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ABSTRACT: Wearable electronics that enable multimodal sensing have the potential e
to revolutionize personalized health monitoring and human—machine interfaces. stimulation
However, current sensors need to integrate several single-functional sensors to achieve
multifunctional detection. Furthermore, the simultaneous generation, acquisition, and
analysis of multimodal signals often result in high power consumption and may
introduce electrical interference, thereby compromising the sensing accuracy. This study )
innovatively developed a self-powered mechanoluminescent (ML)—hydrovoltaic . porot: ST e
motion sensing patch for si'multa.lneously m_onitoﬁng human motion parameters and ) Votion ssnsing () Escimiym e
sweat electrolyte concentrations in one device without external energy input. Under s *°rommmmmn) , °0 ¥
various mechanical stimuli, parameters such as deformation frequency (0.33 Hz-1 Hz), é““ /\' /J\

intensity, direction, and sweat electrolyte levels can be directly inferred from the g4°|/|

waveform and amplitude of the output voltage. Furthermore, secreted sweat serves as RO it e e
both a sensing medium and an energy source, driving continuous direct-current

generation up to 0.584 V and 4.46 yA. A single sensing patch can achieve a maximum output power density of 7.9 mW/m?* and
demonstrate excellent durability for over 300 usage cycles. Based on this unique design strategy, the sensing patch is programmed
and utilized for information transport, demonstrating its potential in human—machine interaction. This multidimensional, self-
powered patch offers a platform for integrated motion sensing, biochemical monitoring, and energy harvesting in next-generation
wearables.
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B INTRODUCTION voltage to directly reflect sensing results without requiring
external energy input.”*** The hydrovoltaic effect enables the
generation of electricity through interaction between nano-
structured materials and water, addressing the energy
consumption issue of wearable sensors. For hydrovoltaic-
based sensors, the sensing information is directly encoded in
the output voltage, eliminating the requirement for additional
signal collection, processing, or transduction. Furthermore, the
electricity generated by the hydrovoltaic-based sensors is direct
current which can be directly harvested and utilized.”>™>*
Despite these advantages, efficiently converting mechanical
stimuli into hydrovoltaic signals remains unresolved, limiting
practical motion-sensing applications. Thus, a strategy
integrating hydrovoltaic sensing with mechanical energy
harvesting is urgently required.

Integrating photoelectrochemica and photocatalytic®'
system into hydrovoltaic device offers a promising route to

Wearable electronics capable of simultaneous, real-time
monitoring of multimodal physical and chemical signals such
as human motion, electrolyte, and metabolite level have
significant potential to advance personalized healthcare and
human—machine interfaces.' ~ To achieve multimodal sensing
applications, current sensors need to integrate several single-
functional sensors to achieve multifunctional detection.
Furthermore, generating, recording, and analyzing these
multimodal signals with the corresponding sensors can drain
power and electrically interfere with the accuracy of sensor
readings. Conventional motion sensors based on capacity
variation,é‘7 resistance Variation,g_10 nanogenerators,u_15 and
other effects'®™"® are typically limited to a single sensing
function. An “all-in-one” device that can simultaneously
function without external energy input provides various
physical parameters, and harvest energy is in urgent demand
to solve the problem associated with long-term human—
machine interaction. Hydrovoltaic-based sensors, used in dru% Received:  September 8, 2025
detection,"” chiral recognition,20 and physical monitoring,m’2 Revised:  January 6, 2026
are considered as a promising next-generation self-powered Accepted:  January 12, 2026
sensing technology due to their advantages such as low cost, Published: January 14, 2026
eco-friendliness, and ease of large-scale production. Interacting

with the sensing medium allows the hydrovoltaic output
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Figure 1. (A) Schematic illustration of design and composition of the hydrovoltaic sensing patch. (B) Optical images that exhibit the through-hole
structure of the upper and bottom PET substrate. (C) Optical image that illustrates the flexibility of the motion sensing patch. Characterization of
the ZnS:Cu@TiO,/Au/PAN hydrovoltaic sensing layer. (D) Top view. (E) Side view. (F) TEM image. (G) EDS mapping images. (H) XRD
patterns of ZnS:Cu@TiO,/Au/PAN and commercial ZnS:Cu nanoparticles. (I) Optical images of the sensing patch without encapsulation film

under/after water impact and after a long period of immersion.

