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Abstract

Muscles, the fundamental components supporting all human movement,
exhibit various signals upon contraction, including mechanical signals indicat-
ing tremors or mechanical deformation and electrical signals responsive to
muscle fiber activation. For noninvasive wearable devices, these signals can be
measured using surface electromyography (SEMG) and force myography
(FMG) techniques, respectively. However, relying on a single source of infor-
mation is insufficient for a comprehensive evaluation of muscle condition. In
order to accurately and effectively evaluate the various states of muscles, it is
necessary to integrate SEMG and FMG in a spatiotemporally synchronized
manner. This study presents a flexible sensor for multimodal muscle state
sEMG
fingerprint-like FMG sensors into a patch approximately 250 pm thick. This

monitoring, integrating serpentine-structured electrodes with
design achieves a multimodal assessment of muscle conditions while
maintaining a compact form factor. A thermo-responsive adhesive hydrogel is
incorporated to enhance skin adhesion, improving the signal-to-noise ratio of
the SEMG signals (33.07 dB) and ensuring the stability of the FMG sensor dur-
ing mechanical deformation and tremors. The patterned coupled sensing patch
demonstrates its utility in tracking muscular strength, assessing fatigue levels,
and discerning features of muscle dysfunction by analyzing the time-domain

and frequency-domain characteristics of the mechanical-electrical coupled
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tion monitoring.
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1 | INTRODUCTION

The muscular system is vital for human biomechanics,
supporting daily activities and tasks.' Assessing its state
is essential for athletic performance, health, sports sci-
ence, rehabilitation, and chronic disease management.
Muscle contraction, driven by neural action potentials,
generates both electrical and mechanical signals. These
signals offer unique insights into muscle activity and con-
dition, aiding in a comprehensive understanding of mus-
cle functionality. Electrical signals, in particular, reveal
changes in electric potential during muscle stimulation,
providing valuable information on muscle strength, acti-
vation levels, and motor control.>® Mechanical signals
reflect changes in characteristics like deformation and
vibration during muscle contraction. They indicate the
speed of contraction, level of fatigue, and distribution of
muscle fiber types.*® With the ongoing advancement of
sensing technology,”® noninvasive methods for monitor-
ing muscle conditions have emerged as a significant area
of interest in both research and practical applications.’**
Real-time monitoring of multimodal muscle activity
maximizes athletic performance, evaluates patient pro-
gress in rehabilitation, and enhances fitness training
regimens.'*'®

Surface electromyography (SEMG) uses electrodes on
the skin to capture real-time, dynamic muscle electrical
signals. It evaluates muscle activation, fatigue, and coor-
dination by analyzing signal intensity and patterns.'® The
root mean square (RMS) value of SEMG evaluates muscle
strength by reflecting voltage variations, indicating neu-
ral excitation and muscle strength.”* In designing
wearable electrodes, reducing skin-electrode interface
impedance is crucial for acquiring high-quality SEMG sig-
nals.>® Force myography (FMG) is a noninvasive method
that detects mechanical changes in muscles by measuring
stiffness variations in the Muscle-Tendon Complex
(MTC) during activation. This is usually done by placing
a force sensor on the target area and applying a preten-
sion force.”***> The standard deviation (SD) of FMG sig-
nals, which reflect tremors during muscle contractions,
can indicate muscle fatigue by evaluating the consistency
and coordination of muscle activity.”**® FMG utilizes
force sensors on the skin to quantitatively assess
muscle contraction force. Various sensor types include

signals, highlighting its potential application in sports training and rehabilita-

mechanical-electrical coupled, multimodal sensing, muscle function evaluation

piezoresistive,” capacitive,” piezoelectric,*" photoelectric,**
and so on. Piezoelectric and piezoresistive sensors, known
for their dynamic response sensitivity and rapid response
characteristics, are widely used in FMG to gather mechan-
ical information on muscle contractions.*>*° Due to their
size and simplified power management, piezoelectric sen-
sors are chosen as the core component for FMG. They
effectively respond to time-frequency characteristics dur-
ing continuous muscle contractions and, when combined
with SEMG electrode data, provide a comprehensive
assessment of muscle state.

SEMG and FMG monitor different signal types during
muscle contractions, reflecting distinct characteristics of
muscle status.**>> A single information source is insuffi-
cient to comprehensively assess muscle status. Hence,
it is necessary to combine the two methods for a
comprehensive assessment of muscle status.’®® In
designing wearable sensors for multimodal monitor-
ing, key factors include stretchability, flexibility, and
comfort to fit various muscles, ensuring strong skin
adhesion for both SEMG and FMG. The sEMG signal
quality depends on electrode-skin impedance, while
FMG stability relies on preload force. Achieving spa-
tiotemporal synchronization of mechanical-electrical
signals is essential, enabling simultaneous collection
during muscle contractions without adding bulk or
complexity.?**°

