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textiles that are washable with lifetimes 
similar to conventional textiles.[9–13] 
Furthermore, our daily life cannot be 
without water, such as raining, bathing, 
swimming, and etc. With underwater 
wearable electronics, underwater activities 
can be effectively detected or analyzed, for 
example monitoring electrophysiological 
signals for athletes when they are training 
in the rain or water, detecting the moving, 
migration or feeling of the living crea-
tures underwater. Therefore, to design 
stretchable conductive fibers capable of 
working in full water environment is fun-
damentally essential. Typical methods of 
developing stretchable conductive fibers 
include prestraining polymer fibers to 
induce the attached 1D conductive species 
(metal nanowires or carbon nanotubes 
(CNTs)) into wavy structure,[3,14] wrap-
ping conductive species into spiral shape 
along an elastic polymer fiber,[3,10,15–19]  
or using a conductive liquid or gel encap-
sulated in an elastomer.[20–22] However, 
liquid metal conductors are susceptible to 

leakage if the fibers are damaged, while hydrogel conductors 
dry out over time, and both exhibit changes in conductance 
of the fibers with strain. Carbon-based conductors have low 
conductivity with increasing length,[7,9,14,17,23,24] while metal 
composite conductors typically exhibit limited strain toler-
ance and poor cycle stability.[25,26] Conductive fibers with 
waterproof[27] or splash-resistance[28] have been studied, but 
stretchable conductive fibers that are capable of maintaining 
good conductivity at high strain as well as fully underwater 
long-time use have not been systematically reported yet.

In this work, we presented a core–sheath stretchable con-
ductive fiber (CSCF) which could be safely used in water and 
other harsh environments (such as sonication) for a long time. 
The ultrafine CSCF (≈30 µm in diameter) is composed of Lycra  
(polyurethane, PU) fiber, multiwall carbon nanotubes 
(MWCNTs), silver nanowires (AgNWs), and styrene-(ethylene-
butylene)-styrene (SEBS) sequentially from inside to outside, 
which is defined as PU@CNTs@AgNWs@SEBS. Spray coating 
1D conductive networks onto a prestraining Lycra fiber resulted 
in a highly stretchable conductive fiber (e.g., ΔR/R0  ≈ 0.1 at 
100% strain, cycled >100  000 times at 50% strain). Surface 
coating SEBS enabled a significantly reduced leakage both in 
current (<1 µA at 5 V) and element (Ag), thus safe to human 
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core–sheath stretchable conductive fiber (CSCF in short) with insulative 
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R0 ≈ 2 × 104 S m−1, ΔR/R0 ≈ 0.1 at 100% strain) as well as surface insulation 
upon mechanical stretching in full water environment. The thickness-tunable 
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efficiently suppresses leakage current to an extremely safe level (<1 µA at 
5 V) when applying in underwater electronic skin devices. A wireless charging 
patch composed by CSCF induction coil is able to light light emitting diode 
(LEDs) no matter when CSCFs are folding and stretching in water. These 
advantages highlight the promising application of stretchable conductive 
fiber with protective polymer skin for safe underwater wearable electronics.
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Wearable electronics refers to smart electronic devices that can 
be worn on the body as accessories or implants, including phys-
iological monitors, biomedical sensors, energy conversions and 
storage, wireless communication and charging systems, and 
human–machine interactors.[1–8] They are highly desired to be 
conformable to enable good signal quality during the movement 
of the wearer and to be lightweight and long-lasting. Incorpo-
rating electrically-functional fibers into textiles is a convenient 
method to impart sensing and readout functionality in the 
form of wearable clothing. Developing these smart electronic 
textiles (E-textiles) requires stretchable conductive fibers with 
high electrical conductivity and mechanical durability to enable 
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body (<0.5–1  mA).[29] With this elastic and reliable protective 
SEBS skin, CSCF can be circled as a stretchable inductance 
coil and work as a wireless charging patch in water. This 
implies that our CSCF is promising as stretchable connector or 
electrode for underwater wearable electronics.

