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The challenges of textiles that can generate and store energy simultaneously 
for wearable devices are to fabricate yarns that generate electrical energy 
when stretched, yarns that store this electrical energy, and textile geometries 
that facilitate these functions. To address these challenges, this research 
incorporates highly stretchable electrochemical yarn harvesters, where avail-
able mechanical strains are large and electrochemical energy storing yarns 
are achieved by weaving. The solid-state yarn harvester provides a peak 
power of 5.3 W kg−1 for carbon nanotubes. The solid-state yarn supercapa
citor provides stable performance when dynamically deformed by bending and 
stretching, for example. A textile configuration that consists of harvesters, 
supercapacitors, and a Schottky diode is produced and stores as much elec-
trical energy as is needed by a serial or parallel connection of the harvesters 
or supercapacitors. This textile can be applied as a power source for health 
care devices or other wearable devices and be self-powered sensors for 
detecting human motion.
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textile applications.[1,5–18] Interesting pro-
gress has also been made on non-fiber 
type high performance triboelectric and 
piezoelectric harvesters that respond to 
either an applied pressure or the stretch-
induced sliding between the harvester 
surfaces.[1,19–21] A few types of stretchable 
triboelectric and stretchable piezoelectric 
harvester fibers have been reported,[22–24] 
but these harvesters have not yet provided 
a competitive performance.

The only harvesters capable of gen-
erating high power by solely the tensile 
deformation of a fiber are based on 
stretch-induced changes in the yarn capac-
itance. Of these capacitance change yarns, 
those utilizing stretch-induced changes 
in the dielectric capacitance have the dis-
advantage of requiring up to thousands 
of volts of an applied bias voltage. Hence, 

we presently used so-called “twistron” mechanical energy har-
vesters, which require no applied bias voltage.[25]

The twistron harvesters can convert tensile or torsional 
mechanical deformations directly into electrical energy without 
the need for a bias voltage. Furthermore, since these electro-
chemical twistron harvesters are flexible, mechanically robust 
yarns, they can be easily woven into textiles and configured in 
textiles in series or in parallel arrangements to increase either 
the output voltage or output current. Another advantage of this 
type of harvester is that this twistron harvester can be a self-
powered strain sensor itself. Unlike other mechanical energy 
harvesters, such as triboelectric or piezoelectric harvesters, we 
can use strain-induced voltage change to harvest energy linearly 
like a strain sensor.[25,26]

Since the twistron yarn harvesters are electrochemical 
devices, two electrodes are required. To maximize the output 
power by minimizing the electrochemical impedance, these 
two electrodes are placed in close proximity. In fact, both elec-
trodes are in the same yarn of the woven textiles. In the har-
vester yarns, we will use a homochiral yarn (a yarn having the 
same handedness of twisting and coiling) as one electrode 
and a heterochiral yarn (a yarn having different handedness 
of twisting and coiling) as the second electrode. The benefit of 
using such electrodes is that both electrodes can contribute to 
energy harvesting, since the changes in the electrode voltage 
are in opposite directions for stretching a homochiral and a 
heterochiral yarn. Furthermore, contrary to a previous reported 
twistron harvester that charged only a commercial capacitor, we 

1. Introduction

Both for powering external devices and for powering sensors 
that monitor body movement and body function, there is a 
great interest in textiles that can harvest and store electrical 
energy.[1–4] Recently reported yarn supercapacitors and yarn 
batteries provide the flexibility and stretchability needed for 
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will charge a supercapacitor consisting of one package textile 
during energy harvesting. Figure  1A illustrates the configura-
tions used for the harvester yarns and the supercapacitor yarns 
as well as their arrangement into textiles. To stabilize the har-
vester and supercapacitor yarns with respect to moisture loss 
from the electrolytes, each of these yarns is incorporated in a 
hollow silicone rubber fiber.

