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ENERGY HARVESTING
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T

he importance of harvesting mechanical
energy as electrical energy motivates the
search for new technologies. Electromagnetic
electric energy generators suffer from low
power densities and high cost per watt
when scaled to the millimeter and smaller dimensions needed for emerging applications (1).
Piezoelectric and ferroelectric harvesters work
well for high-frequency, low-strain deformations
(2), especially when individual nanofibers are
driven at ultrahigh resonant frequencies (3), but
they lack the elasticity needed for harvesting
large strains. Triboelectric harvesters (4, 5) perform well and are promising for future applications. Harvesters that use the coupling between
flowing fluids and electronic charge are appealing (6–8) but need improvements in output power.
Diverse electrochemical harvesters are known—
including conducting polymer harvesters (9), lith1
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ium battery–based bending harvesters (10), and
ionic polymer–metal composite harvesters (11)—
but have not yet provided competitive performance.
The capacitance change caused by mechanically
altering the area of liquid contact with two charged
or self-charged capacitor electrodes has been used
for dielectric (12) and electrochemical (13) energy
harvesting, but these technologies are still in
early development.
Rubber-based dielectric capacitors are attractive for converting large-stroke mechanical energy
into electricity. A thin elastomeric sheet is sandwiched between two deformable electrodes (14, 15).
An applied voltage (V), typically ~1000 V, is used to
inject charge (Q) into this elastomeric capacitor.
When stretched, the rubber dielectric decreases
thickness, increasing capacitance (C) and thereby
producing a voltage change according to Q = CV,
which enables electrical energy generation.
To avoid these high voltages and associated
circuits, we previously tried to manufacture a
twisted carbon nanotube (CNT) yarn mechanical
energy harvester that electrochemically generated electrical energy when stretched. However,
even when volt-scale positive or negative bias
voltages were applied, tensile stresses of up to
45 MPa resulted in such small short circuit currents that the only possible application was as
an externally powered strain sensor (16).
Fabrication and performance of CNT
yarn harvesters
We demonstrate CNT yarns that can be stretched
to generate a peak electrical power of 250 W per
kilogram of yarn, without needing an external bias
voltage. This advance resulted in part from our
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Mechanical energy harvesters are needed for diverse applications, including self-powered
wireless sensors, structural and human health monitoring systems, and the extraction of
energy from ocean waves. We report carbon nanotube yarn harvesters that electrochemically
convert tensile or torsional mechanical energy into electrical energy without requiring an
external bias voltage. Stretching coiled yarns generated 250 watts per kilogram of peak
electrical power when cycled up to 30 hertz, as well as up to 41.2 joules per kilogram of
electrical energy per mechanical cycle, when normalized to harvester yarn weight. These energy
harvesters were used in the ocean to harvest wave energy, combined with thermally driven
artificial muscles to convert temperature fluctuations to electrical energy, sewn into textiles
for use as self-powered respiration sensors, and used to power a light-emitting diode and
to charge a storage capacitor.

transitioning from CNT yarns that are twisted
but not coiled to yarns that are so highly twisted
that they completely coil, which we hereafter
refer to as twisted and coiled yarns, respectively.
Harvesters were produced by spinning sheets
of forest-drawn carbon multiwalled nanotubes
(MWNTs) into high-strength yarns (17, 18). Due
to large MWNT diameters, MWNT bundling, and
the absence of pseudo-capacitive redox groups,
these yarns have a capacitance of <15 F/g (19). By
inserting extreme twist into a CNT yarn that
supports a weight, coils initiate and propagate,
producing a highly elastic, uniformly coiled structure. Figure 1A illustrates the spinning methods
and resulting yarn topologies before the onset
of coiling. Unless otherwise noted, the harvester
yarns had a diameter of 50 to 70 mm when twisted
to just before coiling and were made by the cone–
spinning process depicted in Fig. 1A.
Figure 1B illustrates the electrochemical cell
used for the initial characterization of harvester
yarns; this cell comprises a coiled MWNT yarn
working electrode, a high-surface-area counter
electrode, and a reference electrode, all of which
are immersed in aqueous electrolyte. Figure 1C
shows the time dependence of open-circuit voltage
(OCV) and short-circuit current (SCC) generated
by a coiled cone-spun harvester during 1-Hz sinusoidal stretch to 30% strain in 0.1 M HCl electrolyte. This sinusoidal stretch does not produce
sinusoidal variation in OCV or SCC if the applied
tension is so low that the yarn is not in an extended
configuration, because the input mechanical energy per change in strain (and corresponding
output voltage and electrical energy change) is
reduced by a low effective yarn stiffness. Because
the voltage peaks most sharply when the yarn is
fully stretched, peak power can exceed average
power by an observed factor as high as 3.34, as
compared with the factor of 2 expected for a
purely sinusoidal voltage profile.