To develop underwater wearable electronics, conductive 
fibers having stable electrical performance under deformation 
and being safe to living creatures in water are two prerequi-
sites. Safety mainly refers to material biocompatibility as well 
as a safe current sensed by the creatures. Figure  1a presents 
a core–sheath stretchable conductive fiber (CSCF), particularly 
designed for underwater wearable electronics. Commercialized 
Lycra fiber (≈30 µm in diameter) is used as the core of CSCF. 
The main composition of Lycra is PU which has been widely 
applied in the textile industry for manufacturing elastic fibers 
and fabrics.[30,31] Because PU is made by the exothermic reac-
tions between alcohols and isocyanates, it can easily react with 
carboxyl or hydroxyl groups forming hydrogen bonds. CNTs 
produced by catalytic chemical vapor deposition method inevi-
tably contain oxygen-containing functional groups. Therefore, 
when spray coating MWCNTs, they can adhere onto the side-
wall of PU very well, but AgNWs are not coated well (Figure S1, 
Supporting Information). Thus, MWCNTs are chosen as the 
first conductive layer that has good electronic injection capacity. 
Following MWCNTs, AgNWs as current collector were applied 
to further enhance their conductivity (up to ≈2  ×  104  S  m−1). 
The outermost material is SEBS, which aims to offer the safe 
property to CSCF including biocompatibility and electrical 
insulation to human skin. To enable the core–sheath fibers to 
be stretchable conductive fibers, hierarchically buckling method 
was applied.[14,32,33] Figure  1b presents the fabrication process 
of CSCF. First, PU was prestretched to a certain degree with 
two ends fixed. Then, MWCNTs, AgNWs, and SEBS were spray 
coated sequentially onto PU by airbrush under compressive 
nitrogen. After SEBS cured, the fiber was released to its original 
length along with wrinkle formation. We hypothesized that 
thus-fabricated fiber could be a stretchable conductive fiber, as 
it is made by hierarchically buckling method with a series of 
materials PU@CNTs@AgNWs@SEBS.

Center of Figure  2a shows the schematic of CSCF in lon-
gitudinal section view, which is composed of elastic PU core 
(light green), conductive layers (MWCNTs in black, AgNWs in 
purple) and SEBS elastic skin (green). Outermost surface and 
inner layers of thus-fabricated fiber are shown in the scanning 
electron microscope (SEM) images on the left and right (top: 
AgNWs; bottom: MWCNTs) of Figure 2a respectively. Periodic 
hierarchical buckling along the fiber axis was observed and 
their densities are proportional to the applied prestrain along 
the longitudinal axis of PU. As illustrated in Figure S2 in the 
Supporting Information, higher degree of prestrain leads to 
larger wrinkle density at the surface of the fiber. Reversibly, 
while stretching the fibers, wrinkles can be gradually released 
(Figure 2b). Thus, this hierarchical buckling imparts the fiber 
a stronger capability to release strain, potentially showing a 
more stable conductivity at strain.[14,32,33] In all these scenarios 
during release and stretch processes, no single carbon nano-
tube or AgNW was found at the surface of the fiber in SEM. 
Moreover, energy dispersive spectroscopy (EDS) mapping over 
this fiber did not detect Ag signal either (Figure S3, Supporting 

Information). These indicate that thermoplastic SEBS elas-
tomer can wrap up the underlying conductive AgNWs and 
MWCNTs layers very well. In contrast, other polymers, such 
as thermoplastic PU and polyvinyl alcohol (PVA), and thermo-
setting polydimethylsiloxane (PDMS) exhibited poor wetting 
behaviors with the underlying conductive layers, which are 
hard to form smooth and thin conductive fiber. Therefore, PU 
elastic core and SEBS elastic skin, together with MWCNTs 
and AgNWs as adhesive and conductive layers in between are 
chosen to make this core–sheath stretchable fiber. The diam-
eter of thus-fabricated fiber is 30 µm in average, which is even 
thinner than hair (Figure 2c). This ultrafine fiber is an excellent 
candidate for light-weight wearable electronic devices.

