45459-7
http://dx.doi.org/10.1017/WTC.2022.10
http://dx.doi.org/10.3389/fbioe.2022.876836
http://dx.doi.org/10.1109/JTEHM.2022.3140973
http://dx.doi.org/10.3390/s23041885
http://dx.doi.org/10.1109/TNSRE.2022.3197875
http://dx.doi.org/10.1109/TBME.2023.3292032
http://dx.doi.org/10.1152/japplphysiol.00221.2009
http://dx.doi.org/10.1109/TNSRE.2021.3106900
http://dx.doi.org/10.1038/s41598-021-87116-y
http://dx.doi.org/10.1038/s41598-021-87116-y
http://dx.doi.org/10.1038/s41598-021-87116-y
http://dx.doi.org/10.3389/fspor.2023.1065470
http://dx.doi.org/10.1016/j.bios.2023.115509
http://dx.doi.org/10.1146/annurev-med-050919-031534
http://dx.doi.org/10.3390/ijerph20105821


SONG et al.: CLINICAL, SAFETY, AND ENGINEERING PERSPECTIVES ON WEARABLE ULTRASOUND TECHNOLOGY 743

[75] J. J. Wei, E. M. Hayward, T. H. Leung, and M. Rosenbach, “Unbearable
wearables,” Dermatology Online J., vol. 25, no. 12, p. 13030, 2019.

[76] Y. Qiu et al., “Piezoelectric micromachined ultrasound transducer
(PMUT) arrays for integrated sensing, actuation and imaging,” Sensors,
vol. 15, no. 4, pp. 8020–8041, Apr. 2015, doi: 10.3390/s150408020.

[77] J. Li, Y. Ma, T. Zhang, K. K. Shung, and B. Zhu, “Recent advance-
ments in ultrasound transducer: From material strategies to biomedical
applications,” BME Frontiers, vol. 2022, Jan. 2022, Art. no. 9764501,
doi: 10.34133/2022/9764501.

[78] L. F. Brown, “Design considerations for piezoelectric polymer ultra-
sound transducers,” IEEE Trans. Ultrason., Ferroelectr., Freq. Control,
vol. 47, no. 6, pp. 1377–1396, Nov. 2000, doi: 10.1109/58.883527.

[79] B. Luijten et al., “Adaptive ultrasound beamforming using deep
learning,” IEEE Trans. Med. Imag., vol. 39, no. 12, pp. 3967–3978,
Dec. 2020.

[80] J. Chen, W. Liu, D. Gu, and D. Wu, “Laser scanning guided
localization imaging with a laser-machined two-dimensional flexible
ultrasonic array,” Micromachines, vol. 13, no. 5, p. 754, May 2022,
doi: 10.3390/mi13050754.

[81] V. Pashaei, P. Dehghanzadeh, G. Enwia, M. Bayat, S. J. A. Majerus,
and S. Mandal, “Flexible body-conformal ultrasound patches for image-
guided neuromodulation,” IEEE Trans. Biomed. Circuits Syst., vol. 14,
no. 2, pp. 305–318, Apr. 2020.

[82] R. E. Apfel and C. K. Holland, “Gauging the likelihood of cavitation
from short-pulse, low-duty cycle diagnostic ultrasound,” Ultrasound
Med. Biol., vol. 17, no. 2, pp. 179–185, Jan. 1991.

[83] Medical Ultrasound Safety, AIUM, Laurel, MD, USA, 2020.
[84] S. A. Sapareto and W. C. Dewey, “Thermal dose determination in

cancer therapy,” Int. J. Radiat. Oncol. Biol., vol. 10, pp. 787–800,
Jan. 1984.

[85] M. W. Miller and M. C. Ziskin, “Biological consequences of hyper-
thermia,” Ultrasound Med. Biol., vol. 15, pp. 707–722, Jan. 1989.