When stretched to 30% strain, the harvester’s
capacitance decreased 30.7%, and its OCV increased
by 140 mV (Fig. 1D). Unless otherwise noted herein,
the electrolyte is 0.1 M HCl, the reference electrode
is Ag/AgCl, and the applied strain is sinusoidal.
Applied tensile stresses are normalized to the crosssectional area of the twisted, noncoiled yarn.
Harvester performance has been improved by
using the hysteretic nature of twist insertion and
removal (fig. S23): Untwisting a coiled yarn by a
small amount does not result in coil loss but
instead increases coil diameter and reduces
twist-induced densification. As shown in Fig. 1, E
and F, and fig. S6, untwisting by 500 turns/m
(8.5% of the twist inserted to fully coil) increased
the reversible tensile strain range from 30 to 50%
and increased the tensile strain–induced capacitance change from 30 to 36%. The capacitance
at 0% strain increased from 3.97 to 6.50 F/g, due
to the reduced compressive forces and decreased
yarn density resulting from twist removal. Most
importantly, this twist removal increased peak
power at 12 Hz by a factor of 1.4 (peak power
increased to 179 W/kg, which is 30.97 mW for
this 0.173-mg harvester) (fig. S11) and increased
maximum output energy per cycle at 0.25 Hz
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by a factor of 2.9 (per-cycle energy increased to
41.2 J/kg, which is 7.13 mJ) (Fig. 1E). The existence
of a long plateau in frequencies that maximize
power (from 12 Hz to >25 Hz in Fig. 1E) provides
a major advantage compared with resonant harvesters, whose power output rapidly degrades as
mechanical deformation frequencies deviate from
resonance (20).
The above performance was obtained for CNT
yarn electrodes produced by a twist-insertion
process called cone spinning; this process optimizes harvester performance. Unlike for conven-

tional “dual-Archimedean” yarn fabrication, in
which twisting a rectangular stack of CNT sheets
between fixed supports causes a gradient of tension along the sheet width (21), cone spinning
(Fig. 1A and fig. S1) maintains quasi-uniform
tension across the CNT array. This stress nonuniformity was avoided by rolling a CNT sheet
stack about the CNT alignment direction to
make a cylinder (22) and then twisting this
cylinder around its central axis to produce two
cones, which densify to a yarn. These quasiuniformly twisted yarns produced roughly four
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Fig. 1. Twistron harvester configuration, structure, and performance for tensile energy
harvesting in 0.1 M HCl. (A) Illustrations of cone, funnel, Fermat, and dual-Archimedean spinning
(top) and resulting yarn cross sections (bottom). (B) Illustration of a torsionally tethered coiled
harvester electrode and counter and reference electrodes in an electrochemical bath, showing the
coiled yarn before and after stretch. (C) Sinusoidal applied tensile strain and resulting change
in open-circuit voltage (OCV) and short-circuit current (SCC) before (right) and after (left)
normalization for a cone-spun coiled harvester. (D) Capacitance and OCV versus applied strain for
the harvester of (C). (Inset) Cyclic voltammetry curves for 0 and 30% strain. (E) Frequency
dependence of peak power (solid black squares), peak-to-peak OCV (solid red circles), and energy
per cycle (open blue triangles) for 50% stretch of an 8.5%-untwisted coiled harvester. The
output electrical power from this 0.173-mg twistron harvester electrode is 31.0 mW above 10 Hz.
(F) Generated peak power (solid black symbols) and peak voltage (open blue symbols) versus
load resistance for a coiled yarn (squares) and a partially untwisted coiled yarn (circles)
when stretched at 1 Hz to the maximum reversible elongation.

times the peak power and average power generated by dual-Archimedean yarns (Fig. 2A, table
S1, and fig. S25). Similarly, methods such as tow
spinning, funnel spinning, and Fermat spinning
(Fig. 1A) (22) also reduced nonuniform tension
during twisting and provided comparably highperformance yarns.
