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Dual-Scale Hydration-Induced Electrical and Mechanical
Torsional Energy Harvesting in Heterophilically Designed
CNT Yarns

Jae Myeong Lee, Wonkyeong Son, Myoungeun Oh, Duri Han, Hyunji Seo, Hyeon Jun Sim,
Shi Hyeong Kim, Dong-Myeong Shin, Chang-Seok Kim, Seon Jeong Kim,*
and Changsoon Choi*

Water holds vast potential for a useful energy source, yet traditional
approaches capture only a fraction of it. This study introduces a
heterophilically designed carbon nanotube (CNT) yarn with an asymmetric
configuration. This yarn is capable of both electrical and mechanical torsional
energy harvesting through dual-scale hydration. Fabricated via
half-electrochemical oxidation, the yarn contains a hydrophilic region
enriched with oxygen-containing functional groups and a hydrophobic
pristine CNT region. Molecular-scale hydration triggers proton release in the
hydrophilic region. Consequently, a concentration gradient is established that
generates a peak open-circuit voltage of 106.0 mV and a short-circuit current
of 20.6 mA cm−2. Simultaneously, microscale hydration induces water
absorption into inter-bundle microchannels, resulting in considerable yarn
volume expansion. This process leads to hydro-driven actuation with a
torsional stroke of 78.8° mm−1 and a maximum rotational speed of 1012
RPM. The presented simultaneous harvesting results in electrical and
mechanical power densities of 3.5 mW m−2 and 34.3 W kg−1, respectively,
during a hydration cycle. By integrating molecular and microscale hydrations,
the proposed heterophilic CNT yarns establish an unprecedented platform for
simultaneous electrical and mechanical energy harvesting from water,
representing a groundbreaking development for sustainable applications.
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1. Introduction

Water is one of the most abundant re-
sources on Earth, and it contains vast
amounts of potential energy.[1–5] This en-
ergy can be converted into electrical and
mechanical forms through chemical and
physical processes,[6,7] which allows us to
harness the vast potential of water. Tradi-
tional methods such as waterwheels and
hydropower have been used to capture
energy from water, but they extract a
mere fraction of the available energy.[8] Re-
cent advancements in carbon-based nano-
materials, which have high specific sur-
face area, remarkable electrical and me-
chanical properties, and chemical stability,
have opened up new possibilities for more
efficient energy capture from water.[9–13]

Notably, twisted carbon nanotube (CNT)
yarn—where millions of individual CNTs
are aligned in a single helical direction—
has emerged as a promising candidate for
water energy harvesting devices, beyond
various water-responsive fibers (e.g., syn-
thetic and bio-polymers),[14–17] based on

S. H. Kim
Textile Innovation R&D Department
Korea Institute of Industrial Technology
Ansan, Gyeonggi-do 15588, Republic of Korea
S. H. Kim
Department of Advanced Material Engineering
Chung-Ang University
Anseong, Gyeonggi-do 17546, Republic of Korea
D.-M. Shin
Department of Mechanical Engineering
The University of Hong Kong
Pokfulam Road, Hong Kong 999077, P. R. China
C.-S. Kim
Department of Cogno-Mechatronics Engineering
Pusan National University
Busan 46241, Republic of Korea

Adv. Mater. 2025, 37, 2501111 2501111 (1 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
mailto:sjk@hanyang.ac.kr
mailto:pccs2004@hanyang.ac.kr
https://doi.org/10.1002/adma.202501111
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202501111&domain=pdf&date_stamp=2025-04-28


www.advancedsciencenews.com www.advmat.de

the following two key factors: First, at the molecular level, the
sp2 hybridized carbon atoms in CNTs facilitate active electrical
and electrochemical interactionswithwatermolecules, leading to
meaningful interface reactions.[8,18–21] Second, at themicroscopic
level, the one-chiral McKibben structure and the capillary chan-
nels formed between the aligned nano-bundles promote water
absorption and provide sufficient capacity for infiltration.[22–26]

This multifaceted and unprecedented approach involving chem-
ical and physical interactions holds considerable potential for
greatly increasing the overall efficiency of water energy harvest-
ing.
Researchers have developed water-responsive CNT yarn de-

vices by introducing oxygen-containing functional groups or in-
corporating hydrophilic materials. At the molecular level, elec-
trical energy can be harvested through electrochemical interac-
tions between CNT interfaces and charge carriers, such as water
molecules or ions.[12,18–20] For instance, T. Chen’s group induced
uni-directional ion movement in an asymmetric CNT compos-
ite film to generate electrical energy.[27] R. Baughman’s group
harvested energy by modulating the electric double-layer capaci-
tance of CNT yarns under mechanical deformation.[28–30] L. Xu’s
group developed a CNT-based water-induced generator that syn-
ergistically integrates electrokinetic and galvanic effects through
oxygen-functionalized CNTs and integrated iron electrodes.[31]

Later, in 2024, Kim’s group further explored the electrochemical
behaviors of CNT yarns, demonstrating that structural optimiza-
tion and interfacial ion dynamics play a crucial role in enhancing
their performance for energy harvesting applications.[32–34]

