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Self-powered multifunctional sensing based
on super-elastic fibers by soluble-core
thermal drawing
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The well-developed preform-to-fiber thermal drawing technique owns the benefit to maintain
the cross-section architecture and obtain an individual micro-scale strand of fiber with the
extended length up to thousand meters. In this work, we propose and demonstrate a two-step
soluble-core fabrication method by combining such an inherently scalable manufacturing
method with simple post-draw processing to explore the low viscosity polymer fibers and the
potential of soft fiber electronics. As a result, an ultra-stretchable conductive fiber is achieved,
which maintains excellent conductivity even under 1900% strain or 1.5 kg load/impact free-
falling from 0.8-m height. Moreover, by combining with triboelectric nanogenerator technique,
this fiber acts as a self-powered self-adapting multi-dimensional sensor attached on sports
gears to monitor sports performance while bearing sudden impacts. Next, owing to its
remarkable waterproof and easy packaging properties, this fiber detector can sense different
ion movements in various solutions, revealing the promising applications for large-area
undersea detection.
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iber drawing from a preform has traditionally been exploited

to produce the extended lengths of optical fibers as tele-

communication waveguides'? to deliver enormous amounts
of light data over the kilometer length scale’=>. Though initially
developed for optical fibers, preform-to-fiber thermal drawing
technique is an inherently scalable manufacturing method that
produces functional fibers with the integration of a broad range of
materials®~3, including glasses, semiconductors, metals, and poly-
mers. It has enabled a wealth of functionalities, including material
engineering®~!1, optical sensing!?!3, neural sensing!4!°, thermal
detection!®17, chemical sensing!®!°, acoustic emission?%?!, and
many more?2. Prospectively, such functional fibers can be a pro-
mising candidate for soft electronics?>-27 with the consideration of
their unique advantages of high dynamic bending elasticity?s,
stretchability?®, and high mechanic strength3%:31. Despite the myr-
iad of available working principles which the soft electronics are
mainly developed from such as piezoresistive effect3>33, capacitance
variation effect?*, piezoelectric effect’ etc., an emerging technique
triboelectric nanogenerator (TENG)3¢ utilizing the triboelectrifica-
tion effect has enabled wide spread applications in self-powered
sensors>738, Tt detects mechanical stimulations from both static and
dynamic processes through the voltage and current output signals
of the TENG, converting ambient mechanical energy into electric
energy via a coupling effect of contact electrification and electro-
static induction340. Among the demonstrated device form factors,
fiber-shaped TENGs are able to fully utilize fiber electronics’
advances of large specific surface area while being lightweight, as
well as its feasibility to achieve scalable fabrication*!. The main
requirement for co-drawn material selection is that the materials
should exhibit compatible viscosities at the drawing temperature*2.
However, the use of soft materials such as elastomers is not com-
patible with the thermal drawing process, and the fiber geometry is
difficult to maintain, due to the low modulus, low viscosity, and
high adhesiveness of elastomers under high temperature3?.

Thus, with the effort in this work, a universal two-step soluble-
core fiber fabrication method has been successfully developed that
is applicable to a wide range of soft materials to be compatible with
the preform-to-fiber thermal drawing process while maintaining
fiber structures and interfaces. This approach breaks the constrain
in polymer material selection for the conventional thermal drawing
technique, further extending to low viscosity rage, thus may enable
a broad range of low viscosity functional materials (e.g., synthe-
sized self-healing gels) to be developed into fiber devices. The first
step is the co-drawing of styrene-ethylene-butylene-styrene (SEBS,
a typical elastomer) shell and polyvinyl alcohol (PVA) core into a
thin fiber that defines the initial structure. The second step dis-
solves the PVA core to obtain a hollow SEBS tubular fiber. Fur-
thermore, by infiltrating liquid metal into the hollow SEBS fibers,
TENG fibers are thus fabricated. This ultra-stretchable conductive
fiber offers an outstanding stretchability which is still conductive at
1900% strain and can bear 1.5 kg load/impact freefalling from 0.8-
m height. Moreover, working as soft electronics, it is self-adapting
on regular and irregular surfaces, which is ideally suitable for
monitoring sports performance and training while bearing strong
and sudden impacts when attached on sports gears. For the proof
of concept, we construct both a 2D fiber net on a baseball glove to
locate the hitting points with different catching speeds and a
3D fiber net on a football to perform the sensing function of
a spherical coordinate. More importantly, different from the pre-
viously reported TENG fibers which were fabricated through dip
coating3#4, spray coating or deposition*” of functional layers onto
textiles fibers?®4’, and wet- or electro-spinning?®, the fabricated
TENG fibers in this work perform a better stability, easy packaging,
and waterproof, leading to the realization of an jon movement
detector in different solutions, potentially for large-scale under-
water applications.