For a given inserted twist, the mechanical load
applied during twisting determines the coil spring
index (22), which affects harvester performance.
The peak power and change in capacitance for a
given percent strain are optimized for a spring
index of ~0.43 (measured after coiling, with the
coiling load still applied), which yielded a peak
power of 41.3 W/kg for 30% strain at 1 Hz (fig.
S2). However, as the spring index increases, the
maximum reversible coil deformation increases
(and the coil stiffness decreases), enabling energy
harvesting over a larger strain range. This
tunability allows the harvester to be customized
for the stroke range needed for a particular application. Unless otherwise indicated, a spring
index of ∼0.43 was used for all experiments.
For potential use in harvesting the energy in
ocean waves, CNT yarn harvesters were tested
in 0.6 M NaCl, a concentration similar to that
found in seawater. For 30% stretch and deformation frequencies of 0.25 to 12 Hz, a plateau in
peak power (at ∼94 W/kg) was observed above
6 Hz (fig. S10). As needed for ocean-wave
harvesting, harvester performance in 0.6 M NaCl
(and in 0.1 M HCl) varies little with temperature
(figs. S13 and S24). Also, the peak power and the
load resistance that optimizes peak power depend
little on NaCl concentrations between 0.6 and
5 M, and the peak power decreases by less than
20% for concentrations down to 0.1 M (fig. S9),
which means that these harvesters can be used
for ocean environments of varying salinity. Figure
2B shows that the peak power and average power
at 0°C (46.3 and 15.3 W/kg) were maintained for
more than 30,000 cycles at 1 Hz to 30% strain in
0.6 M NaCl.
Important for many applications, gravimetric
energy output per cycle is scale-invariant, as
shown for coiled harvester yarns in fig. S7. The
amount of inserted twist (T, in turns per meter)
was scaled inversely with yarn diameter D to
keep TD constant. This structural scaling automatically occurred because yarns were twisted
under the same stress until fully coiled, and TD
was scale-invariant for this degree of inserted
twist. Likewise, the obtained spring index (presently 0.43) was scale-invariant. The per-cycle
gravimetric energy, peak-to-peak OCV, and frequency dependence of gravimetric peak power
were constant for yarn diameters between 40
and 110 mm (fig. S7). Also, a similar peak power
density was obtained at 1 Hz for a coiled yarn
and a four-ply yarn made from this coiled yarn
(fig. S18).
We call our devices “twistron” harvesters—“twist”
denotes the harvester mechanism, and “tron” is
the Greek suffix for device. The twist mechanism
for energy harvesting by stretching a coiled yarn
was first suggested by our observation that
twisting a noncoiled yarn generated electrical
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energy. As shown in Fig. 2C and figs. S20 to S22
for isometric (constant-length) and isobaric
(constant-force) twist insertion, respectively, twist
insertion reversibly decreases the electrochemical
capacitance and increases the OCV. The change in
OCV is larger for isometric twist insertion (86.8 mV)
than for isobaric twist insertion (43.6 mV), likely
reflecting yarn densification and associated capacitance decrease during isobaric loading.
Inserting twist into a yarn until complete coiling
occurs produces a “homochiral” yarn, because
the twist to produce the noncoiled yarn and
the subsequent yarn coiling are in identical
directions. On the other hand, wrapping a twisted
yarn around a mandrel can result in either
homochiral or heterochiral coiled yarns, depending
upon whether twist and coiling are in the same or
opposite directions (23, 24). When a homochiral
coiled yarn is stretched, yarn coiling (called writhe)
is partially converted to increased yarn twist,
which increases yarn density (fig. S36), decreases
yarn capacitance, and thereby increases the OCV.
Opposite changes occur when stretching a heterochiral yarn. Although mechanical jigs can convert
motion into an out-of-phase tensile deformation of
two otherwise identical yarn electrodes, thereby
doubling harvester voltage (figs. S26 to S28), we
can avoid this mechanical complexity by using
heterochiral and homochiral yarns as opposite
twistron harvester electrodes.
Yarn coiling and twist can irreversibly cancel
when stretching an unsupported heterochiral
yarn. Consequently, dual–harvesting-electrode twistron harvesters utilized harvester yarns wrapped
around a rubber fiber core, which acts as a return
Kim et al., Science 357, 773–778 (2017)
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spring to prevent this irreversibility (22). Figure 2D
shows the oppositely directed potential changes
when stretching homochiral and heterochiral
yarns, which further demonstrates that twist
change is responsible for tensile energy harvesting
by coiled yarns.
