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ABSTRACT: Stretchable electronics have attracted surging
attention for next-generation smart wearables, yet traditional
flexible devices fabricated on hermetical elastic substrates cannot
satisfy lengthy wearing comfort and signal stability due to their
poor moisture and air permeability. Herein, perspiration-wicking
and luminescent on-skin electrodes are fabricated on superelastic
nonwoven textiles with a Janus configuration. Through the
electrospin-assisted face-to-face assembly of all-SEBS microfibers
with differentiated diameters and composition, porosity and
wettability asymmetry are constructed across the textile, endowing
it with antigravity water transport capability for continuous sweat
release. Also, the phosphor particles evenly encapsulated in the
elastic fibers empower the Janus textile with stable light-emitting
capability under extreme stretching in a dark environment. Additionally, the precise printing of highly conductive liquid metal (LM)
circuits onto the matrix not only equips the electronic textile with broad detectability for various biophysical and electrophysiological
signals but also enables successful implementation of human−machine interface (HMIs) to control a mechanical claw.
KEYWORDS: bioelectrode, Janus textile, perspiration-wicking, personal health monitoring, liquid metal

The rapid development of artificial intelligence and the
Internet of things (IoT) is updating our lifestyle in a

noticeable way, and the cornerstone of these technologies is
the powerful and accurate communication between humankind
and machines.1−5 Particularly, deformable on-skin electronics
are becoming the primary interactive medium for next-
generation HMIs to meet the needs of stretchability,
portability, and low power consumption.6−8 Deformable
electronics generally consist of stretchable substrates as-
sembled with flexible circuits. Yet conventional wearable
devices are usually made up of rigid, brittle, and hermetical
matrixes that cannot realize the intimate contact with human
skin nor satisfy long-term wearing comfort. Fortunately, elastic
microfibers/textiles with porous networks, high specific area,
and a low Young’s modulus perfectly meet the requirements to
develop comfortable and conformable wearing electronics.9−13

Additionally, visualized stretchable electronics with human-
readable visual optical signals have attracted considerable
research interest due to the highly efficient human−machine
dialogue in solid-state lighting, displays, and biomedicine.14−16

So far, the reported visualized electronic skins are mainly
focused on electroluminescence17,18 and mechanolumines-
cence.19 Nevertheless, the development of the mechano-/
electro-induced luminescent devices ineluctably implicates
complicated preparation processes, high cost, and an external

power supply (e.g., electroluminescent devices require voltage
higher than 1 kV).20 On the other side, long persistent
luminescence (LPL) materials were considered as promising
alternatives in the development of visualized electronics owing
to their superior luminescence properties including efficient
excitations21 and hours-long highly visible afterglow.22 Upon
exposure to ultraviolet or visible light, LPL materials absorb
the excitation energy and release the energy very slowly (over
10 h) as colored light.23 Moreover, because human naked eyes
possess the maximum vision sensitivity at about 555 nm in
photopic vision, LPL materials with emission peaks in the
green spectral region are always desirable for safety signage and
night-vision displays.24,25

In this research, an ultrastretchable and perspiration-wicking
electronic textile with long persistent luminescence was
developed for comprehensive personal health monitoring and
HMIs. Combining an efficient electrospin-assisted face-to-face
assembly and stencil printing of highly conductive liquid metal
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circuits, a Janus nonwoven textile with asymmetric porosity
and wettability along the thickness was obtained based on
tailored fiber sizes and compositions, allowing the bilayered
nonwoven textile with unidirectional sweat transporting
capability under large-scale deformation. Meanwhile, the
luminescent SrAl2O4: Eu2+, Dy3+ particles embedded in the
SEBS microfibers even equipped the Janus textile with night-
vision displays. Finally, a gallium−indium eutectic LM circuit
was stencil-printed to endow the elastic textile with stable
electrical conductivity under extreme elongation. As a result,
the as-developed Janus E-textiles can be directly applied as
comfort-wearing epidermal bioelectrodes to monitor bio-
mechanical and bioelectric signals of the human body, which
also can be further utilized to manipulate a mechanical claw.
Therefore, this work provides a feasible solution for the
development of visualized stretchable electronics, which can be
extended to other multifunctional sensing devices.

