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Permeable textiles show great potential for daily wearable electronics. As

crucial electronic components, rigid chips suffer from modulus mismatch with
elastic textile substrates, hindering the development of stretchable hybrid
electronics. Herein, we report laser-programmed textile hybrid electronics
(LPTHE) featuring seamless integration of wires and chips onto laser-

programmed textiles (LPTs). Through selective and controllable laser-polymer
interaction, LPTs are tailored with gradient stiffness and interfacial affinities.
The laser-pretreated regions exhibit a modulus increase ranging from 2.7-fold

to 14.9-fold, while maintaining permeability and biological safety. Such LPT
provides stretch stability to LPTHE, creating strain isolation between rigid
chips and elastic textiles, while also protecting wires on textiles from dis-
connection and cross-layer short circuits. We demonstrate an LPTHE screen
with 5 x 5 light-emitting diodes displaying variable patterns under deforma-
tion. Additionally, an untethered stretchable LPTHE patch continuously
monitors four health parameters during exercise. The proposed strategy
bridges the gap between hybrid electronics and elastic daily textiles.

Textiles with a permeable and durable nature are highly appealing for
wearable electronics, with various applications in displays"?,
communication®, energy management*°, human-machine interfaces®’,
and health monitoring®™®. As textile electronics evolve toward
increasing functional complexity, components for comprehensive
signal conditioning and computation become essential for driving
system-level performances”. Semiconductor fibers are promising
candidates with both wearing comfort and processing capability,
whereas they are currently at an early stage of development without
system-level functionality'>”. Alternatively, silicon-based chips are
extensively adopted in textile electronic systems, typically mounted
on conventional circuit boards as add-on modules. However, such
impermeable and inextensible substrates compromise the wearing
comfort of textile systems. Hence, the seamless integration of rigid

chips into textiles is of practical significance for developing monolithic
and comfortable textile electronic systems™.

Typical strategies for monolithic textile electronics involve
layer-by-layer integration via photolithography”, embroidery',
screen printing” and transfer printing'®. Planar textile circuits fabri-
cated by these methods can be directly soldered to chips, realizing
universal functionalities. In addition, constructing one-dimensional
fibers with embedded chips represents another viable approach®”.
These strategies primarily rely on inelastic textile substrates, which
provide exceptional structural stability and thus protect attached
components. Nevertheless, they are not ideal for conformal interfa-
cing with human skin or for acquiring faithful epidermal signals
(Fig. 1a). In contrast, elastic textiles (e.g., knitted textiles) offer
opportunities for intimate contact between the skin and electronics.
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Textile electronics
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Fig. 1| Design and principle of laser-programmed textile hybrid electronics.
a Comparisons between textile electronics on elastic and inelastic textile sub-
strates. Elastic textile electronics offer superior mechanical compliance, skin con-
formability, and reliable signal acquisition from the skin. Inelastic textile
electronics, in contrast, face inherent limitations in adapting to skin dynamics,
which hinders conformability and signal fidelity. LM, liquid metal. Some elements
were created in BioRender. Electronics, F. (2025) https://BioRender.com/tOyrpvj.
b Schematics showing several advantages of programmed textile substrates for

stretchable hybrid electronics. Textiles with spatially programmed stiffness and
interfacial affinities reliably interface with hybrid electronic components during
stretching. ¢ Working principles of the laser-programmed textile for stretchable
hybrid electronics. The laser fluence modulates the polymerization of PP infiltrated
in textiles, producing chemical groups for hydrogen bonds, as well as program-
mable stiffness. The curves in the insets represent the relationship between the
stiffness and laser fluence. PP, photocurable polymer; VIB vertical inter-

connect block.

Moreover, liquid metal (LM) with intrinsic fluidity and electrical
conductivity are applicable interconnect and solder media for
assembling chips on these textiles’® 2. However, challenges persist in
dynamic and patterned strain distributions on structurally elastic
textiles, leading to mechanical mismatch with hybrid electronic
components®. In addition, the stretch stability of interconnects® and
their susceptibility to cross-layer short circuits®?*® remain inherent
yet frequently overlooked issues on textile substrates. Therefore, a
general and facile strategy is required to reconcile the strain dis-
tribution and surface properties of textiles with the requirements of
universal electronic components.

In this article, we report laser-programmed textile hybrid elec-
tronics (LPTHE), featuring an elaborate laser-programmed textile
(LPT) with LM circuits and chips (Fig. 1b). By leveraging selective and
regulable interactions between the laser and photo-curable polymer
(PP), LPTs are tailored with gradient stiffness and interfacial affinities,
ensuring a reliable assembly of hybrid electronic components on
elastic textiles. The laser-pretreated regions of textiles exhibit a mod-
ulus increase ranging from 2.7-fold to 14.9-fold, with desirable bio-
compatibility and only a modest compromise to permeability. This
design creates strain isolation between rigid chips and soft LM/textile
interfaces, as well as protects LM wires from disconnections and cross-

layer short circuits. In this way, the LPTHE enables monolithic and
elastic hybrid electronics directly on daily textiles.

Using this technique, we create an LPTHE screen with a 5 x 5 light-
emitting diode (LED) array, displaying variable patterns under multiple
deformations. Additionally, an untethered and wearable LPTHE patch
is developed that can withstand strains of up to 50% and dynamically
monitor human health parameters (electrocardiography (ECG), tem-
perature, humidity and acceleration) during exercise, without causing
skin irritation or sweat accumulation. The proposed LPTHE provides a
reliable approach toward monolithic and stretchable textile electronic
systems, empowering wearable electronics for real-life applications.

Results

Design of the LPT and LPTHE

Light fluence determines the degree of polymerization of PP, thus

changing its physical properties”. Based on this mechanism, an

ultraviolet (UV) laser, with spatially modulated fluence, interacts with

PP precursor infiltrated into the textile matrix (Fig. 1c). In this way, LPTs

are endowed with tailored stiffness and interfaces in selective regions.
Depending on specific demands, the interactions between the

laser and textiles induces three distinct effects. First, to realize stable

conductive traces on stretched textiles, the laser programs soft PP
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through partial polymerization, after which LM wires composed of LM/
Cu intermetallics® (denoted as LM pastes) can be deposited on LPTs
using stencil printing. Such PP provides interfacial affinities between
LM pastes and LPTs by surface smoothing and hydrogen bonding. In
addition, soft PP retains the ductile nature of stretchable textiles.
Second, to prevent cross-layer short circuits through porous textile
substrates, the laser programs fully polymerized PP with a higher
stiffness. This relatively stiff PP forms a vertical interconnect block
(VIB) at the overlapping regions of front and back LM layers. Such VIB
mechanically reinforces the textile, resisting compressive strain and
preventing leakage of LM pastes, as well as consequent short circuits
along the vertical direction. Third, to bridge the mechanical mismatch
between rigid chips and stretchable textiles, the laser programs gra-
dient PP at the textile-chip interfaces. The stiff region beneath the
footprint of the chip isolates the strain between soft textile circuits and
non-stretchable chips, thus ensuring a reliable connection between LM
wires and chips.

