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Strain-invariant omnidirectional stretchable
MXetronics

Shenglong Wang 1,2,3,5, Weili Deng 1,5, Haichao Huang1,5, Zhuocheng Yan4,
Yongbin Wang1, Tingting Zhou1, Yong Ao1, Zihan Wang1, Jiabin Zhang1, Guo Tian1,
Boling Lan1, Yue Sun1, Tianpei Xu1,3, Tao Yang1, Longchao Huang1, Long Jin 1,
Jun Lu3 & Weiqing Yang 1,2

Titanium carbide MXene flakes hold great promise for system-level MXene-
based electronics (MXetronics) due to their outstanding electrical con-
ductivity and diverse functional properties. However, the weak MXene inter-
layer bonding often causes film fracturing under mechanical strain, ultimately
leading to device failure, manifested as unstable operation, inaccurate data
transmission, and potential electrical disconnection. Here, we present strain-
invariant, omnidirectionally stretchableMXetronics (sos-MXetronics) through
hierarchical stiffness microgrid engineering. This strategy synergistically
integrates patterned elastiff regions and modulus-buffered interconnects,
effectively preventing performance shifts in sos-MXetronics. This circular sos-
MXetronics with a radius of 3.3 cm integrates a near-field communication
(NFC) antenna, eight micro-supercapacitors (MSCs), three resistive sensors,
and interconnected conductive networks, demonstrating exceptional strain
invariance with 95–98% performance retention even under 40% strain. With
the capability to minimize motion-induced artifacts, the system ensures
accurate blood pressure (BP) monitoring without electrical disconnection,
even during wrist deformations. This breakthrough not only marks a sig-
nificant step toward the practical application of MXene in omnidirectional
stretchable MXetronics, but also paves the way for reliable, high-performance
electronics based on two-dimensional materials for next-generation health-
caremonitoring systems that seamlessly integrate with the humanbody under
real-world conditions.

Skin-like electronics represent a transformative technology with
immense potential for enabling continuous, large-scale, and high-
fidelity monitoring of physiological conditions, as well as facilitating
real-time health status analysis1–4. A comprehensive skin-like monitor-
ing system typically comprises different functionalmodules, including
power supply, sensing, signal acquisition, and transmission units2.

However, given that human bodies frequently undergo movements
that induce pronounced deformations in the skin, tissues, and organs,
the resulting mechanical strain invariably degrades the electrical per-
formance of these functional units, posing a significant challenge to
their reliability5,6. To address this issue, it is crucial to design skin-like
electronics with comparable stretchability. Such electronics must
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retain their functionalitywhile conformably attached to surfacesunder
stretching deformation, ensuring stability in dynamic environments.
Considerable efforts have been devoted to developing stretchable and
integrable electronics through material innovations7 and device
engineering8. Despite these advancements in fabricating individual
functional units with enhanced performance under strain, funda-
mental challenges remain in achieving seamless integration of diverse
functional components without compromising reliability under
dynamic operating conditions. As electronic systems grow increas-
ingly complex, there is a pressing need to construct all functional
components from a single material system, which could simplify
integration and reducemanufacturing costs. However, such a strategy
is often constrained by the intrinsic limitations of individual materials,
which generally fail to satisfy the broad spectrum of performance
criteria required bydifferent functional devices (for example, although
copper and liquid metals are commonly used in electrical wiring, they
are unsuitable for energy storage applications due to inherent trade-
offs among electrical conductivity, electrochemical activity, and
processability)6. Addressing these challenges is essential for advancing
the field of skin-like electronics and unlocking their full potential in
wearable health monitoring and personalized healthcare applications.

MXene-based electronics, utilizing monolayer Ti3C2Tx MXene
flakes with superior mechanical properties9, exhibit exceptional intra-
layer conductivity enabled by the hybridization of transitionmetal and
carbon atoms10–12. This unique electronic structure facilitates the effi-
cient spread of electronic states, enabling the development of epi-
dermal soft electronics, “MXetronics”13, and provides a versatile
foundation for single-material integration. Significant attention has
been given to its use in flexible electronics11, energy storage14, terahertz
absorbing15, and many others10,16,17. An overlooked aspect of this
research field is the stretchability of MXene-based electronics. MXene
films are fairly stiff and prone to perpendicular fracture under tensile
deformations due to weak interlayer interaction11,14,18, exhibiting lim-
ited intrinsic stretchability (<5%)10,14. Such fractures can severely affect
in-plane charge carrier transport, compromising electrical
performance19. This limitation is particularly problematic for sensors
and radio frequency (RF) electronics, which are highly sensitive to
changes in physical geometries7,8. To address these limitations, several
strategies such as crack bridging, interlayer insertion, and bio-mimetic
architecting have been developed to strengthen interlayer interactions
and thereby improve the inherent deformability of MXene-based
films20–22. Although these methods effectively suppress crack propa-
gation and enable energy dissipation, the introduction of small mole-
cules and polymers inevitably results in considerable conductivity
degradation, creating a trade-off between stretchability and electrical
performance that remains unresolved. Consequently, these methods
are more suitable for strain sensors23, where resistance changes with
strain, rather than for stretchable electronics that require stable elec-
trical performance under deformation. Introducing various structural
designs, such as wrinkled1, kirigami24, or island-bridge structures25, can
effectively increase the stiffness and decrease the experienced strain
of MXetronics. However, these approaches face limitations in achiev-
ing omnidirectional strain tolerance. In practical dynamic environ-
ments featuring anisotropic stress distribution and unpredictable
multidirectional strains, off-axis stretching beyond designed defor-
mation directions induces severe strain concentration at rigid-elastic
interfaces, leading to interconnect failure. To achieve full mechanical
stretchability of MXetronics, the adjacent electronics and their inter-
connections must exhibit strain-insensitive properties.

Here, we report a strain-invariant omnidirectional stretchable
MXetronics (sos-MXetronics) that integrates energy storage, wireless
communication, and sensing functionalities into a high-consistency
material architecture (Fig. 1a, b). The strain-invariant behavior is rea-
lized through the synergistic design featuring patterned PDMS elastiff
layers on an Ecoflex elastomeric base and stretchable modulus-

buffered polyethylene terephthalate (PET) interconnects, thus
enabling localized stiffening and strain redistribution to prevent
MXene cracking (Fig. 1c–e). To ensure efficient signal exchange and
energy delivery between the sos-MXetronics and the mobile terminal,
we developed a high-conductivity (3500 S/cm) Li+ exchange MXene,
which enables the fabricated system to wirelessly power and sense at
distances up to 3.5 cm. Most importantly, the sos-MXetronics exhibits
a strain insensitivity with less than 5% performance variation under
40% strain. Finally, the sos-MXetronics demonstrated motion
interference-free monitoring of human pulse, temperature, and BP via
near-field communication (NFC). The fully demonstrated strain-
invariant all-MXene platform offers a powerful tool for large-scale
integratedmanufacturing of next-generationwearable and stretchable
electronics.