Results

Soluble-core fabrication of super-elastic fibers. The fabrication
approach to produce these fibers is illustrated in Fig. 1. To form the
PVA core-SEBS shell preform, SEBS pellets were hot-pressed into
thin films, while PVA pellets were reshaped into rods with different
shapes (e.g., cylinder, cuboid, tube etc.) by injection molding
machine as shown in Fig. la. The PVA rod core was wrapped
tightly by the SEBS films (Fig. 1b). Then the preform was con-
solidated in vacuum oven to remove moisture and air gaps, and the
well prepared preforms are shown in Fig. 1c. The resulting all-solid
preform was heated in a two-zone furnace till soft and then drawn
into fibers with precisely controlled diameters from micrometer to
millimeter, as shown in Fig. 1d. For the convenience of subsequent
fabrication steps, we kept the outer diameter to be ~0.8 mm. After
collecting the fibers, they were cut into segments, and immersed in
80 °C hot water to fully dissolve the inner cores. Figure le shows
the cross-section photos of different shaped PVA cores before and
after dissolving the inner cores in water. The dissolving rate is about
10 um/min in room temperature. To reduce the dissolving time, an
effective approach is to fabricate tubular-shaped PVA core (bottom
row in Fig. le), compared to the all-solid PVA cores. The dissolving
parameter data sheets are listed in Supplementary Table 1 and
Supplementary Table 2. As shown in Fig. 1f, the resulting fiber is
very flexible with a continuous hollow channel running within the
entire fiber length. Microstructures were hot-pressed onto the fiber
surface to increase the surface area as shown in Fig. 1g. Then, the
liquid metal Galn eutectic alloy was injected into the hollow
channel, followed by the connection with copper wires on both fiber
ends, forming an ultra-flexible and ultra-stretchable conductive
fiber. Figure 1h exhibits the outstanding flexibility of the formed
conductive fiber in which such a conductive fiber was coiled on a
pencil, while maintaining the electric connection to light up a green
LED. The insert is the cross-section view of the liquid metal core
fiber with the inner diameter of 600 um. This technique is not only
applicable to the incorporation of liquid metal into fibers, but also
extended to other electronic devices that can be developed in a
similar fashion, such as ionic liquid and other functional solutions.
Also, increasing the number of channels within a single fiber will
potentially lead to even higher composite electrical applications.

Super-elastic conductive fibers working as TENGs. To quanti-
tively study the electrical output of the ultra-stretchable con-
ductive fiber device working as TENG, we constructed a test
platform which could both perform a cycling contact-separate
working mode and adjust the fiber strains. Schematic of the test
platform is shown in Fig. 2a. The fibers were fixed parallelly by a
pair of clamps on a vertical optical board. The strain was
manipulated by adjusting the distance between the clamps, and
screws fixed on the breadboard were utilized to hold the clamps
from moving/displacing. The aluminum plate contacted the fibers
back and forth controlled by the linear motor, and the traveling
speed was set as 0.1 m/s. Electrometers were connected with
copper wires from the conductive fibers to collect the corre-
sponding electrical output. The working mechanism of the ultra-
stretchable fiber-based TENG under this test mode is shown in
Fig. 2b. When the aluminum plate gets close to and contacts the
fiber surface, the positive charges on the liquid metal core at the
interface between SEBS shell decreases to keep the electrostatic
balance. The direction of the current is “+”. When the aluminum
plate moves away from the fiber surface, the positive charges on
the liquid metal core surface increases. The direction of the
current changes to “-”. Full working cycle mechanism schematic
with corresponding signal indications is shown in Supplementary
Fig. 4. Furthermore, under an ideal condition, the surface charges
and surface area are in a radicand relation with the fiber length
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Fig. 1 Soluble-core fabrication of the super-elastic conductive fiber through thermal drawing method. a PVA pellets were reshaped into rods with different
shapes by injection molding machine. b To wrap shaped PVA cores with SEBS films. ¢ The prepared preforms after consolidation. d Schematic of the fiber
drawing process in the thermal fiber drawing tower. Preforms with different shaped cores were pre-fabricated, and the all-solid preform was heated in the
furnace till soft and then drawn into fibers. e Cross-section photos of different shaped PVA cores before and after dissolving the inner cores in water.

The inserted scale bars are 200 pm. f Optical image of the resulting fibers. g The microstructure fabricated on fiber surface with the scale bar of 20 pm.

h The formation of ultra-flexible conductive fiber. By injecting liquid metal Galn eutectic alloy into the hollow channel and connecting copper wires on both ends
of the fiber as electrodes, an ultra-flexible and ultra-stretchable conductive fiber was formed. A green LED lighted up when connecting to the power source via a
piece of conductive fiber that was coiled on a pencil. The inset is the cross-section view of the liquid metal core fiber with the scale bar of 200 pm.

(detailed discussion presented in Supplementary Discussion 1), so
when fibers are stretched, the surface area increases, charges on
the surfaces increase and the electrical output increases. Other
factors (e.g., fiber thickness and humidity) can also contribute to
the charge density*®, but have negligible influence on our fiber
condition, so we simply discuss in Supplementary Discussion 1.
Simulation results of one fiber working under no strain and
1000% strain are shown in Fig. 2c. Charge density was extracted
from experimental results as 0.334 pC/m2, and 2.44 uC/m2,
respectively. Obviously, the electrical output under the stretching
condition is larger than that with no strain. More simulation
results are shown in Supplementary Figs. 6 and 7.