The gradient substrate strategy stabilizes rigid/soft interfaces,
offering protection against strains along both pin-extension and pin-
pitch directions (Supplementary Fig. 1a). Another elastic solder strat-
egy, although it works well in specific scenarios’**°~*, is vulnerable to
short circuits under strains along the pin-pitch direction (Supple-
mentary Fig. 1b). Despite the performance of gradient stiffness, its
implementations typically involve multistep and selective deposition
of stiffening agents™*, with regions of contrasting stiffness integrated
via covalent bonding or mechanical interlocking®**” (Supplementary
Tables 1 and 2). These methods are incompatible with textiles due to
uncontrolled capillary infiltration of liquid agents, resulting in impre-
cise reinforcement patterns. The developed LPT features a single-step
modification of localized stiffness on textiles, along with enhanced
interfacial affinity, while preserving air permeability and biocompat-
ibility. Such an approach simultaneously addresses interfacial mis-
matches along textiles, interconnects and chips without introducing
significant manufacturing complexity. Additionally, the laser pro-
gramming is mask-free, highly tunable, and can be extended to com-
mon polymer films®*. Hence, the LPTHE provides opportunities for
stretchable hybrid electronic systems on daily textile platforms.

Characterizations of the LPT

Considering the applicability in everyday wearable scenarios, this
study focuses on knitted textiles, particularly the weft-knitted spandex
fabrics. For PP, a formulation containing polyurethane acrylate as a key
component is selected as the precursor, owing to its broad applic-
ability, commercial availability, and processability*’. Capillary action
promotes thorough infiltration of the PP precursor into the textile
matrix, facilitating intimate bonding upon polymerization. The results
from nuclear magnetic resonance (NMR), gas chromatography-mass
spectrometry (GC-MS), X-ray fluorescence (XRF) and Fourier trans-
form infrared (FTIR) spectroscopy indicate the formation of a co-
crosslinked polyurethane-acrylate network in the final polymer (Sup-
plementary Note 1, Supplementary Fig. 2, 3, and Supplementary
Table 3). Following that, textiles are washed with isopropanol (IPA) to
remove any remaining soluble substances, including the unreacted
precursor, as well as any toxic residues trapped in the polymerized
regions.

A critical issue lies in the permeability of PP-infiltrated textiles, as
uncontrolled infiltration introduces excessive PP precursor, which is
retained by hierarchical and open capillary pores in textiles*°, com-
pletely blocking all gaps. By employing an approach of selective liquid
retention (SLR), the PP precursor within superficial large gaps is
effectively removed (Supplementary Fig. 4 and 5a, b), resulting in
permeable textiles after the polymerization of PP. Although some
liquid is lost in the SLR process (Supplementary Fig. 5c), the mass
increments of PP-infiltrated textiles relative to original ones still show
acceptable reproducibility (Fig. 2a).

Photos and scanning electron microscope (SEM) images of the
textile selectively infiltrated with PP reveal clear pores under stretching
(Fig. 2b and Supplementary Fig. 6). Although residual PP may slightly
reduce permeability, the overall porous structure of the textiles is
largely retained. Nevertheless, textiles with excessive PP are com-
pletely clogged. Membrane pressure tests confirm that the perme-
ability of PP-infiltrated textiles processed via SLR largely matches that
of the original textiles (Supplementary Fig. 7). Compared with textiles
containing excessive PP, those treated with SLR exhibit a strength
reduction, as demonstrated in tensile tests (Fig. 2c, d). Nevertheless,
the stiffness of both textiles is significantly higher than that of the
original textiles, since PP at the yarn interlacement points, specifically
in internal gaps and superficial tiny gaps, restricts the opening of slip
knots (Supplementary Fig. 8). Therefore, textiles with selectively
infiltrated PP precursor serve as ideal candidates for LPT, balancing
permeability and mechanical reinforcement.

For selective polymerization with controllable fluences, a laser is
employed as the light source for LPT. Out of the focused laser spot,
the relatively rough surface of textiles scatters light and results in
localized laser speckle (Fig. 2e). Such laser speckle may compromise
the resolution of laser pretreatment. To quantify this effect, a finite-
difference time-domain (FDTD) simulation is performed. Relative
field intensities are illustrated for the cases where a Gaussian beam is
incident on a flat surface and on a textile yarn (Fig. 2f, g). For the
textile yarn, although the scattered field of the laser speckle extends
across the entire simulation domain, the high-intensity region
remains concentrated within the yarn body. By comparing the aver-
age Poynting flux in both scenarios, it is found that the majority of the
laser power is confined within a diameter of approximately 50 pm
(Fig. 2h). Narrow slots engraved by this laser speckle further validate
the centralized energy distribution (Supplementary Fig. 9). Given
that the dimensions of standard chips and the target width of LM
wires are typically greater than 500 pm, the laser speckle is suffi-
ciently localized to program textile interfaces for these electronic
components.

Owing to the porosity of textiles, laser scanning from one side
enables energy penetration to the opposite side, polymerizing the PP
on both sides. Although dye-based characterization suggests a slightly
different polymerization degree (Supplementary Fig. 10), FTIR spec-
troscopy confirms no significant disparity between both sides (Sup-
plementary Fig. 11). One possible explanation is that the silicone board
beneath textiles during laser processing reflects UV light, thereby
promoting polymerization on the back side. Given that knitted textiles
do not exhibit pronounced strain disparities between two sides under
structural heterogeneity*, minor stiffness differences between the two
sides are negligible for practical use.

Photos of laser speckles at varied incident powers provide an
intuitive visualization of laser interaction with textiles (Fig. 2i and
Supplementary Fig. 12). To achieve effective polymerization without
ablation, laser parameters must be carefully chosen. Although laser
fluence can be technically modulated by laser power alone (Supple-
mentary Note 2), higher powers produce distinct ablation even at short
processing durations (Supplementary Fig. 13a, b). In contrast,
employing the minimum power (-21.5mW when active) is critical to
prevent net heat accumulation*’. This low power, in turn, necessitates
a slower scanning speed to deliver the required fluence. This longer
processing duration matches the polymerization kinetics*’, promoting
a more effective polymerization (Supplementary Fig. 13c, d). There-
fore, the laser power is fixed at its minimum value with the scanning
speed adjusted within a relatively slow range.