Currently, some researchers mostly combine mature
or commercial SEMG and FMG sensor systems using
straps to collect forearm and hand movement informa-
tion. By leveraging artificial intelligence methods, they
have achieved applications in human-machine interac-
tion, such as gesture recognition and prosthetic control.
The results indicate that the coupling of the two methods
further enhances the efficiency and accuracy of Al algo-
rithms. However, since most approaches use existing
commercial sensors and modules, the resulting systems
are relatively large and lack flexibility, limiting their
usability in various scenarios. Moreover, although the
coupling approach improves algorithmic recognition
results, existing research still lacks an interpretation of
the characteristics of the two types of signa.ls.‘”_44 Here,
we presented a novel design of a patterned mechanical-
electrical coupled sensing patch (PCSP) for real-time test-
ing of muscle status. PCSP is a sensor patch with a
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thickness of approximately 250 pm, a weight of about
200 g, and a water vapor transmission rate of 51 g/
(m? h). The patch consists of serpentine SEMG electrodes
and a fingerprint-like force FMG sensor for measuring
electrical and mechanical signals during muscle activity,
respectively. The design of the serpentine structure
enables the electrodes to conformally adhere to muscles
in various states, thereby enhancing the signal stability of
SEMG. The fingerprint-like structure, while ensuring
stretchability, can provide an excellent output response
to mechanical stimuli at different angles. The two sensors
are laminated together with ultrathin PDMS films,
conducting spatiotemporally synchronized tests on mus-
cle status from both mechanical and electrical informa-
tion perspectives. The simulation results and
experimental validation findings indicate that the
coupled patch remains stable when subjected to a strain
of up to 30% and maintains its performance after over
15000 stretch tests. In order to reduce the resistance
between the patterned SEMG dry electrodes and the skin
and to maintain the necessary preload force for the FMG
sensor when the muscle undergoes mechanical deforma-
tion, a hydrogel adhesion layer is designed that enhances
adhesion as the temperature increases. With the help of
the adhesive layer, the SEMG signal exhibits a signal-
to-noise ratio (SNR) of 33.07 dB, and the FMG sensor dis-
plays reliable and consistent performance. PCSP enables
synchronous measurement of mechanical and electrical
signals during muscle contraction, providing complemen-
tary information for evaluating muscle strength and
fatigue. In ankle extension tests, PCSP monitored gastroc-
nemius and tibialis anterior muscles, revealing distinct
time-frequency characteristics in Parkinson's patients
compared to healthy individuals, demonstrating PCSP's
potential in diagnosing muscle dysfunction.

2 | RESULTS AND DISCUSSION

2.1 | Overview of patterned mechanical-
electrical coupled sensor patch

The patterned mechanical-electrical coupled sensor
patch (PCSP) is presented in Figure 1A. The PCSP is pri-
marily composed of four components stacked from top to
bottom: the SEMG electrodes layer, the substrate layer,
the FMG sensor, and the adhesive layer. Based on the
principle of spring, the sEMG electrodes are designed
with a centrally symmetric, serpentine, and meandering
structure to ensure stretchability. The patterned sEMG
electrodes consist of a two-layer structure, with the top
layer in direct contact with the skin being gold-coated
(approximately 100 nm) for high conductivity,

biocompatibility, and oxidation resistance. The bottom
layer, a polyimide (PI) film (50 pm), functions as an elas-
tic support for structural resilience. The substrate layer
comprises two ultra-thin, transparent, and stretchable
polydimethylsiloxane (PDMS) layers, each 40 pm thick,
serving as the substrate for SEMG electrodes and FMG
sensor, respectively, and effectively integrating both com-
ponents. The FMG sensor utilizes a fingerprint-like
silver-plated polyvinylidene difluoride (PVDF) film
(52 ym), encapsulated by polytetrafluoroethylene (PTFE)
films (8 pm) on both top and bottom to enhance the resil-
ience, resulting in a planar omnidirectionally stretchable
piezoelectric FMG sensor for the sensitive detection of
multi-directional mechanical force signals. A thermo-
responsive hydrogel composed of polyvinyl alcohol
(PVA), branched polyethyleneimine (b-PEI), and CacCl, is
employed as an adhesive layer (approximately 100 pm) in
conjunction with the patterned mechanical-electrical
coupled sensors. Upon exposure to human body
temperature, the adhesive hydrogel facilitates a secure
and intimate attachment of the patterned coupled sensors
to the skin, reducing the contact impedance between the
SEMG electrodes and the skin, while providing the neces-
sary pretensioning force for the FMG sensor during
stretching activities.

Muscular contractions in diverse body areas may lead
to deformations of varying directions. The favorable flexi-
bility, thinness, and stretchability of the PCSP allow for
conformal matching with muscles in various parts of the
human body and adapt to deformations of differing
degrees of stretch. The photo of integrated PCSP, as
shown in Figure 1B, has an overall thickness of approxi-
mately 250 pm without the adhesive layer. It is worth
mentioning that the 250 pm thick PCSP also has a good
water vapor transmission rate, which would reduce dis-
comfort caused by sweating (Figure S1). With the help of
the adhesive hydrogel, the PCSP can be affixed to the
skin conformally. Figure 1C displays the physical photo-
graphs and simulation results of the PCSP in its initial,
stretched, bent, and twisted states, demonstrating the
ability to withstand varying force situations for viability
in various testing scenarios. Figure 1D shows a schematic
flowchart illustrating the use of PCSP for the analysis of
multimodal muscle states. When the subject performs
intentional movements (such as rapid foot tapping or fin-
ger tapping), the muscles exhibit two different types of
signals, including mechanical signals like muscle defor-
mation or tremors, as well as myoelectric signals. These
signals can be simultaneously captured by the two types
of sensors in the coupled sensing patch. The serpentine
SEMG electrodes are used to detect myoelectric signals,
while the fingerprint-like FMG sensors are used to detect
mechanical signals. These two signals are transmitted to
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FIGURE 1 Overview and design of PCSP. (A) Explosion diagram of PCSP. (B) Display of photos of PCSP thickness measurement and
attachment on skin. (C) Physical photos and finite element analysis results of PCSP in four different states: Rest, stretching, bending, and
twisting. (D) Flowchart of PCSP used for the process from muscle behavior monitoring to muscle state analysis.

the computer terminal through the signal acquisition cir-
cuit board shown in Figure S2 (power supply module,
FMG signal processing module, SEMG signal processing
module, and Bluetooth module). The detailed circuit
schematic is shown in Figure S3. Then, the time-domain
and frequency-domain characteristics of the two signals
are extracted and analyzed, which are finally used for the
evaluation of muscle strength, fatigue level, and muscle
function abnormalities.

