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Neuromuscular abnormality is the leading cause of disability in adults. Understanding the complex interplay
between muscle structure and function is crucial for effective treatment and rehabilitation. However, the substantial
deformation of muscles during movement (up to 40%) poses challenges for accurate assessment. To address this,
we developed a wearable structural-functional sensing patch (WSFP) that enables synchronous analysis of muscle
structure and function. The WSFP incorporates a soft, stretchable electrode array for high-performance electro-
physiological monitoring with low contact impedance and high stability. Its innovative design absorbs skin defor-
mation stress, ensuring stable adhesion of a flexible ultrasound transducer array, offering higher-fidelity imaging.
With dynamic tissue imaging, it allows real-time visualization of muscle structure. The WSFP achieves superior
accuracy in dynamic action recognition and disease assessment compared to single-modal methods, maintaining
stable operation during motion for up to 72 hours. This study advances neuromuscular system analysis and

improves diagnostic precision.

INTRODUCTION

Neuromuscular diseases (NMDs) are a diverse group of conditions
caused by defects in peripheral neurons (e.g., neuropathies, amyo-
trophic lateral sclerosis, and stroke), muscles [congenital muscular
torticollis (CMT) and myopathies], and neuromuscular junctions
(myasthenic syndromes) (I, 2). Despite the various pathogenesis,
they share some common features, e.g., muscle weakness, twitching,
torpidity, and cramps, leading to mobility impairments, pararthria,
and self-caring problems (3, 4). For example, neuromuscular prob-
lems induced by stroke are the leading cause of disability in adults
and the second most common cause of death, leading a rate of 11.8%
worldwide and more than 110 million of the global disability (5).
Amyotrophic lateral sclerosis, which is a rare but fatal peripheral
neurodegenerative disease, can be difficult to recognize in the early
stages (6). CMT is another disease that manifests muscle structural
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and functional changes of the sternocleidomastoid (SCM) muscle in
the developmental stages of children with a reported incidence of
0.3 to 2% (7, 8). This condition can have a lasting negative impact on
a child’s posture, neck function, and quality of life. All those NMDs
require effective sensing technology to achieve early diagnosis, eval-
uation, and related therapy (9, 10).

Biosignals from the neuromuscular system are mainly divided into
two types (11): One is structural signals, e.g., imaging modalities such as
ultrasound and magnetic resonance imaging; another is functional sig-
nals, such as electrophysiology (EP), chemicals, and so forth. Previously,
for individual detection of those two kinds of signals, people proposed
various methods to optimize the flexibility, sensitivity, and channel num-
bers of the sensing system (12-14). For ultrasound imaging, commercial
ultrasound devices are rigid and in large size, making them unsuitable
for long-term continuous and stable monitoring (15-18). Typically, indi-
viduals must hold these rigid ultrasound devices and apply pressure to
ensure good contact with the skin for clear tissue imaging. While it may
work well for deep tissue imaging, applying pressure can lead to muscle
deformation, compromising the accurate reflection of the true structural
characteristics, especially in muscle imaging. Consequently, there has
been considerable focus on developing flexible and stretchable ultra-
sound probes to replace conventional rigid ones for blood pressure,
blood flow detection, and structural imaging (19-22). For EP monitor-
ing, there is a focus on achieving high conformity of the interface
electrodes with the skin by making them softer, stretchable, and air
permeable (23-26). These efforts have benefited the elimination of mo-
tion artifacts caused by skin deformation during dynamic movements
of the human body. Furthermore, advancements in bioinspired three-
dimensional architected electronic skins with decoupled unparalleled
sensing capabilities demonstrate potential for developing complex, flex-
ible sensing systems. These systems mimic the spatial distribution of
mechanoreceptors in human skin, further enhancing the accuracy and
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functionality of wearable sensors (27). However, it should be noted that
evaluation solely by monitoring structural or functional aspects often
leads to incomplete data and may result in misdiagnosis. For example,
CMT is a disease related to muscle fibrosis. In the early stage, it is hard to
observe it using ultrasound but can be detected using electromyography
(EMG) (28). Subsequently, ultrasound imaging can provide further de-
tails on muscle fibrosis, such as thickness and depth (29, 30). Therefore,
it is highly necessary to achieve in situ structural-functional biosignals
detection and to elucidate their interplay to fully understand the work-
ing process of neuromuscular system (31). However, the notable defor-
mation strain experienced by the muscular system has resulted in a
noticeable absence of a framework for a flexible sensing system designed
specifically for this purpose. An in situ dual-modal sensing system is in
high demand, especially one capable of achieving in situ long-term dis-
section of both structural and functional information, along with their
correlation. Such a system would empower researchers to track the dis-
eases progress or conditions over time, facilitating a more comprehen-
sive understanding of the NMD and contributing to early diagnosis and
the formulation of improved treatment plans.

Here, we report a framework of a wearable structural-functional
sensing patch (WSFP) via integrating a flexible ultrasound transducer
(FUT) array and soft stretchable electrodes. It can achieve in situ syn-
chronous dissection of structural (ultrasound imaging) and functional
information (EMG) of peripheral muscles. Comprising 128 lead zir-
conate titanate (PZT) elements with a spacing of 0.3 mm between ele-
ments, the WSFP features a frequency of 7.5 MHz and a bandwidth of
65%. It demonstrates low acoustic impedance and minimal interelement
cross-talk, offering ultrasound imaging of similar quality to that of tradi-
tional rigid arrays. Acting as stress-relief (SR) layers, the soft stretchable
electrodes release stress generated during 30% skin deformation on the
back and neck, enabling stable and clear ultrasound imaging with im-
proved quality over current flexible patches during dynamic skin defor-
mation processes. The dual-modal synchronous dissection of WSFP is
validated in both normal subjects and patients. The WSEP is attached to
the forearm brachioradialis, back erector spinae, and neck SCM muscles
to dissect both muscle ultrasound imaging and EMG signals. A clear
negative correlation is observed between decreased muscle thickness
and increased root mean square (RMS) of EMG signal during muscle
contraction. Data analysis reveals higher action recognition accuracy in
dual-modal data compared to mono-modal data. For children with
CMT, WSFP demonstrates higher screening accuracy compared to
mono-modal data of muscle ultrasound imaging or EMG. Besides, we
demonstrate that WSFP enables 72-hour wearing and achieves the de-
sired structural-functional monitoring during motion. Compared to
other studies, WSFP achieves stable dual-mode monitoring under 37.5%
skin deformation and maintains imaging stability for over 150 head rota-
tions. In addition, during the monitoring process, the WSFP does
not cause tissue deformation, thereby reflecting the real structure of
the muscle (table S1). This in situ structural-functional flexible sens-
ing patch opens up the synchronous dissection of tissue structure and
function. It holds great potential for precise neuromuscular diagnosis,
smart treatment, and rehabilitation.