modulate their output performance and broaden the potential
application scenarios of hydrovoltaic-based sensors. By
incorporating hydrogen generation and light energy con-
version, moderate light stimulation can promote the
generation, separation, and transmission of carriers within
the hydrovoltaic device while also reestablishing the ion
concentration gradient within the hydrovoltaic device.
Mechanoluminescence (ML), which converts mechanical
stimuli into visible or near-infrared emission,*” offers excellent
real-time response,’ repeatability,”* and reliable stress-
luminescence properties.”> ML materials are capable of
capturing detailed motion parameters such as frequency,
strength, and direction and transducing the captured motion
signals into different luminescent responses. Variations in
mechanical input directly influence both the duration and the
intensity of the mechanoluminescent emission. The combina-
tion of an ML-based light source and hydrovoltaic effects thus
provides a novel strategy for constructing multifunctional, self-
powered motion sensors suitable for next-generation wearable
electronics and human—machine interfaces.
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In this study, we integrated mechanoluminescent material
into a hydrovoltaic patch to achieve simultaneous motion
sensing, electrolyte monitoring, and energy harvesting from
human sweat without external energy input in a single device.
By constructing the ZnS:Cu@TiO,/Au interface to utilize the
light emitted by the mechanoluminescent ZnS:Cu under
mechanical stimuli, this flexible patch distinctly identifies
human motion characteristics—including frequency (0.33
Hz—1 Hz), intensity, and direction—and transduces these
signals directly into hydrovoltaic voltage outputs. Concur-
rently, the device accurately monitors sweat electrolyte
concentrations with a limit of detection of 8.15 mM, enabling
a real-time biochemical assessment. Furthermore, by leveraging
the intrinsic hydrovoltaic effect, this sensing patch uniquely
realizes continuous sweat-to-electricity conversion, generating
stable direct current (DC) output without additional
rectification components. A single sensing patch can generate
an output voltage and current up to 0.584 V and 4.46 yA and a
maximum output power density of 7.9 mW/m?. Based on this
unique design strategy, the intelligent motion sensing patch is
programmed and utilized to transport messages via body
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moment. This multifunctional, self-powered sensing strategy
thus establishes a paradigm for integrated motion sensing,
biochemical monitoring, and energy harvesting in wearable
electronics and human—machine interaction applications.

B EXPERIMENTAL SECTION

Preparation of Flexible PAN/ZnS:Cu@TiO,/Au
Mechanoluminescence Sensing Coating

An amorphous TiO, layer was coated onto commercial ZnS:Cu
nanoparticles by using a wet-chemistry method. First, a ZnS:Cu
nanoparticle suspension was prepared by dispersing 2 g of ZnS:Cu
nanoparticles in S mL of ethanol under ultrasound for 10 min. This
suspension was then mixed with 40 mL of ethanol, 0.2 mL of 28 wt %
aqueous ammonia, and sonicated for 15 min, followed by stirring for 1
h. Next, 500 uL of tetrabutyl titanate was added into the reaction
system, followed by stirring for 12 h at 45 °C. The resultant ZnS:Cu@
TiO, NPs were collected by centrifugation at 10,000 rpm, washed
three times with ethanol, and dried at 60 °C for 12 h. The resulted
powder sample was annealed at 450 °C for 2 h in an Ar atmosphere to
transform the crystalline structure to anatase. For the preparation of
the ZnS:Cu@TiO,/Au NPs, 1 g of ZnS:Cu@TiO, NPs was
immersed in 50 mL of a 0.5 mM HAuCl, solution and stirred for 4
h. The pH value of the HAuCl, solution was adjusted to 7 by 0.1 M
NaOH. Then, an LED UV light source was used to in situ
photocatalytically reduce Au** to Au nanoparticles (AuNPs). The
resulting samples were collected by centrifugation, washed with
ethanol for 3 times, and vacuum dried for 12 h at 60 °C. The products
were labeled as ZnS:Cu@TiO,/Au NPs. To prepare the flexible tough
PAN/ZnS:Cu@TiO,/Au NP-active mechanoluminescence sensing
coating, 0.3 g of PAN was first dissolved in 100 mL of DMF. Then, 6
g of ZnS:Cu@TiO,/Au NPs was dispersed in the prepared solution
by a 300 W sonication for 120 min to obtain the final PAN/ZnS:Cu@
TiO,/Au DMF coating.