[86] M. W. Miller, W. L. Nyborg, W. C. Dewey, M. J. Edwards,
J. S. Abramowicz, and A. A. Brayman, “Hyperthermic teratogenicity,
thermal dose and diagnostic ultrasound during pregnancy: Implications
of new standards on tissue heating,” Int. J. Hyperthermia, vol. 18, no. 5,
pp. 361–384, Jan. 2002, doi: 10.1080/02656730210146890.

[87] T. A. Bigelow et al., “The thermal index,” J. Ultrasound Med., vol. 30,
no. 5, pp. 714–734, May 2011, doi: 10.7863/jum.2011.30.5.714.

[88] K. A. Wear, “Mechanisms of interaction of ultrasound with can-
cellous bone: A review,” IEEE Trans. Ultrason., Ferroelectr.,
Freq. Control, vol. 67, no. 3, pp. 454–482, Mar. 2020, doi:
10.1109/TUFFC.2019.2947755.

[89] Ultrasonics—Field Characterization—Test Methods for the Determina-
tion of Thermal and Mechanical Indices Related to Medical Diagnostic
Ultrasonic Fields, Standard IEC 62359, International Electrotechnical
Commission, Geneva, Switzerland, 2017.

[90] K. A. Wear, “Hydrophone spatial averaging correction for acous-
tic exposure measurements from arrays—Part I: Theory and impact
on diagnostic safety indexes,” IEEE Trans. Ultrason., Ferroelectr.,
Freq. Control, vol. 68, no. 3, pp. 358–375, Mar. 2021, doi:
10.1109/TUFFC.2020.3037946.

[91] K. A. Wear, A. Shah, A. M. Ivory, and C. Baker, “Hydrophone
spatial averaging correction for acoustic exposure measurements from
arrays—Part II: Validation for ARFI and pulsed Doppler waveforms,”
IEEE Trans. Ultrason., Ferroelectr., Freq. Control, vol. 68, no. 3,
pp. 376–388, Mar. 2021, doi: 10.1109/TUFFC.2020.3037999.

[92] W. D. O’Brien et al., “The risk of exposure to diagnostic ultrasound in
postnatal subjects,” J. Ultrasound Med., vol. 27, no. 4, pp. 517–535,
Apr. 2008, doi: 10.7863/jum.2008.27.4.517.

[93] Safety Group of the British Medical Ultrasound Society, “Guidelines
for the safe use of diagnostic ultrasound equipment,” Ultrasound,
vol. 18, no. 2, pp. 52–59, May 2010, doi: 10.1258/ult.2010.100003.

[94] G. R. Harris, C. C. Church, D. Dalecki, M. C. Ziskin, and J. E. Bagley,
“Comparison of thermal safety practice guidelines for diagnostic ultra-
sound exposures,” Ultrasound Med. Biol., vol. 42, no. 2, pp. 345–357,
Feb. 2016, doi: 10.1016/j.ultrasmedbio.2015.09.016.

[95] A. I. Medicine, “AIUM official statement for recommended maximum
scanning times for displayed thermal index values,” J. Ultrasound Med.,
vols42, no. 12, pp. E74–E75, 2023, doi: 10.1002/jum.16322.

[96] Medical Electrical Equipment—Part 2–37: Particular Requirements
for the Basic Safety and Essential Performance of Ultrasonic Medi-
cal Diagnostic and Monitoring Equipment, Standard IEC 60601-2-37,
International Electrotechnical Commission, Geneva, Switzerland, 2015.

[97] R. M. Ottenbrite and R. Javan, “Biological structures,” in Encyclopedia
of Condensed Matter Physics, 1st ed. Amsterdam, The Netherlands:
Elsevier, 2005.

[98] C. G. M. Gennari, G. M. G. Quaroni, C. Creton, P. Minghetti, and
F. Cilurzo, “SEBS block copolymers as novel materials to design
transdermal patches,” Int. J. Pharmaceutics, vol. 575, Feb. 2020,
Art. no. 118975, doi: 10.1016/j.ijpharm.2019.118975.

