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Electronic textiles capable of sensing, powering, and communication can be used to nonintrusively monitor human health during daily life. However, achieving these functionalities
with clothing is challenging because of limitations in the electronic performance, ﬂexibility
and robustness of the underlying materials, which must endure repeated mechanical, thermal
and chemical stresses during daily use. Here, we demonstrate electronic textile systems with
functionalities in near-ﬁeld powering and communication created by digital embroidery of
liquid metal ﬁbers. Owing to the unique electrical and mechanical properties of the liquid
metal ﬁbers, these electronic textiles can conform to body surfaces and establish robust
wireless connectivity with nearby wearable or implantable devices, even during strenuous
exercise. By transferring optimized electromagnetic patterns onto clothing in this way, we
demonstrate a washable electronic shirt that can be wirelessly powered by a smartphone and
continuously monitor axillary temperature without interfering with daily activities.
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lectronic textiles provide an attractive approach to seamlessly interface digital technology with the human body. By
leveraging our inherent needs in clothing, electronic textiles
can obviate the intrusiveness and risk often associated with
implantable or epidermal electronics. In order for such clothing
to function autonomously, textiles with a variety of technological
capabilities are needed, including the ability to sense physiological
signals, harvest energy, and wirelessly communicate data without
causing discomfort or interfering with the user’s daily
activities1–6. Such clothing can be used to establish a network of
sensors, actuators, and displays around the body for applications
ranging from health monitoring to human–computer interfaces7.
However, achieving a seamless integration of electronics with
clothing materials remains challenging. In contrast to the rigid
and planar nature of conventionally manufactured electronics,
textile is a porous structure composed of ﬂexible materials that
need to endure repeated mechanical, thermal and chemical
stresses from daily activities as well as washing processes.
A broad range of innovative approaches has been explored to
circumvent the inherent materials and geometrical incompatibilities. For example, button-sized electronics that integrate
sensors, batteries, and wireless communication components that
can directly attached to existing clothing have been developed8,9.
Nevertheless, the functionalities, performance, and sensing
opportunities available to such devices are constrained by the
button-size footprint10. Textile functional system can be fabricated by printing/coating functional material such as conductive
ﬁllers into porous structure of the substrate textiles2,11,12. However, due to the mechanical mismatch, these approaches are
prone to failures such as cracks and delamination. The inﬁltration
also leads to discomfort, caused by the stiffening of the textile
materials and blockage of porous structure that is needed for the
transport of moisture and air. Hybrid strategies that combine
both miniature electronic modules with large-area textile sensors
can address the respective limitations of each approach13,14, but
require solutions for powering and communication that do not
intrude on daily activities.
Conductive threads can be digitally embroidered into clothing
for wireless powering and communication using established
computer-controlled textile manufacturing15,16. The seamless
translation from digital design to fabrication can enable textiles
with accurate reproduction of optimized wireless functional
patterns17,18. Further, unlike coating and printing processes, the
embroidered conductive threads can preserve the ﬂexibility and
permeability of the textile and leverage the existing manufacturing processes for scalable production. However, existing textile
conductive materials have an inherent trade-off between
mechanical and electrical performance. For example, metal-based
threads have low resistance per length (up to 2 Ω m−1) but
also have a low yield strain (0.3% for copper), rendering it fragile
under repeated bending19–23. Alternatively, carbon-based threads
with elastic limits >5% strain have been developed, but currently
have high resistance per length (>100 Ω m−1) that do not meet
requirements for antennas and other radio-frequency components essential for wireless connectivity24–26.
In comparison to conductive textiles, liquid metal encapsulated
with stretchable polymer, such as silicone rubber, can achieve
high electrical conductivity and adaptation to mechanical
changes27–30. These unique properties have been leveraged to
create stretchable electromagnetic devices such as inductive
coils31–33 and radiative antennas34–36 on elastomeric substrates.
Recent works also demonstrate liquid metal ﬁbers fabricated by
ﬁlling liquid metal into polymer ﬁbers for sensing and energy
harvesting37–40. However, existing demonstrations have yet to
fully leverage these properties to create textile threads compatible
2