2. Result and Discussion

2.1. The Solid-State Yarn Energy Harvester

The carbon nanotube (CNT) yarns were produced by drawing 
sheets of aligned carbon multiwalled nanotubes (MWNTs) 
from forests[27] and then inserting twists to transform the 
sheets into either twisted or coiled yarns. The CNT yarns used 
to make the energy harvesters and supercapacitors were of 
two types. Unless otherwise specified, a 30-cm-long, 4.5-cm-
wide CNT sheet stack containing 15 layers was used as the 
precursor. For application in the twistron energy harvesters 
shown in Figure 1B and Figure S1A (Supporting Information), 
the twistron yarns were made for the fabrication of the hetero-
chiral and homochiral yarns by wrapping the yarns around a 

stretched silicone rubber fiber core. These twistron yarns were 
highly twisted up to the point of coil initiation by inserting 
2000 turns  m−1 of twist. Although these yarns have a high 
electrical conductivity, the twistron harvester performance was 
enhanced by plying the harvester yarns with a 25-µm-diameter 
platinum wire. In the case of the homochiral yarns, yarns 
highly twisted with Pt wire, whose direction of twist inser-
tion was clockwise and diameter was 125  µm, were wrapped 
with the same clockwise direction around a 250-µm-diameter 
silicone rubber fiber that was stretched by 300%. Otherwise, 
in the case of the heterochiral yarns, yarns highly twisted 
with Pt wire, whose direction of twist insertion was coun-
terclockwise and diameter was ≈125  µm, were wrapped with 
the clockwise direction (the opposite direction of the twisted 
insertion) around the same rubber fiber. For applications 
in supercapacitors, as shown in Figure  1C and Figure S1B 
(Supporting Information), where the inserted twist undesir-
ably decreases the capacitance, a non-twisted yarn was pre-
pared by inserting ≈10 turns cm−1 of twist to convert the CNT 
sheet stack into a twisted yarn and then removing this same 
amount of twist. Both the anode and cathode electrodes were 
prepared by the same non-twisted CNT yarns, which were 
wrapped parallel around the 300% stretched silicone rubber 
fiber(250-µm-diameter).
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Figure 1.  Scheme of energy generating and storing textile, and principle of energy harvester and supercapacitor based on carbon nanotube (CNT) yarn 
twist. A) Configuration of energy generating and storing textile that consists of one-body twistron yarn energy harvester, elastic yarn supercapacitor. 
Harvester and supercapacitor including the two CNT yarn, silicone rubber fiber and solid electrolyte in silicone rubber tube. B) Energy harvester con-
sist of homochiral CNT yarn and heterochiral CNT yarn. When stretching the harvester, homochiral CNT yarn is twisted, and heterochiral CNT yarn 
is untwisted respectively. C) Supercapacitor consists of two non-twisted CNT yarns for anode and cathode. When stretching the supercapacitor, both 
non-twisted CNT yarns are constant.
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Figure 2A shows a detailed photograph of the homochiral and 
heterochiral yarns wrapped around the silicone rubber fiber and 
schematic image of the one-body twistron yarn harvester. The red 
part of the photograph and red inner yarn of the schematic image 
show the homochiral CNT yarn, and the pink part of the pho-
tograph and pink inner yarn of the schematic image show the 
heterochiral CNT yarn. When wrapping the CNT yarns around 
the silicone rubber fiber, both yarns tend to draw near each other 
because of the opposite direction of the twist insertion. Thus, 
polyurethane was coated on both of the electrode yarns for the 
separator. This polyurethane coating prevents the homochiral 
and heterochiral yarns from contacting each other and allows 
the ions to pass into the CNT yarn by absorbing the solid elec-
trolyte without a hitch (Figure S2, Supporting Information). The 
important thing for wearable textile applications is to transform 
our electrolyte-bath-operated harvester fiber into a lightweight, 
dual-electrode harvester yarn that operates in air. In this regard, 
the modified one-body twistron yarn harvester was fabricated and 
was composed of a solid electrolyte gel (comprising 10 wt% poly-
vinyl alcohol, PVA, in 0.1 m HCl), silicone rubber and a silicone 
tube with the polyurethane-coated homochiral and heterochiral 
yarns, as shown in the left configuration of Figures 1A and 2A.