[99] S. Wendels and L. Avérous, “Biobased polyurethanes for biomed-
ical applications,” Bioactive Mater., vol. 6, no. 4, pp. 1083–1106,
Apr. 2021, doi: 10.1016/j.bioactmat.2020.10.002.

[100] M. Zare, E. R. Ghomi, P. D. Venkatraman, and S. Ramakrishna,
“Silicone-based biomaterials for biomedical applications: Antimicro-
bial strategies and 3D printing technologies,” J. Appl. Polym. Sci.,
vol. 138, no. 38, Oct. 2021, doi: 10.1002/app.50969.

[101] Biological Evaluation of Medical Devices—Part 1: Evaluation and
Testing Within a Risk Management Process, Standard ISO 10993-
1:2018, International Standards Organization, Geneva, Switzerland,
2018.

[102] General Requirements for Basic Safety and Essential
Performance—Collateral Standard: Electromagnetic Disturbances—
Requirements and Tests, Standard IEC 60601-1-2, International
Electrotechnical Commission, Geneva, Switzerland, 2014.

[103] H. Hu et al., “Stretchable ultrasonic transducer arrays for three-
dimensional imaging on complex surfaces,” Sci. Adv., vol. 4, no. 3,
p. 3979, Mar. 2018.

[104] M. Lin, H. Hu, S. Zhou, and S. Xu, “Soft wearable devices for
deep-tissue sensing,” Nature Rev. Mater., vol. 7, no. 11, pp. 850–869,
Mar. 2022, doi: 10.1038/s41578-022-00427-y.

[105] C. Wang et al., “Continuous monitoring of deep-tissue haemodynamics
with stretchable ultrasonic phased arrays,” Nature Biomed. Eng., vol. 5,
no. 7, pp. 749–758, Jul. 2021.

[106] J. Elloian, J. Jadwiszczak, V. Arslan, J. D. Sherman, D. O. Kessler, and
K. L. Shepard, “Flexible ultrasound transceiver array for non-invasive
surface-conformable imaging enabled by geometric phase correction,”
Sci. Rep., vol. 12, no. 1, Sep. 2022, Art. no. 1, doi: 10.1038/s41598-
022-20721-7.

[107] T. Costa, C. Shi, K. Tien, J. Elloian, F. A. Cardoso, and
K. L. Shepard, “An integrated 2D ultrasound phased array transmit-
ter in CMOS with pixel pitch-matched beamforming,” IEEE Trans.
Biomed. Circuits Syst., vol. 15, no. 4, pp. 731–742, Aug. 2021, doi:
10.1109/TBCAS.2021.3096722.

[108] T. Costa, C. Shi, K. Tien, and K. L. Shepard, “A CMOS 2D transmit
beamformer with integrated PZT ultrasound transducers for neuro-
modulation,” in Proc. IEEE Custom Integr. Circuits Conf. (CICC),
Apr. 2019, pp. 1–4, doi: 10.1109/CICC.2019.8780236.

[109] J. R. Sempionatto et al., “An epidermal patch for the simultaneous mon-
itoring of haemodynamic and metabolic biomarkers,” Nature Biomed.
Eng., vol. 5, no. 7, pp. 737–748, Feb. 2021, doi: 10.1038/s41551-021-
00685-1.

[110] H. Hu et al., “Stretchable ultrasonic arrays for the three-dimensional
mapping of the modulus of deep tissue,” Nature Biomed. Eng., vol. 7,
no. 10, pp. 1321–1334, May 2023.

[111] H. Hewener and S. Tretbar, “Mobile ultrafast ultrasound imaging
system based on smartphone and tablet devices,” in Proc. IEEE
Int. Ultrason. Symp. (IUS), Oct. 2015, pp. 1–4, doi: 10.1109/ULT-
SYM.2015.0520.