RESULTS

Design and overview of the structural-functional flexible
sensing patch

The WSEFP, with a total thickness of ~4.5 mm, features the synchro-
nous dissection of functional and structural information of tissues
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by attaching it directly on targeted human skin (Fig. 1A). It is flexi-
ble (Fig. 1B, i) with an array of soft and stretchable electrodes acting
as the SR layer on top of the FUT (Fig. 1B, ii and iii). The SR layer
with an overall thickness of 2 mm, including an Ecoflex encapsula-
tion layer, exhibits remarkable stretchability as large as 500% (fig.
S1), serving as the dual purpose of collecting 10-channel EMG sig-
nals and releasing the stress from the deformed skin to FUT. The
electrodes consist of 10 channels, with a 1-cm spacing between
monitoring points (fig. S2). The FUT imaging component, with a
total thickness of ~2.5 mm, which is attached on the opposite side of
the EMG electrodes, consists of piezoceramic-based PZT arrays
mounted on a flexible printed circuit board (FPCB). The fabrication
process is illustrated in fig. S3. This arrangement forms a flexible
acoustic stack, complemented by a 2-mm alumina silicone rubber
[polydimethylsiloxane (PDMS)] backing layer (Fig. 1B, iv). The
FUT consists of 128 PZT, designed with a center frequency of 7.5 MHz
and a bandwidth of 65%. Thanks to the incorporation of a SR
layer, the device not only facilitates functional monitoring in
conjunction with structural imaging but also ensures conformal
adhesion to the skin, even when the skin is deformed during
certain actions of torsion or stretching. The good adhesion of
WSEP to the skin relies on a stretchable water-based polyacry-
late pressure-sensitive adhesive (provided by Desai Chemical Trade
Co. Ltd., Jiangming). The interfacial toughness of adhesive with the
skin reached 30 J/m? (32).

During dynamic movements, such as fist clenching and bend-
ing, the device maintains good adhesion to the skin of the forearm
and back despite the great strain of surface skin of 7.2 and 26.8%,
respectively (figs. S4 to S5). Notably, during head rotation, where
the skin deformation reaches 37.5%, consistent with reported data
(33), the device, affixed to the neck skin, consistently upholds a se-
cure adhesion state (Fig. 1C). Strikingly, WSFP demonstrates the
capability to consistently and reliably monitor muscle structural
changes, even under notable skin surface strain (Fig. 1D). Even
more pleasantly, the FUT with a 2-mm SR layer remains conformal
adhesion with skin after 150 rotations of the neck, while the FUT
without the SR layer detaches from the skin after six rotations of the
neck (Fig. 1E). It enables more accurate and reliable tissue visual-
ization without compromising the integrity of the tissue structure,
thereby greatly enhancing the quality of diagnostic imaging. This
adhesion state persists reliably throughout the entire 72-hour wear-
able period, enabling subjects to participate in various activities,
including work, exercise, eating, and sleeping. Traditional commer-
cial ultrasound imaging (7.5 MHz; Siemens Acuson L10-5 Ultra-
sound Transducer) requires considerable pressure to achieve clear
tissue imaging, even in the presence of the coupling agent (Fig. 1E i,
and movie S1). In contrast, WSFP achieves tissue imaging by
directly attaching to the skin (Fig. 1F, ii). For traditional com-
mercial ultrasound imaging, applied pressure can cause tissue
deformation of 21.1%, especially affecting the superficial tissues like
muscles, which fails to reflect the true structural characteristics of
the tissue (Fig. 1G). Compared to traditional EMG electrodes
and ultrasound probes, the WSFP exhibits superior stretchability,
low contact impedance, and high sensitivity. The WSFP offers com-
fortable wearability, allowing for continuous use for up to 72 hours
(table S2). Furthermore, in comparison to other ultrasound probes
documented in the literature (19-22, 34-40), our WSFP stands out
due to its structural-functional sensing capabilities (fig. S6 and
table S3).
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Fig. 1. Overview of the wearable integrated structural-functional sensing patch for in situ synchronous monitoring of muscular ultrasound imaging and functional sig-
nals. (A) Pictures to demonstrate one of the targeted muscles: SCM muscles that can deform largely with mechanical strain of ~30% in skin. The structural-functional sensing will
benefit the precise diagnoses, e.g., muscle fibrosis and disorders. (B) Images of the integrated (i) and layered (ii) WSFP, as well as images of separate the SR layer (iii) and the FUT (iv).
Scale bars, 1 cm. (C) Images depicting the conformable attachment of WSFP on neck. Scale bars, 1 cm. (D) Ultrasound imaging of the brachioradialis, erector spinae, and SCM muscles
was performed at multiple instances when the skin surface strain of the forearm, back, and neck monitored by WSFP reached 7.2, 26.8, and 37.5%, respectively. Scale bars, 5 mm.
(E) Attachment states of the FUT with a 2-mm SR layer after 150 rotations of the neck (i) and without a SR layer after 6 rotations of the neck (ii). Scale bars, 1 cm. (F) Commercial rigid
ultrasound probe is used for muscle structural imaging, and pressure is required causing structure change to the muscle (i), which indicates that the commercial ultrasound probe
could not reflect the real structure of the muscle, and FUT is used for muscle structural imaging without pressure required and muscle thickness appears notably larger than that
captured by the commercial probe (ii). Scale bars, 5 mm. (G) Commercial ultrasound probes cause 21.1% tissue deformation during compression imaging, whereas flexible ultra-
sound probes induce only 1.4% tissue deformation when attached directly forimaging.
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Conformal and stable adhesion of WSFP with skin