To optimize the performance of these twistron yarn har-
vesters, the performance of the CNT yarns, that of each of the 
yarns wrapped on the rubber fiber, was explored using three 
electrochemical cells, in which the CNT yarn electrode, Pt/CNT 
buckypaper, and Ag/AgCl are connected to the working, counter 
and reference electrodes, respectively, in a 0.1 m HCl liquid 
electrolyte. The CNT yarns were prepared from the MWNT 
sheets by inserting twists from −2000 to 2000 turns  m−1, and 
the capacitance change and peak-to-peak open circuit voltage 
(OCV) of each CNT yarn were measured with a 70% strain, as 
shown in Figure  2B. As the twist insertion of the homochiral 
CNT yarns was increased in the clockwise direction from 
0 to 2000 turns m−1, the capacitance changes of the homochiral 
CNT yarn decreased, and their peak-to-peak OCV increased. On 
the other hand, as the twist insertion of the heterochiral CNT 
yarns was increased in the counterclockwise direction from 
0 to −2000 turns m−1 (a negative twist insertion means that the 
directions of twisting and coiling the CNT yarns are opposite), 
the capacitance changes of the CNT yarns increased, and the 
peak-to-peak OCV of the CNT yarns decreased. For both the 
homochiral and heterochiral yarns, the twisted yarns up to just 
before coiling (2000 turns  m−1 for the homochiral yarn and 
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Figure 2.  Characterization of twisted CNT yarn and performance of energy harvester. A) Configuration of twistron yarn harvesters with photographic 
image. B) Capacitance change (black square) and open circuit voltage (blue circle) of CNT yarns that wrapped on rubber fiber clockwise direction with 
70% strain. Twist insertion of CNT yarns were controlled from −2000 (counterclockwise direction) to 2000 (clockwise direction) turns m−1. Negative sign 
of twist insertion (blue background) represent heterochiral CNT yarn, and positive sign of twist insertion (red background) represent homochiral CNT 
yarn. C) Capacitance (black) and peak-to-peak open circuit voltage (blue) versus strain of the homochiral (square) and heterochiral (circle) CNT yarn 
enwrapping rubber. D) Open circuit voltage of one-body energy harvester with sinusoidal 70% strain at 1 Hz frequency. E) Peak voltage (black square) 
and peak power (blue circle) versus load resistance. F) Peak power (black square) and load resistance (blue circle) for impedance matching versus 
frequency. B) and C) were measured by three electrochemical cell in 0.1 m HCl electrolyte (Working electrode: CNT yarn, Counter electrode: Pt/CNT 
buckypaper, Reference electrode: Ag/AgCl). Capacitance was measured from 0 to 0.8 V (Ag/AgCl) with scan rate of 50 mV s−1. D–F) were measured by 
two electrochemical cell in 0.1 m HCl/PVA 10 wt% solid electrolyte (Working electrode: homochiral CNT yarn, Counter electrode: heterochiral CNT yarn).
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−2000 turns m−1 for the heterochiral yarn) exhibit the best per-
formance. In this condition, the homochiral yarn has a −31.54% 
capacitance change and 57.2  mV peak-to-peak OCV, and the 
heterochiral yarn has a 7.85% capacitance change and 9.1  mV 
peak-to-peak OCV at 70% strain (Figure  2B,C and Figure S3, 
Supporting Information).