Harvesting without the need for an
external bias voltage
Because a chemical potential difference exists
between the harvester electrode and the surrounding electrolyte, immersing an electrode
into an electrolyte generates an equilibrium
charge on the electrode, which can be used for
energy harvesting. The potential of zero charge
(PZC) is needed for evaluating the equilibrium
charge state of a twistron harvester. Because
PZC measurements have been difficult and often
inaccurate (25–27), we developed a method for
measuring PZC, piezoelectrochemical spectroscopy (PECS). This method utilizes the chargestate–dependent response of a CNT electrode to
mechanical deformation.
PECS involves characterizing an electrode by
cyclic voltammetry (CV) while simultaneously
stretching the electrode sinusoidally. Comparing
CV scans with and without deformation, the
dependence of the magnitude and phase of the
stretch-induced ac current are determined versus applied potential (Fig. 3, A and B). From this
plot, the PZC corresponds to the potential at which
the ac current is minimized and the current’s
phase inverts by 180° (Fig. 3B). PECS showed that
the PZC changes by less than ±7 mV from 3° to
60°C, which is important for harvesting energy

from the ocean (Fig. 4C), and that the PZC changes
by less than ±5 mV when a coiled twistron harvester is stretched by 20%. This result indicates
that the charge injected by the electrolyte is largely independent of strain (Fig. 3D).
For twistron yarns, the intrinsic bias voltage
(the difference between the PZC and the OCV at
0% strain) decreases with increasing pH (Fig.
3C). Hence, a low-pH electrolyte is hole-injecting,
and a high-pH electrolyte is electron-injecting.
Although the bias voltage depends on the specific
electrolyte, even at the same pH, a linear dependence of bias voltage on pH was obtained
(–47 mV per pH unit for aqueous HCl) (fig. S15,
inset), consistent with the –59 mV per pH unit
predicted by the Nernst equation (28). The direction of OCV change with applied tensile strain
depends on whether the electrolyte provides a
positive or negative bias potential (Fig. 3C).
The OCV and peak power were maximized for
0.1 M HCl and 0.6 M NaCl concentrations (figs.
S8 and S9).
Of the electrolytes investigated, 0.1 M HCl
provides the highest chemically generated intrinsic bias voltage, ~0.4 V, and the greatest increase
in yarn potential with stretch (150 mV for 30%
strain) (Fig. 3C). This peak potential (550 mV) is
close to that which causes hydrolysis of aqueous
electrolytes, leaving little opportunity to increase
power by providing an external bias voltage.
Applying a 300-mV bias voltage during tensile
energy harvesting in 0.1 M HCl (using 0.2-Hz
square wave deformation to 20%), the net energy
harvested per cycle increased from 17.9 to 27.1 J·kg−1
per cycle (fig. S14). Higher bias potentials decreased
3 of 6
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Fig. 2. Torsional and tensile performance of twistron harvesters.
(A) Peak power (solid black symbols)
and peak voltage (open blue
symbols) versus load resistance for a
1-Hz stretch to 30% strain for the
coiled harvester of Fig. 1C and
for an otherwise identical dualArchimedean–spun harvester. (B) Peak
power, average power, and electrical
energy per cycle during 30,000
stretch-and-release cycles to 30%
strain at 1 Hz for the above twistron
yarn in 0°C 0.6 M NaCl. (Inset)
Output power versus time during
typical cycles. (C) Dependence of
capacitance and voltage on isometric
twist and untwist for a noncoiled,
47-mm-long, 360-mm-diameter yarn
in 0.1 M HCl. (Inset) Experimental
apparatus. (D) OCV versus time
during 60% stretch in 0.1 M HCl for
homochiral (top) and heterochiral
(bottom) yarns produced by mandrel
coiling on a 300%-elongated,
0.5-mm-diameter rubber core, showing
opposite stretch-induced voltage.
(Insets) Opposite changes in yarn
twist during stretch of homochiral
and heterochiral coils.
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the net harvested energy as electrolytic losses began to predominate.