To obtain stretchable conductive fiber, 1D conductive net-
works were spray coated onto the surface of elastic PU which 
was prestretched at various prestrains. Figure 3a compares the 
strain dependences of resistance change of core–sheath conduc-
tive fibers formed at different prestrains. The core–sheath fibers 
with prestrains showed obviously stable conductivity than that 
without prestrain upon stretching. Figure  3b is zoom-in plots 
of Figure  3a circled in rectangle. The larger the prestrain, the 
more stable conductivity is thus formed in core–sheath fiber at 
a certain strain. This could be attributed to the higher wrinkle 
density induced by larger prestrain. Considering the mechanical 
property of Lycra fiber, single Lycra fiber will tend to be broken 
over 300% strain. Thus, 300% prestrain was an optimized para-
meter and without further specification, our CSCF is formed at 
this prestrain. As shown in Figure 3c, CSCF exhibited a superior 
stable core conductivity upon stretching (ΔR/R0 ≈ 0.1 at 100% 
strain) which is among the best overall performance of stretch-
able conductive fiber reported so far (Figure  3f).[11,28,31,34–36]  
The fatigue resistance is also key to the cyclic use for wear-
able electronics. The fatigue lifetime of CSCF at cyclic strain 
of 50% was tested in Figure  3d. Core–sheath fibers formed 
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Figure 1.  Schematics for core–sheath stretchable conductive fiber (CSCF) 
for underwater wearable electronics. a) The structure of CSCF. b) The 
fabrication process of CSCF.
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with prestrains had much better fatigue resistance than that 
without prestrain, because energy from cyclic stress could be 
dissipated by wrinkles. While after cycling over 50  000 times, 
conductivity of those fibers without prestrain also tends to be 
stable, possibly due to the adaption of destructive conductive 
paths.[37,38] Cyclic number of core–sheath fibers with prestrain 
in the range of 100–300% could reach up to 100 000, where no 
significant changes in conductivity were found. When people 
are exercising, the corresponding tensile strain of human skin 
is just about 3–55%,[10,39] indicating that our CSCF is extremely 
qualified in wearable electronics regarding its electrical stability. 
In addition, capability of withstanding repeated washing was 
tested. Resistance change was monitored when CSCF was 
immersed in water with magnetic stirring at 600 rpm (rotation 
per minute) (Figure 3e, details in Note S1 and Figure S4 in the 
Supporting Information). After 10 washing cycles, there was no 
significant change in resistance of CSCF, confirming the practi-
cability of CSCF in underwater wearable electronics.

In addition to electrical stability, another characteristic of 
conductive fiber required in wearable electronic devices is 
safety. We applied a thin SEBS skin in our CSCF to solve this 

problem. First, to confirm the protective effect of SEBS skin 
under water, their resistance changes were monitored along 
with sonication (Figure  4a). In contrast to core–sheath fiber 
without SEBS, CSCF exhibited stable conductivity during soni-
cation. Next, EDS equipped in SEM was analyzed on CSCF 
before and after water-bath sonication at a power of 300 W and 
frequency of 40 kHz. No Ag signal was detected in both cases 
(after: Figure  4b, before: Figure  S3, Supporting Information). 
Both of elemental analysis and electrical test verify that such 
biologically compatible SEBS layer is able to prevent the out-
lets of Ag, which could be a potential toxic source of CSCF.[40–42] 
In terms of underwater E-textile, such as swimming suits and 
wearable patches, the cyclic use in water and air is highly pos-
sible. Protective effect of SEBS layer when CSCF is cyclically 
used between water and air was next investigated. As shown in 
Figure S5 in the Supporting Information, conductivities of core–
sheath fibers at 50% strain soaking in water and then fully dried 
in air were tested respectively. The periodic testes were repeated 
for 50 times. Comparing the two pairs of conductivity, ΔR/R0 
(%) of CSCF is as small as 1.6% after cyclic tests between water 
and air for 50 times, while that of fiber without SEBS reached to 
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Figure 2.  The structure and surface morphology of CSCF. a) Longitudinal section structure of CSCF (center); SEM images of wrinkled outermost 
surface (left) and inner layers of AgNWs (top right) and MWCNTs (bottom right). b) SEM images of a typical CSCF stretching at different strains, 
showing different wrinkle-released degrees. c) Photos of an individual CSCF (bottom) and an obviously thinner human hair (top).



