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A B S T R A C T

Fiber-type artificial muscles similar to natural muscles are being studied for applications such as robots, pros-
thetics and exoskeletons. In particular, carbon nanotube (CNT) yarn artificial muscles have attracted interest for
their unique mechanical and electrical properties as electrochemical artificial muscles. Here, we demonstrate the
large tensile stroke of CNT-based electrochemical yarn artificial muscles induced by increasing capacitance. The
coiled graphene/CNT yarns made by the biscrolling method can produce greater tensile actuation using more
ions at the same voltage than pristine CNT coils. The maximum tensile actuation of these electrochemical
muscles is 19%, which is two times larger than coiled CNT muscles with a work capacity of 2.6 J g−1. These
electrochemical artificial muscles could be further developed for practical applications, such as micromechanical
devices and robotics.

1. Introduction

Artificial muscles that contract and expand like natural muscles are
needed to realize the natural movement of human-like robots or exos-
keletons. Among various artificial muscles, electrochemical artificial
muscles have the potential for higher energy conversion efficiency and
better controllability. Many kinds of electrochemical actuators, such as
nanoporous metals [1–9], conducting polymers [10,11], ionic polymer
metal composites [12–17], and carbon nanotubes [18–22] (CNTs) have
been reported.

CNT yarns made by inserting a twist into CNT sheets have excellent
mechanical and electrical properties, high surface area and light
weight, and thus can achieve high performance as electrochemical ar-
tificial muscles. Since the report of the electrochemical torsional ac-
tuation from twisted CNT yarns in 2011 [20], the self-coiled CNT made
by inserting more twists, showed a contraction movement as an all-
solid-state tensile muscle in air [21]. Recently, it has been shown that
two-ply coiled CNT yarns produce tensile strokes as high as −16%,
≈30 times higher work capacity than natural muscles by applying a
voltage of −3.25 V [22].

The electrochemical CNT artificial muscles are basically super-
capacitors based on electrochemical double-layer charge injection, and
the ions from the electrolyte enter the pore space within the yarns,
thereby causing the untwisting and contraction with volume expansion
of yarns. Therefore, to obtain high actuator strains at the same voltage,
a high capacitance, which means that a large number of ions are used

for actuation, is one of the key factors for electrochemical artificial
muscles [23].

CNT yarns can contain guest materials by biscrolling [24], to
achieve other purposes such as biofuel cells that transfer electrons from
biomolecules [25] or as artificial muscles that respond to various sti-
muli like heat [26], humidity [27] and biomolecules [28]. In addition,
some guest materials, such as conducting polymers [29,30] and metal
oxides [31], provide capacitance enhancement for CNT yarn super-
capacitors. By adjusting the loading amount of the guest materials when
making the biscrolled CNT supercapacitors, it is possible to control the
trade-off relationship between the capacitance for the energy storage
performance and the mechanical strength for flexibility and stretch-
ability [31].

Here, we demonstrate the larger tensile stroke of coiled CNT mus-
cles using biscrolled guest materials to increase the capacitance.
Graphene as a guest material of CNT yarn increases the capacitance of
the whole artificial muscle system and induces more than two times
higher tensile strokes than pristine CNT coils at −3 V with the cation,
tetrabutylammonium (TBA) ion.

2. Materials and methods

2.1. Materials

Multiwalled carbon nanotube (MWNT) sheets were directly drawn
from an MWNT forest that was grown on a Si wafer by chemical vapor
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deposition of acetylene gas (U053HANYANG-SH158-06, Nano-Science
& Technology Center, LINTEC of America Inc.). Tetrabutylammonium
hexafluorophosphate (TBA•PF6, Mw: 387.43 g mol−1), propylene car-
bonate (PC, anhydrous, 99.7%), and poly(vinylidene fluoride-co-hexa-
fluoropropylene) (PVDF-co-HFP, Mw: ≈455,000, Mn: ≈110,000, pel-
lets) were purchased from Sigma-Aldrich (USA). Graphene dispersion in
NMP (50mgml−1) was purchased from Graphene Platform
Corporation (Japan).

2.2. Preparation of electrolytes, reference and counter electrodes

Liquid electrolyte was prepared by dissolving TBA•PF6 TBA·PF6 in
PC (50ml) to a concentration of 0.2M. To obtain a gel electrolyte, a
solution containing both electrolyte and polymer was prepared as fol-
lows: acetone (30 g) and PVDF-co-HFP (3 g) were mixed in a stirred oil
bath for 2 h at 60 °C. After diluting the polymer concentration to 1 wt%,
the PVDF-co-HFP/acetone solution was mixed with 0.5 M TBA•PF6
TBA·PF6 in PC to obtain a volume ratio of 1:5. The solvent was eva-
porated at room temperature for about 2 h to obtain gel electrolytes.
Non-aqueous Ag/Ag+ reference electrode (MW-1085) purchased from
BASi Corporation (USA) for three-electrode experiments, and CNT
sheets embedded Pt mesh was used as high-surface-area counter elec-
trode [22].