with digital embroidery or incorporate them into clothing to form
autonomous systems.
Here, we demonstrate electronic textile systems with functionalities in near-ﬁeld wireless power and communication created by digital embroidery of liquid metal ﬁbers onto clothing.
The liquid metal ﬁbers are formed by inﬁltrating galinstan
(Ga68.5/In21.5/Sn10) into perﬂuoroalkoxy alkane (PFA) tubing
in a scalable process that yields ﬁbers with high electrical and
mechanical performance. Their compatibility with the digital
embroidery process allows faithful reproduction of optimized
radio-frequency patterns by leveraging established computercontrolled textile manufacturing41. We demonstrate the durability of the textiles when subjected to repeated stress and strain
processes as well as multiple washing and drying cycles. We also
show that these textiles can be used as a transmitter for wireless
power and as an interface for near-ﬁeld communication. In both
contexts, the textiles facilitate robust and unobtrusive wireless
connectivity with nearby devices including health sensors and a
smartphone, even during strenuous exercise and daily activities.
Such wirelessly enabled garments could be used to power bioelectronic implants in patients, detect diseases in high-risk individuals such as the elderly, and provide full-body tracking and
feedback for athletes.
Results
Digital embroidery of liquid metal wireless systems. We used
digital, computer-controlled embroidery of liquid metal ﬁbers to
accurately transfer computationally optimized electromagnetic
designs onto existing clothing (Fig. 1a, Supplementary Note 1,
Supplementary Movie 1). In contrast with alternative techniques
to transfer patterns onto textiles, such as screen printing, digital
embroidery is solvent-free, involves minimal modiﬁcation of the
substrate clothing, and is compatible with existing manufacturing
techniques. The liquid metal ﬁbers are fabricated by syringe
injection of galinstan into the PFA tubing. The process is scalable
as the peak pressure required is approximately twice the required
pressure to ﬁll a length of tubing with air (<109 kPa for 7.2 m
length tubing, Supplementary Fig. 1). Of the many possible liquid
metals, galinstan was selected owing to its excellent electrical
conductivity (3.46 × 106 S m−1 at 20 °C), liquid state at room
temperature (melting temperature −19 °C) and low toxicity
(Supplementary Note 2)42. PFA was selected for the tubing
material for its excellent chemical, thermal, crack and stress
resistance, low coefﬁcient of friction, and high electrical
insulation43 (Supplementary Table 1). The ﬁbers have Young’s
modulus of ~400 MPa and yield strain of 2.5%, which is mostly
determined by the tubing material (Supplementary Table 2). The
ﬁber’s gauge factor is ~1, and the change in resistance after
stretching is <5% for 20% strain and after embroidery is <1%
(Supplementary Fig. 2). The liquid metal ﬁbers can achieve a ﬁll
ratio of ~95% (Supplementary Note 3) and electrical resistance
per length of ~4.2 Ω m−1, which substantially exceeds existing
conductive textiles with comparable mechanical robustness (>104
bending cycles) (Fig. 1b, Supplementary Table 3). Textiles
embroidered with the liquid metal ﬁbers maintain robust electrical resistance (<1% variation) while being folded and twisted
(Fig. 1c–e, Supplementary Movie 2), and are able to conform on
curved surfaces (Supplementary Fig. 3). For the speciﬁc embroidery machine chosen in the proof of concept demonstration,
other commercially available tubing materials such as polytetraﬂuoroethylene, vinyl, and polyurethane resulted in inaccurate
reproduction of the pattern due to either low Young’s modulus or
large tubing dimensions (Supplementary Table 2, Supplementary
Fig. 4).
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Fig. 1 Digital embroidery of liquid metal wireless systems. a Illustration of the digital embroidery process. Liquid metal ﬁbers consist of perﬂuoroalkoxy
alkane tubing inﬁltrated with galinstan. b Electrical resistance per length and mechanical robustness of the liquid metal ﬁbers compared to conductive
materials used for textile (black color) or ﬂexible (red color) electronics. Mechanical robustness is measured by the tested number of bending cycles.
Arrows indicate materials have 10% resistance change happened after the maximum tested cycle. c–e Images of embroidered textiles subjected to folding
and twisting. f Image of an embroidered spiral inductor wirelessly powering light-emitting devices in the presence of saline droplets. g Embroidered
wireless system comprising a relay for long-range near-ﬁeld communication between a smartphone and textile sensor node.

The digital embroidery process enables the fabrication of
electronic textiles with functionalities in wireless power transfer
and communication. Figure 1f shows an illustrative example in
which the liquid metal pattern consists of an inductor optimized
for near-ﬁeld communication (NFC). Owing to the insulating
properties of PFA, the textile can provide wireless power transfer
to nearby battery-free devices even when exposed to or immersed
in saline solution that simulates sweat (Fig. 1f, Supplementary
Fig. 5). Figure 1g shows another design in which the liquid metal
ﬁbers form a near-ﬁeld relay that extends the range of NFC. This
textile enables connectivity to be established between a smartphone and a battery-free textile sensor located half a meter apart,
provided that both are near to the inductive patterns. In this
conﬁguration, the wireless power transfer efﬁciency can be as
high as 48%, compared to a maximum efﬁciency of 30% using
commercially available conductive threads (~60 Ω m−1)

(Supplementary Fig. 6). Beyond functioning as passive relays,
the digitally embroidered textiles can also incorporate NFC chips
to create clothing with system-level wireless sensing and data
transfer capabilities. For example, the NFC antenna—which
represents the largest component of the system—can be digitally
embroidered onto the textile substrate, while the NFC chip and
associated discrete components are assembled on a 1.3-cm
diameter ﬂexible printed circuit board (PCB) (Supplementary
Fig. 7). The PCB is electrically connected to the liquid metal ﬁbers
using gold-coated metal sealing pins, secured to the textile by
sewing, and encapsulated in electronic epoxy resin for waterprooﬁng and strain isolation. The resulting textile system directly
interfaces with smartphones via NFC without any connectors or
additional external components, and remains fully functional
even after multiple cycles of machine washing (Supplementary
Fig. 8). Compared with the commercial NFC tag, such a fabric-
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Fig. 2 Electromagnetic and mechanical characterization. a Images of spiral inductors fabricated by embroidering copper wire (M1), conductive thread
encapsulated with polyurethane (M2), and liquid metal ﬁber (M3). b Measured quality factor Q from embroidered spiral inductors. c Measured scattering
parameter ∣S21∣ from embroidered 10-cm length transmission lines. d–f Resistance of the spiral inductors as a function of number of bending cycles (d),
during the ﬁrst and ﬁnal bending cycle (e), and when compressed by the weight of a hammer or human adult (f). g, h Relative change in resistance when
the spiral inductor is immersed in 70 °C 1× PBS (g) and subjected to cycles of machine washing (h). i Water loss through the spiral inductor, textile
substrate, and conventional ﬂexible substrates (Ecoﬂex, PDMS, and polyimide) at 37.5 °C and 20% relative humidity. Error bars show mean ± s.d. Source
data are provided as a Source Data ﬁle.