Results
Design conception and workflow of the sos-MXetronics
The idea of integrated omnidirectional stretchable MXetronics is illu-
strated in Fig. 1a, where eight micro-supercapacitors (MSCs), three
resistive sensors, one NFC antenna, and interconnected conductive
networks are ingeniously arranged within a 3.3 cm radius, endowing
the entire stretchable system with unparalleled integrity. The circuits,
sensors, energy harvesting, and storage components are fabricated on
a PET substrate using a spray-coating process and subsequently
transferred to a stretchable patterned Ecoflex/PDMS substrate (Sup-
plementary Fig. 1), enabling exceptional flexibility and comfortable
attachment to human skin. The MXene antenna achieves an open-
circuit potential (OCP) > 3 V, generating over 5mW average power
output to drive the system at maximum power point, which enables
fast charging of the MXene MSCs at 50mA/cm2. In series/parallel
configuration, theMSCs output 2.4 Vwith 4.17mW/cm2 power density,
which is sufficient to sustain themicrocontroller unit (MCU) operation.
Power sourcing automatically switches between the NFC antenna
(near-field mode, ≤3.5 cm) and MSCs (far-field mode) based on proxi-
mity. Resistive sensors continuously monitor vital signs (temperature,
pulse, and blood pressure), while the MCU digitizes analog signals via
an ADC and relays data wirelessly via NFC for cloud analysis. Figure 1b
compares the proposed strain-invariant stretchable system with con-
ventional stretchable electronics. Conventional systems exhibit sig-
nificant performance degradation under strain, including shifted
antenna resonance frequencies, drifted sensor calibration values, and
reduced energy storage capacity, which collectively lead to measure-
ment inaccuracies and potential wireless signal dropout. In contrast,
our sos-MXetronics demonstrates strain-invariant performance,
synergistically achieved by patterning PDMS elastiff layers on an Eco-
flex elastomer layerwithmodulus-buffered PET interconnects (Fig. 1c).
This design strategically localizes strain to the lower-modulus inter-
spaces between active components, effectively minimizing functional
degradation. The serpentine interconnects provide stretchability,
while elastiff layers protect the straight-line-based devices to maintain
performance stability (Fig. 1d), ultimately forming the stretchable sos-
MXetronics. Figure 1e exhibits the unique crack modulation behavior
of sos-MXetronics, where applied strain induces localizedMXene flake
sliding rather than catastrophic through-cracks and large conductive
islands, preserving conductive pathways. Comparative analysis (Sup-
plementary Table 1) reveals that the sos-MXetronics system exhibits
superior strain-invariant performance (<5% variation under 40%
strain), outperforming previously reported integrated electronics
based on MXenes and other materials across all key functional metri-
ces (Fig. 1f). The standalone stretchable sos-MXetronics features thin
layout (~300 µm thickness) and low-modulus substrate interface,
exhibits robust electromechanical performance upon various
mechanical deformations (e.g., stretching, bending, and twisting) as
verified by both finite element analysis (FEA) and experimental tests
(Fig. 1g, h, Supplementary Fig. 2, and Supplementary Note 1).
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Fabrication and characterization of sos-MXetronics
The fabrication of the sos-MXetronics begins with a low-temperature
molten salt (LTMS) etching strategy, a rapid and scalable approach that
can produce over 100 g of Ti3C2TXMXenewithin 5min (Supplementary
Fig. 3 and Supplementary Note 2)26,27. This etching duration is two
orders of magnitude shorter than the most commonly used etching
methods (Supplementary Table 2). The disappearance of the Al (104)
peak in the X-ray diffraction (XRD) pattern28, along with the accordion-
like morphology observed in the scanning electron microscopy (SEM)
imageand themultilayer structure revealed in the transmissionelectron
microscopy (TEM) image, collectively confirm the successful exfoliation
and synthesis of the Ti3C2Tx (Supplementary Fig. 4). To obtain few-layer
MXene nanosheets, NH4HF2-synthesized Ti3C2Tx is commonly delami-
nated using large organic molecules such as tetramethylammonium
hydroxide (TMAH)29. However, the complete removal of TMA+ ions is
difficult, often resulting in MXene films with larger interlayer spacing,
poorer stability, and lower electrical conductivities (<500 S/cm)30,
which limits their effectiveness in electronic devices. To address this
dilemma, we demonstrated an ion-exchange and flocculation method
to remove residual organic intercalants (Supplementary Fig. 5, A similar
method for V2CTx was reported by Yury’s group)31. Figure 2a illustrates
the ion-exchange process, where the surface-adsorbed TMA⁺ ions on
MXene are removedand replacedwith Li⁺ ions. This process is drivenby
the electrostatic attraction between the negatively charged 2D MXene
andalkalimetal cations, aswell as the concentrationgradient createdby

the high concentration of Li+ ions (Supplementary Note 3). XRD results
show a clear and distinct shift of (002) peak of MXene toward higher
Bragg angles (smaller spacing: from 14.6Å to 12.5 Å) after ion-exchange
(Fig. 2b). Thermogravimetric analysis (TGA) also confirmed the removal
of residual TMA+ by the absence of weight loss around 400 °C in the Li-
exchanged samples (Supplementary Fig. 6). Note that the Li-exchanged
MXene, with an average lateral size of 1.3μm in its aqueous dispersion,
remains stable in its flocculated state for at least two months without
degradation. After removing the salt, the flocculated MXene can be
redispersed in water (Supplementary Fig. 7). The Li-exchanged films
without annealing demonstrate higher conductivity (3505 ± 41 S/cm)
than that of TMA-retained MXene films (216 ± 14 S/cm) due to the
reduced interlayer spacing and the removal of organicmolecules,which
facilitates electron transport between flakes (Fig. 2c). The conductivity
is comparable to that of product obtainedby the commonconventional
HCl/LiF etching method (1000–6000S/cm)26,32–38, while the total syn-
thesized time is reduced to less than one-third of the conventional
method (Fig. 2d and “Methods”).