2.2 | Characterization of mechanical
properties and mechanical response
of PCSP

The design of flexible electronics should be tailored
to match the modulus of muscle and skin tissues,
which can reduce stress concentration at the interface,
maintain interface stability, and prevent displacement
under mechanical deformation.*> The stretchability and
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modulus of PCSP have been evaluated through theoreti-
cal finite element analysis and stretch testing. Using
finite element analysis software, the stretchability of the
basic electrode structure was simulated (Figure S4), with
stretches of 25% longitudinally and 20% transversely. The
simulations showed no significant stress concentration at
the meandering junctions and an even distribution of
stress within the serpentine structures, confirming the
designed pattern's stretchability and structural stability.
Figure 2A demonstrates the verification of the device's
stretching performance using a digital force gauge
(Mark-10). The calculation formula for strain is: = Al/ly,
where ¢ represents the magnitude of strain, Al represents
the displacement of the upper clamp from its initial posi-
tion, and I, represents the initial length of the device.
Considering that the strain induced by muscle contrac-
tions is relatively minor, with muscle fiber lengths alter-
ing by approximately 10% during regular movements
from a resting state. Here, tensile experiments were exe-
cuted using four distinct levels of strain, varying from 5%
to 30%, to assess the overall deformation and stability of
the device under various conditions. The internal
fingerprint-like FMG sensor and serpentine SEMG elec-
trodes of PCSP successfully endured stretching ranging
from 5% to 30% without any notable instability,
confirming the robust stability of PCSP even under a 30%
stretching strain. The stress distribution of PCSP at differ-
ent elongations has been calculated via finite element
analysis software COMSOL Multiphysics, further validat-
ing the structural stability of the PCSP.

The stretching lengths of PCSP were recorded during
the stretching experiment, in order to estimate the
Young's modulus of the device. The data presented in
Figure 2B represents the force-displacement curves of
PCSP subjected to 30% strain in 20 repeated tests. Assum-
ing that PCSP acts as a linear elastic material, Young's
modulus of the device may be estimated using the for-
mula =6/e, where & is the stress, approximated as
8§=F/A, F is the applied force, and A being the cross-
sectional area of the PCSP. The calculation results in
Young's modulus of approximately 4.5MPa for the
device, which is of a similar magnitude to that of skeletal
muscle.*® The inconsistency in the force-displacement
curve during the loading and unloading of tensile force
illustrated in the figure is due to the viscoelastic nature of
PCSP. The viscoelasticity is particularly noticeable at

lower frequencies, which explains the observed hysteresis
phenomena throughout the stretching and relaxing pro-
cess. The hysteresis loop area of PCSP is calculated to be
23.04J, which means the energy loss per cycle is approxi-
mately 23.04 J.

The mechanical response and electrical output perfor-
mance of the FMG sensor were further evaluated during
the stretching process. Figure 2C displays the electric out-
put of the fingerprint-like FMG sensor when the PCSP
was subjected to a 30% strain. The peak of open-circuit
voltage was approximately 4 V, the peak of short-circuit
current was around 30 nA, and the peak of the cyclic
flow of charge was approximately 14 nC. The electrical
output of the FMG sensor under different elongations
was tested, with different elongations (0%-10%) set using
a Mark-10 according to common elongation of muscle
fibers, and the output voltage of the piezoelectric sensor
under different conditions was collected using an oscillo-
scope. The elongation-electricity relationship of the
fingerprint-like FMG sensor is shown in Figure 2D, and
the collected data were imported into Origin for fitting,
obtaining a comparison between the fitted curve (purple)
and the actual curve (blue). The expression for the fitted
curve is y = —2x~ %34 4 3.318, where y represents the volt-
age output, and x represents the magnitude of strain. The
coefficient of determination (R?) for the fitted curve is
0.99. The goal of the fitted curve is to derive the strain
information of the FMG sensor from its electrical output,
thereby obtaining the mechanical signal of muscle reac-
tion. The results indicate that compared to large strains,
electrical signals exhibit more pronounced changes with
strain in the small strain range, suggesting that the sensor
is more sensitive to small strains and has the potential for
monitoring weak muscle movement signals. The endur-
ance of the FMG sensor was also evaluated, as depicted
in Figure 2E. Following over 15000 stretching tests on
the FMG sensor, it was observed that during a 50 000-s
fatigue test, there was virtually no change in output. The
rate of change in amplitude is approximately 0.00012
%o/s, demonstrating the good stability of its sensing
performance.

Subsequently, finite element analysis is performed to
confirm that the fingerprint-like PVDF film not only pos-
sesses multidirectional stretchability but also demon-
strates a good electrical response to deformations from
different directions (Figure S5). Then, an experimental

FIGURE 2

Stretch test of PCSP. (A) Experimental photos by Mark-10 and simulation calculation results by COMSOL of stretching

PCSP from 5% to 30%. (B) Force-displacement curves in 20 cycles of stretch tests from 0% to 30% strain measured with Mark-10. (C) Voltage,

current, and transferred charge output of fingerprint-like FMG sensor stretched to 30% strain. (D) Electrical output curves, fitting curves,

and corresponding formulas of FMG sensor under different strains. (E) Durability test of FMG sensor. (F) Voltage output of FMG sensor at

30% strain under different angles.
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and the corresponding SEMG SNR.

validation was performed to confirm the output of sen-
sors that had been deformed in various directions. This
was achieved by stretching the PCSP at different angles,
as illustrated in Figure 2F. In accordance with theoretical
simulation calculations, the device exhibits a favorable
electrical output response when subjected to stretching at
various angles. The output voltage of the FMG sensor
reaches its maximum value at an angle of 0° and
decreases to the lowest value when rotated to 90°, then
gradually increases as it continues to spin to 180°. This
demonstrates the favorable responsiveness of PCSP to

mechanical stimuli in various directions, ensuring its
suitability for effectively detecting mechanical signals
from muscles with diverse contraction orientations.
Finally, we investigated the effect of stretching on
SEMG signals. We used Mark-10 to stretch the PSCP and
tested the change in electrode resistance as the PSCP
elongation rate varied from 0% to 30% (Figure S6). From
Figure S6, it can be seen that when the electrode’s elon-
gation rate is less than 10%, the change in electrode resis-
tance is minimal. As the device is further stretched, the
electrode resistance increases from 40 Q to 60 Q. This
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demonstrates that the stretching of the PCSP within the
range of muscle contraction does not significantly affect
the quality of the SEMG signal.