based NFC tag relies on large antenna to increases the operating
range from 4 to 7 cm in the plane of the textile, and from 7 to
10 cm in the vertical direction (Supplementary Fig. 9).
Electromagnetic and mechanical performance. We characterized the electromagnetic performance of the fabricated textiles
using the spiral inductor pattern shown in Fig. 2a. The spiral
inductor is optimized for wireless power transfer in the
13.56 MHz industrial, scientiﬁc, and medical band to a receiver
comprising a 1.2-cm × 1.2-cm copper coil at a range of 1 cm
4

(Supplementary Fig. 10). Figure 2b shows the measured quality
factor Q of spiral inductors digitally embroidered on a textile
substrate using three different kinds of threads: copper wires
(AWG 34, ~160 μm in diameter), commercially available conductive threads with polyurethane encapsulation (~750 μm), and
liquid metal ﬁbers (~635 μm). The thread diameters are selected
to have the highest value compatible with the embroidery process,
which requires sufﬁciently low bending stiffness for machine
manipulation. Textile spiral inductors based on liquid metal ﬁbers
achieved the highest quality factor of Q = 44.4 at 13.56 MHz,
which exceeds that of the copper wires Q = 39.9 (due to the larger
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embroidery-compatible diameter), and is about 7 times that of
conductive threads Q = 6.5 (Fig. 2b). To measure radio-frequency
losses, we also used the digital-embroidery process to fabricate
parallel-wire transmission lines (Supplementary Fig. 11). Measurements of the scattering parameter S21 for a 10-cm length
transmission line show that liquid metal ﬁbers achieve transmission efﬁciencies that are comparable to copper wire (~0.02
dB cm−1) at 13.56 MHz, and signiﬁcantly higher than conductive
thread (~0.1 dB cm−1) (Fig. 2c). At frequencies higher than
300 MHz, the loss increases signiﬁcantly to about 1.5 dB cm−1
owing to the skin effect (Supplementary Fig. 11); this loss may be
mitigated by using multichannel tubing to increase the surface
area.
We next performed mechanical tests on the electronic textiles
to assess their robustness to daily wear. Cyclic bending tests show
that the embroidered spiral inductors exhibit <1% change in the
electrical resistance over 104 cycles, which provides comparable
durability compared to the commercially available conductive
threads (Fig. 2d). In contrast, copper wire breaks after 108 cycles
owing to its low yield strain (~0.5%) relative to the liquid metal
ﬁbers (~2.5%) (Supplementary Table 2). The resistance of the
textiles also remained constant within each bending cycle (Fig. 2e)
and even when compressed by a 1.5-kg hammer or a 75-kg
human (<1% variation, Fig. 2f). For comparison, conductors
fabricated by ﬁlling liquid metal into soft channels such as
polydimethylsiloxane (PDMS) and Ecoﬂex generally exhibit
signiﬁcant change (>100% variation) in resistance under similar
compressed deformations44,45, which results in undesirable
variations in the electromagnetic performance.
We also evaluated durability of the electronic textiles exposed to
thermal changes, moisture, bioﬂuids, and washing cycles. The
embroidered spiral inductors remained functional when submerged in 70 °C 1× phosphate-buffered saline (PBS) bath for
150 h (<10% change in resistance, Fig. 2g) and over 10 h of
machine washing (12 cycles, <3% change in resistance, Fig. 2h,
Supplementary Movie 3). Specially, over 24,000 cycles of bending
in 50 °C 1× PBS to simulate daily wear conditions, the textiles
exhibited <2% change in resistance (Supplementary Fig. 12). In
contrast, silver-plated conductive threads without an encapsulating layer exhibit ~50% increase in resistance in the hot PBS over
the same duration (Fig. 2g). The same pattern reproduced using
digital embroidery of copper wires were electrically broken after
four wash cycles (Fig. 2h) and delaminated from the textile
substrate after 10 h of machine washing (Supplementary Fig. 13).
Furthermore, the embroidery process maintains the porous
structure of the substrate such that the water permeability of the
spiral inductor is the same as the underlying textile. The
permeability of the embroidered textiles is as high as
300 ± 7.7 g h−1 m−2, which is more than 40 times higher than
that of soft substrates such as PDMS, Ecoﬂex, and polyimide
commonly used in ﬂexible electronics (Fig. 2i).
Embroidered wireless powering systems. We used the digital
embroidery process to create textile transmitters for wireless
power transfer to battery-free bioelectronic implants (Fig. 3a,
Supplementary Table 4). Such implants are being clinically used
to treat a wide range of disorders including pain and urinary
incontinence, but currently rely on rigid transmitters that need to
be either strapped against the body or held over the implanted
device46,47. We investigated the use of a conformal textile
transmitter to wirelessly power a bioelectronic device with
dimensions of 1.2 cm × 1.2 cm. The device is placed within a body
phantom comprising an acrylic cylinder ﬁlled with 1× PBS with
radius of 2.5, 5, and 10 cm in order to model the arm, neck, and
waist. Full-wave simulations show that the ability of textile
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transmitter to conform to curved surfaces increases the penetration of the magnetic ﬁeld into the body relative to a planar
transmitter (Fig. 3b). Experimental measurement of the coupling
coefﬁcient when the receiver is placed at 1-cm depth in the 2.5cm radius body phantom shows that the conformal transmitter
achieves k = 6.5 × 10−2 compared to k = 5.2 × 10−2 for the rigid
transmitter (Fig. 3c). In addition, the conformal transmitter
provides transfer efﬁciency η > 20% within a ±50° angular region,
whereas the operating region is limited to ±30° when the rigid
transmitter is used (Fig. 3d). We also mapped the efﬁcient
powering area by scanning the position of a receiver conﬁgured
with a blue light-emitting diode (LED) inside cylinder phantoms
(Supplementary Fig. 14). Long-exposure images show that the
conformal transmitter provides greater wireless power transfer
coverage compared to the rigid transmitter for the 2.5 and 5-cm
radius phantom (Fig. 3e). For the 10-cm radius phantom, the
coverage provided by both transmitters is comparable owing to
the negligible curvature of the surface.
The digital embroidery process allows versatile fabrication of
textile transmitters with irregular shapes and patterns. Figure 4a
shows three patch transmitters with shapes optimized for
attachment onto various body surfaces, including the neck,
waist, and knee. Full-wave simulations show that the designs
operating at 13.56 MHz provide a magnetic ﬁeld distribution
compatible with efﬁcient power transfer at 1-cm distance on
both ﬂat and curved (5-cm radius) body surfaces (Fig. 4b, c,
Supplementary Fig. 15). We experimentally evaluated the
variability of wireless power transfer by measuring the rectiﬁed
voltage at the receiver (copper coil with dimensions 1.2cm × 1.2-cm) when the textile transmitter operated at an input
power of 20 dBm (Supplementary Fig. 16). The receiver is
placed in both a wearable and implantable conﬁguration, in
which the device is either attached on the skin under the
transmitter or placed under a 1-cm-thick human tissue
phantom (see the “Methods” section). Figure 4d shows the
received voltage over 10 min as the subject stands, walks, and
runs on a treadmill as the speed is increased in a stepwise
manner. For the wearable conﬁguration, the relative standard
deviation of the received voltage is <1.45% within each 2-min
interval. The average received voltage also remains relatively
stable between each interval, decreasing from ~2.33 V when
standing still to ~2.24 V when running at 9.2 km h−1 (Fig. 4e).
Similarly, for the implantable conﬁguration, the relative
standard deviation is <1.53% and the received voltage decreases
from ~1.84 to ~1.76 V. The average received voltage is lower
due to the intervening tissue phantom and could be enhanced
for speciﬁc application by using a higher input power, adding a
voltage regulator or modifying the rectiﬁer circuit.
Continuous thermal monitoring with battery-free textiles. To
demonstrate the utility of our textiles for health sensing applications, we developed a wireless and battery-free shirt that provides
continuous monitoring of axillary temperature, which is an
important indicator of exhaustion, performance, and various
health conditions48. This shirt wirelessly streams data from a
digitally embroidered thermal sensor placed on the underarm to a
custom application on a smartphone worn on the arm via NFC at
13.56 MHz (Fig. 5a, Supplementary Table 4). The offset of the
thermal sensor is 0.24 ± 0.075 °C when the target temperature
ranges from ~25 to ~55 °C compared to a thermometer (Fig. 5b, c).
Continuous streaming of thermal data in a shower illustrates the
ability of the shirt to operate in wet environments and establish
connectivity with a smartphone through a water-prooﬁng pouch
(Fig. 5d). The sampling rate of the sensor is 8 Hz (14 bit) and can
be further increased up to 12 Hz for more demanding applications
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such as respiration sensing and gait monitoring. The use of the
textiles does not affect the sampling rate, which is determined by
the underlying NFC protocol (Supplementary Fig. 17).
Continuous monitoring was performed on a single male subject
over 12 h of daytime activities. The location of the subject over this
period was tracked using a smartphone GPS application. The GPS
trace shows three major changes in location: commuting from
home to campus (T1), going from the lab to lunch (T2), and going
from the lab to dinner (T3) (Fig. 5e). Figure 5f shows the
corresponding axillary temperature Taxi acquired from the shirt
alongside the velocity v and environmental temperature Tenv. When
the subject is in the lab, indicated by the stationary v trace and an
indoor environmental temperature Tenv = 22 °C, continuous thermal monitoring reveals that Taxi ﬂuctuates within the range
36.5 ± 1 °C. When the subject is outdoors, however,
the data trace indicates that Taxi increases above 37 °C, owing to
the warm outdoor climate Tenv > 28 °C. Furthermore, Taxi increases
with the duration of outdoor activity, which can be attributed to
6