The reason for these results can be found in the reported 
coiled CNT yarn twistron harvester.[25] When stretching coiled 
CNT yarn, the twist of the coiled CNT yarn is increased. As 
a result, densification occurs on a scale comparable to the 
electrochemical double layer thickness, and some pores in 
the yarn become too small to accommodate electrolyte ions; 
thus, the effective surface area and corresponding capacitance  
of the yarn decreases. Since the associated charge cannot redis-
tribute over charged surfaces that have maintained contact with 
the bulk electrolyte, solvated ions migrate into the electrode’s 
decreased accessible surface area, thus increasing the surface 
charge density and consequently increasing the yarn voltage. 
Based on this principle, Figure  1B shows a scheme of the 
homochiral yarn up-twist and heterochiral yarn down-twist 
as the twistron yarn harvester was stretched. When stretching  
the twistron yarn harvester, the homochiral yarn up-twist 
causes the yarn’s density to decrease and the OCV to increase, 
while the heterochiral yarn down-twist causes the yarn’s den-
sity to increase and the OCV to decrease. Similar principles can 
be found in previously reported artificial muscle based on twist 
carbon nanotube yarn[28] and nylon.[29]

In addition, it is possible to explain why the performance 
is better with more twist. When stretching 70% of the highly 
twisted yarn and non-twisted yarn, both enwrapping the rubber 
fiber in the electrolyte, the capacitance of the highly twisted 
yarn (2000 turns  m−1) has decreased by 31.54% (from 2.51 to 
1.72 F g−1), while the density increases from 1.00 to 1.17 g cm−3 
(a 16.1% increase) by the up-twist, as shown in Figure S4A 
(Supporting Information). The non-twisted yarn’s capacitance 
has barely changed, while the yarn’s density has changed from 
0.656 to 0.664 g cm−3 (a 1.3% change). This evidence suggests 
that the highly twisted yarn results in a higher generated elec-
trical energy. However, it can be observed that the OCV of the 
homochiral yarn is larger than the OCV of the heterochiral yarn, 
as shown in Figure 2B,C. The reason is that the density changes 
of the homochiral and heterochiral yarn were different. When 
applying 70% stretching in the electrolyte, the density change 
of the homochiral yarn was 16.1% by the up-twist (Figure S4A, 
Supporting Information), while the heterochiral yarn’s density 
decreased from 1.21 to 1.17  g  cm−3 (−3.7% by the untwist), as 
shown in Figure S4B (Supporting Information).

While stretching a single harvester electrode, measuring the 
voltage with respect to a static counter electrode, as shown in 
Figure  2C, provides a good way to characterize this electrode, 
and the voltage and power output can be maximized by simul-
taneously using both the working and counter electrodes as 
mechanical energy harvesters. When each of the homochiral 
and heterochiral yarn electrodes generated 57.2 and −9.2  mV 
peak-to-peak OCVs with a 70% maximum strain applied, 
respectively (Figure  2C and Figure S3, Supporting Informa-
tion), if both electrodes are used simultaneously as the working 
and counter electrodes, as shown in Figure  2A, this one-body 
twistron yarn harvester can theoretically generate the difference 

in the peak-to-peak OCV of the homochiral and heterochiral 
yarns, as shown in the blue-shaded part of Figure  2C, and 
experimentally generate a 67.8 mV peak-to-peak OCV at a 70% 
strain and 1 Hz sinusoidal stretching, as shown in Figure 2D. 
Compared with the calculated value of 66.4  mV, which is the 
difference in the peak-to-peak OCVs of the homochiral and 
heterochiral yarns at a 70% applied strain, the experimental 
result reflects a reasonable value. According to the OCV and 
peak power versus the spring index of the homochiral and 
heterochiral yarn, the lower spring index harvester generated 
much more energy than the higher spring index harvester 
(Figure S5, Supporting Information). Compared with the pre-
viously reported twistron harvesters composed of separated 
homochiral yarn and heterochiral yarn without Pt wire wrap-
ping (which results in a lower impedance), which have a spring 
index of 4.28,[25] the OCV and total peak power of the one-body 
harvester without Pt wire wrapping increased by ≈1.9 times 
during sinusoidal stretching at 1  Hz and realizing motion 
(Figure S5, Supporting Information). According to a previous 
report about a twistron harvester,[25] the breathing sensor was 
shown, which consisted of separated homochiral CNT yarn 
and heterochiral yarn used as the working and counter elec-
trodes, respectively. Likewise, as shown in Figure  2C,D, since 
the output voltage of this one-body harvester is dependent on 
the strain, this stretchable twistron yarn harvester can be a self-
powered strain sensor. Figures S6 and S7 (Supporting Infor-
mation) showed the mechanical and long-term stability by 
stretching up to 1200 cycles and the fibrous mechanical proper-
ties by stress–strain curve of the yarn harvester.

