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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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Making the most of twists and turns
The rise of small-scale, portable electronics and wearable devices has boosted the desire for ways to harvest
energy from mechanical motion. Such approaches could be used to provide battery-free power with a small footprint. Kim
et al. present an energy harvester made from carbon nanotube yarn that converts mechanical energy into electrical
energy from both torsional and tensile motion. Their findings reveal how the extent of yarn twisting and the combination
of homochiral and heterochiral coiled yarns can maximize energy generation.
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Materials and Methods
1. Twistron Harvester Fabrication
Our twistron harvesters were fabricated from carbon multiwalled nanotubes
(MWNTs) that were drawn from MWNT forests. Using acetylene (C2H2) gas as the carbon
precursor, these MWNT forests were grown by chemical vapor deposition (CVD) at 680 °C
on silicon wafers that were coated by 3-nm-thick iron catalyst (17, 18). Although there is
considerable polydispersity in MWNT radius and number of walls, transmission electron
microscope (TEM) and scanning electron microscope (SEM) images of the ~300 μm high
forests indicate that the MWNTs have an outer diameter of ~10 nm, contain ~7 walls, and
form irregularly shaped bundles. Thermogravimetric analysis indicates that the amount of
non-combustible material in the drawn nanotubes is below 1 wt%, which places an upper
limit on the amount of residual catalyst.
To make cone-spun and dual-Archimedean twistron yarns, MWNT sheets drawn from
a MWNT forest were assembled into a 4-cm-wide, 30-cm-long sheet stack in which the
MWNTs were aligned along the sheet length direction. Since the areal density of the asdrawn MWNT sheets varied between 1.7 and 2.2 g/cm2, the typical number of sheets in
the sheet stack was 5 for the lower density sheets and 4 for the higher density sheets.
For cone spinning, two 4-cm-long, 1-cm-wide pieces of adhesive carbon tape were
attached to each end of a MWNT sheet stack, and then the flat MWNT sheet stack was
manually rolled into a ~1.3-cm-diameter cylinder (Fig. S1). The MWNT cylinder was then
suspended vertically (by attachment to a motor at its top end), with an 11.2 g load attached
at the bottom (that provided 31 MPa of stress, when normalized to the final diameter of
the twisted yarn). Twist was inserted about the central axis of this cylinder, while
prohibiting the rotation of its bottom end. The sheet stack deformed into two cones during
this process, forming a dense yarn between these cones. The amount of twist typically used
to make the twisted yarns was 3,800 turns/m, when normalized to the length of the original
sheet stack.
To produce dual-Archimedean-spun yarns, the same initial sheet stack was used, and
the same mechanical load was applied as for the cone-spun process. However, in this case,
the sheet stack was kept flat, by attaching each end of the sheet stack to a rigid support.
Spinning was then performed by inserting twist into this flat sheet stack. Due to the stress
gradient created during this process, yarn cores formed along both sheet edges of the
spinning wedges, and these cores were then twisted together to form a dual-Archimedeanspun yarn (21).
Fermat yarns were fabricated by symmetrically drawing CNTs from a CNT forest
while twist was simultaneously inserted into the yarn, so that the base of the spinning
wedge is the CNT forest and the yarn core arises from the center of this spinning wedge.
Since CNT draw from the forest can occur non-uniformly over the forest’s width, the
highly non-uniform stress encountered in dual-Archimedean spinning was avoided.
Similarly, highly non-uniform stresses do not arise during funnel spinning, where the
spinning wedge is generated from a funnel-shaped array of MWNT forests. In this funnel
spinning process, three or more CNT forests were arrayed as the base of the spinning
funnel. Simultaneous draw from these forests produced a funnel-shaped CNT array that
was twist spun into yarn as the CNTs were drawn from the CNT forests. As is the case for
the Fermat spinning process, the effective load applied during spinning was determined by
the force needed to draw the CNTs from the forest.
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As a final method for producing harvester yarns, called “tow spinning”, a stack of 45 CNTs sheets (having the same dimensions as described for dual-Archimedean yarn
spinning and cone spinning) was formed into an oriented, non-twisted CNT yarn (called a
tow, like for conventional yarns). This was accomplished by stacking the CNT sheets on a
glass substrate, absorbing ethanol into the CNT sheet stack, and removing the sheet stack
from the glass substrate before the ethanol evaporated. After the sheet stack was removed
from the glass substrate, the sheet stack was attached to the load used for twist insertion.
Upon subsequent evaporation of the ethanol, the thereby generated surface-tension-derived
forces collapse the sheet stack into yarn shape. The load applied during this process and
the amount of inserted twist was the same as used for dual-Archimedean and cone spinning.
This use of the same sheet stack for this process and for the dual-Archimedean and cone
spinning processes enabled us to keep the yarn diameter obtained by all three processes
roughly constant (50-70 m). Unless otherwise indicated for both twisted and coiled
yarns, the yarn diameter is defined as the diameter of the twisted yarn immediately before
the onset of coiling.
Homochiral coiled yarns (in which yarn twist and yarn coiling had the same chirality)
were made for dual-Archimedean yarns, cone-spun yarns, and tow-spun yarns by
continuing the twist insertion process (without changing the isobaric load) until complete
yarn coiling resulted. This coiling method is called “self-coiling”. Heterochiral yarns
(where yarn twist and yarn coiling have opposite chiralities) were made by wrapping a
highly twisted yarn (which had been twisted to just before the onset of coiling) around a
500 m diameter silicone rubber mandrel, which was stretched by 300% before the
wrapping process (thereby reducing the mandrel diameter to 250 m) (Fig. 2D). The
twisted yarn was close-packed on the mandrel during this wrapping process and the ends
of the highly twisted yarn were attached to the silicone rubber using epoxy. Since the rubber
mandrel has a Poisson’s ratio of close to 0.5, mandrel volume is conserved during stretch,
which explains why quadrupling the mandrel length halves the mandrel diameter. This use
of a rubber fiber mandrel during energy harvesting provided a lower bound on coil
diameter, which prevented coil collapse and cancellation of the oppositely directed yarn
twist and yarn coiling for the heterochiral yarn. However, unlike the case of a mandrel-free
homochiral yarn made by self-coiling, mandrel coils supported on a rubber fiber must
change diameter according to the rubber fiber’s Poisson’s ratio, which caused increased
stretch-torsional coupling for heterochiral coils, but decreased this coupling for homochiral
coils that are supported on a rubber fiber. To produce these homochiral and heterochiral
yarns, two CNT sheet stacks were cone-spun in opposite twist directions until just before
the onset of coiling, which was determined by twisting until the first coil appears, and then
using the remaining highly-twisted, but not coiled yarn. Both electrodes were then coiled
in identical directions around 300%-elongated, 0.5-mm-diameter rubber mandrels.
2. Electrochemical Methods for Characterizing Twistron Harvesters
Unless otherwise stated, three-electrode experiments were conducted using a twistron
yarn as the working electrode, a counter electrode made from Pt mesh and high-surfacearea carbon (CNTs or graphene), and a Ag/AgCl reference electrode. This counter electrode
had a sufficiently high capacitance, relative to the twistron electrode, that the cell
capacitance was largely determined by the capacitance of the twistron electrode. The open
circuit voltage (OCV) between the twistron electrode and the counter electrode, the
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potential of the twistron electrode relative to the reference electrode, the short circuit
current (SCC), and the capacitance were measured using a Gamry potentiostat. Using this
potentiostat, the short-circuit current was measured between the two electrodes by holding
the inter-electrode voltage at zero volts (i.e. short circuiting the electrodes) and recording
the resulting current. When a resistive load was applied to measure the power output of the
harvester, current was measured either by in-line current measurement through a
potentiostat or by measuring the voltage under load and calculating the current as I=V/R.
Unless otherwise indicated, electrode capacitances were measured by cyclic voltammetry
(CV) across small potential ranges which do not cause redox processes (0.3 to 0.6 V versus
Ag/AgCl) and the potential scan rate was 50 mV/s. Average and peak electrical power, and
output per-cycle energy were measured by connecting an external load resistor between the
twistron harvester electrode and the counter electrode, and recording the resulting voltage
during mechanical deformation. Average output power and peak output power were
simultaneously optimized by varying the load resistor.
Regarding measurement error, Fig. 2B shows the results obtained for 30,000
consecutive cycles. For the 27 cycles plotted (which we did not in any way preferentially
select), the standard deviation of the average power, peak power, and energy per cycle were
0.0280 W/kg, 0.0275 W/kg, and 0.0280 J/kg, respectively, which correspond to relative
standard deviations (standard deviation divided by the mean) of 0.00183, 0.000594 and
0.00183, respectively. To evaluate, the reproducibility of property measurements for
nominally identically fabricated harvesters, we fabricated five separate harvesters from a
cone spun yarn and then characterized their individual performance for sinusoidal stretch
to 15% strain at 1 Hz in 0.1 M HCl. For these five harvester yarns, the average values of
average power, peak power, and energy per cycle were 4.39 W/kg, 11.46 W/kg, and 4.39
J/kg, respectively, and the standard deviation of the average power, peak power, and energy
per cycle were 0.199 W/kg, 0.250 W/kg, and 0.199 J/kg, respectively, which correspond to
relative standard deviations of 0.0453, 0.0218, and 0.0453, respectively. (Note that average
power in W/kg and the electric energy per cycle in J/kg have identical values for the trivial
reason that the frequency of stretch was 1 Hz.) Although yarn capacitance and harvester
performance is sensitive to the structural nature of the MWNT forest used as precursor for