thermal due to exercise (walking at v ≈ 5.5 km h−1), and returns to
baseline levels after the subject enters an indoor environment. Data
was acquired by the smartphone in real-time at a 0.1-Hz sampling
rate without any loss of connectivity over the 12-h duration. In
addition, the shirt with the embroidered NFC module did not
exhibit any degradation of function after 10 h of machine washing
(Supplementary Fig. 8). These results demonstrate that digital
embroidery of liquid metal ﬁbers can fabricate clothing with broad
utility for health monitoring during daily activities.
Discussion
We have demonstrated digital embroidery of liquid metal ﬁbers
to create electronic textiles with near-ﬁeld wireless functionalities
in powering and communication. Owing to the unique properties
of the liquid metal ﬁbers, these electronic textiles can possess both
high electrical conductance and mechanical performance, allowing them to establish wireless connectivity without compromising
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implantable devices during daily activities. b Simulated magnetic ﬁeld ∣Habs∣ on a ﬂat and curved (5-cm radius) body phantom. The cutting plane is set to
the center of the skin patch (white dot). c Field proﬁles along the cutting plane at varying depth h. d Received voltage U of wearable and implantable device,
wirelessly powered by the skin patch, during physical activities with speed v increasing from 0, 2.8, 5, 7.2, to 9.2 km h−1, indicated by the shadows. The
input power of the skin patch is 20 dBm. e Comparison of U and its relative standard deviation (STDEV) during different activities. Error bars show
mean ± s.d. Source data are provided as a Source Data ﬁle.