The resulting MXene solution exhibited rheological shear-
thinning behavior (Supplementary Fig. 8), enabling continuous
extrusion for spraying and quick solidificationuponheating to remove
most of the intercalation moisture (Fig. 2e). The MXene filaments can
be readily sprayed onto various substrates, as evidenced by the iden-
tical MXene fingerprints in Raman spectra (Fig. 2f). We used PET as the
substrate to support the MXene layers. The PET (modulus of 1.78GPa,

Fig. 1 | Structure and strain-invariant performanceof the stretchable all-MXene
microgrid system. a Schematic of the strain-invariant MXene-based wireless sys-
tem, demonstrating stable operation under deformation or in the non-deformed
state. b Comparison between the proposed strain-invariant stretchable wireless
system and conventional wireless electronics. c Two-dimensional diagram showing
the representative sos-MXetronics structure. dMechanical simulation showing the
strain distribution of a strain-patterned sos-MXetronics for stretching under 50%
strain. e Optical images showing crack formation and propagation under

stretching. The top image corresponds to the system with a rigid layer and elastiff
layer, while the bottom image shows the system directly on the substrate. All scale
bars are 200μm. f Performance variation of conventional stretchable devices and
sos-MXetronics under 40% strain. g, h FEA and corresponding experimental results
of the sos-MXetronics under mechanical deformations: uniaxial stretching of 30%,
bending to the cylinder with a radius of 2 cm, and twisting with a torsional angle of
90°. All scale bars are 1 cm. The experiment was independently repeated three
times with similar results.
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Supplementary Fig. 9) was selected for its close mechanical match to
our MXene films (measured modulus of 6.39 GPa). The PET substrate
was plasma-treated and APTES-modified to enable electrostatic
assembly of stable MXene layers (Supplementary Fig. 10)39. Subse-
quently, diverse patterned circuits can be efficiently fabricated on
various substrates through transferring and programmable laser cut-
ting (Fig. 2g left and Supplementary Fig. 11).Weultimately used Ecoflex
with a low modulus (68 kPa) as a stretchable substrate, capable of
withstanding up to 660% strain. The Ecoflex-PET adhesion energy was
tuned to 87 J/m2 by UV-ozone treatment, providing sufficient shear
resistance while allowing controlled delamination after laser cutting
(Supplementary Fig. 12 and Supplementary movie 1). The smooth and
continuous cross-sectional interface further confirms the strong
bonding and successful layer integration (Fig. 2g). The serpentine

interconnectionsmaintain a relative resistancechangebelow5%within
the functional strain range (up to 75%) in bothX andYdirections, while
the structure itself canwithstand nearly 160% strain beforemechanical
failure (Fig. 2h, Supplementary Figs. 13 and 14). The rigid serpentine
PET island effectively shields the MXene film from large global strain,
enabling the electrode to deform through localized MXene flake slid-
ing rather than catastrophic crack propagation. This mechanism pre-
vents the formation of long cut-through cracks and large conductive
islands, thereby maintaining electrical integrity even under repeated
high tensile strain (Supplementary Figs. 15–18).

Characterization of MXene NFC system of sos-MXetronics
Wireless technologies, particularly RF-based techniques, enable the
development of battery-free skin electronics by eliminating the need

Fig. 2 | Characterizations of Li-exchanged MXene film and the stretchable
MXene antenna. a Schematic of the ion-exchange procedure. b XRD patterns of
TMA-Ti3C2TX and Li-Ti3C2TX. c Conductivity of Ti3C2TX films with different inter-
layer ions (TMA+, Li+). Data are presented as mean ± standard deviation (n = 5
independent experiments). d Comparison of the etching time required and con-
ductivity between the other etching methods and our method. e Schematic dia-
gram of the spraying and laser cutting process. f Raman spectra of patterned
MXene on various substrates: polyurethane (PU), polydimethylsiloxane (PDMS),
PET, polyimide (PI), and glass. g Left: optical image of high-resolution integrated
circuits fabricated through directMXene laser cutting. Scale bars: 2 cm. Right: SEM
cross-sectional images of the combined structure of the fabricated integrated cir-
cuits. Scale bar: 20μm. h, Relative resistance changes of the four structures under

tensile strain. i, Schematic diagram illustrating the fabrication of the MXene NFC
system. j Diagram illustrating the MXene NFC tag transmitting energy and signals
with a smartphone, even under stretching or bending conditions. k Simulated and
experimentally measured L and R values of coils with different numbers of turns (2,
3, 4, 5, and 6). The error bars represent the mean± standard deviation (n = 4
independent experiments). l Experimental results of the coil inductance under
uniaxial deformation. m Equivalent circuit of MXene NFC system and surface cur-
rent distribution (Jsurf) of the NFC antenna at 13.56MHz. n Measured S11 para-
meter. o Optical images of MXene NFC tags with the lighted LEDs under uniaxial
deformation. Scale bar: 2 cm. p Relative changes in L and R under cyclic stretching.
q Changes in Q and L under bending.
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for extensive external connections7,40. MXene-based NFC antennas are
designed to provide emergency power for MXene MSCs and facilitate
efficient transmission of sensing signals (Fig. 2i). Notably, geometric
deformations can alter the electromagnetic properties of NFC anten-
nas, leading to unstable inductive coupling efficiency. This instability
poses a challenge in delivering a consistent power supply for super-
capacitors and sensors. To address this issue, we redesign the con-
ventional spiral coil by incorporating a sine-wave modulation, which
can ensure uniform stretching of the coil in all directions during
elongation (Fig. 2j). To achieve better resonance matching, the geo-
metry of the omnidirectional MXene coils was pre-simulated, showing
that the outer radius and the number of turns have the greatest impact
on inductance (Supplementary Fig. 19). At a frequency of 13.56MHz,
the inductorsdisplayed similar inductance (L) and resistance (R) values
with the corresponding simulation results (Fig. 2k). To ensure com-
patibility with the external circuit and space for additional MXene
components, the designed sine-wave MXene coil antenna features an
inductance of ~2.7 µH, 5 turns, and dimensions of ~6.6 cm in both
length and width. Figure 2l shows that the fabricated omnidirectional
sine-wave MXene coil exhibits only a 6% change in inductance under
extreme elongation of 50%. The stable magnetic coupling area of the
coil under 40% strain also reflects this behavior, with a change of only
3.3% (Supplementary Fig. 20 and Supplementary Note 4). In contrast,
traditional MXene circular coils, despite good adhesion between PET
and Ecoflex, tend to delaminate and suffer nearly 20% inductance
variation, leading to electrical disconnection (Supplementary Fig. 21).
To match the MXene coils with the NFC chip (NTAG), the resonant
frequency of the sine-wave MXene coil can be adjusted by modulating
its own capacitance and inductance without an additional matching
capacitor to achieve the 13.56MHz resonance frequency required for
NFC operation (Fig. 2m). From Fig. 2n, the as-fabricated MXene NFC
antenna exhibits a resonance frequency of 13.57MHz, with an S11 value
of around −9 dB. Although the measured resonance frequency is
slightly higher than 13.56MHz, this hardly affects the energy trans-
mission since more than 70% of the power is transmitted within a 5 dB
bandwidth from 11.5MHz to 16.2MHz. The MXene antenna can effec-
tively harvestwireless energy froma smartphone topower and light up
an LED under stretching conditions (Fig. 2o and Supplementary
Movie 2), demonstrating its excellent energy transmission capabilities.
The electromagnetic stability of the MXene antenna was validated
through over 1500 cycles of 40% uniaxial stretching (Fig. 2p). In
addition, the MXene antenna enables bidirectional data exchange
under extremebending conditions (Fig. 2q, Supplementary Fig. 22 and
Supplementary Movie 3). The MXene NFC module, with its excellent
energy transmission capabilities and data exchange properties under
omnidirectional strain, lays a solid foundation for the sensing and
energy storage modules in sos-MXetronics.

