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Mechanical energy harvesters with tensile 
efficiency of 17.4% and torsional efficiency of 
22.4% based on homochirally plied carbon 
nanotube yarns

Mengmeng Zhang1,7, Wenting Cai1,2,7, Zhong Wang    1, Shaoli Fang1, 
Runyu Zhang    3, Hongbing Lu3, Ali E. Aliev    1, Anvar A. Zakhidov1, Chi Huynh4, 
Enlai Gao    5, Jiyoung Oh1, Ji Hwan Moon6, Jong Woo Park6, Seon Jeong Kim    6 
& Ray H. Baughman    1 

Improved methods are needed for harvesting mechanical energy. Coiled 
carbon nanotube yarns, termed twistrons, use stretch-induced changes in 
electrochemical capacitance to convert mechanical energy to electricity. 
Elongation of the yarn produces such large lateral Poisson’s ratios that the 
yarns are highly stretch densified, which contributes to harvesting. Here 
we report plied twistrons, instead of coiled, which increase the energy 
conversion efficiency of the yarns from 7.6% to 17.4% for stretch and to 22.4% 
for twist. This is attributed to additional harvesting mechanisms by yarn 
stretch and lateral deformations. For harvesting between 2 and 120 Hz, our 
plied twistron has higher gravimetric peak power and average power than 
has been reported for non-twistron, material-based mechanical energy 
harvesters. We sew the twistrons into textiles for sensing and harvesting 
human motion, deploy them in salt water for harvesting ocean wave energy 
and use them to charge supercapacitors.

The world’s energy needs are so great and the consequences of exces-
sive fossil fuel use are so damaging that improved technologies are 
increasingly sought for harvesting solar, waste chemical, thermal and 
mechanical energies. While various new technologies are being devel-
oped for harvesting mechanical energy, the centuries-old technology 
of electromagnetic generators is principally deployed for large-scale 
energy harvesting. However, while electromagnetic harvesters perform 
wonderfully in hydropower stations and large windmills, their gravimet-
ric performance degrades when downsized for smaller-scale needs1,2. 
New or radically improved technologies3,4 for harvesting mechanical 

energy use triboelectric5–7, piezoelectric8,9, dielectric elastomer10,11, 
electrochemical capacitance12–17, electrostatic induction18 or moving 
ionic liquid19–23 effects.

One of the newest types of harvester is the twistron—so called 
because electricity is generated by the twist changes that result from 
either stretching a coiled carbon nanotube (CNT) yarn or twist inser-
tion into a twisted CNT yarn13,24. Stretch or twist insertion increases the 
yarn density, which decreases the electrochemically accessible surface 
area of a CNT yarn as electrochemical double layers are temporarily 
decreased by interlayer contact. These twistrons are automatically 
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understandable, since increasing the HOF increases the interaction 
between the electrochemical double layers on neighbouring nano-
tube bundles12. The energy per cycle decreases for a higher HOF yarn,  
probably because of an increase in bundling, which decreases the 
observed capacitance.

Before plying, this yarn underwent stretch cycles that increased 
the yarn strength (from 0.27–0.90 GPa), yarn modulus (from 2.8–
9.0 GPa) and CNT alignment and helped to stabilize the yarn against 
untwist (Supplementary Fig. 8). The highest harvester performance 
was obtained by plying, under a 22 MPa load, the three above yarns 
in the same twist direction as the initial yarn twist until immedi-
ately before the onset of plied yarn coiling (Supplementary Figs. 9 
and 10). Coiled yarns were fabricated from the same CNT yarns that 
were plied, by applying a 42 MPa tensile stress during the entire twist  
insertion process.

Figure 1a compares scanning electron microscope (SEM) images 
of a three-ply yarn and a coiled yarn. The yarn spring index is important 
for harvesting, which is (D − d)/d, where D is the outer yarn diameter 
and d is the diameter of an individual yarn when viewed on the yarn 
surface (Fig. 1a and Supplementary Fig. 11). Unless otherwise noted, 
performance-optimized three-ply yarn harvesters, having a spring 
index of ~1.1 and a coil bias angle of 47°, were used. These harvesters 
are called optimized ply structure (OPS) harvesters. The investigated 
performance-optimized coiled twistrons have a smaller spring index 
(0.4) and a larger coil bias angle (68°) than for OPS harvesters.

While an external inter-electrode bias voltage increases the 
injected charge that enables energy harvesting, there is no need to 
apply this external voltage for twistrons, since the required charge 
injection is automatically provided by the chemical potential difference 
between the electrolyte and the CNTs. The measured self-bias voltage 
for twistrons in 0.1 M aqueous HCl electrolyte (507 mV) is independ-
ent of twistron geometry. To characterize twistron performance, an 
electrochemical cell consisting of a twistron working electrode, a 
high-surface-area buckypaper counter electrode and an Ag/AgCl refer-
ence electrode are used (inset of Fig. 1b).

Effects of plied yarn chirality on harvesting
Without using a mandrel to prevent cancellation of oppositely directed 
twist, it is impossible to make a coiled guest-free heterochiral CNT 
yarn13,24. Contrastingly, a mandrel-free heterochiral plied yarn can 
be made, since the plied yarns act as a mandrel for each other after 
a critical degree of plying twist insertion. This is demonstrated by 
comparing the twist density dependencies of open-circuit potential 
(OCP) and capacitance for homochiral and heterochiral plying. While 
the OCP and capacitance of a homochiral yarn monotonically change 
with increasing or decreasing plying twist during homochiral plied 
yarn fabrication (Supplementary Fig. 12), the OCP for a heterochiral 
plied yarn first decreases with increasing plying twist density, due to 
partial cancellation of yarn twist with plying twist (Fig. 1e). Thereafter, 
the plied yarns are in such close contact that this contact serves as a 
mandrel to prevent further yarn untwist, thereby enabling the OCP to 
reach a minimum and thereafter increase (Fig. 1e). Since the OCP is the 
ratio of the injected charge to yarn capacitance, OCP and capacitance 
changes are oppositely directed. Unless otherwise mentioned, the 
applied tensile deformation of a twistron is sinusoidal.

Since heterochiral plying untwists the component yarns, this 
untwist decreases the capacitance change during harvesting and 
increases the maximum reversible tensile strain for the harvester. As 
a result of this decreased capacitance change, the open-circuit voltage 
(OCV) (102 mV) for a heterochiral plied harvester is much lower than 
for a homochiral plied harvester (265 mV) for a 40%, 1 Hz deformation 
(Fig. 1f and Supplementary Figs. 13 and 14). The OCV, average power and 
energy per cycle at maximum reversible deformation of a heterochiral 
plied twistron are much smaller than for a homochiral plied twistron 
for any applied stretch and frequency (Supplementary Fig. 14c,d).

charge injected by electron or hole donation from the electrolyte, due 
to the electrochemical potential difference between the CNT yarn and 
the surrounding electrolyte. Consequently, a twistron output voltage is 
generated by the mechanically induced capacitance changes resulting 
from this decrease in the electrochemically accessible surface area. As 
the electrochemical double-layer capacitance (C) decreases because 
of yarn densification, voltages (V) that enable energy harvesting are 
generated according to the equation Q = CV (where Q is the equilibrium 
injected charge).

Like for dielectric elastomer harvesters10,11, mechanical defor-
mation causes capacitance changes that generate voltage changes 
that enable energy harvesting. However, while thousand-volt applied 
bias voltages are typically used to obtain charge injection for dielec-
tric elastomer harvesters, no external power source is needed for 
this charge injection for electrochemical twistrons13. While no other 
material-based harvesting technology provided a higher reported 
peak power than twistron harvesters for stretch frequencies between 
0.1 and 30 Hz, the first-reported twistrons had an energy conversion 
efficiency of ~1.1%13 and the recently reported twistrons provide an 
energy conversion efficiency of no higher than 7.6%24. The goals are 
to dramatically increase the twistron energy conversion efficiency, 
demonstrate energy harvesting by lateral yarn deformation and better 
understand the origin of twistron harvesting.

The present advances result from transitioning from the previ-
ously used coiled twistrons to homochirally plied twistrons. While 
the plied yarns used in textiles largely deploy opposite handed-
ness of twist and plying to provide stability against untwist25, our 
highest-performance plied yarns have the same handedness of twist 
and plying. Hence, they are homochiral rather than heterochiral. We 
used these plied twistrons to demonstrate a tensile energy conver-
sion efficiency of up to 17.4%, which is 16.6 and 2.3 times that of the 
first-reported13 and recently reported coiled twistrons24, respectively. 
The presently obtained energy conversion efficiency for torsional 
energy harvesting was even higher: 22.4%. While trying to understand 
the origin of the high performance of plied twistrons, we discovered 
that lateral compression of various kinds of twistron yarns can gener-
ate electricity. Surprisingly, both stretching and laterally compressing 
a twistron harvester causes the capacitance to decrease. These plied 
twistrons can be uniaxially stretched by 40% at 50 Hz to generate a peak 
electrical power of 1,475 W kg−1 and an average power of 438 W kg−1. To 
obtain comparable performance at this frequency for previous coiled 
twistrons required either expensive thermal annealing at ~2,500 °C 
under tensile stress or the addition of reduced graphene oxide as a yarn 
guest24. The maximum energy per cycle during continuous cycling of 
these plied twistrons is 315 J kg−1 at 0.1 Hz, which is 2.5-fold that of pre-
vious guest-free, non-thermally treated twistrons at this frequency24. 
The energy per cycle for the plied twistrons is 80 J kg−1 at 2 Hz, which 
is 6.7-fold that previously reported26 for non-twistron, material-based 
harvesters for this or higher frequencies.

Plied twistron fabrication
Plied twistrons were made from twisted CNT yarns of ~90 µm diam-
eter that were fabricated by our cone-spinning process13. This involves 
drawing CNT sheets from a chemical-vapour-synthesized 220-µm-high 
CNT forest27, forming a cylinder from a stack of length-oriented sheet 
ribbons and twisting this cylinder under 42 MPa stress until just below 
the twist that initiates yarn coiling (Supplementary Figs. 1–4). Tensile 
stresses are normalized to the yarn’s cross-sectional area before the 
onset of coiling, or to n times this area when n yarns are plied (Sup-
plementary Fig. 5). Changing the inserted twist from the maximum 
pre-coiling twist or changing the applied stress for this twist inser-
tion for the precursor yarns from ~42 MPa degrades harvesting for 
three-ply twistrons (Supplementary Fig. 6). For this stress, the Her-
man’s orientation factor (HOF)28 for CNTs on the yarn surface was 0.63 
(Supplementary Fig. 7). Harvesting optimization for this high HOF is 
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Fig. 1 | Fabrication, SEM images and sinusoidal tensile deformation 
characterization of homochiral three-ply twisted yarn harvesters in  
0.1 M aqueous HCl electrolyte. a, Fabrication of a three-ply twisted yarn 
harvester involves cone spinning a CNT sheet, twist insertion to form a single 
twisted yarn whose strength and modulus are increased by dynamic stretch, and 
plying three twisted yarns. From left to right, for yarns having a yarn twist of 28 
turns per cm and a plying twist density of four and 16 turns per cm, respectively, 
SEM images of slightly plied yarn, fully plied yarn (with and without colours 
to identify individual plies) and a self-coiled harvester are shown. Scale bars, 
100 µm. b, Capacitance and OCP versus applied strain for the pictured three-ply 
yarn harvester. Inset, illustration of the electrochemical cell used for twistron 
characterization. c, Frequency dependencies of peak power, average power 
and energy per cycle for 40% stretch of the three-ply yarn harvester, with and 

without a coiled 25-µm-diameter Pt wire current collector. Inset, SEM image of 
a three-ply yarn harvester with incorporated Pt wire (scale bar, 100 µm). d, Peak 
power, average power and electrical energy per cycle during 40,000 sinusoidal, 
1 Hz cycles to 25% strain in 0.1 M HCl. Inset, output power versus time during 
stretch cycling for a 65 Ω load resistor. e, Plying twist dependencies of OCP and 
capacitance during heterochiral plied harvester fabrication. The arrows show 
the direction of twist density change. f, Time dependence of OCP for (top) the 
homochiral plied harvester (40% strain) compared with that for a homochiral 
self-coiled yarn for the same tensile deformation, and (bottom) the heterochiral 
three-ply yarn (50% strain) compared with that of a heterochiral rubber mandrel-
supported coiled yarn (80% strain; 0.5-cm-diameter rubber core mandrel). Inset, 
SEM images of a homochiral plied harvester (S twist) and a heterochiral plied 
harvester (Z twist) (scale bars, 100 µm).

http://www.nature.com/natureenergy


Nature Energy

Article https://doi.org/10.1038/s41560-022-01191-7

Quasi-homochiral yarns, in which not all component yarns have the 
same chirality as the chirality of plying, have lower harvesting than do 
fully homochiral plied yarns. For example, a quasi-homochiral three-ply 
harvester, in which one yarn has a different chirality, produced an OCV 
of 180 mV and a peak power of 128 W kg−1 when stretched to 40% strain 
at 1 Hz— values much lower than for a homochiral three-ply yarn har-
vester (Supplementary Fig. 15). This results in the poor performance 
of the quasi-homochiral harvester, since a stretch-induced decrease 
in the twist of plying increases the capacitance of yarn components 
having different handedness than the twist of plying. Unless otherwise 
mentioned, the described yarns are fully homochiral.