Additionally, infiltration of water into the microchannels
within one-chiral McKibben-structured CNT yarns can gener-
ate mechanical energy.[22–24,35] S. He’s group developed a water-
responsive yarn actuator by using plasma-treated CNTs,[26] while
H. Chen’s group realized a composite-based hydro-actuator
by incorporating hydrophilic chitosan into CNTs.[36] More re-
cently, in 2023, our group developed electrochemically activated
CNT yarn hydro-actuators with a high torsional actuation fac-
tor, demonstrating a large volume expansion due to massive wa-
ter infiltration.[24] Although these pioneering methods have em-
ployedmature energy harvesting technologies and demonstrated
outstanding performance, their reliance on a singular type of in-
teraction with water limits them to producing only one form of
energy. In this light, we expect to achieve a substantial increase
in the efficiency of the water energy harvesting systems by induc-
ing diverse interactions between water and CNTs within a single
yarn, generating both electrical and mechanical energy.
Herein, we design a heterophilic configuration with asym-

metric oxygen content in a single CNT yarn, achieving electri-
cal and mechanical torsional energy harvesting through dual-
scale hydration at the molecular and microscale levels. The het-
erophilic CNT yarn is prepared by immersing half of the twisted
yarn in an electrolyte, followed by selective electrochemical ox-
idation. This process functionalizes the lower half of the yarn
with oxygen-containing groups, thereby increasing its wettabil-
ity and responsiveness to water. At the molecular-scale, hydra-
tion triggers the release of protons from the functional groups in
the hydrophilic (HPL) region (i.e., oxidized CNTs), which creates
a charge carrier concentration gradient toward the hydrophobic
(HPB) region (i.e., pristine CNTs). This chemical gradient drives
uni-directional proton diffusion, leading to a hydro-electric out-

put with a peak open-circuit voltage (OCV) of 106.0 mV and a
peak short-circuit current (SCC) of up to 20.6 mA cm−2. Simul-
taneously, the HPL region undergoes water absorption-induced
volume expansion in the microchannels formed between the
aligned CNT bundles. This microscale hydration induces hydro-
torsional actuation of the yarn, leading to a maximum torsional
stroke of 78.8° mm−1 and a rotational speed of 1012 RPM. Con-
sequently, we successfully demonstrate simultaneous harvesting
of both electrical and mechanical torsional energy from the het-
erophilic CNT yarn through hydrations at the molecular and mi-
croscopic levels.

2. Results and Discussion

2.1. Simultaneous Energy Harvesting in Heterophilic CNT Yarn
through Molecular- and Microscale Hydration

Figure 1a illustrates the experimental setup to investigate si-
multaneous energy harvesting in heterophilically designed CNT
yarns, where both electrical and mechanical torsional energy is
generated through dual-scale hydration processes. In this setup,
both ends of the yarn are tethered, and a paddle is attached at
the midpoint of the yarn. The electrical output is monitored in
real time by using an oscilloscope, and mechanical actuation is
recorded using a video camera. Upon hydration by water spray,
two distinct processes occur. First, molecular-scale hydration oc-
curs as the functionalized oxygen species in the HPL region in-
teract with watermolecules. This interaction generates a substan-
tial difference in charge carrier concentration (protons) relative
to the HPB region, which consists of pristine CNTs with low-
oxygen functional groups.[37,38] The resulting imbalance drives
uni-directional proton flows from the HPL to the HPB region,
thereby generating an electrical output.[39,40] Simultaneously, mi-
croscale hydration occurs as water infiltrates the microchannels
within the condensed CNT bundles in the HPL region. This wa-
ter absorption increases the yarn volume, leading to the untwist-
ing of the McKibben structure.[23,24] Such a dual-level interaction
across themolecular andmicroscopic scales facilitates the simul-
taneous harvesting of electrical and mechanical energy within a
single yarn. Figure 1b,c clearly depict the structural and func-
tional differences between the HPB and HPL regions of the het-
erophilic CNT yarn. The optical image of the HPB region (upper
half of the heterophilic CNT yarn) illustrates its hydrophobic na-
ture, as indicated by the higher contact angle (Figure 1b). This
region serves as the positive electrode during electrical energy
harvesting and as the torsional return spring, ensuring reversible
actuation of the yarn after mechanical actuation. By contrast, the
electrochemically oxidizedHPL region (lower half of the yarn) ex-
hibits increased wettability with a lower contact angle that allows
for greater water absorption.[24,25,41] This HPL region functions
as the negative electrode and drives mechanical actuation upon
hydration.
As depicted in Figure 1d, the open-circuit potentials (OCP) of

the HPB and HPL regions were investigated using an Ag/AgCl
reference electrode. The HPL region, rich in functional groups,
exhibited a notably higher OCP than that of the HPB region.
This difference may be attributed to interactions between wa-
ter molecules and the functional groups, which determine the
surface potential.[21] The distinct chemical potentials of each
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Figure 1. Simultaneous energy harvesting in heterophilically designed carbon nanotube (CNT) yarns through molecular- and microscale hydration
a) Schematic illustration of the simultaneous energy harvesting in heterophilic CNT yarns, where electrical and mechanical torsional energy occurs
at the (i) molecular (upper panel) and (ii) microscopic (lower panel) scales, respectively. A custom-built apparatus with a water spray setup is used
to stimulate hydro-driven harvesting responses. Electrical output is monitored by an oscilloscope, and mechanical actuation is recorded by a video
camera in real-time. Optical images of the b) hydrophobic (HPB) and c) hydrophilic (HPL) regions depicting their respective roles in simultaneous
harvesting. The HPB region (upper half) acts as the positive electrode and provides the torsional return spring, while the HPL region (lower half)
serves as the negative electrode and the torsional actuator. Contact angle measurements in both regions confirm the distinct wettability differences.
d) Open-circuit potential shift (versus Ag/AgCl) of the HPB and HPL regions. e) Torsional actuation waveforms of the HPB and HPL regions during a
single hydration/dehydration cycle. f) Comparison of the electrical and mechanical power densities between homophobic (HPB/HPB) and heterophilic
(HPL/HPB) CNT yarns.

region provide the necessary conditions for effective electrical
energy harvesting. The electrochemical differences between the
HPB and HPL regions are also clearly revealed through cyclic
voltammetry (CV) measurements. Oxygen-containing functional
groups provide pseudocapacitance via successive redox mecha-
nisms. Consequently, the CV area of the HPL region was ≈9.2
times greater than that of the HPB region (Figure S1a, Sup-
porting Information). Figure 1e presents the representative tor-
sional actuation waveforms of the HPB and HPL regions dur-
ing a single hydration/dehydration cycle. Notably, both ends of
the yarn are fixed, which ensures that the total number of in-
serted twists remains constant throughout the cycle. While the