Characterization of MXene sensing system of sos-MXetronics
To expand the functionality of our sos-MXetronics, we seam-
lessly integrated omnidirectional strain-invariant MXene-based pres-
sure and temperature sensors (P-sensor and T-sensor) into the system.
This integration achieves additional sensing capabilities without
enlarging the device footprint, while the aforementioned MXene
antenna ensures a stable power supply. The P-sensor consists of an
interdigitalMXene electrode and amicrostructured PDMS/MXene film
(Fig. 3a). Here, amicrostructuredfilmwith an intermittent architecture
was fabricated using large-area programmed laser etching and replica
molding, followedby spin-coatingMXene nanosheets onto the surface
(Supplementary Figs. 23 and 24). Compared with planar and uniform
structuredfilms, the intermittent architecture significantly reduces the
compressive stress required during deformation (Fig. 3b), with a
compressive strength below 50kPa across the 0–28% strain range. By
effectively transmitting pressure from the film surface to the micro-
pillars, this design maintains a low equivalent modulus even under

large strains and facilitates greater changes in contact area (Supple-
mentary Figs. 25 and 26). Extensive experimental data (Fig. 3c) show
that the incorporation of intermittent structure also enhances the
electrical performance of the sensing film, with the sensitivity of
56.1 kPa−1 in the low-pressure region, which is about 120 times greater
than planar film-based P-sensor (Supplementary Fig. 27). Notably, the
effect of interdigitated electrodedensity andMXene loading on sensor
performance is detailed in Supplementary Figs. 28 and 29. Addition-
ally, the sensor demonstrates fast and accurate responses to subtle
pressures below 10 kPa (Fig. 3d), and maintains highly stable perfor-
mance over 25,000 cyclic compressions (Supplementary Fig. 30).

To achieve omnidirectional strain-invariant MXene P-sensors,
PDMS was selected as the elastiff layer to enhance the stiffness of the
entire P-sensor region. It is worth noting that even the conventional
PDMS with 10:1 mixing ratio exhibits a 16-fold higher modulus than
that of Ecoflex (Supplementary Fig. 9), minimizing deformation in the
active regions of the devices. Moreover, both PDMS and Ecoflex were
cured via the hydrosilylation of vinyl and Si-H bonds (Supplementary
Fig. 31)41, forming a robust adhesive interface capable of enduring large
shearing stresses generated by the substantial in-plane strain differ-
ences across the interface (Supplementary Fig. 32). The isolated PDMS
domains ensure dominant strain accommodation occurs through
compliant Ecoflex matrix and serpentine interconnects during
stretching, therebydecouplingmechanical deformation frompressure
sensing functionality (Fig. 3e). This strain-partitioning mechanism
maintains constant interdigitated electrode spacing (ΔD/D0 < 5%)
across 0–40% strain (Fig. 3f). Without the elastiff layer, the stretching
significantly alters the pressure sensing performance over the entire
pressure sensing range. For instance, current change readings under
the same pressure can vary by up to 80% between no stretching and
40%strain conditions (SupplementaryFig. 33). In contrast, thepartially
reinforced sensor exhibits negligible performance variation when
stretched from 0% to 40% strain (Supplementary Fig. 34). Quantitative
analysis reveals a strain insensitivity of approximately 96% (Fig. 3g).
Moreover, this strain-invariant pressure sensing performance is well
maintained over repeated stretching cycles to 40% strain (Fig. 3h).

In addition to the P-sensor, MXene was also utilized as an active
material for wearable temperature sensing. In sos-MXetronics, the
MXene-based temperature sensor adopted an omnidirectional strain-
invariant serpentine meandering structure (Fig. 3i). By shifting toward
the axis of deformation, this design releases stress energy across the
pattern, ensuring stable performance during daily use. The MXene
T-sensor exhibits a negative temperature coefficient behavior (NTC)42,
where elevated temperatures enhance charge hopping between
MXene flakes, thereby increasing conductivity. The developed MXene
T-sensors with different linewidths demonstrated a sensitivity of
0.95% °C−1 across a temperature range of 25 °C to 60 °C (Fig. 3j and
Supplementary Fig. 35). Under strain (40%), the initial resistance offset
was limited to 5%, remaining within an acceptable range (Fig. 3k).
Furthermore, the temperature sensor exhibited fast response cap-
ability and strain-invariant performance when applied to human skin
(Fig. 3l and Supplementary Fig. 36).

Characterization of wireless harvesting and MXene MSCs
charging
To validate the energy harvesting and storagemanagement system,we
performed a series of wireless charging and discharging evaluations to
assess the robustness and efficiency of the fully MXene-based device.
The developedwireless charging system comprises a transmitting unit
and a receiving unit, as schematically displayed in Fig. 4a. It operates
on the principle of inductive coupling, where the rectifier circuit
converts alternating current into direct current to efficiently charge
theMXeneMSCs featuring interdigitatedMXene electrodes and aPVA/
H2SO4 semi-solid electrolyte (Fig. 4b). The interdigitated structure of
MSCs plays a crucial role in ion diffusion and transport
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(Supplementary Fig. 37). By optimizing the finger spacing (d), width
(w), aspect ratio (l/w), and number of fingers (N), the device achieves
an areal capacitance of up to 35.4mF/cm2, with energy and power
densities reaching 2.1μWh/cm2 and 4.17mW/cm2, respectively (Sup-
plementary Figs. 38–42). Additionally, the MXene MSC units can be
configured in series or parallel to meet specific power/voltage
demands (Supplementary Fig. 43 and Supplementary Note 5). The
device also exhibited excellent cycling stability, maintaining 93%
capacitance retention after 10,000 cycles (Supplementary Fig. 44). To
enhancemechanical deformability, an elastiff layer consistent with the
MXene P-sensor region in sos-MXetronics was adopted. Compared
with omnidirectional strain-unconstrained MXene MSCs (Supplemen-
tary Fig. 45), our device exhibits negligible capacitance change across
the 0–40% strain range (Fig. 4c and Supplementary Fig. 46), demon-
strating a high capacitance retention rate of 98% (Fig. 4d). Similarly,
under bending conditions (Fig. 4e), the capacitance of theMXeneMSC
increased instead, which can be attributed to the enhanced ion
transport properties caused by the contraction of the inner surface
during bending (Fig. 4f). When excited by a smartphone, the MXene
antenna delivers a stable power output of approximately 5.5mW
(Fig. 4g and Supplementary Fig. 47), which is sufficient to power most