Characterization of super-elastic conductive fiber-based TENG.
Electrical output of different numbers of fibers working as TENGs
under different strains were measured and shown in Fig. 3. The
test platform is illustrated in Fig. 2a, and the motor speed was set

as 0.1 m/s. Figure 3a plots the open-circuit voltage outputs of
fibers under strains of 0, 200, 600, and 1000%, with the number of
fibers to be 1, 2, 3, 4, 5, and 8, respectively. Starting from the
original fiber length of 25mm, the output voltage increases
with the number of fibers and the applied strains. Eventually,
eight fibers with 1000% strain can provide an output of ~7.5V.
Figure 3b, ¢ plot the short-circuit currents and the transferred
charge quantities of fibers under strains of 0, 200, 600, and
1000%, with the number of fibers to be 1, 2, 3, 4, 5, and 8,
respectively. Both the output current and the quantity of charges
increase with the number of fibers and the applied strains. In
order to see the trend more clearly, in Fig. 3d—f, we extracted the
peak values of voltages, currents, and transfer charge quantities of
different numbers of fibers under different strains from Fig. 3a-c,
respectively. It can be observed that the electrical outputs increase
with the number of fibers under all strain conditions and are in a
positive correlation with the applied strains. Stretchable fibers
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Fig. 2 Super-elastic conductive fibers working as TENG to harvest mechanical energy. a Schematic of the test platform. The fibers were fixed parallelly
by a pair of clamps on a vertical optical board. The strain was manipulated by adjusting the distance between the clamps. The aluminum plate contacted
the fibers back and forth controlled by the linear motor. b Working mechanism of the ultra-stretchable fiber TENG. When the aluminum plate gets close to
and contacts the fiber surface, the positive charges on the liquid metal core at the interface between SEBS shell decreases to keep the electrostatic balance.
When the aluminum plate moves away from the fiber surface, the positive charges on the liquid metal core surface increase. When fibers are stretched, the
surface area increases, the charges on the surfaces increase, and the electrical output increases. € Simulation of one fiber working condition under no strain

and 1000% strain.

gripped by clamps work as a fix-fix string vibration model, so the
vibration frequency increases with its strain. It is indicated by the
statistical analysis that error bars become larger with increase of
the applied strains and the number of fibers, especially in current
signals which are obtained through the rate at which charge flows
through a given surface. This random vibration cannot be avoi-
ded in the clamp-fiber-clamp system. Moreover, because of the
superposition of randomness, it becomes more obvious when
there are more fibers. Detailed explanation is provided in Sup-
plementary Discussion 2.

Though in the electrical output characterization process the
strain was only set up to 1000% to obtain a stress uniformity in a
moderate scope, the liquid metal fiber was still conductive when
stretched to up to 19 times (Fig. 4a and Supplementary Movie 1).
Because of the super-elastic nature, it can also bear the dynamic
and sudden impact caused by a 1.5kg load that is free-falling
from 0.8-m height, as shown in Fig. 4b and Supplementary
Movie 1with a group of six 10-cm-conductive fibers. Moreover, to
reveal the potential of using such fiber to perform as human

activity sensor and mechanical energy harvester, it can also bear
the impact and deformation caused by human activities such as
stepping, as demonstrated in Fig. 4b. The inset of Fig. 4b shows
the collected corresponding current signal of foot stepping (~75
nA). To quantitatively study the stretchability, strain-stress tests
of SEBS, PTFE, and silicone hollow fibers were carried out by
both mechanical testing machine (MTS) and dynamic mechanical
analysis (DMA). As summarized in Fig. 4c, SEBS hollow fiber
shows the best stretchability performance, which reaches 1900%
strain. As the working distance in DMA machine was not long
enough for the breaking test, strain-stress curves in Fig. 4d were
used to obtain the Youngs’ modulus 1.6, 5.8, and 204.1 MPa for
SEBS, silicone, and PTFE hollow fibers, respectively. Figure 4e is
the output power density of a six 10-cm-conductive fiber-based
TENG with different external loads under 0.1 m/s contact-
separate working speed. The output current decreases with the
increasing of external resistances, while the voltage follows a
reverse trend (Supplementary Fig. 10), which is due to the Ohm’s
law. Thus, the instantaneous power density increases firstly and
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Fig. 3 Electrical output of different numbers of fibers working as TENGs under different strains. a Open-circuit voltages of fibers under strains O, 200,
600, and 1000%. The output voltage increases with the number of fibers and the applied strains. Inset: the enlarged figure of open-circuit voltages under

0% strain. b Short-circuit currents of fibers under strains 0, 200, 600, and

1000%. The output current increases with the number of fibers and the

applied strains. Inset: the upper one is the enlarged figure of short-circuit currents under 0, 200, and 600% strains, and the bottom one is the enlarged
figure under 0% strain. ¢ The transferred charge quantities of fibers under strains 0, 200, 600, and 1000%. The quantity of charges increases with the
number of fibers and the applied strains. Inset: the enlarged figure of transferred charges under 0% strain. The motor speed was set as 0.1m/s

when tested. d-f Extracted peak values with error bars of voltage, current, and transfer charge of different numbers of fibers under different strains from
a-c, respectively. Error bars represent standard deviation, n = 8 independent replicates.

then drops, being maximized at a load resistance of ~200 MQ,
corresponding to a peak power density of ~10.2 uW/m?.
Durability is one of the key factors to ensure the long-term
stability of devices, and Fig. 4f plots the current output with 2500,
5000, and 8000 contact-separation cycles under 0.3 m/s. The
output keeps at around +7nA to —10nA, indicating a stable
operation in the testing period, and the full data is shown in
Supplementary Fig. 11. More durability tests of fibers with 200%
strain and 1000% strain are shown in Supplementary Fig. 12 and
Supplementary Fig. 13.