the cone spun yarns, the above results for identically grown forests show that measurement
errors are small and that harvesters fabricated from the same forest type provide essentially
identical performance.
Three kinds of mechanical deformation were applied to a twistron electrode in order
to characterize mechanical energy harvesting: 1) stretch and release of a coiled yarn that
was torsionally tethered to prohibit irreversible yarn untwist; 2) isobaric (constant load)
twist and untwist; and 3) isometric (constant length) twist and untwist.
3. Equipment and Sample Preparation Methods for Microscopy on Twistron Yarns and
Precursor Nanotube Sheets
Transmission electron microscope (TEM), scanning transmission electron microscope
(STEM), and scanning electron microscope (SEM) images, and x-ray tomography were
used to improve understanding of the structural nature of the MWNT twistron harvesters.
A JEOL 2100F TEM equipped with GIF – Tridiem (for mapping of elements by electron
energy loss spectroscopy, EELS) was used at 200 kV. A JEOL JEM-ARM 200F STEM
equipped with a CEOS Cs probe corrector and an Oxford Instruments SDD EDS detector
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were used at 200 kV. A Zeiss SUPRA 40 SEM was used for SEM imaging. X-ray
tomography images were obtained for torsionally-tethered twisted and coiled yarns using
a Zeiss XRadia 810 Ultra, utilizing a Cr source with incident x-ray energy of 5.4 keV.
Approximately 150-nm-thick CNT yarn cross-sections suitable for TEM imaging
(along the yarn axis direction) were made using a FEI Nova Nanolab 200 Dualbeam, using
the FIB (focused ion beam) lift-out procedure and FIB deposited Pt for final polishing to
electron transparency. To obtain a cross-section of a twistron yarn having a distribution of
NaCl ions as close as possible to that of the experimental twistron testing conditions, the
yarn was freeze-dried from a 0.6 M NaCl solution using liquid nitrogen.
Supplementary Text
4. Coiled Twistron Harvesters for Tensile Energy Harvesting
4.1. The spring index and spinning methods that maximize tensile energy harvesting for
coiled twistron yarns
To evaluate the effect of spring index on tensile harvester performance, the load
applied during twist insertion and coiling was varied between 6.3 and 40.8 MPa for conespun yarns, which caused the spring index to decrease from 0.56 to 0.38. Using 0.1 M HCl
electrolyte, we found that a spring index of 0.43 optimized the output power obtainable
by deformation over the full available tensile stroke range, which increased with increasing
spring index (Fig. S2). For the above described sheet stack used for cone spinning (which
provides a yarn diameter at the onset of coiling of 58 μm) the total amount of inserted
twist (relative to the initial length of the sheet stack) to obtain complete coiling was about
6,700 turns/m, and the spring index was about 0.43 when the applied load was 32.7 MPa.
When the twisted yarn diameter before the onset of coiling was kept approximately
constant for the different spinning methods that use sheet stacks, the total amount of
inserted twist to obtain complete coiling and the resulting spring index were essentially
unchanged when the engineering stress during twist insertion was held constant.
Using the 0.1 M HCl electrolyte, similar performance results as coiled-yarn tensile
harvesters (Table S1) were obtained by spinning methods that maintained quasi-uniform
tension across the array of CNTs, such as by (1) inserting twist into an oriented yarn
obtained by collapsing a sheet stack using lateral pressure (or liquid-based densification)
or (2) ‘funnel spinning’, wherein yarn is spun by drawing and twisting from a cylindrically
positioned array of CNT forests. The direct spinning of yarn from a CNT forest to produce
a Fermat yarn (17, 21) also provided a yarn that had similarly high performance for energy
harvesting as the cone-spun, funnel-spun, and tow-spun yarns (Table S1).
Figure S3A shows the time dependence of the open circuit voltage (OCV) of a coiled
twistron electrode (versus a Ag/AgCl reference electrode) when yarns spun by different
methods are stretched at 1 Hz to 30% strain in 0.1 M HCl. Figure S3B compares, for these
different yarns, the peak-to-peak change of OCV and the peak power output for the strain
percent and frequency of Fig. 3A. These results for 30% stretch show that the peak power
output and generated OCV of the dual-Archimedean coiled yarn is much lower than for
coiled yarns spun using other spinning methods.
Figure S4 shows that immersion of the cone-spun yarn in the above 0.1 M HCl
electrolyte increases the yarn diameter from 72 m to 90 m and decreases the coil bias
angle from 46° to 34°. Figure S5 shows the reversible changes in yarn diameter and coil
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bias angle upon cycling the above torsionally tethered coiled yarn from 0% strain (90 m
and 34°) to 30% strain (75 m and 50°), and then back to 0% strain (90 m and 34°).
4.2. The effect of slightly untwisting a coiled cone-spun yarn on tensile energy harvesting
performance
The results in Fig. 2A show that slightly untwisting a coiled twistron yarn (by 500
turns/m of twist, which is 8.5% of the twist inserted to fully coil) improved yarn
performance as a tensile twistron energy harvester. This improvement was possible since
the twist insertion process to provide complete coiling is hysteretic, meaning the untwisting
of a fully coiled yarn does not immediately result in coil loss, but instead increases spring
index and reduces twist-induced yarn densification. Fig. 2A shows that untwisting by 500
turns/m increased the reversible tensile strain range from 30% to 50%, increased the zerotensile-strain capacitance from 3.97 to 6.50 F/g, and increased the tensile-strain-induced
capacitance change from 30% to 36%. As a result of this twist removal, the peak output
power was approximately doubled.
Figure S6 provides more complete information on the effects of twist removal from a
coiled cone-spun MWNT yarn on tensile twistron harvester performance. Removal of 330
and 500 turns/m (1) increases the capacitance at zero strain, (2) increases the tensile strain
range where tensile energy harvesting reversibly occurs, (3) increases the capacitance
change and the change in OCV over the available strain range, (4) increases the peak output
power and output voltage for an impedance matched load, and (5) does not noticeably
change the matching impedance. While increasing the removed twist from 0 to 330 and to
500 turns/m provides increasing harvester performance, this benefit disappears for higher
amounts of untwist. The reason is that further untwisting initiates coil removal, which is
detrimental to harvester performance.
4.3. The effect of twistron yarn diameter and length on tensile energy harvesting using a
coiled cone-spun yarn
We next investigate the effects of yarn diameter on the tensile energy harvesting
abilities of a coiled twistron yarn when operated in 0.1 M HCl electrolyte. As done
elsewhere, unless otherwise mentioned, the yarn diameter indicated is the diameter of the
twisted yarn immediately before the onset of coiling. These yarns were coiled analogously
by applying a load during twist insertion that was proportional to the square of yarn
diameter. Yarn structure was then automatically scaled to produce a spring index of 0.43,
since the amount of yarn twist needed to produce complete coiling was inversely
proportional to yarn diameter.
Figure S7 shows the scalability of performance with yarn diameter. The per-cycle
gravimetric output energy, the open circuit peak-to-peak voltage, the frequency
dependence of gravimetric peak output power, and the load conductance that optimized
power output (normalized to yarn weight, or equivalently, yarn cross-sectional area) were
independent of yarn diameter when yarn length was kept constant. However, for
sufficiently large yarn diameters, where the intra-yarn ionic conductivity becomes
important, the gravimetric peak output power and the load conductance that optimizes
power output (normalized to yarn weight) should decrease with increasing yarn diameter
when twistron length is constant.
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4.4. The effect of aqueous electrolyte type and molarity on tensile energy harvesting by a
coiled cone-spun yarn
Figure S8A shows that the peak power for tensile energy harvesting at 1 Hz is
insensitive to HCl concentrations in the range from 0.1 M to 1 M, but rapidly drops for
both lower and higher HCl concentrations. The performance drop for lower HCl
concentrations likely results mainly from decreased electrolyte conductivity (which results
in the indicated increase in the load resistance that maximizes power output at these
concentrations). The performance drop at higher HCl concentrations is caused by a drop in
the peak-to-peak open circuit voltage of the twistron harvester.
Figure S8B shows that the output energy per cycle (like the peak output power) is
maximized for electrolyte concentrations between 0.1 M HCl and 1 M HCl, and that HCl
concentrations outside this range have a sharply decreased output energy per cycle. While
the percent capacitance change during 30% strain (32%) is insensitive to HCl
concentration, the capacitance of the twistron harvester at zero strain increases
approximately linearly with the log of the electrolyte concentration (changing from 1.47
F/g at 10-3 M HCl to 5.84 F/g at 3 M HCl). Hence, the capacitance change potentially
available for energy harvesting continuously increases with increasing HCl concentration.
Figure S8C shows that that the peak-to-peak OCV is insensitive to stretch frequency for
0.01 M HCl, slightly decreases with increasing frequency for 0.1 M HCl, and rapidly
decreases with increasing frequency for 3 M HCl
Figure S9 shows that the effect of NaCl electrolyte concentration on twistron
performance for tensile energy harvesting is similar to those demonstrated for HCl
electrolyte concentration. In this case, a NaCl concentration between 0.6 M NaCl and 3
M NaCl maximizes both peak power output and output energy per cycle for 1 Hz
deformation to 30% strain. Like for the case of HCl, the percent capacitance decrease with
30% tensile strain increase (40%) depends little on NaCl concentration, but the increase
of capacitance at zero strain on increasing NaCl molarity (from 0.35 F/g at 10-3 M to 4.56
F/g at 5 M) means that the capacitance change that is potentially available for energy
harvesting monotonically increases with NaCl molarity. Decreasing NaCl concentration
results in increased electrolyte resistance, and likely the increased load-matching resistance
shown in Fig. S9A. However, this resistance is largely independent of NaCl concentration
in the concentration range where both peak power (Fig. S9A) and energy per-cycle (Fig.
S9B) are maximized for 1 Hz tensile deformation.