[112] ACR-AAPM Technical Standard for Diagnostic Medical Physics
Performance Monitoring of Real Time Ultrasound Equipment.
Accessed: Aug. 15, 2023. [Online]. Available: ht .tps://ww .w.acr.org/-
/media/ACR/Files/Practice-Parameters/US-Equip.pdf

[113] AIUM Routine Quality Assurance of Clinical Ultrasound Equip-
ment Version 2.0. Accessed: Aug. 15, 2023. [Online]. Available:
ht .tp://aium.s3.amazonaws.com/resourceLibrary/rqa2.pdf

[114] Ultrasonics—Pulse-Echo Scanners—Low-Echo Sphere Phantoms and
Method for Performance Testing of Grey-Scale Medical Ultra-
sound Scanners Applicable to a Broad Range of Transducer Types,
Standard IEC TS 62791, 2022.

[115] Ultrasonics—Pulse-Echo-Scanners—Part 1: Techniques for Calibrat-
ing Spatial Measurement Systems and Measurement of System
Point-Spread Function Response, Standard IEC 61391-1, IEC, Geneva,
Switzerland, 2006.

[116] Ultrasonics—Pulse-Echo-Scanners—Part 1: Measurement of Maximum
Depth of Penetration and Local Dynamic Range, Standard IEC 61391-
2, IEC, Geneva, Switzerland, 2010.

[117] J. T. Bushberg, J. A. Seibert, and J. M. Boone, “Ultrasound system per-
formance and quality assurance,” Essential Phys. Med. Imag., vol. 14,
no. 10, pp. 618–621, 2021.

[118] C. Dietrich et al., “Strain elastography—How to do it?” Ultrasound
Int. Open, vol. 3, no. 4, pp. E137–E149, Sep. 2017, doi: 10.1055/s-
0043-119412.

http://dx.doi.org/10.3390/s150408020
http://dx.doi.org/10.34133/2022/9764501
http://dx.doi.org/10.1109/58.883527
http://dx.doi.org/10.3390/mi13050754
http://dx.doi.org/10.1080/02656730210146890
http://dx.doi.org/10.7863/jum.2011.30.5.714
http://dx.doi.org/10.1109/TUFFC.2019.2947755
http://dx.doi.org/10.1109/TUFFC.2020.3037946
http://dx.doi.org/10.1109/TUFFC.2020.3037999
http://dx.doi.org/10.7863/jum.2008.27.4.517
http://dx.doi.org/10.1258/ult.2010.100003
http://dx.doi.org/10.1016/j.ultrasmedbio.2015.09.016
http://dx.doi.org/10.1002/jum.16322
http://dx.doi.org/10.1016/j.ijpharm.2019.118975
http://dx.doi.org/10.1016/j.bioactmat.2020.10.002
http://dx.doi.org/10.1002/app.50969
http://dx.doi.org/10.1038/s41578-022-00427-y
http://dx.doi.org/10.1038/s41598-022-20721-7
http://dx.doi.org/10.1038/s41598-022-20721-7
http://dx.doi.org/10.1038/s41598-022-20721-7
http://dx.doi.org/10.1109/TBCAS.2021.3096722
http://dx.doi.org/10.1109/CICC.2019.8780236
http://dx.doi.org/10.1038/s41551-021-00685-1
http://dx.doi.org/10.1038/s41551-021-00685-1
http://dx.doi.org/10.1038/s41551-021-00685-1
http://dx.doi.org/10.1109/ULTSYM.2015.0520
http://dx.doi.org/10.1109/ULTSYM.2015.0520
http://dx.doi.org/10.1109/ULTSYM.2015.0520
http://dx.doi.org/10.1055/s-0043-119412
http://dx.doi.org/10.1055/s-0043-119412
http://dx.doi.org/10.1055/s-0043-119412


744 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 71, NO. 7, JULY 2024

[119] M. L. Palmeri et al., “Radiological society of North Amer-
ica/quantitative imaging biomarker alliance shear wave speed bias
quantification in elastic and viscoelastic phantoms,” J. Ultrasound
Med., vol. 40, no. 3, pp. 569–581, Mar. 2021, doi: 10.1002/jum.15609.