Conformal fiber net for monitoring sports performance and
training. Based on the advances of its ultra-flexibility and ultra-
stretchability, the fabricated conductive fiber offers an out-
standing conformability and can be adapted to regular and irre-
gular shaped surfaces. In particular, the nature of monitoring
sports performance and training requires the direct contact with
the training facilities,”® while maintaining stable sensing perfor-
mance under sudden deformation and strong external impact.
The fabricated conductive fiber is therefore a promising candidate
to meet these strict requirements. So, we first constructed a fiber-
based sensing net that was conformally adapted on the 2D inner
surface of a baseball glove to locate the hitting points with dif-
ferent catching speeds. As demonstrated in Fig. 5a-c, when the
ball was caught, hitting points were detected, and the catching
speed was indicated by analyzing the current value differences, as
lower catching speed results in a smaller current signal, and
higher catching speed leads to a larger current output. (Color
differs depending on the speed in the schematic in Fig. 5c).

The second demonstration is to apply these conductive fibers
on a 3D surface, such as the surface of a football, as shown in
Fig. 5d, e, and this fiber net on the football surface exactly
performs the sensing function of a spherical coordinate.’! Fibers
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attached on the football surface formed both the longitude line
and the latitude line, and each cross point of the fiber was
regarded as a coordinate point in the spherical coordinate system.
For testing convenience, we performed the finger touch test as
shown in Fig. 5e. We used the current value to detect and identify
the point under impact based on the longitude lines of 0° (360°),
60°, 120°, 180°, 240°, and 300°, and latitude lines of 45°, 90°, and
135°. As the fabricated conductive fibers offered an ultra-
sensitivity to environment motion change, we adopted a special
data processing method to avoid possible noise jamming. When a
finger touched a point, current signals from all nine lines were
received. For each line, we extracted the signal values of both
touched and untouched states, and then took the ratio of touched
value/untouched value as the line value R. Thus, for one certain
touch, we got 9 R from nine fibers. Our target was to detect which
cross point was touched, so we transfered line values to the cross
point values by taking the product value of the two crossed lines’
R as the point value. For instance, the detected value for point
(30°, 120°) is Ron30°, tat120°) = Rionzoe X Riat120°. SO for one certain
touch, we got 18 detected values for the 18 cross points,
respectively. Then, to visualize the entire sensing net, we assigned
these 18 values to the corresponding positions on the spherical
coordinate, as shown in Fig. 5f, g with the maxmum value
appeared at (0°, 45°) and the most bright area was the upright
line segment and area of point (0° 45°). Based on this
sensing principle, Fig. 5h, i show the detecting results when
point (60°, 90°) was under impact, while Fig. 5j, k show the
detecting results when point (120° 135°) was under impact.
Movies to show the full coordinate points on the spheres can be
found in Supplementary Movie 3.

Super-elastic conductive fiber for ion movement detection in
solutions. Another merit of fiber devices is that it is much easier
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Fig. 4 Stretchability and durability of the super-elastic conductive fibers. a The liquid metal fiber is still conductive when stretched to up to 19 times. See
Supplementary Movie 1. b Left: 10-cm liquid metal fibers bear the dynamic impact caused by a 1.5 kg load free-falling motion from 0.8-m height. See
Supplementary Movie 2. Right: The resulting fibers can bear the impact and deformation caused by human activities such as stepping. Inset: the collected
current signal of foot stepping (-75 nA). ¢ Tensile test of SEBS, PTFE, and silicone hollow fibers. SEBS hollow fiber shows the best stretchability. d DMA test
of SEBS, silicone, and PTFE hollow fibers to obtain the Youngs' modulus of 1.6, 5.8, and 204.1MPa, respectively. e Power density with different out

loads. Corresponding measured voltage is plotted in Supplementary Fig. 10. f
0.3 m/s speed to show the durability of the super-elastic conductive fibers.

to be packaged (only two ends) compared with film devices>2>3
and on chip devices’*, which is particularly suitable for
underwater applications. As far as reported, TENGs working
underwater mainly make use of the mechanical energy of
waterwaves®”, and a recently work has developed a bionic film
device by collecting underwater mechanical energy through
utilizing water flow in device channels®®. Besides the mechan-
ical movement induced static charge variations between/among
components of TENGs, we found that ion movements and
concentration changes in solutions could also result in electrical
output, which is accompanying TENG waterwave mechanical
energy harvesting. This phenomenon could be utilized to detect
underwater electrical signals and collect related energy. Here we
demonstrate a way to make use of this phenomenon based on
our super-elastic conductive fibers. To build up a controllable
ion movement environment in solution, we constructed a three-
electrode system connected with the electrochemical work-
station using a carbon cloth as working electrode, a platinum
wire as the counter electrode, and Ag/AgCl as the reference
electrode, as schematzed in Fig. 6f. When “+” source signal

6 NATURE COMMUNICATIONS | (2021)12:1416 | https://doi.org/10

Current output with 2500, 5000, and 8000 contact-separation cycles under

(upper figures in Fig. 6a-d) is applied, the electrochemical
station gives out electrons e” with negative charges through the
counter electrode (Pt wire). So, cations in the solution move
from other locations toward the counter electrode, and anions
distribute more at other locations in the solution. As there are
negative anions outside the detecting fiber, positive charges
move into fiber to reach balance. Thus, current direction is into
the fiber from the electrometer, which appears as negative in
the detecting signals presented in the bottom part of Fig. 6a-d.
When the applied source signal is fully applied, the solution
system gradually reaches a balance state, and the detected peak
recovers to 0. When the “+” signal is off, an opposite process
happens, and the detected signals become opposite. (Detailed
discussion is shown in Supplementary Fig. 16.)