To quantify the minimum programmable area on PP-infiltrated
textiles, stiff regions of various sizes are patterned via the laser direct
writing (Fig. 2j). After laser pretreatment, the unpolymerized precursor
outside the programmed region can be washed away, while the poly-
merized PP in the programmed region remains (Supplementary
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Fig. 2 | PP-infiltrated textile programmed by laser. a Mass increments between
PP-infiltrated textile and original textiles (10 x 10 mm?). b Photos and SEM images of
textiles with varied amounts of PP. The bottom left image is presented in false color,
with the PP between the yarns colored blue. Images shown are representative of 5
independent replicates, all of which exhibit similar morphology. ¢ Strength-strain
curves of textiles with varied amounts of PP. Strength denotes force per unit width.
d Mechanical parameters of textiles with varied amounts of PP. T toughness; Y
Young'’s modulus. Error bars are presented as mean + SD for n =3 independent
experiments. e Schematics showing the formation of laser speckle on textiles. UV,
ultraviolet. FDTD simulations of electric field strength where a Gaussian beam is
incident onto (f) a plane and g a textile yarn. Eo: electric field strength of incident
beam. h Average Poynting flux in the plane and yarn along the horizontal axis. P
Poynting flux. i Photos of laser speckles on textiles under varied incident powers.
j Photos showing the minimum polymerized region by laser. The dashed lines

indicate the boundaries of laser pretreatment. k Photos showing LPTs with various
patterns at the strain of 20%. LPT, laser-programmed textile. I, m (I) Representative
strength-strain curves and (m) Young’s modulus of PP-infiltrated textiles pro-
grammed by lasers at varied scanning speeds. Asterisks indicate the selected laser
parameters used for fabricating LPTs and LPTHE. ¥: Young’s modulus. Laser power:
21.5 mW; Line spacing: 40 um. Error bars are presented as mean +SD for n=3
independent experiments. n Cytotoxicity of PP-infiltrated textiles programmed by
lasers at varied scanning speeds. The ‘uncleaned’ sample is processed at a laser
speed of 900 mm s™, Control and original: a single sample is analyzed due to sample
uniformity; Others: error bars are presented as mean + SD for n =3 independent
experiments. o Air permeability and water vapor transmission rate of PP-infiltrated
textiles programmed by lasers at varied scanning speeds. AP, air permeability;
WVTR, water vapor transmission rate. Error bars are presented as mean + SD for
n=3 independent experiments.

Fig. 14). When stretching these textiles, no noticeable deformation
occurs in the programmed region with the length of 750 um. However,
the 500 pm square, more comparable in size to the spacing between
yarn interlacement points (264 pm), undergoes significant deforma-
tion. This insufficient strength is likely attributed to the non-uniform
interlacement of yarns within such a small area****. Hence, a minimum
characteristic length of 750 pm is recommended for effectively stiff
regions. To account for variations in chip size and assembly tolerances,
all stiff regions in this study are designed with dimensions exceeding
800 pum, which is compatible with the aforementioned mechanical

requirement. Using laser programming, stiff regions of customized
geometries can be fabricated on textiles (Fig. 2k).

By regulating the laser speed in programmed regions, gradient
polymerization and corresponding stiffness can be achieved. Textile
strips fully scanned by the laser under different speeds are char-
acterized. Strength-strain curves, Young’s moduli and toughness
values at various laser speeds are presented (Fig. 21, m, and Supple-
mentary Fig. 15). In the range of 60 to 900 mms™, the higher laser
speeds result in relatively low degrees of polymerization, and conse-
quently reduced textile stiffness. When the laser speed reaches
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1100 mms™, the strength of the textile shows minimal difference
compared to that programmed at 900 mm s (Supplementary Fig. 16).
In contrast, at the laser speed lower than 60 mm s™, excessive fluence
may inhibit polymerization, resulting in reduced textile stiffness.
Therefore, laser speeds of 60 and 900 mm ™ are established as the
lower and upper thresholds for effectively programming textiles with
gradient stiffness (Supplementary Movie 1). These speeds correspond
to fluences of 17.9 and 1.2 m) mm™, respectively (Fig. 2m). Compared
with the original textiles (modulus: 33.0 Nm™; toughness: 0.6 Nm™),
the PP-infiltrated textiles exhibit 2.7-14.9 times higher modulus (up to
491.8 Nm™) and 3.5-20.8 times greater toughness (up to 13.3Nm™).
To ensure comfort during long-term wear, the biocompatibility of
PP-infiltrated textiles is enhanced through post-polymerization wash-
ing. Immersion in IPA induces swelling of the PP network, thereby
promoting the leaching of toxic substances such as unreacted mono-
mers and photoinitiators*®*’. As a result, cleaned textiles programmed
at varied laser speeds exhibit minimal cytotoxicity and superior bio-
compatibility, with cell viabilities consistently exceeding 95% (Fig. 2n
and Supplementary Fig. 17). In contrast, uncleaned textiles demon-
strate pronounced toxicity, with cell viabilities falling below 50%,
indicating both the effectiveness and necessity of the washing process.
The FTIR spectral changes before and after washing demonstrate that

residues are successfully removed from the polymer (Supplementary
Fig. 18). Owing to the loss of these substances, the strength of washed
PP-infiltrated textiles is insensitive to further UV exposure (Supple-
mentary Fig. 19). This feature is highly beneficial for the long-term
preservation of the gradient stiffness on textiles. In addition, PP-
infiltrated textiles programmed at these laser speeds retain desirable
air and water vapor permeability, comparable to that of original tex-
tiles (Fig. 20). In sum, these findings highlight LPT as a promising
strategy for wearable electronics that maintains both biological safety
and breathability.