A maximum peak power generated at 1  Hz was obtained 
by impedance matching the twistron yarn harvester, as shown 
in Figure 2E. The generated voltage increased with increasing 
the load resistance, but the peak power of the twistron yarn 
harvester was saturated at a load resistance of 100 Ω. Thus, at 
1 Hz of stretching, a peak power of 2.7 W kg−1 was generated. 
The impedance of the twistron yarn harvester is related to the 
reactance of the EDL capacitance of the electrodes. This capaci-
tive reactance is inversely proportion to the frequency of the 
AC current of the electrodes, and therefore, when increasing 
the frequency of stretching, the impedance of the harvester 
decreases.[25] In this sense, Figure 2F shows that the load resist-
ance decreased from 170 to 40 Ω, which was obtained by imped-
ance matching the twistron yarn harvester, and the generated 
peak power increased from 1.5 to 5.3 W kg−1 as the frequency 
was increased from 0.5 to 4  Hz. This work can be efficiently 
applied to textile applications with smaller volumes, and com-
bining two yarns together can generate more energy than the 
energy generated in previous twistron research.

Additionally, as abovementioned, twistron yarn harvesters 
can be used as elastic yarn supercapacitors by controlling the 
twist insertion of the CNT yarns. The elastic yarn supercapaci-
tors were composed of a solid electrolyte gel (0.1 m HCl with 
polyvinyl alcohol and 10 wt% solid electrolyte), non-twisted 
yarns coated with polyurethanes used for the anode and 
cathode, a silicone rubber fiber and a silicone tube, as shown 
in Figure  1A. Unlike twistron yarn harvesters, which generate 
electrical energy from mechanical deformations, elastic yarn 
supercapacitors can store electrical energy stably for wearable 
applications, regardless of mechanical deformations. As shown 
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in Figure 2B, the non-twisted yarns that had 0 turns m−1 of twist 
insertion and were wrapped around a rubber fiber featured a 
slight capacitance change and had little or no peak-to-peak OCV 
with 70% sinusoidal stretching. Thus, both the non-twisted 
yarns were used to prepare the anode and cathode of the elastic 
yarn supercapacitor.

2.2. The Solid-State Yarn Supercapacitor

Figure  3 showed the electrochemical energy storage perfor-
mance of the elastic yarn supercapacitors in a solid electro-
lyte gel (10 wt% PVA/0.1 m HCl). The cyclic voltammetry 
(CV) curves were obtained by various scan rates from 100 to 
1000  mV s−1, and Galvanostatic charge–discharge curves were 
obtained for various current densities from 0.11 to 0.55 A g−1 
(Figure 3A,B). The elastic yarn supercapacitor had a capacitance 
of 1.49 F  g−1, 0.7 mF  cm−1 and 17.0 mF  cm−2 at a scan rate of 
100 mV s−1 and a capacitance retention of 65.8% with various 
scan rates (Figure 3C). At a scan rate of 50 mV s−1, the elastic 
yarn supercapacitor not only provided a constant capacitance 
from 1.54 to 1.5 F  g−1 (capacitance change <3%) for a strain 

of 0% to 70% (Figure  3D) but also exhibited a stable electro-
chemical storage capacity with dynamic sinusoidal stretching of 
70% and 180° bending deformation applied during 1000 cycles, 
as shown in Figure  3E,F. This means that this elastic yarn 
supercapacitor can be a highly stable energy storage system 
when used for applications with dynamic conditions. Since our 
yarn harvester and supercapacitor are packed by silicone rubber 
tube, the electrolyte and electrodes are sealed tightly from outer 
environment. In this reason, it assumes to be used semi-per-
manently without damage of silicone rubber tube.