The influence of yarn structure on
electrochemical capacitance

Twistron applications and comparisons
to other harvesters
Transitioning from electrolyte-bath–operated harvesters to harvesters that operate in air is important. We fabricated one such device by first
overcoating a coiled CNT yarn with a gel electrolyte [including 10 weight % (wt %) polyvinyl alcohol (PVA) in 0.1 M HCl], which did not degrade
output power (fig. S29). Then a noncoiled, twisted,
CNT yarn counter electrode, coated with an
ionically conducting hydrogel to prevent shorting,
was helically wrapped around the energy-harvesting
electrode (i.e., fig. S30). Finally, this combined twoelectrode assembly was overcoated with the PVA/
HCl gel electrolyte to yield the peak voltage and
peak harvested power shown in Fig. 4A.
To produce liquid-electrolyte–free harvesters that
generate energy from both electrodes, we used the
homochiral and heterochiral yarns of Fig. 2D.
Three pairs of these homochiral and heterochiral

yarns were separately sewn into a knitted cotton
glove, with a 1.5-mm interelectrode separation
that matched the periodicity of the knit, and each
electrode pair was then separately overcoated with
a PVA/LiCl gel electrolyte. Figure 4B shows their
performance when connected in parallel and in
series when the textile is stretched by 50%. We
demonstrated application of the twistron harvester
of Fig. 4B as a self-powered solid-state strain sensor
that is sewn into a shirt and used for monitoring
breathing (fig. S31 and movie S1).
Figure 4C shows the results of an initial effort
to harvest the energy of near-shore ocean waves.
Both an energy harvesting coiled twistron yarn
and a Pt mesh/CNT counter electrode were directly immersed in the Gyeonpo Sea off South
Korea, where the ocean temperature was 13°C,
the NaCl content was 0.31 M, and the wave frequency during the study ranged from 0.9 to 1.2 Hz.
The yarn was attached between a balloon and a
sinker on the seabed. Using a 10-cm-long twistron
harvester electrode weighing 1.08 mg, whose deformation was mechanically limited to 25%, a
peak-to-peak open-circuit voltage of 46 mV and
an average output power of 1.79 mW were measured during ocean-wave harvesting. The average output power through a 25-ohm load resistor
(normalized to the harvester electrode weight) was
1.66 W/kg.
Our harvester yarns can provide arbitrarily high
voltages if multiple harvesters are combined in
series, as in Fig. 4B, or commercially available circuits are used to increase harvester voltage. For
instance, the ~80-mV output voltage of a single
coiled harvester electrode (weighing 19.2 mg)

Fig. 3. Piezoelectrochemical spectroscopy
and its application for twistron harvesters.
(A) Cyclic voltammograms (50-mV/s scan
rate) of a coiled twistron electrode in
0.1 M HCl during a 5-Hz sinusoidal stretch to
10% (red) and without deformation (black).
(B) Magnitude and phase of current fluctuations relative to the applied mechanical
stretch. The potential of both the minimum
current amplitude and the 180° phase shift
correspond to the potential of zero charge
(PZC) (–58 mV versus Ag/AgCl). (C) OCV
(versus PZC) in different electrolytes for
1-Hz strain, indicating the combined effects of
chemically induced charge injection and
stretch-induced capacitance change.
(D) Negligible dependence of PZC on applied
strain for increasing (solid) and decreasing
(open) strain and temperature (inset).
SHE, standard hydrogen electrode.
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Transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM)
were used to assess the size, shape, and accessible
surface area of individual CNTs and the bundles
they form (22). Capacitances were calculated using
the measured (29, 30) areal capacitance of the
basal plane of graphite (~4 mF/cm2), which is close
to that measured (31) for single-walled CNTs
(~5 mF/cm2) (22). Although Chmiola et al. have
demonstrated that pore sizes with a radius smaller
than the solvated ion can have an enhanced areal
capacitance (32), the present calculations approximate the areal capacitance to be independent of
pore size.
Even though TEM and STEM images show that
most nanotubes are bundled (Fig. 5, A and B), the
measured capacitances in Fig. 2C and fig. S20
(5.8 F/g and 8.3 F/g for the partially twisted and
nontwisted torsional harvesters, respectively) are
close to those theoretically estimated for fully
nonbundled MWNTs (9.7 F/g) (fig. S32) (22). This
is explained by our observation that bundled
MWNTs are far from cylindrical (Fig. 5, A and
B, and fig. S35) (22) and that bundles have sufficiently large pores to accommodate electrolyte
ions such as hydrated Na+ and Cl– (figs. S33 and
S34). This electrolyte penetration occurs despite
the fact that the investigated MWNTs are partially
collapsed to gain internanotube van der Waals
energy (Fig. 5A) instead of being noncollapsed or

fully collapsed (33, 34) to gain the van der Waals
energy of the innermost nanotube wall.