LPT-LM interfaces for stretchable and double-layer circuits

LM and its composites with intrinsic fluidity and conductivity are
widely employed as interconnects in stretchable electronics. However,
LM wires on textiles are subject to complex strains due to the unique
structure of textiles. For a continuous LM wire, only a portion is in
direct contact with textile yarns, while the remainder is suspended
between them (Fig. 3a and Supplementary Fig. 20a-e). The limited
contact areas and rough surface morphology of the yarns lead to
relatively poor bonding at the textile-LM interfaces. This weak bonding
strength must then compete against the surface tension of the LM
material during cyclic stretching. When the bonding is insufficient, the
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Fig. 3 | Stretchable and double-layer wires on LPT. a Schematics showing that PP-
infiltrated textile surface stabilizes wire interfaces, while the original textile suffers
from debonding at wire interfaces. The red semi-circle indicates the position of
textile yarn before stretching. b FTIR spectra of the bulk PP from partial poly-
merization, with an inset highlighting the hydroxyl and amine stretching regions of
both the PP and the original textile. ¢ Photos of LM wires on different textile
substrates before and after cyclic stretching. d Comparison between resistance
variations of LM wires on original and PP-infiltrated textiles during cyclic stretching.
e Schematics showing the effect of thickness of suspended LM wires on their
resistance to break. The red semi-circle indicates the position of textile yarn before
stretching. f, g (f) Photos and (g) resistance variations of stretched LM wires on
textiles, which are fabricated using varied stencil masks. h Resistance variations of

an LM wire (length: 20 mm; width: 1 mm; mask thickness: 50 pm) on a PP-infiltrated
textile during 1000 stretch cycles. i Schematics showing that VIB induced by pro-
grammed stiffness prevents short circuits between LM wires on the opposite sides
of textiles. In contrast, soft textiles develop vertical gaps under compressive
strains, leading to cross-layer short circuits. VIB, vertical interconnect block.

j Comparison between compressive displacements of PP-infiltrated textiles pro-

grammed at varied laser speeds. Laser power: 21.5 mW; Line spacing: 40 um. Error
bars are presented as mean + SD for n = 4 independent experiments. k Compressive
stress of VIBs produced by varied laser speeds, measured until short circuits occur.
The marks indicate short circuits. Y: yes; N: no. Laser power: 21.5 mW; Line spacing:
40 um. I Compressive stress of a stiff VIB during cyclic pressing, and no short circuit
occurs in the meantime.
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surface tension beads up the LM material, inducing localized
debonding and eventually fracture after stretching cycles®. To address
this issue, LPTs with PP on their surfaces provide high affinity to sta-
bilize LM wires during stretching. Cross-sectional SEM images reveal
fewer gaps between LM wires and PP-infiltrated textiles than in the case
of original textiles (Supplementary Fig. 20f, g).

The LM affinity of PP-infiltrated textiles arises from surface
chemistry and morphology. FTIR spectra confirm the presence O-H
(3500 cm™) and N-H (3320 cm™) groups at the surface of PP (Fig. 3b).
These functional groups form hydrogen bonds with the gallium
oxide®*® and also the gallium hydroxide*’ on the surface of LM wires, a
capability absent in original textiles. Notably, this enhanced affinity is
preserved even after post-polymerization washing and is independent
of the polymerization degree of the PP (Supplementary Fig. 21), mak-
ing it a practical strategy for improving the textile-LM interface.
Moreover, PP may smooth the microscopic surface of fibers, poten-
tially enhancing their contact with LM*°*' (Supplementary Fig. 22). In
this way, PP-infiltrated textiles exhibit better affinity with LM wires, as
evidenced by a contact-separation test (Supplementary Fig. 23). This
affinity contributes to the stretch stability of LM wires on textiles, as
the LM wire on the PP-infiltrated textile maintains smooth boundary
even after 1000 cycles of 30% strain (Fig. 3c). In contrast, the LM wire
on the original textile suffers from debonding and repeated friction
with yarns during cyclic stretching. Thus, its boundary is heavily dis-
torted. Resistance variations of both LM wires during cyclic stretching
further demonstrate the superiority of the LPT, as the LM wire on the
original textile becomes electrically disconnected in the second cycle
(Fig. 3d). In contrast, the LM wire on the PP-infiltrated textile endures
stretching with resistance variations below 0.1 Q. It is worth noting that
the soft PP is specially programmed for this purpose using a laser
speed of 900 mm s, to keep the ductility of LPT-LM interface.

The unique physical properties of the LM paste further contribute
to the stability of LM/textile interfaces. This intermetallic compound
composed of CuGa, particles dispersed in a eutectic gallium-indium
(EGaln) matrix exhibits internal particle-to-particle friction and wrin-
kled surface®. The friction damps the fluidity of LM, leading to a sig-
nificantly reduced surface tension. Additionally, the superficial
wrinkles provide a higher oxide content than pristine LM surfaces,
thereby promoting stronger hydrogen bonding with textiles. Conse-
quently, the LM paste readily conforms to textile structures and
remains bonded under dynamic stretching. Experimental results
demonstrate that the pristine LM, even when printed on PP-infiltrated
textiles, tends to bead up, debond, and eventually break after cyclic
stretching (Supplementary Fig. 24). In contrast, the LM paste maintains
its structural integrity under the same conditions. Thus, the use of LM
paste for LM wires on textiles is practically meaningful.

The thickness of LM wires on textiles plays a crucial role in stretch
stability. The suspended portions of LM wires between yarns are prone
to break due to stress concentration at geometric defects (Fig. 3e).
Finite element analysis (FEA) reveals that the wires with the larger
thickness are less sensitive to stress concentration (Supplementary
Fig. 25). Since LM wires are printed by stencil masks, their thickness
can be roughly controlled by employing stencil masks of varied
thickness (Supplementary Fig. 26). Under 30% strain, several cracks
appear in the suspended regions of the LM wire printed by the 10 pm-
thick mask (Fig. 3f). In comparison, the LM wire printed by the 50 um-
thick mask remains mostly connected under 50% strain (Supplemen-
tary Fig. 27). The thicker LM wire also exhibits the smaller resistance
variations during stretching compared to its thinner counterpart
(Fig. 3g). Thus, the relatively thick LM wire is preferred on textile
surfaces as interconnections. However, excessively thick LM wires
cannot be printed with desirable resolution (Supplementary Fig. 28).
Hence, 50 pm is the preferred mask thickness for LM wires on LPTs,
and these wires are electrically stable under 1000 stretch cycles

(Fig. 3h). The resistance variation remains below 75mQ throughout
stretching, with a baseline drift of less than 12 mQ.

Endurance to perpendicular pressure is important for the relia-
bility of LM wires in real-world deformation conditions. On both rigid
and soft supports, the LM wires exhibit no significant increase in
resistance under pressure up to ~3 MPa, which can be attributed to the
intrinsic ductility of the LM paste (Supplementary Fig. 29). In addition,
the minimum allowable width of LM wires is investigated from the
perspective of stretch stability (Supplementary Fig. 30). Wires with
widths of 500 pm and wider withstand over 100% strain, a level suffi-
cient for daily use®. However, at 250 um, sample-to-sample deviation
increases significantly. Based on these observations, 500 pm is estab-
lished as the minimum feasible width of LM wires on textiles. Given
sufficient margin in the circuit layout, the line width can be increased
up to 1 mm to further reduce resistance variation.

