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multidisciplinary fields.[1,2] As a result, 
stretchable devices, such as lithium-ion 
batteries,[3] organic light-emitting diodes,[4] 
electrochemical supercapacitors,[5] field-
effect transistors,[6] and artificial skin sen-
sors[7,8] have been widely studied. This 
new class of electronics allows devices to 
be deformed into complex shapes while 
maintaining the device performance and 
reliability, which enable the wearability 
of the electronics. However, for powering 
these wearable electronics, energy storage 
units including batteries or supercapaci-
tors are usually utilized, which have lim-
ited lifetime. To provide a sustainable 
power supply, nanogenerators have been 
developed to harvest energy from the 
ambient environment. Among various 
approaches, triboelectric nanogenerator 
(TENG)[9] is a newly developed energy-har-

vesting technology that converts mechanical energy, especially 
the low-frequency body motion energy,[10] into electric power 
based on triboelectrification and electrostatic induction, which 
is promising for applications both in scavenging small-scale 
mechanical energy and large-scale energy generation, due to its 
cost-effectiveness, high efficiency, environmental friendliness, 
and universal availability.[11,12]

Previously, attempts have been made to fabricate stretchable 
TENG for potential applications in self-powered systems.[13–16] 
For example, Yang et al. have developed the fabrication of a 
stretchable TENG using serpentine-patterned electrodes and a 
wavy-structured Kapton film, which can achieve a maximum 
tensile strain of 22%.[14] Although these flexible TENGs are 
stretchable with good performance, the endured tensile strain 
is limited and the deformable ability is constrained due to the 
conventional planar structure design, which limits applica-
tions with large stretching deformations. Recently, fiber-based 
stretchable electrical devices have emerged as next-generation 
functional devices in place of the conventional stretchable 
devices.[17–19] Compared with their planar counterparts, the 
fiber-based electric device enables not only excellent stretch-
ability but also promising advantages such as being easily engi-
neered and scaled up for various applications.

Herein we have, for the first time, developed a novel type 
of highly stretchable, fiber-based triboelectric nanogenerator 
(fiber-like TENG). Silicone rubber was selected to fabricate the 
core fiber; the conductive ink was fabricated from conductive 
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1. Introduction

Over the past decade, flexible and stretchable devices are 
a mainstream direction in modern electronics and related 
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carbon nanotube (CNT) and polymer matrix was used for the 
conductive layer of the stretchable fiber as one electrode; and 
the copper microwire was convolved onto the stretchable fiber 
as the other electrode. The use of a CNT/polymer layer offers 
combined remarkable properties including high flexibility, 
stretchability, electrical conductivity, and mechanical stability. 
To evaluate the performance of this novel fiber-convolving-fiber 
structure on power generation, the fiber-like TENG was used 
to charge a commercial capacitor, an LCD screen, and a digital 
watch/calculator by integration with a self-powered system. 
Besides, the fiber-like TENG has also been investigated to work 
as a self-powered acceleration sensor. This work presents the 
progress of the highly stretchable TENGs for applications in 
stretchable and flexible electronics, and it will shed light on 
future directions of highly stretchable fiber-based devices.

2. Results and Discussions

As one of the key components in a TENG, it is crucial to design 
an effective structure for the high performance fiber-like TENG. 
The device structure and fabrication process flow of the fiber-
like TENG are schematically illustrated in Figure 1. A stretch-
able conductor was fabricated by using a composite ink made 
of conductive CNT and a stretchable polymer, which was 
subsequently integrated into the fiber-like TENG by coating 