2.3 | Thermo-responsive adhesive
hydrogel for myoelectric signal
enhancement

The performance of the SEMG electrode with a serpen-
tine flexible construction was evaluated while measuring
muscle contraction, as illustrated in Figure 3A. The
device gathered myoelectric signals from the biceps while
performing a bicep curl motion, which was compared to
the signals obtained from commercially available gel-
based Ag/AgCl electrodes. The medical polyethylene
terephthalate (PET) tape was used to attach the PCSP to
the skin. The results indicated that the signal quality of
the dry electrode was virtually identical to that of the
commercial electrode (as depicted in Figure S7).

In order to improve the signal quality in long-term
monitoring, an adhesive layer made of hydrogel was
developed to minimize the contact impedance between
the PCSP and the skin. This adhesive layer's stickiness is
enhanced as the temperature increases.”” The inclusion
of this sticky layer serves two purposes: enhancing the
signal quality of the SEMG and providing the necessary
preload force to maintain the stability of the FMG sensor
during stretching or vibration. Here we utilized a ther-
mally enhanced adhesive hydrogel that was constructed
using a noncovalent crosslinked network, as depicted in
Figure 3B. The hydrogel was constituted of PVA, b-PEI,
and CaCl,. The first network is formed by the hydrogen
bonds between the —OH groups in PVA and the —NH,
groups in b-PEL. When CaCl, is added, the —OH/—NH,
groups form coordination bonds with Ca®*, resulting in
the formation of a second network. The hydrogel pos-
sesses exceptional conformability due to its dynamic
interactions, enabling it to adhere tightly to uneven sur-
faces. The rich polar groups —OH and —NH, within the
hydrogel form reversible adhesion through hydrogen
bonds and electrostatic interactions with the skin. Fur-
thermore, the adhesiveness of the noncovalent dynamic
network and the small molecules of b-PEI is enhanced
when the temperature rises due to their temperature-
responsive rheological properties, resulting in a seamless
bond.*®*’

The thermo-responsive adhesive capability of the
material was examined by measuring the viscosity of
the hydrogel adhered to the skin at different tempera-
tures, as shown in Figure 3C. Thawed hydrogel was
applied to the skin, and the change in adhesive force with
increasing temperature was observed. The figure clearly

demonstrates that the adhesive force between the hydro-
gel and the skin increases steadily as the temperature
increases from 25°C to 34°C, and the hydrogel demon-
strates strong adherence at body temperature. To further
verify the effect of temperature on the adhesiveness of
the hydrogel, the peel force of the hydrogel tightly
adhered to the pigskin was tested using a Mark-10. A
T-peel test was conducted (Figure S8), during which the
peel force was measured as the displacement increased
until a steady state was reached. The force at this steady
state is referred to as Fpeel, and the interface toughness is
calculated as twice the ratio of Fpe to the sample
width.*%! As shown in the figure, the interface tough-
ness is observed to increase with rising temperature, with
a rapid increase occurring near body temperature, dem-
onstrating the characteristic of enhanced adhesiveness of
the hydrogel with temperature. When comparing the
proposed adhesive hydrogel with the medical tape in
long-term monitoring, the hydrogel demonstrates an
advantage in terms of close contact with the skin, as
depicted in Figure 3D. After attaching the PCSP to the
same location using both the hydrogel and medical tape,
and performing 60 rapid clench-and-release actions, it
was observed that, compared to medical tape, the hydro-
gel demonstrated a superior conformal ability to the skin
during continuous movements. The presence of hair and
wrinkles on the skin makes it difficult for ordinary
medical tape to fully conform and adhere to the skin.
However, using the adhesive hydrogel under body tem-
perature conditions, based on the thermo-responsive rhe-
ological properties of the noncovalent dynamic network
and b-PEI small molecules, its adhesion strength is
enhanced, forming a gapless contact with the skin. With
the help of the thermo-responsive hydrogel adhesive
layer, the SNR of the PCSP's electromyographic signals
remained almost unchanged, maintaining at 30.58 dB
after 60 repeated cycles of muscle contraction and relaxa-
tion. In contrast, the SNR of the PCSP adhered with med-
ical tape rapidly decreased from 27.3 to 10.24 dB after
60 repeated cycles.

The impact of using adhesive hydrogel on the stability
of FMG sensors has also been verified. Three control
groups were set up: one using medical tape, another
using adhesive hydrogel, and the third using common
straps. We tested the changes in FMG signals during con-
tinuous muscle contractions under these three different
attachment methods (Figure S9). By comparing the FMG
signal changes, we found that using medical tape caused
distortion and offset in the FMG signals during continu-
ous contractions. In contrast, adhesive hydrogel and
straps maintained FMG signal stability, proving that
adhesive hydrogel can meet the pretensioning needs of
FMG sensors during deformation and rebound processes.
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Finally, we tested the impact of temperature and humid-
ity changes on the output performance of the coupled
sensing system after applying the hydrogel adhesive
layer. The test results indicate that changes in tempera-
ture and humidity do not significantly affect the output
of both SEMG and FMG sensors (Figures S10 and S11).