microgrids and systems5,43,44. The wireless charging distance can be
tuned from 1.9 cm to 3.5 cm depending on the load power (Supple-
mentary Note 6). Furthermore, under 40% strain, the designedMXene
antenna maintains an almost constant open-circuit voltage (~3.2 V),
showing robust immunity to interference from integrated compo-
nents while also preventing the strain-induced power interruption
typical of traditional circular coils (Fig. 4h and Supplementary
Figs. 48 and 49). Following the separate performance characterization
of the MXene MSCs and the MXene antenna, the extended energy
harvesting and storage function was examined. Based on the self-
regulating design principle, the series-parallel MXene MSCs array
achieved a voltage window of 3 V, which could be charged to 2 V at a
rate of approximately 50mA/cm2 within 2 s (Fig. 4i). The wirelessly
chargedMXeneMSCs arraywas able to discharge at a constant current
of 0.2mA/cm2 for over 460 s. In addition, the charging distance does
not affect the charging efficiency (Supplementary Fig. 50). The
mechanical stability and transmission efficiency of the synergistic
system were evaluated under 0–40% uniaxial stretching and repeated
wireless charging-discharging cycles (50 cycles). The capacitance
change of the MSCs under these conditions was negligible (Fig. 4j).
Further LED illumination tests demonstrated the functions of the

RH RHRL

Fig. 3 | Design and characterization of MXene P-sensor and T-sensor.
a Schematic illustration of the MXene pressure sensor. b SEM image of PDMS film
with intermittent features and compression tests of flat, uniform, and intermittent
PDMS film. Scale bar: 50μm. The experiment was independently repeated three
times with similar results. c Relative change in current (ΔI/I0) of the P-sensors with
different microstructures. Solid lines represent the fitted mean response. Shaded
regions indicate the 90% confidence interval of the fit and the 90% prediction
interval, respectively. d Relative changes of the sensor current over time in the
gradient static pressure range of 0.15–6.17 kPa. e FEA and optical image results of
the MXene P-sensor under mechanical deformations. Scale bar: 1 cm.
f Experimental results of the interdigitated electrode spacing change during

stretching. Error bars indicate ± standard deviation from n = 4 independent devi-
ces. Shaded areas represent the 95% confidence intervals of the fittedmean trends.
g Current responses to pressures from the fabricated MXene P-sensor under 0,
20%, and 40% strains. h Typical performance of the sensor under pressure loading
and stretching cycle between 0 and 40% strains. i FEA results and optical image of
the MXene T-sensor with mechanical deformations. j Dynamic response of an
MXene T-sensor under varying temperatures. k Resistance responses to tempera-
tures of MXene T-sensor under 0, 20%, and 40% strains. l Responses of the tem-
perature sensor under mechanical deformations and periodically changing
temperature.
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MXene-based closed-loop system for energy harvesting, storage, and
power supply (Fig. 4k and Supplementary Movie 4).

Integrated wearable strain-invariant MXene microgrid system
Figure 5a shows a photograph of the fully MXene-based omnidirec-
tional strain-invariant wireless healthcaremonitoring system. Detailed
fabricationprocedures and circuit diagrams areprovided in “Methods”
and Supplementary Figs. 1 and 51. An ultra-low-powerMCU (~400 µW),
operating below 1.8 V and fully compatible with NFC, enables data
acquisition, storage, and wireless transmission to a smartphone
(Fig. 5b). The entire sos-MXetronics couldwithstand 40% tensile strain
deformation without any physical damage (Fig. 5c), enabling con-
formal and biocompatible contact with the wrist for stable, long-term
pulse-rate and temperature monitoring (Supplementary Fig. 52).
Under full-load operation, theMXeneMSC array functions as a backup
power source, maintaining system activity for ~10 s after external
power removal (Supplementary Movie 5). Furthermore, the pressure
and temperature sensors showminimal variation under repeated 40%
strain (Fig. 5d and Supplementary Movie 6). Device-level fatigue test-
ing up to 15,000 stretching cycles reveals no detectable degradation in
the electrical or sensing performance of the integrated system (Sup-
plementary Fig. 53), confirming its long-term mechanical robustness.
In addition, temperature-humidity aging tests demonstrate that the
Ecoflex encapsulation effectively suppresses MXene oxidation,
enabling stable device operation even after 30 days of environmental
exposure (Supplementary Fig. 54). Subsequently, the pulse was mea-
sured in a fully wireless and battery-free manner. Natural wrist

movements may induce up to 20% strain at the interface between sos-
MXetronics and human skin (Fig. 5e), which often leads to wireless
disconnection in traditional MXene-based integrated systems due to
changes in RF properties, thereby disrupting accurate sensing data
transmission. In contrast, the sos-MXetronics continuously delivers
accurate sensing data even under stretching conditions (Fig. 5f).
Notably, the elastiff layer-based MXene P-sensor in sos-MXetronics
exhibits minimal interference in pulse detection under strain, with the
distinct response frequency of the arterial pulse and its higher har-
monics validating the stability of our device (Supplementary Fig. 55).
Similarly, continuous wavelet transforms (CWT) further confirm that
wrist bending has negligible impact on the frequency band (Fig. 5g),
with no transient enhancement or attenuation of instantaneous fre-
quencies observed.