the durability or breathability of the underlying clothing.
Importantly, the compatibility with the digital embroidery process enables the faithful and scalable reproduction of optimized
near-ﬁeld inductive patterns design with full-wave electromagnetic simulations. Demonstrations of a wireless power
transmitter and a thermal sensing garment show that our
approach can provide robust wireless connectivity even during
daily activities.
Future work should address the long-term durability of the
electronic textiles in speciﬁc applications. For instance, prolonged
outdoor use may expose the textiles to ultraviolet light, chemicals,
abrasion, and other forms of stress that are not present in standard
tests49,50. The use of alternative tubing materials, such as ﬂuorinated
ethylene propylene or nylon, can be explored to enhance the ability
of the ﬁbers to resist such stressors51. Increasing the hardness of the
ﬁbers, such as by using a liquid–solid metal composite core or high
strength tubing material, can allow the ﬁbers to withstand perforation by sharp tools, although at the expense of the ﬂexibility of
the textile. Signiﬁcantly, the future integration of additional electronic subsystems can further expand the functionality of the
electronic textiles. For example, an integrated radio-frequency
module can be used to operate the textile wireless power transmitters without external connections52, allowing the system to
function autonomously with intermittent wireless charging. Leveraging the versatility of digital embroidery, the radio-frequency
patterns transferred onto the textiles can also be adapted for other
wireless protocols, such as Qi for wireless charging53,54 and Bluetooth for high-data-rate communication55,56. Electronic textiles
with these and other wireless capabilities can be used for continuous
and unobtrusive monitoring in a broad range of applications,
especially healthcare, sports and defense industries.

Methods
Fabrication process. Spiral inductors were designed by using electromagnetic
simulation software (CST Microwave Studio, Dassault Systems) and converted to a
stitch trajectory by a commercial software (PE-DESIGN 10, Brother). Fabrication
used a digital embroidery machine (NV180, Brother) fed with liquid metal ﬁbers
produced by ﬁlling galinstan into perﬂuoroalkoxy alkane (PFA) tubing. The current embroidery machine has a working area of 10 cm × 10 cm for digital control
which can be arbitrarily extended using manual control. Further, an embroidery
area with meter scale can be achieved by using other machines (JCZA 0109-550
(700), ZSK technical embroidery systems). A gold-coated metal pin was inserted
into the tubing for both sealing and interconnection. Flexible print circuit boards
were designed with two tails (1-cm in length, 0.3-mm in width) which were
inserted into liquid metal ﬁbers and sealed by a metal pin to secure the mechanical
and electrical connection.

Textile characterization. Transmission lines (10-cm length) were characterized by
the scattering parameter S21 and spiral inductor (6-cm diameter, 1.5-mm gap, and
13 turns) by the impedance parameter Z11 measured using a vector network
analyzer (Keysight, FiledFox N9914A) and coaxial cables (SMA-SMA, 50 Ω,
Amphenol). The frequency range used was 10–20 MHz and the quality factor was
calculated as ImðZ 11 Þ=ReðZ 11 Þ.
Bending tests used a linear stage with the sample clamped at both ends. The
distance between two ends was varied from 13 to 3 mm at a speed of 5 mm s−1,
which bends the thread to a minimum radius of ~1 mm. The thread was bent
repeatedly up to 10,000 cycles while the electrical resistance was recorded
continuously by a multimeter (Keithley 2450, Tektronix). The tensile test was
carried out using the same set-up by stretching the thread at a speed of 1 mm s−1
until breaking. The thermal test immersed conductive materials with a length of
~10 cm in 1× PBS, which was stored in a 70 °C chamber. The materials were
taken out of the chamber and the electrical resistance measured at room
temperature.
Washing tests followed the ISO 6330 standard for domestic washing and
drying57. The electronic textile was combined with clothing in a household washing
machine (MT725B, Midea) to form a 2.3 kg load. An anti-bacterial powder
detergent (DYNAMO, The Procter & Gamble Company) was added and the
washing program set to a standard 50-min washing, rinsing, and spinning cycle.
Functionality of the electronic textiles after washing was veriﬁed by measuring the
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Fig. 5 Continuous axillary temperature monitoring. a Textile thermal monitoring system comprising a sensor node connected with a smartphone reader
via a near-ﬁeld relay integrated on a shirt. The top row shows images of the system components while the bottom row shows the block diagram. The
distance between the reader and sensor node is more than 10 cm apart. b and c Calibration of the measured temperature TNFC with a reference
thermometer Tref. ΔT = Tref−TNFC is the temperature difference. The red solid line and dash lines in (c) show mean ± s.d. d Axillary temperature Taxi
measured in a shower. The cold shower used ~25 °C water while the hot shower used ~40 °C water. e Map of the GPS position of the subject. f Axillary
temperature Taxi streamed by the wireless system over a day. Velocity v of the subject and environment temperature Tenv obtained from the smartphone
are plotted for reference. Source data are provided as a Source Data ﬁle.
end-to-end resistance using a multimeter. Textile permeability tests were
performed by sealing a glass bottle ﬁlled with 100-g water with the textile sample.
The bottles were placed in a chamber with 37.5 °C and 20% relative humidity.
Water loss was calculated by measuring the remaining mass.
Numerical simulation. Electromagnetic simulations used CST Microwave Studio (Dassault Systems) using the frequency domain solver to compute the ﬁeld
distributions at 13.56 MHz. The receiver was modeled using a copper planar
inductor with dimensions of 10.4 mm × 11.9 mm, 0.127-mm track width,
0.254-mm gap and 5 turns. The distance between the transmitter and
receiver was set at 1 cm unless otherwise stated. For the implantable conﬁguration, tissue was modeled by a dielectric permittivity of 78.4 and conductivity
of 0.93 S m−1.
Wireless measurements. Wireless power experiments used acrylic cylindrical
containers with radii of 2.5, 5, and 10 cm ﬁlled with 1× PBS. The transmitter was a
rectangle spiral liquid metal antenna (37 mm × 52 mm, 3-mm gap, and 4 turns)
and the receiver the copper planar inductor previously used in numerical simulations. A blue LED was connected to the terminals of the receiver inductor for
visualization. Both the transmitter and receiver were tuned to resonate at
13.56 MHz using matching networks. While the transmitter was driven by a signal
generator with a continuous sinusoidal wave (input power of 20 dBm at
13.56 MHz), the receiver was moved inside the cylinder, and the LED recorded by a
camera (Canon 6D) using a 30-s exposure.
On-body wireless power experiments used a transmitter fabricated by digital
embroidery of a fabric-based skin patch. The patch is a commercially available
disposable sticker (Wormwood sticker, Ai Yi Shi) that has an adhesive layer on one
side. The result is an ergonomic patch with a 5 turn, 3-mm gap inductive pattern
that can be conformally placed on various curved body surfaces. The receiver used
the same copper antenna described in previous paragraph, which was matched to
resonant at 13.56 MHz, and was either directly attached to the skin under the patch
or placed under a 1-cm-thick human tissue phantom (1% Agarose gel in 1× PBS)
8