HPL region untwists during hydration, the HPB region twists
further in response, thereby generating opposing torque. This
allows the HPL region to return to its initial state after actua-
tion. In this manner, the HPB region ensures the reversibility
and durability of the yarn actuator as a torsional spring. Further-
more, the volumetric responses of the HPB and HPL regions
during hydration are clearly distinguished. Unlike the HPB re-
gion, the HPL region showed a reversible volume change over 10
repeated hydration/dehydration cycles (Figure S1b, Supporting
Information). Figure 1f compares the power densities generated
by the homophobic (HPB/HPB) and heterophilic (HPL/HPB)
CNT yarns, demonstrating the effectiveness of the asymmetric
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configuration in simultaneous energy harvesting. This config-
uration is expected to substantially improve the simultaneous
harvesting power density, while a homophobic CNT yarn pro-
duces negligible power owing to its inherent hydrophobic
nature.

2.2. Molecular- and Microscale Characterizations of Heterophilic
CNT Yarns

Figure 2 illustrates the differences in chemical compositions and
structures of the HPB andHPL regions at themolecular- andmi-
croscale levels. The fabrication process of the twisted CNT yarn
involved three main steps: (i) stacking forest-drawn CNT sheets,
(ii) scrolling them into a cone shape, and (iii) twisting the cone
to form the CNT yarn (Figure S2, Supporting Information).[42,43]

As the twist density increased to 18 turns cm−1, the yarn length
decreased by ≈40%, while the bias angle (the angle between
individual CNTs and the yarn length direction) increased to
35.2° (Figure S3a, Supporting Information). Notably, the yarn
diameter decreased by ≈41.7% from 148.3 to 86.3 μm during
twisting (Figure S3b, Supporting Information). This morpholog-
ical transformation suggests that the twisting process helically
aligned millions of individual CNTs, thereby compressing inter-
bundle gaps and creating a highly ordered one-chiral McKibben
structure.[43–45] Subsequently, a half-immersion electrochemical
oxidation (HECO) treatment was applied to fabricate the het-
erophilic CNT yarn. The lower half of the twisted CNT yarn was
immersed in an electrolyte to form an electrochemical cell with a
three-electrode configuration, where the CNT yarn served as the
working electrode, Ag/AgCl as the reference electrode, and a Pt
mesh as the counter electrode (Figure S4a, Supporting Informa-
tion). Upon applying a constant voltage of 4 V, the current initially
stabilized at a plateau, followed by a sharp decrease (Figure S4b,
Supporting Information). This decrease in current density was at-
tributed to the formation of oxygen-containing functional groups,
which disrupted the intrinsic carbon network of the CNTs.[24,41]

During this process, the lower half of the CNT yarn was oxidized
selectively, while the upper half remained untreated. The stan-
dard oxidation time was defined as the period up to the observed
current drop, and it provided crucial information to determine
the endpoint of the HECO process. The current density, oxida-
tion time, and total input energy depended on the applied voltage
(Figure S5a, Supporting Information). As the voltage increased
from 3 to 6 V, the average current density increased, while the
oxidation time decreased inversely. Importantly, the total input
energy per treatment remained constant at≈12.8 kJ g−1, irrespec-
tive of the voltage applied (Figure S5b, Supporting Information).
Unless otherwise stated, the applied voltage was 4 V in all the
experiments.
As illustrated in Figure 2a, the surface hydrophilicity changes

were observed to evaluate the molecular-level changes in the
CNT yarn during the HECO process. The pristine CNT yarn was
initially hydrophobic along its entire length (homophobic CNT
yarn), with a contact angle of ≈110.4°. The contact angle of the
lower half of the yarn, which was submerged in the electrolyte,
decreased gradually during the HECO treatment, reaching 42.2°,
indicating increased hydrophilicity. In contrast, the contact an-
gle of the upper half changed negligibly (Figure S6a,b, Support-

ing Information). As depicted in the right panel of Figure 2a, the
HPL region, which was wetted by water, contrasts clearly with the
hydrophobic HPB region. To further analyze the chemical com-
position of the HPB and HPL regions within the heterophilic
CNT yarn, X-ray photoelectron spectroscopy (XPS) was used.
The XPS survey spectra revealed prominent peaks correspond-
ing to C1s and O1s at ≈284 and 533 eV, respectively (Figure S7,
Supporting Information). The O/C atomic ratio of the HPB re-
gion was calculated as 0.03, indicating minimal oxygen content.
By contrast, the O/C ratio of the HPL region was significantly
elevated at 0.20. These values were obtained using the high-
resolution C1s and O1s spectra of the HPB and HPL regions,
respectively. Gaussian peak fitting analysis of the C1s spectrum
revealed distinct peaks related to specific chemical bonds, includ-
ing C═C (284.4 eV), C─C (284.8 eV), C─O (286.4 eV), C─O─C
(287.7 eV), COOH (288.8 eV), and 𝜋–𝜋* (289.1 eV). In the HPB
region, chemical bonds associated with functional groups were
scarcely detected, aside from the intrinsic carbon–carbon bonds
of CNTs (Figure 2b; Figure S8a, Supporting Information). By con-
trast, in the HPL region, C─O (hydroxyl) was the most abundant
among the oxygen-containing functional groups, followed by the
C─O─C (epoxy) and COOH (carboxylic) groups (Figure 2c). Ad-
ditionally, the O1s spectrum region exhibited prominent peaks at
532.7 and 531.5 eV, which corresponded to the C─O and COOH
bonds, respectively, suggesting that the hydrophilicity increased
primarily owing to the formation of C─Obonds (Figure S8b, Sup-
porting Information). These outcomes are consistent with the re-
sults of previous studies, thereby demonstrating that the HECO
treatment effectively modified the CNTs by introducing hydroxyl
functional groups.[24,25,41] The mechanical properties of the HPB
and HPL regions were evaluated using stress–strain curves
(Figure S9, Supporting Information). Compared to the mechani-
cal strength of the HPB region, that of the HPL region decreased
by ≈31.3% (from 168.7 to 115.8 MPa) owing to partial disruption
of the sp2-hybridized bonds in theCNTs by the oxygen-containing
functional groups introduced during HECO. However, newly
formed hydrogen bonds between the functional groups con-
tributed to a slight increase in the maximum strain from 8.0 to
9.1%.[46,47]