This version of WSFP enables imaging without the requirement of
pressure, and it still faces challenges in achieving stable ultrasound
imaging during dynamic skin deformation. FUT is flexible but lacks
inherent softness and stretchability, causing it to detach easily from
the skin when the skin is stretched during certain movements
(34, 38). To address this issue, a proposed solution is to introduce a
laminated SR layer between the skin and the FUT. This additional
layer can absorb the stress that occurs when the skin is stretched,
preventing it from inducing large shear stress between the FUT and
skin, and the further detachment (Fig. 2A).

Here, the SR layer needs to be soft and stretchable to conform to
the skin, ensuring close contact and minimizing air gaps. This allows
the layer to absorb and distribute stress effectively, maintaining stable
ultrasound imaging during skin deformation. Ecoflex, with a modu-
lus of only 0.15 MPa and a stretchability of up to 1000%, proves to be
an ideal material for this purpose due to its soft and elastic properties
(fig. S7). To optimize the thickness of the SR layer, finite element mod-
eling is used to calculate the shear stress at the interface between the
Ecoflex SR layer and the skin (Fig. 2B). When the skin is subjected to
a 30% strain, it is observed that the 2-mm-thick SR layer withstands a
shear stress of 16 kPa (Fig. 2B). In contrast, the 0.5-mm-thick SR layer
has to endure a shear stress of 27 kPa (fig. S8), approximately 1.7-fold
increase compared to that of the 2 mm in thickness, indicating the
high risk in detachment of FUT. We further investigate the effect of
materials by using other elastic polymers, such as PDMS and styrene-
ethylene-butadiene-styrene (SEBS). It is observed that the perfor-
mance achieved using Ecoflex is superior, primarily attributed to its
lower modulus compared to that of PDMS (Fig. 2C and fig. S9) and
SEBS (Fig. 2D and fig. S10).

We then study the imaging effects of Ecoflex SR layers with vary-
ing thickness on different muscles during real-time dynamic pro-
cesses. First, we attach FUT integrated with Ecoflex SR layers to the
SCM muscle on the neck (fig. S11). It demonstrates that the FUT
equipped with the SR layer outperforms the one without it in imag-
ing quality. Specifically, during right rotations, the FUT without a
SR layer similarly experiences imaging failure. Areas of failure still
exist in the ultrasound imaging with 0.5- and 1-mm SR layers. In
contrast, the FUT integrated with the 2-mm Ecoflex SR layer main-
tains stable and clear imaging during three consecutive right rota-
tions in the neck (Fig. 2E). After several right rotations, the flexible
probe without a SR layer completely detaches from the skin, where-
as the FUT integrated with the 2-mm Ecoflex SR layer remains
closely adhere to the skin (Fig. 2F). During left rotations and left-
right flexions, the presence of a 2-mm SR layer enables stable ultra-
sound imaging of the SCM muscle, contrasting with the imaging
quality in the absence of SR layers or the use of other thicknesses
(figs. S12 to S14). Moreover, the FUT integrated with the 2-mm Eco-
flex SR layer consistently maintains stable ultrasound imaging even
during approximately 150 left and right rotations. This allows for
clear visualization of the structure of the SCM muscle throughout
the movement (fig. S15 and movie S2), achieving improved quality
compared to other methods (20). In contrast, the standalone FUT
experiences a direct imaging failure during right rotations (movie
$3). In addition, for FUTs with varying thicknesses of PDMS and
SEBS attached to the neck, the number of rotations each could with-
stand increased with thickness. Specifically, 2-mm PDMS endured
only 15 rotations, while 2-mm SEBS managed just eight rotations
(fig. S16), both considerably lower than the 150 rotations sustained
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by 2-mm Ecoflex. These results further support the choice of 2-mm
Ecoflex as the SR layer.

Except for the neck muscles, the muscles on the back undergo
even greater stretching during movements such as stooping down.
We then proceed to assess the dynamic imaging effects by affixing
FUT integrated with Ecoflex SR layers of different thicknesses to the
erector spinae muscles on the back. By varying the thickness of the
SR layer, our objective is to assess the influence of layer thickness on
the stability and quality of ultrasound imaging during movements
involving the back. Ultrasound imaging under different gestures,
including stooping down and twisting of the waist, are examined. In
short, we could observe the similar results with that of neck muscles
(Fig. 2, G to H, and figs. S17 to S18). Therefore, the 2-mm Ecoflex SR
layer provides consistent stability and clarity in imaging during all
types of motions. Building upon these findings, we have identified
the 2-mm-thick Ecoflex as the optimal SR layer for further research
and development.

The collected data highlight the effectiveness of different thick-
ness of SR layers in enhancing ultrasound imaging performance
during dynamic movements. Specifically, we observe that the WSFP
integrated with a 2-mm Ecoflex SR layer maintains stable and clear
imaging even under large deformations of up to 40%. This contrasts
with the imaging failure areas seen with WSFP without an SR layer
or with thinner SR layers (0.5 and 1 mm), particularly during move-
ments that induce substantial skin strain. These results are visually
evident from the dynamic ultrasound imaging performed on vari-
ous body parts, including the neck and back, as shown in Fig. 2 (E to
H) and supporting figures (figs. S12 to S18). The superior imaging
stability offered by the 2-mm Ecoflex SR layer demonstrates its ne-
cessity for ensuring reliable ultrasound imaging during dynamic
monitoring.