to mimic the wearable and implanted conﬁgurations. The human subject carried
out activities on a treadmill with speed increasing from 0, 2.8, 5, 7.2, to 9.2 km h−1,
with each speed maintained for 2 min. During the whole process, the patch was
driven by a signal generator with a continuous sinusoidal wave (20-dBm power,
13.56-MHz frequency), while the received voltage after rectiﬁcation was measured
using an oscilloscope (Picoscope 5444D, Pico Technology).
Temperature sensing. Continuous axillary temperature monitoring was carried
out on a human subject wearing an athletic shirt integrated with a near-ﬁeld
relay. The relay was composed of a rectangular hub (7 cm × 5 cm dimension, 5
turns and 2-mm wire gap) at the sleeve and a circular terminal (8-cm outer
radius, 5 turns and 3-mm wire gap) at the armpit. A NFC-compatible smartphone and a temperature sensor node were respectively placed proximity to the
hub and terminal to establish wireless interconnection. The temperature sensor
node was composed of a liquid metal antenna (8-cm diameter, 3-mm wire gap,
and 5 turns) and a 1.3-cm diameter PCB assembled all electronic components,
including a NFC chip (RF430FRL152H, Texas Instruments) and an integrated
NTC thermistor (ERTJ1VS104A, Panasonic Co. Ltd.). GPS tracks and speed of
the human subject were recorded by the smartphone. Environment temperature
was recorded by a thermometer (HH506RA, Omega) connected with a thermocouple (K-type). The temperature sensor node was calibrated against the
thermometer with the thermocouple was closely placed (<1 mm distance)
around the thermistor.
All experiments complied with a protocol approved by the National University
of Singapore Institutional Review Board (NUS-IRB-2021-635). All subjects were
volunteers, were informed of risks and beneﬁts, and provided informed consent.

Data availability
Source data for main ﬁgures are provided with this paper. Other raw and analyzed
datasets generated during the study are available for research purposes from the
corresponding authors on reasonable request. Source data are provided with this paper.

NATURE COMMUNICATIONS | (2022)13:2190 | https://doi.org/10.1038/s41467-022-29859-4 | www.nature.com/naturecommunications

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-29859-4

Received: 4 October 2021; Accepted: 15 March 2022;

References
1.
2.
3.
4.
5.
6.
7.
8.

9.

10.
11.
12.
13.

14.
15.
16.

17.

18.

19.
20.

21.

22.

23.
24.
25.

26.

27.
28.

29.