Design of the Janus E-Textile. The fast advancement of
wearable electronics imposes challenges on the epidermal
devices for their wearing comfort and functionality under
complex deformation including torsion, bending, and folding.
Specifically, several key factors should be taken into account to
satisfy the comfort necessity of on-skin electrodes during long-
term mounting. First, adequate hardness (comparable to
human skin) and skin conformability ought to be fulfilled to

realize the intimate contact between epidermal devices and the
skin.26−28 Next, satisfactory stretchability (above ∼80%) is
indispensable to sustain large skin and joint deformation and
to avoid measurement artifacts caused by relative slippage of
the devices.29 It is equally important that on-skin devices
should be permeable so as to maintain the air and moisture
exchange between the skin and ambient environment, yet it is
still hard for present wearable electronics to fulfill these
characteristics synchronously.30 Here, hydrogenated SEBS
with a skin-like modulus was selected and fabricated into
porous fibrous nonwoven textiles via electrospinning, thus
providing a breathable, soft, and stretchable matrix that
perfectly satisfies the requirements of wearable on-skin
electronics. Moreover, perspiration accumulation in conven-
tional porous epidermal devices always causes uncomfortable
sticky feelings and health issues during strenuous exercises and
outdoor activities. It has been proved that permeable
membranes with asymmetric wettability show great ability
for unidirectional water transport and can pump sweat from
one side to the other automatically.31 This work took
advantage of such a structure via the tight assembly of a
superhydrophilic SEBS/F127 layer and hydrophobic SEBS
layer to construct functional textiles with reserve wettability.
On the other side, a low-cost yet highly efficient commercial
LPL material, SrAl2O4: Eu2+, Dy3+ ,was incorporated into the

Figure 1. (A) Fabrication process of the ultrastretchable Janus E-textile. (B) Digital photographs of the fabricated large-size Janus E-textile with
luminescent capability. (C) The cross-sectional SEM image of the Janus E-textile. (D,E) Diameter and pore size distribution of pure SEBS and
SEBS/F127/LPs (LPs content: 30 wt %) microfibers. Optical microscope and SEM images of (F,G) pristine SEBS and (H,I) SEBS/F127/LPs
(LPs content: 30 wt %) microfibers (insets showing the corresponding WCAs). (J) Elemental mapping of a single SEBS/F127/LPs fiber.
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fibrous matrix to endow the textile with a long-persistent
phosphorescence function. Figure 1A schematically illustrates
the preparation of the highly stretchable, perspiration-wicking,
and luminescent Janus SSFLP textile.
Thanks to the facile electrospin-assisted face-to-face

assembly method as well as the low-cost raw materials, the
large-scale luminescent SSFLP electronic textiles are ready to
be produced as shown in Figure 1B. The typical cross section
morphology of SSFLP is shown in Figure 1C; it can be
observed that the LM is homogeneously distributed on the
SEBS layer. Moreover, the diameter and pore size distributions
of each layer were measured and summarized in Figure 1D,E;
the diameter of SEBS microfibers significantly decreased from
15.48 ± 5.92 to 5.32 ± 2.59 μm after blending with F127 and
LPs (30 wt %), accordingly. The mean pore size also decreased
from 24.05 to 13.57 μm, exhibiting the well-defined
asymmetric configuration. Furthermore, the first layer of
SEBS microfibers possesses highly porous microstructures
with transparent and smooth fibers under microscope
observations as shown in Figure 1F,G. Plus, the SEBS layer
showed an intrinsic hydrophobic property with a water contact
angle (WCA) up to 133.9° (inset of Figure 1G). SEBS/F127/
LPs microfibers still maintained a transparent appearance for
better luminescence emission, which also exhibited a complete
superhydrophilicity surface with a WCA of nearly 0° attributed
to the abundant hydroxyl groups on F127 (Figure 1H,I).
Moreover, the elemental mapping further verifies the uniform
distribution of Al, O, and Sr elements on the cross section of
SEBS/F127/LPs microfibers (Figure 1J), indicating the

phosphors are well-encapsulated in the SEBS/F127 matrix,
ensuring their stability for long-term applications.