Figure S10 shows the frequency dependence of peak power, average power, and percycle energy output for tensile energy harvesting using a coiled twistron yarn in 0.6 M
NaCl electrolyte. As the frequency of the applied sinusoidal deformation to 30% strain
increased, peak power and average power increased until reaching plateaus at about 6 Hz,
where the peak power is 90 W/kg and the average power is 30 W/kg.
Figure S11 shows the time dependence of output voltage, instantaneous power, and
integrated output power for harvesting the mechanical energy from a 12 Hz stretch to 50%
by using a coiled twistron harvester in 0.1 M HCl. Fig. S12 shows the results of
electrochemical impedance spectroscopy for this twistron yarn for applied strains of 0%
and 30%.
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4.5. The effect of temperature on the tensile harvester performance of a coiled cone-spun
yarn
Figure S13 shows the temperature dependence of per-cycle harvested energy,
capacitance at zero strain, and fractional capacitance change for tensile energy harvesting
in 0.6 M NaCl and in 0.1 M HCl. A 1 Hz sinusoidal stretch to 10% tensile strain was
applied to the coiled harvester electrode. A three-electrode system was deployed that
comprised the harvester electrode, a Pt mesh/MWNT buckypaper counter electrode, and
an Ag/AgCl reference electrode. The reference electrode was in a separate beaker at room
temperature, and connected by a KCl salt bridge to a beaker containing the other electrodes.
Capacitances were measured using a scan rate of 50 mV/s and a scan range of 0.3 V to 0.6
V with respect to the reference electrode.
Figure S13 shows that the per-cycle harvested energy (and therefore the average
power), the capacitance at zero strain, and the fractional capacitance change of a coiled
yarn during stretch only weakly depend on temperature. Also, the maximum power and the
load that maximizes power varies little with temperature.
4.6. The effect of an external bias potential on the tensile harvester performance of a coiled
cone-spun yarn in an aqueous electrolyte
As shown in Fig. 3C, 0.1 M HCl electrolyte provided a higher intrinsic bias voltage
than do 0.1 M HBr, 6 M NaCl, or 0.1 M KOH electrolytes. As a result of this high selfbias voltage, the open circuit potential of the coiled nanotube yarn (vs. Ag/AgCl) increased
with increasing strain from 0.40 V to 0.55 V during 30% stretch. The question that we want
to now address is whether an additional applied bias voltage will increase the net energy
(output energy, reduced by the input energy required for electrical biasing) that can be
harvested. Figure S14 shows the effect of applying an external bias potential between the
counter and working electrode while a 0.2 Hz square-wave stretch of 20% was applied to
a coiled twistron harvester. These results show that the per-cycle net output electrical
energy increased from 17.9 J/kg with no externally applied bias to 27.1 J/kg when an
additional 300 mV was applied. However, the opportunity in aqueous electrolytes to more
dramatically improve performance is limited by electrolyte hydrolysis. In fact, even selfbiasing (using chemical charge injection in 0.1 M HCl) results in a harvester electrode
potential that increases from 0.40 V to 0.55 V (vs. Ag/AgCl) during 30% stretch, which is
near the potential at which hydrolysis occurs.
For comparison with these results, Fig. S15 shows the effect of pH on the strain
dependence of the difference in OCV and the potential of zero charge. The inset shows that
the open circuit voltage of the harvesting electrode decreases linearly with increasing pH.
The slope of this voltage dependence is -47 mV per pH unit, which is reasonably close to
the -59 mV per pH unit that is predicted by the Nernst equation.
4.7. The effect of decreasing twistron resistance on twistron performance
Figure S16, which complements the results of Fig. 4F, shows that the peak output
power can be increased to 250 W/kg (1.91 times that for the pristine yarn) by coiling a 25m-diameter Pt wire with a coiled MWNT yarn. This improvement is a consequence of
decreasing the resistance of the harvester resistance and, correspondingly, the load
resistance that optimizes powutput. As shown in Fig. S17, incorporation of a coiled Pt wire
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has little effect on the stress-strain curve of a twistron harvester during 0.2 Hz sinusoidal
stretch to 15% strain in 0.1 M HCl.
4.8. Comparison of the performance of single-ply and four-ply coiled cone-spun yarns for
tensile energy harvesting
Figure S18 compares the performance of a single-ply coiled twistron yarn and a fourply coiled twistron yarn when operated at 1 Hz in 0.1 M HCl. While the impedancematching load is four times higher for the single coiled yarn (400 ohm) than for the four
times heavier 4-ply coiled yarn (100 ohm), the single ply yarn and the 4-ply yarn provide
similar peak voltage changes for an impedance matched load (56 and 50 mV, respectively),
similar gravimetric output energy per cycle (12.4 J/kg and 11.0 J/kg, respectively), and
similar gravimetric peak output power (41 W/kg and 36 W/kg, respectively).
5. Torsional Twistron Harvesters
5.1. Effect of using isobaric and isometric load during torsional energy harvesting using
twisted, cone–spun yarns
Figures 2C and S20 show that twist insertion decreases the electrochemical
capacitance, thereby increasing the open circuit voltage of the twistron harvester. These
changes in capacitance and OCV fully reverse upon untwist. However, while the twist
dependence of capacitance change has little or no hysteresis (for the used 0.004 Hz for both
isometric and isobaric measurements), the changes in open-circuit voltage are hysteretic.
If the deformation frequency used for the open circuit measurements (0.16 Hz for isometric
measurements and 0.088 Hz for isobaric measurements) is decreased, this hysteresis in
open circuit voltage largely disappears.
For twist insertion that does not cause coiling, results for a 359-m-diameter yarn
(Fig. 2C) and a 208-µm-diameter yarn (Fig. S20) show that the OCV change for isometric
(constant length) twist-untwist processes (86.8 mV) is about twice that for isobaric
(constant force) twist processes (43.6 mV), despite the fact that the twist that could be
inserted before yarn damage (425 turns/m) for the isometric process was much smaller
than the twist that could be inserted before yarn coiling for the isobaric process (1,200
turns/m). The smaller diameter for the yarn used for isometric twist explains only part of
this twist difference, since the effect of twist on yarn structure scales as the product of yarn
diameter and yarn twist and this product is 0.153 and 0.250 for the isometric and isobaric
processes, respectively. The above higher OCV change for the isometric process leads to
higher torsional energy harvesting per cycle for the isometric process than for the isobaric
process.
5.2. Effect of twisting speed, twisting amount, and electrolyte on the energy harvesting of
cone-spun yarns
Figure S21 results for an isobaric load show that the speed of untwisting and
retwisting has little influence on the generated OC voltage, when the degree of inserted
twist was kept constant (from 0 turns/m to 2,000 turns/m for the investigated non-coiled,
170-µm-diameter, MWNT yarn in 0.1 M HCl electrolyte). However, Fig. S21 results show
that the hysteresis of the OCV decreases with decreasing twisting speed.
Figure S22 shows that average output power for torsional energy harvesting using
non-coiled harvesters is higher for the 0.1 M HCl electrolyte than for the 0.6 M NaCl
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electrolyte, which is also the case of energy harvesting using the stretch of a coiled twistron
yarn (Fig. S8 and S9). The average output power reached a plateau of 6.3 W/kg when the
twisting speed in 0.1 M HCl was 1,680 rpm. For comparison, the average output power for
the 0.6 M NaCl electrolyte reached a plateau of 4.3 W/kg for the same twisting speed.
While the above results of Figs. S21 and S22 are for torsional energy harvesting using
MWNT yarns that are not coiled or partially coiled during twist insertion, Fig. S23 shows
the dependence of capacitance and open-circuit voltage on twist for isobaric twist insertion
and removal that goes all the way from the non-twisted yarn to the fully coiled yarn and
then back to the non-twisted yarn. These results for capacitance change (top panel) show
that capacitance monotonically decreases with twist insertion and monotonically increases
with twist removal, and that the dependence of capacitance on twist level is hysteretic for
twist levels where coils exist during either twist insertion or twist removal. However, the
bottom panel shows that there is little change in open-circuit voltage once coiling starts
during twist insertion (and, hence, little opportunity for energy harvesting). On the other
hand, the open-circuit voltage monotonically decreases as soon as twist removal begins, so
that energy harvesting can be accomplished during the entire twist removal process from
the fully coiled yarn.
Twisting beyond the twist which causes complete yarn coiling also increases yarn
density, decreasing capacitance and resulting in generated voltage, as seen in Fig. S23 for
high degrees of twist. However, this occurs by decreasing coil diameter, thereby decreasing
the coil spring index, which will eventually result in yarn failure, and is therefore not very
useful for energy harvesting.
5.3. The effect of temperature on the torsional harvester performance of a twisted conespun yarn in 0.6 M NaCl
Figure S24A shows, for torsional energy harvesting in 0.6 M NaCl, that the per-cycle
harvested energy, the capacitance at zero strain, the peak-to-peak open circuit voltage, and
the fractional capacitance change of a coiled yarn during stretch only weakly depend on
temperature. Figure S24B provides the analogous results for torsional energy harvesting in
0.1 M HCl. Although the electrical energy harvested per cycle is smaller in 0.6 M NaCl
than in 0.1 M HCl (when the twistron type and diameter, and the twist insertion and
removal conditions are identical), the HCl and NaCl electrolyte results are similarly
insensitive to temperature.
These observations for torsional energy harvesting (and related observations in Fig.
S13 for tensile energy harvesting) can be understood, since the PZC is essentially
independent of temperature (Fig. 3D), and the open-circuit voltage at zero strain only
depends on the pH of the electrolyte. Using empirical correlation developed by Fujishiro
et al. (40), the pH of the 0.1 M HCl electrolyte should only change from 1.10 at 0° C to
1.13 at 50 °C, which (according to the Nernst equation) would only produce a 1.8 mV
change in the open-circuit voltage at zero strain. In addition, it is known that the