The harvesting of a three-ply homochiral yarn is higher than for 
homochiral plied yarns containing either higher or lower numbers of 
plied yarns (Supplementary Fig. 16). This optimized three-ply homo-
chiral yarn performance probably results from two effects. First, the 
capacitance decrease from lateral compression is larger for three-plied 
yarns than for two-plied yarns. Second, the spring index due to plying 
increases when larger numbers of yarns are plied together, reducing 
harvesting by reducing the capacitance contribution from coil twist 
to yarn twist conversion.

Energy and power generation by OPS harvesters
The OCV, output power and energy per cycle for an OPS harvester were 
measured from 0.01–60 Hz in 0.1 M HCl electrolyte (Fig. 1c and Supple-
mentary Fig. 17). For 40% stretch at 60 Hz, the peak and average power 
for the OPS harvester were 1,115 and 329 W kg−1, respectively, while the 
maximum output energy per cycle at 0.1 Hz reached 307 J kg−1 (Fig. 1c). 
To increase the output power and energy by decreasing the internal 
resistance, a 25-µm-diameter Pt wire was incorporated into the OPS 
harvester during plying (inset of Fig. 1c). This increased the peak and 
average power to 1,475 and 438 W kg−1, respectively, for a 40% strain at 
50 Hz. Moreover, the energy per cycle reached 315 J kg−1 for 0.1 Hz defor-
mation, which is 2.5-fold that of previous guest-free, non-thermally 
treated twistrons at this frequency24. For a 0.1 Hz deformation, replac-
ing the sinusoidal mechanical input with a square-wave input for a Pt 
wire-plied OPS harvester increased the load resistance-optimized peak 
power from 98–1,032 W kg−1 (Supplementary Fig. 18).

Energy harvesting in 0.1 M alkali metal chloride electrolytes is 
lower than for the HCl electrolyte for all investigated frequencies, 
due to the lower self-bias voltage and ionic conductivity of these 
electrolytes29 (Supplementary Figs. 19, 20 and 40). Nevertheless, a 
922 W kg−1 peak power and a 298 W kg−1 average power were obtained 
for an optimized LiCl electrolyte for sinusoidal deformation at 60 Hz 
(Supplementary Figs. 21 and 22). When a Pt wire was incorporated, the 
peak power, average power and energy per cycle for the OPS harvester 
in 0.1 M LiCl electrolyte were 1,340 W kg−1, 415 W kg−1 (at 50 Hz) and 
120.4 J kg−1 (at 0.5 Hz), respectively (Supplementary Fig. 22d). Since 
solution-spun CNT yarns have an almost identical conductivity to Pt 
wire30 and a very small capacitance, these yarns could replace expensive 
Pt wire for decreasing twistron resistance.

Due to insufficient time for energy collection and yarn struc-
ture equilibration, the peak power and average power decrease with 
increasing sinusoidal deformation frequencies above 60 Hz for har-
vesters stretched to 40% strain in 0.1 M HCl or 0.1 M LiCl electrolyte 
(Supplementary Fig. 22c and 23). Since electrolyte extrusion during 
stretch-induced densification is faster than electrolyte absorption 
during stretch–release, the ratio of energy harvested in 0.1 M HCl 
during stretch to that harvested during stretch–release approximately 
linearly increases with deformation frequency from 1.38 at 2 Hz to 23.1 
at 30 Hz, but is constant (about 1.38) below 0.1 Hz (Supplementary 
Fig. 24). Nevertheless, the peak power and average power for an OPS 
harvester in 0.1 M HCl reached 956 and 226 W kg−1 at 120 Hz, respec-
tively. For comparison, the highest previously reported peak powers 
for material-based harvesters at very high frequencies were 54 W kg−1 
at 60 Hz for a piezoelectric harvester31 and 0.84 W kg−1 at 34 Hz for a 

triboelectric harvester32. Harvester performance and morphology 
were maintained for the investigated 40,000 sinusoidal stretch cycles 
at 1 Hz to 25% strain in both aqueous HCl and LiCl electrolytes (Fig. 1d 
and Supplementary Figs. 25–27).

The maximum peak power and average power for our OPS har-
vester (328 and 108 W kg−1, respectively, for a 1 Hz, 40% strain) were 
about twice that for a coiled three-ply yarn harvester (168 and 54 W kg−1, 
respectively, for a 1 Hz, 60% strain) obtained by overtwisting a three- 
ply yarn (Supplementary Fig. 28). For comparison, a three-ply homo-
chiral harvester, in which each of the plies are coiled CNT yarns,  
provided an average power of only 30 W kg−1 for a 1 Hz, 75% stretch 
(Supplementary Fig. 29).

Energy conversion efficiency of OPS harvesters
From the ratio of the per-cycle output electrical energy to the per-cycle 
input mechanical energy, the mechanical-to-electrical energy conver-
sion efficiencies for the OPS harvesters were obtained for frequencies 
from 0.01–2 Hz. No differences were found in the input mechanical 
energies required for 0.1 M aqueous electrolytes of HCl, LiCl and NaCl, 
since these electrolytes have similar viscosities, which are relevant for 
electrolyte extrusion during stretch and reabsorption during stretch–
release. However, due to the higher ionic conductivity29 and OCV for 
the HCl electrolyte, the maximum energy conversion efficiency was 
much higher for the HCl electrolyte (14.0% at 0.1 Hz) than for the LiCl 
(4.8% at 0.5 Hz) and NaCl (2.0% at 1 Hz) electrolytes (Fig. 2a and Sup-
plementary Fig. 30). This 14.0% efficiency is much higher than was first 
reported13 and recently reported24 for coiled twistrons (1.05 and 4.66%, 
respectively). The input mechanical energy per cycle for the three-ply 
yarn harvester was much lower than for the coiled three-ply yarn har-
vester for sinusoidal deformation at any frequency to 40% strain (Fig. 
2b and Supplementary Fig. 31). As a result, the maximum energy con-
version efficiency (14.0% at 0.1 Hz) for the non-coiled three-ply yarn 
harvester was 5.8 times that for the coiled three-ply yarn harvester 
(2.4% at 0.02 Hz).

The energy conversion efficiency and output energy were 
increased by using our interrupted deformation harvesting (IDH) 
method, in which time intervals are inserted where harvesting is con-
ducted at one or more strain extremes, while the harvester is not being 
deformed. If IDH is applied for both strain extremes or only at the zero 
strain or maximum strain extremes, this is called the IDH0m, IDH0 or 
IDHm method, respectively. The time interval of IDH for the presently 
used sinusoidal deformations in 0.1 M HCl electrolyte is the measured 
interval for capturing nearly all of the electricity. By inserting a 15 s 
IDH0m during 0.1 Hz, 40% deformation of a Pt wire-plied OPS harvester, 
the harvested energy per cycle and the energy conversion efficiency 
were increased to 401 J kg−1 and 17.1%, respectively, compared with 
315 J kg−1 and 14.3% for continuous deformation (Fig. 2c and Supple-
mentary Fig. 32). Use of a 15 s IDH0m during a 0.1 Hz, 35% deformation 
increased the electrical energy per cycle to 356 J kg−1 and the energy 
conversion efficiency to 17.4%. Shorter interruption times (5 s) for 
IDH0m provided nearly the same harvested energy per cycle and energy 
conversion efficiency (Supplementary Fig. 33). Using a 2 s IDH0 at this 
frequency and strain eliminated the need for state latching, but the 
output energy per cycle and the energy conversion efficiency were 
decreased to 320 J kg−1 and 16.1%, respectively (Supplementary Figs. 
34 and 35).

The energy conversion efficiency was further increased for our 
three-ply OPS twistrons by replacing tensile energy harvesting with 
torsional energy harvesting. Isometrically uptwisting a 9.2-mm-long 
OPS harvester (having a plying twist of 16 turns per cm) by ten turns 
(10.8 turns per cm) generated an OCV of 184 mV and a correspond-
ing capacitance decrease of 36.4%, which are much higher than for 
uptwisting the plying twist of a three-ply heterochiral harvester (Sup-
plementary Figs. 36a and 37). The OCV rapidly increases and the aver-
age power-optimizing load resistance rapidly decreases with increasing 
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Fig. 2 | Characterization of the tensile and torsional energy conversion 
efficiencies of three-ply yarn twistrons. a, Frequency dependencies of the 
per-cycle input mechanical energy and output electrical energy, and the thereby 
derived energy conversion efficiency, for a 40% sinusoidal tensile deformation 
of a three-ply yarn harvester in HCl and LiCl electrolytes. b, Dependence of the 
output energy and energy conversion efficiency of a three-ply yarn at 0.1 Hz and a 
coiled three-ply yarn at 0.02 Hz on the input mechanical energy during sinusoidal 
stretch. The used frequencies maximize the output electrical energy and energy 
conversion efficiency. Inset, SEM image of a coiled three-ply yarn harvester (scale 
bar, 100 µm). c, Strain dependencies of per-cycle input mechanical energy and 
output electrical energy, and the energy conversion efficiency, of a three-ply 
yarn harvester sinusoidally stretched at 0.1 Hz in 0.1 M HCl electrolyte. d, Twist 

speed dependencies of peak power, average power and energy per cycle of a 
three-ply yarn harvester during isometric twist in 0.1 M HCl electrolyte. Inset, 
illustration of a three-ply yarn harvester during isometric twist. e, Dependencies 
of the per-cycle input mechanical energy, output electrical energy and energy 
conversion efficiency on the twist density used for torsional mechanical energy 
harvesting for a three-ply yarn harvester twisted isometrically at 12 r.p.m. The 
twistron length in d and e was 9.2 mm. f, Tensile energy conversion efficiency for 
the frequency of a sinusoidal twistron tensile deformation that maximizes this 
efficiency versus the average power at this frequency (solid symbols) and the 
torsional energy conversion efficiency for the twist speed of an isometric twist 
that maximizes this efficiency versus the average power at this twist speed (open 
symbols). rGO, reduced graphene oxide.
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twist speed until approximate plateaus at ~60 r.p.m. (Supplementary 
Fig. 36c). While the energy per cycle reaches a peak of 240 J kg−1 for a 
60 r.p.m. twist speed, the peak power and average power monotoni-
cally increase with twist speed until they reach maximum values of 163 
and 41 W kg−1, respectively, at the highest twist speed investigated, 
1,500 r.p.m. (Fig. 2d). The peak power, average power and energy 
per cycle for the OPS harvester were maintained for the investigated  
5,000 isometric twist cycles to 10.8 turns per cm at 120 r.p.m. (Sup-
plementary Fig. 36d).

Most importantly, the torsional energy conversion efficiency 
for the OPS harvester reached 19.0% for twist insertion at 12 r.p.m. 
(Supplementary Fig. 36e). This efficiency was increased to 20.4% by 
applying our interrupted deformation method to torsional energy 
harvesting. By extending harvesting for an optimized time of 40 s 
after twist insertion was completed and after twist removal ended, the 
per-cycle energy harvested was increased from 226–283 J kg−1 when 
using a 12 r.p.m. twist speed for 10.8 turns per cm of twist insertion 
and removal (Supplementary Fig. 38). The maximum efficiency for 
torsional energy harvesting, which is for a twist density change of 6.5 
turns per cm, increased from 20.4–22.4% (Fig. 2e). The Fig. 2f com-
parison of three-ply twistrons with prior-art twistrons13,24 shows that 
the simultaneously obtained combination of high-energy conversion 
efficiency and high average power makes the three-ply twistrons very 
attractive for applications. However, our presently realized maximum 
energy conversion efficiency is lower than has been reported at low 
frequencies for more mature technologies. For example, dielectric 
elastomer generators11 have a demonstrated energy conversion effi-
ciency of ~27% at low frequencies for an applied voltage of ~3 kV, and 
triboelectric harvesters33 have a demonstrated energy conversion 
efficiency of up to 85% at low frequencies.

Poisson’s ratio, density and lateral compression 
effects
Previous descriptions of stretch-induced twistron capacitance changes 
only considered the stretch-induced transfer of coiling twist to yarn 
twist, which cannot fully explain the capacitance changes that enable 
harvesting. However, Supplementary Fig. 39a shows that stretching a 
twisted yarn increases the yarn density and decreases the yarn capaci-
tance, even though this stretch decreases the yarn’s bias angle. The 
yarn’s Poisson’s ratio (ν) for a yarn direction stretch (dL/L) enables 
reliable calculation of stretch-induced yarn density changes, since 
the fractional change in yarn volume is (1–2 ν)dL/L. Hence, when this 
Poisson’s ratio exceeds 0.5, the yarn becomes stretch densified34,35, 
while most materials are stretch rarified.

Figure 3a shows the strain dependence of the OCV, the average 
Poisson’s ratio up to the indicated strain and the yarn’s density for a 
twisted CNT yarn having an initial bias angle of 33.3° and a twist density 
of 28 turns per cm. These results show that the average Poisson’s ratio 
increases from 1.18 for 1% strain to 1.40 for 5% strain, which causes 10.1% 
stretch-induced densification in going from 0–5% strain. This Poisson’s 
ratio effect causes the yarn density to increase from 1.19 g cm−3 at 0% 
strain to 1.31 g cm−3 at 5% strain, which produces an OCV of 45 mV. Using 
an identically made twistron, about the same yarn density change 
(from 1.18–1.31 g cm−3) and OCV (46 mV) are produced by isometrically 
increasing the twist by 2.7 turns per cm (Fig. 3a and Supplementary 
Fig. 39). Hence, these very different deformations of almost identical 
twisted yarns, up to their maximum reversible deformation, provide 
essentially the same OCV and density changes for stretch frequencies 
and twist rates at which OCV is shown to be rate insensitive (Fig. 3a and 
Supplementary Fig. 41).