2.3. Fabrication of coiled graphene/CNT yarns for tensile artificial muscles

CNT sheets (10 cm long and 2 cm wide) were stacked and twisted
≈800 turns/m to make yarn structure in graphene solution that was
dispersed in NMP using ultrasonication (1 h at 150W, VCX 750). The
concentrations of graphene solutions are 25 and 15mgml−1 for 80 and
50 wt% graphene/CNT yarns, respectively. After removal from the so-
lution, they were further twisted under a constant load, using a motor,
until fully coiled (≈3500 turns/m). To make the similar diameter for all
sample to compare the performance, 3, 5 and 15 stacks of CNT sheets
were used for 80, 50 wt% graphene/CNT, and pristine CNT muscles
respectively. The weight of the graphene was calculated by subtracting
the weight of used CNT sheets from the total sample weight.

2.4. Characterization

An actuating working electrode, a coiled yarn muscle connected by
a Pt wire at one end, was immersed in 0.2M TBA•PF6/PC liquid elec-
trolyte along with a Pt/CNT counter electrode and Ag/Ag+ reference
electrode in a three-electrode system. In a two-electrode system, a pair
of symmetric yarns were prepared, and one was used as a working
electrode and the other was used as a counter electrode with 0.5 M
TBA•PF6/PC/PVDF-co-HFP gel electrolyte. At the other end of the ac-
tuating working electrode, a thermomechanical analyzer (TMA,
SS7100) was attached for applying force and measuring the tensile
stroke. The percentage of tensile actuation is calculated by dividing the
increased length by the loaded length of the muscle. Voltage and cur-
rent were measured using a Gamry potentiostat (Reference 600+). The
mechanical properties were measured using a universal testing machine
(UTM, Shimadzu model: EZ-SX, Japan).

3. Results and discussion

3.1. Electrochemical graphene/CNT artificial muscles

The MWNT yarns have high strength and toughness that are enough
for coiled yarns, but when they include other guest materials with high
loading level, too high a stress causes breakage of the graphene/CNT
yarns before they become coiled yarns. In addition, as the weight per-
cent of graphene for the graphene/CNT yarn artificial muscles in-
creases, the mechanical properties that depend on the MWNT bundles
of the muscles decrease (Fig. S1). Obtaining high tensile actuation from

graphene that allows the capacitance increase of electrochemical
muscles is interesting, but to lift a heavier load, high mechanical per-
formance is required in artificial muscles. For the above reasons, the
amount of graphene contained in the CNT muscles needs to be opti-
mized. Experimentally, coiled graphene/CNT muscles could be made
up to 80wt% of graphene, and if they contained more than that, the
twisted yarns were broken.

The large ion size, as well as the high potential range of the organic
electrolyte, is a positive factor for the expansion of the electrochemical
artificial muscles. A negative potential range was applied to show the
large stroke of electrochemical artificial muscles because the cation in
this electrolyte, TBA, is more than four times larger than the anion.
However, in the previous research [22], the contraction of the CNT
artificial muscles was not completely proportional to the ion size be-
cause of higher capacitance with small ion. That is, as the size of the ion
increases, the number of ions involved in the electrochemical reaction
is small, so that the driving of the artificial muscle does not increase as
expected for the ion size. Therefore, the improvement of the capaci-
tance may produce a higher actuation for electrochemical CNT muscles
in the same electrolyte based on the increase in the number of charged
ions.

When the coiled muscles generate tensile strokes with applied
electricity, some rotation also occurs even though both ends of the
yarns are tethered (Fig. 1B) [20]. This electrochemically driven
movement was measured by a thermomechanical analyzer (TMA) re-
versibly in response to the input triangle wave voltages of cyclic vol-
tammetry (Fig. 1C). The CNT muscle containing graphene also shows a
reversible actuation at various scan rates as in previous reports of CNT
artificial muscles (Fig. 1D).