Fabrication of the Self-Powered Motion-Sensing Patch

Thermoplastic PET sealing film with a thickness of 70 ym was used as
the flexible substrate. Two L-shaped carbon electrodes were printed
onto the flexible substrate by screen printing. The detailed design of
the electrode is shown in Supporting Information. The as-printed
electrode was dried at 50 °C overnight for further use. An array of
through holes with diameters of 200 um was constructed at the
bottom L-shaped carbon electrode region on the PET film by using a
CO,-laser cutter. Both the carbon electrode was wired by the
conductive copper tape. The lower electrode served as the positive
electrode, while the upper electrode served as the negative electrode.
The active mechanoluminescence hydrovoltaic sensing coating was
sprayed into a specific 4 cm X 4 cm pattern using a masking plate, and
the sensing film’s thickness was controlled by adjusting the spraying
duration. Following the sensing layer fabrication process, another
thermoplastic PET film with an array of 2 mm through holes was used
to encapsulate the sensing patch. A thermal laminator was used for
packing the sensing patch at 80 °C.

B RESULTS AND DISCUSSION

Design and Characterization of the
Mechanoluminescence Hydrovoltaic Motion Sensing
Patch

Figure 1A schematically illustrates the composition and
structure of the flexible self-powered hydrovoltaic sensing
patch. Mechanoluminescence ZnS:Cu@TiO,/Au was em-
ployed as the hydro voltaic motion sensing material in the
middle, sandwiched by two PET films coated with EVA layers
at the top and bottom for encapsulating. The thermoplastic
ethylene—vinyl acetate copolymer (EVA) coated on the PET
substrate is applied to bond the mechanoluminescence
hydrovoltaic sensing layer after heat sealing. The bottom
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PET substrate coated with conductive carbon paint serves as
the bottom electrode for the self-powered sensing patch, as
well as the adhesive layer and spacer for in situ sweat sampling
and transporting. Induced by evaporation, the sweat or vapor
secreted from the body surface will be collected and
transported to the ZnS:Cu@TiO,/Au mechanoluminescence
hydrovoltaic active sensing coating through the bottom porous
PET film, resulting in the sensing signal and output voltage.
The detailed design of the sensing patch is shown in Figure S1.
The conductive carbon electrode was printed onto the bottom
flexible PET substrate by screen-printing (details are shown in
Figure S2). A through-hole array with a diameter of 200 ym
was fabricated onto the bottom electrode with a CO, laser
cutter (Figure 1B). The PAN/ZnS:Cu@TiO,/Au mechanolu-
minescence hydrovoltaic active sensing coating was sprayed
onto the bottom PET substrate. The top layer consists of a
PET substrate featuring a S X 4 array of through-holes, each
with a diameter of 2 mm (Figure 1B). The incorporation of
EVA and PAN significantly enhances the mechanical robust-
ness of the sensing layer, allowing the final patch to tolerate
mechanical deformation, such as bending with various radii
(Figures 1C and S3).