Since human motion generally has a frequency between  
0 and 10 Hz,[30] these dynamic results are important for wear-
able devices. When increasing the frequency of stretching and 
releasing at 1 Hz, the elastic yarn supercapacitor exhibits stable 
charging and discharging CV curves with slight fluctuations 
compared to the CV curve obtained without 70% stretching 
(inset of Figure 3E). In addition, it is important to configure the 
anode and cathode of the supercapacitor to prevent the short 
problem. Several supercapacitor fibers made using a two-ply 
or parallel configuration of the anode and cathode have short 
problem when a mechanical deformation or pressure is app
lied.[5,7,11–12,14,16–18] In this regard, the configuration of the elastic 
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Figure 3.  Electrochemical performance of the solid-state elastic yarn supercapacitor. A) Cyclic voltammetry (CV) curves measured from 100 to 
1000 mV s−1 for a solid-state elastic yarn supercapacitor coated by solid electrolyte gel (comprising 10 wt% polyvinyl alcohol, PVA, in 0.1 m HCl). 
B) Galvanostatic charge/discharge curves measured from 0.11 to 0.55 A g−1 current densities. C) Calculated specific capacitance (normalized by anode 
and cathode weight, black circle symbols), linear capacitance (normalized by length of supercapacitor, blue rectangular symbols), and areal capacitance 
(normalized by the surface area of supercapacitor, red triangle symbols) at scan rate from 100 to 1000 mV s−1, respectively. D) Static CV curve of the 
solid-state elastic yarn supercapacitors for 0–70% tensile strain. E) and F) showed capacitance retention during 1000 cycles mechanical deformation 
with sinusoidal stretching and 180° bending motion, respectively. Capacitance of E) and F) was measured after mechanical deformation. Inset of 
D) showed optical images of before and after of stretching 70%. Inset of E) showed dynamic CV curve of the solid-state elastic yarn supercapacitors 
with non-stretching (black line) and 1 Hz stretching 70% strain (red line). Inset of F) showed optical images of before and after of bending 180o and CV 
curve of the solid-state elastic yarn supercapacitors with non-bending (black line) and 180° bending state (red line). CV curve of D–F) was measured 
with potential scan rate of 50 mV s−1.
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yarn supercapacitors has advantage of preventing shorts from 
occurring between the anode and cathode under mechanical 
deformation, because both yarns were helically wound in par-
allel on the rubber and coated with polyurethane.

2.3. Energy Generating and Storing Textile

We demonstrated an energy generating and storing tex-
tile using optimized twistron yarn harvesters (Figure  2) and 
elastic yarn supercapacitors (Figure 3). The twistron yarn har-
vesters and elastic yarn supercapacitors cross each other (in 
the vertical direction of each other) and were made up of a 
plain weave, as shown in Figure  4A. To increase the voltage 
generated in the package, the twistron yarn harvesters are 
connected in series, while the elastic yarn supercapacitors 
are connected in parallel to increase the amount of Q stored. 
Figure  4B showed a real image of a wearable patch (whose 
harvesting and storing area size has a width of 3 and height 
of 3 cm) on a human knee, and the patch had 9-twistron yarn 
harvesters in the longitudinal direction and the 3-elastic yarn 
supercapacitors in the transverse direction. When connecting 
up to 9 in series, the voltage increases in proportion to the 
number of twistron yarn harvesters, up to 550  mV for 70% 
stretching (Figure 4C).