method. The fabrication process of the fiber-like TENG is illus-
trated in Figure 1a. Silicone rubber was selected as the starting 
core fiber and was consecutively coated with conductive CNT/
polymer layer as one stretchable electrode and another silicone 
rubber thin layer as the insulating triboelectric layer. Then, the 
copper (Cu) microwire was convolved onto the fiber to be coils 
as the other stretchable electrode. Figure 1b is the structure 
schematic of the fiber-like TENG, and the insets show the scan-
ning electron microscopy (SEM) image and magnified image 
of the fiber section. A unique fiber-convolving-wire structure 
was designed, and the Cu coils are used as another electrode 
for fiber-like TENG for operation in contact-separation mode. 
Compared with previous fiber-based TENGs, the effective con-
tact area between silicone rubber thin layer and convolving fiber 
is maximized to promote the surface charge density and hence 
the output performance of the fiber-like TENG.[11] As shown in 
the insets of Figure 1b, the thickness of the silicone rubber layer 
and CNT/polymer Layer were 200 and 80 µm, respectively. The 
reciprocating contact-separation operation can be easily real-
ized by continuous stretching-releasing motions.[20,21] During 
the stretching process, the silicone fiber begins to separate 
from the Cu coils until the maximum stretch strain, while the 
silicone fiber returns to contact the Cu coils after the releasing 
process. As indicated by the images of the fiber-like TENG at 
released state and stretched state (Figure 1c,d), the shape defor-
mation of the silicone fiber is much higher than that of the 
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Figure 1. The structure schematic of the fiber-like TENG. a) Fabrication process of the fiber-like TENG. b) Structure schematic of the fiber-like TENG. 
Insets show the SEM image and magnified image of the fiber section. Silicone rubber layer: 200 µm, CNT Layer: 80 µm, Core fiber: 3.5 mm, scale bar: 
left, 1 mm and right, 500 µm. Zoomed-in images of the fiber-like TENG at c) released state and d) stretched state, scale bar: 2 mm. The digital images 
of the fiber-like TENG at different states, e) stretched state, f) bent state, and g) twisted state, scale bar: 6 mm.
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Cu coils; thus, the distance between the silicone surface and 
the Cu coils is nearly equivalent to the diameter decrease of 
the silicone fiber during the stretching process. As shown in 
Figure 1e–g, the fiber-like TENG can not only be stretchable but 
also be bendable and twistable, which shows a great flexibility.

The electrical conductivity and stretchability of the inner 
fiber, which are crucial for the fiber-like TENG to achieve 
excellent performance undergoing a high strain, were investi-
gated in detail. Figure 2a,b shows the resistance and diameter 
dependence of the inner fiber varied with different stretching 
strains. During the stretching process, the resistance of the 
conductive silicone fiber changes almost linearly from 0.47 to 
2.01 KΩ cm–1 when it was stretched from 0% to 100% strain 
(Figure 2a). This means the conductive silicone fiber can retain 
the electrical conductivity on the same level even though with 
a high strain of 100%. Although the resistance of the fiber-like 
TENG’s electrode increases with the elongation, this increase 
will have very negligible impact on the system’s performance 
due to the high output impedance of the TENG.[22] This good 

electrical conductance is due to not only the excellent adhe-
sion of the stretchable electrode on silicone fiber but also a 
good combination between the matrix and conductive CNT in 
the electrode. Parafilm (PF), which is a paraffin wax–polyolefin 
thermoplastic blend used in nearly all modern laboratories as 
a stretchable vapor barrier to prevent solvent evaporation and/
or contamination, was used as a polymer matrix of the stretch-
able electrode. The versatile stretchability of PF and adhesive 
properties between PF and carbon nanomaterials are well 
studied.[23] As shown in Figure 2c,d, the nano/microstructured 
surface morphologies of the fiber-like TENG’s stretchable elec-
trode at the released and stretched states (50% strain) indicate 
there is almost no phase separation observed, which suggests a 
good combination between the matrix and CNT. This ensures a 
large number of electrical conductive pathways are formed by 
CNT even under high strains. The distance between the two tri-
boelectric surfaces (the inner fiber and the outer Cu coils) is 
also critical for the output performance during the stretching 
process. As stated in the previous paragraph, the gap distance 
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Figure 2. a–e) Resistance (a) and diameter (b) dependence of the fiber-like TENG inner fiber under different strains. SEM images of the surface mor-
phology of the fiber-like TENG’s electrode c) at the released state and d) at the stretched state. Scale bar: 3 µm. The photos of the fiber-like TENG 
fiber, e) released state and stretched state with 100% strain. f–j) The basic electricity generation mechanism of the fiber-like TENG, (f) the schematic 
diagram of the charge distribution of the fiber-like TENG under short circuit condition, ➊–➍ show the four statuses of one current generation cycle.  
g–i) The simulation results of the potential distribution of the fiber-like TENG in ①, ②, and ③ states under open circuit condition using COMSOL 
software. j) The short circuit current signal of the fiber-like TENG under one cycle of stretching and releasing.
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between the two triboelectric surfaces is nearly equivalent to 
the change of the inner fiber (∆d) (Figure 2b). The fundamental 
parameter that dictates the elastic properties is the Poisson ratio 
(λ), which is defined as the ratio of the lateral contractile strain 
(∆d) to the longitudinal tensile strain (l) for a material under-
going tension in the longitudinal direction, as expressed by the 
equation l = λ∆d.[24] From Figure 2b, the change of ∆d increases 
linearly with the increase of the stretch strain, indicating a 
nearly invariant λ and hence the excellent elastic stability of the 
stretchable fiber, which makes it ideal for the operation of the 
fiber-like TENG with high stretchability.