In contrast with the large stretch-induced increase in Poisson’s 
ratio of twisted yarns, the Poisson’s ratios of a three-ply yarn and a 
coiled yarn only weakly depend on strain and remain 1.01 and 0.92, 
respectively, for elongations of up to 15% (Supplementary Fig. 42). 
This large Poisson’s ratio of the three-ply yarn harvester causes a 

density increase from 1.78 g cm−3 at 0% strain to 2.10 g cm−3 at 15% strain  
(Fig. 3b). This density increase for the three-ply yarn was larger than 
for the coiled yarn, whose density was 1.91 g cm−3 at 0% strain, resulting 
in a higher OCV for three-ply yarns than coiled yarns for either a given 
strain or a given percentage density change (Supplementary Fig. 42).

Published work on twistrons has only considered harvesting by 
mechanically elongating a yarn or changing the yarn twist13. We now 
show that lateral compression of either a twisted, plied or coiled CNT 
yarn produces capacitance changes and resulting OCVs that generate 
electricity. These yarns were subjected to yarn thickness direction 
compression while under constant yarn direction tensile strain. Figure 
3c shows that such uniaxial compression, using up to ~7 MPa pres-
sure (normalized to the midpoint cross-sectional area of a parallel 
array of undeformed twistron yarns), produces reversible capacitance 
decreases that generate OCVs of 48, 37 and 20 mV for three-ply, twisted 
and coiled yarn, respectively.

The lateral inter-ply compression that results from yarn stretch 
is sufficiently high to eliminate the interior inter-ply void space when 
the tensile strain is increased to 15% (Fig. 3e and Supplementary Figs. 
43 and 44). This compression contributes to the surprisingly higher 
energy harvesting for a given stretch for a homochiral plied yarn than 
for a homochiral coiled yarn (Fig. 1f and Supplementary Figs. 45–47). 
When slowly stretched from 0–40% strain, the capacitance of an OPS 
harvester decreased from 7.9 to 4.4 F g−1 and the OCP increased from 
350–615 mV (Fig. 1b and Supplementary Fig. 48). In contrast, this slow 
stretch of a comparable homochiral coiled twistron decreased the 
capacitance from 5.1 to 3.3 F g−1 and increased the OCP from 372–552 mV 
(Supplementary Fig. 45).

Also, density increases due to inter-ply compression can contrib-
ute to the following differences between heterochiral yarns that are 
coiled or plied. Stretching a heterochiral coiled yarn decreases the 
twist of coiling, which produces a decrease in the yarn twist and a cor-
responding increase in the capacitance and decrease in the OCP13 (Fig. 
1f). While stretching a heterochiral plied yarn also provides the same 
transfer of the coiling twist to oppositely directed yarn twist, a hetero-
chiral plied yarn decreases in capacitance and increases in OCP (Fig. 1f). 
This can be explained if stretch-induced inter-ply compression for the 
plied yarn is overwhelming the stretch-induced density decrease due 
to transfer of coil twist to component yarns with opposite yarn twist.

For a coiled yarn, stretch deformation only induces an increase in 
the twist of coiling, which produces an increase in the yarn twist and a 
corresponding decrease in the capacitance and increase in the OCV. In 
contrast, stretching a three-ply yarn not only provides transfer of coil-
ing twist to yarn twist, but also provides high lateral inter-ply compres-
sion (as evidenced by the X-ray tomography images of Fig. 3e), thereby 
further decreasing the capacitance and resulting in a higher increase in 
OCV. Therefore, the inter-ply compression and large Poisson’s ratio of 
a three-ply yarn contribute a higher density increase for a given strain 
than for a coiled yarn. This enables the three-ply yarn harvesters to 
provide a larger capacitance decrease, and to therefore provide higher 
energy harvesting and higher energy conversion efficiency compared 
with the coiled yarn harvesters.

For various types of deformation-induced capacitance changes, 
a simple equation predicts the open-circuit voltage at strain ε, OCVε, 
when only the harvesting electrode (with charge Q) changes poten-
tial and the OCVε is zero for zero deformation. This expression is 
OCVε = Q(Cε

−1 − C0
−1) = −(Q/C0)(ΔC/Cε), where C0 and Cε are the capaci-

tances at zero and ε deformations, respectively, and ΔC = C0 − Cε. The 
equilibrium Q/C0 should equal the self-bias voltage, which Supplemen-
tary Fig. 49a shows to be about the same for twisted, coiled and plied 
CNT yarns after 40 min of exposure to the 0.1 M HCl electrolyte that is 
needed for bias voltage equilibration. Consequently, it is not surpris-
ing that the OCVε values for torsional, tensile or lateral deformation 
of twisted, coiled or plied yarns roughly coincide when plotted versus 
ΔC/Cε (Fig. 3d and Supplementary Fig. 49b). Supplementary Fig. 49c 
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illustrates the origin of the capacitance decrease and potential magni-
tude increase for a stretched homochiral plied harvester.

Applications of three-ply yarn harvesters
For potential use for harvesting ocean wave energy, an OPS harvester 
was characterized between −4 and 60 °C in 0.6 M aqueous NaCl, which 
is similar to seawater12. While the generated OCV and the potential of 
zero charge for the OPS harvester changed negligibly with temperature 
(Supplementary Fig. 50), the energy per cycle for a 1 Hz, 40% sinusoidal 

deformation varied by 25.6%, probably due to the temperature depend-
ence of ionic conductivity36 (Fig. 4a). For a common ocean surface 
temperature of ~15 °C, the OPS harvester provided an average power 
of 27 W kg−1 for a 1 Hz, 40% tensile strain. To further demonstrate wave 
energy harvesting, an OPS harvester weighing 0.15 mg and a coun-
ter electrode were immersed in 0.6 M aqueous NaCl electrolyte in an 
aquarium. The OPS harvester was attached between a balloon and the 
aquarium bottom. By simulating waves of ~0.85 Hz, the OPS harvester 
electrode provided an average power of 16.9 W kg−1 for approximately 
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Fig. 3 | Dependencies of OCV on strain, yarn density, lateral pressure and 
the ratio of capacitance change to the capacitance for a given deformation. 
a, Top, strain dependencies of OCV, Poisson’s ratio and yarn density when 
continuously stretching a twisted yarn at a lower strain rate (1% per second) 
than is required for the OCV to become rate insensitive. The Poisson’s ratio at a 
particular strain is the average value of Poisson’s ratio up to that strain. Bottom, 
for tensile stretch at 1 Hz and isometric twist at 161° cm−1 s−1, the dependencies of 
the peak OCV, percentage capacitance decrease and ratio of capacitance change 
to capacitance for a given deformation on the percentage yarn density increase 
of twisted yarns are shown. b, Dependencies of OCV (for a sinusoidal stretch at 
a frequency (1 Hz) that is sufficiently low that the OCV is strain rate insensitive), 
static capacitances and Poisson’s ratios for twisted, coiled and three-ply yarn 

harvesters on the static density. c, Dependencies of OCV and capacitance 
decrease for twisted, coiled and three-ply yarn harvesters on the applied lateral 
pressure. The harvesters were wrapped on a ceramic plate with a pore diameter of 
~10 µm, and an identical porous plate was used to apply pressure. d, Dependence 
of OCV for twisted (squares), coiled (circles) and plied yarn (triangles) twistrons 
on the ratio of capacitance change to capacitance for a given deformation. The 
applied twistron deformations included tensile stretch, lateral compression 
and isometric twist insertion to increase the initial twist. Inset, magnified-
scale results for the congested data region within the dashed-line box. e, X-ray 
tomography images of the cross-sections of nearly identical three-ply yarn 
harvesters for 0, 5, 10 and 15% stretch (scale bars, 50 µm). The interior inter-ply 
void space disappeared when the three-ply harvester was stretched to 15%.
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Fig. 4 | Applications and comparisons of performance with literature 
results. a, Least squares linear fits of the temperature dependencies of peak 
power and energy per cycle for 1 Hz, 40% sinusoidal strain of a three-ply yarn 
harvester in 0.6 M NaCl electrolyte. b, Time dependence of harvested power for 
the experiment in the inset to simulate the harvesting of turbulent water flow. 
The output power is for a 0.15-mg, three-ply yarn harvester when the water flow 
velocity was switched from 0.21–0.62 m s−1 at ~1.4 Hz. c, Flow velocity dependence 
of the generated plateau OCV for a 31.6-mm-long three-ply yarn harvester when 
used as a self-powered air-flow velocity sensor in 0.6 M NaCl/10 wt% poly(vinyl 
alcohol) gel electrolyte. The device configuration is shown in Supplementary 
Fig. 52. Inset, time dependence of the generated OCV for different air-flow 
velocities. d, Time dependence of the generated voltage (middle) and output 
power (bottom) of a 35-mm-long, three-ply yarn harvester working electrode 
(WE) and a 40-mm-long counter electrode (CE) when sewn into a cotton textile 

as an elbow support for arm bending. Both electrodes used a 0.1 M LiCl/10 wt% 
poly(vinyl alcohol) gel electrolyte. Top, photographs taken before (left) and after 
arm bending (right) from 0–90°. The green lines are scale bars (2 mm). e, OCV 
and peak short circuit current (SCC) for a 1 Hz, 15% sinusoidal strain when three-
ply yarn harvesters are connected in series or in parallel in 0.1 M LiCl electrolyte. 
f, Voltage versus time profile when charging a 220 µF supercapacitor to 1.6 V by 
stretching a 3.2 mg harvester array to 30% strain at 1 Hz when using the passive 
boost converter circuit shown in Supplementary Fig. 57. Inset, photograph of a 
1.5 V digital temperature/humidity monitor (with a 2.8 inch liquid-crystal display) 
powered by the energy in the supercapacitor. g,h, Comparison of gravimetric 
peak power (g) and peak power/frequency (h) versus frequency for our plied 
harvesters and for piezoelectric (PZ), electrostatic (ES), triboelectric (TEG) and 
dielectric elastomer (DEG) harvesters, where the solid and open symbols are for 
pulsed and non-pulsed deformation, respectively.
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20% strain (Supplementary Fig. 51). In addition, the plied twistron was 
used to harvest turbulent water flow energy and provided a comparable 
average power (15.2 W kg−1) as for wave energy harvesting (Fig. 4b). 
Figure 4c shows that the OCV generated by a 31.6-mm-long, three-ply 
yarn harvester increased linearly with increasing air-flow velocity when 
this harvester was used as a self-powered air-flow sensor (Supplemen-
tary Fig. 52).

Figure 4d and Supplementary Fig. 54 show the application of 
textile-sewn, solid-state plied twistrons (Supplementary Fig. 53) as a 
harvester and a self-powered sensor for arm bending. When the arm 
was bent from 0–130°, which increased the length of the 3.5-cm-long 
twistron in the arm patch by ~28%, the voltage generated across a 
load resistance (108 Ω) was ~63 mV. Each bending cycle generated a 
gravimetric peak power of 38 W kg−1 and a gravimetric average power 
of 11.3 W kg−1 when normalized to the CNT weight in the twistron har-
vester (Fig. 4d). Supplementary Fig. 55 shows the dependencies of 
OCV and the ratio of OCV to tensile stress or tensile strain on tensile 
stress or tensile strain.

Figure 4e shows the scalability of twistron output to provide 
increased voltages or currents by placing plied twistrons in series or 
in parallel, respectively. The gravimetric power and energy output 
are barely affected by upscaling twistron harvesters into a harvesting 
array (Supplementary Fig. 56). The use of a 3.20-mg harvester array to 
charge a supercapacitor for powering a digital temperature/humidity 
monitor, an electronic watch and five parallel LEDs (Fig. 4f and Sup-
plementary Fig. 57) was demonstrated. When using a harvester with a 
seesaw structure, in which two identical three-ply yarns were used as 
the working electrode and counter electrode, almost the same peak 
power and average power were obtained as for a single plied yarn 
twistron, when normalized to the total weight of these two electrodes 
(Supplementary Fig. 58). This demonstration is important, since it 
shows that we can obtain roughly the same gravimetric output power 
and energy when this energy is based on either the weight of a single 
harvesting electrode or the weight of two harvesting electrodes. Also 
relevant for applications, the ionic conductivity of the HCl electrolyte 
is sufficiently high that the peak power and average power for an OPS 
harvester is insensitive to the separation between harvesting electrode 
and counter electrode in at least the range of between 9 and 112 mm 
for a deformation frequency of 1 Hz (Supplementary Fig. 59). Also, our 
plied twistrons can be used in strong base electrolytes, which means 
that the sign of the injected charge and the OCV can be reversed by 
changing the pH of the electrolyte (Supplementary Fig. 60).

Conclusions
For harvesting between 2 and 120 Hz, our OPS harvesters have 
higher gravimetric peak power and average power and higher 
frequency-normalized peak power and average power compared with 
previously reported non-twistron, materials-based harvesters (Fig. 
4g,h, Supplementary Fig. 61 and Supplementary Tables 1 and 2). How-
ever, at lower frequencies, the reported average power of a triboelectric 
harvester37 exceeds that of the twistron by 16% at a frequency of 1 Hz 
and the reported average power of a dielectric elastomer harvester11 
exceeds that of a twistron by up to 217% for frequencies below 0.5 Hz. 
Our OPS harvesters generated a peak power of 1,475 W kg−1 and an aver-
age power of 438 W kg−1 when cycled at 50 Hz, and provided a maximum 
energy per cycle of 401 J kg−1. More importantly, the OPS harvesters 
provide an energy conversion efficiency of up to 17.4% for tensile energy 
harvesting and up to 22.4% for torsional energy harvesting, compared 
with the previously reported twistron record of 7.6% for both tensile and 
torsional energy harvesting, which was for thermally treated, reduced 
graphene oxide-incorporated coiled twistrons. While previous work has 
shown harvesting by yarn stretch and yarn twist, we show that energy 
harvesting also results for lateral yarn compression, and provide evi-
dence that stretch-induced lateral compression contributes to the out-
standing performance of plied twistrons. However, a problem remains. 