capacitance of porous electrodes wetted by aqueous electrolytes typically varies modestly
with temperature (40), which is consistent with the present measurement results. Finally,
electrochemical impedance spectroscopy in 0.1 M HCl (between 100,000 and 0.1 Hz) show
that the cell resistance at 100,000 Hz varies little with temperature (from 9.9 ohm at 0 °C
to 5.8 ohm at 50 °C).
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5.4. Performance comparisons for torsional energy harvester yarns that are cone spun and
dual-Archimedean
Figure S25 compares the torsional harvester performance (in 0.1 M HCl) of twisted
yarns made using the cone-spinning and dual-Archimedean-spinning processes, when
twisted and untwisted under an isobaric load of 43 g. Despite using the same number of
sheets in the sheet stacks, identical width and length sheets (4.5 x 30.7 cm2), and nearly the
same inserted twist to make the twisted yarn (2,580 turns/m for cone spinning and 2,530
turns/m for dual-Archimedean spinning, when normalized to sheet length), the diameters
of the twisted yarns and the yarn densities were different for the cone-spun yarn (140 m
and 1.293 g/cm3) and the dual-Archimedean yarn (168 m and 1.203 g/cm3). For
measurements of torsional energy harvesting on both yarns, the inserted twist and removed
twist during torsional energy harvesting was 357 turns/m and the twist insertion and
removal speed was 60 rpm. Use of such slow twisting speeds resulted in low power
densities. Upon twist insertion, the capacitance of the cone-spun yarn decreased from 5.99
F/g to 4.91 F/g, corresponding to a capacitance change of 18%. The corresponding
capacitances for the dual-Archimedean yarn are 6.56 F/g and 5.88 F/g, which provide
10.3% change of capacitance during twist insertion.
Figure S25 shows that the average power and peak voltage during twist insertion and
twist removal were much higher for the cone spun yarn than for the dual-Archimedeanspun yarn. Despite the similar CNT weight per yarn length for the cone-spun yarn (199
g/cm) and the dual-Archimedean yarn (267 g/cm), the load resistance that maximized
power output was about two times higher for the cone-spun yarn than the dualArchimedean yarn.
Upon increasing the twisting speed for twist insertion and twist removal from 60 rpm
to 1,800 rpm for the above cone-spun yarn, operated isobarically using a 43 g load, the
average output power increased from 0.38 W/kg to 6.0 W/kg (Fig. S22A). When using 0.6
M NaCl as the electrolyte, the average output power for this cone-spun yarn was 0.2 W/kg
at 60 rpm and 4.39 W/kg at 1,800 rpm (Fig. S22B). A motor acceleration of 12,500 turns/s2
was used, so these rotation speeds were realized effectively instantaneously (within 4.8 ms
for 60 rpm and 144 ms for 1,800 rpm).
6. Dual Harvesting Electrode Twistrons, Bath-Free Twistrons, and Twistron Applications
6.1. A seesaw configuration for utilizing twistron harvesters for both anode and cathode
Figure S26 illustrates the “seesaw” configuration, which enables increase in power
output per total electrode weight by using identical twistron yarns for both electrodes, and
stretching and releasing these electrodes 180° out-of-phase. Figure S27 shows that 180°out-of-phase stretching of both electrodes generates a maximum open-circuit, interelectrode voltage of about 257 mV, which is about two times larger than when only one
electrode is mechanically stretched (132.4 mV). Figure S28 shows that 180°-out-of-phase
stretching generates a short-circuit current of about 327 A/kg, which is two times larger
than when only one electrode is mechanically stretched (162 A/kg). Based on the total
weight of both electrodes, the average output power is ~3.4 times higher for stretching both
yarns out-of-phase, versus stretching only a single yarn. This increase is smaller than the
theoretically predicted factor of 4, potentially because of the existence of some yarn
snarling.
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6.2. Performance and textile application of gel electrolyte used for making a solid-state
harvester yarn that comprises both working and counter electrodes
Except for harvesting the mechanical energy of ocean waves or organs within the
body, elimination of the electrolyte bath is important for most applications of the twistron
yarns. Ideally, both device electrodes should be twistron yarns that are combined in a single
yarn that is a solid-state harvester, like for the devices of Fig. 2D and Fig. 4A. In order to
electronically insulate the opposite electrode yarns, while keeping them ionically
connected, we overcoated these yarns with polyvinyl alcohol gel that contains the 0.1 M
HCl electrolyte. Figure S29 shows that such yarn coating does not significantly affect the
CV curve for the coiled yarn or the dependence of peak power and peak output voltage on
load resistance. To mitigate the water evaporation that can occur in low humidity
environments with such PVA/HCl electrolytes, we also produced harvester yarns that used
a hygroscopic LiCl gel electrolyte (10 wt% PVA/4.5 M LiCl) (Fig. 4B), as well as harvester
yarns that were coated with a thin layer of polyurethane (Fig. S30).
6.3. A dual-electrode twistron harvester comprising a self-coiled MWNT yarn that
generates electrical energy and a MWNT yarn counter electrode
Figure S30 is a SEM micrograph of a dual-electrode tensile energy harvester yarn in
which a polyurethane-coated, non-coiled, twisted MWNT yarn was wrapped around a selfcoiled MWNT yarn, which does the energy harvesting. The deployed polyurethane (PU)
(Hydromed D4, from AdvanSource Biomaterials) is hydrophilic. Though this PU is not
ionically conducting in the dry state, it expands as it absorbs up to 50 wt% water, allowing
the free flow of ions, like expected for a hydrogel.
6.4. Self-powered tensile strain sensor for monitoring breathing
Figure S31 and Movie S1 show the application of a dual-electrode harvester as a selfpowered sensor for monitoring breathing. Unlike for the dual-electrode yarn of Section
6.03, one electrode is homochiral and the other is heterochiral, so both contribute to
harvesting the mechanical energy of chest expansion. The preparation of this harvester is
described in Section 1. The harvester electrodes were sewn into a sports shirt, purchased
from Ellesse, and then overcoated with a 10 wt% PVA/HCl electrolyte, where the HCl
concentration was 0.1 M. This self-powered sensor provides a 16 mV voltage change when
stretched by 10% during breathing.
6.5. Environmental thermal or chemical energy harvesting using twistron yarns
Figure 4E shows that thermal energy can be harvested as electrical energy by attaching
a thermally powered nylon artificial muscle to a coiled twistron harvester, and torsionally
and translationally tethering opposite device ends. Since coiled hybrid CNT muscles can
provide large reversible tensile strokes (depending upon the yarn guest) when heated or
exposed to chemicals or humidity, the coiled nylon muscle can be replaced with a coiled
hybrid CNT muscle in order to harvest energy from temperature changes, humidity
fluctuations, or chemical waste streams (21, 41, 42). Upscaling can be conveniently
accomplished by operating many of these harvesters in parallel.
Our torsional energy twistron harvesters are uniquely capable of operating as selfpowered sensors of torsional motion, but would be difficult to upscale by increasing the
number of harvesting yarns, since each twistron yarn must be twisted. Even here there is
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an opportunity for upscaling to harvest the energy from fluctuations in ambient temperature
or humidity, since each twistron harvester in a harvester array could be driven by a hybrid
carbon nanotube yarn muscle or a polymer fiber muscle that converts ambient temperature
or humidity fluctuations to mechanical torsional energy.
7. Structural, Density, and Capacitance Data for Twistron Yarns and Precursor CNT Sheets
TEM images of axial cross-sections of twisted yarns (Figs. S32-S35 and Fig. 5A and
B) show that the bundled MWNTs in twistron yarns partially collapse in an unexpected
way. One would normally anticipate, as is observed for other CNTs (33, 34), that largediameter MWNTs having sufficiently small number of walls would individually collapse
to gain van der Waals energy for the inner wall of the inner-most nanotube. While this
process occurs to some extent, we found that nanotubes in the MWNT bundles primarily
deform so that they can increase inter-nanotube van der Waals energy (Figs. S32-S35 and
Fig. 5A and B), and that such deformation occurs even in non-twisted yarn. Despite the
associated decrease in void space within bundles, analysis of these TEM micrographs
(Section 8) will show that sufficient void space exists, even in these relatively well ordered
bundles, for hydrated H3O+ ions, and that the associated capacitance (assuming that this
void-space is electrochemically accessible) is significant.
Yarn density and yarn diameter were measured as a function of inserted twist for a
constant load applied during twist insertion (6 g, which corresponds to an engineering
stress of 31.2 MPa for the highly-twisted 49-m-diameter yarn). As inserted twist increased
from 1,107 to 5,093 turns/m, yarn density increased from 0.64 to 1.28 g/cm3 and yarn
diameter decreased from 62 to 49 μm. For isometric twist insertion, Fig. S36 shows the
dependence of percent volume change and yarn diameter on inserted twist (in 0.1 M HCl)
for a cone-spun yarn that was twisted to below the point where yarn fracture occurs.
Subsequent untwist reversed volume and yarn diameter to original values without
substantial hysteresis.
8. Structure-Based Analysis of Capacitance and Twist-Induced Capacitance Changes for
Twistron Yarns
8.1. Calculation goals and issues
We want to understand the origin of the electrochemical capacitance of the carbon
nanotube yarns and the twist-induced changes in this capacitance. In efforts to accomplish
this, we will first use TEM, STEM, and SEM microscopy to characterize the structure of
individual MWNTs and the ratio of total bundle area to total bundle volume. From this
information, we will calculate the gravimetric capacitance that would result if the MWNTs
were completely non-bundled, as well as the gravimetric capacitance predicted if the only
surface area contributing to capacitance was the surface area of nanotube bundles.
In order to calculate electrochemical capacitance of a twistron harvester yarn from the
structurally-derived surface area of non-bundled MWNTs, bundled MWNTs, and intrabundle void space, we used the reported areal capacitance of the basal plane of graphite
(~4 µF/cm2) (29, 30), which is expected to be similar to that of MWNTs.
The measured areal capacitance of the basal plane of graphite in 0.9 M NaF at the
potential of zero charge (PZC) is ~3 µF/cm2 and that value linearly increases up to ~4
µF/cm2 at the potential around +0.4 V with respect to the PZC (29). Similar capacitances