Factors including source amplitude, detecting length of fibers,
solute types, and solution concentrations may affect the detecting
results. As revealed in Fig. 6a-d, the value of sources signals
obviously has an impact on the detecting results (0.8>0.4>
0.2V). So we firstly investigate how the detected signals are
influenced by the immersed fiber length. In Fig. 6a, a 14-cm-long

1038/541467-021-21729-9 | www.nature.com/naturecommunications
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Fig. 5 Applications as an adaptive sensor net on regular and irregular shaped surfaces for monitoring sports performance and training. a A fiber-based
sensing net that was conformally adapted on the 2D inner surface of a baseball glove to locate the hitting points with different catching speeds. b Photo to
show the ball-catching using functional baseball glove. € The detection to locate the hitting points with different catching speeds when the baseball was
caught by the glove. Colors indicate different catching speeds. d Conductive fibers on a 3D surface of a football to perform the sensing function of a

spherical coordinate. e Schematic to show the cross point when pressed by fingers. f-k When a cross point was pressed, the corresponding signal was
visualized on the spherical coordinates. f and g Point (0°, 45°) was pressed. h and i Point (60°, 90°) was pressed. j and k Point (120°, 135°) was pressed.
The color indicates the signal value, and if both coordinate values are high enough, the upright coordinate line segments or area would be highlighted,

which means that this cross point is pressed.

fiber was immersed in 0.25 M/L NaCl solution, and the solution
was applied with DC rectangular wave signals of 0.2, 0.4, and 0.8
V through multi-potential steps mode from the electrochemical
workstation. To make a comparison, in Fig. 6b, a 10.4-cm-long
fiber was immersed in the same 0.25 M/L NaCl solution and the
solution was also applied with DC rectangular wave signals of 0.2,
0.4, and 0.8 V. The detected signals are smaller than those in
Fig. 6a under the same applied voltage, indicating that the
detected signal value is majorly related to the effective fiber length
immersed in solution. Next, in Fig. 6c, d, the effect of solute
difference was investigated by immersing a 14-cm-long fiber in
0.5 M/L NaCl solution and 0.5 M/L Na,SO, solution separately,
under 0.2, 0.4, and 0.8V DC rectangular wave signals. The
detecting results obviously differ with different solutes under 0.8
V, and less obviously under low source signal values. Figures 6a, ¢
investigated the solution concentration as a factor, and the
detecting results did not differ obviously with different concen-
trations of the same solute. Full test results were extracted
and summarized in Fig. 6e, verifying the above results and
conclusions. Firstly, the source signal value obviously played a
more important role than other factors, as the curves clearly
distributed in three groups according to signal values (0.8 >
0.4 >0.2V). Secondly, the curves for four solutes differed little
under 0.2 and 0.4V signals, and differed larger under 0.8V
signals, but were still insufficient to be clearly distinguished
with each other. Lastly, the curves did not show an obvious
positive relation between the solution concentration and the
detecting results. The reasons for the unclear regularity might
be due to the facts that the conductivities of solutions with

different solute types are different and the ion movement
conditions differ with ion types (their carried charges and the
ion weights may affect their movement under electric field).
Therefore, this systematic study confirms that the immersed
fiber length and the source signal values are the major factors
affecting the detecting results. The solute type and solution
concentration are the minor factors. Figure 6f demonstrates the
prospected application for large-area undersea monitoring. The
super-elastic conductive fibers can detect undersea electrical
signals caused by ion movements and concentration changes,
while collecting the energy simultaneously. The inset is a
schematic to explain the self-powered detecting process.

Discussion

Ultra-stretchable SEBS hollow fibers were fabricated using the
proposed soluble-core method. By incorporating liquid metal
into the inner core, a super-elastic conductive fiber was
achieved with easy packaging. Combining the effects of tri-
boelectrification caused by surface contact and principles of
electrostatic induction, the ultra-stretchable conductive TENG
fiber can be attached to 2D and 3D surfaces working as a self-
powered sensor while bearing strong and sudden impacts.
Thanks to its intrinsic advantages of waterproof and easy
packaging, the as-fabricated fiber was also utilized to study the
electrical signal change and ion concentration variations in
different solutions, indicating the potential as an underwater
self-powered monitoring net. This newly proposed fabrication
approach and the combination with TENG provide more pos-
sibilities to achieve various in-fiber structures and a viable path
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Fig. 6 Super-elastic conductive fiber for ion movement detection in solutions. a A 14-cm-long fiber was immersed in 0.25 M/L NaCl solution and the
solution was applied with DC rectangular wave signals of 0.2, 0.4, and 0.8 V from the electrochemical workstation. The upper green line shows the source
signal on-off and the below correspondingly shows the detected signal from our functional fiber. b A 10.4-cm-long fiber was immersed in 0.25 M/L NaCl
solution and the solution was applied with DC rectangular signals of 0.2, 0.4, and 0.8 V. ¢, d A 14-cm-long fiber was immersed in 0.5 M/L NaCl solution
and 0.5 M/L Na,SOy, solution under 0.2, 0.4, and 0.8 V applied DC rectangular wave signals. e Summary of a 14-cm-long fiber detecting results in different
concentration solutions and different applied DC rectangular wave voltage signals. It shows that the detecting results are majorly related to the applied
signal value which represents the ion movement. f A schematic of the prospected application for undersea detecting with the inset schematic to explain the

self-powered detecting process.

to introduce soft material enabled electronic devices into
thermally drawn fibers, which allows more space for further
large-area high-dimensional device integration. Especially,
inspired by the effectivity of detecting ion variation related
signals, multi-position underwater motion monitoring system
can be expected.