Until twistron harvesters can be upscaled commercially (using either 
CNTs or a less expensive high-strength, high-capacitance material) 
twistrons are not commercially competitive on a cost-per-watt-hour 
basis for large-scale applications requiring high-power output  
per application.

Methods
Fabrication of plied harvesters
Precursor twisted CNT yarns were fabricated by cone spinning13. This 
involves drawing sheets of highly oriented CNTs from a 220-µm-high 
CNT forest, forming an approximately 6.6-mm-diameter cylinder 
from a stack of 15–20 layers of ~20-mm-wide sheet ribbons, so that the 
CNTs are oriented in the cylinder direction, and inserting twist under 
a constant tensile load. For this selected cylinder diameter, the mass 
per length of the cylinder was ~44 µg cm−1, which corresponds to 20 
sheet layers having an areal sheet density of ~22 µg cm−2. The precur-
sor twisted yarns were twisted under a 42 MPa load until just below 
the onset of coiling. This stress and the inserted pre-plying twist of 28 
turns per cm for the used ~90 µm yarn diameter produces a yarn with 
a HOF of 0.63, as measured by CNT orientation on the yarn surface. 
Before plying, this yarn was cycled ~30 times from the pre-coiling 
strain up to a final strain that was eventually 10% longer than the initial 
length, which increased the CNT alignment to a HOF of 0.69, increased 
the yarn’s strength from ~0.27–0.90 GPa and increased yarn stability 
against untwist (Supplementary Information). The twist applied dur-
ing plying (16 turns per cm relative to the non-plied yarn length) was 
the maximum twist that could be inserted under the applied 22 MPa 
load before the plied yarns began to coil. The same plying stress per 
ply was used, independent of the number of plies. The investigated 
coiled yarns were fabricated using the same forest type used for mak-
ing plied yarns and the same cone-spinning method. However, these 
coiled yarns were fabricated using the 42 MPa stress for both twist 
insertion and coiling. Unless otherwise mentioned, the described yarns  
were homochiral.

Electrochemical characterization of harvester performance
To characterize twistron performance, a three-electrode electrochemi-
cal system was used, with a twistron as the working electrode and an 
Ag/AgCl reference electrode (inset of Fig. 1b). Unless otherwise noted, 
the counter electrode was a high-surface-area buckypaper wrapped 
Pt mesh, the electrolyte used was 0.1 M aqueous HCl and the applied 
tensile deformation was sinusoidal. The OCP, OCV, short-circuit cur-
rent (SCC) and harvester’s capacitance were measured using an elec-
trochemical workstation (Model 3000; Gamry Instruments). Unless 
otherwise noted, the OCV and SCC during a cyclic deformation are 
the peak inter-electrode voltage and peak inter-electrode current, 
respectively, during this deformation. The OCP of the twistron har-
vester electrode is the OCP relative to the reference electrode in the 
electrochemical cell and the OCV is the open-circuit voltage between 
the working and counter electrode. The OCP is of fundamental impor-
tance for understanding, while the OCV is of more practical impor-
tance. A small potential range (0.3–0.6 V versus Ag/AgCl) was used 
for cyclic voltammetry measurements of electrode capacitance to 
avoid a redox reaction. The potential scan rate was 50 mV s−1. Unless 
otherwise noted, the peak power, average power and per-cycle energy 
were measured using an external load resistor that maximized the 
average power. These metrics were normalized with respect to the 
weight of the energy-harvesting CNTs in the harvester. The 0% strain 
for length direction harvesting is defined as the minimum strain that 
prevents yarn snarling. The potential of zero charge was measured 
using piezoelectrochemical spectroscopy13.

Data availability
All of the data generated in this study are included in the published 
Article and its Supplementary Information.
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Supplementary Figure 1. The cone spinning method for fabricating twisted yarns. Illustration of carbon 

nanotube (CNT) yarn twist insertion by cone spinning1. 
 

 

Supplementary Figure 2. The dependence of 3-ply, homochiral yarn harvesting on the height of the 

CNT forest used for fabricating the precursor twisted CNT yarns. a, The dependence of peak power, 

open-circuit voltage (OCV), and capacitance decrease for 3-ply yarn harvesters on the height of the CNT 

forest used for fabricating the precursor twisted CNT yarns that are plied. b, The forest-height dependence 

of yarn-direction electrical resistance and the load resistance that maximizes the average output power for 

3-ply yarn harvesters. The harvesters were sinusoidally stretched to 40% strain at 1 Hz in 0.1 M aqueous 

HCl electrolyte. Supplementary Fig. 2 shows that the performance of 3-ply twistron harvesters depends on 

the height of the forest used for making the precursor twisted yarns. This dependence results from the method 

used for varying forest height, which is by changing the forest growth time. The forest height should not be 

too high, since the number of propagating CNTs decreases with increasing forest growth time and this 

decreases forest density and forest alignment2,3. These effects should decrease the Herman’s orientation 
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factor (HOF) of the forest-drawn sheets and derived CNT yarns, thereby decreasing the inter-bundle double 

layer interactions that provide harvesting4. This height should also not be too low, since Supplementary Fig. 

2b shows that the harvester’s resistance increases for forest heights below about 200 µm. Because of these 

considerations, a forest height of 220 µm was used for harvester fabrication. In this work, the described 

twistrons used forests of approximately 9-nm-diameter MWNTs that had about 6 layers, which were grown 

by using the referenced chemical vapor deposition (CVD) method. Since use of few-walled nanotubes 

(FWNTs) increased nanotube bundling, which decreased capacitance and mechanically-induced capacitance 

changes, we found no benefit in transiting from these MWNTs to the more difficulty produced FWNT forests. 

As an alternative to CVD, we also investigated the floating catalyst CVD method of Windle (FCCVD) for 

the production of coiled MWNT yarns. Without synthesis or process optimization, these FCCVD yarns 

drawn from a FCCVD aerogel provided a gravimetric peak power and average power of about 1/3 that of 

those obtained by mechanical drawn from a CVD produced forest. This result, when improved by yarn 

density and alignment optimization, might be commercially important, since the FCCVD CNTs might be 

cheaper to produce than CVD-grown CNT forests. We also investigated for twistron harvesting a CNT yarn 

made by the solution spinning method of Pasquali. While these solution-spun yarns provided extremely high 

strength and conductivity due to their high CNT alignment, CNT bundling that resulted from this high 

alignment dramatically reduced electrochemical capacitance to about 50 mF g-1. Hence, very low twistron 

harvesting resulted. 

 

 

Supplementary Figure 3. The dependence of harvesting performance of 3-ply yarn harvesters on the 

mass per length of stacked sheets drawn from forests. (a) The dependencies of OCV, peak power, and 

energy per cycle and (b) the average power optimizing load resistance and the average power for 3-ply yarn 

harvesters on the mass per length of the forest-drawn CNT sheets stack and the number of CNT sheets in the 

stack that were used for fabricating the plied yarns. These results, which are for twistrons prepared using 

optimized conditions for pre-plying twist insertion and plying, were obtained by stretching the 3-ply 

harvesters by 40% at 1 Hz in 0.1 M HCl electrolyte. The number of CNT sheet layers and the width of the 

component forest-drawn CNT sheets used for cone spinning were chosen to maximize the output power and 
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energy per cycle for the 3-ply yarn harvesters. For optimizing performance, a stack of 15 to 20 layers of 

about 20-mm-wide sheet ribbons (having a mass-per-length of about 44 µg cm-1) was formed into an 

approximately 6.6-mm-diameter cylinder for cone-spinning of the twisted yarns. 

 

 
Supplementary Figure 4. The dependence of the OCV of non-plied, non-coiled twisted yarns on twist 

density and stretch strain. a, The OCV obtained by stretching twisted, non-plied, non-coiled twistrons to 

the maximum pre-failure strain, as a function of the twist density and stress used for fabricating the twisted 

yarn. The last data point in each curve corresponds to the maximum pre-coiling twist density. b, The tensile 

strain dependence of the OCV obtained by stretching the twistrons of (a) that had the maximum pre-coiling 

inserted twist for different applied stresses. Supplementary Fig. 4a shows the OCV reached the maximum 

when the yarn twist density was just below the onset of coiling for each applied stress during yarn twist. By 

using an applied stress of 42 MPa during yarn twist, the resulting yarn with a twist density of 28 turns cm-1 

provided the highest OCV when stretched to maximum strain. Supplementary Fig. 4b shows the tensile strain 

dependence of OCV for yarns that were twist inserted to immediately below the onset of coiling, while 

different stresses were applied. When the applied stress during yarn twist increased from 10 to 88 MPa, the 

maximum stretch of the twisted yarns decreased from 15% to 5%. The OCV was maximized for a yarn that 

was twisted by 28 turns cm-1, while under an applied stress of 42 MPa. For maximizing the OCV of 3-ply 

yarn harvesters, twisted yarns with 28 turns cm-1 were plied for the fabrication of optimized-ply-structure 

(OPS) twistrons. 
 
  



5 
 

 

Supplementary Figure 5. For homochiral plied yarn fabrication, the dependence of the isobaric tensile 

stress used for plying and the final plied yarn outer diameter on the number of plied yarns. For all 

experiments, the same pre-plying stress was applied during isobaric twist insertion to make the yarns that 

are plied (about 22 MPa, when normalized using the area calculated from the final twisted yarn diameter, 90 

µm). 
 

 
Supplementary Figure 6. The dependence of the harvesting performance of 3-ply yarn harvesters on 

pre-plying twist density and applied stress during twist (before plying). For a 1 Hz sinusoidal stretch to 

the maximum reversible strain, the dependencies of peak power, OCV, and capacitance decrease of 3-ply 

yarn harvesters on (a) the twist density of the yarns being plied and (b) the applied stress during pre-plying 

twist insertion. The 3-ply yarns were made by using the optimized conditions for plying: an applied stress 

of 22 MPa and a twist of plying that was just below the twist required for coiling the plied yarn. 

Supplementary Fig. 6 shows that the OCV and peak power of 3-ply yarn harvesters in 0.1 M HCl aqueous 

electrolyte were optimized when an applied stress of 42 MPa and a corresponding pre-coiling twist density 

of 28 turns cm-1 were used for making the precursor twisted yarns. 
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Supplementary Figure 7. The optimization of CNT alignment (Herman’s orientation factor) during 

individual yarn twist. a, Relevant for understanding the effects of the stress used for precursor twisted yarn 

preparation on the structure and performance of 3-ply twistrons, scanning electron microscope (SEM) 

images (scale bar: 2 µm) and corresponding fast Fourier transforms (FFT) of twisted yarns made using 

different applied stress during twist insertion. b, The HOF of the precursor yarns made using different applied 

stresses, when measured before and after dynamic stretching. c, The capacitance decrease, output average 

power, and energy per cycle for 3-ply yarn harvesters that were sinusoidally stretched at 1 Hz to maximum 

reversible strain, as a function of the HOF of the precursor dynamically cycled twisted yarn. Supplementary 

Fig. 7 shows that the performance of 3-ply twistrons depends upon the HOF of the precursor twisted yarns, 

which increases after the dynamic stretch process. While the capacitance decrease, average power, and 

energy per cycle are maximized for a HOF of about 0.69, these performance metrics dramatically decrease 

for a higher HOF. This decrease is due to increased CNT bundling, which decreases the accessible 

electrochemical surface area and capacitance4. 
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Supplementary Figure 8. The illustration, microstructures, and mechanical properties of twisted yarns 

before and after dynamic stretch, and the resulting harvester performance of plied yarns containing 

these twisted yarns. a, Illustration of the dynamic stretch process. b, Low-magnification SEM images (scale 

bars: 10 µm), high-magnification SEM images, and corresponding FFT images of a twisted yarn before and 

after dynamic stretch. c, Tensile stress-strain curves for a twisted yarn before and after the dynamic stretch 

process. d, The tensile strain dependence of OCV and average power for a 1 Hz, sinusoidal deformation of 

3-ply yarn harvesters made by plying yarns that were either dynamically stretched or not dynamically 

stretched. Supplementary Fig. 8 provides information on the dynamic stretch process and its effect on the 

precursor twisted yarns used for making harvesters. During the dynamic stretch process, a twisted yarn was 

stretched at 1 Hz to near the maximum pre-failure strain for about 30 cycles, during which the pre-failure 

strain increased to about 10%. This process increased tensile strength and modulus (Supplementary Fig. 8c), 

increased CNT alignment (Supplementary Fig. 8b), and partially stabilized the yarn against untwist. More 

specifically, this process increased the failure stress to 0.90 GPa and the modulus to 9.0 GPa, compared to 

the initial 0.27 and 2.8 GPa, respectively, but caused little change in the failure strain. In addition, the 

harvesting performance for 3-ply yarn harvester was increased when the precursor twisted yarns underwent 

dynamic stretch (Supplementary Fig. 8d). 
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Supplementary Figure 9. Using optimized pre-plying fabrication, the dependence of harvester 

performance on plying conditions and resulting spring index when sinusoidally stretching 3-ply yarn 

harvesters at 1 Hz to the maximum reversible strain, or to an indicated strain, in 0.1 M HCl electrolyte. 

a, The dependencies of peak power, OCV, and capacitance decrease on the stress during plying and the 

resulting SEM-measured spring index. b, The dependencies of average power, plied yarn outer diameter, and 

maximum reversible strain on the stress applied during plying. c, The dependencies of peak power, OCV, 

and capacitance decrease on the twist density during plying using a 22 MPa stress. Inset: SEM image of a 3-

ply yarn with a twist density of 16 turns cm-1 and a helix bias angle (β) of 47.0°, which is colored to show 

individual plies (scale bar, 100 µm). d, The tensile-strain dependence of the OCV and the average power for 

a 3-ply yarn harvester that had a twist of plying that was just below the plying twist that caused coiling, 

compared with that for a 3-ply yarn harvester in which 12% of plying twist was removed. The results for (a, 

b, d) are for plied yarns that were twisted to just below the plying twist that causes coiling and the results of 

(c), up to the peak in performance, were for non-coiled plied yarns. Thereafter, for higher twist that produced 

coiling, the performance metrics decreased. Supplementary Fig. 9a shows that 3-ply harvester performance 

was maximized when the stress applied during plying was 22 MPa and the inserted plying twist was just 

below the plying twist that initiates coiling. Using these optimized parameters, the 3-ply yarn harvester has 

a spring index of 1.06, a helix bias angle of 47.0°, and an outer diameter of 171 µm (Supplementary Fig. 9b). 