In addition to single-layer LM wires, double-layer LM wires and
circuitry are greatly essential for high-density electronic systems. For
porous substrates like textiles, external pressure can locally widen the
vertical gaps by opening slip knots, resulting in cross-layer short cir-
cuits of LM pastes and posing critical electrical failures (Fig. 3i). The
LPT with stiff VIBs located at the overlapping regions of front and back
LM layers, effectively mitigates compressive strain and prevents cross-
layer leakage of LM pastes. Since the effectiveness of VIBs is closely
associated with their compressive stiffness, compressive character-
istics of the LPT are studied. Under identical loading conditions, the
compressive displacements of stiff LPT fabricated at a laser speed of
60 mms™ are less than half that of soft LPT produced at 900 mms™
(Fig. 3j and Supplementary Fig. 31a, b). When applying gradually
increased stress onto overlapping LM wires on LPTs, a short circuit
occurs at approximately 0.54 MPa for the fully soft LPT, whereas the
LPT with a stiff VIB withstands up to ~2.98 MPa before failure (Fig. 3k).
Even under repeated pressure cycles ranging from 0.25 to over 2 MPa
(Fig. 31), as well as impacts that raise the stress by 1.9 MPa within ~10 ms
(Supplementary Fig. 31c, d), the LPT with a VIB remains free from short
circuits. Considering the maximum pressure applied by a human finger
(0.2 MPa)** and the pressure involved when printing LM wires, the
robust laser-programmed VIBs effectively protect textile circuits from
electrical failures.

Gradient stiffness for strain isolation between LPT and chips
The LPTHE consists of the LPT, printed LM wires and chips interfacing
with those wires. However, the modulus mismatch between the rigid
chips and soft LPT-LM interfaces results in the debonding of stretched
wires from the chip terminals (Fig. 4a). By programming gradient
stiffness at the LPT-chip interfaces, strain isolation is achieved between
the stretched LM wires and chip terminals, thereby ensuring reliable
electrical connection under strain. FEA simulates stretched LPTs with
the footprint of an SOT-23-5 package under 50% strain (Fig. 4b).
Without gradient stiffness and strain isolation, the LPT with pro-
grammed soft regions undergoes visible deformation at the chip
footprint. In contrast, additionally programming a stiff region at the
chip footprint significantly reduces local strain. Experimental results
further validate the effect of strain isolation. Before assembling chips
onto LM wires, chip terminals are wetted with EGaln to establish a
robust electrical connection to LM/Cu intermetallics in the LM wires
(Supplementary Fig. 32). When a chip is assembled onto an LPT with-
out strain isolation, the outlined terminal detaches from the LM wire
under strain, and all the LM wires obviously expand along the direction
of applied strain (Fig. 4c). This detachment may also lead to mis-
alignment between chips and their footprints (Supplementary Fig. 33).
In contrast, with strain isolation, all terminals maintain seamless con-
tact with LM wires, and the wires beneath chip terminals exhibit no
visible expansion (Fig. 4d). Therefore, the strain isolation contributed
by LPTs reliably bridge textiles with rigid components.

Nature Communications | (2026)17:357


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-67149-x

a b c d
Without strain isolation: electrical failures | 5 Without strain isolation [ With strain isolation
- ko a 0% strain 0% strain B 3
Chip S s
Open circuit 5
A S v s
¥ =
ir?tcl' Short circuit e
| . c
(=}
With strain isolation: integrity I E
o
3
Chip =
=
Stretch - -E
g | 0 04 0.8
e f ]
0.15 0.10 0.5
i 1: Resistor o
4 2:LMwire g 005 04
0.10 3 3: Sitiff region <
{2 / #  4: Soft region 0 0.3 i
—~ = 0 Resistor
<) 50 60 70 80 90 100 S -
wire
% 005 0.10 % 02
c
0 <
30% strain 0 0
0 200 400 600 800 1000 900 910 920 930 940 950 0 20 40 60 80 100
Cycles Cycles Strain (%)
h i
[<] I = = = = (S e =
Q
g = = = /= = = = /=
g = = = = = = =
é = = = = = = = =
il I = = = N W E e = = I = =
g
=
o
20em
i —
Y L Lo Lo L L # 3
> . . [ o
N L L T L £
T e e - 3 =
B L T LN e @
- o . e | -~
=] "L 1 1 1 1 =D L
> s » . . - ]
g 1 1 1 T
B St ;
| o -
0 0.25 0.5

Fig. 4 | Stretchable LPTHE with gradient stiffness and strain isolation.

a Schematics showing that strain isolation induced by gradient stiffness (blue
region) protects chips from open circuits and short circuits. For textiles without
strain isolation, wires easily detach from chip terminals, and the lateral expansion
of wires narrows the spacing between adjacent chip terminals. b FEA results
showing the effect of gradient stiffness on strain distributions of textiles with an
SOT-23-5 footprint. The LPT with only soft regions programmed cannot isolate
strain and thus exhibits visible deformation at the chip footprint. For comparison,
the LPT with gradient stiffness exhibits strain isolation, showing negligible strain in

the same area. ¢, d Photos of SOT-23-5 chips and LM wires on textiles (c) without
and (d) with gradient stiffness. Both images are rendered using false colors. e, f (e)
Resistance variations and (f) their enlarged view of an LPTHE resistor under cyclic
stretching. g Resistance variations of the LPTHE resistor under gradually increased
strain until failure. h Photos of a LPTHE screen containing 25 LED chips, 20 VIAs, and
16 VIBs. VIA, vertical interconnect access. i FEA results showing strain distributions
of the substrate of the LPTHE screen. j Photos of the LPTHE screen displaying five
different patterns when being stretched or bent.

To quantify the stability of strain isolation, a resistor of the 0603
package is assembled onto an LPT with a pair of LM wires and a
central 0603 footprint. During 1000 stretch cycles, the resistance
variation of entire component remains below 50 mQ, with a baseline
drift of less than 25 mQ (Fig. 4e, f). Compared with the resistance
variation of a single LM wire, the inclusion of a rigid component does
not further increase the resistance change. Therefore, the electrical
connections between the resistor and LM wires are not affected
during stretching. Even under 80% strain, the chip terminals and LM
wires are electrically connected, demonstrating robustness of this
rigid-soft interface (Fig. 4g). Considering that the strains induced by
typical motions of the human body are less than 55%, this level of
strain tolerance highlights the potential of the laser-programmed
strain isolation as a reliable strategy for wearable textile hybrid
electronics.