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900880  (4 of 9)

www.advmattechnol.de

Adv. Mater. Technol. 2020, 5, 1900880

Figure  3.  The strain dependence of conductivity for core–sheath fibers. a) Resistance change versus strain of core–sheath fibers formed at 
different prestrains. b) Zoom-in plots of the rectangular region in (a). c) Resistance change versus strain of a representative CSCF. a–c) Strain 
rate: 5% s−1. d) Fatigue tests measured the resistance change of core–sheath fibers formed at different prestrains cycled up to 50% strain for 
100 000 times. Strain rate: 100% s−1. e) Resistance change of CSCF versus washing cycles in water under magnetic stirring. f ) Comparison 
of CSCF with some other reported works. CSCF exhibits a better overall performance in terms of mechanical electrostability and underwater 
behavior.
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300% (Figure 4c). This again confirms that SEBS skin prevents 
the detachment of conductive species under water. On the other 
hand, this additional SEBS layer does make CSCF insensitive to 
water under strain, showing almost identical resistance changes 
versus strain in both in air and water (Figure 4d). These results 
suggest that with the protection of SEBS skin, our CSCF can be 
long used in water even under harsh environment.

SEBS also plays the role of a conductivity–insulation layer. 
When approaching or contacting CSCF onto human skin, 
SEBS prohibits leakage current and possibly toxic materials 
or elements from inner CSCF to human skin. As shown in 
Figure  5a, a circuit model was summarized on the leakage  
current sensed by skin in water when CSCF is connected in 
series with supply power. The current between possibly existed 
micro holes (red points) on CSCF and human skin is the 
leakage current, calculated in the following equation

I U
R C

R C
i i

i i
i

n∑=
+=L

1
� (1)

Herein, IL is leakage current, U is voltage applied on the 
CSCF, Ri is point resistance, Ci is point capacitance and n 
is the point number. To simplify this model, we used Ag/
AgCl as counter electrode to mimic skin, and measured 
the current between core–sheath fiber and Ag/AgCl as 
leakage current in water (Figure  5b, Figure  S6, Supporting 
Information), which is referenced to leakage current meas-
urement method in transistor.[43,44] Because normally elec-
tronic device is driven below 5 V, applied voltage (U) is set in 
the range of 0–5 V. Figure 5c,d compared the leakage current 
versus applied voltage on core–sheath fibers in same length 
without and with SEBS at different distances between fiber 
and Ag/AgCl electrode. According to Equation (1), maximum 
leakage current will be occurred when CSCF directly con-
tacts with skin. Therefore, the leakage current in direct con-
tact between CSCF and skin is focused. In Figure  5c, when 
fiber without SEBS insulation layer directly contacts with 
skin at voltage of 5 V, leakage current reaches to 2 mA which 
is higher than 0.5–1  mA the maximum safety current that 
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Figure 4.  Materials-insulation effect of SEBS layer on CSCF under various circumstances. a) Monitoring resistance change of core–sheath fibers with 
and without SEBS after water sonication. b) EDS analysis at the surface of CSCF after water sonication at 300 W and 40 kHz for 1 h, showing no leak 
of Ag. c) Cyclic use of fibers at 50% strain in water and air. Resistance change of core–sheath fibers with and without SEBS alternatively tested in water 
and in air after water soaking. Inset is zoom-in plots of the rectangular region. d) Resistance change versus strain of CSCF tested in air and water. 
Strain rate: 5% s−1.
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Figure 5.  Conductivity–insulation effect of SEBS layer on CSCF. a) Circuit model of CSCF next to skin used in water. b) Experimental setup for testing 
the leakage current between CSCF and skin. Using Ag/AgCl as standard electrode to mimic skin, current between core–sheath fiber and Ag/AgCl was 
tested as leakage current sensed by skin. Applied voltage is set in the range of 0–5 V, as normally electronic device is driven below 5 V. c,d) Leakage 
current versus applied voltage of core–sheath fibers in same length c) without SEBS and d) with SEBS at different distances between fiber and Ag/AgCl 
electrode. e,f) Leakage current versus applied voltage of CSCFs in same length with various SEBS e) coating times and f) soaking time.
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human can tolerate.[29] After fiber being coated with SEBS 
insulation layer (Figure  5d), when CSCF directly contacts 
with skin at applied voltage of 5 V, the maximum leakage cur-
rent is less than 1 µA which is much lower than 0.5–1 mA, 
showing an almost three orders of magnitude decrease of 
that without SEBS layer. This indicates that SEBS layer could 
efficiently suppress leakage current to an extremely safe level  
(<1 µA at 5 V) when applying CSCF in underwater electronic 
skin devices.