The data in Supplementary Fig. 9c shows that a lower or higher plying twist than the maximum pre-coiling 

twist decreases harvesting. Similarly, 5%, 8%, or 12% (Supplementary Fig. 9d) untwist of the plying twist 
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for a 3-ply yarn also degrades harvesting to an extent that increases with increasing untwist. These results 

contrast with those obtained by untwisting a fully coiled harvester, where partial removal of the twist of 

coiling results in an OCV and average power that are 1.4 times values obtained for the fully twisted coiled 

yarn1. 

 

 
Supplementary Figure 10. The dependence of outer diameter and bias angle of 3-ply yarn harvesters 

on twist density during plying. a, SEM images during 3-ply homochiral plying to produce twist densities 

of plying of 4, 10, 12 and 16 turns cm-1 (scale bar: 100 µm). b, The plied yarn outer diameter and helix bias 

angle as a function of the twist density of plying, for plying twist densities up to the twist density that initiates 

coiling of the plied yarn. The precursor twisted yarns had a diameter of 90 µm, a bias angle of 33.3°, and a 

twist density of 28 turns cm-1. The SEM images and data of Supplementary Fig. 10 show that increasing the 

twist of plying decreases the diameter of a 3-ply yarn and increases the bias angle that component yarns 

make with the length direction of the plied yarn. When the twist density of plying was increased from 4 to 

16 turns cm-1, the outer diameter for the 3-ply yarn harvesters approximately linearly decreased from 186 to 

171 µm and the helix bias angle increased from 6.2 to 47.0°.  
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Supplementary Figure 11. Structure of an OPS harvester before and after stretch. SEM images of an 

OPS harvester that was either stretched only to the extent that yarn snarling was avoided (left) or stretched 

to a 20% higher strain (right). As a consequence of this stretch, the outer diameter of the plied yarn decreased 

from 171 to 157 µm (scale bar: 100 µm).  

 

 
Supplementary Figure 12. The dependencies of the open-circuit potential (OCP) and capacitance on 

the twist inserted during homochirally plying three 90-µm-diameter twisted CNT yarns in 0.1 M 

aqueous HCl. The isobaric tensile stress applied during plying was 22 MPa and the speed of twist insertion 

and removal from the 4-cm-long yarn was 60 revolutions per minute (rpm). 
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Supplementary Figure 13. The electrical response of an OPS harvester during sinusoidal tensile 

deformation. The time-dependencies of the tensile strain, the OCV, and the short-circuit current (SCC) of 

an OPS harvester when stretched sinusoidally to 40% strain at 1 Hz in 0.1 M HCl electrolyte.  

 

 

Supplementary Figure 14. The dependencies of structure, OCV, and average power on yarn chirality 

for 3-ply yarn harvesters. a, SEM images of a non-stretched and a 20% stretched heterochiral 3-ply yarn 

harvester (scale bar: 100 µm). Non-stretched means that only the strain needed to avoid snarling was applied. 
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b, The capacitance curves of the heterochiral 3-ply yarn harvester for 0% and 50% tensile strain. c, The strain 

dependencies of OCV and average power for the homochiral plied harvester and the heterochiral plied 

harvester for a 1 Hz sinusoidal deformation. d, The dependencies of average power and energy per cycle on 

stretch frequency for 3-ply homochiral and heterochiral harvesters that were stretched to the maximum 

reversible strain. The electrolyte used was 0.1 M aqueous HCl. The results of Supplementary Fig. 14 show 

that, for any tensile strain or deformation frequency, 3-ply yarn harvesters provide much higher performance 

when they are homochiral than when they are heterochiral. 
 

 
Supplementary Figure 15. The dependence of harvester performance on the relative chirality of plied 

yarns in a 3-ply yarn harvester that is operated in 0.1 M HCl electrolyte. a, SEM images (top, scale bar: 

100 µm) and the twist configurations (bottom) for a homochiral plied harvester and a quasi-homochiral plied 

harvester in which one of the plied yarns has a different chirality than the other two plied yarns and the 

chirality of plying. Note that the surface-measured diameter of the anticlockwise twisted yarn is much larger 

that for the two yarns having the same twist direction as the plying twist. For the homochiral harvester and 

the quasi-homochiral harvester, the tensile strain dependence for a 1-Hz sinusoidal stretch, of (b) OCV and 

peak power and (c) average power. d, The peak voltage and peak power versus load resistance for the 

homochiral harvester and the quasi-homochiral harvester for a 40% sinusoidal stretch at 1 Hz. 
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Supplementary Figure 16. Ply number optimization for maximizing harvesting performance. The ply 

number dependence of (a) the capacitance decrease, OCV, and peak power; (b) the average power, energy 

per cycle, and load resistance for maximizing average power and energy per cycle; and (c) the potential of 

zero charge (PZC). The harvesting was for sinusoidal stretch to maximum reversible strain at 1 Hz in a 0.1 

M aqueous HCl electrolyte and the PZC measurements were in both 0.1 M aqueous HCl and 0.1 M LiCl 

electrolytes. d, X-ray tomography images (scale bar: 100 µm) for a non-stretched two-ply yarn harvester. 

The lateral compression is smaller when two yarns are plied than when three yarns are plied, which results 

in a smaller capacitance decrease and a lower power and energy output for the two-ply yarn harvester than 

the 3-ply yarn harvester (Supplementary Fig. 43).  

 

 

Supplementary Figure 17. The frequency dependencies of OCV and average power for 40% sinusoidal 

strain of an OPS harvester in 0.1 M aqueous HCl electrolyte. 
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Supplementary Figure 18. The frequency dependencies of peak and average output power and energy 

per cycle for 40% strain of a Pt-wire-plied OPS harvester when stretched in 0.1 M aqueous HCl 

electrolyte using a square-wave deformation. a, The frequency dependencies of peak power, average 

power, and energy per cycle for an OPS harvester. The used load resistance maximized the peak power at 

the chosen frequency. b, The frequency dependencies of the energy per cycle and the average power for an 

OPS harvester when the used load resistance at each frequency maximized these quantities. 

 

 
Supplementary Figure 19. The capacitance, peak power, and average power for OPS harvesters when 

sinusoidally stretched to 40% strain in aqueous chloride electrolytes having differing cation ionic radii. 
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a, The self-bias voltage dependence of the capacitance for 0% strain and the peak power and average power 

for a 1 Hz deformation. The frequency dependencies of (b) average power, (c) peak power, and (d) energy 

per cycle for the OPS harvesters in 0.1 M aqueous electrolytes of HCl, LiCl, NaCl, KCl and CsCl. 

 

 
Supplementary Figure 20. PZC characterization for a 3-ply yarn harvester in aqueous chloride 

electrolytes having different ionic radii cations. The self-bias voltage dependence of the PZC of a 3-ply 

yarn harvester. Inset: Cyclic voltammograms (scan rate: 30 mV s-1) with (red) and without (black) a 3-Hz 

applied sinusoidal stretch of 10% strain in 0.1 M HCl electrolyte. The values of PZC were measured using 

piezoelectrochemical spectroscopy1. 
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Supplementary Figure 21. The dependence of harvester performance on electrolyte concentration for 

a 1 Hz, 40% deformation of an OPS harvester in aqueous LiCl electrolyte. a, The concentration 

dependence of the capacitance for 0% strain, the stretch-produced capacitance decrease (%), and the OCV 

for the OPS harvester. b, The concentration dependencies of the peak voltage, the load resistance that 

maximizes the average power, and the average power. c, The concentration dependencies of the peak power, 

average power, and energy per cycle. d, The concentration dependencies of the energy per cycle, energy 

during stretch, and energy during release.  
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Supplementary Figure 22. The performance of an OPS harvester when sinusoidally stretched in 0.1 

M aqueous LiCl electrolyte. a, The strain dependence of OCV and percent capacitance decrease for an OPS 

harvester stretched at 1 Hz. b, The frequency dependencies of OCV and peak power for 40% deformation. 

c, The log-scale frequency dependencies of peak power, average power, and energy per cycle for 40% 

deformation. d, The frequency dependencies of peak power, average power and energy per cycle for 40% 

sinusoidal strain of an OPS harvester containing a plied Pt wire. Inset: SEM image of a 3-ply yarn harvester 

with an incorporated 25-µm-diameter Pt wire (scale bar: 100 µm). 

 

 
Supplementary Figure 23. The frequency dependencies of peak power, average power, and energy 

per cycle for an OPS harvester when stretched in 0.1 M aqueous HCl electrolyte to 40% strain. 
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Supplementary Figure 24. The energy harvested during stretch and during stretch release for a 40% 

sinusoidal deformation of an OPS twistron in 0.1 M HCl electrolyte. a, The log-scale frequency 

dependence of the total energy harvested per cycle, the harvested energy during stretch, and the harvested 

energy during stretch release. b, The frequency dependencies of the ratio of the output energy during stretch 

to the output energy during stretch release, the output energy during stretch, and the output energy during 

stretch release. Inset: The time dependence of the gravimetric power for an OPS harvester for a sinusoidal 

stretch at 0.1 Hz. The red areas and blue areas under the power curves are the energy output during stretch 

and stretch release, respectively. 

 

 
Supplementary Figure 25. The long-term stability of OPS harvester performance during cycling in 

HCl and LiCl aqueous electrolytes. a, The stability during cycling of the generated OCV of an OPS 

harvester in 0.1 M HCl electrolyte during over 40,000 sinusoidal stretch cycles to 25% strain at 1 Hz. Inset: 

The generated OCV of the OPS harvester during the final 10 stretch cycles. b, The peak power, average 

power, and electrical energy per cycle for the OPS harvester in 0.1 M LiCl during 40,000 sinusoidal 1 Hz 

cycles to 25% strain. Inset: The time dependence of output power during stretch cycling for a 94 Ω load 

resistance. 
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Supplementary Figure 26. The stability of tensile stress and structure of OPS harvesters during cycling 

in an aqueous HCl electrolyte. a, Mechanical stability is indicated by the reproducibility of the peak tensile 

stress of a 3-ply yarn harvester during 40,000 sinusoidal stretch-release cycles to 25% strain at 1 Hz in 0.1 

M HCl aqueous electrolyte. Inset: The stretch cycle dependence of tensile stress for the 3-ply yarn harvester 

during initial and final stretch cycles. b, SEM image of a 3-ply yarn harvester after applying 5 turns of 

unplying after the above 40,000 cycles. Panels (c) and (d) are high magnification images of the areas shown 

in (b). Area 1 and area 2 are the outer and inner surfaces of the yarn for regions without and with inter-ply 

contact, respectively. 
 

 
Supplementary Figure 27. The stability of PZC and self-bias voltage during cycling of OPS harvesters 

in an aqueous HCl electrolyte. a, The potential of zero charge (PZC) of the 3-ply yarn harvester after the 

investigated sinusoidal stretch-release cycles, measured using piezoelectrochemical spectroscopy for a 

sinusoidal 3 Hz stretch to 10%. b, The self-bias voltage of the 3-ply yarn harvester after the end of 0, 10,000, 

20,000, 30,000, and 40,000 sinusoidal stretch-release cycles in which the 3-ply yarn harvester was stretched 

to 20% strain at 3 Hz in 0.1 M HCl electrolyte. The result for the non-cycled yarn shows the charging time 

from initial insertion into the electrolyte. 
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Supplementary Figure 28. Comparison of the structure and output power of a 3-ply twisted yarn 

harvester and a coiled 3-ply yarn harvester. a, SEM images of a 3-ply twisted yarn harvester (left) and a 

coiled 3-ply yarn harvester (right) (scale bar: 100 µm). b, The peak power and average power for the 3-ply 

twisted yarn harvester and the coiled 3-ply yarn harvester. The output power was obtained by stretching the 

harvesters to maximum reversible strain at 1 Hz in 0.1 M HCl electrolyte.  

 

 
Supplementary Figure 29. Comparison of harvester performance for a plied twisted yarn and a plied 

coiled yarn, wherein the same diameter precursor twisted yarns were used, so the outer diameter of 

the plied coiled yarn (330 µm) was much larger than for the plied twisted yarn (171 µm). a, Cyclic 

voltammetry curves at 5 mV s-1, 20 mV s-1, and 50 mV s-1 scan rate for 0% strain of a 3-ply coiled yarn 

harvester (dash line) and a 3-ply twisted yarn harvester (solid line) in 0.1 M aqueous HCl electrolyte. Inset: 

SEM images of a plied coiled yarn (left, scale bar: 50 µm) and this yarn after removing 40% of the plying 

twist (right, scale bar: 200 µm), so that the plies become easier to see. b, The OCV and average power versus 
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tensile strain for the 3-ply coiled yarn harvester and the 3-ply twisted yarn harvester in 0.1 M aqueous HCl 

electrolyte.  