Prior to evaluating yarn hydration, we quantitatively charac-
terized the sprayed water amount. The experiments were con-
ducted in an enclosed chamber (40× 40× 40 cm3) at 25 °C and 20
RH%. A commercial ultrasonic humidifier, generating droplets
of 3–5 μm in size, was employed for spraying. The water amount
and spray rate were determined by measuring the weight of the
sprayed water at 1-second intervals. During a 30-second humidi-
fication, the water amount increased linearly, reaching 374.7 mg
(Figure 2d). Based on this, the average spray rate was calculated
as 12.5 mg s−1 (Figure 2e). Unless otherwise noted, the hydration
conditions are characterized by the hydration time, with the cor-
responding sprayed water amount also indicated. The yarn water
content was evaluated based on the yarn weight%, calculated as
follows:

weight% (wt%) =
wh − w0

wh
× 100 (1)

where wh and w0 represent the weight of the hydrated and fully
dehydrated yarn.[14] As shown in Figure 2f, the HPL region
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Figure 2. Molecular- and microscale characterizations of heterophilic CNT yarns a) Visualization of the surface property in CNT yarn during half-
immersion electrochemical oxidation (HECO) treatment. Optical photographs of a homophobic (left panel) and a heterophilic (right panel) CNT yarn,
and a false color mapping representing the contact angle along the CNT yarn length during HECO (middle panel). Deconvoluted C1s X-ray photoelectron
spectroscopy (XPS) spectra of the b) HPB and c) HPL regions. d) Time dependence of the sprayed water amount and e) the spray rate of an ultrasonic
humidifier calculated at 1-second intervals (the number of samples = 4). f) Time dependence of yarn weight% of the HPB and HPL regions during a
single hydration/dehydration cycle (inset: optical photographs of the HPL region at initial and fully hydrated states, scale bar = 100 μm). g) Schematic
illustration depicting hydration-induced volume expansion affecting the yarn radius (r), individual CNT bundle length (Ls), and the number of twists (n)
of one-chiral McKibben structure. h) Scanning electron microscopy (SEM) images of the microscale structure of the HPB region at low (upper panel)
(scale bar = 30 μm) and high magnifications (lower panel) (scale bar = 2 μm). i) 3D atomic force microscopy (AFM) mapping (upper panel) and height
profile (lower panel) of the HPB region (size = 2.5 × 1.5 μm2). Corresponding j) SEM images and k) AFMmapping and height profile of the HPL region.
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reached a maximum water content of 70.8 wt.% within 5 s of
spraying and returned to its initial weight within ≈200 s af-
ter spraying was halted. In contrast, the HPB region exhibited
negligible changes. When the hydration time increased from 1
to 5 s (corresponding to a sprayed water amount from 12.5 to
62.5 mg), the average water content in the HPL region rose lin-
early from 2.9 to 68.5 wt.% (Figure S10, Supporting Informa-
tion). This conspicuous hydration capacity is attributed to the hy-
drophilicity of the HPL region and the capillary effect within its
microchannels. Consistently, the volume change was also exclu-
sive to the HPL region, exhibiting an ≈223% increase, while the
HPB region showed negligible variation (Figure S11a, Support-
ing Information). Such morphological changes are accompanied
by a substantial diameter increase and water infiltration, both of
which are clearly visible in the inset of Figure 2f and Movie S1
(Supporting Information). Furthermore, the HPL region main-
tained reversible and consistent volume changes over 50 repeated
hydration/dehydration cycles (Figure S11b,c, Supporting Infor-
mation).
As depicted in Figure 2g, yarn volume expansion induces

various morphological and structural changes. Unlike conven-
tional McKibben muscles composed of two oppositely handed
helices,[48] the CNT yarns are solely composed of single-
handed helices with inextensible CNT bundles (constant bun-
dle length, Ls). This inherent one-chiral McKibben structure of
the CNT yarn originates from the uni-directional twisting con-
tinuously applied during the fabrication process.[42] Upon vol-
ume expansion (increase in r), these helices cause a torque
imbalance.[42,49] The only way to relieve expansion-induced in-
ternal stress is to generate rotation in the untwisting direction
of the yarn (decrease in twisting number, n).[49,50] Such a dis-
tinct behavior resembles that of unbalanced McKibben mus-
cles which provide torsional actuation.[51] The detailed mecha-
nism of this torsional actuation is described in the following
section.
To clarify the microscale effects of the HECO process on

the CNT yarn, morphological differences between the HPB
and HPL regions were investigated using scanning electron
microscopy (SEM) and atomic force microscopy (AFM). As
illustrated in Figure 2h, the HPB region exhibited a dis-
tinct bias angle in the low-magnification surface SEM im-
ages and highly aligned nano-bundles in the magnified view.
By contrast, the HPL region exhibited a significantly altered
morphology, including densified nano-bundles, surface buck-
ling, and an indistinct bias angle (Figure 2j). AFM analysis
revealed substantial differences in surface height variations
between the two regions, further supporting these observa-
tions. In the 3D AFM map of the HPB region (Figure 2i),
the average surface height difference was 93.8 nm, with pro-
nounced height fluctuations. Meanwhile, the HPL region ex-
hibited a flatter, more uniform surface with a minimal av-
erage height variation of 21.1 nm (Figure 2k). All 3D maps
were obtained in the noncontact mode over a scanning area
of 2.5 × 1.5 μm2. The evident morphological changes fol-
lowing HECO treatment caused yarn densification, which
led to a decrease in diameter from 86.3 to 71.6 μm and
an increase in density from 0.62 to 0.89 g cm−3 (Figure
S12, Supporting Information). Notably, in this process, the
internal voids within the CNT yarn were effectively re-

duced, which resulted in the formation of inter-bundle mi-
crochannels that promoted hydration through the capillary
effect.[52,53]