Furthermore, we compare a commercial ultrasound probe, a
FUT without the SR layer, and a FUT with a 2-mm SR layer. In all
cases, an ultrasound coupling agent is applied to the PZT array sec-
tion, and imaging is performed on a phantom. Because the SR layer
is not attached to the PZT array used for ultrasound imaging, it does
not produce artifacts. The imaging results show a slight reduction in
brightness and contrast for the FUT with the 2-mm SR layer com-
pared to the FUT without it (fig. S19). This reduction is likely due to
some ultrasound energy attenuation caused by the extra 2 mm of
coupling gel, rather than the SR layer itself. Therefore, we conclude
that the SR layer does not introduce notable artifacts.

Performance of FUT and soft electrodes in WSFP

Before stepping into the dual-modal functional and structural dis-
section, we characterize the detailed properties of the FUT and the
soft electrode for the respective ultrasound imaging and EP moni-
toring. The resonant frequency, mechanical coupling efficiency,
energy transmission efficiency, and impedance analysis of FUT are
analyzed, which are summarized Fig. 3 (A to E). The stretchability,
contact impedance, and cycling performance of the stretchable elec-
trode are shown in Fig. 3 (F to H).

Simulations using PiezoCAD software is conducted to predict
the acoustic performance of the FUT, and the results closely aligned
with the experimental data, demonstrating the FUT’s high perfor-
mance. The simulated resonant frequency is approximately 6.4 MHz,
with an impedance of 67.6 ohm (fig. S20A). In comparison, the
measured resonant frequency is 6.35 MHz, with an impedance
of 39.5 ohm (Fig. 3A), with the discrepancy potentially stemming
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from fabrication-related factors. In addition, the simulated pulse-
echo response and frequency spectrum indicate a center frequency
of around 7.1 MHz and a —6-dB bandwidth of approximately 83.1%
(fig. S20B). The experimental results show a measured center fre-
quency of 7.5 MHz and a —6-dB bandwidth of 65% (Fig. 3B). The
difference in center frequency and bandwidth between the simula-
tion and measurement is likely due to the fabrication-related factors
such as variations in thickness control.

Furthermore, acoustic-electric cross-talk, which signifies the ex-
tent of reciprocal impact between the mechanical and electrical
characteristics of the FUT, is evaluated. It encompasses alterations
in the electrical signal resulting from the transducer’s mechanical
movement and the mechanical motion triggered by the electrical
signal, thereby directly influencing the precision and lucidity of ul-
trasound imaging. In the five consecutive adjacent elements shown
in Fig. 3C, the measured cross-talk levels are —38.48, —39.38, —40.42,
—41.52, and — 41.96 dB, respectively. These values meet the re-
quirements for linear array configuration in ultrasound imaging
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(41). The designed FUT not only has the characteristics of high fre-
quency and high bandwidth but also exhibits outstanding imaging
capabilities. Besides being used for muscle structural imaging, it can
also be used for structural and functional Doppler imaging of the
carotid artery. The position of the carotid artery is clearly visible in
the ultrasound image (Fig. 3D), with blood flow also demonstrates
in the Doppler functional imaging (Fig. 3E). This demonstrates the
wide application of the FUT and its potential for ultrasound imag-
ing in other tissues and organs.

To facilitate EMG monitoring, we have developed 10-channel
stretchable electrodes by using thermal evaporation of gold on a
2-mm Ecoflex SR layer. Our electrical characterization reveals that
these Ecoflex-Au electrodes have remarkable stretchability, reaching
up to 650% (Fig. 3F). To facilitate the acquisition of the EMG signal,
we use liquid metal as a transitional layer to seamlessly connect the
electrodes with the FPCB. We then encapsulate the soft-hard inter-
face with adhesive (DOWSIL 734), confirming a stretchability of
270% (Fig. 3F), which meets the stringent requirements of EMG
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monitoring. Furthermore, to reduce the electrodes impedance, we
use electroplated Ag/AgCl on the detection pads of Ecoflex-Au elec-
trodes. This modification considerably reduces the Ecoflex-Au elec-
trodes impedance in the low-frequency range when measured in
phosphate-buffered saline solution (fig. S21). The contact imped-
ance between the electrodes and the skin drops substantially from
21.52 to 3.63 kQ-cm? at 100 Hz (Fig. 3G). Meanwhile, the electrodes
also demonstrate excellent cycling performance. After over 2000
cycles at 100% tensile strain, the resistance changes of the electrodes
slightly increase in the first 200 cycles before stabilizing (Fig. 3H).
Moreover, more than 100 cycles at 100% strain, the impedance vari-
ation of the electrodes remains relatively stable (fig. $22). These
findings establish a robust foundation for the reliable monitoring of
EMG signals using our electrodes. Our results collectively demon-
strate the excellent performance of the FUT and the stretchable
Ecoflex-Au electrodes in both muscle ultrasound imaging and
EMG monitoring.

Structural-functional dissection by WSFP on normal subjects
The WSFP has an adhesion area of 6 cm by 2.5 cm, with PZT ele-
ments measuring 3.8 cm by 0.5 cm, allowing a monitoring depth of
~3 cm. We use an ultrasound coupling agent to prevent the forma-
tion of air gaps during imaging. This agent is applied between the
PZT array and the skin to maintain continuous contact, thus pre-
venting any disruption in the ultrasound signal caused by air
pockets. This method ensures stable imaging throughout dynamic
movements. This dual-modal WSFP demonstrates superior perfor-
mance in the dissection of the structure and function information
during activity, outperforming mono-modal monitoring in action
classification accuracy. Then, we first use WSFP to monitor the bra-
chioradialis muscle in forearm of normal subjects (Fig. 4, A to C),
analyzing ultrasound imaging and EMG data simultaneously during
motion. Clear observations from the ultrasound imaging indicate a
reduction in muscle thickness and area during fist clenching (Fig. 4,
B and C), accompanied by synchronous observation of EMG signals
(fig. S23A and movie S4). This reduction in muscle thickness and
area correlates with an increase in the RMS of the EMG signal, ob-
served similarly during palm extension (fig. S23B). When the mus-
cle contracts, there is a minor change in muscle size accompanied by
an increase in RMS (fig. $24). Furthermore, the structural-functional
monitoring under varying gripping forces is assessed (figs. S25 to
S§28). The accuracy of dual-modal and mono-modal data for action
classification is analyzed (Fig. 4D), indicating a favorable recogni-
tion accuracy of the dual-modal WSFP.