Luminescent Properties of the Janus E-Textile.
Persistent luminescence has many well-known applications in
diverse scenarios including bioimaging, biosensing, safety
signage, and night-vision displays.21 The luminescence of
SrAl2O4: Eu2+, Dy3+ can be explained by the electron model in
Figure 2A. Figure 2B shows the digital photo of the neat SEBS
nonwoven and the excited Janus textiles (λex= 365 nm),
revealing the uniform luminescence emission owing to the
strong and durable luminescence of SrAl2O4: Eu2+, Dy3+ and
the transparent characteristics of the SEBS/F127 matrix.
Apparently, more LPs addition gave rise to brighter
luminescence; however, it would inevitably cause mechanical
performance degradation. Reliable mechanical strength is
essential for the long-term operation stability of epidermal
electronics. A series of tensile tests were conducted to evaluate
the comprehensive mechanical performances of the fabricated
nonwoven textiles (detailed discussion on Figure 2C−G is in
the Supplementary Discussion). Thus, through an electrospin-
assisted face-to-face assembly of the robust SEBS microfibers
and the low-modulus SEBS/F127/LPs fibers, a Janus non-
woven textile with neutralized yet well-rounded mechanical
performance can be readily obtained. As revealed in Figure
2C−G, the Janus SSFLP textiles with addition of different LPs
show a skin-like modulus, high stretchability of around 900%,
and appropriate toughness, which perfectly satisfy the
requirements raised by wearable epidermal electronics.
Notably, the strength, Young’s modulus, and toughness of
SSFLP gradually decrease with the loading content of LPs.

Figure 2. (A) Luminescence mechanism of SrAl2O4: Eu2+, Dy3+. (B) Digital photographs of SEBS and excited Janus SSFLP textiles. (C) Strain−
stress curves, (D) strength, (E) Young’s modulus, (F) stretchability, and (G) toughness diagrams of the pristine SEBS, SEBS/F127, SEBS/F127/
LPs (SFLP), and different SSFLP textiles. (H) Excitation−emission map, (I) CIE 1931 color space diagram, and (J) photoluminescence lifetime of
the SSFLP-30 Janus textile. (K) Digital photographs of luminescent SSFLP-30 under 900% elongation and various levels of mechanical torture.
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Considering the luminescent property as well as the
comprehensive mechanical performance, SSFLP-30 bilayered
textiles were selected as the optimized sample for the following
experiments.
The luminescent properties of Janus SSFLP-30 textiles were

further studied. First, excitation-phosphorescence emission
mapping measurements were carried out to understand the
luminescent property (Figure 2H). Clearly, the bilayered
nonwoven shows an excitation wavelength ranging from 325 to
415 nm, while the excitation wavelength range is 490−565 nm.
The full width at half maxima (fwhm) of the Janus textile was
measured to be 79 nm, generating the yellow-greenish color.
The emission color was also confirmed by Commission
Internationale de L’Eclairage (CIE) diagram (Figure 2I),
indicating the color coordination of obtained luminescent
microfibers was (x: 0.317, y: 0.513). Figure 2J presents the
photoluminescence lifetime decay of the Janus textile (λex =
365 nm, λem = 535 nm) at ambient temperature. It was found
that the after-glow decay curve can be well-fitted by the
triexponential formula (R2 = 0.996):32
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which unveiled the fast-decay component (time-τ1), the
intermediate-decay component (time-τ2), and the slow-decay
component (time-τ3). Thus, the mean photoluminescence
lifetimes (τave) of the Janus textile can be calculated by the
following equation:

A A/i i i iave
2= (2)

According to the fitted curve, τ1, τ2, and τ3 were determined
to be 0.67, 6.73, and 55.56 s, respectively; hence, the
photoluminescence lifetime was calculated to be 41.36 s for
the LPs-embedded bilayered microfibers. Whereas the raw
phosphor particles show a lifetime of 58.28 s (Figure S2),
significant lifetime decay can be ascribed to the influence of
organic solvent. The light-emitting property of the Janus textile
was also confirmed under harsh mechanical deformations. As
can be seen in Figure 2K and Video S1, contributing to the
excellent luminescence of SrAl2O4: Eu2+, Dy3+ and the stable
encapsulation of a robust SEBS matrix, the Janus textile
exhibited a uniform and bright emission during the continuous
stretching up to 900% and under extreme twisting and
complete folding. Thus, the fabricated on-skin luminescent
electronics can accommodate complex application scenarios.