Demonstrations of the LPTHE systems

To demonstrate the capability of LPTHE for comparatively high-
density electronics, an LPTHE screen is designed and fabricated on
knitted textiles (Fig. 4h and Supplementary Fig. 34). The textile screen
consists of a 5 x5 array of white LEDs, and each of them can be inde-
pendently addressed through the combination of its row and column.
By sequentially switching the voltages of the front-row wires and back-
column wires, various on-demand patterns can be displayed. To fab-
ricate the LPT for this textile screen, 4 x 4 stiff VIBs are programmed at
the intersections of row and column wires, and an additional 32 stiff
regions are programmed at the footprints of chips (Supplementary
Fig. 35a). Soft regions are programmed to seamlessly interface LM
wires with the LPT. Owing to the porous nature of textiles, a laser
scanning from the front side simultaneously polymerizes the PP on the
back side. In this way, all the stiff and soft regions for front and back
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Fig. 5 | An LPTHE patch for continuous and multi-parameter health monitor-
ing. a Exploded view of the LPTHE patch. b Functional block diagram of the LPTHE
patch. LDO, low dropout regulator; BLE, Bluetooth low energy; ASIC, application-
specific integrated circuit; UART, universal asynchronous receiver transmitter;
ADC, analog-to-digital converter; SPI, Serial peripheral interface; I’C: inter-
integrated circuit bus; In-amp, instrumentation amplifier. ¢ Photo of the LPTHE
patch with its FPCB counterpart in the inset. d Photos of the LPTHE patch bent
along the surface of a cylinder with a 27 mm diameter. e Photos of the LPTHE patch
showing its (i) front side, (ii) back side without encapsulation and (iii) back side with

encapsulation. f Photos of the LPTHE patch on the left chest of a volunteer.

g Photos of human skin after exercising with the LPTHE patch and the FPCB patch,
respectively. h, i Photos of the LPTHE patch under (h) ~40% strain and (i) twisting.
Jj Multiple signals measured using the LPTHE patch during cyclic twisting. ACC:
acceleration; S-ECG: simulated ECG. k Schematic of the LPTHE patch worn on a
volunteer for real-time monitoring during exercise. I, m Comparison between the
LPTHE patch and the FPCB patch in measuring (I) ECG signals and (m) temperature/
humidity signals.

components can be programmed using a single laser scanning (Sup-
plementary Fig. 35b, c¢). Furthermore, LM wires and 4 x5 vertical
interconnect accesses (VIAs) are printed on the LPT (Supplementary
Fig. 35d). The stencil masks are machined in situ over the LPT to ensure
precise alignment with laser-programmed patterns (Supplementary
Fig. 36). VIAs with a diameter of 2.5 mm are located at the intersections
between back and front wires in soft regions. Due to the porous and
soft nature of these regions, VIAs can be simply activated by com-
pressing the LM wires there, where the LM pastes permeate into the
textile and form a vertical electrical connection. Finally, LEDs and other
chips are aligned and mounted onto the stiff regions corresponding to
their footprints, connected with front LM wires.

FEA simulates the strain isolation of the LPT in the textile screen
(Fig. 4i). Under 30% strain, the footprints of rigid chips exhibit sig-
nificantly lower strain levels than other regions of the LPT (Fig. 4j).

When the textile screen is connected to a driving circuit, five patterns
(T,‘love’, 2, Y, ‘U’) are sequentially displayed, even under bending and
stretching (Fig. 4j).

To showcase the capability of LPTHE for wearable electronics, an
untethered LPTHE patch is developed for multi-parameter health
monitoring (Fig. 5a). The LPTHE patch integrates a single-lead ECG
sensor, a z-axis acceleration sensor and a combined humidity-
temperature sensor (Fig. 5b and Supplementary Fig. 37). These four
health signals are transmitted via Bluetooth to a user interface. The LPT
within the LPTHE patch is also elaborately programmed to interface
rigid chips and double-layer LM wires (Supplementary Fig. 38). A photo
of the fully assembled, monolithic LPTHE patch is illustrated (Fig. 5c).
The patchis sufficiently ductile to conform to curved surfaces (Fig. 5d).
To avoid short circuits between the back wires and human skin, as well
as contact contamination, a thin layer of poly(styrene-block-
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butadiene-block-styrene) (SBS) fiber mat is electrospun onto the bot-
tom surface of the LPTHE patch (Fig. 5e). This porous encapsulation is
sweat-repellent, as indicated by a high contact angle (-130°), and is
therefore intended to shield the patch from liquid perspiration (Sup-
plementary Fig. 39). To acquire ECG signals, the mat is selectively
removed to expose ECG electrodes to the skin.

The intrinsic permeability of LPTs, along with their fibrous
encapsulation, enables the penetration of air and vapor. Even in
regions covered by chips, air and vapor redirect laterally through the
porous network of textiles and eventually exit beyond the boundaries
of chips (Supplementary Fig. 40). The LPTHE patch exhibits overall
breathability, permitting the natural passage of water vapor (Supple-
mentary Fig. 41). In a practical scenario, the LPTHE patch is positioned
on the left chest of a volunteer, with its corners secured using medical
adhesive tape (Fig. 5f). After 10 minutes of exercise, the skin beneath
the patch remains dry, indicating that sweat has evaporated through
the permeable LPTHE (Fig. 5g). In contrast, when wearing a commercial
flexible printed circuit board (FPCB) of the same design, which lacks
permeability, sweat accumulates on the skin surface. This comparison
highlights the superior wearing comfort of LPTHE. The mechanical
stability of the LPTHE patch is validated under dynamic stretching and
twisting (Fig. 5h, i and Supplementary Movie 2). Throughout these
tests, a graphical user interface (GUI) manages data collection, online
calculation and visualization (Supplementary Fig. 42). Remarkably,
continuous signals are collected during these deformations, even
under strains up to 50% (Fig. 5j and Supplementary Fig. 43). These
results underscore the robustness of LPTHE for versatile electronic
systems.

The permeable, stretchable and monolithic LPTHE patch enables
real-time health monitoring during dynamic exercise (Fig. 5k and
Supplementary Movie 3). The ECG signals acquired by the LPTHE
patch exhibit clear waveforms and regular rhythm when the volun-
teer exercises on an elliptical machine (Fig. 51). The heartrate derived
from the ECG signals gradually increases and then saturates, indi-
cating the adaptation and adjustment of a healthy cardiovascular
system (Supplementary Fig. 44a). In contrast, the ECG signals of the
FPCB patch exhibit significant noise at around 30th seconds, beyond
which no identifiable characteristic peaks are observed. This failure
results from the delamination of the non-stretchable substrate from
the skin, as the skin itself undergoes dynamic expansion and con-
traction. During exercise, the acceleration signals display cyclic
peaks corresponding to the vertical motion of the volunteer (Sup-
plementary Fig. 44b, c). Step number and step frequency are derived
from these acceleration signals, indicating consistent exercise
intensity. The temperature and humidity signals acquired during
exercise also reflect the distinct properties of the LPTHE. For this
textile patch, the measured humidity gradually increases due to
sweat evaporation, leading to body cooling as reflected by the
decreased temperature (Fig. Sm). The intimate contact between the
textile substrate and skin facilitates heat transfer. Moreover, the
permeable textile substrate allows sweat vapor to pass from the skin
to the humidity sensor, located on the opposite side of the substrate.
However, for the non-stretchable FPCB patch, it struggles to conform
to the skin, which is intrinsically a non-developable surface. The air
gap between the skin and the FPCB patch hinders heat transfer,
resulting in a smaller temperature decrease. At the same time,
impermeable FPCB impedes the natural evaporation of sweat, lead-
ing to less stable humidity fluctuations. Hence, the LPTHE provides a
more reliable and comfortable solution for health monitoring in
practical scenarios.