are also observed for the basal plane of graphite in 0.5 M H2SO4 and 1 M NaOH (30). The
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measured areal capacitance of carbon single wall nanotubes in 1 M NaCl is ~5 µF/cm 2
(31). The measured areal capacitance of 5-layer graphene in 6 M KOH at the potential of
zero charge (PZC) is ~3 µF/cm2 and that value linearly increases up to ~4 µF/cm2 for a
+0.4 V potential with respect to the PZC (43).
It is not surprising that the above-reported electrochemical capacitances of carbon
electrodes in aqueous solution do not significantly depend on the types of ions, since the
sizes of hydrated ions are all similar. For example, the radii of hydrated H 3O+, Na+, OH-,
and Cl- are 2.82 Å, 3.58 Å, 2.46 Å, and 3.32 Å, respectively (44). Considering that the
operation voltage of a twistron harvester ranges from ~0.3 V to ~0.7 V with respect to PZC,
assuming that the areal capacitance of MWNTs is ~4 µF/cm2 is a reasonable
approximation.
We first hypothesized that yarn capacitance predominantly arose from the external
surface area of CNT bundles and that the capacitance change upon twist-insertion resulted
from compressing together the electrochemical double layers on CNT bundles. While we
will show that yarn capacitance predominantly arises from the external surface area of CNT
bundles, a problem arises in this explanation for the origin of capacitance change, since the
CNT bundles in the yarns are typically separated by a much larger distance than the
thickness of an electrochemical double layer (~1.3 nm for 0.1 M HCl and ~0.7 nm for 0.6
M NaCl) (45).
8.2. Capacitance calculated for the hypothetical case where MWNTs are non-bundled and
well separated
The gravimetric surface area was calculated for hypothetical, isolated, non-bundled
MWNTs by using TEM images along the yarn direction to provide the numerical
distribution of MWNTs that have a specific outer diameter and number of walls. Exploiting
this distribution and calculated results for the surface area and weight of MWNTs (46), the
weight-averaged density of the MWNTs is 1.595 g/cm3, the volume-averaged surface-tovolume ratio of the MWNTs is 370 m2/cm3, and the gravimetric surface area of nonbundled nanotubes is 242 m2/g. As for all of the following calculations, the areal
capacitance for the basal plane of graphite (~4 μF/cm2), which is similar to the ~5 μF/cm2
of single-wall carbon nanotubes, was used to convert gravimetric surface area to
gravimetric capacitance. The result obtained was surprising – the calculated gravimetric
capacitance for isolated MWNTs (9.7 F/g) was of similar size to, albeit larger than, the
capacitance shown in Fig. S21 for untwisted MWNT yarn. These results suggest that the
largely bundled MWNTs in the yarns are able to access high gravimetric capacitances by
providing a combination of high gravimetric bundle surface area (due to non-circular cross
sections) and intra-bundle capacitances.
8.3. Gravimetric capacitance due to MWNT bundle surfaces
Although we will later show that this approach seriously underestimates this
capacitance, the volumetric capacitance due to the total surface area of MWNT bundles in
the twistron yarns was initially estimated from measurements of bundle diameter and
length from SEM micrographs of MWNT sheets that are precursor to the nanotube yarns.
The approximation was made that the bundle size for the sheet (which was densified by
ethanol absorption and evaporation) was the same as for bundles in the twisted yarns. If
F(di) is the length-weighted fraction of MWNT bundles that have a particular projected
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diameter (di) and the bundles were cylindrical, the total bundle area per total bundle volume
becomes 4diF(di)/di2F(di), where summations are over the observed bundle diameters.
The corresponding total bundle area per total bundle weight is then
(4/bundle)diF(di)/di2F(di), where bundle is the ratio of the weight of a bundle to its volume,
which we approximate by the above-derived weight-average MWNT density (1.595
g/cm3). From lateral SEM images of forest-drawn sheets, this analysis provides a
gravimetric surface area of 36.6 m2/g for MWNT bundles. Using the capacitance per
surface area that is experimentally measured for graphite, the electrochemical double layer
capacitance predicted from the surface area of MWNT bundles is 1.46 F/g.
Since we know from present TEM and STEM microscopy (Figs. S32-S35) and
previous results (47) that the bundles in forest-spun MWNT yarns are far from cylindrical,
the above evaluation provides a lower bound on volumetric surface area and on the thereby
derived gravimetric capacitance. Hence, we can more reliably determine the ratio of total
bundle surface area to bundle volume by using TEM images to analyze 150-nm-thick crosssections normal to the yarn axis. Using this volumetric surface area (178 m2/cm3), the
weight-average gravimetric surface area for these bundles that is obtained from TEM
micrographs (assuming an intra-bundle density of 1.595 g/cm3) is 112 m2/g. This
gravimetric surface area provides a capacitance contribution of 4.48 F/g if an areal
capacitance of ~4 μF/cm2 is used (corresponding to the areal capacitance of the basal plane
of graphite).
Since the STEM images have sufficient resolution for excluding the core volume of
the deformed MWNTs in the bundles, another estimate for the density within a bundle can
be obtained from the total bundle volume that is occupied by carbon and the density of
graphite (2.26 g/cm3), which provides an average bundle density of 0.58 g/cm3. Using the
volumetric surface area obtained from these images (178 m2/cm3), the calculated
gravimetric surface area and gravimetric capacitance are 78.8 m2/g and 3.15 F/g,
respectively.
8.4. Gravimetric capacitance due to intra-bundle porosity
In order to experimentally evaluate the possibility that intra-bundle porosity
contributes to gravimetric capacitance, we examined the cross-section of a twistron yarn
that had been cycled 40 times between 0.3 and 0.6 V by using cyclic voltammetry. This
yarn was then frozen with liquid nitrogen and subsequently freeze-dried to lock-in the salt
distribution, while preventing the aggregation of large salt crystals. Results obtained from
high-angle annular dark field (HAADF) STEM images (Fig. S33), which are especially
sensitive to atomic number differences between carbon and sodium/chlorine, show a
degree of sodium chloride penetration between MWNTs in bundles, as well as
accumulation at the corners of MWNTs. Evidence that the penetrating material includes
Cl- is found by electron energy loss spectroscopy (Fig. S34).
We next theoretically estimated the capacitance changes during twist
insertion/deinsertion due to changes in electrochemically accessible surface area of void
space within MWNT bundles. To accomplish this, empirical force field molecular
dynamics simulations were used to model the cross-section of MWNT bundles. The
interatomic interaction was described by the adaptive intermolecular reactive empirical
bond order potential, modified with a Morse potential (48). In these isothermal-isobaric
molecular dynamics simulations, the temperature was maintained at around 300 K, as
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implemented in LAMMPS code (49). We considered a unit cell that consists of thirty-four
vertically (z-axis) aligned multi-walled carbon nanotubes with periodic boundary
conditions. For realistic representation of twistron yarns, we used the distribution of
diameter and number of walls from a TEM image of a yarn cross section (Fig. S35). The
constituent MWNTs have outer diameters ranging from 6.3 nm to 11.7 nm (9.0 nm in
number average) and inner diameters ranging from 1.9 nm to 9.1 nm (4.4 nm in number
average), with the number of walls ranging from 6 to 10 (7.9 in number average). Figure
S37A and Fig. S37B show bundle structures obtained by molecular dynamics simulations
for a twist-induced 50 MPa lateral pressure and zero applied pressure, respectively.
Intra-bundle pores that are sufficiently large to accommodate electrolyte ions can
contribute to the electric double-layer capacitance, as long as these pores are ionically
connected to the bulk electrolyte. In order to estimate the intra-bundle surface area that is
accessible to hydronium ions for the investigated bundle, we used a probing sphere of
radius 4.5 Å (which corresponds to the sum of the carbon van der Waals radius, 1.7 Å, and
the solvated hydronium ion radius, 2.8 Å). Using projections of MWNT structure in the
yarn direction and thereby derived van der Waals surfaces, this probing sphere indicated
that there was 65.9 m2/g of intra-bundle surface area that could be occupied by solvated
hydronium ions. Using the areal capacitance of the basal plane of graphite (~4 μF/cm2),
this gravimetric surface area provides 2.6 F/g of capacitance. Using the dimensions for
solvated Cl-, analogous calculations provide a gravimetric capacitance contribution of 2.3
F/g.
During operation of a twistron harvester, the MWNT bundles in the twistron yarn are
under tensile and torsional loads, generating compressive pressures on MWNTs inside the
yarn. We here approximate the compressive pressure to be biaxial and perpendicular to the
axis of the MWNT bundle. The increase of the lateral pressure on MWNT bundles by
twisting or stretching the yarns can lead to decrease of capacitance due to the decreased
intra-bundle porosity. In our molecular dynamics simulations, the intra-bundle surface area
of MWNT bundle, estimated by a probing sphere of radius 4.5 Å, decreases from 65.9 m2/g
to 47.2 m2/g, as the compressive lateral pressure on the bundle increases from 0 to 50 MPa
(Fig. S37). At least, for small MWNT bundles containing around 9 MWNTs, where
computational times were tractable, this decrease in capacitance occurred reversibly. Using
the areal capacitance of the basal plane of graphite (~4 μF/cm2), the estimated gravimetric
capacitance from the intra-bundle surface area decreases from 2.6 F/g to 1.9 F/g as the
lateral stress increases from 0 to 50 MPa (Fig. S38). Using the dimensions for solvated Cl, analogous calculations provide a gravimetric capacitance contribution of 2.3 F/g at 0 MPa
and 1.5 F/g at 50 MPa of lateral pressure.
The next calculations show that the lateral stress on MWNTs during twistron harvester
operation can even exceed the above 50 MPa. The relationship between the internal
pressure and the tensile and torsional loads on the yarns can be approximated by using a
simple helix model for the yarn geometry. The bias angle (the angle between yarn length
and nanotube orientation direction) for the yarn is α = tan−1(2πrt), where r is the distance
from yarn center and t is the inserted twist in turns per yarn length (called the twist density).
Using this equation, the average bias angle (αave) along the radius is:
R0