To investigate how increasing twist causes reversible changes in yarn capacitance, we performed
empirical–force-field molecular dynamics simulations on a typical observed bundled structure to
predict the effect of twist-induced pressure on
intrabundle void space (22). Using biaxial pressures up to 50 MPa, which agree with the measured torques required for twisting, a reversible
26% change in intrabundle capacitance (from 2.6
to 1.9 F/g) was calculated (figs. S37 to S39) (22),
which is similar to the percent capacitance change
seen experimentally during energy harvesting.

F4
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electrical power for 12-Hz sinusoidal deformation
from 39 to 56 W/kg. On the basis of this average
power output, just 31 mg of CNT yarn harvester
could provide the average power needed to transmit a 2-kB packet of data over a 100-m radius

every 10 s (38) for the Internet of Things.
Figure 5, C and D, and table S2 compare the
gravimetric power densities of our tensile twistron
harvesters to alternative microscale or macroscale
technologies, some of which have had decades
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charged a 5-mF capacitor to 2.8 V using a voltage
step-up converter (fig. S40 and Fig. 4D). Movie
S2 shows this harvester powering a green light–
emitting diode, which lights up to indicate each
time the harvester yarn is stretched.
We previously used polymer artificial muscles
to convert temperature fluctuations into mechanical energy, which was harvested as electrical
energy using an electromagnetic generator (35).
Unfortunately, the large weight and volume of
the electromagnetic generator dwarfs the polymer
muscle, and these electromagnetic generators suffer from low gravimetric and volumetric power
output when downsized (36). Twistron harvesters
can be used to solve this problem because they can
be smaller in diameter than a human hair and
have much smaller weight and volume than the
polymer muscle used to convert thermal energy to
mechanical energy. A thermally annealed coiled–
nylon-fiber artificial muscle was attached to a
coiled twistron harvester with the same twist direction. Heating the nylon muscle both up-twists
and stretches the twistron harvester, additively
contributing to energy generation. Upon heating
from room temperature to 170°C in 1 s, followed
by air cooling for 2 s, actuation of a 10-cm-long
coiled-nylon muscle drove the 2-cm-long twistron
yarn to deliver a peak electrical power of 40.7 W/kg,
relative to twistron weight (Fig. 4E). Considering
the entire system weight, including both the weight
of the actuating nylon yarn and the 28-fold lower
weight of the twistron energy harvester, this corresponds to 1.41 W/kg of peak electrical power and
0.86 W/kg of average power during heating and a
full-cycle average electrical power of 0.29 W/kg,
compared with 0.015 W/kg for a polymer muscle
connected to an electromagnetic generator (36).
Small temperature fluctuations can be harvested
by increasing the polymer muscle length, such as
by using pulleys to minimize total package size
or by using large–spring-index polymer muscle
coils to maximize stroke (37).
A twistron harvester’s output power is limited by its electrical impedance. Although the
full equivalent harvester circuit is complex, a
simple R-C model can qualitatively describe the
main observed features. In this approximation,
the harvester impedance
pﬃﬃﬃﬃﬃ is Zharvester = Rinternal +
1/(jwC), where j is –1 and w is the angular
frequency. At low stretch frequencies, this impedance is dominated by the double-layer capacitance (Zc = 1/jwC), leading to the observed
rise in power with increasing frequency (Fig. 1E
and fig. S10). At higher frequencies, where capacitor impedance is minimal, internal resistance
(Rinternal) dominates, and power output versus
frequency reaches a plateau.
A major performance increase resulted from
our discovery that yarn resistance was contributing
to twistron impedance (fig. S12). Peak power for
50% stretch at 12 Hz was increased from 179 W/kg
(Fig. 1E) to 250 W/kg (Fig. 4D and fig. S16) by
coiling a 23-mm-diameter Pt wire within the coiled
twistron yarn. Though it did not substantially
affect the stress-strain curve of the elastically
stretched harvester (fig. S17), the presence of the
conducting wire also increased the average output

Fig. 4. Alternative harvester geometries. (A) Peak power per device weight and peak voltage versus
load resistance for 1-Hz, 30% stretch of a harvesting coiled CNTyarn working electrode that is coated with
0.1 M HCl–containing polyvinyl alcohol (PVA) gel and wrapped with a nonharvesting, PVA/HCl-coated,
noncoiled CNT yarn counter electrode. (Inset) OCV versus time, before and after PVA coating.