24 | Application in the assessment of
muscle strength and fatigue

After characterizing the performance of the PCSP, its
application in assessing muscle strength and fatigue sta-
tus was further demonstrated. In this study, muscle
strength and fatigue characteristics were evaluated in a
group of young healthy males. Four subjects, aged 20-
30 years, with heights of 170-180 cm and weights of 60—
80 kg, were selected. Similar data characteristics were
exhibited during the tests, and therefore, a single set of
data from this group was chosen for display. The PCSP

was utilized to evaluate muscle condition across various
intensities of strength exercise. The assessment involved
conducting a grip strength test at five different levels of
strength, ranging from 5 to 40 kg (Figure 4A). During the
experiment, participants wearing the PCSP executed a
grip and release action five times at each training level,
while the electrical and mechanical signals of the fore-
arm extensor muscles were monitored synchronously.
The next level of strength grip testing proceeded after a
sufficient period of rest. A metronome was employed to
maintain the uniformity of timing for each action,
resulting in a nearly equivalent speed of the grip motion
across different levels of strength. As illustrated in
Figure 4B, the output signal from the FMG sensor is indi-
cated by the blue line, while the SEMG signal is depicted
by the purple line. The output of the FMG sensor exhibits
an initial increase followed by stabilization as the
strength is increased. The occurrence of this pattern is
due to the FMG sensor's ability to monitor the deforma-
tion and mechanical vibration resulting from muscular
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FIGURE 4 Application demonstration of PCSP in muscle strength and muscle fatigue level assessment. (A) Photo of PCSP attached to
the forearm for grip strength testing. (B) Voltage output of FMG (top) and output of SEMG electrodes (bottom) at different grip strengths.
(C) Amplified waveform of FMG voltage output and amplitude-frequency curve after FFT for 20-40 kg grip strength (top), and time-
frequency graph of SEMG signal after STFT (bottom). (D) Photo of PCSP attached to the epidermis of the biceps for curl testing. (E) Voltage
output of FMG corresponding to the last nine sets in fatigue Testing (top) and output of SEMG electrodes (bottom). (F) Changes in the RMS
of electromyography signals and the SD of FMG sensors during fatigue testing.
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activity, namely the contraction of muscle fibers. The
mechanical signal response changes depending on
the intensity of muscle contraction. At lower to moderate
levels of strength, the magnitude of the mechanical signal
rises as strength increases. However, as the level con-
tinues to rise, the pace at which the magnitude grows
gradually decreases. Maximum voluntary contraction
(MVQC) is a crucial measure of muscular strength that is
commonly employed to evaluate muscle function, the
effects of illnesses, or the advancement of rehabilitation.
When a muscle reaches or approaches its MVC, its ability
to deform is restricted by its structural and physiological
properties. This can result in a plateau or even a decline
in the pace and extent of muscle fiber deformation. Fur-
thermore, it is evident that when strength increases, the
amplitude of the electromyographic signal consistently
increases. The increase is a result of the recruitment of
additional muscle fibers involved in the contraction as
strength improves, resulting in a rise in the amplitude of
the electromyographic signal. This signal reflects the
level of electrical activity occurring within the muscle.

At increasing levels of muscular strength, the
mechanical signals convey different features compared to
the electrical signals of muscle activity. As indicated in
the upper graph of Figure 4C, there is an enlarged view
of the output waveform from the FMG sensor ranging
from 20 to 40 kg, as well as a frequency domain diagram
resulting from a Fast Fourier Transform (FFT) of
Figure 4B. The boxed area in Figure 4B corresponds to
the continuous exertion phase during the grip strength
test. A discernible tremor can be noticed in the muscles
when subjected to a sustained force that exceeds 20 kilos
in grip strength testing. This is because at the limits of
muscle strength, muscle fibers typically exhibit intermit-
tent contractions or asynchrony in contractions among
fibers. By examining the magnified waveform in
Figure 4C, it can be found that when training is
conducted at higher force levels, the amplitude of the
muscle tremor signals increases as the strength increases.
Similarly, the graph in the frequency domain after
performing the FFT shows that when the intensity
increases, the amplitude of the tremor signals at roughly
15 Hz also increases. This suggests that the tremor signals
occupy a bigger share of the overall signal. Therefore,
characteristics such as the amplitude and frequency of
the mechanical signals monitored by the FMG sensor
have significant implications for the assessment of mus-
cle strength. The bottom section of Figure 4C shows a
time-frequency plot generated by applying a Short-time
Fourier transform (STFT) to the SEMG waveform from
Figure 4B. The plot demonstrates a direct correlation
between muscle strength and the constant increase in
sEMG frequency. This phenomenon occurs because

slow-twitch fibers are recruited initially as strength levels
start to rise. As the force increases, bigger and quicker
fast-twitch muscle fibers are also activated, leading to the
production of high-frequency signals. In addition, as
the need for strength increases, the motor neurons dis-
charge more often, resulting in a rise in the high-
frequency components of the myoelectric signal.
Subsequently, the feasibility of using PCSP for muscle
fatigue assessment was further investigated. The evalua-
tion specifically examined the alterations in electrical and
mechanical signals of the biceps brachii while performing
a continuous bicep curl dumbbell test, as illustrated in
Figure 4D. The testing procedure required the participant
to wear the PCSP as shown, and to repetitively perform
bicep curls with a 30 kg dumbbell to the rhythm set by a
metronome, continuing until significant muscle fatigue
behavior emerged, prompting cessation. The latest nine
sets of data from the testing process were chosen for fur-
ther analysis, as shown in Figure 4E. Similarly, the blue
curve corresponds to the signal obtained from the FMG
sensor, and the purple curve corresponds to the SEMG
signal. During the gradual muscle fatigue process, there
was no significant drop in the amplitude of the FMG sig-
nal. However, the feature of muscular tremors in
mechanical signals became more noticeable as the
prolonged exercise continued, indicating the appearance
of muscle fatigue, especially in the last two cycles. As the
degree of muscular tiredness escalated, the SEMG signal
demonstrated a notable decrease in amplitude. Figure 4F
displays the time-domain features of the electrical and
mechanical signals calculated from the raw data, which
include the root mean square (RMS) of the SEMG signal
and the standard deviation (SD) of the mechanical signal.
RMS is a frequently employed time-domain characteristic
in the processing of SEMG signals to measure the inten-
sity of muscle activity, which is valuable for assessing
muscle exhaustion. It can be calculated by

k
MS= ,%Z ¥?, where k represents the number of data
\/ i=1

points in the selected data segment, and y; corresponds to
the value of the SEMG at a specific time point. SD is a sta-
tistical measure of dispersion, indicating the variability or
spread of a dataset. In the muscle mechanical signals, SD
can describe the variability in the amplitude of signals,
directly reflecting the strength of the tremor. The magni-
tude of SD can be used to assess the level of muscle