Subsequently, the effectiveness of the dual-modal WSFP under
large deformation is further verified. The erector spinae muscles on
the back experience substantial deformation during certain motions,
such as stooping down, where the surrounding skin can undergo up
to 40% mechanical strain. We then investigate the monitoring capa-
bility of WSFEP on this muscle (fig. S29 and movie S5). During stoop-
ing down, there is a concurrent increase in the RMS of the EMG
signal and a synchronous decrease in muscle thickness, both attrib-
uted to the muscle contraction (fig. S30). This result is validated dur-
ing left and right back rotations, as well as left and right flexions (figs.
S31 to S34). The dual-modal WSFP achieves continuous synchronous
dissection of muscle structure and function during 25% deformations
of the erector spinae muscles. Moreover, the WSFP is attached to the
mid-belly of the left SCM muscle, parallel to the muscle fibers. As
shown in figs. S35 to $39 and movie S6, morphological changes are
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observed in the ultrasound imaging, accompanied by the successful
recording of the generated EMG signals during muscle left and right
rotations and flexions.

Leveraging the cyclic stability and long-term wearability of WSFP, we
use it for the long-term dissection of muscle structure and function
(movie S7). Over a period of 72 hours, the FUT consistently delivers
stable imaging capabilities, while the Ecoflex-Au electrodes reliably cap-
ture EMG signals during activities such as making fist (Fig. 4E and fig.
$40). Over the monitoring period, the quality of ultrasound imaging or
EMG signal remains consistently high. Specifically, the muscle thickness
and area in ultrasound imaging are consistently detected at 12.82 +
0.25 mm and 479.12 + 5.25 mm?, respectively. The RMS of the EMG
signals remains stable at 0.24 + 0.006 (Fig. 4F). The collection of dual-
modal data under various motions, including palm, pinch, index finger
pointing, and thumb and index finger pointing consistently yields reli-
able results, confirming the system’s capacity for long-term monitoring
with stable performance (figs. S41 to S48). Moreover, the dual-modal
data obtained during the long-term monitoring also exhibits higher ac-
curacy in action recognition (Fig. 4G), which is consistent with the
results in Fig. 4D, highlighting the substantial potential of WSFP on
long-term dissection in disease screening.

Clinical trial of WSFP

Conventional ultrasound imaging is the most commonly used meth-
od for diagnosing and evaluating peripheral neuromuscular systems,
e.g., CMT, particularly in cases where a palpable mass is present
(9, 42). This method primarily identifies structure-related features on
the sonogram, such as muscle thickness, echogenicity, and transverse
and longitudinal extents (43, 44). However, it lacks the capability to
assess muscular functional changes, e.g., leading to the identification
failure of the early stage of CMT. Therefore, the development of WSFP
capable of simultaneously providing structural and functional fea-
tures holds promise for enhancing clinical assessments for peripheral
neuromuscular system. Here, we assess three CMT patients using
WSEFP (Fig. 5). EMG mapping in this study reflects the RMS values,
indicating muscle activation levels. In patients with CMT, the affected
muscles display lower activation during movements, which is repre-
sented on the EMG maps as regions with lower intensity. However,
the diagnosis of muscle fibrosis is based on ultrasound imaging,
where fibrosis manifests as increased muscle thickness and enhanced
echogenicity.

We have successfully applied WSFP on SCM muscles of children
with CMT to monitor both ultrasound imaging and EMG of differ-
ent motions. It is found that compared to the healthy side during the
four different motion tasks, the affected sides demonstrate sever
muscular curvature, blurred edges, muscle fibrosis, and increased
muscle thickness from the ultrasound imaging (Fig. 5A). The topo-
graphic map based on EMG signals show asymmetry between the
two sides of patients with CMT during the motion tasks. For a spe-
cific case, the CMT region is located on right side of the child, the
EMG topographic maps highlight high-intensity zones indicating
muscle activation during different motions. Because of the sym-
metrical property of the neck muscle, right side with left rotation
should be roughly symmetrical to the left side with right rotation for
healthy case. However, for the child with CMT, it is quite different
and the muscle activation pattern is entirely different (Fig. 5A). For
this case, the left top muscle is more likely activated on affected side.
While for unaffected side, the activation pattern is relatively random
depending on different motions.
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Fig. 4. Dual-modal synchronous monitoring of muscle structure and EMG signals in normal subjects of the forearm brachioradialis muscle. (A) Picture of the WSFP
attached to the brachioradialis muscle on the forearm for structure-functional monitoring. (B) Synchronously acquired ultrasound imaging (i) and EMG maps (ii) of the bra-
chioradialis muscle when relaxation and fist. (C) Relative relationship between structural features of muscles (area, minimum, and maximum muscle thickness) and RMS of
EMG during synchronized monitoring. (D) Accuracy of action recognition for unimodal signals and dual-modal synchronized monitoring signals. (E) Synchronously acquired
72-hour wearing and noncontinual dual-modal ultrasound imaging (i) and EMG maps (i) of palm during the forearm brachioradialis muscle monitoring at initial, 24, 48, and
72 hours. (F) Relative relationship between structural features of muscles (area, minimum, and maximum muscle thickness) and RMS of EMG during long-term synchronized
monitoring. (G) Accuracy of action recognition for unimodal signals and dual-modal synchronized signals of 72 hours. IP, index finger point; TIP, thumb and index finger point.