SEBS thickness and time being used in water are two pos-
sible factors affecting insulation performance. Figure  5e com-
pared the leakage current as a function of SEBS coating times. 
More coating times would lead to thicker SEBS layer and lower 
leakage current (details in Note S2 and Figure S7 in the Sup-
porting Information). However, as shown in Figures S8 and S9 
in the Supporting Information, the wrinkled surface featured 
in CSCF formed by buckling method will be weakened when 
SEBS coating time is more than four, resulting in a reduced 
electrical stability. To make CSCF as stretchable conductive 
fiber as well as being safe in water, SEBS layer of CSCF should 
be limited to a certain thickness (herein four spray coating 
times, ≈2 µm thickness each coating in radial direction). Also, 
capability of CSCF being long time used in water was evalu-
ated (Figure 5f). When CSCF was continuously soaked in water 
as long as 10 days, the maximum leakage current at 5 V only 
increased by 2 times than that without water soaking. This 
suggests that with the protection of SEBS skin, our CSCF can 

continuously function in underwater electronic skin devices for 
quite a long time.

As a demonstration of CSCF functionally used in water for 
underwater wearable electronics (Figure S10, Supporting Infor-
mation), an underwater wireless charging patch was fabricated 
and tested (Figure  6a,b). This patch consisted of three parts 
(Figure 6c): elastic fabric (kinesio tape) as a substrate, CSCF as 
an induction coil fixed at the back of an elastic fabric, and a 
red light emitting diode (LED) as charging output attached in 
front of elastic fabric. When a wireless charging emitter (details 
in Note S3 and Figure  S11 in the Supporting Information) 
approached to the patch, LED would be lit via electromagnetic 
induction, indicating that CSCF is able to work as underwater 
inductance coil of wireless charging. Elastic swimwear can also 
be used as patch substrates. Figure 6d shows that the patches 
attached on black swimwear in both unfolding and folding 
shapes could light LEDs through wireless charging. This 
charging patch was then tested in water (Figure 6e), exhibiting 
consistently excellent performances no matter when the swim-
wear was unfolding, folding and stretching. This is one direct 
demonstration of core–sheath stretchable conductive fiber 
which is able to continuously work as wireless charging in 
underwater wearable electronics.

To summarize, a CSCF which could be safely used in water 
or other harsh environment (such as sonication) for a long time 
was presented. The ultrafine CSCF (≈30  µm in diameter) are 
composed of PU, MWCNTs, AgNWs, and SEBS orderly from 
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Figure 6.  Application of CSCF as an induction coil used in underwater wireless charging patch for underwater wearable electronics. a) Schematic 
illustration of an underwater wireless charging patch. b) The circuit diagram for the wireless charging. c) Photos of wireless charging patches on elastic 
fabrics (kinesio tapes). Left: CSCF coil sewn in the back of an elastic fabric. Middle: A sealed LED fixed in front of an elastic fabric. Right: The patch lit an 
LED under a wireless charging emitter (circle). d) Photos of wireless charging patches on swimwear (Left) to light LEDs by wireless charging emitters. 
The patches are unfolding (Middle) and folding (Right). e) Photos of wireless charging patches to light LEDs in water under wireless charging. The 
patches are unfolding (Left), folding (Middle), and stretching (Right).
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inside to outside. Spray coating 1D conductive networks onto a 
prestraining Lycra fiber resulted in a highly stretchable conduc-
tive fiber (e.g., ΔR/R0 ≈ 0.1 at 100% strain, cycled > 100 000 times  
at 50% strain). Surface coating SEBS enabled a significantly 
reduced leakage both in current (<1 µA at 5  V, normalized) 
and materials, thus safe to human body (<0.5–1 mA). With this 
elastic and reliable protective SEBS skin, CSCF can be circled 
as a stretchable inductance coil and work as a wireless charging 
patch in water. This implies that our CSCF is promising as inter-
connector or electrode for underwater wearable electronics.