Perspiration-Wicking Properties of the Janus E-
Textile. The Janus textile manifests extraordinary moisture
and air permeability to regulate the human skin microenviron-
ment (Figure 3A,B, a detailed discussion is provided in the
Supplementary Discussion). More importantly, the bilayered
structure of Janus SSFLP textile creates a capillary pressure
difference owing to the asymmetric fiber diameters and pore
sizes; the superhydrophilic SEBS/F127/LPs layer can further
absorb and diffuse the perspiration from the hydrophobic
SEBS layer, boosting sweat vaporization from human skin
(Figure 3C). The typical perspiration-wicking performance can
be evaluated by observing the water (50 μL, dyed with
rhodamine B) transport process through the bilayered textiles
from the side and top view, respectively (Figure 3D,E, Videos
S2 and S3). When dyed water was dropped on the SEBS layer,
the droplet can penetrate the textile immediately and transport
to the upper SEBS/F127/LPs layer in less than 0.1 s. Whereas,
the water cannot pass through the textile when it was dropped

Figure 3. (A) Air and (B) water moisture permeability of pristine SEBS, SEBS/F127, SEBS/F127/LPs, and SSFLP nonwoven textiles. (C)
Schematic depicting the directional perspiration transport across the Janus textile. Wetting behavior (rhodamine B, 50 μL) of the (D) SEBS side
and (E) SEBS/F127/LPs side observed from the top and the side views. (F) Antigravity liquid self-pumping in the Janus textile under 250%
stretching. (G) Practical application of the Janus textile on perspiration-wicking. (H) Diagrams illustrating the simplified perspiration-wicking
process in the Janus E-textile.
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on the SEBS/F127/LPs side and merely diffused around the
hydrophilic surface (Figure 3E). More importantly, the SSFLP
textile can maintain directional sweat transport capability
under large strain (250%, Figure 3F) thanks to the ultraelastic
and robust all-SEBS matrix. In practical, sweaty skin covered
with a Janus SSFLP textile gets dry very quickly within minutes
in an ambient environment (Figure 3G). The mechanism of
fast perspiration-wicking is schematically described in Figure
3H; when the water droplet contacts the microfibers of SSFLP
textile, it gets into the capillary channels, driven by the Laplace
pressure (PL):

P
D

4 cos
L =

(3)

where γ is the liquid−gas interfacial tension, θ is the water
contact angle, and D is the pore diameter. The direction of the
capillary force is determined by the negative or positive value
of the Laplace pressure. Due to the asymmetric pore sizes and
contact angles of SEBS and SEBS/F127/LPs layers, the PL
values of liquid droplets in two capillary channels vary.
Immediately after the water gets into contact with the SEBS
side, it will be absorbed into the pores of the textile by the
Laplace pressure PL2. In the interface between two layers, the
sweat droplet is subjected to two Laplace pressures PL2 and
PL1, with the resultant force in the upward direction being ΔP

= PL2 − PL1. Apparently, once the droplet comes into the
hydrophobic SEBS fibers, the resultant force acting on it keeps
constantly upward, leading to directional, nonreversible, and
even antigravity liquid transportation. Reversely, when the
water is dropped from above over the hydrophilic side of the
Janus textile, the droplet will quickly spread out owing to the
strong Laplace pressures (PL1) and the downward hydrostatic
pressure (HP). Yet, the liquid cannot penetrate the hydro-
phobic fibers of the SEBS layer due to the upward Laplace
pressure difference, thus leading to sweat accumulation on the
hydrophilic side.33