Building on these advantages, the sos-MXetronics not only
demonstrates precise pulse monitoring capabilities but also holds
promise for BP estimation. To ensure reliable coverage of the radial
artery, two P-sensors with a working distance of ~2 cm were employed
(Fig. 5h), thereby guaranteeing that at least one sensor consistently
provides a stable response even in the absence of external preloading
pressure (Supplementary Figs. 56 and 57). To effectively capture car-
diac cycle characteristics from a single waveform, we identified key
points in the segments, as shown in Fig. 5i and Supplementary
Table 345,46. Slight variations in waveform morphology among partici-
pants were observed due to differences in radial artery depth (Sup-
plementary Fig. 58). Figure 5j shows key features (such as systolic peak
time, diastolic peak height and relative augmentation index) extracted

Fig. 4 | Wireless energy harvesting and charging MXene MSCs. a Schematic
illustration of the wireless system integrated with two MXene-based functional
modules. b Circuit diagram and working mechanism of the wireless charging sys-
tem. c Optical images of MXene MSC under 0%, 20%, and 40% tensile strain. Scale
bar: 1 cm. d, CV curves acquired from a stretchable MXene MSC under different
strains. e FEA results and optical image of the MXene MSC under mechanical
deformations. Scale bar: 1 cm. f CV curves acquired from a MXene MSC under
different bending angles.gMeasured RF-harvested voltage andmaximumantenna-

reader distance as a function of load resistance. h Open-circuit voltage output of
the antenna when stretched at 0%,20%, and 40% strain. i Curves of the wireless
charging for the MXene MSCs array with a transmission distance of 2 cm, and
galvanostatic discharging at various current densities. j Cyclic performance of
wireless charging/galvanostatic discharging capability of the integrated system
under 0% and 40% strain. k Photographs of the MXene-based closed-loop system
working under stretching. Scale bar: 2 cm.
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from the pulse waves using our algorithm, inspired by photo-
plethysmography (PPG)47. These features reflect subtle changes in
cardiac status. Notably, the minimal fluctuations in these features
before and after wrist bending demonstrate the sos-MXetronics’s
ability to consistently capture high-quality pulse waves even during
body movements (Supplementary Fig. 59). Then, the multiple mor-
phological characteristics in the pulse waveform were used as the
input for a deep learning training model (Supplementary Fig. 60). The
systolic blood pressure (SBP) and diastolic blood pressure (DBP)
obtained from a commercial sphygmomanometer (YUYUE) served as
reference labels for model training (Supplementary Note 7). The rapid
decrease in the loss function during training indicates effective
learning and convergence of the model (Supplementary Fig. 61). To
further evaluate the agreement between the predicted BP from sos-
MXetronics and the measurements from the commercial sphygmo-
manometer, a Bland-Altman analysis was conducted. These results
show mean differences of 1.51 ± 6.27mmHg for SBP and
0.87 ± 4.29mmHg for DBP (Supplementary Fig. 62), respectively,
reaching the highest Grade A level according to the IEEE standard. In
addition, the integrated systemmaintains stable pulse waveforms and
consistent SBP/DBP estimation duringwalking, jumping, and sweating,

indicating that daily motion and perspiration do not compromise the
sensing performance of the sos-MXetronics (Supplementary
Figs. 63 and 64). To validate the capability of the sos-MXetronics for
long-term and repeated wireless healthcare monitoring, a participant
wore the device on the wrist to track physiological parameters
including BP and temperature hourly during routine activities such as
desk work, meals and exercising (Fig. 5k). The physiological data were
translated in real time and displayed on a custom-designed mobile
application, with each reading stored in the cloud for access at any
time (Supplementary Fig. 65). Clearly, BP showed a significant increase
after eating or exercising, while temperature and blood pressure
remained stable during wrist bending, demonstrating the device’s
reliability (Supplementary Movie 7). These results collectively
demonstrate the potential of the sos-MXetronics as a completely
wireless system capable of delivering clinically relevant data, even
under large strain conditions (up to 40% strain).

Discussion
In this study, we present an omnidirectional strain-invariant, fully
MXene-based microgrid system capable of stable operation under
both normal and tensile conditions for energy harvesting, storage,

Fig. 5 | Skin-interfaced wireless microgrid system based on strain-invariant
MXene devices. a Optical images of an on-body test of a participant wearing the
wireless sos-MXetronics. The collected data were wirelessly sent to a smartphone
and displayed in the custom-developed mobile app. Scale bar: 5 cm. b Block dia-
gramof the electronic systemof the sos-MXetronics. c Photographs demonstrating
themechanical compliance of the sos-MXetronics when stretching. Scale bar: 1 cm.
d Working capacity of each MXene component under strain in sos-MXetronics, as
well as its ability to continue functioning without external energy supply.
e Photograph of the sos-MXetronics on the wrist for the detection of physiological

signals. Scale bar: 2.5 cm. f Pulse signals obtained from the sos-MXetronics and
strain-sensitive MXene device. The arterial pulse signal is wirelessly disconnected
when the antenna is stretched to 20% in strain-sensitive MXene device.
g Continuous wavelet transforms of pulse signals. h Schematic diagram of blood
flow and the process of provoking the sensor to generate response. i Typical pulse
waveform of the radial artery collected by one P-sensor. j Feature data extracted
from pulse signals collected with and without strain. k SBP, DBP, and temperature
monitoring throughout the day via sos-MXetronics. The error bars represent the
mean ± standard deviation (n = 4 independent experiments).
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pressure sensing, temperature sensing, and wireless communication.
Strain invariance is achieved through the synergistic configuration of
patterned elastiff regions and stretchable interconnects securely
bonded with the elastomeric substrate, which facilitates effective
strain redistribution across the entire device. Comprehensive
demonstrations of key stretchable MXene components, such as
MXene-based P-sensors, T-sensors, antennas, and MSCs, exhibit
exceptional mechanical robustness with less than 5% performance
degradation even under 40% strain. As a proof of concept, the sos-
MXetronics demonstrates the capability of monitoring human phy-
siological signals across a broad wireless operating range (0–3.5 cm)
and strain tolerance (0–40%) without battery. Moreover, the sos-
MXetronics significantlyminimizes the impact of wrist deformation on
the acquisition of pulse and body temperature, greatly enhancing data
validity. When integrated with deep learning, the reliably captured
pulse signals can further be utilized for continuous blood pressure
monitoring throughout the day. The materials, fabrication methods,
and design strategies presented here offer new possibilities for
achieving multifunctional, closed-loop, strain-insensitive, stretchable
electronic devices.

Methods
Materials
TheMAXprecursorwas sourced from Jilin 11 Technology (Ti3AlC2, 400
mesh). Tetramethylammonium hydroxide (TMAOH, 25%), lithium
chloride (LiCl, 98%), polyvinyl alcohol (PVA, 1799 type), and amino-
propyltriethoxysilane (APTES, 99%) were purchased from Aladdin
Reagent. Ammonium hydrogen fluoride (NH4HF2, 98%) was sourced
from Shanghai Macklin Biochemical Co. Ltd. Sulfuric acid (H2SO4) and
ethanol were obtained from Chengdu Chron Chemicals. Poly-
dimethylsiloxane (PDMS) was purchased from Dow Corning sylgard
184. Ecoflex 00-30 was supplied by Smooth-On, and polyethylene
terephthalate (PET) adhesive printing paper was obtained from JiaHan
Company. The conductive silver paste was provided by WeiXiuLao
Company.