Experimental Section
Materials: Lycra fiber (main ingredient: polyurethane, specification: 

10D) was purchased from Du Pont China Holding Co., Ltd. (Beijing, 
China). MWCNTs were obtained from Beifang Guoneng Technology 
Co., Ltd. (Beijing, China). AgNWs, (high aspect-ratio with the diameter 
of 70−100  nm and the length of 100−150  µm), were obtained from 
XFNANO (Nanjing, China). SEBS was purchased from Sigma-Aldrich, 
Co. (St. Louis, MO, USA). Ethanol (AR), toluene (AR) were purchased 
from Beijing Chemical Works (Beijing, China). Conductive silver paint 
(05001-AB) was sourced from SPI Supplies (West Chester, PA, USA).

Preparation of MWCNTs and AgNWs Dispersions and SEBS Solution: 
MWCNTs (25 mg) was dispersed in ethanol (10 mL) for 45 min using 
a probe sonicator (JY92-||N, 300 W, Ningbo Scientz Biotechnology Co., 
Ltd.) at 80% power. As-purchased AgNWs dispersion was 20 mg mL−1. 
To adapt the spray-coating process, AgNWs was diluted to the 
concentration of 0.5  mg  mL−1 using ethanol as dispersing solvent. 
200  mg SEBS powder was fully dissolved in 20  mL toluene forming a 
clear solution.

Fabrication of CSCF: The fabrication process of CSCF was carried 
out in a fume hood at room temperature. Lycra fiber (PU) was cut into 
pieces accordingly. Those fiber pieces with same lengths were fixed on 
holders at initial spacing of 1 mm and then stretched up to 2–6 times 
of before stretching. Typical CSCF was being prestrained of 300%. After 
that, MWCNTs dispersion was spray coated around PU fibers by airbrush 
using compressed nitrogen at pressure of 30 psi. The outlet of airbrush 
kept a distance of approximately 10  cm with the surface of PU fiber. 
Before next coating, the chamber of airbrush was cleaned by ethanol, the 
solvent of MWCNTs dispersion. AgNWs dispersion and SEBS solution 
were spray coated as conductive layer and protective layer by airbrush in 
the same procedure. The parameter for SEBS spray coating was a little 
different at a larger working distance of ≈15  cm. After SEBS was fully 
cured, thus-fabricated fiber (PU@CNTs@AgNWs@SEBS) was released 
to free-stress status, forming wrinkles on its outer surface (Figures  S2 
and S12, Supporting Information). The density of MWCNTs and AgNWs, 
and thickness of SEBS around PU core were determined by spray-coating 
times. Without specification, all of those layers were spray coated four 
times in the typical CSCF (one reciprocating as one time).

Characterization: Morphology of CSCF was observed by Scanning 
Electron Microscope (SEM, SU8010, Hitachi), and its elements analysis 
was carried out by EDS (Esprit 2.0, Bruker Nano GmbH Berlin) equipped 
in SEM. The resistance of CSCF was measured by LCR meter (ECA200, 
Cycle-test). The leakage current was tested using digital source meter 
(Keithley 2636B) and Ag/AgCl as counter electrode (Lei-ci 218). Leakage 
element on cycling fatigue test was operated using digital control 
stretching stage (Custom-tailor, JiangYunGuangDian). The harsh water 
environment was mimicked in a water-bath sonicator at a power of 100% 
(KQ-300DE, 300 W, 40 KHz, Kunshan Ultrasonic Instrument Co., LTD).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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