Methods

Materials. SEBS pellets were G1643 from Kraton. PVA pellets were G-polymers
8049, 8042, and 8077 P from NIPPON GOHSEI which permit a temperature window
(between T,, and decomposition temperature) for thermal processing. Galn eutectic,
NaCl, and KCl were from Alfa Aesar. K,SO, and Na,SO, were from Aladdin.

Fabrication of PVA core-SEBS shell preforms. PVA pellets were filled in the
heating barrel of the injection machine, and melted at 200-225 °C for 3-5 min.
Then the melted PVA was injected to the mold under pressure of 0.7 MPa. SEBS
pellets were firstly hot-pressed into thin film under 190 °C for 8 mins, then cropped
to rectangular shape. SEBS films were rolled outside PVA cores tightly. And the
PVA cores were shaped to cylinder, cuboid, tubular, and other shapes depending
on the mold shapes. For dual core preform, the two cores were wrapped separately
and then combined to form one preform. The wrapped preforms were consolidated
in vacuum oven at 110 °C.

Fiber drawing. The fibers were fabricated by the thermal drawing process by placing
the preform in a two-zone heating furnace, where the top and bottom zones were
heated to 150 and 350 °C, respectively. The preform was fed into the furnace at a rate
of 3mm min~! and drawn at a speed of 1 m min~!, which resulted in a draw-down
ratio of 18. Tens of meters of fibers were collected from each draw.

Dissolving inner core and conductive fiber fabrication. The collected fibers were
cut into segments and immersed in 80 °C hot water for overnight to fully dissolve
the inner cores. After completely drying off, we used a syringe to inject Galn

eutectic into the hollow channels. Then copper wires were inserted to both ends
and glues were used to seal the connections.

Visualization of the sensing results on the football. To visualize the entire
sensing net, a spherical coordinate system framework was constructed by 12
longitude lines x 12 latitude lines, which both supported a sphere surface shape and
included all 18 detect cross points. We assigned 18 R values to the corresponding
positions on the spherical coordinate, and took the detected minimum value to
assign the rest coordinate points on the sphere. Then the coordinate sphere was
colored depending on the coordinate point values. If both coordinate values of a
point are high enough, the upright coordinate line segments or area would be
highlighted, which means this cross point is pressed. The reason why the sup-
porting lines on the sphere coordinate structure are more than we tested is that the
sphere surface would be tangled when the supporting longitude and latitude lines
were removed. So we just kept them and assigned them the minimum value.

Electrochemical tests. A fiber holder with some groves on the plastic plate surface
(Supplementary Fig. 17) was firstly fabricated to hold the soft fiber and ajust the
immersing length in solutions. The fiber was placed in the grove, and connected
one end by copper wire with the working electrode from the electrochemical
working station. The electrical source was applied through a three-electrode sys-
tem. We used the multi-potentials test mode in the electrochemical working station
to apply signals. Various concentration solutions were injected to the beaker as the
electrolyte.

Characterization and measurement. A linear motor (LinMot E1100) was used to
apply a periodic contact-separation working cycle. The speed was set to be 0.1 m/s.
The open-circuit voltage, short-circuit charge, and short-circuit current of the
fibers were measured by a Keithley 6517B electrometer, and a Stanford 570 current
preamplifier. The scanning electron microscope (SEM) images were taken by JEOL
field emission SEM (7600 F). The obtained cross-section optical micrographs were
taken by Olympus BX51. DMA test was carried out by TA Q800. Uniaxial tensile
test was examined by MTS Criterion Model 42.

8 NATURE COMMUNICATIONS | (2021)12:1416 | https://doi.org/10.1038/s41467-021-21729-9 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 27 February 2020; Accepted: 4 February 2021;
Published online: 03 March 2021

References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Ramaswami, R., Sivarajan, K. & Sasaki, G. Optical Networks: A Practical
Perspective (Morgan Kaufmann, 2009).

Agrawal, G. P. Fiber-optic Communication Systems (John Wiley & Sons, 2012).
Tuniz, A. & Schmidt, M. A. Broadband efficient directional coupling to short-
range plasmons: towards hybrid fiber nanotips. Opt. Express 24, 7507-7524
(2016).

Ren, H. et al. Nonlinear optical properties of polycrystalline silicon core fibers
from telecom wavelengths into the mid-infrared spectral region. Opt. Mater.
Express 9, 1271-1279 (2019).

Tuniz, A., Chemnitz, M., Dellith, J., Weidlich, S. & Schmidt, M. A. Hybrid-
mode-assisted long-distance excitation of short-range surface plasmons in a
nanotip-enhanced step-index fiber. Nano Lett. 17, 631-637 (2017).
Coucheron, D. A. et al. Laser recrystallization and inscription of compositional
microstructures in crystalline SiGe-core fibres. Nat. Commun. 7, 13265 (2016).
Franz, Y. et al. Material properties of tapered crystalline silicon core fibers.
Opt. Mater. Express 7, 2055-2061 (2017).