Weng, W., Chen, P., He, S., Sun, X. & Peng, H. Smart electronic textiles.
Angew. Chem. Int. Ed. 55, 6140–6169 (2016).
Shi, J. et al. Smart textile integrated microelectronic systems for wearable
applications. Adv. Mater. 32, 1901958 (2019).
Fan, W. et al. Machine-knitted washable sensor array textile for precise
epidermal physiological signal monitoring. Sci. Adv. 6, eaay2840 (2020).
Luo, Y. et al. Learning human–environment interactions using conformal
tactile textiles. Nat. Electron. 4, 193–201 (2021).
Shi, X. et al. Large-area display textiles integrated with functional systems.
Nature 591, 240–245 (2021).
Lin, R. et al. Wireless battery-free body sensor networks using near-ﬁeldenabled clothing. Nat. Commun. 11, 444 (2020).
Chu, B., Burnett, W., Chung, J. W. & Bao, Z. Bring on the bodyNET. Nat. N.
549, 328 (2017).
Heo, S. Y. et al. Wireless, battery-free, ﬂexible, miniaturized dosimeters
monitor exposure to solar radiation and to light for phototherapy. Sci. Transl.
Med. 10, eaau1643 (2018).
Kwon, K. et al. Wireless, soft electronics for rapid, multisensor measurements
of hydration levels in healthy and diseased skin. Proc. Natl Acad. Sci. USA 118,
e2020398118 (2021).
Finkenzeller, K. RFID Handbook: Fundamentals and Applications in
Contactless Smart Cards and Identiﬁcation. 2nd edn (Wiley, 2003).
Wang, B. & Facchetti, A. Mechanically ﬂexible conductors for stretchable and
wearable e-skin and e-textile devices. Adv. Mater. 31, 1901408 (2019).
Ojstrsek, A. et al. Metallisation of textiles and protection of conductive layers:
an overview of application techniques. Sensors 21, 3508 (2021).
Parrilla, M., Cánovas, R., Jeerapan, I., Andrade, F. J. & Wang, J. A textile based
stretchable multi ion potentiometric sensor. Adv. Healthc. Mater. 5, 996–1001
(2016).
Hatamie, A. et al. Review-textile based chemical and physical sensors for
healthcare monitoring. J. Electrochem. Soc. 167, 037546 (2020).
Roh, J.-S., Chi, Y.-S. & Kang, T. J. Wearable textile antennas. Int. J. Fash. Des.
Technol. Educ. 3, 135–153 (2010).
Ali, S. M. et al. Recent advances of wearable antennas in materials, fabrication
methods, designs, and their applications: state-of-the-art. Micromachines 11,
888 (2020).
Kiourti, A. & Volakis, J. L. High-geometrical-accuracy embroidery process for
textile antennas with ﬁne details. IEEE Antennas Wirel. Propag. Lett. 14,
1474–1477 (2015).
Kiourti, A., Lee, C. & Volakis, J. L. Fabrication of textile antennas and circuits
with 0.1 mm precision. IEEE Antennas Wirel. Propag. Lett. 15, 151–153
(2016).
Beer, F. P., Johnston, E. R. & Dewolf, J. T. Mechanics of Materials. 3rd edn
(McGraw-Hill, 2001).
Zhong, J., Kiourti, A., Sebastian, T., Bayram, Y. & Volakis, J. L. Conformal
load-bearing spiral antenna on conductive textile threads. IEEE Antennas
Wirel. Propag. Lett. 16, 230–233 (2016).
Alharbi, S. et al. E-textile origami dipole antennas with graded embroidery for
adaptive RF performance. IEEE Antennas Wirel. Propag. Lett. 17, 2218–2222
(2018).
Alharbi, S., Ze, Q., Zhao, R. & Kiourti, A. Magnetoactuated reconﬁgurable
antennas on hard-magnetic soft substrates and e-threads. IEEE Trans.
Antennas Propag. 68, 5882–5892 (2020).
Xu, L. et al. Characterization and modeling of embroidered NFC coil antennas
for wearable applications. IEEE Sens. J. 20, 14501–14513 (2020).
Yin, Z. et al. Splash-resistant and light-weight silk-sheathed wires for textile
electronics. Nano Lett. 18, 7085–7091 (2018).
Afroj, S. et al. Engineering graphene ﬂakes for wearable textile sensors via
highly scalable and ultrafast yarn dyeing technique. ACS Nano 13, 3847–3857
(2019).
Medeiros, M. S. D., Goswami, D., Chanci, D., Moreno, C. & Martinez, R. V.
Washable, breathable, and stretchable e-textiles wirelessly powered by
omniphobic silk-based coils. Nano Energy 87, 106155 (2021).
Dickey, M. D. Stretchable and soft electronics using liquid metals. Adv. Mater.
29, 1606425 (2017).
Hirsch, A., Dejace, L., Michaud, H. O. & Lacour, S. P. Harnessing the
rheological properties of liquid metals to shape soft electronic conductors for
wearable applications. Acc. Chem. Res. 52, 534–544 (2019).
Veerapandian, S. et al. Hydrogen-doped viscoplastic liquid metal
microparticles for stretchable printed metal lines. Nat. Mater. 20, 1–8 (2021).