Under mechanical stimulation, ZnS:Cu typically emits
visible light in the range of 450—600 nm. Consequently, a
ZnS:Cu@TiO,/Au interface is constructed to effectively
harness the emitted light. The ZnS:Cu@TiO,/Au NPs are
synthesized by a typical wet-chemistry, followed by a
photoreduction process. After the hydrolysis process, a layer
of amorphous TiO, NPs is coated onto the ZnS:Cu NPs.
Then, an annealing process was carried out to convert the
amorphous TiO, into the anatase crystalline phase. AuNPs are
modified onto the ZnS:Cu@TiO, NPs through a straightfor-
ward in situ photocatalytic reduction method. The resulting
sample is defined as ZnS:Cu@TiO,/Au NPs. The morphology
of the as-synthesized mechanoluminescence hydrovoltaic
active sensing layer is characterized by scanning electron
microscopy (SEM) as presented in Figures 1D and S4,
revealing nanoparticle diameters ranging from 400 nm to 5
pum. Nanopores are formed by random stacking and
interconnection of these nanoparticles. Cross-sectional SEM
image shows particles tightly bound into a 40 um-thick layer
(Figure 1E). The TEM images reveal that the AuNPs are
uniformly distributed over the surface of the TiO, shell, which
is coated on the ZnS:Cu (Figures 1F and SS). EDS mapping of
Zn, Ti, S, and Au elements confirms the uniform distribution
of AuNPs, TiO,, and the bonding agent PAN (Figure 1G).
Fourier transform infrared spectra (FT-IR) of the PAN/
ZnS:Cu@TiO,/Au active sensing layer shows the vibration
absorption bands of —C=N groups from PAN at 2245 cm™’,
verifying the successful loading of PAN (Figure S6). Figures
1H and S7 show the XRD patterns of the as-prepared active
sensing coating. The characteristic diffraction peaks of the
ZnS:Cu@TiO,@Au active sensing layer at 25.3°and 38.2°
demonstrate the successful decoration of the AuNPs and TiO,
shell on the ZnS:Cu core without altering the crystal structure
of ZnS:Cu. The Zeta potential of the sensing film during
various modification processes is tested. As shown in Figure
S8, due to the strong polarity of the cyanide-containing PAN,
the PAN modification process does not affect the surface
charge density of the sensing film. After the AuNP
modification process, a significant absorption peak is observed
in the visible-light spectrum (400—700 nm), which is
attributed to the optical absorption of scattered light by the
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Figure 2. (A) Output voltage—time curve of a single sensing patch. (B) Output current—time curve of a single sensing patch. (C) Output voltage of
the sensing patch arrays connected in series. (D) Output current of the sensing patch arrays connected in parallel. (E) Output voltage and current
of a single sensing patch under various load resistances. (F) Output power performance of the sensing patch under various load resistances. (G)
Output voltage and current of the sensing patch with and without LED illumination. (H) Schematic diagram illustrating the mechanism of

mechanical-to-hydrovoltaic energy conversion.

LSPR effect of AuNPs (Figure S9). The introduction of
AuNPs effectively enhances the collection and utilization of
light emitted by mechanoluminescent ZnS:Cu. To further
investigate the stability of the as-prepared sensing coating, a
water-impacting and immersion experiment is carried out. The
mechanoluminescence hydrovoltaic sensing patch, without its
upper sealing, is put under a water drain, with the water flow
impacting the surface of the sensing coating. The sensing film
maintained its structural integrity. Prolonged immersion in
deionized (DI) water also do not cause any damage to the
sensing film (Figure 1I).

Output Performance Evaluation of the

Mechanoluminescence Hydrovoltaic Motion Sensing
Patch

Based on the hydrovoltaic effect, when the sensing coating
interacts with the sweat or vapor secreted from the body
surface, the charged nanochannel within the sensing film will

2101

promote the counterions to move along the evaporation
direction while preventing the like-charged ions. Thus, a stable
potential difference will be generated between the upper and
the bottom electrodes, donating the hydrovoltaic voltage. To
evaluate the output performance of the sensing patch, the
output voltage and current of a sensing patch with a working
area of 4 X 4 cm is measured. The sensing patch is driven by
1.5 pL of DI water. A small amount of water enabled the
sensing patch to produce a stable hydrovoltaic output voltage
for over 300 s. The volume of water used to drive the sensing
patch only affects the output current (Figure S10). When the
sensing patch interacts with the water, the output voltage
rapidly reaches 0.584 V in ~68 s (Figure 2A). Concurrently,
the output current also increased to 4.46 A (Figure 2B).
Utilizing the simple fabrication process, the sensing patch can
be integrated into a patch array. By connecting the patches in
series or parallel, the output performance can be significantly

https://doi.org/10.1021/acs.analchem.5c05546
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Figure 3. (A) Schematic depiction of the working mechanism of real-time electrolyte monitoring by the hydrovoltaic sensing patch. (B) Output
voltage—time curve of a single sensing patch under various NaCl concentrations. (C) Calibration curve of the sensor response as a function of the
NaCl concentration. (D) Output performance changes of the hydrovoltaic motion sensing patch in 100 mM NaCl solution and after the immersion

process in DI water.