k
fatigue. Its calculation formula is SD= /25> (x; —-x)%,
i=1

where x; represents the output of the FMG sensor for a
selected period, and X represents the mean value of
this data segment. As the fatigue stage approaches
(as depicted in the seventh cycle of the figure), the RMS
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value of the SEMG signal significantly decreases, while
the SD value of the FMG signal noticeably increases.
Hence, these two metrics can be used as characteristics of
electrical and mechanical signals, respectively, to reflect
the level of muscle fatigue. After performing STFT and
FFT on the sSEMG and FMG signals separately, the results
reveal that (Figures S12 and S13), as muscle fatigue
increases, the frequency distribution of the sEMG signal
remains relatively unchanged. In contrast, the proportion of
the FMG signal within the 10-20 Hz frequency range (the
tremor frequency range) significantly increases.

Data analysis shows that for active muscle contrac-
tions in healthy individuals, the amplitudes of sSEMG and
FMG signals are correlated: stronger muscle force leads
to higher amplitudes in both. However, their frequencies
are not correlated. The frequency of SEMG reflects mus-
cle fiber recruitment and activation levels, indicating
muscle strength and fatigue, while FMG frequency
reflects changes in mechanical signals, such as the fre-
quency of continuous movements and muscle tremors
during contraction. Assessing muscle state is complex
because SsEMG signal amplitude and frequency are
influenced by muscle strength, fatigue, and whether the
muscle contraction is active or passive. Therefore, SEMG
alone cannot accurately evaluate muscle strength and
fatigue. Similarly, FMG signal amplitude is influenced by
the extent and speed of muscle deformation, and its fre-
quency by the frequency of continuous movements and
muscle tremors during fatigue, making FMG alone insuf-
ficient for accurate assessment of muscle state during
active contraction. When analyzing the temporally syn-
chronized signals of both types together, it is possible to
accurately evaluate the muscle state during active con-
traction based on their combined characteristics from the
temporally synchronized sSEMG and FMG signals moni-
tored by PCSP. For instance, muscle strength during active
contraction can be inferred from the simultaneous increase
or decrease in both sSEMG and FMG amplitudes. Muscle
fatigue can be accurately assessed by a decrease in SEMG
amplitude and an increase in FMG tremor frequency.

2.5 | Application in the evaluation of
muscle dysfunction

Parkinson's disease (PD) is a neurodegenerative condi-
tion largely marked by motor abnormalities, including
bradykinesia and muscle rigidity. These motor symptoms
manifest through the abnormal characteristics observed
in muscle-related behaviors. Bradykinesia is one of the
core features of PD, referring to the slowness of move-
ment that is characterized by a reduction in amplitude or
speed when a motion is continuously repeated. During

clinical practice, a patient's bradykinesia is often evalu-
ated through a subjective assessment and scoring. Here,
we specifically investigated the characteristics of muscle
contraction in Parkinson's patients exhibiting symptoms
of bradykinesia using the developed PSCP. A clinical
gold-standard scale motion test was conducted on typical
PD patients to evaluate the condition, which involves
rapid foot stomping and toe-tapping. Two PD patients
with typical bradykinesia symptoms, aged between
50 and 60, were tested. Their SEMG and FMG signals
exhibited similar characteristics.

Figure 5A illustrates a schematic based on the PCSP
test for the foot stomping action. The primary muscles
involved in this action are the gastrocnemius and the
tibialis anterior, located in the lower leg, which act as
the agonist and antagonist muscles, respectively. Two
PCSP units are attached to the skin overlying tibialis
anterior and gastrocnemius muscles, respectively, after
which the patient is asked to perform the foot stomping
action as quickly as possible for a duration of 15s.
Figure 5B,C depicts the SEMG output of a healthy indi-
vidual and a PD patient while performing the fast foot
stomping movement. Additionally, the figures display the
time-frequency graphs obtained after applying the STFT
processing. Figure 5D,E presents the corresponding FMG
output and the time-frequency graphs after STFT
processing, with the left side showing the gastrocnemius
muscle and the right side showing the tibialis anterior.

Analysis of the original SEMG signal waveforms from
both healthy individual and PD patient shows that the
SsEMG amplitude of the agonist muscle is greater than
that of the antagonist muscle. Simultaneously, the 15-s
power spectral density depicted in Figure S14 reveals that
the sSEMG output of the gastrocnemius muscle demon-
strates a greater peak density at high frequencies in compar-
ison to that of tibialis anterior. In addition, the SEMG
signals of healthy individual have higher power at high fre-
quencies compared to those of patients with PD. These
amplitude-frequency characteristics are also observed in the
action of rapid toe tapping (with the tibialis anterior acting
as the agonist muscle and the gastrocnemius as the antago-
nist muscle), as shown in Figure S15. The FMG signal
amplitudes show no significant difference between the two
muscles, but the direction of the peaks is exactly opposite.
This occurs because during the process of foot dorsiflexion,
the gastrocnemius muscle is in a state of contraction, while
the tibialis anterior muscle is in a condition of extension.
Consequently, the muscle fibers of these two muscles
undergo deformation in different directions, resulting in
opposite peaks in the output waveform of the FMG sensor.

As rapid movements continue, the amplitude of the
SEMG signal of the gastrocnemius muscle in PD patient
decreases quickly, and the output of the FMG sensors for
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FIGURE 5

Muscle state testing of PD patients with motor disorders such as bradykinesia using PCSP during scale movement tasks.