2.3. Electrical and Mechanical Torsional Energy Harvesting
Performance of Heterophilic CNT Yarns

In the experimental setup for simultaneous energy harvesting, a
heterophilic CNT yarn was placed inside a sealed chamber, where
a water spray was directed from a distance of ≈10 cm. Both ends
of the yarn were tethered torsionally to prevent unintended un-
twisting, and a half-painted paddle weighing 1.9 mg (40 times
heavier than the CNT yarn) was affixed at the midpoint to visi-
bly identify rotation. Electrical energy generation was monitored
in real-time by using an oscilloscope, while a video camera was
used to record paddle movements. Figure 3a presents sequen-
tial images depicting the electrical and mechanical torsional en-
ergy harvesting during one hydration/dehydration cycle. Within
the first few seconds of hydration, a hydro-electric voltage is es-
tablished that peaks at ≈66 mV. Simultaneously, the hydration-
induced yarn volume increase causes the paddle to rotate to an
angle of ≈80° mm−1. During dehydration, the absorbed water
evaporates gradually, and consequently, the potential difference
declines steadily. By ≈60 s, the hydro-electric voltage decreases
back to ≈0 mV. Concurrently, the untwisted yarn undergoes re-
verse rotation, returning to its original position, indicating the
full recovery.
Figure 3b illustrated the working mechanism of simultaneous

energy harvesting: (i) electrical energy (upper panel) and (ii) me-
chanical torsional energy (bottom panel). The electrical energy
harvesting mechanism of the heterophilic CNT yarn is attributed
to its asymmetric structure comprising two regions with differ-
ent oxygen contents (HPB and HPL regions). Upon molecular-
scale hydration, water molecules are absorbed predominantly
in the highly oxidized HPL region, facilitating proton release
from oxygen-containing functional groups, such as ─OH and
─COOH. This proton release establishes a concentration gradi-
ent between the HPB and HPL regions, leading to a potential dif-
ference within a single CNT yarn. The generated hydro-electric
voltage can be expressed mathematically as follows:

𝜎
𝜕U
𝜕x

= De𝜕n
𝜕x

(2)

where 𝜎 is the electrical conductivity of the absorbed water layer,
∂U/∂x is the voltage gradient along the yarn length, D is the
proton diffusion coefficient in the absorbed water layer, e is the
unit electric charge, and ∂n/∂x denotes the proton concentration
gradient.[54] According to Equation (2), this proton-driven energy
harvesting process, powered by the concentration gradient,main-
tains a potential difference until equilibrium is reached or de-
hydration occurs. As the proton gradient diminishes, the poten-
tial decreases gradually, which is consistent with the results pre-
sented in Figure 3b. To further verify the underlyingmechanism,
a polarity-switching test was conducted (Figure S13, Supporting
Information). Reversing the external measurement connections
induced an inversion in the OCV polarity. This directional depen-
dence suggested that protons, released predominantly from the
HPL region, diffused uni-directionally toward the HPB region,

Adv. Mater. 2025, 37, 2501111 2501111 (6 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Simultaneous energy harvesting performance of heterophilic CNT yarns a) Sequential photographs demonstrating the simultaneous energy
harvesting of hydro-electric voltage (upper panel) and hydro-torsional actuation (lower panel) in a single hydration/dehydration cycle. b) Schematic
illustrations depicting the mechanisms of (i) electrical and (ii) mechanical torsional energy harvesting. Hydration promotes proton release from func-
tional groups and volume expansion in the HPL region, leading to uni-directional proton diffusion and the untwisting of the McKibben-structured
yarn, respectively. c) Time dependence of open-circuit voltage (OCV) (upper panel) and rotation (lower panel) of a heterophilic CNT yarn during
10 consecutive hydration/dehydration cycles. d) Corresponding profiles of OCV and short-circuit current (SCC) (upper panel), and rotation and rev-
olutions per minute (RPM) (lower panel) during a single hydration/dehydration cycle. e) Comparison of (i) electrical and (ii) mechanical torsional
energy harvesting performance of homophobic, heterophilic, and homophilic CNT yarns. The center panel schematically illustrates the correspond-
ing CNT yarn configurations. f) Peak voltage and torsional stroke as a function of the proportion of total yarn length (LT) to oxidized yarn length
(LO).

driven by the concentration gradient.[55] Consequently, the elec-
tric potential of the HPL region was consistently higher than that
of the HPB region.
The hydration-induced torsional actuation of CNT yarns can

be explained using the single-helix model. In this model, an

individual CNT bundle of length Ls, helically wound around
a cylindrical yarn of length L and radius r, is characterized
by a bias angle 𝛼 and twist density n (Figure S14, Sup-
porting Information). Given that the geometric parameters
r and L can be expressed as Ls sin 𝛼/2𝜋n and Ls cos 𝛼,

Adv. Mater. 2025, 37, 2501111 2501111 (7 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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respectively, the volume of the cylindrical yarnV can be expressed
as follows:[44,56]

V = L
(
Ls

2 − L2
)
∕4𝜋n2 (3)

From this equation, the relationship between twist density and
volume change can be derived, as follows:

(
n
n0

)2

=
V0

V

L
(
Ls

2 − L2
)

L0
(
Ls

2 − L0
2) (4)

where n0, V0, and L0 denote the initial state, while n, V, and L
represent the actuated state. This relationship demonstrates that
the hydration-induced volume expansion of the one-chiral McK-
ibben structured yarn generates torsional actuation.[27] Mean-
while, the non-actuating HPB region (upper half of the yarn)
functions as a torsional return spring. During actuation, the un-
twisting torque in the HPL region is transferred to the HPB re-
gion, causing it to twist further. After actuation, the over-twisted
upper half provides an opposing torque, allowing the yarn to re-
turn to its initial twisted state, thereby facilitating reversible me-
chanical actuation.[56–58]