Yan, W. et al. Semiconducting nanowire-based optoelectronic fibers. Adv.
Mater. 29, 1700681 (2017).

Bayindir, M. et al. Metal-insulator-semiconductor optoelectronic fibres.
Nature 431, 826 (2004).

Egusa, S. et al. Multimaterial piezoelectric fibres. Nat. Mater. 9, 643 (2010).
Healy, N., Gibson, U. & Peacock, A. C. A review of materials engineering in
silicon-based optical fibres. Semicond. Sci. Technol. 33, 023001 (2018).
Peacock, A. C,, Sparks, J. R. & Healy, N. Semiconductor optical fibres: progress
and opportunities. Laser Photon. Rev. 8, 53-72 (2014).

Peacock, A. C. & Healy, N. Semiconductor optical fibres for infrared
applications: a review. Semicond. Sci. Technol. 31, 103004 (2016).

Canales, A. et al. Multifunctional fibers for simultaneous optical, electrical and
chemical interrogation of neural circuits in vivo. Nat. Biotechnol. 33, 277
(2015).

Guo, Y. et al. Polymer composite with carbon nanofibers aligned during
thermal drawing as a microelectrode for chronic neural interfaces. ACS Nano
11, 6574-6585 (2017).

Bayindir, M., Abouraddy, A. F., Arnold, J., Joannopoulos, J. D. & Fink, Y.
Thermal-sensing fiber devices by multimaterial codrawing. Adv. Mater. 18,
845-849 (2006).

Zhang, T. et al. Ultraflexible glassy semiconductor fibers for thermal sensing
and positioning. ACS Appl. Mater. Interfaces 11, 2441-2447 (2018).

Kanik, M., Marcali, M., Yunusa, M., Elbuken, C. & Bayindir, M. Continuous
triboelectric power harvesting and biochemical sensing inside poly(vinylidene
fluoride) hollow fibers using microfluidic droplet generation. Adv. Mater.
Technol. 1, 1600190 (2016).

Zhang, N. et al. Ultra-sensitive chemical and biological analysis via specialty
fibers with built-in microstructured optofluidic channels. Lab Chip 18,
655-661 (2018).

Chocat, N. et al. Piezoelectric fibers for conformal acoustics. Adv. Mater. 24,
5327-5332 (2012).

Wang, S. et al. Flexible piezoelectric fibers for acoustic sensing and
positioning. Adv. Electron. Mater. 3, 1600449 (2017).

Loke, G., Yan, W., Khudiyev, T., Noel, G. & Fink, Y. Recent progress and
perspectives of thermally drawn multimaterial fiber electronics. Adv. Mater.
32, 1904911 (2019).

Xu, S. et al. Soft Microfluidic assemblies of sensors, circuits, and radios for the
skin. Science 344, 70-74 (2014).

Gao, W. et al. Fully integrated wearable sensor arrays for multiplexed in situ
perspiration analysis. Nature 529, 509-514 (2016).

Cooper, C. B. et al. Stretchable capacitive sensors of torsion, strain, and touch
using double helix liquid metal fibers. Adv. Funct. Mater. 27, 1605630 (2017).
Jang, K.-L et al. Self-assembled three dimensional network designs for soft
electronics. Nat. Commun. 8, 15894 (2017).

Niu, S. et al. A wireless body area sensor network based on stretchable passive
tags. Nat. Electron. 2, 361-368 (2019).

Zhu, S. et al. Ultrastretchable fibers with metallic conductivity using a liquid
metal alloy core. Adv. Funct. Mater. 23, 2308-2314 (2013).

Park, S. et al. Ultrastretchable elastic shape memory fibers with electrical
conductivity. Adv. Sci. 6, 1901579 (2019).

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Qu, Y. et al. Superelastic multimaterial electronic and photonic fibers and
devices via thermal drawing. Adv. Mater. 30, 1707251 (2018).

Leber, A. et al. Compressible and electrically conducting fibers for large-area
sensing of pressures. Adv. Funct. Mater. 30, 1904274 (2019).

Kanda, Y. Piezoresistance effect of silicon. Sens. Actuator A Phys. 28, 83-91
(1991).

Peng, C. T, Lin, J. C, Lin, C. T. & Chiang, K. N. Performance and package
effect of a novel piezoresistive pressure sensor fabricated by front-side etching
technology. Sens. Actuator A Phys. 119, 28-37 (2005).

Lipomi, D. J. et al. Skin-like pressure and strain sensors based on transparent
elastic films of carbon nanotubes. Nat. Nanotech. 6, 788 (2011).

Wu, W., Wen, X. & Wang, Z. L. Taxel-addressable matrix of vertical-nanowire
piezotronic transistors for active and adaptive tactile imaging. Science 340,
952-957 (2013).

Fan, F. R, Tian, Z. Q. & Wang, Z. L. Flexible triboelectric generator. Nano
Energy 1, 328-334 (2012).

Hinchet, R. et al. Transcutaneous ultrasound energy harvesting using
capacitive triboelectric technology. Science 365, 491-494 (2019).

Parida, K. et al. Extremely stretchable and self-healing conductor based on
thermoplastic elastomer for all-three-dimensional printed triboelectric
nanogenerator. Nat. Commun. 10, 2158 (2019).