(A) Ilustration of rapid foot stomping action and schematic diagram of PCSP placement on the antagonistic muscle pair of gastrocnemius
and tibialis anterior. (B) The SEMG electrode outputs of the two muscles (top) and the corresponding time-frequency graphs after STFT
(bottom) during the rapid foot stomping process in normal individuals. (C) The SEMG electrode outputs of the two muscles (top) and the
corresponding time-frequency graphs after STFT (bottom) during the rapid foot stomping process in PD patients. (D) The FMG sensor
outputs of the two muscles (top) and the corresponding time-frequency graphs after STFT (bottom) during the rapid foot stomping process
in normal individuals. (E) The FMG sensor outputs of the two muscles (top) and the corresponding time-frequency graphs after STFT

(bottom) during the rapid foot stomping process in PD patients.

both muscles also decline over time, whereas in healthy
individual, it remains stable throughout the 15-s action.
The reason for this is that patients with PD experience
movement bradykinesia and rapid fatigue due to their
continuous and fast movements. These are manifested as
a decrease in the activation level of muscle fibers and a
reduction in the amplitude and frequency of muscle
deformation. This corresponds to a decrease in the fre-
quency of sEMG signals and a reduction in the
amplitude frequency of FMG sensor outputs. The time-
frequency graphs of both sensors exhibit these

characteristics, with no noticeable decline detected in
health individuals.

In the start of the SEMG time-frequency graph of PD
patients, there is an explosive increase in the frequency
of the electromyographic signal, which is a typical char-
acteristic of Parkinsonian bradykinesia caused by a lack
of dopamine. Patients, in order to overcome the difficulty
of starting movements, often need to activate more neu-
romuscular fibers, manifesting as a high frequency at the
initial state. The time-frequency graph of FMG includes

a quantitative index S:%ff;f that displays the time

85UB01 7 SUOWILLIOD AIIEaID B |edi[dde ay) Aq peuieAob 812 Sajo1Le YO 9SN JO S9IN1 10} ARIdTaUIIUQ AB]IA UO (SUOTHPUOD-PUR-SWLBIALI0D" A 1M ARe.d 1 jBul [Uo//Sdiy) SUONIPUOD pue SWie | 84} 885 *[7202/0T/70] Uo Akeiqi8uliuo A8]IM ‘90Us 1S JO Awepeoy assulyD JO AlsieAIN Ad TE9ZT ZJUl/Z00T OT/I0p/Lod A8 im Ale.qipul|uo//sdny woij pepeojumod ‘0 ‘S9TEL9SZ



XUE ET AL.

Wl LEY 13 of 16

domain characteristics of muscle contraction deforma-
tion, where f, represents the frequency at the end of the
selected time period, f; represents the frequency at the
beginning of the selected time period, and t represents
the duration of the selected time. By analyzing the FMG
time-frequency graph, it is evident that the frequency of
muscle mechanical deformation is generally greater in
healthy individual compared to PD patient. Concur-
rently, the S value for healthy individual is about
0, whereas for patient with PD, it is 2.98% per second.
This value can be utilized to measure the rate at which
muscles become tired and to evaluate the extent of
bradykinesia in patients with PD. During the quick toe-
tapping movement depicted in Figure S15, individuals
with PD demonstrate similar characteristics in both
amplitude and frequency in both SEMG and FMG
signals.

For PD patients, their bradykinesia, characterized by
difficulty in initiating movement and a decrease in con-
tinuous movement frequency, can be reflected by two dis-
tinct features in SEMG and FMG signals. The abrupt
increase and decrease in SEMG signals and the sustained
decline in FMG signals can differentiate PD patients from
healthy individuals. To further explore the potential
application of PSCP in distinguishing abnormal muscle
states, we tested the differences in both sSEMG and FMG
synchronous signals during voluntary and involuntary
contractions. As shown in Figure S16, compared to active
muscle contractions, the involuntary muscle contractions
lack the high-frequency components of the EMG signal.
This is due to the absence of muscle fibers recruitment
during passive contractions, resulting in a decrease in
muscle fiber discharge. For FMG, although there is still
muscle deformation during passive contractions, the
tremor signals during muscle deformation decrease or
almost disappear. Therefore, although the FMG signal
can indicate muscle deformation, combining it with the
SEMG signal can provide a more accurate assessment of
the contraction state of the muscle.

3 | CONCLUSION

In daily activities, the varied behaviors of muscles con-
tain multiple types of information, with SEMG signals
indicating the level of muscle fiber activation, and FMG
signals representing the amplitude and frequency of mus-
cle deformation and tremor during muscle contractions.
To monitor the complementary electrical and mechanical
signals during muscle activities and to gain a more com-
prehensive understanding of muscle status, this work has
presented a novel patterned electrical-mechanical
coupled sensing patch (PCSP). The PCSP is designed to

be affixed to the skin overlying the muscles for the multi-
modal evaluation of different muscle regions. Incorporat-
ing stretchable serpentine SEMG electrodes and a
fingerprint-like piezoelectric FMG sensor, PCSP was inte-
grated through two ultra-thin layers of PDMS. Theoreti-
cal calculations and experiment testing have
demonstrated that the PCSP maintains excellent stretch-
ability, preserving its functionality after 15 000 cycles of
30% repetitive strain. A thermo-responsive adhesive
hydrogel is employed here to reduce the resistance
between the patterned sEMG dry electrode and the skin
and to ensure that the FMG sensor maintains the
required preload force during muscle deformation.
The sEMG signal achieves an SNR of 33.07 dB during
continuous muscle monitoring, while the FMG sensor
demonstrates dependable and uniform performance,
attributed to the adhesive layer. The combined use of
SEMG electrodes and FMG sensor enables the capture of
both the electrical and mechanical information of muscle
contractions synchronously, providing a comprehensive
analysis of muscle strength and fatigue through comple-
mentary time and frequency characteristics. PD patients
with typical bradykinesia symptoms showed unique
time-frequency signal features compared to healthy indi-
viduals in ankle extension tests, with sharp rises and falls
in SEMG signal frequency and distinct low-frequency
traits observed by FMG sensor, showing the diagnostic
assessment potential of PCSP for muscular dysfunction.
The effectiveness and convenience of PCSP in multi-
modal muscle evaluations, including muscle strength,
fatigue, and dysfunction, make it a promising tool for
application in exercise training and rehabilitation
monitoring.