 ave   tan 1 (2rt )dr/R0
0

,

(S1)
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where R0 is the radius of the yarn. The tensile stress σ and shear stress τ in the yarn crosssection under tensile force S and torque T is σ = S/πR2 0 and τ = τmaxr/R 0, respectively,
where τmax = 2T/πR3 0. Thus, two forces, F1 = σd02 and F2 = τd02, contribute to the tensile
force F = F1cosαave + F2sinαave on nanofiber bundles in the yarn, where d0 is effective
diameter of the bundles. An element of the bundle at radius r with length rθ, where θ is
infinitesimal, is used for further analysis. The tensile force F in this element, shown in Fig.
S39, has a lateral force component in the radial direction of the yarn of:
2 F sin   2d 2 0 [ cos ave  (r / R) max sin  ave ] sin  . (S2)
Upon integration of Eqn. S2 from R0 to r, the total lateral force at radius r is:
Ftotal  2[ cos ave  0.5(r / R  1) max sin  ave ] sin d 2 0 ( R  r ) / d 0 .
(S3)
The effective area that total lateral force acts upon at radius r is A = 2rθd0. Hence, the
lateral pressure is:
(R  r)
 (r )  Ftotal / A |   0  [ cos  ave  0.5(r / R  1) max sin  ave ] 
r
(S4)
and the volume-average lateral pressure is:
V
2
ave
 lateral
   (r )dV / V =  cos  ave   max sin  ave
3
0
.
(S5)
In order to evaluate Eqn. S5, we used experimental measurements of yarn torque as a
function of twist density. Using a typical yarn diameter of 36 μm and a typical applied
engineering stress of 30 MPa, the dependence of average lateral pressure on twist density
was obtained (Fig. S39). As shown here, the average lateral pressure in the yarn can exceed
50 MPa.
The observed highly-reversible changes in yarn capacitance likely result from elastic
deformation of yarn structure across hierarchical scales, ranging from deformation of
MWNT cross-sections and rearrangement of MWNTs within bundles to bundle
coalescence. Bundle densification might be facilitated by mismatched lengths of different
MWNTs within bundles and the observed forking and recombination of MWNT bundles
having different lengths. Additionally, the MWNTs in large bundles are so irregularly
packed that an individual MWNT likely meanders from side-to-side in a bundle. Twistinduced tension in a bundle might increase the packing density by decreasing this
meandering, thereby decreasing the accessible intra-bundle capacitance.
8.5. Fraction of mechanically induced capacitance change that is used for mechanical
energy harvesting
Conservation of effective charge at zero strain, Q(0), on a mechanically twisted or
stretched twistron yarn would mean that Q(0) = Vm(0)Cm(0) = Vc()Cm(), where Vm(0) and
Vc() are the measured and calculated open-circuit voltages (relative to the PZC) at 0 strain
and strain , respectively, and Cm(0) and Cm() are the measured gravimetric capacitances
at 0 strain and strain , respectively. The ratio of the measured open-circuit voltage to the
calculated open-circuit voltage provides the fraction of the strain induced capacitance
change that is being used for energy harvesting.
Depending upon the particular CNT forest and twist-insertion method used for yarn
preparation, only a fraction of the mechanically-induced capacitance change is used for
harvesting electrical energy. Using OCVs relative to the PZC, this fraction is the ratio of
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the product of OCV and the capacitance after twistron deformation to this product before
deformation. Based on the OCV and capacitance data in Fig. 2C and Fig. 1D, the fraction
of capacitance change that is useful for energy harvesting varies from 79.0% to 99.5% for
torsional and tensile energy harvesters. This up to 21.0% of non-productive capacitance
change is likely due to counter ions being trapped in void spaces that lose contact with the
bulk electrolyte during twist, which prevents their associated charge from redistributing
onto electrochemically-accessible surfaces to increase electrode voltage.
Using the experimental data in Section 5.01 for twist insertion and removal for
twistron yarns that are operated isometrically and isobarically, the fraction of capacitance
change that can be used for energy harvesting is 97.1% for isometric harvesting and 88.2%
for isobaric harvesting.
9. Performance Comparison for Mechanical Energy Harvesters
We here compare the performance of twistron energy harvesters with other
mechanical-to-electrical conversion technologies reported in literature, including
piezoelectric, electrostatic, triboelectric, and dielectric-elastomeric harvesters. Only
material-based harvesters are compared in Table S2 and in Fig. 5C and D, since the
performance of electromagnetic generators (basically motors operated in reverse) degrades
when scaled down to small weights and dimensions (and cost per Watt becomes prohibitive
for many applications).
Data in the literature on mechanical energy harvesters frequently does not provide
device mass (or volume and density) or specific power and specific energy, and the power
and energy densities reported are often areal rather than volumetric or gravimetric. Also,
many publications do not differentiate between peak power density and average power
density or only provide peak power densities. Since so few publications provide average
output power, Table S2 reports for literature results only harvester weight, maximum
specific power, the frequency at which maximum power was realized, and the ratio of peak
power to the frequency at which this peak power was realized. Since device performance
depends on frequency and displacement, and sometimes temperature, we have taken the
highest peak power density reported for a given architecture in the cited publication. For
the rare publications in which average power was provided, but not peak power, we
estimated peak power by multiplying average power by a factor of 2, which is theoretically
predicted for sinusoidal waveforms if root-mean-square voltage and current were reduced
from peak values by a factor of 21/2.
Using the Table S2 results, as well as a curve that is a represents the low frequency
triboelectric data of Zhang’s group (36), Figs. 5C and 5D show peak power and frequencynormalized peak power, respectively, versus the frequency at which this peak power was
obtained. For comparison, our twistron harvesters produce up to ~250 W/kg for the
frequency range from 18 to 30 Hz, and can be operated at frequencies below 1 Hz. Both
the specific energy per cycle and the peak specific power are higher than has been obtained
for any microscale or macroscale material-based harvester device that is operated between
a few Hz and 600 Hz.
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10. Maximizing Power Output by Matching the Complex Impedance of the Harvester
Since all power measurements used a purely resistive load, maximum power was
harvested when this resistive load (Rload) matched the harvester’s impedance, Rload =
[Rinternal2 + 1/(ωC)2 ]1/2. However, since harvester capacitance causes a phase shift between
OCV and SCC, the output electrical energy could be increased by matching the complex
impedance of the harvester, instead of matching just its resistive component. This is
challenging at low frequencies (f = /2) because the optimum inductance goes as (42f2C)1
, and this inductance to counter the electrochemical capacitance (C) of short twistron yarn
lengths can exceed tens of Henrys. Impedance matching through high-frequency, active
power factor correcting circuits is fundamentally possible, but commercially-available
integrated circuits cannot accommodate the voltages and currents provided by our
harvesters. Since the measured phase angle between short-circuit current and open-circuit
voltage was ~73° at 0.1 Hz and ~61° at 1 Hz for a coiled harvester during tensile stretch to
15% strain, power increases of 2.2 and 1.5 times, respectively, are predicted if improved
electronic circuits for complex impedance matching were developed.
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Fig. S1.
A stack of forest-drawn CNT sheets (A) was rolled into a cylinder (B) and twisted (C) under an
applied load to produce a twisted yarn, which was subsequently twisted under the same applied
load to produce a coiled twistron harvester (D).
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Fig. S2.
Peak output power (black squares), maximum measured capacitance change (red circles)
and maximum reversible tensile strain (blue triangles) during tensile energy harvesting as
a function of spring index and the applied isobaric stress (during the twist insertion that
was used to obtain the spring index). These measurements (up to the maximum indicated
strain for each spring index) were performed for 1 Hz stretching in 0.1 M HCl using coiled,
cone-spun CNT yarns having a diameter of 58 μm prior to coiling. The coiled yarn having
a spring index of 0.43 after fabrication provided the highest peak power (41.3 W/kg) and
capacitance change (30.3%).
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Fig. S3.
Comparison of the performance of differently spun coiled yarns when stretched to 30% at 1 Hz in
0.1 M HCl. (A) The time dependence of dual-Archimedean (black), funnel (red), cone (blue),
Fermat (magenta), and wet-densified tow-spun (green) coiled yarns. (B) Comparison of the peakto-peak open circuit voltage and the impedance-matched peak power for these different coiled yarns
during stretch by 30% in 0.1 M HCl.
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Fig. S4.
Photographs of a two-end positionally and torsionally tethered, coiled CNT yarn before (A) and
after (B) immersion in 0.1 M HCl electrolyte. These photographs show that immersion in the
electrolyte caused swelling, which increased the CNT yarn diameter (shown in white) from 72 μm
to 90 μm and decreased the coil bias angle (shown in red) from 46o to 34o.
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Fig. S5.
Photographs of a torsionally tethered, coiled CNT yarn during cycling in 0.1 M HCl between 0%
and 30% applied tensile strain. Comparison of (A) and (B) show that 30% strain increases the coil
bias angle from 34o to 50o and decreases the yarn diameter from 90 μm to 75 μm. (C) shows that
the original yarn diameter and coil bias angle are obtained upon strain release.
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Fig. S6.
Comparison of the performance of fully coiled yarns that are fully twisted, untwisted by 300
turns/m, and untwisted by 500 turns/m. (A) Capacitance change versus applied strain, (B) OCV
versus applied strain, (C) peak voltage versus load resistance and (D) peak power versus load
resistance for fully twisted coiled yarn (open squares), 330 turns/m untwisted coiled yarn (open
circles), and 500 turns/m untwisted coiled yarn (open triangles). The initial fully-twisted coiled
yarn was 20 mm long, 67 m in yarn diameter, and had a spring index of 0.43. The frequency of
the applied strain was 1 Hz, and the strain amplitude in (C) and (D) was the maximum reversible
strain.
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Fig. S7.
The effects of twistron yarn diameter on harvesting the energy of 30% tensile strain, where yarns
having different yarn diameters where coiled analogously, so that they have the same spring index
(0.43). (A) Measurements for 1 Hz stretch showing that the generated per-cycle gravimetric energy
(black squares) and the peak-to-peak open circuit voltage (blue triangles) were independent of yarn
diameter. While the peak short-circuit current (red circles) quadratically increased with yarn
diameter, the current per yarn cross-sectional area was independent of yarn diameter. (B)
Measurements showing that the frequency dependence of peak gravimetric output power is
independent of yarn diameter in the investigated range of yarn diameters (from 40 m to 110 m).
(C) Measurements for 1 Hz stretch showing the diameter dependence of the load impedance that
maximizes output power (blue circles) and the corresponding gravimetric load conductance (when
normalized to the weight of the coiled twistron yarn). For all of these measurements, the stretched
electrode was a coiled 2-cm-long CNT yarn and the electrolyte was 0.1 M HCl.
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Fig. S8.
The effects of HCl solution concentration on the performance of a coiled tensile harvester during 1
Hz stretch to 30% strain. (A) Peak power (filed black squares), peak-to-peak OC voltage (filed red
circles) and the impedance-matching load resistance (filed blue triangles) versus HCl
concentration. (B) Energy per cycle (open black squares), capacitance at zero strain (open red
circles) and percent capacitance change during 30% stretch (open blue triangles) versus HCl
concentration. (C) The dependence of peak-to-peak OC voltage on cycle frequency for 0.01, 0.1,
and 3 M HCl electrolyte. The diameter of the CNT yarn was 70 μm and the length of the coiled
CNT yarn was 2 cm. The capacitance and capacitance changes are from CV scans at 50 mV/s.
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Fig. S9.
The effects of NaCl solution concentration on the performance of a coiled tensile harvester during
1 Hz stretch to 30% strain. (A) Peak power (filed black squares), peak-to-peak OC voltage (filed
red circles), and the impedance-matching load resistance (filed blue triangles) versus NaCl
concentration. (B) Energy-per-cycle (open black squares), capacitance (open red circles), and
capacitance change (open blue triangles) during 30% stretch versus NaCl concentration. The
diameter of the CNT yarn was 70 μm and the length of the coiled CNT yarn was 2 cm.\