enhanced. As illustrated in Figure 2C and D, the output
voltage and current linearly increase to 2.35 V and 16.4 uA,
respectively, when four sensing patches are connected or
parallel. The output performance of a single sensing patch is
evaluated using various load resistances. As the load resistance
increases, the open-circuit voltage rises, whereas the output
current decreases (Figure 2E). The maximum output power
density is achieved at 7.9 mW m™* with a load resistance of 3 X
10° Q (Figure 2F). The output voltage and current of the as-
prepared sensing patch under LED illumination are inves-
tigated. The spectrum of the LED light is shown in Figure S11.

Under LED illumination, the output voltage and current of
the sensing patch show a significant increase which is due to
the LSPR effect of AuNPs (Figure 2G). The output voltage of
the device increases with increasing light intensity (Figure
S12), which exhibits the potential of reflecting the mechanical
stimulation by the output voltage by using mechanolumines-
cent materials. The output performance of the sensing patch
was also evaluated under simulated sunlight, demonstrating its
potential for outdoor applications (Figure S13). When
replacing the light stimulation with force stimulation to the
mechanoluminescent ZnS:Cu, the mechanism of hydrovoltaic
voltage increase is shown in Figure 2H. Piezoelectric
polarization charges are generated within piezoelectric ZnS
under either pressing or sliding stimulation, attributed to its
noncentral symmetry.”**” The piezo-charge-induced piezo
potential effectively tilts the band structure, facilitating the
detrapping of electrons into the conduction band of ZnS:Cu
nanoparticles.”® Inevitably, recombination between the de-
trapped electrons and holes occurs, releasing energy that
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excites the dopant Cu®' ions instead of emitting a photon.
When the excited Cu*" ion returns to its ground state, it emits
a photon in the form of green visible light. The emitted light is
absorbed by AuNPs due to the surface plasmon resonance
effect. High-energy hot electrons in plasmonic Au are
transiently generated and then injected into the CB of TiO,
for photocatalysis reaction. This photocatalysis reaction
consumed the hydrogen ions and disrupted the original
counterion equilibrium, leading to a higher streaming
potential.

Electrolyte Sensing Performance of the Sensing Patch

Electrolyte in sweat contains useful indicators that help
monitor human health status. Based on the Debye—Hiickel
equation, the debye length (4p), which is a reflection of
shielding ability of charged nanochannel, decreases as ion
concentration increases. When the electrolyte concentration in
secreted sweat increases, the electrical double layer (EDL)
within the nanochannel becomes compressed. Consequently,
as water flows upward, fewer hydroxide ions reach the top of
the sensing patch, resulting in a lower output voltage from the
sensing patch (Figure 3A). Figure 3B displays the output
voltage—time curve of the sensing patch across varying
electrolyte concentrations from 0 to 100 mM. The NaCl
solution is used as the model electrolyte. The electrolyte
response (Relectrolyte) is calculated as below:

Relectrolyte = (‘/electrolyte - ‘/0)/% (1)

where Vy and Vijecuoyee Tepresent the output voltage of the
sensing patch before and after electrolyte sensing, respectively.
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Figure 4. (A) Scheme of simultaneous monitoring motion frequency, direction, and intensity by the ML—hydrovoltaic motion sensing patch. (B—
D) The bending response output performance of the hydrovoltaic motion sensing patch under various bending frequencies of 1, 0.5, and 0.33 Hz is
tested, respectively. The real-time output voltage—time curves of the previous two bending processes are shown below, respectively. (E) The
sensing output performance loss of the sensing patch after different bending times. (F) The sensing output performance of the sensing patch under
different bending angles. (G) The sensing output performance of the sensing patch using various thicknesses of the encapsulating film. (H) The
sliding sensing output performance of the sensing patch under continuously reciprocating sliding stimulations with different sliding speeds. (I) The
knocking sensing performance of the sensing patch that was continuously knocked using a 100 g metal tip. (J) The knocking sensing performance
of the sensing patch that was continuously knocked by two tips of different weights, alternately.