Discussion

The mechanical mismatch between elastic textiles and hybrid elec-
tronic components is the primary obstacle to the development of
stretchable hybrid electronics on textiles. Apart from using special

solder materials, engineering the textile itself is a straightforward
strategy to surmount electrical and mechanical failures at hetero-
geneous interfaces. This work leverages the controllable photo-
chemical reactions of PP at textile surfaces, which can be induced by
regulated laser fluences. Through laser programming, the degree and
region of the polymerization of PP in textiles can be customized. These
LPTs exhibit finely tuned stiffness for strain isolation and for pre-
venting cross-layer short circuits. Additionally, chemical groups on
LPTs enhance the bonding of LM wires, significantly promoting the
stretch stability of the LPTHE. In sum, the strategy proposed in this
work is effective for stretchable textile hybrid electronics, and we
envision that it can be extended to textiles with different weaving
methods and also a broad range of PP. By developing PP with higher
stiffness, as well as enhanced stretch recovery under partial poly-
merization, the stretchability and mechanical stability of LPTHE will be
further improved. To address challenges in long-term wearability, the
integration of directional wettability into LPTHE holds great promise,
offering both wearing comfort and protection for electronics*®**.
Furthermore, the current method of securing the patch with adhesive
tape may be insufficient for high-intensity activities. Future efforts will
explore integrating LPTHE directly into full-body garments, providing
a more reliable solution for dynamic applications.

Methods

Materials for fabricating the LPT and LPTHE

All processing solvents were used without further purification. Weft
knitted textile (187#, Pedestrians Digital), PP precursors (H827,
QUINSON, China) and UV glues (H806, QUINSON, China) were used as
received. EGaln (melting point 15.7°C, Dongguan Dingguan Metal
Technology Co., Ltd., China) and Cu particles (99.98%, 0~10 pm,
aladdin) were used in their original form. SBS (Kraton 1101), N,N-
Dimethylformamide (DMF, aladdin) and tetrahydrofuran (THF, Mack-
lin) were employed as supplied. Hydrogel slices were obtained from
Omori Biological Technology Co., Ltd (Shenzhen, China).

Fabrication of the LPT and LPTHE

A UV lamp (wavelength: 365 nm, maximum power: 120 W) was utilized
to process the PP-infiltrated textiles only for the samples in Fig. 2a-d
and Supplementary Fig. 6. All bulk PP in this work was processed using
the same lamp.

The fabrication of LPT began with infiltrating textiles with selec-
tive amounts of PP precursor using SLR (Supplementary Fig. 4, 5).
Next, the textile was selectively processed by a UV nanosecond laser
(355 nm wavelength, FOTIA-355-5-30-W, INNO Laser, China) to get an
LPT. The laser beam was driven by a 2-axis galvo scanner (MOVIA,
Novanta) and focused at a beam radius of around 9.5 pm. After laser
scanning, the LPT was cleaned with IPA at room temperature using
ultrasonic bath (1 minute) followed by magnetic stirring (2 hours,
500 rpm). The cleaned LPT was dried at 50 °C for 15 minutes.

LM pastes in this work were LM/Cu intermetallics. This inter-
metallic compound was synthesized by mixing EGaln with Cu particles
at a mass ratio of 40:1 inside a high-speed planetary centrifugal mixer
(AR100, Thinky) for 5 minutes. LM wires were printed on LPTs using
customized water release stencil masks (thickness: ~50 pm). Water
release stencil masks were prepared by laminating water-soluble tapes
with polyimide tapes, followed by laser patterning. During printing, a
flat-tip tweezer was used to rub the LM paste back and forth to infil-
trate mask slots and wet the LPTs. After printing LM wires on LPTs,
these stencil masks were removed in water, and LPTs with LM wires
were dried (50 °C, 30 minutes). Other kinds of stencil masks include
laser-patterned polyethylene terephthalate (PET) tapes (thickness:
~10 um) and laser-patterned fabric tapes (thickness: ~-100 um). VIAs
were formed by simply compressing front LM wires, where LM pastes
permeated inward the soft regions of LPTs and formed electrical
connection with back wires.
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The LM wires at the textile-skin interface were encapsulated by
electrospun SBS fiber mat (Supplementary Fig. 39). The solution for
electrospinning was prepared by adding 14 wt% SBS into a mixed sol-
vent (weight ratio of THF/DMF = 3:1). The voltage was set as 15kV, the
feeding rate was 9mLh™, and the collecting distance was 20 cm.
During electrospinning, the fiber mat inevitably encapsulated LM
electrodes as well, which should have been exposed. To expose LM
electrodes, this encapsulation was partially removed by a soldering
iron at 200 °C.

To install chips on LM wires, both the chips and EGaln LM were
first immersed in an 8wt% sodium hydroxide (NaOH) solu-
tion (Supplementary Fig. 32). Bringing LM and chip terminals into
contact under this condition formed metallic alloys at their interfaces.
After all terminals were selectively corroded, chips were taken out
from NaOH solution and carefully cleaned by cleanroom wipers. Next,
chips were placed on LM wires in the right order. To reinforce the
adhesion between chips and LPTs, corners of chips were fixed on LPTs
by a UV glue (H806, QUINSON, China). The top side of the LPTHE was
unencapsulated to facilitate clear visualization in experiments.