Fig. S10.
Peak power (squares), average power (circles) and electrical energy per cycle (triangles) as a
function of sinusoidal deformation frequency to 30% tensile strain for energy harvesting in 0.6 M
NaCl electrolyte. The harvesting electrode was a 64-μm-diameter coiled MWNT yarn that was 2
cm long and the counter electrode was Pt mesh/MWNT buckypaper.
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Fig. S11.
The time dependence of generated voltage, instantaneous power and total harvested energy from a
coiled twistron harvester when stretched by 50% at 12 Hz in 0.1 M HCl. Using an impedance
matched external resistance of 80 ohms and no externally applied bias voltage, the twistron
harvester generated an average power of 49.7 W/kg. The diameter of the 20-mm-long, cone-spun,
coiled yarn was 54 μm. The harvested electrical energy increased to 149.2 J/kg over the 3 seconds
of energy harvesting.
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Fig. S12.
Potentiostatic electrochemical impedance spectroscopy (EIS) of a coiled CNT yarn. The coiled
CNT yarn was made by cone spinning 4 layers of CNT sheets (4 cm wide and 30 cm long). About
5,900 turns/m of twist was inserted. A three electrode system consisting of the coiled CNT yarn
working electrode, a Pt mesh/MWNT buckypaper counter electrode, and a Ag/AgCl reference
electrode was immersed in a 0.1 M HCl solution and scanned from 0.01 Hz to 100,000 Hz.

Fig. S13.
Per-cycle harvested energy (black squares), capacitance at zero strain (red circles), and fractional
capacitance change (blue triangles) for tensile energy harvesting in (A) 0.6 M NaCl and in (B) 0.1
M HCl. A 1 Hz sinusoidal stretch to 10% tensile strain was applied. Increasing temperature data
points (filled symbols) and decreasing temperature data points (open symbols) so closely overlap
that the former is largely obscured.
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Fig. S14.
The effect of an externally applied bias potential on tensile energy harvesting by a coiled MWNT
yarn. This figure shows the energy delivered to an external resistive load (black squares), the energy
consumed in providing the external bias voltage (red squares), and the net energy harvested (blue
triangles) as a function of the externally applied bias voltage. These results are for a coiled twistron
harvester stretched by a 0.2 Hz square-wave deformation to 20% in 0.1 M HCl. A bias potential
was applied between the working and counter electrodes, as illustrated in the inset, and an 800 ohm
load resistor was used for impedance matched energy harvesting. These results show that the percycle net-output electrical energy increased from 17.9 J/kg with no externally applied bias to 27.1
J/kg when an additional 300 mV bias was applied.
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Fig. S15.
The effect of HCl electrolyte pH on the strain dependence of the difference between the OC voltage
and the potential of zero charge (PZC). The inset shows that the OCV at zero strain decreases
linearly with increasing pH of the electrolyte.

32

Fig. S16.
The effect of plying a 25-m-diameter Pt wire with a coiled MWNT yarn on the frequency
dependence of peak power and the load resistance that maximizes output power. Results for the Ptwire-plied CNT harvester and the neat harvester are represented by square and circle symbols,
respectively. Peak power and load resistances correspond to black and blue symbols, respectively.
These results are for a tensile strain cycle to 30% strain in 0.1 M HCl electrolyte. The twistron
electrode was a 2-cm-long coiled MWNT yarn and the counter electrode was a MWNTbuckypaper-wrapped Pt mesh. At 24 Hz, the Pt-plied twistron harvester had a 1.91 times higher

peak power and a 0.6 times lower optimal load resistance compared with the pristine coiled
yarn.
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Fig. S17.
Stress-strain curve (left) and corresponding force measured for coiled twistron yarns during 0.2 Hz
sinusoidal stretching in 0.1 M HCl electrolyte with (red) and without (black) Pt wire wrapping.
These coiled twistron yarns were made by twisting a 95-µm-diameter, highly twisted but non-coiled
carbon nanotube yarn, with and without 25-micron-diameter Pt wire under 41 MPa of load until
fully coiled. The nominal stress was normalized to the diameter of the precursor highly twisted
carbon nanotube yarn.
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Fig. S18.
Comparison of (A) peak voltage (black symbols) and (B) peak power (blue symbols) and output
energy per cycle (red symbols) versus load resistance for a coiled yarn (filled symbols) and a 4-ply
coiled yarn tensile harvester (open symbols), when deformed at 1 Hz by 30% strain in 0.1 M HCl.
The inset of (A) shows SEM images of the coiled CNT yarn (scale bar: 50 m) and the 4-ply coiled
yarn (scale bar: 100 m). All of the coiled CNT yarns have the same yarn diameter (70 μm), coiled
CNT yarn length (2 cm) and coiled CNT yarn weight (192 μg).
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Fig. S19.
Efficiency of a coiled CNT yarn harvester that was untwisted by 8.5% of the twist required to fully
coil. (A) The stress strain curve of the coiled yarn when sinusoidally stretched to 20% strain at 1
Hz in 0.1 M HCl. The mechanical energy lost between stretch and release during one cycle was
1670 Joules per kg of yarn. (B) The voltage generated on a 68 ohm load during the cyclical
stretching in (A). (C) The instantaneous generated power during the cyclical stretching in (A). The
electrical energy generated per cycle was 17.6 J/kg, corresponding to a conversion efficiency of
1.05%.
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Fig. S20.
The dependence of open circuit voltage and capacitance change on twist and untwist for a noncoiled, 16-mm-long, 208-m-diameter, cone-spun yarn, under an isobaric load (20 MPa). The
inset illustrates the experimental apparatus. These results are for comparison with the isometric
load results of Fig. 2C. The twist insertion frequency (corresponding to the inverse time for
complete twist insertion and removal) was 67 mHz for the OC voltage measurements and 4.2 mHz
(corresponding to a potential scan rate of 100 mV/s) for the capacitance measurements. If this
frequency for complete twist insertion and removal is reduced for the OC voltage measurements,
the hysteresis in OC voltage largely disappears.
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Fig. S21.
The open-circuit voltage of a non-coiled, 170-µm-diameter, 2.5-cm-long MWNT yarn during
torsional energy harvesting by twisting and untwisting under an isobaric load (43 g) using different
twisting speeds (revolutions per minute). The maximum inserted twist, which is below the twist
needed for coiling this diameter yarn, was 2,000 turns/m and the twist minimum was 0 turns/m.
The potential of the non-coiled yarn in the 0.1 M HCl electrolyte was measured using a three
electrode system.
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Fig. S22.
Torsional energy harvesting under isobaric load using a cone-spun, 140-m-diameter, non-coiled
CNT yarn immersed in 0.1 M HCl (A) and 0.6 M NaCl (B), respectively. As the twisting speed
increased, the average power (filled black symbols) increased, while the impedance matching load
resistance (open blue symbols) decreased.

Fig. S23.
Capacitance and open-circuit voltage as a function of twist for a MWNT yarn when twisted and
untwisted under a 20 MPa load between a non-twisted and a fully-coiled state. Vertical dashed lines
indicate the points where coiling nucleates during up-twisting, and where all coils are removed
during untwisting.
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Fig. S24.
The effects of temperature on harvested energy per cycle (black squares) and peak-to-peak OC
voltage (blue triangles) during the insertion (filled symbols) and removal (open symbols) of 1,500
turns/m of twist into a 28-mm-long, 140-m-diameter, non-coiled, cone-spun twistron harvester in
(A) 0.6 M NaCl electrolyte and in (B) 0.1 M HCl. Capacitances for the highly twisted state (filled
red circles) and non-twisted state (open red circles) were obtained at a scan rate of 50 mV/s for a
scan range of 0.3 V to 0.6 V. The frequency of a twist insertion and twist removal cycle was 0.024
Hz.