Furthermore, we compare the ultrasound image parameters and
the RMS of EMG from the dual-modal monitoring between the af-
fected and unaffected side (fig. S49). On the affected side, the mus-
cles appear thicker compared to those on the healthy side, and the
muscle area is also increased. On the affected side, the brightness of
the muscles is notably higher than that on the healthy side due to the
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increased fibrosis of the affected side. Notably, the abnormal muscle
structure on the affected side restricts motions, leading to lower RMS
values detected compared to those on the healthy side. To investi-
gate the relationship between the muscle structure and the func-
tional signals generated during muscle activation, we analyze the
correlation coefficients between the muscle structural parameters
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Fig. 5. Structural-functional synchronous monitoring by WSFP on children with CMT. (A) Specific case of synchronous ultrasound imaging and EMG monitoring on
a child with CMT by WSFP. From top to bottom, the actions are left rotation, right rotation, left flexion, and right flexion, respectively. The area in between the dash read
line represents the detected structure of the SCM muscle. Circles represent the electrode positions and sensing areas, with a diameter of 2 mm. Numbers inside indicate
the channel number. (B) Correlation coefficients among the muscular area, brightness, and size of affected side at rest state, and RMS of EMG during various motions, in-
cluding left rotation (RMS-LR-H), right rotation (RMS-RR-H), left flexion (RMS-LF-H), and right flexion (RMS-RF-H) on healthy side, as well as left rotation (RMS-LR-A), right
rotation (RMS-RR-A), left flexion (RMS-LF-A), and right flexion (RMS-RF-A) on affected side. H represents healthy side, and A represents affected side. (C) Accuracy of CMT
recognition for unimodal signals and dual-modal synchronized monitoring signals of different actions. US, ultrasound.

from the ultrasound imaging, such as muscular area, brightness,
and size, as well as the RMS from EMG on both the affected and
unaffected sides (Fig. 5B). During left rotation, RMS exhibits a nega-
tive correlation with muscle structural parameters on the affected
side, especially with muscle brightness, width, and thickness. This
suggests a negative correlation between the degree of muscle dam-
age and the intensity of muscle contraction, which is attributed to
the accumulation of noncontractile fibrotic tissue in patients with
CMT. As fibrosis progresses, muscle thickness increases, but the
number of functional muscle fibers decreases, leading to reduced
muscle activation and lower RMS values (45, 46). In other words,
the more severe the structural damage, the lower the intensity of
muscle contraction. In contrast, during right rotation on healthy
side, which exhibits the same muscle activation pattern as left rota-
tion on the affected side, there is a positive correlation between
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RMS and muscle structural parameters, with muscle brightness and
thickness showing a highly positive relationship with RMS. In addi-
tion, by separately comparing the correlation between RMS and
muscle structural parameters during other motions on the affected
and healthy sides, it is found that there is a high correlation between
RMS and muscle brightness and thickness, emphasizing a mutual
influence between muscle structure and function. EMG mapping in
this study reflects the RMS values, indicating muscle activation lev-
els. In patients with CMT, the affected muscles display lower activa-
tion during movements, which is represented on the EMG maps as
regions with lower intensity. However, the diagnosis of muscle fibro-
sis is based on ultrasound imaging, where fibrosis manifests as in-
creased muscle thickness and enhanced echogenicity. For example,
in Fig. 5A, EMG mapping shows lower intensity in the central
region of the affected muscle, while ultrasound imaging reveals
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increased thickness and higher echogenicity, both of which are in-
dicative of muscle fibrosis.

Figure 5C illustrates the accuracy of traditional mono-modal ultra-
sound imaging, EMG signals, and dual-modal signals in classifying
CMT across various motions. The selected features for classification in-
clude the brightness of ultrasound images and the RMS of EMG. Notably,
it can be observed that the mono-modal ultrasound imaging has a high-
er classification accuracy compared to the mono-modal EMG signals.
The classification accuracy of mono-modal ultrasound imaging can ex-
ceed 80%, while that of mono-modal EMG is approximately 70%. Spe-
cifically, during left flexion, the classification accuracy of mono-modal
EMG signals is only 65%. Unexpectedly, when compared with the dual-
modal data for CMT disease classification, it is evident that the clas-
sification accuracy of dual-modal data exceeds 90% for every motion.
Although we have not yet performed a blind test, the combination of
functional (EMG) and structural (ultrasound) parameters shows strong
potential for distinguishing patients from healthy individuals. Future
studies will focus on validating this in blind testing scenarios. These
highlights the notable improvement in diagnostic accuracy achieved
through the synchronous collection of dual-modal muscle structure
and function signals, contributing to a deeper understanding of the
disease’s pathogenesis.

DISCUSSION
We developed a WSFP for the synchronous dissection of muscle
structure and EMG signals, as well as their correlation during mo-
tion by integrating a FUT and a stretchable EMG electrode. The
FUT exhibits a high frequency and electromechanical coupling co-
efficient, comparable broadband width to that of the commercial
probes, low acoustoelectric crosstalk, as well as excellent stability
and durability. The stretchable electrode features 650% stretchabili-
ty, low impedance, and electrode-skin contact impedance, along
with contact cyclic stability. It not only enables the stable EMG sig-
nal monitoring, but also serves as a stress-release layer, absorbing
the stress generated by skin strain, ensuring the adhesion stability
and precise imaging of the FUT even at 40% deformation of skin.
The WSFP achieves high-performance and long-term synchronous
dissection of dual-modal muscle structure and EMG functional sig-
nals in healthy individuals, even during substantial muscle defor-
mation. There is almost no mutual interference between the two
signals. In comparison with mono-modal data, dual-modal data
exhibit higher accuracy in action recognition. It also realizes dual-
modal synchronous dissection of patients with pediatric torticollis,
accurately reflecting the differences in the patients’ muscle structure
and function compared to normal muscles. The dual-modal data
demonstrates higher accuracy in disease diagnosis and evaluation
during human motion, indicating the wide clinical prospects of the
flexible dual-modal sensing system. The potential applicability of
WSEP extends beyond healthy individuals and pediatric torticollis
patients, offering promising prospects for other neuromuscular
conditions, such as amyotrophic lateral sclerosis and stroke-induced
neuromuscular impairments. By facilitating simultaneous structur-
al and functional monitoring, WSFP could be used to assess muscle
degeneration, motor function decline, and therapeutic efficacy in
these populations, further broadening its clinical relevance.