The response value shows a linear relationship with the
electrolyte concentration (Figure 3C). The limit of detection
of the sensing patch is 8.15 mM based on a 3SD/L method.
Real sweat was also tested to further assess the reliability of the
sensing patch (Figure S14). The total electrolyte concentration
measured by the device was 59.3 mM. To further investigate
the reliability of the sensing patch, the sensing patch used is
washed with DI water to remove the accumulated ions. As
shown in Figure 3D, the rinse process does not affect the
electrolyte sensing performance, indicating the excellent
reliability of the sensing patch.
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Motion Sensing Performance of the Self-Powered Sensing
Patch

Aiming at long-term motion sensing ability, the stability and
repeatability of light emitting performance of the sensing patch
are carefully investigated and presented. Under either pressing
or sliding stimulation, the green-light-emitting irradiation is
triggered. The emitting spectrum of the as-prepared motion
sensing patch is shown in Figure S1S. Generally, these motion
sensing patches exhibit a stable ML intensity throughout the
whole test during a continuous sliding stimulation triggered by
a linear module equipped with a metal tip (Figure S16). The
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flexibility and mechanical robustness of the sensing patch are
studied by a cyclical bending test, in which the sensing patch is
attached to customized fixtures moving back and forth, as
shown in Figure S17. As shown in Figure S18, the sensing
patch exhibits a stable emitting performance, while the light-
emitting intensity under bending stimulation is lower than the
luminescent intensity during sliding.

Utilizing the innovative design of combining the ML
materials with hydrovoltaic sensors, the as-prepared motion
sensing patch can achieve discrimination of various motion
frequencies, directions, and intensities (Figure 4A). Consider-
ing that when a motion sensor is utilized in a practical scenario,
the frequency and magnitude of the mechanical pressure
applied to the sensing patch are irregular, so it is necessary to
analyze the sensor performance of sensing patch under
different circumstances. The electrical output of the sensing
patch was quantified under different external mechanical
stimulation. Stimulations of various frequencies, bending
radii, as well as directions are simulated by a reciprocating
robot arm, while strengths are simulated by different weights.
The sensing patch is driven by 80 mM NaCl solution in this
section. Figure 4B—D illustrates the output voltage—time curve
of the sensing patch with a bending frequency of 1, 0.5, and
0.33 Hz, respectively. The bending angle is controlled as 60°.
The various bending frequency does not affect the peak voltage
of the sensing patch. However, the waveform of the output
voltage is quite different. When the bending frequency is set as
1 Hz, the output voltage directly reaches to the maximum
values and then decays to the baseline, while the output voltage
will first come to a stable value when the bending frequency is
0.5 and 0.33 Hz. During one operating cycle, the time that the
maximum voltage occurs varies with bending frequency. To
further characterize the sensitivity of the sensing patch, the
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response time, which is defined as the time cost by the sensing
patch to reach 90% of the maximum output voltage, is
investigated. Due to the increase of bending frequency, the
working time of each cycle is shortened, and the response time
is increased accordingly from 0.334 s at the initial 1 Hz to 1.81
s at 0.33 Hz. The recovery time which was defined as the time
taken to acquire 90% variation in the sensor output
performance was also investigated. The recovery time for 1,
0.5, and 3 Hz was 0.383, 1.002, and 0.521 s, respectively
(Figure S19). The as-prepared sensing patch shows only little
output performance degradation at over 1000 cycles, indicating
the excellent stability and long-term robustness of the sensing
performance (Figure 4E). The sensing performance of the
sensing patch with different bending angles is also tested. By
shortening the telescoping distance of the reciprocating arm,
bending simulation of various bending angles can be achieved.
During the bending angle test, the bending frequency is set at 1
Hz. As shown in Figure 4F, as the bending angle increases, an
enhancement of the output voltage is found. This is because of
the stronger stress that will be applied to the mechanolumi-
nescent ZnS:Cu with the larger bending angle. Noted that
excessive bending angles will cause plastic deformation of the
thermoplastic film, which will affect the repeatability of the
sensing performance. By alteration of the thickness of the
encapsulating film, the sensing response of the as-prepared
patch under bending stimulation can be effectively modified
(Figure 4G). A thicker PET sealing film will provide a better
sensing performance. However, an over thick sealing film will
affect the flexibility of the device. When the sensing patch is
attached to the joint part of the body, it is inevitable for the
sensing patch to withstand the forces not only from the
bending direction but also from the vertical direction. The
vertical force applied to the sensing patch is simulated by a
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linear module equipped with a metal tip. A sliding and
knocking process is carried out onto the surface of the sensing
patch to simulate different kinds of vertical force. As shown in
Figure 4H, continuous reciprocating sliding stimulations with
different sliding speeds are carried out. The reciprocating
distance is 4 cm, corresponding to the length of the active
sensing coating. The slower sliding will lead to a long-last
luminescent process, resulting in a higher output voltage. The
peak voltage of each sliding process exhibits excellent
repeatability. A continuous knocking stimulation with a
working frequency of 0.5 Hz is utilized to investigate the
sensing performance of the patch to prompt impact. The
weight of the metal tip is 100 g, and the contact area between
the sensing patch and the tip is 0.125 cm”. When the metal tip
quickly hits the surface of the sensing patch, the output voltage
rapidly increases to 401 mV in a response time of 0.71 s
(Figure 4I). To investigate the relationship between the
sensing output voltage and the knocking strength, the sensing
patch is continuously knocked by a 100 g metal tip and a 50 g
one. Both tips have the same contact area. As shown in Figure
4], when the sensing patch was knocked by two tips alternately,
the sensing output voltage corresponding to the various tips
occurs, respectively. This phenomenon indicates that the
prepared sensing patch exhibits a superior sensitivity.