Figure 3c presents the simultaneous energy harvesting perfor-
mance of the heterophilic CNT yarn over 10 consecutive hydra-
tion/dehydration cycles. During each hydration, the OCV value
consistently exceeded 60 mV and decreased to 0 mV during de-
hydration (upper panel of Figure 3b). Simultaneously, the paddle
attached to the CNT yarn exhibited repetitive torsional actuation
of ≈80° mm−1 and subsequently returned to its initial position
during the corresponding dehydration (lower panel, Figure 3c).
Figure 3d presents detailed profiles of each form of harvested
energy within a single cycle. The SCC and rotational speed in-
creased rapidly to peaks of 7.5 mA cm−2 and 910 RPM, respec-
tively, as hydration progressed.
To validate the importance of the heterophilicity, the harvesting

performance of the homophobic, heterophilic, and homophilic
CNT yarns is compared in Figure 3e. Notably, only the het-
erophilic (HPL/HPB) CNT yarns generated both hydro-electric
voltage and hydro-torsional actuation simultaneously. For elec-
trical energy harvesting, the homophobic (HPB/HPB) and ho-
mophilic (HPL/HPL) structures failed to form a proton concen-
tration gradient owing to the uniform hydration level between
both regions.[55] In terms of mechanical torsional energy harver-
sting, the homophobic yarn did not interact with water, while in
the homophilic structure, hydration-induced untwisting in the
upper region hindered torsional actuation of the lower half of
the yarn, and therefore, the mechanical outputs were negligi-
ble. According to Figure 3f, the harvesting performance of the
heterophilic CNT yarns depends strongly on the proportion of
the HPL region to the total yarn length (LO/LT). For yarns com-
posed entirely of either the HPB or HPL region (i.e., homo-
phobic and homophilic structures, respectively), no significant
electrical or mechanical energy outputs were observed. By con-
trast, when LO/LT was 50%, with the HPL and HPB regions dis-
tributed evenly, both hydro-electric voltage and hydeo-torsional
actuation were maximized. This observation is consistent with
Equation (2), which indicates that the generated OCV is governed
by the proton concentration gradient and remains independent
of the geometric dimensions of the device, such as yarn length

or width. Unless otherwise specified, the heterophilic CNT yarns
used in this study were prepared with an LO/LT ratio of 50%.

2.4. Performance Characterization of Dual-Scale
Hydration-Induced Electrical and Mechanical Torsional Energy
Harvesting

To comprehensively evaluate the total energy harvesting perfor-
mance of the heterophilic CNT yarn, we systematically charac-
terized its electrical and torsional energy outputs during both
the hydration and dehydration stages. The upper and lower pan-
els of Figure 4a depict the OCV and rotation under various hy-
dration times, respectively. With extended hydration, the OCV
values exhibited higher peak levels, whereas the rotation ex-
hibited relatively minor rises. Similarly, the SCC and RPM fol-
lowed comparable trends (Figure S15a,b, Supporting Informa-
tion). Specifically, as the hydration time increased from 1 to 5 s,
the electrical energy harvesting performance—represented by
the peak voltage and peak SCC—increased linearly from 65.8
to 106.0 mV and from 7.46 to 20.6 mA cm−2, respectively (up-
per panel of Figure 4b). Meanwhile, the mechanical actuation
performance, indicated by the torsional stroke and RPM, re-
mained relatively consistent, with a maximum of 78.8° mm−1

and 1012 RPM, respectively (lower panel of Figure 4b). These
results can be attributed to the following key factors: First, con-
tinuous hydration promotes proton release from the oxygen-
containing functional groups in the HPL region, inducing a
significant concentration gradient that increases electrical out-
puts. Meanwhile, the inter-bundle microchannels within the
CNT yarn are rapidly saturated with water during short hydration
times, which effectively stabilizes mechanical actuation. There-
fore, the hydration time minimally influences the actuation per-
formance. During the subsequent dehydration stage, both the
OCV and rotation gradually returned to 0, confirming their re-
versibility. Notably, the dehydration time was prolonged by ≈3.7
times (from 52.8 to 197.1 s) as the hydration time increased
from 1 to 5 s. (Figure 4c). This trend indicates that the hydration
and dehydration stages are positively correlated. Such behavior
is commonly observed in previous hydro-driven harvesters and
actuators.[59–63]

Figure 4d depicts the effect of humidifying direction on the
energy harvesting performance of the heterophilic CNT yarn.
The water spray was applied along six different directions, both
parallel and perpendicular to the yarn. Owing to the selective
interaction of the HPL region with water molecules, the peak
voltage and torsional stroke remained consistent across all hu-
midifying directions. This directional independence suggested
that the simultaneous energy harvesting originated from the in-
trinsic dual-scale hydration of the heterophilic CNT yarn rather
than external environmental conditions. Figure 4e illustrates the
cyclic stability for harvesting performance of the heterophilic
CNT yarn over 50 hydration and dehydration cycles. Over re-
peated cycles, the peak voltage and torsional stroke retained
81.6% and 86.7% of their initial values, respectively. This sta-
bility was attributed to the consistent charge separation and
volume expansion occurring in the HPL region of the het-
erophilic CNT yarn, even after repeated hydration/dehydration
cycles.