Characterizations of the LPT and LPTHE

Quasi-static mechanical properties of textiles were characterized and
measured using a tensile apparatus (34sc-05, Instron). Impacts onto
textiles were applied by a linear motor (DA60-B1-T60-C010-0.2,
Dynamikwell Technology, China), and meanwhile stress was measured
using a pressure sensor (DYMH-105, Daysensor, China) beneath tex-
tiles. FTIR spectra were measured using an FT-IR Spectrometer
(Nicolet 6700, Thermo Fisher Scientific). Air permeability was mea-
sured using an air permeability tester (YG461E, Wenzhou Jigao Testing
Instrument Co., Ltd.) under the ASTM D737 standard (airflow pressure,
125 Pa). Water vapor permeability of LPT was measured over 15 days
using the cup method according to the ASTM E96/E96M-13 standard at
around 24 °C and 65% relative humidity. The moisture transmission
rate was determined by measuring the weight loss of the water vapor in
a cup with its opening firmly covered by the tested specimen. To
characterize the water vapor permeability of the LPTHE, a beaker
(opening diameter: 40 mm) containing boiling water was sealed with
the LPTHE. The beaker was placed on a hot plate to maintain the water
temperature.

Cytotoxicity was reflected by cell viability, which was assessed by
CCK-8 assay of 1929 fibroblasts (STM-CL-6929, Stem Recell, China)
after 24 hours exposure to 100% extracts of textiles. Cells were main-
tained in Minimum Essential Medium (MEM, BR3000034, Bioleaper,
China) supplemented with 10% fetal bovine serum (FBS, STM-CM-
0102, Stem Recell, China) and 1% penicillin-streptomycin (P/S,
BR3001460, Bioleaper, China). Each sample was measured three times
and averaged. Fluorescent images were captured using an inverted
fluorescence microscope (DSZ2000X, Chongging UOP Optoelectronic
Technology Co., Ltd) after staining with a Calcein-AM/PI double-
staining kit (C2015, Beyotime, China).

The intensity of laser power was measured using a commercial
power meter (843-R, Newport) with a probe (919P-150-26, Newport), as
illustrated in Supplementary Fig. 12a. Electrical resistances of LM wires
and circuits were measured using a digital multimeter (34470 A, Key-
sight) with Kelvin clamps. Topographies of LM wires were measured
using a confocal scanning laser microscope (VK-X100, Keyence Cor-
poration, Japan). Copper wires at a diameter of 100 pm connected
Kelvin clamps with measured objects. When acquiring health signals
from the volunteer, the corners of the LPTHE patch were stuck to the
skin by medical adhesive tape. The simulated ECG waveform was
produced by the voltage drop across the V3 and V4 terminals of an ECG
simulator (SKX-2000C, Ming Sheng, China). Artificial sweat with the
PH value of 6.5 was utilized to evaluate the waterproofness of the fiber
encapsulation (YT-001, Yangtuo, China).

To characterize PP precursor, NMR spectroscopy was mea-
sured using an NMR spectrometer (Avance NEO 400, Bruker). 'H
NMR spectra were acquired at 400.15 MHz with a relaxation delay of
1.00s. *C NMR and *'P NMR spectra were acquired at 100.63 MHz
and 161.98 MHz, respectively, both using a relaxation delay of
2.00 s. All spectra were measured in dimethyl sulfoxide-d6 (DMSO-
dé6). Gas chromatographic mass spectrometry was conducted using
a gas chromatograph system (Agilent 8860, Agilent Technologies)
equipped with a mass selective detector (Agilent 5977B, Agilent
Technologies). Pyrolysis gas chromatographic mass spectrometry
was conducted using a gas chromatograph system (GCMS-QP2020
NX, Shimadzu), and samples were pyrolyzed at 600 °C using a
multishot pyrolyzer (EGA/PY-3030D, Frontier Laboratories). XRF
spectrum was measured using an XRF spectrometer (ZSX Primus IlI
NEXT, Rigaku).

Simulations for the LPT

FEA analyses were conducted using COMSOL Multiphysics 6.1. Textiles
in FEA were modeled as nonlinear elastic materials, whose strain-stress
relations were derived from Fig. 2l (thickness approximated as
400 um). FDTD analyses were conducted using ANSYS Lumerical 2024
R1. The waist radius of Gaussian beam was 9.5 um. The thickness of
plane and the diameter of fibers are 8 um and 10 um, respectively. The
refractive index of both the plane and fibers was set as 1.67.

Electronic systems for the LPTHE

All resistors, capacitors and LEDs in this work employed the 0603
package. The LPTHE screen was driven by an Arduino Uno develop-
ment board. A laptop received data packages from the LPTHE patch
through a BLE-to-UART module (doBT-MO01, doiot). Each data package
consisted of 60 ECG samples, nine acceleration samples, one tem-
perature sample and one humidity sample, at a transmission speed of
six packages per second. When wearing the LPTHE patch, the mea-
surement axis of the acceleration sensor was aligned along the vertical
direction, with the positive direction pointing upward. The built-in
high-pass filter in the acceleration sensor removed the bias signal
induced by gravity.

Graphical user interface

The GUI for the LPTHE patch was designed using App Designer,
MATLAB 2023a. The GUI captured, filtered, calculated and visualized
real-time signals. The visualized ECG signals were subject to a median
filter (order: 13) and then a mean filter (order: 7). The step number was
calculated from the acceleration signals using a median filter (order: 5)
and peak detection algorithm (threshold: +0.58 ms™).

Data processing

Young’s moduli were calculated through linear regressions of
strength-strain curves within the range from 0 to 20% strain. Tough-
ness was calculated as the areas between strength-strain curves and
the strain axis within the range from 0 to 20% strain. ECG, acceleration,
temperature and humidity were sampled at 360 Hz, 54 Hz, 6 Hz, and
6 Hz, respectively. The plotted ECG signals and acceleration signals
were subject to a median filter (order: 13) and then a mean filter (order:
7). The plotted temperature signals and humidity signals were subject
to a median filter (order: 17) and then a mean filter (order: 9). The
instantaneous heartrate signals were derived by inverting the R-R
interval (i.e., the time elapsed between two adjacent R waves) of ECG
signals, followed by a median filter (order: 3) and then a mean filter
(order: 5). R waves were found by searching data points that were
locally maximum within 0.33 s from each of them. The instantaneous
step frequencies were calculated as the average rate of change in step
numbers within the past four seconds. False colors in SEM images were
created by Adobe PhotoShop CC 2018.
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Experiments on human subjects

The experiments were performed in compliance with the protocol
approved by the ethical committee of College of Biomedical Engi-
neering and Instrument Science, Zhejiang University ((2024)-7). A
single 27-year-old male volunteer was recruited for the proof-of-
concept demonstration in related experiments, and informed consent
was obtained from him. The conclusions derived from human subject
studies are qualitative, sex-independent, and thus applicable to both
male and female participants.

Statistical information

Discrete experimental data were statistically analyzed, and the results
are expressed as mean + standard deviation. These measurements were
taken from distinct sample. MATLAB 2023a was used for data analysis.

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

Data availability
The raw and processed data related to this study are provided in the
Source data file. Source data are provided with this paper.
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