 

  
Supplementary Figure 30. The applied tensile stress and stress-strain curves during sinusoidal-wave 

harvesting, the thereby generated voltage across an external load resistance that optimizes average 

power, and the output power for an OPS harvester in 0.1 M HCl electrolyte during this 0.1 Hz 

sinusoidal deformation. a, The time dependence of tensile stress for 40% sinusoidal strain of an OPS 

harvester. b, The stress-strain curves for the above deformation of the OPS harvester. The mechanical energy 

inputted (the blue area) in one stretch cycle is 2186 J kg-1. c, The time dependence of the generated voltage 

across an external load resistance of 196 Ω when the OPS harvester was sinusoidally stretched to 40% strain 

at 0.1 Hz. d, The output electrical power versus time for the deformation and load resistance used for (c). 

The red areas under the power curves are the energy output during the deformation cycles. The output energy 

per stretch cycle is 307 J kg-1, and resulting energy conversion efficiency for the OPS harvester is 14.0%.  
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Supplementary Figure 31. The input mechanical energy, output electrical energy, and energy 

conversion efficiency of a 3-ply yarn harvester and a coiled 3-ply yarn harvester for a wide frequency 

range. a, Stress-strain curves for 40% strain and 60% strain of a coiled 3-ply yarn harvester in 0.1 M HCl 

electrolyte during a 1-Hz-sinusoidal-stretch cycle. b, The input mechanical energy per cycle versus stretch 

frequency for a coiled 3-ply yarn harvester (40% strain and 60% strain) and a 3-ply twisted yarn harvester 

(40% strain) in 0.1 M HCl electrolyte. c, The output electrical energy versus stretch frequency for the 

maximum reversible strain of a coiled 3-ply yarn harvester and a 3-ply twisted yarn harvester in 0.1 M HCl 

electrolyte. d, The energy conversion efficiency versus frequency for the maximum reversible strain of a 

coiled 3-ply yarn harvester and a 3-ply twisted yarn harvester. 
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Supplementary Figure 32. Comparison of the harvesting performance of an OPS harvester under 

continuous and interrupted (IDH0m) deformations. The time dependence of (a) tensile strain, (c) the 

generated voltage across an external load resistance, and (e) the output power for a Pt-wire-wrapped OPS 

harvester during continuous 0.1-Hz sinusoidal deformation and (b, d, f) during 15s-interrupted 0.1-Hz 

sinusoidal deformation (15s-IDH0m). The load resistances used for maximizing average power were 196 Ω 

for continuous deformation and 180 Ω for interrupted deformation. 
 

 
Supplementary Figure 33. Optimizing the time interval where energy is harvested but the twistron is 

not deformed in order to maximize the energy conversion efficiency. For IDH0m type interrupted 

deformation harvesting, the interval time dependencies of input mechanical energy per cycle, output 

electrical energy per cycle, and energy conversion efficiency for a 0.1 Hz, 40% strain of a Pt-wire-wrapped 

OPS harvester. 
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Supplementary Figure 34. Comparison of the harvesting performance of an OPS harvester under 

continuous and interrupted (IDH0) deformations. The time dependence of the OCV, the voltage across 

an external load resistor, the output power, and the output energy for an OPS harvester during (a) a 

continuous 25%, 1 Hz sinusoidal stretch and (b) a 25%, 1 Hz, sinusoidal stretch that is interrupted by IDH0 

4s intervals, where deformation is prohibited and harvesting is allowed. A 0.1 M aqueous HCl electrolyte 

was used. 
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Supplementary Figure 35. The effect of inter-cycle harvesting time for IDH0 on the average power and 

energy per cycle for 40% strain of a Pt-wire-wrapped OPS harvester in 0.1 M aqueous HCl. The 

dependence of average power on the inter-cycle harvesting time for (a) a 0.1 Hz sinusoidal deformation and 

(b) a 1 Hz sinusoidal deformation. c, Comparison of the stretch frequency dependence of energy per cycle 

for continuous sinusoidal deformation and an 8s-interrupted sinusoidal deformation (8s-IDH0). The 

dependencies of input mechanical energy per cycle, output electrical energy per cycle, and energy conversion 

efficiency on (d) the deformation interruption time between 0.1 Hz sinusoidal deformation cycles, (e) the 

deformation frequency, and (f) the tensile strain for an 8s deformation interruption time. 
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Supplementary Figure 36. Torsional mechanical energy harvesting by isometrically twisting and 

untwisting a 3-ply, 9.2-mm-long OPS harvester in 0.1 M aqueous HCl electrolyte. a, The OCP and 

capacitance for an OPS harvester as a function of the inserted twist density during harvesting using isometric 

twist and untwist at 60 rpm. Inset: Illustration of an OPS harvester during isometric (constant length) twist 

and untwist. b, The time dependence of the number of turns and resulting OCV (top) and the output power 

(bottom) for the OPS harvester during isometric twist and untwist at 120 rpm. The red areas under the power 

curves are the generated electrical energy. c, The OCV and corresponding output-energy-maximizing load 

resistance versus twist speed for the OPS harvester that is undergoing 10.8 turns cm-1 of isometric twist 

insertion and removal. d, The peak power, average power, and output energy per cycle for 10.8 turns cm-1 

change in twist density as a function of cycles, showing that performance was maintained for the investigated 

5,000 twist cycles at 120 rpm. e, The twist speed dependencies of per-cycle input mechanical energy, 
output energy per cycle, and energy conversion efficiency for a 3-ply yarn harvester. f, The dependence 
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of torque on twist angle for the OPS harvester during twist insertion at 60 rpm. The consumed mechanical 

energy (indicated by the red area) during one twist cycle is 1995 J kg-1. 
 

 
Supplementary Figure 37. Torsional energy harvesting by isometrically up-twisting the plying twist 

for a homochiral and heterochiral 3-ply yarn harvesters in 0.1 M HCl electrolyte. a, The OCP and 

capacitance for a heterochiral 3-ply yarn harvester during isometric twist and untwist at 1.67 turns cm-1 s-1. 

b, The time dependencies of twist density and OCV for a 9.2-mm-long homochiral harvester (top) and a 6.0-

mm-long heterochiral harvester (bottom) during torsional harvesting using a twist speed of 120 rpm. Since 

these harvesters are kept at constant length when up-twisted during torsional harvesting, they do not coil. 

Inset: SEM images of a homochiral 3-ply yarn harvester and a heterochiral 3-ply yarn harvester (scale bar: 

100 µm). The twist-speed dependence of (c) OCV and (d) peak power for the homochiral harvester and the 

heterochiral harvester during 10.8 and 10.0 turns cm-1 isometric twist.  
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Supplementary Figure 38. Application of interrupted deformation harvesting (IDH0m) for increasing 

the conversion of torsional mechanical energy to electricity during isometric twist and untwist. The 

time dependencies of twist density and output power for an OPS harvester during (a) continuous twist and 

untwist cycles and (b) for cycles having interrupted torsional deformation, where harvesting is conducted 

for 40 s after the maximum and minimum twist levels are reached. During harvesting, the OPS twistron was 

first up-twisted in the plying twist direction and then down-twisted by the same amount in the opposite 

direction. The harvester was 9.2-mm-long and the twist speed was 12 rpm. 
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Supplementary Figure 39. The dependencies of peak OCV, Poisson’s ratio, bias angle, and yarn density 

on 1 Hz sinusoidal reversible tensile strain and on additionally-inserted twist density (at 161º cm-1 s-1) 

for 28 turns cm-1 twisted yarns in 0.1 M aqueous HCl electrolyte. a, The dependencies of yarn density, 

capacitance, and bias angle on applied tensile strain for the twisted yarn. b, The dependencies of OCV, bias 

angle, and yarn density on isometrically inserted twist density for a 22.3-mm-long, 102-µm-diameter twisted 

yarn, having an initial twist of 28 turns cm-1. The direction of isometric twist insertion (at 60 rpm) was the 

same as that for yarn twist and the added twist density is normalized to the initial length of the twisted yarn. 

The top x-axis shows the observed percent volume contraction for each of the twist densities shown on the 

bottom x-axis. The dependencies of OCV, capacitance change, and capacitance for the twisted yarn on (c) 

yarn density and on (d) the percent yarn density increase, when the yarn was either axially stretched or 

isometrically twisted. e, The dependencies of OCV and percent yarn density increase for the twisted yarns 

on the ratio of percent capacitance decrease to the capacitance for a given deformation. f, The dependencies 



30 
 

of bias angle and percent diameter decrease for the twisted yarns on yarn density. For investigating the effect 

of densification caused by the yarn’s Poisson’s ratio on harvesting, a non-coiled yarn with 28 turns cm-1 of 

twist was stretched to the maximum reversible strain. The average Poisson’s ratio, for going between zero 

strain and the applied strain, increased from 1.18 for 1% strain to 1.40 for 5% strain. These tensile strains 

produced stretch-induced densification (of 1.4% and 9.2%, respectively) (Fig. 3a), rather than decreasing 

density like for most materials. As a result of this Poisson ratio effect, the yarn density increased from 1.19 

g cm-3 at 0% strain to 1.31 g cm-3 at 5% strain, which produced a capacitance change of 8.0% and an OCV 

of 45 mV (Supplementary Fig. 39a). This tensile strain also decreased the yarn’s bias angle from 33.3° to 

22.9°, corresponding to a yarn diameter decrease of 7.0% (Supplementary Fig. 39f). As shown by 

Supplementary Fig. 39c, this tensile stretch provides an OCV that approximately linearly depends on the 

change in yarn density. A nearly identical dependence of OCV on percent change in yarn density is obtained 

for isometric twist insertion and for yarn stretch (Supplementary Fig. 39d). This nearly identical behavior 

does not result from similar changes in bias angle with twist insertion and stretch, since the OCV increases 

with increasing bias angle for isometric twist insertion and the OCV increases with decreasing bias angle for 

tensile deformation. Furthermore, this increasing bias angle during twist insertion increases yarn density, 

while this decreasing bias angle during stretch is associated with stretch densification. More specifically, 

when the twist in a 28 turns cm-1 non-coiled yarn was isometrically increased by 2.7 turns cm-1, the bias 

angle of the yarn increased from 34.4° to 41.5° and the yarn density increased from 1.18 to 1.31 g cm-3, 

corresponding to a volume contraction of 9.3% and a yarn diameter decrease of 4.8% (Supplementary Fig. 

39f). As a result of this yarn densification at a twist speed of 60 rpm, the OCV of the twisted yarn increased 

by 46 mV. On the other hand, elongating a similar yarn by 5% decreased the yarn’s bias angle from 33.3° to 

22.9° and increased the yarn density from 1.19 to 1.31 g cm-3, corresponding to a volume contraction of 

9.2%, which produced an OCV of 45 mV. 
 

 
Supplementary Figure 40. The OCV as a function of frequency and time for a 3-ply yarn harvester. a, 

The frequency dependence of OCV for the OPS harvesters when sinusoidally stretched to 40% tensile strain 

in 0.1 M aqueous electrolytes of HCl, LiCl, NaCl, KCl and CsCl. b, The time dependencies of tensile strain 

and OCV for the OPS harvester deformed by a square-wave stretch in 0.1 M HCl electrolyte. Since OCV = 

Q/C1-Q/C2 = (C2-C1)Q/C1C2, the initial increase of OCV at very low frequencies in Supplementary Fig. 40a 
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can be explained by an increased stretch-induced capacitance change at higher frequencies. This is because 

at higher frequencies, there is not sufficient time for charges to redistribute on the yarn to minimize the 

capacitance decrease caused by inter-bundle contact, so the stretch-induced capacitance change is larger. 

Consistent with this hypothesis, Supplementary Fig. 40b shows that the OCV for a square-wave stretch 

decreases with increasing post-stretch time. On the other hand, at very high frequencies, the capacitance 

decreases with increasing frequency and there is not sufficient time for electrolyte extrusion from the yarn. 

This latter dependence is basically due to the strain rate dependence of twistron volume change, which can 

be rephrased as the effective frequency dependence of the Poisson’s ratio of an electrolyte filled yarn in an 

electrolyte bath.  

 

 
Supplementary Figure 41. The effect of stretch frequency and twist speed on the OCV for a twisted 

yarn that is in an aqueous HCl electrolyte. a, The frequency dependence of OCV for 5% sinusoidal 

reversible strain of a twisted CNT yarn. b, The twist speed dependence of OCV for an identically made 22.3-

mm-long twisted yarn that is up twisted by 2.7 turns cm-1. Inset: The capacitance and OCP for the twisted 

yarn during twist insertion and twist removal at 60 rpm. The electrolyte used was 0.1 M aqueous HCl. 
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Supplementary Figure 42. The average Poisson’s ratio, density, OCV, and capacitance of twisted, 

coiled, and 3-ply yarn harvesters when statically stretched. a, The dependence of average Poisson’s ratio 

and density on tensile strain. The Poisson’s ratios (ν) for 3-ply yarns and coiled yarns were calculated using 

the equation: dV/V = (1-2 ν)dL/L, where dV/V is the volume change for a given stretch of dL/L. The densities 

of 3-ply yarns and coiled yarns were calculated from the cross-sectional area of harvesters, obtained from 

X-ray tomography images. b, The dependence of OCV and percent density increase on tensile strain. c, The 

dependence of OCV and capacitance decrease (%) on percent density increase when harvesters were 

stretched. d, The dependence of OCV and capacitance decrease on density when harvesters were stretched.  