The future advancement of WSFP could be focused on two key
aspects. First, optimizing the flexible ultrasound array to make it
inherently soft and stretchable would greatly enhance the comfort of
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wearing the WSFP. However, a critical challenge lies in ensuring
high-quality ultrasound imaging under dynamic changes in posi-
tion of the PZT element. For flexible PZT array, the position of the
element is relatively constrained, while for the stretchable one, the
distance between elements changes markedly. Overcoming this
challenge requires the development of innovative device systems
and algorithms to maintain consistent high-quality ultrasound im-
aging under extreme dynamic conditions. Another aspect is to in-
crease the sensing modalities of WSFP. For structural imaging,
optical-based imaging could be integrated further, while for func-
tional monitoring, incorporating biomechanical and bio-acoustic
signals (47-50) would be beneficial. In addition, currently, there is a
notable absence of reliable data fusion and processing methods for
the simultaneous analysis of structural and functional signals. The
stimulation function, e.g., focused ultrasound stimulation array,
could be mucked to tune related functions of tissues. It is believed
that WSFP would be the next-generation wearable patch for health
care and rehabilitation after addressing these challenges.

MATERIALS AND METHODS

Fabrication of the FUT

The FUT was developed by integrating three layers: a flexible acoustic
stack, a FPCB, and a flexible backing layer. The flexible acoustic stack
was fabricated using a two-step dicing-and-filling method. In the first
step, a 2-2 piezocomposite was created by mechanically dicing a
piezoelectric ceramic plate (3203HD, CTS Corporation, Bolingbrook,
IL, USA) with a high-precision dicing saw (ADT7122, Advanced Dic-
ing Technologies Ltd., Yokneam, Israel). The resulting dicing kerfs
were filled with low-viscosity epoxy resin (Epo-Tek 301, Epoxy Tech-
nology Inc., Billerica, MA, USA). After polishing to a target thickness
of 250 pum, the top and side surfaces were sputtered with Cr/Au elec-
trodes. The first matching layer of alumina powder-loaded epoxy
is layered on the top surface, followed by the second matching layer
of pure epoxy (face B). In the second step, the bottom surface (face A)
of the piezocomposite plate was divided into elements with a spacing of
300 pm, and the kerfs were filled with PDMS (Sylgard 184, Dow
Corning Corp., Midland, MI, USA). After repolishing, Cr/Au elec-
trodes were sputtered onto the face A. An isolation cut on face A
separated it from the signal electrode, allowing the FPCB to connect
to ground and signal electrodes of Face A, with the ground electrode
linked to a single ground line on the FPCB. The final thickness of the
flexible acoustic stack was measured at 430 pm. To attach the acoustic
stack to the FPCB, a custom fixture is used to ensure tight and stable
contact. FPCB and acoustic stack are clamped together using this fix-
ture, which provides a secure electrical connection. Once clamped,
epoxy resin (Epo-Tek 301, Epoxy Technologies, Billerica, MA, USA)
is applied to bond the assembly. This bonding process involves curing
at room temperature for 24 hours, followed by an additional 12 hours
of curing at 45°C. This method results a robust and stable electrical
connection between the FPCB and the acoustic stack. Last, a flexible
backing layer composed of alumina powder, hollow glass micro-
spheres, and PDMS was cast onto the backside of the FPCB.

Fabrication of the soft and stretchable electrode

The fabrication of the soft and stretchable electrode involved meticu-
lous steps, integrating materials such as Ecoflex 00-20 and gold and
using liquid metal for efficient connectivity to the FPCB. Specifically,
a 2-mm-thick Ecoflex 00-20 film, with a mixing ratio of A:B at 1:1,
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was chosen as the stretchable substrate. The substrate underwent a
preparation process, which included three iterations of spin-coating
(200 rpm, 1 min) and subsequent curing at room temperature for
1 hour. A 380-nm-thick layer of gold was then thermally evaporated
onto the substrate at an evaporation rate of 10 A/s, using a patterned
mask for precision. To establish the connection between the soft elec-
trode and the FPCB, liquid metal was used. This procedure entailed
coating the end of each channel on the stretchable electrode with a
layer of liquid metal through mask rolling. Following this, the pins of
the FPCB were linked to the liquid metal and secured with an adhe-
sive (DOWSIL 734). To complete the encapsulation process, a thin
layer of Ecoflex 00-20 was spin-coated (1300 rpm, 1 min) onto the
electrode.

Preparation of WSFP

The SR layer and FUT are integrated using a specially designed
double-sided adhesive to ensure secure bonding. Before applying
the adhesive, the SR layer undergoes plasma treatment, which en-
hances surface energy and promotes a stronger and more durable
bond between the two layers. To ensure secure adherence of the
WSEFP to the skin, a surface layer of adhesive was applied to the soft
and stretchable electrode using the following procedure. Initially,
the electrode’s surface underwent plasma treatment, followed by
spin coating with a layer of pressure-sensitive adhesive sourced
from Desai Chemical Trading Co., Ltd., Jiangyin. Subsequent to
curing the pressure-sensitive adhesive at 60°C for 2 hours, the WSFP
became ready for use.

Finite element modeling of the SR layer

The tensile forces and deformations of three materials (PDMS,
SEBS, and Ecoflex 00-20) adhering to the surface of the skin were
calculated using the ABAQUS/standard solver. The skin has di-
mensions of 100 mm by 40 mm, and the materials have dimensions
of 30 mm by 12.5 mm with thicknesses of 0.5 and 2 mm, respec-
tively. Uniaxial displacement loads of 30% in the y direction were
applied to both ends of the skin. The unit type used was the eight-
node hexahedral hybrid reduced integration unit (C3D8RH).

Characterization of the FUT and the stretchable electrode
Both the electrical and acoustic performance of the FUT were char-
acterized by standard test methods. The electrical impedance of
each element was analyzed using an impedance analyzer (6500B,
Wayne Kerr Electronics Ltd., London, UK), from which the reso-
nance frequency, and its corresponding impedance and phase angle
magnitude could be obtained directly from the electrical imped-
ance/phase spectra.