(B) Peak-to-peak OCV and peak SCC at 1 Hz and 50% strain for series (black squares) and parallel (blue
circles) connected harvesters using homochiral and heterochiral yarn pairs. The yarns were coated with
a 10–wt % PVA/4.5 M LiCl gel electrolyte after being sewn into a textile. (Inset) Photographs of
the textile at 0 and 50% strain (scale bars, 1 cm). (C) Gravimetric and absolute power output of a 1.08-mg
twistron ocean-wave harvester for wave frequencies of 0.9 to 1.2 Hz. The average power was 1.79 mW.
(Insets) The harvester configuration, which was tethered to the ocean floor and mechanically limited to
<25% stretch, and a photograph taken during harvesting. (D) Data from charging a 5-mF capacitor to 2.8 V
using a CNT yarn harvester (weighing 19.2 mg) and a boost converter circuit. The capacitor voltage and
the harvester voltage are shown during a 0.5-Hz square wave stretch to 14% strain at 20% duty.The boost
converter output was rectified through a Schottky diode before charging the capacitor. (E) Peak power
(black squares), average power (red circles), and energy per cycle (blue triangles) generated by a coiled
twistron harvester when stretched and twisted by an in-series, coiled, 127-mm-fiber-diameter nylon artificial
muscle (above the electrolyte) that converts thermal energy into mechanical energy. (Inset) Illustration
of twistron up-twist and stretch during muscle heating and the reverse processes during muscle cooling.
(F) Frequency dependence of peak power (black symbols) and energy per cycle (red symbols) before
and after incorporating a Pt wire current collector into a coiled twistron yarn. (Inset) Scanning
electron microscopy image of this harvester (scale bar, 100 mm).
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or centuries to mature. For stretch frequencies
between a few hertz and 600 Hz, we could find
no other material-based harvesting technology
that provides a higher reported peak power or
frequency-normalized peak power than our twistron
harvesters. At very high frequencies, Zhu et al.
(39) have reported that triboelectric harvesters
can generate noteworthy average power outputs
(1.27 kW/kg at 1 kHz and 5 kW/kg at 5 kHz, which
correspond to frequency-normalized average power
values of 1.27 and 1.00 J/kg, respectively). Extrapolation to lower frequencies, using the reported
approximately linear dependence of average power
on frequency for these triboelectric harvesters,
suggests that they should provide a higher average power density than twistron harvesters for
frequencies >100 Hz (37).
The high gravimetric output power of twistron
harvesters reflects the high gravimetric mechanical
energy that can be input during stretch (1.67 kJ/kg
for 20% strain), rather than a high mechanical-toelectrical energy conversion efficiency. In fact,
simultaneous measurement of tensile mechanical
energy input and electric energy output during
cycling of a coiled twistron yarn at 1 Hz to 20%
strain in 0.1 M HCl resulted in an energy conversion efficiency of only 1.05% for this first generation of twistron harvesters (fig. S19).
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Future application of the twistron harvesters
might result from their high gravimetric power
densities, the giant stroke range over which
mechanical energy can be harvested, the broad
frequency range over which these harvesters
provide high power, their operation in seawater
and other electrolytes without the need for an
external bias potential, and their scalability from
micrometer-scale–diameter harvesters in textiles
to parallel devices that harvest ocean energy. The
low mechanical-to-electrical conversion efficiency
of the twistron harvesters is a present problem
for applications in which high gravimetric output
power is less important than energy conversion
efficiency.
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Fig. 5. Structural origin of twistron performance and comparisons with previously known
material-based harvesters. (A) TEM image showing multiwalled nanotube (MWNT) collapse to
increase internanotube van der Waals energy in a MWNT bundle. (B) STEM image showing the high
surface area of MWNT bundles. (C and D) Peak power (C) and frequency-normalized peak power
(D) versus the frequency at which this peak power was obtained for present and prior-art technologies
for piezoelectric (PZ), electrostatic (ES), triboelectric (TEG1), and dielectric elastomer (DEG)
generators (22). The solid triangles represent the low-frequency triboelectric data (TEG2) of Zi et al. (36).
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