 

 
Supplementary Figure 43. Cross-sectional images along the length of a non-stretched 3-ply yarn 

harvester. (a, b, c, d) Typical X-ray tomography images (scale bar: 50 µm) of yarn cross-section along the 
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length of a torsionally-tethered, non-stretched 3-ply yarn harvester. The cross-sectional area of the 3-ply yarn 

harvester is about 2.85 10-2 mm2. The average density of the 3-ply non-stretched harvester is 1.76 g cm-3 

when the inter-ply hole volume is included and 1.78 g cm-3 when this hole volume is excluded. 

 

 
Supplementary Figure 44. The yarn volume, hole area, and yarn density of a 3-ply yarn harvester 

when stretched at different strains. a, The dependence of plied yarn volume and percent volume decrease 

on tensile strain for a 6.1-mm-long, 0.31-mg-weight 3-ply yarn harvester. b, The ratio of hole area to yarn 

area, and the hole area as a function of applied tensile strain for the plied harvester. c, The strain dependence 

in air of the static density and the static percent density increase, as well as the OCV (for a 1 Hz sinusoidal 

strain) for the plied yarn in 0.1 M HCl electrolyte. d, The dependence of OCV, capacitance decrease, and 

capacitance on the density of the plied yarn when stretched. The hole isn’t considered in the calculation of 

plied yarn volume and density for (c, d).  

 



34 
 

 

Supplementary Figure 45. The capacitance and OCP of a coiled yarn harvester in 0.1 M HCl 

electrolyte versus applied strain for 1 Hz sinusoidal stretch-release cycles to the indicated strains. 

 

 

Supplementary Figure 46. Cross-sectional images along the length of a non-stretched coiled yarn. (a, 

b, c, d) Typical X-ray tomography images (scale bar: 50 µm) of yarn cross-section along the length of a 

torsionally-tethered, non-stretched coiled yarn harvester. The cross-sectional area of the coiled yarn harvester 

is about 1.13 10-2 mm2. The measured density of this 4.8-mm-long, 0.104-mg-weight coiled yarn is about 

1.91 g cm- 3. 
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Supplementary Figure 47. Cross-sectional images of a coiled yarn when stretched to different strains. 

X-ray tomography images (scale bar: 50 µm) of the cross-sectional view of coiled yarn harvesters for 0% 

(a), 10% (b) and 15% (c) tensile stretch. 

 

 

Supplementary Figure 48. Cyclic voltammetry curves of an OPS harvester in 0.1 M aqueous HCl 

electrolyte for 0% strain and 40% strain when the potential scan rate is 50 mV s-1. 
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Supplementary Figure 49. The self-bias voltage at 0% tensile strain, the OCV as a function of 

capacitance for various deformations, and illustration of the electrochemical energy harvesting 

mechanism. a, The time dependence of self-bias voltage for plied, coiled, and non-coiled twisted yarns in 

0.1 M HCl electrolyte. Inset: Result showing the negligible dependence of PZC on CNT twistron geometry. 

b, The OCV for tensile, lateral compressive, and torsional deformation of plied, coiled, and non-coiled 

twisted yarns as a function of deformation-induced capacitance. c, Illustration of the energy harvesting 

mechanism for a plied twistron harvester when stretched in the electrolyte. This shows the effect of yarn 

stretch on redistributing the charge from two nearby nanotubes to two nanotubes that are contacting. In this 

schematic illustration, we have kept the pictured net charge constant. Hence, if the net charge is constant, 

while the electrochemically accessible surface area is decreased (corresponding to a capacitance decrease), 

then the magnitude of the open-circuit electrode potential increases. This change is - (Q/C0) (ΔC/(C0-ΔC)), 

where Q is the injected charge from the electrolyte, C0 and Cε are the capacitances at zero and ε deformations, 

respectively, and where ΔC = C0-Cε. 

 

 



37 
 

 
Supplementary Figure 50. The dependence of harvesting performance of an OPS harvester on 

temperature. a, The temperature dependencies of OCV, average power, and average-power-maximizing 

load resistance for a 40%, 1 Hz sinusoidal deformation of an OPS harvester in 0.6 M aqueous NaCl 

electrolyte. These results indicate that our OPS harvesters can operate over wide temperature ranges in 

oceans. b, The negligible dependence of PZC on temperature. Insert: Cyclic voltammograms (scan rate: 
30 mV s-1) for an OPS harvester in the above electrolyte (~25°C) either with or without a 3-Hz, 10% 

sinusoidal stretch. These results indicate that the PZC of the OPS harvester in 0.6 M NaCl electrolyte is -32 

mV (relative to Ag/AgCl).  

 

 
Supplementary Figure 51. The use of a ~10-cm-diameter balloon floating on the surface of salt water 

to harvest mechanical energy from the balloon’s motion. The wave motion was artificially generated by 

periodically immersing at 0.8 Hz a foam plunger into the 0.6 M NaCl salt water bath. The pictured time 

dependence of output power is for a 0.15-mg-weight 3-ply yarn harvester. 
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Supplementary Figure 52. The use of a 3-ply yarn harvester as a self-powered flow sensor for 

monitoring the velocity of air flow. Inset: a 31.6-mm-long 3-ply yarn harvester working electrode was 

connected to a piston rod, and mechanically limited to <20% strain. The flowing air contacts a 3.5-cm-

diameter circular disk, whose movement stretches the twistron that is contained in a 1.5-cm-diameter 

electrolyte container. The electrolyte was a 0.6 M NaCl/10-wt%-PVA gel. The time dependence of generated 

OCV is plotted for different velocities of air flow. 

 

 
Supplementary Figure 53. The nearly identical OCV, peak voltage, and peak power for an OPS 

harvester stretched at 1 Hz in 0.1 M LiCl aqueous and gel electrolytes. a, The OCV for 40% strain of an 

OPS harvester stretched in 0.1 M aqueous LiCl electrolyte and 0.1 M LiCl-10-wt%-PVA gel electrolyte. b, 

The peak voltage and peak power as a function of the load resistance for an OPS harvester that was 

sinusoidally stretched to 40% strain. To eliminate the need for a liquid electrolyte bath, we fabricated an OPS 

harvester that used a polyvinyl alcohol (PVA) gel electrolyte (0.1 M LiCl/10 wt% PVA). A single twisted, 

non-coiled yarn (10 turns cm-1) was used as the counter electrode and placed in parallel near the OPS 

harvester. The OPS harvester in 0.1 M LiCl/10-wt%-PVA solid gel provided an almost identical OCV and 
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output power as when operated in 0.1 M LiCl solution. This advance allows our harvesters to operate in air 

to convert various mechanical motions into electrical energy.  

 

 
Supplementary Figure 54. The use of the OPS harvesters as wearable, self-powered strain sensors for 

monitoring human arm motion. A 35-mm-long 3-ply yarn harvester working electrode and a 40-mm-long 

counter electrode (10 turns cm-1) were sewn into a cotton textile as an elbow support for arm bending. Both 

electrodes were overcoated with a solid electrolyte of 0.1 M LiCl/10-wt%-PVA gel, which connects the two 

electrodes. The time dependence of the generated OCV for different angles of arm bending. The insets show 

a photograph taken during arm bending by 60°. Figure 4d and Supplementary Fig. 54 show the application 

of the all-solid-state OPS harvester of Supplementary Fig. 53 as a harvester and a sensor of arm motion. 

Both the harvesting OPS electrode and a single twisted yarn (10 turns cm-1) counter electrode were first hand 

sewn in-parallel along the arm direction of a cotton elbow brace, and then jointly overcoated with a solid 

electrolyte (0.1 M LiCl/10-wt%-PVA gel). While the harvesting electrode was sewn into the textile in a 

largely straight configuration, with firmly tethered ends, the non-harvesting counter electrode was sewn in a 

zigzag pattern with non-tethered ends, so that it was little deformed during arm bending. When the arm bent 

to 30°, the OPS harvester generated an OCV of ~30 mV. Upon further bending, the OCV monotonically 

increased to provide an OCV of 130 mV at an arm bending angle of 120°.  

 

 
Supplementary Figure 55. The generated OCV of a 3-ply yarn harvester as a function of tensile stress 

and tensile strain. The dependencies of (a) the OCV and the ratio of OCV to tensile stress on tensile stress 
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and (b) the OCV and the ratio of OCV to tensile strain on tensile strain for a 0.05 Hz, 40% strain sinusoidal 

stretch-release cycle. The used electrolyte was 0.1 M aqueous HCl. 

 

 
Supplementary Figure 56. The output power and energy per cycle for OPS harvesters connected in 

series and in parallel. The peak power, average power, and energy per cycle for a 1 Hz, 15% tensile strain 

of the OPS harvesters connected in series (a, b) and in parallel (c, d). Gravimetric and absolute performance 

for the OPS harvesters are shown in (a, c) and (b, d), respectively. The volumetric peak power, average 

power, and energy per cycle for a 1 Hz, 30% cyclic tensile strain of the OPS harvesters connected in series 

(e) and in parallel (f). Separate electrochemical cells were used for each OPS harvester. The electrolyte was 

0.1 M aqueous LiCl electrolyte and applied stretch was sinusoidal. For twistron harvesters, the equivalent 
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internal impedance can be qualitatively described by a simple R-C model. The total electrical impedance of 

twistron harvesters is Zharvester = Rinternal + 1/(jωC), where Rinternal is internal resistance of the twistron yarn, j 

is √−1 , ω is the angular frequency, and C is the electric double-layer capacitance. Connecting twistron 
harvesters in parallel will proportionally reduce the Rinternal and proportionally increase the C in this R-C 

circuit, so the total electrical impedance of the system is proportionally decreased by increasing the number 

of twistron harvesters that are connected in parallel. Though the output voltage is not changed by connecting 

harvesters in parallel, the proportionally decreased total electrical impedance will proportionally increase 

the output current. Hence, the gravimetric power and energy output are little affected by upscaling the 

network by placing equivalent twistron harvesters in parallel.  

 

 

Supplementary Figure 57. The use of an integrated harvester array to charge a supercapacitor and 

power various electronic devices. a, The generated OCV for 1 Hz, 30% sinusoidal stretch of four 2.2-cm-

long, 0.80-mg-weight 3-ply yarn harvesters connected in series. b, The time dependence of the rectified 

voltage obtained using a Schottky diode full-bridge rectifier. c, Photograph of the integrated booster 

converter circuit. d, Photograph of a plied CNT yarn harvester array that comprises four 0.80-mg, 2.2-cm-

long, plied CNT yarn harvesters. Four twisted yarns with a twist density of 10 turns cm-1 were used as counter 

electrodes. e, Illustration of the integrated boost converter circuit. f, Supercapacitor voltage versus time 

during charging a 220-µF supercapacitor to 2.8 V by using the boost converter circuit of (c). The charged 
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supercapacitor (220 µF, 2.8 V) was used to power (g) five 2.7 V green LEDs, (h) a 2.5 V electronic watch, 

and (i) a 1.5 V digital temperature/humidity monitor having a 4.5 x 5.7 cm (2.8-inch) liquid-crystal display. 

We demonstrated the use of our plied CNT yarn harvesters to power larger devices, including an electronic 

watch, a digital temperature/humidity monitor, and simultaneously powering 5 LEDs. The above 

demonstrations were realized by connecting four 0.80-mg, 2.2-cm-long, plied CNT yarn harvesters in series 

(Supplementary Fig. 57a,d). Since the OCV is an AC output, a Schottky diode full-bridge rectifier was used 

to convert this AC output to DC. As a result, the maximum rectified voltage for these four harvesters was 

~0.5 V (Supplementary Fig. 57b). To further increase the output voltage, we integrated a passive voltage 

booster (LTC3108EDE, Linear Technology Corporation) into the circuit, as shown in Supplementary Fig. 

57c,e. Using this boost converter circuit, 45 stretch-release cycles for this 3.20-mg harvester array charged 

a 220-µF supercapacitor to 2.8 V (Supplementary Fig. 57f). The energy stored in the capacitor was used to 

power five 2.7 V green LEDs, a 2.5 V electronic watch, and a 1.5 V digital temperature/humidity monitor 

having a 4.5 x 5.7 cm (2.8-inch) liquid-crystal display (Supplementary Fig. 57g-i). 

 

 
Supplementary Figure 58. Demonstration that the energy output per weight of the harvesting 

electrode or electrodes is nearly unchanged when a single 3-ply harvesting electrode and a static 

counter electrode is replaced by a 3-ply harvesting electrode and an identical 3-ply counter electrode 

that undergo oppositely directed deformations. The time dependence of (a) the applied strain, (b) the 

inter-electrode voltage generated by applying this strain only to the working electrode (WE), and (c) the 

inter-electrode voltage generated by applying this strain only to the counter electrode (CE) for an output-

power-maximizing load resistance (112 Ω). The time dependence of (d) applied strain, (e) generated inter-

electrode voltage for an output-power-maximizing load resistance of 98 Ω, and (f) gravimetric output power 
when working electrode and counter electrode were stretched 180° out-of-phase at 1 Hz. The peak power 
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(311 W kg-1) and average power (148 W kg-1) for this seesaw-structure harvester were normalized to the total 

weight (~0.64 mg) of the two electrodes. For the one-electrode energy harvesting, the peak power and 

average power for a 1 Hz, 40% strain of a 3-ply yarn harvester were 328 W kg-1 and 108 W kg-1, respectively, 

when normalized to the weight of single working electrode. Since the single harvesting electrode and the 

dual-harvesting electrode results approximately agree, we are justified in ignoring the counter electrodes 

weight. For all these measurements, the used electrolyte was 0.1 M aqueous HCl. 