The acoustic pulse-echo response was measured by exciting indi-
vidual element using a pulser/receiver (5073PR, Panametrics Inc.,
Waltham, MA, USA) and receiving the echo signal from its elevated
natural focus. The received response was recorded using an oscillo-
scope (Tektronix MDO34, Tektronix Tech., Beaverton, OR, USA)
and analyzed through the fast Fourier transform function for the
frequency domain display. The peak-to-peak amplitude of the volt-
age signal was recorded as sensitivity. The center frequency (f)
and —6-dB bandwidth (BW) were determined by the lower (f;) and
upper (f,) frequencies at which the power spectrum was —6 dB less
than the maximum value.

The combined electrical and acoustic crosstalk was determined by
comparing the transmitted signal on one element and the received
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signals from the adjacent elements. A function generator was used to
excite the element with a sinusoidal tone-burst signal at discrete fre-
quencies (51)

Crosstalk = 20log ( V,/Vy)

where V; and V; are the peak-to-peak voltages of the excitation sig-
nal of one element and the received signal on the adjacent element.

Stretchability and cycle stability of electrode were measured us-
ing AG-X Plus 100N universal testing machine (Shimadzu, Japan)
equipped with a digital SourceMeter Keithley 2000. Electrochemical
impedance spectroscopy measurements were performed using an
electrochemical workstation (Chi 760i, Chenhua). Frequency range
is 1 to 100,000 Hz.

The measurement of stretchability was conducted using an AG-X
Plus 100N universal testing machine (Shimadzu, Japan) equipped
with a Keithley 2000 digital multimeter. The measurement is calcu-
lated using the formula

Stretchability = ?—Z % 100
0
where Al is the change in length and Iy is the initial length.

To measure the strain on the skin surface, a line segment was
drawn on the target skin area. The initial length of the line (Iy) was
recorded. After the skin was stretched, the final length (/) was mea-
sured, and the strain was calculated using the formula

(1-1o)
l

0

Strain = X 100

This method effectively quantifies skin deformation based on the
elongation of the line segment during dynamic movements.

Dual-modal synchronous monitoring of the ultrasound
imaging and EMG

For the ultrasound imaging, a programmable ultrasound research
system (Vantage 256, Verasonics Inc., Kirkland, WA, USA) was used
to independently control each channel of the array transducer for
signal transmission and reception. For the EMG monitoring, EMG
signals were recorded with a biopotential signal recorder (NES-
64C01, BS series, SIAT). For the synchronous monitoring of the bra-
chioradialis muscle, the flexible sensing system was attached to the
forearm, capturing dual-modal data during normal fist clenching
and variations in grip strength. In the case of the erector spinae
muscle, the flexible sensing system was affixed to the back to moni-
tor dual-modal data during activities such as bending forward, left
and right rotations, and left and right leaning. To monitor the pecto-
ralis major muscle synchronously, the flexible sensing system was
attached to the neck, capturing dual-modal data during left and
right rotations as well as left and right bending. For long-term syn-
chronous monitoring, the flexible sensing system was adhered to the
forearm to record dual-modal data over a 72-hour period. These
experiments were conducted on healthy individuals. Although the
WSEP remained attached and worn continuously for 72 hours, dual-
modal data (ultrasound and EMG) were collected at designated in-
tervals: 0, 24, 48, and 72 hours. These time points were selected to
monitor the device’s performance over time and to capture any po-
tential variations in muscle structure and function during extended
wear while avoiding unnecessary continuous data collection. The
experimental protocols were approved by the Institutional Review
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Committee of Shenzhen Institutes of Advanced Technology, Chinese
Academy of Sciences (SIAT-IRB-220315-H0592).

Clinical application method

This study collected data from three pediatric patients with torticollis
for the clinical application of the dual-modal sensing system. The
experimental protocols were approved by the Institutional Review
Committee of Shenzhen Institutes of Advanced Technology, Chinese
Academy of Sciences (SIAT-IRB-220115-H0582). All participants
consented to their involvement and the publication of their data/
photos for scientific and educational purposes. The dual-modal
monitoring method was the same as described previously. The flex-
ible dual-modal sensing system was attached to the normal and dis-
eased sides of the patients’ SCM muscles. Synchronous monitoring
was conducted during left and right rotations as well as left and right
flexion on both the normal and diseased sides to evaluate the per-
formance of the sensing system.

Dual-modal data processing

The software, Image] was used to extract muscle structural informa-
tion from ultrasound images, including measurements of thickness,
width, area, maximum and minimum Feret’s diameters, and bright-
ness. Muscle thickness was measured manually, and the dimension
perpendicular to muscle thickness was defined as muscle width.
Area and the maximum and minimum Feret’s diameters were calcu-
lated directly by manually selecting the muscle region. In addition,
the average grayscale value of the selected region was directly com-
puted. The average grayscale value ranged from 0 to 255, where 0
represents black and 255 represents white. Brightness was defined as
the average grayscale value divided by 255, with 0 representing black
and 1 representing white (52).

To process the EMG signals, we applied a band-pass filter within the
20 to 500 Hz range and removed power line interference (50/60 Hz).
This approach effectively retained the relevant EMG data while elimi-
nating low-frequency motion artifacts (below 20 Hz).

When recognizing movements, four time-domain features—
including wavelength, zero crossing, slope sign change, and mean ab-
solute value—were extracted from EMG signals. Concurrently, the
gray-level cooccurrence matrix and appraised eight statistical indi-
ces (comprising energy, entropy, contrast, uniformity, anisotropy,
correlation, autocorrelation, and variance) were computed on the
basis of this matrix from ultrasound images, thereby constituting
the features. In addition, in the dual-modal recognition based on
EMG and ultrasound images, the support vector machine was se-
lected as the classifier (53). The features extracted from signals of
two modalities were concatenated and subsequently input into the
classifier for recognition. The accuracy is defined as follow

number of correctly classified samples

Accuracy = X 100

number of the whole test samples

Statistical methods

Correlation analyses were conducted using Correlation Plot of
OriginPro 2023. The data represented the averages of three patients.
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