Since twistron yarn harvesters produce an AC voltage, a rec-
tification process using a bridge rectifier is required to store 
electrical energy in the elastic yarn supercapacitors. Figure S8 
(Supporting Information) showed charging and discharging 
process of yarn supercapacitor by schematic image. Figure 4D 
showed the OCV and rectified voltage obtained from 9-twistron 
yarn harvesters connected in series. The peak rectified voltage 
was 135 mV, which was less than the peak generated voltage due 
to the voltage drop across the Schottky diode rectifier. Figure 4E 
showed the charging and discharging of the elastic yarn super-
capacitors by twistron yarn harvesters. By one stretching of the 
twistron yarn harvesters which 5.8 N of strain force was applied 
for 9 harvesters, the voltage on the elastic yarn supercapacitors 
(6.15 mF) reached ≈48 mV. Thus, when stretching the twistron 
yarn harvesters three consecutive times, the elastic yarn super-
capacitors are fully charged at ≈135 mV.

The power consumption from 10 to 100 µW generally can 
utilize for RFID tag, hearing aid, and remote control.[31] In our 
device, the charged voltage and capacitance of parallel con-
nected supercapacitors was about 135 mV, 6.15 mF, respectively. 
So, the output energy was about 56 µJ from the equation E = 
0.5CV2. This result assumes that our device can supply above-
mentioned power consumption when charged a few seconds.

To improve the performances of generating an electrical 
voltage from this textile, just increasing the number of twistron 
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Figure 4.  Scale up and charging performance using energy generating and storing textile. A) Schematic image of electrical circuit of energy generating 
and storing textile. Red represent energy harvester and blue represent supercapacitor. Energy harvester has serial connection, and supercapacitor has 
parallel connection. B) Optical images of real application of energy generating and storing textile using stretchable medical patch on human skin.  
C) OCV versus number of twistron yarn harvesters. D) OCV and rectified OCV at 1 Hz from rectification circuit. E) The time dependence of elastic yarn 
supercapacitors voltage when charging parallel connected three of elastic yarn supercapacitors.
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yarn harvesters is the easy way. Although our study demon-
strated that the voltage may be impractical due to its small size, 
increasing the number of twistron yarn harvesters to 20 can 
produce a rectified voltage of 1  V, as expected. Additionally, 
there are many reports about high performance supercapacitors 
based on CNTs. Since the elastic yarn supercapacitor’s energy 
storing performance originates from the CNTs, the energy 
storage performance of this elastic yarn supercapacitor can be 
improved by various methods, such as simply connecting a few 
more yarn supercapacitors in series or in parallel, biscrolling, 
or coating with pseudocapacitance materials.[5,16,18]

3. Conclusion

We have reported highly stretchable yarn type energy har-
vester and supercapacitor which mechanism and performances 
based on twist insertion of CNT yarns. Unlike triboelectric or 
piezoelectric harvesters and other fiber type supercapacitor, our 
twistron yarn harvesters and elastic yarn supercapacitor with 
unique design can produce electrical energy and store it stably 
at the same time from mechanical deformation with low fre-
quency of human body movements. Since our generator and 
storage integral textile that based on silicone rubber fibers and 
CNT yarns is highly flexible and stretchable, it is greatly suit-
able form for applying wearable materials, such as cloth, patch, 
or band.

Also, we expect fresh applications for soft robotics. Currently, 
many of soft robots are consisted of stretchable materials, such 
as silicone or urethane rubber. Since silicone rubber fiber was 
used for core stretchable fiber of both of harvester and super-
capacitor, lower tensile strength was applied unlike previous 
coiled CNT yarn harvesters. Therefore, if core rubber fiber 
replaced to soft robots based on stretchable rubber materials, 
soft robots that generate energy and store it by itself can be 
produced.

Furthermore, any number of harvesters and supercapacitors 
can be connected by series or parallel each other for scale-up 
of generating and storing electrical energy. This expendable 
performance can be applied for powering wearable devices and 
activating sensors. Even this strain reliant energy harvester can 
be a strain sensor by itself.