Synthesis of LTMS-Ti3C2Tx

(1) Small-batch synthesis of MXene. The LTMS-Ti3C2Tx MXene was
synthesized by rapidly reacting Ti3AlC2 and NH4HF2 molten salt in a
two-neckedflask. Amixture of 2 gof Ti3AlC2 and 12 gofNH4HF2 (98.5%,
Shanghai Macklin Biochemical Co., Ltd.) was introduced into the flask
within an argon-filled glove box. The flask was then placed in a 130 °C-
oil bath, where it was stirred under an argon flow for 5min. After the
reaction, the product was washedmultiple times with deionized water
to remove impurities. The purified LTMS-Ti3C2Tx was dried under
vacuum at 40 °C for 24 h. (2) Large-scale synthesis of MXene. For the
large-scale production of Ti3C2Tx MXene, 660 g of NH4HF2 was placed
into a 5 L three-neck flask under an argon atmosphere, while 115 g of
Ti3AlC2 powder was introduced into the continuous feeder. The entire
system was continuously flushed with argon to maintain an inert
atmosphere. The flask was then placed in a 130 °C-oil bath and mag-
netically stirred. As NH4HF2 melted, Ti3AlC2 was steadily fed into the
flask from the feeder. After adding Ti3AlC2 completely, the reaction
proceeded for several minutes before removing the flask from the oil
bath. The subsequent steps are the same as before.

Delamination and ion-exchange for Li-Ti3C2Tx aqueous inks
Initially, 2 g of Ti3C2Tx was added to 40mL of 1 M TMAH solution and
stirred for 2 h at 50 °C to ensure complete intercalation. After inter-
calation, the multilayered powder was transferred to a centrifuge tube
filled with deionized water (DI water). The solution was centrifuged at
1200 × g to remove most of the residual TMAH, and the supernatant
was discarded. Subsequently, the dispersion was subjected to ultra-
sound treatment for 1 h under an ice bath and an argon atmosphere.
Next, the solution was centrifuged at 1200 × g for 1 h to obtain a

colloidal dispersion of few-layer TMA-Ti3C2Tx nanosheets. To further
remove TMAH, a 10M LiCl solution was prepared and mixed with the
TMA-Ti3C2Tx dispersion in a 1:5 volume ratio. It is important to carry
out this step immediately after preparing the fresh MXene nanosheet
dispersion to prevent degradation. After the flocculation of the sam-
ple, it was allowed to settle naturally, and after 3 h of ion exchange, the
supernatant becomes clear. Subsequently, the flocculated MXene can
be washed with deionized water to remove excess lithium ions and
redispersed (similar to the washing after intercalation). Specifically,
the mixture is centrifuged several times at 1200 × g to remove the
supernatant until the liquid becomes green, and then ultrasonic
treatment is applied for 30min to obtain a uniform Li-Ti3C2Tx

dispersion.

Material characterization
Theflake sizes ofMXeneweremeasuredusingdynamic light scattering
(DLS, Nano ZS). Film morphology and thickness were measured
by FESEM (JEOL, JSM-7800F) with an accelerating voltage of 5 kV. The
crystalline structure of MAX, LTMS-MXene, TMA-MXene, and Li-
MXene was characterized by X-ray diffraction (XRD, Empyrean,
PANalytical). The electroconductivity results were obtained using a
digital four-probe tester (ST-2258C, JGR). Thermogravimetric analysis
was measured using a Mettler Toledo TGA. X-ray photoelectron
spectroscopy (XPS) was conducted on Thermo Scientific ESCALAB
250Xi. TEM images of multilayer and few-layer MXene were obtained
using a JEM-2100F at an accelerating voltage of 200 kV.

Fabrication of PVA-H2SO4 gel electrolyte
First, 8 g of H2SO4was slowly added to 80mL of deionizedwater. After
the solution had cooled to room temperature, 8 g of PVAwasgradually
introduced into the H2SO4 aqueous solution. The resulting mixture
was stirred for 1 h in an 80 °C water bath, allowing it to stand for an
additional hour until it returned to room temperature.

Fabrication of the silicon template and structuredMXene/PDMS
sensing film
A silicon wafer was patterned using a UV laser marker (UV-3S, Hans
Laser). By adjusting the number of laser etching cycles (1–2 times), a
template with intermittent structures was created48,49. The spacing
between the structures was set to 100μm. The patterned silicon
template was treated by chemical vapor deposition of trimethyl-
chlorosilane (TMCS) to enhancemold release properties. A mixture of
PDMS base and curing agent (10:1 ratio) was spin-coated onto the
silicon template. The coated template was cured at 80 °C for 1 h to
produce a PDMS film with microstructures. The PDMS film was care-
fully peeled from the silicon template and plasma-treated for 5min to
achieve hydrophilicity. The plasma-treated PDMS film was spin-coated
with an MXene solution (1mg/mL). The spin-coating speed was con-
trolled to achieve a tunable MXene coating, producing pressure-
sensitive materials.

Preparation of the sos-MXetronics
(1) Preparation of stretchable substrate. A 200 µm thick Ecoflex film (a
mixed liquid of components A and B in a 1:1 ratio, cured at 50 °C for
0.5 h) was used as the stretchable substrate. The Ecoflex film was
perforated using a laser cutter (Mingchuang 6090) to create perfo-
rated area. PDMS was mixed at a 10:1 ratio and spread to fill the per-
forated regions of the Ecoflex. The PDMS was then cured at 80 °C for
1 h to form an elastic, hardened region. (2) Surface treatment and
coating of PET. The PET film was treated with air plasma (BEK, BMS-
150) for 5min at 100W. After plasma treatment, the PET was aminated
by immersing it in a solution of 10%APTES, 45% ethanol, and 45%water
at 50 °C for 30min. The aminated PET was used as a spray coating
substrate. Using a nitrogen gas flow of 0.15MPa, 100mL of MXene
suspension (10mg/mL) was evenly sprayed onto the PET substrate
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with an area of 20 cm× 15 cm. (3) Attachment of MXene-coated PET to
Ecoflex/PDMSsubstrate. The Ecoflex/PDMS stretchable substrate from
step (1) was treatedwith UV-ozone for 2min. After that, one side of the
PET pattern from step (2) was peeled off and attached to the Ecoflex/
PDMS substrate. Air bubbles were removed, and the assembly was left
for 1 h to ensure stable bonding. (4) Laser cutting of functional pat-
terns. Using a UV laser marker, the desired patterns, including coils,
sensors, supercapacitors, and wires, were cut at a low power setting
(20W). The non-functional regions of the MXene/PET film were care-
fully peeled off. The MXene coils, MXene temperature sensors, and
wires can be used directly. (5) Fabrication of MXene MSCs. A PVA/
H2SO4 gel electrolyte was drop-coated onto the interdigital electrode
patterns of the supercapacitor portion. The device was allowed to dry
at room temperature for 3 h, forming the MXene supercapacitor. (6)
Fabrication of MXene pressure sensor. TheMXene/PDMS intermittent
structured film was laminated onto the interdigital electrode pattern
of the sensor portion. The assemblywas then sealedwith smallmedical
PU tape (50 µm) to ensure stable integration, resulting in the MXene
pressure sensor.