Existing related studies mostly utilize various sensing
devices, such as sSEMG and FMG sensors, to achieve
motion detection and gesture recognition. Although Al-
based algorithm models offer high recognition accuracy
and fast processing times, most of these studies directly
integrate rigid sensing unit arrays into armbands, leading
to certain limitations in the size, portability, and comfort
of the devices. By comparing the performance metrics
across various aspects, the proposed PCSP offers advan-
tages in terms of thinness, stretchability, signal quality,
and comfort (Table S1). However, there are still some
issues to be solved. For instance, the current patch area is
large, which makes it susceptible to interference from
multiple muscles. Future improvements will focus on
reducing the electrode area and increasing electrode den-
sity to achieve high-precision monitoring of individual
muscle states. Additionally, future developments will
incorporate flexible electronics to enhance system inte-
gration, creating a unified module for signal acquisition,
information processing, and transmission. In addition to
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clinical applications, using the characteristics of forearm
and hand muscle motion signals extracted by PCSP, com-
bined with emerging artificial intelligence technologies,
it is also expected to play a role in man-machine interac-
tion fields such as gesture recognition and prosthetic
control.

4 | EXPERIMENTAL SECTION

4.1 | Fabrication of the serpentine
structured sEMG electrode

The electrodes are prepared by sputtering a metal layer
on the PI film, followed by patterned cutting with a film
cutter. A 50-pm thick PI film is selected and cut to a size
of 10 cm in length and width, followed by ultrasonic
cleaning and drying as a pretreatment. On the pretreated
PI film, a layer of chromium is first sputtered using a
magnetron sputtering (Discovery635, Denton) method,
with a sputtering power of 100 W for 5 min, achieving a
sputter thickness of approximately 20 nm. After
sputtering the chromium layer, a gold layer is sputtered
with a power of 100 W for 30 min, achieving a thickness
of approximately 100 nm. The film cutter (Cricut Maker
3) is used for patterned cutting of the film: The prepared
electrode film is placed flat on a sticky pad to ensure no
bubbles form, the appropriate cutting parameters are set,
and the cutting process is initiated. Excess parts are
removed, and a preprepared PDMS transfer layer is
affixed to the cut electrode surface. After ensuring proper
adhesion with pressure, the assembly is heated on a con-
stant temperature platform at 60 degrees Celsius for
30 min. The PDMS layer is then removed, and the elec-
trode layer is slowly peeled off from the PDMS. The
removed electrode layer is placed into deionized water
for ultrasonic cleaning for 15 min, followed by drying, to
complete the preparation of patterned SEMG electrodes.

4.2 | Fabrication of the fingerprint-like
FMG sensors

The fingerprint-like FMG sensors are obtained by cutting
commercial silver-plated PVDF film. Cut the 52-um thick
silver-plated PVDF into dimensions of 5 centimeters in
length and 5 centimeters in width, then adhere a layer of
8-pm thick PTFE onto the surface of the PVDF film.
Lastly, a 5-pm thick layer of PI single-sided adhesive tape
is applied to the outer layer of the PTFE. This layer of
adhesive tape serves the purpose of preventing a short
circuit between the top and bottom surfaces during the
cutting process of the silver-plated PVDF. Place

the pretreated PVDF film on the pad of the mechanical
stamping press, and use the patterned cutting tool pre-
pared in the first step to perform the cutting. After cut-
ting, remove the PVDF film and eliminate the excess
parts. Then, use a cotton swab dipped in ethanol to wipe
the edges of the patterned structure. This step is designed
to prevent a short circuit between the upper and lower
surfaces caused by the residual silver layer during the
stamping cutting process. Finally, remove the single-
sided PI tape from the surface.

4.3 | Fabrication of the thermally
enhanced adhesive hydrogel

Rinse the pre-3D printed polylactic acid mold and two
flat glass plates with deionized water in an ultrasonic
bath for a duration of 10 min, followed by drying. Mea-
sure out 9 mL of deionized water and pour it into a bea-
ker. Next, add approximately 4-5g of CaCl, to the
deionized water. Following dissolution, incorporate 1 g of
b-PEI (with a molecular weight of 600) and introduce a
magnetic stir bar to accelerate the process of dissolve.
Lastly, incorporate 2 g of PVA (type 1799) into the mix-
ture. Then, subject the mixture to a water bath at a tem-
perature of 95°C and maintain magnetic stirring for a
duration of 2 h. After forming a uniform solution, pour
the uniform solution into the mold assembly comprising
the polylactic acid mold and glass plates, secure it with
clamps, and freeze for 12 h in a freezer at —20°C. Then,
thaw for 6 h at 25°C to complete the preparation.

4.4 | Characterization and
measurements

A digital tensile force gauge (Mark-10) is used to perform
stretch testing on PCSP. An oscilloscope (LeCroy,
HDO06104) was used for measuring the open-circuit volt-
age of the FMG sensor and store the data during the
stretch test. An electrometer (Keithley 6517) was used for
measuring the current and charge of FMG sensor during
the stretch test. The wearable experimental test of this
study was approved by the Medical Experiment Ethics
Committee of Beijing Institute of Nanoenergy and
Nanosystems (Approval No. 2023015LZ).

4.5 | Calculation of SEMG SNR

After acquiring the sEMG signal via Bluetooth of signal
acquisition circuit board, a band-pass filter ranging from
15 to 500 Hz is applied. The Fast Fourier Transform
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(FFT) is utilized to identify the predominant noise, which
is determined to be 50 Hz power line interference. Subse-
quently, the power spectral density (PSD) of the noise fre-
quency range and the effective signal, are calculated
using the Welch method. This process results in the PSD
of the noise and the PSD of the EMG signal. Finally, the
signal-to-noise ratio (SNR) is calculated using the follow-
ing formula:

SNR (dB) =10- log10 (P“O‘S"> .

signal
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