[120] Ultrasound Measurement of Shear Wave Speed for Estimation
of Liver Fibrosis. Accessed: Aug. 15, 2023. [Online]. Available:
ht .tps://qibawiki.rsna.org/index.php/Ultrasound_SWS_Biomarker_Ctte

[121] S. Steinberg, A. Huang, Y. Ono, and S. Rajan, “Continuous artery
monitoring using a flexible and wearable single-element ultrasonic
sensor,” IEEE Instrum. Meas. Mag., vol. 25, no. 1, pp. 6–11,
Feb. 2022.

[122] W. Du et al., “Conformable ultrasound breast patch for deep tissue
scanning and imaging,” Sci. Adv., vol. 9, no. 30, p. 5325, Jul. 2023.

[123] W. F. Walker and G. E. Trahey, “A fundamental limit on delay
estimation using partially correlated speckle signals,” IEEE Trans.
Ultrason., Ferroelectr., Freq. Control, vol. 42, no. 2, pp. 301–308,
Mar. 1995.

[124] R. E. Daigle, “Ultrasound imaging system with pixel oriented process-
ing,” J. Acoust. Soc. Amer., vol. 133, no. 4, p. 2521, 2013.

[125] J. Tierney et al., “Training deep network ultrasound beamformers with
unlabeled in vivo data,” IEEE Trans. Med. Imag., vol. 41, no. 1,
pp. 158–171, Jan. 2022.

[126] A. C. Luchies and B. C. Byram, “Deep neural networks for ultrasound
beamforming,” IEEE Trans. Med. Imag., vol. 37, no. 9, pp. 2010–2021,
Sep. 2018.

[127] J. Lecoq, M. Oliver, J. H. Siegle, N. Orlova, P. Ledochowitsch,
and C. Koch, “Removing independent noise in systems neuroscience
data using DeepInterpolation,” Nature Methods, vol. 18, no. 11,
pp. 1401–1408, Nov. 2021.

[128] M. O’Donnell and S. W. Flax, “Phase-aberration correction using
signals from point reflectors and diffuse scatterers: Measurements,”
IEEE Trans. Ultrason., Ferroelectr., Freq. Control, vol. 35, no. 6,
pp. 768–774, May 1988.

[129] S. Flax and M. O’Donnell, “Phase-aberration correction using sig-
nals from point reflectors and diffuse scatterers: Basic principles,”
IEEE Trans. Ultrason., Ferroelectr., Freq. Control, vol. 35, no. 6,
pp. 758–767, Jun. 1988.

[130] M. Imbault et al., “Robust sound speed estimation for ultrasound-
based hepatic steatosis assessment,” Phys. Med. Biol., vol. 62, no. 9,
pp. 3582–3598, Apr. 2017.

[131] R. Ali et al., “Aberration correction in diagnostic ultrasound: A review
of the prior field and current directions,” Zeitschrift Medizinische
Physik, vol. 33, no. 3, pp. 267–291, Aug. 2023.

[132] D. Hyun, S. V. Narayan, W. Simson, L. L. Zhuang, and J. J. Dahl,
“Flexible array shape estimation using differentiable beamforming,” in
Proc. IEEE Int. Ultrason. Symp. (IUS), Sep. 2023, pp. 1–6.

[133] W. Simson, L. L. Zhuang, S. J. Sanabria, N. Antil, J. J. Dahl, and
D. Hyun, “Differentiable beamforming for ultrasound autofocusing,”
in Proc. Int. Conf. Med. Image Comput. Comput.-Assist. Intervent.,
2023, pp. 428–437.