The working mechanism of the fiber-like TENG for gener-
ating electricity is based on the coupling effect of contact elec-
trification and electrostatic induction,[14] which can be explained 
in four consecutive steps in a full stretch-release cycle, as 
illustrated in Figure 2f. The releasing and stretching process 
of the fiber-like TENG can be simplified into the contact– 
separation between the inner fiber and Cu coils, since all 
the Cu coils and silicone fiber are connected together as two 
electrodes (Figure 2f). In the original state, the surface of the 
silicone fiber was charged with negative electrostatic charges  
of −Q, while the Cu coils in the outer layer of the fiber-like 
TENG take positive charges of Q, respectively, due to the con-
tact electrification.[25] Once the fiber-like TENG is stretched, the 
separation between the silicone surface and Cu coils will create 
an electric potential difference (EPD), i.e., open-circuit voltage 
(VOC) between the two electrodes. To confirm the existence of 
the EPD, the finite element method has been utilized to simu-
late the potential distribution when the distance between the 
silicone fiber surface and the Cu coils layer (d) varies due to 
external stretching motion (Figure 2g–i) using COMSOL soft-
ware. At the initial state, the silicone fiber is tightly contacting 
on the Cu coils layer (d = 0) and the simulated VOC between 
the two electrodes is zero. When the silicone fiber with neg-
ative surface charges is stretched from 0% to 50% strain 
(l50% = 50 mm, d50% = 0.766 mm), a VOC of about 140 V is gen-
erated between the two electrodes under the open-circuit con-
dition (Figure 2i). In the short circuit condition, electrons can 
redistribute between the two electrodes through the external 
circuits to rebalance the electrostatic status. Once the fiber-
like TENG is released, the electrons flow back to return to the 
original electrostatic status. The flow of the induced charges 
then forms an alternating current output (see Figure 2j).

The output performance of the fiber-like TENG was evalu-
ated by a cyclic stretching force through a linear motor. In 
order to achieve excellent electrical outputs, the structure and 
working mode should be optimized. As shown in Figure 3, 
three main factors, such as number of coils (NOC), working 
frequency, and stretch strain, play important roles in the out-
puts of the fiber-like TENG, which are investigated. As shown 
in Figure 3a–c, the frequency and stretch strain as 2 Hz and 
50%, respectively, was fixed to investigate the influence of the 
NOC on the outputs of the fiber-like TENG (10 cm length). 
Due to increased short circuit transferred charge (QSC) with 
the increase of NOC, the induced short-circuit current (ISC) 
and open circuit voltage (VOC) are both proportional to NOC 
in the fiber-like TENG when NOC increases from 6 to 22 cm–1 
(Figure 3a,b), which rise from 0.005 to 0.075 µA cm–1 and from 
13 to 140 V, respectively.

To measure the electrical outputs under different stretch–
release frequencies, the NOC and stretching strain are fixed 
at 22 cm–1 and 50% (Figure 3d–f). With the increase of the 
working frequency from 0.5 to 5 Hz, ISC rises from 0.01 to 
0.18 µA cm–1, while the VOC and QSC do not experience any 
change (stays at about 140 V and 6.1 nC cm–1, respectively). 
That is because both the VOC and QSC are mainly determined 
by the structures and the selected materials of the fiber-like 
TENG, while at a higher frequency, more charge transfer cycles 
occur in a certain time, producing a higher output ISC.