Fabrication of skin-interfaced MXene wireless system
The printed flexible circuit board (FPCB) was designed and manu-
factured by Jialichuang. Copper wires were then used to establish
connections between theMXene devices and the FPCB. Specifically, on
the MXene device side, a high-concentration MXene precipitate was
first used to establish a connection with the copper wire and the
MXene conductor. After curing for 30min at 60 °C, conductive silver
paste was added to reinforce the connection in the bonding area
(80 °C for 10min). Subsequently, an Ecoflex solution with a mass ratio
of 1:1 was prepared, then poured and scraped onto the MXene-
functionalized areas (such as coils, supercapacitors, etc.) and elec-
trode connections to slow down the oxidation of MXene. The mixture
was allowed to cure for 4 h at room temperature.

Characterization of mechanical properties
PDMS and Ecoflex were cast into dumbbell-shaped molds for tensile
testing, while PETwas laser-cut into dumbbell-shaped specimens from
available rectangular sheets. Serpentine PET and serpentine PET/Eco-
flex were directly stretched according to the original pattern. A strain
rate of 50mmmin−1 was applied during stretching, with force and
displacement values recorded by the tensile testing machine (LDW-1).
For MXene films, these films were laser-cut into rectangular strips
(15mm× 5mm) for tensile testing under the same conditions. For the
peeling test, a silicone rubber adhesive (Sil-poxy, Smooth-On) was
used to bond a rigid polyester layer (50μm thick) to the peeling sur-
face as the backing layer. The samplewidth varied between 2 and 3 cm,
and the peeling speed was kept constant at 50mmmin−1. For the
compression test, thin films (250μm) were tested using a precision
motor (FET-60).

Measurements of electromagnetic properties
The electromagnetic properties (S11, Q factor, impedance, and oper-
ating frequency) of the coils within a frequency range of 1–20MHz
weremeasuredby a network analyzer (mini VNAPro).While testing the
coil’s resonant characteristic under stretching, a binder clip was used
to stretch the coil at different displacements. The changes in electro-
magnetic propertieswere recordedby anetworkanalyzer, and adigital
camera was used to capture the coil’s deformation. The average
change in the coil’s area was then extracted using ImageJ.

Characterization of electrical properties of the sensors and
electrode
The mechanical data and current changes of the pressure sensor
during compression were tested using a mechanical testing system
(FET-60) with a computer-controlled platform and a source meter

(Keithley 2450, USA). The temperature sensor was characterized on a
hot plate, and the resistance response was recorded using a Keithley-
6517B. The resistance of the serpentine MXene/PET/Ecoflex electrode
under bending and stretching was measured by the force gauge and
source meter mentioned above.

Cytotoxicity and live/dead assays
Cytocompatibility of Ecoflex and PDMS was evaluated using bone-
marrow-derived mesenchymal stem cells (BMSCs). Samples (10mm
diameter) were sterilized and incubated with cells (2 × 104 cells per
well) in 48-well plates. Cell viability was quantified by a CCK-8 assay
(OD450, Day 1 and Day 3) and further visualized by live/dead fluores-
cence staining.

Electrochemical characterization
Cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and
electrochemical impedance spectroscopy (EIS) were all performed
using a CHI660E electrochemical workstation (Chenhua, China). The
cycling stability test was conducted using an Arbin MSTAT4 multi-
channel potentiostat (Arbin, USA), with a current density of 1mA cm−2.
The voltage window for all device tests was 0–0.6 V. EIS testing was
carried out at open-circuit voltage, with a frequency range of 100 kHz
to 0.1 Hz. The area used in the tests was based on the effective working
area of the miniaturized supercapacitors. Detailed calculation for-
mulas for specific capacitance (Cs), energy density (E), and power
density (P) are also provided in Supplementary Note 5.

Characterization of energy harvesting, storage, and sensing
integration
The wireless charging and discharging capability was validated
through the source-meter setup. A mobile phone with NFC function-
ality (Xiaomi 14) was used to power the system. After charging, the
system was discharged in GCD mode. After integrating the sensing
unit, the MSCs supplied power to the MSP430. The analog signal was
then converted into a digital signal by the analog-to-digital converter
(ADC) in the MCU. The digital signal was stored in the static random-
accessmemory (SRAM)of theNFC chip. Finally, the datawaswirelessly
transmitted to a smartphone via theMXeneNFC antenna. Thedatawas
read and stored using software developed in Android Studio. After the
phonewas removed, the entire system could be powered continuously
by the MXene MSCs.

Ethical approval
All procedures involving human participants were approved by the
Ethics Committee of Southwest Jiaotong University (SWJTU-23012-
NSFC(133)). Written informed consent was obtained from all partici-
pants. In this study, ten volunteers of different genders (aged 20–30
years) participated in the experiment. The MXene-integrated devices
were mounted on their wrists to monitor temperature and pulse.
Meanwhile,measurements froma commercial bloodpressuremonitor
(YE600C, Yuyue) were used as a comparative reference. Sufficient
blood pressure and pulse data were collected during intense physical
activity, and measurements were taken at different intervals. Further
processing of the pulse signals and the deep learning model used for
blood pressure prediction are detailed in Supplementary Note 7.

FEA simulation
For the electromagnetic simulation of the coil, a parameterized curve
wasused todefine its shape. Theproperties of thematerialswere set as
follows: the conductivity of the MXene material was set to 3500 S/cm,
and the relative permeability was set to 1. The coil was enclosed in a
spherical air domain, with the conductivity of the air sphere set to 0 S/
cm.A characteristic impedance of 50ohmswas set at the lumped port.
The electromagnetic characteristics of the coil at 13.56MHz were
extracted in the frequency domain. For the mechanical simulation of
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the MXene-integrated device, a steady-state solution was used. Spe-
cific settings for the simulation can be referenced in Supplemen-
tary Note 1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request. Source data are provided with
this paper.

Code availability
Nocustomcodewasdeveloped specifically for this study. Data analysis
was performed using publicly available third-party code implementing
the method described by Su et al.47, available at https://github.com/
akrlowicz/ppg-blood-pressure-estimation.
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