 

 
Supplementary Figure 59. The transferred charge (∆Q) between shorted electrodes for 10% square-

wave strain of an OPS harvester when stretched and stretch-released at 0.1 Hz in 0.1 M aqueous HCl 

electrolyte. a, The SCC versus time for the OPS harvester when stretched and stretch-released. The 

transferred charge (∆Q) for stretch (red areas) and stretch-release (blue areas) are the areas under the SCC 

curves. Inset: Illustration of an OPS harvester in the electrolyte. The distance between harvester working 

electrode and counter electrode was d = 50 mm. b, The dependence of transferred charge for the OPS 

harvester on the distance between the harvester working electrode and counter electrode. The inter-electrode 

separation dependance of (c) OCV and percent capacitance decrease and (d) peak power and average power 

(at 1 Hz) for the OPS harvester. These results show that harvester performance was negligibly affected by 

inter-electrode separations between 9.4 and 112 mm. 
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Supplementary Figure 60. The OCV and PZC for OPS harvesters operated in aqueous electrolytes 

having different pHs. a, The OCV versus tensile strain for an OPS harvester sinusoidally stretched at 1 Hz 

in 0.1 M HCl (pH 1), 0.1 M LiCl (pH 7), 0.6 M NaCl (pH 7), 0.1 M LiOH (pH 13), and 0.1 M KOH (pH 13) 

aqueous electrolytes. b, The PZC for the OPS harvester in the above electrolytes. We investigated the effect 

of the electrolyte’s pH on the OCV and PZC for OPS harvesters. The sign of the generated OCV was opposite 

for high-pH electrolytes than for low-pH and neutral pH electrolytes, since electron injection occurs for a 

high-pH electrolyte (0.1 M LiOH and 0.1 M KOH, pH = 13) and hole injection occurs for a low-pH 

electrolyte (0.1 M HCl, pH = 1) and a neutral-pH electrolyte (0.1 M LiCl and 0.6 M NaCl, pH = 7)1. These 

results indicate that our plied twistrons can be used in various corrosive chemical environments where strong 

acids or strong bases exist.  

 

 
Supplementary Figure 61. Comparison of output average power and energy of our plied twistron 

harvesters and prior-art material-based mechanical energy harvesters over a wide frequency range. 

Comparison of (a) gravimetric average power and (b) energy per cycle versus frequency of our plied twistron 

harvesters and piezoelectric (PZ), electrostatic (ES), triboelectric (TEG), and dielectric elastomer (DEG) 

harvesters. Supplementary Table 1 provides the references and data values for literature reports. For 

frequencies between 2 and 120 Hz, the 3-ply OPS harvesters provide a higher average power and a higher 

energy per cycle than prior-art material-based harvesters. There are few reports in the literature for average 
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power and energy per cycle for prior-art harvesters. While giant average power gravimetric densities have 

been obtained for very large electromagnetic generators (13 kW kg-1)5, Zhonglin Wang’s group has shown 

that the output power for electromagnetic generators dramatically decreases when the weight of the 

electromagnetic generator is decreased6,7. 
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Supplementary Table 1. Comparison of average power and energy per cycle for our 
plied yarn harvesters and other previously reported, material-based harvesters. 
 

Ref. Harvester type 

Harvester 

weight 
Frequency 

Average 

power 

Energy per 

cycle 

Energy conversion 

efficiency 

(kg) (Hz) (W kg-1) 
(J kg-1 per 

cycle) 
(%) 

Our 

work 

Plied twistron 2.50 10-7 0.1 31.5 315 14.3 

Plied twistron 2.50 10-7 1 112.5 112.5 5.0 

Plied twistron 2.50 10-7 10 305.9 30.59 -- 

Plied twistron 2.50 10-7 30 417 13.9 -- 

Plied twistron 2.50 10-7 50 438 8.76 -- 

Plied twistron 2.50 10-7 120 196.8 1.64 -- 

8 Piezoelectric 7.71 10-2 9 0.115 1.28 10-2 -- 

9 Piezoelectric 3.39 10-3 68.1 1.7 10-2 2.49 10-4 -- 

10 Piezoelectric 3.53 10-16 1 1.21 10-4 1.21 10-4 5.58 

11 Piezoelectric 4.0 10-2 6.5 4.5 10-3 6.92 10-4 -- 

12 Piezoelectric 3.6 10-2 2 2.9 10-2 1.5 10-2  

13 Electrostatic 5.00 10-3 50 0.71 10-2 1.42 10-4 -- 

14 Electrostatic 6.00 10-5 180 2.71 10-4 1.51 10-6 -- 

15 Electrostatic 1.92 10-6 0.54 1.20 10-4 2.22 10-4 ~ 1.0 

16 Triboelectric 8.80 10-4 1 130.55 130.55 4.30 

17 
Triboelectric-

Piezoelectric Hybrid 
1.58 10-3 5 58.48 11.70 -- 

7 Triboelectric -- 5 7.00 10-2 1.40 10-2 -- 

7 Triboelectric -- 3 5.70 10-2 1.90 10-2 -- 

7 Triboelectric -- 2 5.50 10-2 2.75 10-2 -- 

7 Triboelectric -- 1.5 4.00 10-2 2.67 10-2 -- 

7 Triboelectric -- 1 3.70 10-2 3.70 10-2 -- 
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7 Triboelectric -- 0.8 3.00 10-2 3.75 10-2 -- 

7 Triboelectric -- 0.5 1.8 10-2 3.60 10-2 -- 

7 Triboelectric -- 0.3 1.06 10-2 3.53 10-2 -- 

7 Triboelectric -- 0.1 3.00 10-3 3.00 10-2 -- 

18 Triboelectric 8.96 10-3 1.5 2.58 10-3 1.72 10-3 -- 

19 Triboelectric -- 3 1.1 10-2 3.67 10-3 20 

20 Triboelectric 2.50 10-5 2 7.41 3.71 -- 

21 Triboelectric -- 1 6.4 10-2 6.4 10-2 -- 

22 Dielectric Elastomer 6.00 10-4 0.5 280 560 
27 

(Bias voltage: 3 kV) 

23 Dielectric Elastomer 6.00 10-4 0.22 170 772.73 -- 

24 Dielectric Elastomer 3.50 10-4 3 37.8 12.6 7.8 

25 Dielectric Elastomer 4.83 10-5 1 6 6 -- 

26 Dielectric Elastomer 3.20 10-4 1.6 5.65 3.53 -- 

27 Dielectric Elastomer 1.53 10-3 0.17 17 102 
7.5 

(Bias voltage: 2.5 kV) 

28 Dielectric Elastomer -- 0.54 200 369 14.9 
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Supplementary Table 2. Comparison of peak power and peak power/frequency for our 
plied yarn harvesters and other previously reported, material-based harvesters.  

If the literature report did not indicate if the reported power was peak or average power, it was 
assumed to be peak power.  
 

Ref. Harvester type 

Harvester 

weight 
Frequency 

Peak 

power 

Peak power 

/frequency 

Energy conversion 

efficiency 

(kg) (Hz) (W kg-1) (J kg-1 per cycle) (%) 

Our 

work 

Plied twistron 2.50 10-7 0.1 98.22 982.2 14.3 

Plied twistron 2.50 10-7 1 345 345 5.0 

Plied twistron 2.50 10-7 10 1095.5 109.55 -- 

Plied twistron 2.50 10-7 30 1456.2 48.54 -- 

Plied twistron 2.50 10-7 50 1475 29.5 -- 

Plied twistron 2.50 10-7 120 788.45 6.57 -- 

29 Piezoelectric 1.95 10-5 0.3 60.9 203 -- 

30 Piezoelectric 1.27 10-14 0.5 4.37 8.74 5.08 

31 Piezoelectric 2.71 10-2 30 1.94 6.46 10-2 2.08 

31 Piezoelectric 1.30 10-2 30 1.18 3.93 10-2 6.34 

32 Piezoelectric 5.00 10-4 0.4 0.5 1.25 3.04 

33 Piezoelectric 4.00 10-3 600 0.23 3.83 10-4 -- 

34 Piezoelectric 9.52 10-3 30 9.5 10-2 3.15 10-3 -- 

35 Piezoelectric 9.56 10-4 0.3 1.5 10-2 5.00 10-2 -- 

36 Piezoelectric 1.98 10-16 0.7 1.25 10-2 1.78 10-2 -- 

37 Piezoelectric 4.00 10-3 147 1.42 9.63 10-3 -- 

38 Piezoelectric 5.92 10-7 3 11.4 3.80 -- 

39 Piezoelectric 2.60 10-5 263 5.77 10-3 2.19 10-5 -- 

40 Piezoelectric 1.0 10-6 461.2 2.15 4.66 10-3 -- 
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41 Piezoelectric 4.6 10-3 10 2.2 10-2 2.2 10-3 -- 

42 Piezoelectric 2.3 10-5 36 3.91 10-3 1.09 10-4 -- 

43 Piezoelectric 1.17 10-2 398 4.52 10-3 1.14 10-5 -- 

44 Piezoelectric 4.22 10-4 1 33.18 33.18 -- 

45 Piezoelectric 1.81 10-4 60 53.6 0.89 -- 

46 Piezoelectric -- 13 6.18 10-2 4.75 10-3 -- 

12 Piezoelectric 3.6 10-2 2 0.43 0.22 -- 

47 Piezoelectric 9.6 10-6 1 0.18 0.18 -- 

48 Piezoelectric 5.0 10-4 0.35 2.12 10-2 6.1 10-2 -- 

49 Electrostatic 1.04 10-1 50 1.01 10-2 2.02 10-4 
60% (peak power 

efficiency) 

50 Electrostatic 5.80 10-3 2 6.90 10-3 3.45 10-3 -- 

15 Electrostatic 1.92 10-6 0.54 2.82 10-4 5.22 10-4 ~ 1.0 

51 Electrostatic 6.6 10-5 150 3.3 10-2 2.22 10-4 -- 

52 Electrostatic 6.6 10-5 109 1.97 10-2 1.81 10-4 -- 

53 Electrostatic 1.0 10-4 63 1.0 10-2 1.59 10-4 -- 

54 Electrostatic 5.0 10-4 28 3.0 10-3 1.07 10-4 -- 

55 Electrostatic 2.0 10-5 95 4.75 10-2 5.0 10-4 -- 

56 Electrostatic 8.8 10-5 139 0.61 4.41 10-3 -- 

57 Electrostatic 1.04 10-4 136 5.35 10-2 3.93 10-4 -- 

16 Triboelectric 8.80 10-4 1 265 265 4.30 

58 Triboelectric 2.60 10-4 0.33 7.44 22.60 -- 

59 Triboelectric 7.00 10-3 10 0.6 0.06 -- 

60 Triboelectric 6.51 10-4 3 0.35 0.12 -- 

61 Triboelectric 5.33 10-2 10 2.63 10-3 2.63 10-4 -- 
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62 Triboelectric 1.0 10-4 5 0.28 5.60 10-2 -- 

63 Triboelectric 2.54 10-2 4 1.86 0.47 -- 

64 Triboelectric 5.59 10-4 0.5 8.94 17.88 -- 

65 Triboelectric 2.69 10-4 1.5 0.16 0.11 -- 

66 Triboelectrification 5.40 10-4 0.8 3.52 10-3 4.40 10-3 -- 

67 Triboelectric 0.05 1.25 0.24 0.192 16.34 

68 Triboelectric -- 3.3 2.21 0.67 -- 

69 Triboelectric 3.85 10-3 1.5 1.17 0.78 -- 

70 Triboelectric 8.78 10-5 4.5 42.02 9.34 -- 

71 Triboelectric 1.27 10-1 1 0.131 0.131 -- 

72 Triboelectric 8.50 10-2 3.83 5.67 10-2 1.48 10-2 -- 

73 Triboelectric 1.44 10-3 1.43 11.64 8.14 -- 

74 Triboelectric 4.06 10-1 30 1.6 10-2 5.33 10-4 -- 

75 Triboelectric 1.29 10-2 10 1.55 10-2 1.55 10-3 -- 

76 Triboelectric 3.2 10-3 34 0.84 2.47 10-2 -- 

77 Triboelectric 0.2 1 0.18 0.18 -- 

78 Triboelectric 1.94 10-3 6.67 8.08 1.21 -- 

79 Triboelectric 6.02 10-1 1 1.83 10-2 1.83 10-2 -- 

80 Triboelectric 3.70 10-2 2 1.07 10-2 5.37 10-3 -- 

81 Triboelectric 1.57 10-2 2.5 5.17 2.07 -- 

82 Triboelectric 6.80 10-7 2 895 447.5 -- 

83 Triboelectric 2.30 10-4 1 4.24 10-2 4.24 10-2 -- 

84 Triboelectric 3.31 10-2 2 0.21 0.11 -- 

85 Triboelectric 0.2 11.6 1.3 10-2 1.12 10-3 -- 
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86 Triboelectric 3.3 10-2 0.5 0.17 0.34 -- 

87 Triboelectric -- 0.35 0.62 1.77 -- 

88 Dielectric Elastomer 4.4 10-3 0.7 197 281.43 
18 

(Bias voltage: 4 kV) 

89 Dielectric Elastomer -- 0.1 13 130 
40 

(Bias voltage: 4 kV) 

90 Dielectric Elastomer -- 0.25 16.3 65.2 
5.7 

(Bias voltage: 4 kV) 
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