In order to investigate the influence of the stretching strain 
on the electrical outputs, the fiber-like TENG is measured at a 
fixed 2 Hz stretching frequency and NOC of 10 cm–1 as a func-
tion of stretching strain (10%, 20%, 30%, 50%, and 70%). From 
Figure 3g–i, two stages can be observed with the increase of 
the strain. In the first stage, when the stretch strain increases 
from 0% to 50%, the ISC and VOC rise rapidly, which is due to 
the enhancement of effective QSC. Although the ISC and VOC 
can also be improved by increasing the stretch strain from 
50% to 70%, smaller change rates in the second stage can be 
observed than those in the first stage, as the result of the lim-
ited QSC while it is approaching the maximum triboelectric 
charge. Meanwhile, the stability test was carried out by continu-
ously stretching and releasing the fiber-like TENG at a speed 
of 0.1 ms−1 (NOC of 10 cm–1, 2 Hz stretching frequency, and 
stretch strain of 50%, Figure S1, Supporting Information). 
After 10 800 stretching cycles, ISC exhibits only negligible 
drops, which indicates the high stability and durability of the 
fiber-like TENG.

It is noteworthy that the output might be influenced if the 
inner fiber is not fully separated from the outer Cu coils when 
the fiber-like TENG is stretched or under external pressure. At 
a very low strain, the gap distance between the two electrodes is 
very small; thus, a few Cu coils would still be in contact with the 
inner fiber, resulting in a decrease in the output performance. 
However, if there are some parts of the Cu coils in contact with 
the inner fiber when the strain increases, the device will still be 
functional even though the output performance will be worse. 
The simulation on the potential distribution was carried out 
when some parts of the Cu coils were in contact with the inner 
fiber, while other coils are separated under strain, which indi-
cates the electrical potential can also be produced effectively in 
this case, as shown in the cross-sectional pictures (Figure S3, 
Supporting Information).

To systematically investigate the performance in harvesting 
mechanical energy, the fabricated fiber-like TENG were evalu-
ated at stretching frequencies from 0.5 to 5 Hz with the opti-
mized structure of NOC 22 cm–1 and stretching strain of 50% 
for charging a commercial capacitor (10 µF). For the fixed 
stretching frequency, strain and NOC (frequency 2 Hz, 50% 
strain, and NOC 22 cm–1), resistors were utilized as external 
loads to investigate the output power and output voltage peak 
(U) of the fiber-like TENG. The peak output power (P) of the 
fiber-like TENG was calculated as P = U2/R, where R is the 
external load resistance. As displayed in Figure 4a, the output 
voltage first rises with increasing load resistance and then stays 
on the maximum value of about 130 V when the load resist-
ance exceeds 680 MΩ. However, by increasing load resist-
ance, the output power of the fiber-like TENG experiences 
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a different trend, which first receives a rising trend until the 
maximized output power peak of 5.5 µW at an optimized load 
resistance of 320 MΩ and then follows a drop trend. Through 
a full-wave bridge rectifier, the energy harvesting capability of 
a single fiber-like TENG was evaluated under the continuously 
stretch-release working mode for charging a 10 µF commer-
cial capacitor in the direct charging cycle.[26] As demonstrated 
in Figure 4b, the fiber-like TENG can effectively capture the 
stretching energy for charging a commercial capacitor in a fre-
quency range of 0.5–5 Hz; a directly proportional relationship 
was found between the stretching frequency and the charging 
rate (Figure S2, Supporting Information). This is because a 
faster stretching motion means more stretch–release cycles 
are launched in a unit period of time, which results in a larger 
current (Figure 3d), and higher charging rate is expected. For a 
single fiber-like TENG working at the stretching frequency of 
0.5 Hz, the commercial capacitor can be charged to 3 V with 
a small charging rate of 0.0015 V s–1; when the stretching 
frequency is increased to 2 Hz, the charging rate can be 
largely enhanced to 0.024 V s–1, and it is finally increased to 
0.069 V s–1 at 5 Hz. These results indicate the fiber-like TENG 

can effectively capture the energy of the stretching motion at a 
range of low frequency from 0.5–5 Hz, and the electrical out-
puts can be largely enhanced by increasing the frequency of the 
stretching motion.