Application of the Motion Sensing Patch

The successful combination of ML materials with hydrovoltaic
sensing chips enables continuous self-powered sensing in one
device, offering a simplified alternative with significant
potential in healthcare, motion monitoring, and information
transmission. The wearable sensing patch was further
programmed and utilized for Morse code transmission, as
illustrated in Figure SA. The sensing patch was attached to the
joint area of the arm. Prior to the test, the volunteers exercised
for 30 min to induce continuous perspiration. The volunteer’s
physical movements were programmed to represent Morse
code. The Morse code transmission was achieved by encoding
arm bending as “dot”, while finger tapping was programmed as
“dash” and both types of motion stimuli are applied at a
frequency of 1 Hz, in accordance with international Morse
code standards (Figure SB). When the sensing patch was
activated by different motion stimuli, massages as “HELPME”,
“DANGER”, and “SAFE” were successfully transmitted via the
Morse code (Figure SC—E). This capacity of information
transmission highlights the potential of the as-prepared ML—
hydrovoltaic sensing patch for real-time communication in
emergency situations.

B CONCLUSION

In this work, we integrated mechanoluminescent ZnS:Cu@
TiO,/Au nanoparticles within a charged nanochannel hydro-
voltaic film to achieve simultaneous multifunctional sensing
applications and energy harvesting. The design of the
combination of ML material with hydrovoltaic sensing chips
realizes the simultaneous discrimination and monitoring of
human motions and sweat electrolyte level in a single device
without external energy input. By analyzing the waveform and
amplitude of the output hydrovoltaic voltage, parameters such
as deformation frequency (0.33 Hz—1 Hz), intensity, direction,
and sweat electrolyte levels can be directly read out.
Furthermore, a 4 cm X 4 cm sensing patch enables a
continuous sweat-to-electricity process that can deliver up to
0.584 V and 4.46 uA. Based on this unique design strategy, the
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flexible self-powered motion sensing patch is programmed to
send a message via body movement. This multidimensional,
self-powered patch offers a platform for integrated motion
sensing, biochemical monitoring, and energy harvesting in
next-generation wearables, demonstrating its great potential in
human—machine interaction.
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