Adv. Mater. 2025, 37, 2501111 2501111 (8 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Performance characterization and sustainable application of simultaneous energy harvesting a) OCV (upper panel) and rotation (lower panel)
of a heterophilic CNT yarn in hydration and dehydration stages under various hydration times of 1, 3, and 5 s. b) Peak voltage and SCC (upper panel),
torsional stroke, and maximum RPM (lower panel) of a heterophilic CNT yarn as a function of hydration time from 1 to 5 s. c) Dehydration time of
heterophilic CNT yarns versus hydration time. d) Effect of humidifying direction on the peak voltage and torsional stroke. (inset: schematic illustration
depicting the various humidifying directions (i)–(vi) applied to the heterophilic CNT yarn). e) Peak voltage and torsional stroke of heterophilic CNT yarn
during 50 repeated hydration cycles. f) Schematic diagram and g) optical image depicting the synergistic electric generator consisting of a heterophilic
CNT yarn with a neodymium magnet attached to the bottom end and an induction coil (scale bar = 5 mm). h) Hydro-electric voltage generated from
the heterophilic CNT yarns (green line) and extra voltage in the induction coil (blue line) via electromagnetic induction.

Subsequently, the electrical and mechanical power densities
generated by the heterophilic CNT yarn through simultaneous
hydration were evaluated. The peak voltage was measured across
external load resistances ranging from 100 Ω to 10 MΩ to deter-
mine the electrical power output (Figure S16a, Supporting Infor-

mation). The voltage increased progressively with load resistance
and the peak electrical power density (Pe) of 3.5 mW m−2 was
reached at 100 kΩ.
The rotational speed, torque, and mechanical power density,

evaluated as a function of the attached paddle’s moment of

Adv. Mater. 2025, 37, 2501111 2501111 (9 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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inertia, were also investigated (Figure S16b, Supporting Informa-
tion). The mechanical power density (Pm) peaked at 34.3 W kg−1

when the moment of inertia of the paddle was 1.6 × 10−11 kg m2.
All measurements were conducted under a consistent hydration
time of 5 s, and the electrical and mechanical peak power densi-
ties were calculated using the following equations:

Pe =
V × I
unit

= V2

R
× 1

unit
(5)

Pm = 𝜏 × 𝜔

unit
(6)

where V and I represent the measured voltage and current, R
is the external load resistance, 𝜏 is the maximum torque, 𝜔 is
the maximum angular velocity, and the unit denotes the surface
area of the yarn for electrical power density and the yarn weight
for themechanical power density. Meanwhile, we calculated both
the peak and average power densities as functions of the sprayed
water amount to determine the optimal sprayed water amount.
The average power was obtained by dividing the total generated
energy by the total cycle time, including both hydration and de-
hydration periods. Notably, both the electrical and mechanical
peak power densities increased with respect to the sprayed wa-
ter amount (Figure S17a, Supporting Information). This trend
was more pronounced in electrical harvesting, as the generated
voltage and current increased proportionally with the applied wa-
ter. On the other hand, the average power per cycle, which ac-
counted for the dehydration time, exhibited an opposite trend
(Figure S17b, Supporting Information). This decrease was partic-
ularly distinct in mechanical energy harvesting, as the mechani-
cal performance was relatively stable while the dehydration time
was significantly prolonged upon spraying (Figure 4b,c). Con-
sidering these results, the optimal spraying amount varies de-
pending on the desired output. A larger amount of sprayed wa-
ter is preferable for maximizing peak power density, whereas
a smaller amount is effective for enhancing average power
density.
In order to demonstrate the potential application of simulta-

neous energy harvesting, we present two application scenarios
(Figure S18, Supporting Information). These application scenar-
ios are designed to employ the individual energy generated from
a heterophilic CNT yarn, with each focusing on a distinct device:
an electrical energy harvester (Scenario I) and a mechanical actu-
ator (Scenario II). Scenario I (left panel) illustrates the potential
for a sustainable energy harvester. This system enables synergis-
tic electricity generation by inducing an extra voltage through tor-
sional actuation, along with the hydro-electric voltage from the
CNT yarn. Scenario II (right panel) suggests the potential use
of the system as a power-enhanced hydro-actuator. This design
employs hydro-electric voltage for electric heating to accelerate
recovery, leading to a significant enhancement in actuator power
density.
Figure 4f exhibits a schematic diagram of a synergistic elec-

tric generator that integrates two distinct forms of energy into a
single electrical output. The system consists of a 4 cm-long het-
erophilic CNT yarn with a neodymium magnet attached at its
lower end, and an induction coil (Figure 4g). Upon hydration, the
hydro-electric voltage generated from the CNT yarn gradually in-
creases over≈5 s and stabilizes at a peak value of 37.3mV. Simul-

taneously, a voltage was induced in the induction coil by the rota-
tion of the magnet, reaching a peak amplitude of 13.6 mV within
5 s (Figure 4h). The proposed system effectively compensates for
a temporal power deficit that occurs during the initial hydration
stage due to the voltage stabilization period. This is achieved by
supplying an extra voltage via electromagnetic induction. Such a
synergistic generation strategy not only enhances the efficiency
of water energy harvesting but also presents a new possibility
for sustainable electricity generation. To the best of our knowl-
edge, such an approach has rarely been reported in previous
literature.
The second scenario presents a power-enhanced hydro-

actuator that utilizes hydro-electric voltage generated by a het-
erophilic CNT yarn as an electric heating source. Naturally, dried
hydro-actuators typically suffer from delayed recovery after actu-
ation and degraded average power density, caused by slow dehy-
dration resulting from their hydrophilicity.[25] In contrast, electric
heating by hydro-electric voltage can promote water evaporation
and significantly accelerate recovery time (Figure S19a, Support-
ing Information). Accordingly, this approach is expected to sub-
stantially enhance the power density of hydro-actuators (Figure
S19b, Supporting Information). However, this system would re-
quire additional power management units, including rectifica-
tion, storage, and control, which are beyond the scope of this
study. Therefore, continued research is essential for the compre-
hensive development and practical implementation of such sys-
tems.