Unique characteristics of our fiber-like TENG are that it is 
highly stretchable and fiber-based, which make the fiber-like 
TENG an ideal candidate for a number of practical applications 
because it can be highly stretchable, easily engineered, and 
potentially scaled up. As demonstrated in Video S1 (Supporting 
Information), a single fiber-like TENG can successfully power 
a small LCD screen by hand stretching. Besides, six single 
fiber-like TENGs were parallel integrated as a highly stretch-
able self-powered supplier for the operation of a digital watch/
calculator. Figure 4c shows the digital photo of the self-pow-
ered application, which was realized by a live demonstration 
as shown in Video S2 (Supporting Information). The digital 
watch/calculator was successfully lit up by the integrated fiber-
like TENGs with hand motions. Figure 4d shows the working 
circuit of the self-powered system, the fiber-like TENGs were 
connected with a rectifier and a commercial capacitor for con-
tinuous direct outputs. As seen in Figure 4c, the display of the 
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Figure 3. Output performance of the fiber-like TENG as dependence on different parameters. a–c) Output with different number of coils (NOC), at 
50% strain and 2 Hz frequency; d–f) Output with different frequencies, at 22 cm–1, 50% strain, g–i) output with different strains, at 10 cm–1 and 2 Hz. 
a,d,g) Short circuit current (ISC)–time curve. b,e,h) Open circuit voltage (VOC)–time curve. c,f,i) Short circuit charge transfer (QSC).
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digital watch/calculator was lit up and the calculator can work 
continuously. For an effective output at low acceleration rates 
(low frequencies), the output performance of the integrated 
fiber-like TENG engineered from six parallel fibers was investi-
gated at the NOC of 22 cm–1 and 50% stretch strain (Figure 4e). 
The maximum ISC receives a rising trend with the increase of 
the acceleration rate, which rises from 0.49 to 7.38 µA when 
the acceleration rate increases from 0.2 m s–2 (0.5 Hz) to  
20 m s–2 (5 Hz). With the same working circuit in lighting a 
digital watch, the fiber-like TENG was further engineered in 
the clothes for wearable application, which is realized by a 
live demonstration in Video S3 (Supporting Information). The 
temperature/humidity sensor was successfully lit up by the 

integrated fiber-like TENGs with hand motions. This indicates 
our fiber-like TENG possesses great potential in harvesting the 
low frequency energy from hand stretching motions.

Furthermore, the highly stretching characteristic of the fiber-
like TENG endows its potential not only in power generation 
but also in self-powered sensing. In this work, it has also been 
demonstrated to work as a self-powered acceleration sensor. For 
the acceleration evaluation, the two ends of the integrated fiber-
like TENG are fixed on two sides of the linear motor, which can 
generate a wide range of acceleration, and the stretch strain 
and NOC are fixed to 50% and 22 cm–1, respectively. Figure 4e 
plots its typical outputs at different acceleration/deceleration 
rates ranging from 0.2 to 20 m s–2. The relationship between 

Figure 4. a) Dependence of the output voltage and power of a single fiber-like TENG on the external load resistance. b) Dependence of the charging 
time varied with different working frequencies of a single fiber-like TENG for charging a commercial capacitor. Inset shows the working circuit of a 
single fiber-like TENG integrated with a commercial capacitor through a rectifier as a self-powered charging system. c) Digital photo of the self-powered 
application; the digital watch/calculator was lit up by the integrated fiber-like TENG. d) Working circuit of the self-powered system engineered from the 
integrated fiber-like TENG, a commercial capacitor, and a digital watch/calculator. e) Typical outputs plots at different acceleration/deceleration rates. 
f) Dependence of the maximum short-circuit current at different acceleration rates.
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the ISC peak and the acceleration rates is summarized in 
Figure 4f, which clearly suggests a linear dependence with ratio 
of 2.56 µA2 s–2 m–1 and good sensing performance with a detec-
tion range from 0.2 to 20 m s–2.