Applications in Personal Health Monitoring. Liquid
metal with unrivaled electrical conductivity was stencil-printed
on the bilayered nonwoven (onto the SEBS layer) to fabricate
the Janus electronic textile. Figure 4A displays the microscopic
and digital photographs of the freshly printed LM circuit with a
silvery and shiny appearance lying on the SEBS microfibers.
Evidently, the boundary between the LM and underlying SEBS
fibers is clear and distinctive, so no excessive diffusion of LM
can be observed. However, magnified SEM images reveal that
the as-printed LM mainly covering the surface of the
nonwoven in a bulk state, instead of penetrating the
microporous matrix (Figure 4B). Further surface topographical
measurements through laser microscopy also prove this
morphology (Figure 4C,D). Such an inhomogeneous combi-

Figure 4. Optical microscopic images, SEM images, surface topographic images, and 3D contour maps of LM-printed SEBS fibers (A−D) before
and (E−H) after mechanical activation. (I) The resistance change of the LM-casted Janus textile as a function of tensile strain. (J) Digital
photographs of the Janus E-textile in an LED circuit under stretching, bending, and twisting deformations. The strain-sensing performance of the
Janus E-textile (K,L) in different strain ranges of 0.5∼2% and 50∼300%. (M) Stability of static stretching under a strain range of 100∼300%. (N)
Swallowing and drinking motion detection via a Janus E-textile.
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nation would inevitably cause circuit turnoff when applied for
on-skin electronics. Herein, the as-printed LM circuit was
activated via repeated monolithic stretching.12 As a con-
sequence, the shiny circuit converted to matte gray with no
shifts of the boundary can be observed, showing good stability
of the LM circuit (Figure 4E,F). Excitingly, the plain surface of
the freshly printed LM was replaced by well-defined fibrous
morphology, and the 3D contour map of the prestretched
electronic textile implies that the fiber shapes as well as the
porous structures were completely retained (Figure 4G,H),
indicating the liquid metal was infiltrated into the fibrous
matrix during mechanical stretching, thus guaranteeing its
excellent and stable conductivity during large-scale deforma-
tion. Furthermore, the air and water moisture permeability of
the bilayer textile experienced neglectable change after the LM
circuit printing (Figure S5). As shown in Figure 4I, the
electrical resistance increased by only 4.1% when the
nonwoven was stretched to 800%. As a demonstration, one
piece of Janus textile was applied as the wire was able to
connect a circuit with an LED light under large tensile strain,
bending, and twisting (Figure 4J).
The fabricated Janus electronic textile possesses superior

stretchability and conductivity so that it can be directly used as
on-skin strain sensors and bioelectrodes. We commenced
measuring the strain-sensing behavior of the E-textile in cycles
under varied tensile strains. It is found that the minimum
detection of strains was as low as 0.5% (Figure 4K), while the
resistance responses at large strains (50−300%) were stable
and sound as well (Figure 4L). Moreover, the response and
recovery times of the E-textile were determined to be 0.6 and
0.3 s (Figure S6), respectively, implying the fast installation of
conducting paths in the liquid metal decorated microfibers. In

addition, the drifting features of the sensor under static
stretching of 100, 200, and 300% were investigated. As shown
in Figure 4M, the resistance signals of the E-textile kept steady
for over 300 s, demonstrating its outstanding conductive
network as well as dependable sensing performance. The long-
term working capability of the sensor was further proved by
implementing 5000 continuous loading/unloading cycles at a
fixed strain of 100% (Figure S7). Finally, the Janus E-textile
was dressed on a volunteer to investigate its capability for
human movement monitoring. As presented in Figure 4N, the
sensor can readily capture the subtle motions of an Adam’s
apple so that the swallowing and drinking activities can be
legibly detected. In short, the constructed perspiration-wicking
Janus E-textile can be applied in the accurate and quick
monitoring of human motions.
The low Young’s modulus (36.5 kPa) of the conductive