3. Conclusion

In summary, we developed a heterophilic CNT yarn with an
asymmetric structure capable of electrical and mechanical tor-
sional energy harvesting through dual-scale hydration. By means
of HECO treatment, oxygen-containing functional groups were
introduced selectively into the lower region, while the hydropho-
bicity of the upper region was effectively preserved. During
molecular-scale hydration, the protons released from the func-
tional groups in the HPL region established a concentration gra-
dient between theHPL andHPB regions. Owing to this gradient,
a peak voltage of 106.0mV and a peak SCC of 20.6mA cm−2 were
generated, demonstrating electrical energy harvesting from wa-
ter. Simultaneously, during microscale hydration, water absorp-
tion into the inter-bundle microchannels in the HPL region in-
duced significant yarn volume expansion. Driven by this volume
change, a torsional stroke of 78.8° mm−1 and a maximum ro-
tational speed of 1012 rpm were generated, representing hydro-
driven mechanical torsional energy harvesting. This simultane-
ous harvesting led to electrical and mechanical power densities
of 3.5 mW m−2 and 34.3 W kg−1, respectively. Although the har-
vesting performance could be relatively lower than that of previ-
ously reported yarn- or fiber-based hydro-electric harvesters and
hydro-actuators (Table S2, Supporting Information), a notable
achievement of this work lies in the simultaneous harvesting of
both electrical andmechanical energy from a single hydro-driven
source. Furthermore, we also demonstrated that the two distinct
forms of energy can ultimately be integrated into a unified electri-
cal output. The proposed simultaneous energy harvesting from
heterophilic CNT yarn presents a new possibility for efficient wa-
ter energy conversion and provides a meaningful foundation for

Adv. Mater. 2025, 37, 2501111 2501111 (10 of 12) © 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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the development of next-generation energy harvesting devices for
sustainable applications.

4. Experimental Section
Preparation of Twisted CNT Yarn: To fabricate the twisted CNT yarn,

a multi-walled carbon nanotube (MWNT) forest with a height of 320 μm
(A-Tech System Co., Korea) was used. Five CNT sheets, each measuring
2 cm in width and 10 cm in length, were drawn from the forest and stacked
sequentially. Both ends of the stacked sheet were attached to adhesive car-
bon tape, and the stack was carefully rolled into a compact cylinder with a
diameter of 5 mm for cone spinning. The prepared CNT cylinder was sus-
pended vertically from the motor tip of a custom-built twisting machine
(K6G3C, GGM), and a 5-g load was applied to maintain tension. Subse-
quently, a twist of 18 turns cm−1 was introduced gradually, resulting in
the fabrication of the twisted CNT yarn. To realize stable electrical connec-
tions, a copper wire (diameter: 180 μm) was connected to the twisted CNT
yarn using silver paste, and both ends were insulated with epoxy adhesive.
This setup was used for the HECO treatment and subsequent electrical
signal measurements.

Electrochemical Oxidation Treatment: To realize a heterophilic struc-
tured CNT yarn, HECO treatment was applied using a three-electrode
system consisting of the CNT yarn as the working electrode (W.E.), an
Ag/AgCl reference electrode (R.E.), and a platinum mesh counter elec-
trode (C.E.). Only the lower half of the twisted CNT yarn was submerged in
an electrolyte solution (0.1mNa2SO4). Then, a constant voltage of 4 Vwas
applied to the CNT yarn using an electrochemical analyzer. This process
selectively assigned localized hydrophilic properties to the lower half of
the yarn. The treatment time was controlled until the point where a drastic
decrease in current density was observed during the HECO process.

Characterization: Optical images were captured using a digital cam-
era (D750, Nikon, Japan), and magnified surface images were recorded
using a scanning electron microscope (S-4600, Hitachi, Japan) operated
at an accelerating voltage of 15–20 kV and a working distance of ≈40 mm.
The detailed yarn surface morphology was characterized using an AFM
(XE-100, Park Systems, Korea) in the non-contact mode with a cantilever
length of 125 μm, width of 30 μm, force constant of 42 N m−1, and reso-
nant frequency of 204—497 kHz. Surface mapping was performed over an
area of 1 × 2 μm2 with a scan frequency of 0.4 Hz at 256 pixels. The chem-
ical composition of the yarn was determined using XPS (ESCALAB 250XI,
Thermo Scientific, USA). Resistance measurements were performed us-
ing a multimeter probe (17B+, FLUKE, USA). Thermal images were cap-
tured using a near-infrared camera (XI400, Optris) to assess heat distribu-
tion. All electrochemical performance evaluations were conducted using
an electrochemical analyzer (Vertex EIS, Ivium). The mechanical proper-
ties of the yarn were measured using a universal testing machine (Instron
5966, Instron, Norwood, USA) at a strain rate of 0.5 mm min−1. The volt-
age and current generated during electrical energy harvesting were mon-
itored using an oscilloscope (Tektronix, DPO4014B, USA), and the me-
chanical movements were recorded using a video camera (RX10 IV, Sony,
Japan).

Measurement of Simultaneous Energy Harvesting: The experimental
setup for simultaneous energy harvesting was designed to monitor both
electrical and mechanical torsional energy harvesting in real time. The
CNT yarn was tethered securely at both ends to prevent unintended ro-
tations and suspended vertically inside a custom-built enclosed chamber
(40 × 40 × 40 cm3), where temperature and humidity were controlled to
25 °C and 20 RH%. During hydration, water was sprayed on the yarn from
a distance of≈10 cm using a finemist nozzle. For electrical energy harvest-
ing measurements, the yarn was connected to an oscilloscope (Tektronix,
DPO4014B, USA). OCV and SCC were monitored in real time throughout
the hydration and dehydration cycles. For mechanical actuation measure-
ments, a half-painted paddle weighing 1.9mgwas attached to the center of
the yarn. This paddle served as an optical marker to conveniently identify
torsional actuation. Paddle movement was recorded using a video cam-
era. Rotational movements were determined quantitatively by analyzing

the changes in the projected paddle width through frame-by-frame anal-
ysis of the recorded video. This allowed for precise measurement of the
rotation angle over time. Each experiment was repeated five times, and
the average and standard deviation values were reported to account for
variability in the measurements.

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