3. Conclusions

In summary, a highly stretchable, fiber-based triboelectric 
nanogenerator has been developed with a unique structure for 
energy harvesting. Owing to the advanced structural designs, 
including the fiber-convolving-fiber and the stretchable elec-
trodes on elastic silicone rubber fiber, the fiber-like TENG can 
be operated at a stretching mode with high strains up to 70% 
and has been demonstrated for harvesting energy at a range 
of low frequency stretching motions from 5 down to 0.5 Hz. 
The stretching mode can be easily realized by stretch motions 
and can generate a maximum VOC of 142.8 V and a maximum 
QSC of 61 nC per stretching cycle in a single fiber-like TENG. 
Besides, the fiber-like TENG can provide a high output perfor-
mance with stretching capability of up to 70%, exhibiting excel-
lent stability and durability. Furthermore, the fiber-like TENG 
has been demonstrated for a broad range of applications, such 
as powering a commercial capacitor, a LCD screen, a digital 
watch/calculator, and self-powered acceleration sensor. Our 
work introduces a novel fiber structure into the development 
of highly stretchable TENGs and verifies its promising applica-
tions in both power generation and self-powered sensing.

4. Experimental Section
Fabrication of the Conductive Ink: The CNT/Polymer conductive ink 

was prepared with 10 wt% total solids in toluene: a 7 wt% stock solution 
of Parafilm solids (Cole-Parmer, Parafilm Wrap PM992, 2′′ Wide) in 
toluene (Sigma-Aldrich, 244511; anhydrous, 99.8%) was prepared first. 
The sealed suspension was heated at 75 °C under mechanical mixing 
until the Parafilm dissolved completely to form a light grey viscous 
suspension. Composite ratio is referred to the CNTs (Multiwalled carbon 
nanotubes, 20–40 nm in diameter, 5–15 µm in length, TCI America) 
mass fraction divided by total solids mass (combined particle filler and 
Parafilm mass), and a 30 wt% composite ratio of CNTs was added to the 
viscous suspension to obtain a 10 wt% conductive ink.

Fabrication of the Stretchable and Conductive Silicone Fiber: The liquid 
silicone rubber was prepared by mixing the silicone base with a volume 
ratio of 1:1 (Mold Star 15 Slow, manufactured by Smooth-On, Inc.). After 
cured in a plastic tube with a diameter of 3.5 mm, the core fiber was 
obtained by peeling off the plastic tube. Then, the core fiber (10 cm in 
length) was dip-coated in the conductive ink for five repeated times, the 
fiber was oven dried (60 °C) for 2 min at each interval, and it was oven 
dried for 2 h after the final dip-coating. Copper lead was connected on 
the end of electrode by silver paste for further measurement of electric 
outputs. Finally, the silicone fiber was dip-coated with another silicone 
rubber by mixing the silicone base with a volume ratio of 1:1 (Exoflex 
silicone 0050, manufactured by Smooth-On, Inc.) as the insulating layer.

Assembly of the Fiber-Like TENGs: To assemble the fiber-like TENG, 
the silicone conductive fiber was convolved by Cu wires (Bare wire, 
0.008′′ in diameter, Arcor) with different NOC (6, 10, 14, 18, and 
22 cm–1), the NOC was determined by the distance of every two Coils. 
For engineering of the integrated fiber-like TENGs, six fiber-like TENGs 
were parallel integrated by connecting the Cu coil electrodes as one 
electrode and the stretchable electrodes as the other electrode. The 
ends of the fiber-like TENGs were glued by epoxy adhesive on two acrylic 
strips (5′′ × 1′′ × 0.125′′), respectively. The active length of all the TENG 

samples was 10 cm. For the wearable application, the two acrylic strips 
were fixed respectively on the rear arm and the lateral back of the clothes.

Electrical Measurements of the Fiber-Like TENG: The surface 
morphology of the fiber-like TENG’s electrode and fiber section were 
characterized by field emission SEM (SU8010, Hitachi). As limited by 
the Cu coils assembled on the stretchable fiber, the stretchability of 
the fiber-like TENG is actually less than that of the stretchable fiber. To 
ensure a stable and durable working situation of them, we investigated 
the performance within strain of 100% for the fiber and 70% for the 
TENG, respectively. For the measurement of the electric outputs of the 
fiber-like TENG, external forces were applied by a commercial linear 
mechanical motor, which corresponded to the stretching and releasing 
operations, respectively. The open-circuit voltage (VOC), short circuit 
current (ISC), and short circuit charge transfer (QSC) were measured by 
an electrometer (Keithley 6514 System). The electrical conductivity of the 
silicone fiber was measured by a digital multimeter (Amprobe 15XP-B). 
The diameter of the silicone fiber was measured by an electronic digital 
micrometer (733 Series Electronic Digital Micrometers, L.S. Starrett).

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