4. Experimental Section
Materials: MWNT forests were grown by chemical vapor deposition 

(CVD) on silicon wafers that were coated by a 3-nm-thick iron 
catalyst.[27] Silicone rubber, which was purchased from Hyup-shin 
Corporation in Korea, was made by Smooth-on, Inc. in the USA. The 
silicone rubber fiber was synthesized by mixing “Echoflex 0050” and 
“Dragon skin 10” with a mix ratio of 3:1 by weight and then injecting 
and hardening in injection needles with a 0.5 mm inner diameter. After 
that, the hardened silicone rubber fiber was pulled out. The rubber 
tube (inner diameter: 0.5  mm, outer diameter: 1  mm) was purchased 
from HSW, Inc. in Korea. The solid electrolyte gel (comprising 
10 wt% polyvinyl alcohol, PVA, in 0.1 m HCl) was made by stirring on 
a hot plate at 90  °C. PVA (Mw: 31 000–50 000) and HCl (37%) were 
purchased from Sigma Aldrich. Both the twistron fiber harvester and 
supercapacitor were explored by twist inserting into a carbon nanotube 
sheet. The twisting structure of the yarns was a cone structure, which 

was uniformly stressed during twisting.[25 The twist insertion into the 
CNT yarn was typically accomplished by hanging a weight from one 
end of a fiber and attaching the other end to the shaft of a motor. The 
attached weight was tethered against the rotation so that each turn of 
the motor resulted in the addition of one turn to the fiber. The applied 
weight was critical in maintaining a uniform fiber density after just 
enough twist was inserted before coiling. The CNT yarns were twisted 
at loads of 33.5 MPa.

Fabrication of Twistron Yarn Harvesters and Elastic Yarn 
Supercapacitors: The twistron yarn harvesters were fabricated from 
highly twisted yarns with the coiling of silicone rubber. First, a MWNT 
yarn twisted in a clockwise direction and a MWNT yarn twisted in a 
counterclockwise direction were prepared by high twist insertion 
into MWNT sheets under an isobaric load before coiling. Second, to 
prevent the short-circuit problem, both of the yarns were coated with 
polyurethane (10 wt%). Then, both the polyurethane-coated yarns 
were wound around a 250  µm diameter rubber mandrel (diameter 
before stretch was 500 µm), which was stretched by 300, in the same 
clockwise direction using two stepping motors (A16K-M569, Autonics, 
Corp.) with a turning speed of 1 turns s−1 (Figure S1A, Supporting 
Information). Finally, the homochiral and heterochiral yarns wrapped 
on the rubber fiber were inserted in a rubber tube, which had an 
≈1 mm inner diameter and 2 mm outer diameter. After that, the solid 
electrolyte (10 wt% PVA in 0.1 m HCl) was injected using a syringe. 
Additionally, the elastic yarn supercapacitor was composed of two non-
twisted yarns coated with polyurethane. The processes of fabricating 
the elastic yarn supercapacitors were the same as those used to 
fabricate the twistron yarn harvesters, but the only difference was the 
twist insertion and direction of the CNT yarns. Unlike the twistron 
yarn harvesters that generated electrical energy with mechanical 
deformations, the elastic yarn supercapacitors should be able to 
store electrical energy stably for wearable applications, regardless of 
mechanical deformations.

Electrochemical Methods for Characterizing: The experiments were 
conducted by a three-electrode system, in which the working electrode 
was the CNT yarns, the counter electrode was Pt mesh/CNT buckypaper, 
and the reference electrode was Ag/AgCl. To measure the OCV, short-
circuit current, and capacitance, three different techniques were 
applied using of a Gamry instrument (model G750), and repeating 
chronopotentiometry, repeating chronoamperometry mode, and CV were 
used.

Power Measurement and Calculation: To measure the electrical 
power and electrical energy, the twistron harvester was connected to 
an external resistance. By changing the external resistance, the applied 
voltage on the external resistance was measured by an oscilloscope 
(Tektronix, DPO4014B). With the acquired results from the oscilloscope, 
the electrical power (P = V2/R, where P = power, V = voltage, and R = 
resistance) and electrical energy (ʃP/t, where P  = power and t  = time) 
were measured.

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