Fig. S25.
For energy harvesting by twist insertion and twist removal at 0.05 Hz, the effect of cone spinning
(squares) and dual-Archimedean spinning (circles) on the dependence of peak voltage (black filled
symbols) and average power (blue open symbols) on load resistance. The results in (A) are for twist
insertion to just below the twist needed for coiling and those in (B) are for subsequent twist removal
from the yarn to 357 turns/m twist. The initial length of the twistron harvester was 28 mm.
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Fig. S26.
(A) Illustration of a two-electrode, dual-yarn energy harvester configuration to approximately
double the output voltage and output current. This ‘seesaw’ configuration consists of two coiled
CNT yarns which are stretched and released out-of-phase with respect to each another. (B) Phasecontrast x-ray tomography images of the coiled twistron yarn used for this harvester.
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Fig. S27.
Open-circuit, inter-electrode voltage for one stretched electrode and for two stretched electrodes
operated using the seesaw structure of Fig. S24. (A) The time dependence of applied strain and
open-circuit, inter-electrode voltage when only one electrode is sinusoidally stretched at 1 Hz. (B)
The time dependence of applied strain and open-circuit, inter-electrode voltage when both working
and counter electrodes are sinusoidally stretched 180° out-of-phase at 1 Hz. The coiled MWNT
yarn electrodes were 2 cm long and the yarn diameter was 70 μm. The seesaw structure, wherein
the two electrodes are stretched 180° out-of-phase, generates a maximum open-circuit, interelectrode voltage of about 257 mV which is about two times the voltage when only one electrode
is mechanically stretched (132.4 mV).
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Fig. S28.
Short-circuit current for one stretched electrode and for two stretched electrodes operated using the
seesaw structure of Fig. S24. These results are for the same harvester as in Fig. S27. (A) The time
dependence of applied strain and short-circuit current when only one electrode is sinusoidally
stretched at 1 Hz. (B) The time dependence of applied strain and short-circuit current when both
working and counter electrodes are sinusoidally stretched 180° out-of-phase at 1 Hz. Based on the
total weight of both electrodes, the seesaw structure, wherein the two electrodes are stretched 180°
out-of-phase, generates a short-circuit current of about 327 A/kg, which is twice the current when
only one electrode is stretched (162 A/kg). Based again on the total weight of the two electrodes,
the average output power was 2.82 W/kg when one electrode was stretched, and 9.72 W/kg when
both electrodes were stretched in the seesaw configuration. Also, the load resistance that optimized
power output was unchanged in going from one harvesting electrode and an equivalent nonstretched counter electrode to two harvesting out-of-phase electrodes.
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Fig. S29.
Comparison of the electrochemical performance of a coiled CNT yarn in a bath of 0.1 M HCl before
and after coating the coiled yarn with polyvinyl alcohol (PVA). (A) CV curves (at a scan rate of 50
mV/s) before (black) and after (red) coating a coiled twistron harvester yarn with PVA. (B) Peak
power (filled black symbols) and peak voltage (open blue symbols) versus load resistance for a
coiled yarn before (circle symbols) and after (square symbols) coating with PVA (when a 1 Hz
sinusoidal stretch of 50% was applied). As shown here, the cyclic voltammetry curves, the peak
power, and peak voltage were little affected by the PVA.
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Fig. S30.
SEM image of a dual-electrode twistron harvester comprising a self-coiled MWNT yarn that
generates electricity and a MWNT yarn counter electrode. The polyurethane coating on the noncoiled yarn prevented inter-electrode shorting. When swelled by 0.1 M HCl, which was
incorporated into the yarn electrodes, this polyurethane became ionically conducting. The scale bar
is 300 m.
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Fig. S31.
Self-powered twistron strain sensor woven into a shirt and used for monitoring breathing. When
periodically strained by about 10% during breathing, this four-cm-long twistron sensor generated
a periodic, peak-to-peak, open-circuit voltage of 16 mV. The inset shows (at two levels of
magnification) the harvester woven into a shirt and used to monitor breathing. The yarn electrodes
were 4 cm long and 250 m in diameter. In the close-up image, the top twistron harvester electrode
is a homochiral coiled MWNT yarn and the bottom twistron harvester electrode is a heterochiral
coiled MWNT yarn.
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Fig. S32.
Analysis of surface-to-volume ratio for MWNT bundles within a twistron yarn. Using the particles
analysis package included in Gatan’s GMS software, the surface-to-volume ratio of bundles in a
twistron yarn was evaluated from STEM-HAADF (High-Angle Annular Dark Field) images of the
twistron yarn’s cross section. Left: STEM-HAADF images of CNT bundles. Right: Mapped CNT
bundle areas and perimeters. A total of 229 bundles were included in the analysis.
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Fig. S33.
STEM High-Angle Annular Dark Field cross-section images of different size CNT bundles in a
twistron harvester yarn after electrochemical cycling in 0.6 M NaCl. Since STEM-HAADF, also
known as “Z-contrast imaging”, reveals the mass-density content, these images show the
distribution of NaCl (bright spots) on the exterior and interior surfaces of CNT bundles. These
images indicate that the Na+ and Cl- ions accumulate at the corners of nanotube junctions, and also
follow tortuous paths within the intra-bundle space of larger bundles.
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Fig. S34.
Electron energy loss spectroscopy images of a cross-section of a twistron yarn that had been
electrochemically cycled in 0.6 M NaCl. Using a slit to select the Cl L2,3 edge (~200 eV) reveals
the distribution of Cl within the cross-section of the twistron yarn. These images show the presence
of Cl within a bundle, as well as in large salt deposits that are external to the bundle.
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Fig. S35.
TEM image of a MWNT bundle, when viewed down the axis of a twistron yarn. This image was
obtained by imaging a 100-nm-thick disk cut from the yarn using focused ion beam milling.
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Fig. S36.
The twist dependence of the percent volume change (relative to yarn volume for 213 turns/m of
twist) and yarn diameter for a cone-spun, non-coiled, twisted MWNT yarn during twisting and
untwisting between 213 and 427 turns/m of twist, while the yarn was held at constant length in 0.1
M HCl.

Fig. S37.
Molecular dynamics simulations to model the effect of twist-induced pressure on the
electrochemically accessible void space within MWNT bundles. (A) Cross-sectional view of a
simulated MWNT bundle when under a 50 MPa compressive stress along x- and y- directions. (B)
Cross-sectional view of simulated MWNT bundle at zero pressure. Pores that are accessible by
hydronium ions are shown in yellow.
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Fig. S38.
The calculated capacitance due to intra-bundle surface area as a function of the radius of the
solvated ion. This capacitance decreases as the pressure induced by inserted twist increases from 0
to 50 MPa.
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Fig. S39
(A) Illustration of the helix model used for calculating the average lateral pressure on MWNTs
inside a twistron yarn. (B) The measured dependence of yarn torque on twist density for an applied
tensile load of 30 MPa for a 36-m-diameter forest-drawn MWNT yarn. (C) The calculated
volume-averaged lateral pressure on MWNTs in a twistron yarn as a function of the twist density.
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Fig. S40.
Schematic diagram of the boost converter circuit, based on a Linear Technologies LTC3108
integrated circuit, which increased the output voltage of the twistron harvester. This circuit was
used for powering the green LED in Movie S2 when the harvester was stretched.
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Table S1.
Comparison of structure and performance for yarns twist-spun using different methods.
Measurements were conducted in 0.1 M HCl using a 1 Hz sinusoidal tensile strain of 30%
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Table S2.
Twistron performance compared with that for other solid-state mechanical energy
harvesters. When power is reported without indication of whether it is peak power or
average power, it is assumed to be peak power. If only average power is reported (72, 73,
76, 77), peak power was estimated by multiplying average power by a factor of 2 (and the
estimated peak power and the thereby derived peak power/frequency are listed in
parentheses). This calculation is equivalent to assuming a 50% duty cycle.

Ref.

Harvester Type

Harvester
Weight
(kg)

(Hz)

Peak
Power
(W/kg)

Peak Power/
Frequency
(J kg-1/cycle)

Frequency

Twistron

CNT

2.00 10-7

30

250

8.33

Twistron

CNT

2.00 10-7

10

200

20

Twistron

CNT

2.00 10-7

6

150

25

Twistron

CNT

2.00 10-7

1.25

50

40

(50)

Piezoelectric

1.95 10-5

0.3

60.9

203

(51)

Piezoelectric

1.27 10-14

0.5

4.37

8.74

(52)

Piezoelectric

2.71 10-2

30

1.94

6.46 10-2

(53)

Piezoelectric

4.00 10-3

147

1.42

9.63 10-3

(54)

Piezoelectric
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Piezoelectric
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Piezoelectric
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5.00 10-2
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Piezoelectric

1.98 10-16
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1.78 10-2
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5.00 10-3
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1.41 10-2

2.82 10-4

(63)

Electrostatic

1.04 10-1
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1.01 10-2

2.02 10-4

(64, 65)
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5.80 10-3

2
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Triboelectric
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1.58 10-3

5
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11.8

56

(69)

Triboelectric

2.60 10-4
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22.6

(70)

Triboelectric

7.00 10-3
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0.6
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Triboelectric

6.51 10-4

3

0.35
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-3
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to 0.113)
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5.33 10-2
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0.22

(340)
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0.3
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Dielectric Elastomer

3.50 10-4

3
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(77)

Dielectric Elastomer

4.83 10-5

1

(12)

(12)

(78)

Dielectric Elastomer

3.20 10-4

1.6

(11.3)

(7.06)

(79)

Dielectric Elastomer

(36)

Triboelectric

(72)

Triboelectric

(73)

Dielectric Elastomer

(74)

Dielectric Elastomer

(15, 75)

Dielectric Elastomer

(76)

2

0.39
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Movie S1.
Application of a twistron harvester for monitoring breathing. A pair of homochiral and
heterochiral carbon nanotube harvester yarns were sewn into a shirt, and overcoated with
gel electrolyte of 10 wt% PVA in 0.1M HCl. During breathing, the sensor stretched by
10%, producing 16 mV of voltage.
Movie S2.
Stretching a coiled CNT yarn (weighing 19.2 mg) to 13% strain at 0.5 Hz, using a 20%
duty square wave, powers a voltage boost converter (fig. S40), which enables the harvester
yarn to drive a green light-emitting diode.
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