ARTICLE

30. Liu, S., Shah, D. S. & Kramer-Bottiglio, R. Highly stretchable multilayer
electronic circuits using biphasic gallium-indium. Nat. Mater. 20, 1–8 (2021).
31. Jeong, Y. R. et al. A skin-attachable, stretchable integrated system based on
liquid GaInSn for wireless human motion monitoring with multi-site sensing
capabilities. NPG Asia Mater. 9, e443 (2017).
32. Teng, L., Zhu, L., Handschuh-Wang, S. & Zhou, X. Robust, multiscale liquidmetal patterning enabled by a sacriﬁcial sealing layer for ﬂexible and wearable
wireless powering. J. Mater. Chem. C 7, 15243–15251 (2019).
33. Yamagishi, K., Zhou, W., Ching, T., Huang, S. Y. & Hashimoto, M. Ultradeformable and tissue-adhesive liquid metal antennas with high wireless
powering efﬁciency. Adv. Mater. 33, 2008062 (2021).
34. Hayes, G. J., So, J.-H., Qusba, A., Dickey, M. D. & Lazzi, G. Flexible liquid
metal alloy (EGaIn) microstrip patch antenna. IEEE Trans. Antennas Propag.
60, 2151–2156 (2012).
35. Dey, A., Guldiken, R. & Mumcu, G. Microﬂuidically reconﬁgured wideband
frequency-tunable liquid-metal monopole antenna. IEEE Trans. Antennas
Propag. 64, 2572–2576 (2016).
36. Song, L., Gao, W., Chui, C. O. & Rahmat-Samii, Y. Wideband frequency
reconﬁgurable patch antenna with switchable slots based on liquid metal and
3-D printed microﬂuidics. IEEE Trans. Antennas Propag. 67, 2886–2895
(2019).
37. Leber, A. et al. Soft and stretchable liquid metal transmission lines as
distributed probes of multimodal deformations. Nat. Electron. 6, 316–326
(2020).
38. Dong, C. et al. High-efﬁciency super-elastic liquid metal based triboelectric
ﬁbers and textiles. Nat. Commun. 11, 3537 (2020).
39. Chen, M. et al. Self-powered multifunctional sensing based on super-elastic
ﬁbers by soluble-core thermal drawing. Nat. Commun. 12, 1416 (2021).
40. Zheng, L. et al. Conductance-stable liquid metal sheath-core microﬁbers for
stretchy smart fabrics and self-powered sensing. Sci. Adv. 7, eabg4041 (2021).
41. Lin, R., Kim, H. -J., Achavananthadith, S. & Ho, J. S. Digitally-embroidered
Liquid Metal Textiles for Near-ﬁeld Wireless Body Sensor Networks. In 2021
IEEE 17th International Conference on Wearable and Implantable Body Sensor
Networks (BSN). (2021), pp. 1–4, https://doi.org/10.1109/BSN51625.2021.
9507043.
42. Yan, J., Lu, Y., Chen, G., Yang, M. & Gu, Z. Advances in liquid metals for
biomedical applications. Chem. Soc. Rev. 47, 2518–2533 (2018).
43. Teng, H. Overview of the development of the ﬂuoropolymer industry. Appl.
Sci. 2, 496–512 (2012).
44. Yeo, J. C. et al. Triple-state liquid-based microﬂuidic tactile sensor with high
ﬂexibility, durability, and sensitivity. ACS Sens. 1, 543–551 (2016).
45. Xi, W., Yeo, J. C., Yu, L., Zhang, S. & Lim, C. T. Ultrathin and wearable
microtubular epidermal sensor for real-time physiological pulse monitoring.
Adv. Mater. Technol. 2, 1700016 (2017).
46. Noble Pain Management & Sports Medicine. Stimwave. (2021) (accessed 27
December 2021). https://www.noblepainandsports.com/stimwave/.
47. Neuspera. Mid-ﬁeld Powering Technology: Sacral Neuromodulation (accessed
27 December 2021). http://neuspera.com/technology/.
48. Robertson, M. & Hill, B. Monitoring temperature. Br. J. Nurs. 28, 344–347
(2019).
49. Annis, P. A. Understanding and Improving the Durability of Textiles (Elsevier,
2012).
50. Shuvo, I. I., Decaens, J., Lachapelle, D. & Dolez, P. I. Smart Textiles Testing: A
Roadmap to Standardized Test Methods for Safety and Quality-control
(IntechOpen, 2021).
51. Scientiﬁc Commodities, Inc., Tubing. (Accessed 28 December 2021). https://
scicominc.com/tubing/.
52. Agrawal, D. R. et al. Conformal phased surfaces for wireless powering of
bioelectronic microdevices. Nat. Biomed. Eng. 1, 0043 (2017).
53. Van Wageningen, D. & Staring, T. The Qi wireless power standard. In
Proceedings of 14th International Power Electronics and Motion Control
Conference EPE-PEMC 2010, S15–25 (2010). pp. S15-25-S15-32. https://doi.
org/10.1109/EPEPEMC.2010.5606673.
54. Dautta, M. et al. Wireless Qi-powered, multinodal and multisensory body area
network for mobile health. IEEE Internet Things J. 8, 7600–7609 (2020).
55. Collotta, M., Pau, G., Talty, T. & Tonguz, O. K. Bluetooth 5: a concrete step
forward toward the IoT. IEEE Commun. Mag. 56, 125–131 (2018).
56. Tian, X. et al. Wireless body sensor networks based on metamaterial textiles.
Nat. Electron. 2, 1–9 (2019).
57. Rotzler, S., Krshiwoblozki, M. V. & Schneider-Ramelow, M. Washability of etextiles: current testing practices and the need for standardization. Text. Res. J.
91, 004051752199672 (2021).

Acknowledgements
J.S.H. acknowledges support from the National Research Foundation Singapore
(NRFF2017-07), Ministry of Education Singapore (MOE2016-T3-1-004), the Institute for

NATURE COMMUNICATIONS | (2022)13:2190 | https://doi.org/10.1038/s41467-022-29859-4 | www.nature.com/naturecommunications

9

ARTICLE

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-29859-4

Health Innovation and Technology, and the SIA-NUS Digital Aviation Corporate
Laboratory. Y.L.K. acknowledges support from the National Institutes of Health (NIH)
NIBIB Trailblazer Award (1-R21-EB029563-01) and from the National Science Foundation (NSF) under the Emerging Frontiers in Research and Innovation (EFRI) Program
(EFRI 1830958).

Peer review information Nature Communications thanks Andreas Leber and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.
Reprints and permission information is available at http://www.nature.com/reprints
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional afﬁliations.

Author contributions
R.L., H.J.K., and J.S.H. conceived and planned the research. R.L., H.J.K., and S.A. performed the experiments and data analysis. J.K.W.L. designed the human lab trials. R.L.,
Z.X., Y.L.K., and J.S.H. wrote the paper with input from all the authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-29859-4.
Correspondence and requests for materials should be addressed to Yong Lin Kong or
John S. Ho.

10

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons
license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in
a credit line to the material. If material is not included in the article’s Creative Commons
license and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2022

NATURE COMMUNICATIONS | (2022)13:2190 | https://doi.org/10.1038/s41467-022-29859-4 | www.nature.com/naturecommunications