Zhang, B. et al. Self-powered acceleration sensor based on liquid metal
triboelectric nanogenerator for vibration monitoring. ACS Nano 11,
7440-7446 (2017).

Xia, X., Fu, J. & Zi, Y. A universal standardized method for output capability
assessment of nanogenerators. Nat. Commun. 10, 1-9 (2019).

Rein, M. et al. Diode fibres for fabric-based optical communications. Nature
560, 214-218 (2018).

Bayindir, M. et al. Kilometer-long ordered nanophotonic devices by
preform-to-fiber fabrication. IEEE J. Sel. Top. Quantum Electron. 12,
1202-1213 (2006).

Yang, Y. et al. Liquid-metal-based super-stretchable and structure-designable
triboelectric nanogenerator for wearable electronics. ACS Nano 12, 2027-2034
(2018).

Yu, X. et al. A coaxial triboelectric nanogenerator fiber for energy harvesting
and sensing under deformation. J. Mater. Chem. A 5, 6032-6037 (2017).
Chen, J. et al. Micro-cable structured textile for simultaneously harvesting
solar and mechanical energy. Nat. Energy 1, 16138 (2016).

Kwak, S. S. et al. Fully stretchable textile triboelectric nanogenerator with
knitted fabric structures. ACS Nano 11, 10733-10741 (2017).

Xiong, J. et al. Skin-touch-actuated textile-based triboelectric nanogenerator
with black phosphorus for durable biomechanical energy harvesting. Nat.
Commun. 9, 4280 (2018).

Wang, X. et al. A highly stretchable transparent self-powered triboelectric
tactile sensor with metallized nanofibers for wearable electronics. Adv. Mater.
30, 1706738 (2018).

Liu, Y. et al. Quantifying contact status and the air-breakdown model of
charge-excitation triboelectric nanogenerators to maximize charge density.
Nat. Commun. 11, 1-8 (2020).

Luo, J. et al. Flexible and durable wood-based triboelectric nanogenerators for
self-powered sensing in athletic big data analytics. Nat. Commun. 10, 5147
(2019).

Abouraddy, A. F. et al. Large-scale optical-field measurements with geometric
fibre constructs. Nat. Mater. 5, 532 (2006).

Wang, S. et al. Skin electronics from scalable fabrication of an intrinsically
stretchable transistor array. Nature 555, 83 (2018).

Cao, Y. et al. Self-healing electronic skins for aquatic environments. Nat.
Electron. 2, 75-82 (2019).

Chen, M. et al. Tuning light emission of a pressure-sensitive silicon/ZnO
nanowires heterostructure matrix through piezo-phototronic effects. ACS
Nano 10, 6074-6079 (2016).

Chen, B. D. et al. Water wave energy harvesting and self-powered liquid-
surface fluctuation sensing based on bionic-jellyfish triboelectric
nanogenerator. Mater. Today 21, 88-97 (2018).

Zou, Y. et al. A bionic stretchable nanogenerator for underwater sensing and
energy harvesting. Nat. Commun. 10, 2695 (2019).

Acknowledgements

This work was supported by the Singapore Ministry of Education Academic Research
Fund Tier 2 (MOE2019-T2-2-127 and T2EP50120-0005), A*STAR under AME IRG
(A2083c0062), the Singapore Ministry of Education Academic Research Fund Tier 1
(RG90/19 and RG73/19), and the Singapore National Research Foundation Competitive
Research Program (NRF-CRP18-2017-02). We thank the Nippon Synthetic Chemical
Industry Co., LTD (Nippon Gohsei) for offering us the thermal processable PVA pellets
(G-polymer) and giving us suggestions about this material in processing. We thank Yu
Zheng for helping us take demonstration photos.

| (2021)12:1416 | https://doi.org/10.1038/541467-021-21729-9 | www.nature.com/naturecommunications 9


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

Author contributions

MX.C. and L.W. designed the research. M.X.C. and Z.W. did device fabrication and tests.
M.X.C. performed data analyses. Z.W. and M.X.C. performed the simulation. Q.Z. and W.L.
assisted in electrochemical related test. Z.X.W. assisted in photo taking and fiber holder
fabrication. M.C. assisted in mechanical related test. M.X.C. and L.W. co-wrote the
manuscript. And all the authors discussed the results and commented on the manuscript.

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/s41467-021-21729-9.

Correspondence and requests for materials should be addressed to L.W.
Peer review information Nature Communications thanks Zhengchun Peng, Xuhui Sun

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.

Open Access This article is licensed under a Creative Commons
BY

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) 2021

10 | (2021)12:1416 | https://doi.org/10.1038/s41467-021-21729-9 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-021-21729-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Self-powered multifunctional sensing based on�super-elastic fibers by soluble-core thermal�drawing
	Results
	Soluble-core fabrication of super-elastic fibers
	Super-elastic conductive fibers working as TENGs
	Characterization of super-elastic conductive fiber-based TENG
	Conformal fiber net for monitoring sports performance and training
	Super-elastic conductive fiber for ion movement detection in solutions

	Discussion
	Methods
	Materials
	Fabrication of PVA core-SEBS shell preforms
	Fiber drawing
	Dissolving inner core and conductive fiber fabrication
	Visualization of the sensing results on the football
	Electrochemical tests
	Characterization and measurement

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