Janus E-textile leads to a comparable softness to that of human
skin, combining with the remarkable electrical conductivity,
making the E-textiles desirable bioelectrodes to record
electrophysiology signals including ECG and sEMG. The
ECG signals at different heartbeat rates from 70 to 120 bpm
(at different exercising intensities) were recorded and shown in
Figure 5A−D. Clearly, the biosignals collected by the E-textile
bioelectrodes show equivalent high quality as the impermeable
commercial gel electrodes. Electrical signals at varied heart-
beats exhibit significant differences in terms of frequency and
peak intensity, implying the accurate acquiring capability of the
Janus E-textile for ECG signals. Apart from the ECG signals,
another important physiological signal, namely, sEMG, was
monitored using the Janus E-textile bioelectrode by mounting
it onto the extensor digitorum (detection electrodes) and the
elbow joint (reference electrode) (Figure 5E). The sEMG

Figure 5. (A) Janus E-textile electrodes attached to a male volunteer for ECG acquisition. (B) ECG signals collected by the commercial gel
electrodes and the E-textile bioelectrodes. (C) ECG signals recorded at a heartbeat rate from 75∼120 bpm. (D) Magnified ECG signals detected by
the E-textile showing the distinct P, Q, R, S, and T waves. (E) Photograph of the sEMG monitoring setup. (F,G) sEMG potential and
corresponding average peak values measured by the E-textile bioelectrodes at different gripping forces. (H,I) Gesture recognition by the E-textile
and corresponding peak values. (J) HMI application of the E-textile electrodes in controlling a robotic claw using sEMG signals.
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signals of varied extensor contraction actions were monitored
at different gripping forces. As displayed in Figure 5F,G, via
repeatedly applying 5, 10, 15, and 20 kg of gripping force to the
gripper, stable and reproducible electrical signals generated
from the muscle activity can be detected under the same
gripping force. More importantly, the E-textile bioelectrodes
can monitor the steady increase in signal intensity. Low
amplitude signal recognition and great output reliability make
the Janus bioelectrodes capable of distinguishing different
finger gestures via sEMG. As shown in Figure 5H,I, the E-
textile could precisely identify the specific sEMG signal
intensities and patterns for gestures “Strong” (fist clench),
“Praise” (thumb-up), and “Victory” (index and middle fingers
up). The signal reliability corresponding to each gesture was
further confirmed by the repetition of three finger movements.
Additionally, the signal-to-noise ratio (SNR) of the Janus E-
textile was calculated according to the following equation:

V

V
SNR(dB) 20 log k

N
k

k
N

k
10

1 signal( )
2

1 noise( )
2

= × =

= (4)

Where N is the number of samples, Vsignal(k) and Vnoise(k) are the
voltage values of the signal and noise, respectively. Hence, the
SNR values for the ECG and sEMG signals were measured to
be 18.0 and 23.2 dB, respectively. sEMG collected from
different muscle contractions possesses wide applications in
human−machine interfaces (HMIs). Herein, the sEMG signals
generated by wrist flexors were utilized as a user interface to
control a mechanical claw. The sEMG signals acquired by the
E-textile electrodes were initially filtered and amplified using
the signal processing unit and then supplied to the Arduino
microcontroller unit to control the motor (Figure S8). Figure
5J and Video S4 show that the mechanical claw can be
precisely and in real-time controlled under different forces of
muscle contraction, indicating the potential of the Janus E-
textiles in robotics and intelligent systems.
In summary, via an efficient electrospin-assisted face-to-face

assembly and post LM stencil printing, an ultrastretchable and
luminescent Janus electronic textile with directional sweat
transport capability was successfully developed, which could be
applied as an advanced epidermal electrode for long-term
personal health management as well as HMIs. The asymmetric
porosity and wettability synergistically boosted the perspi-
ration-wicking and thus realized the long-term wearing
comfort. Also, the phosphor SrAl2O4: Eu2+, Dy3+ particles
were well-embedded into the elastic fibers, empowering the
electronic textile with excellent luminescent capability under
extreme stretching in a dark environment. More importantly,
the mechanically activated LM circuits exhibited excellent
stability and conductivity under large strains (up to 900%),
ensuring the high-quality recording of the biosignals and the
precise control of a robotic claw. This research offers a
promising alternative to producing advanced E-textiles for
smart on-skin bioelectronics.
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