[134] A. Mamistvalov and Y. C. Eldar, “Sparse convolutional beamforming
for wireless ultrasound,” in Proc. IEEE Int. Conf. Acoust., Speech
Signal Process. (ICASSP), May 2020, pp. 9254–9258.

[135] J. Shim, D. Hur, and H. Kim, “Spectral analysis framework for
compressed sensing ultrasound signals,” J. Med. Ultrason., vol. 46,
no. 4, pp. 367–375, Oct. 2019.

[136] I. A. M. Huijben, B. S. Veeling, K. Janse, M. Mischi, and
R. J. G. van Sloun, “Learning sub-sampling and signal recovery with
applications in ultrasound imaging,” IEEE Trans. Med. Imag., vol. 39,
no. 12, pp. 3955–3966, Dec. 2020.

[137] Y. H. Yoon, S. Khan, J. Huh, and J. C. Ye, “Efficient B-mode
ultrasound image reconstruction from sub-sampled RF data using
deep learning,” IEEE Trans. Med. Imag., vol. 38, no. 2, pp. 325–336,
Feb. 2019.

[138] J. A. Jensen et al., “Anatomic and functional imaging using row–
column arrays,” IEEE Trans. Ultrason., Ferroelectr., Freq. Control,
vol. 69, no. 10, pp. 2722–2738, Oct. 2022.

[139] M. R. Sobhani, M. Ghavami, A. K. Ilkhechi, J. Brown, and R. Zemp,
“Ultrafast orthogonal row–column electronic scanning (uFORCES)
with bias-switchable top-orthogonal-to-bottom electrode 2-D arrays,”
IEEE Trans. Ultrason., Ferroelectr., Freq. Control, vol. 69, no. 10,
pp. 2823–2836, Oct. 2022.

[140] A. A. Nair, T. D. Tran, A. Reiter, and M. A. L. Bell, “One-step
deep learning approach to ultrasound image formation and image
segmentation with a fully convolutional neural network,” in Proc. IEEE
Int. Ultrason. Symp. (IUS), Oct. 2019, pp. 1481–1484.

[141] E. Smistad, T. Lie, and K. F. Johansen, “Real-time segmentation of
blood vessels, nerves and bone in ultrasound-guided regional anesthesia
using deep learning,” in Proc. IEEE Int. Ultrason. Symp. (IUS),
Sep. 2021, pp. 1–4.

[142] Y. Xu, Y. Wang, J. Yuan, Q. Cheng, X. Wang, and P. L. Carson,
“Medical breast ultrasound image segmentation by machine learning,”
Ultrasonics, vol. 91, pp. 1–9, Jan. 2019.

[143] S. Yin et al., “Automatic kidney segmentation in ultrasound images
using subsequent boundary distance regression and pixelwise classifica-
tion networks,” Med. Image Anal., vol. 60, Feb. 2020, Art. no. 101602.

[144] A. Chen et al., “Machine-learning enabled wireless wearable sensors to
study individuality of respiratory behaviors,” Biosensors Bioelectron.,
vol. 173, Feb. 2021, Art. no. 112799.

[145] M. Fournelle et al., “Portable ultrasound research system for use in
automated bladder monitoring with machine-learning-based segmenta-
tion,” Sensors, vol. 21, no. 19, p. 6481, Sep. 2021.

[146] D. Hyun et al., “Deep learning for ultrasound image formation:
CUBDL evaluation framework and open datasets,” IEEE Trans. Ultra-
son., Ferroelectr., Freq. Control, vol. 68, no. 12, pp. 3466–3483,
Dec. 2021.

[147] M. Yamakawa, T. Shiina, K. Tsugawa, N. Nishida, and M. Kudo,
“Deep-learning framework based on a large ultrasound image database
to realize computer-aided diagnosis for liver and breast tumors,” in
Proc. IEEE Int. Ultrason. Symp. (IUS), Sep. 2021, pp. 1–4.

http://dx.doi.org/10.1002/jum.15609