3.2. Electrochemical tensile actuation of coiled grpahene/CNT and bare
CNT muscles

The contraction of graphene/CNT yarn actuators follows the general
tendency for the change of stress produced by the weight to be lifted
(Fig. 2A). At a low stress, the contact between adjacent coils interferes
with contraction of the actuators, and as the weight applied to the
coiled yarns increases, the space between adjacent coils becomes en-
ough to permit high-tensile actuation of the artificial muscles [32].
After the stress at which the maximum stroke occurs, the free space
remains between the coils, but as the spring index changes with in-
creasing length of the coils by heavy weights, the contraction move-
ment of artificial muscles decreases [33]. The stress range at which the
maximum stroke of the artificial muscle occurs varies with the me-
chanical strength of the yarn, which depends on the amount of gra-
phene contained in the CNT muscles. To confirm the mechanical and
electrochemical effects of the graphene as electrochemical artificial
muscles, all coiled samples, from the pristine CNT to the graphene/CNT
yarns with a high percentage of guest materials, were made with similar
diameter and spring index to minimize the difference in physical fac-
tors, such as transfer distance of ions and correlation coefficient be-
tween volume expansion and length contraction of yarns. The larger the
amount of graphene included in the CNT yarns, the smaller the amount
of nanotube sheets used to maintain the same diameter, thereby redu-
cing the weight of loads required to make the coil structure for the same
spring index. The maximum tensile actuations are 8.7, 12 and 19.4% for
bare CNT, 50 wt% graphene/CNT and 80wt% graphene/CNT muscles
at 17.1, 12.6 and 3.87MPa, respectively. The stresses are normalized to
the cross-sectional area of yarns, using the inner diameter of the coiled
yarns. As the maximum contraction of yarn artificial muscles is in-
creased by graphene, the optimal weights go down because the physical
performance is decreased by the reduced fraction of CNTs. Therefore,
the work capacity, which is calculated from the lifted load and length
change, has similar values for both coiled graphene/CNT and bare CNT
muscles because of the trade-off between the tensile actuation and the
stress range (Fig. S2).
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As the scan rate increases, the number of charges that can be used
for driving the electrochemical artificial muscles decreases, so that the
tensile strokes are reduced with storage capacity (Fig. 2B, S3). When
graphene is included, the retention of capacitance versus scan rate is
≈0.6, which is lower than the ≈0.7 of bare CNT yarns. As a result,
graphene/CNT muscles have a larger performance decrease with in-
creasing scan rate than CNT muscles. In particular, at 100mV s ,-1 the
actuation percent is nearly equal to ≈7%, although the specific capa-
citance of graphene/CNT muscles is 22.5 F g−1, still 2.6 times higher
than pristine CNT muscles. This phenomenon suggests that graphene/
CNT artificial muscles are physically disturbed in the tensile movement
from graphene and that the effect of physical disturbance is pre-
dominant in reducing the capacitance effect as the scan rates increase.
In contrast to the scan rate, as the voltage range increases, the actuation
improvement by graphene is even more noticeable (Fig. 2C). When a
triangle wave voltage is applied from 0 to −1 V, the tensile strokes are
-0.03 and -0.05% for coiled pristine CNT and 80wt% graphene/CNT
muscles, respectively, and if the voltage range increases to −3 V, it
increases to the highest performance for each, 8.7 and 19.4%, respec-
tively.

3.3. Charge-induced tensile actuation of coiled grpahene/CNT and bare
CNT muscles

In addition to the increase in the number of ions by graphene, the
volume expansion of the graphene itself during charge storage is also a
possible factor in the contribution of tensile strokes. However, the vo-
lume expansion of graphene by charge injection is lower than 1% [34],

and when guest material expands ≈20%, only ≈1.5% of tensile ac-
tuation for coiled CNT yarns occurs [26]. Therefore, there is almost no
effect of graphene expansion, and the large contraction is due to an
increase in the number of intercalated ions. The volumetric capacitance
increases up to a maximum 1.6 times, at which time the tensile con-
traction was increased 2.3 times by graphene (Fig. 2D). The capacitance
for the yarns was calculated from the integral of the cyclic voltammetry
(CV) curve in Fig. 3A. The half area of CV was divided by scan rate and
voltage range to obtain capacitance. Because the length contraction is
due to the expansion by incoming charge into yarns, it is most appro-
priate to use volume to normalize for equality comparisons. The volume
of the coiled yarn was calculated as a cylinder, using the outer diameter
of the coil. When graphene is included in the CNT yarns, an abrupt
current increase, which implies some chemical reaction, occurs around
−3 V, which may cause some errors in the capacitance calculation.
Further research is needed to determine whether these unexpected
current tails affect the driving of electrochemical artificial muscles.

At the same voltage, the graphene/CNT yarns can store more
charge, which in this case means that it has more TBA cations than bare
CNT yarns (Fig. 3B). As more ions are used for contraction, the artificial
muscles can move more at the same voltage; however, when the same
charge amount is involved, the bare CNT generates more tensile
movement than graphene/CNT with larger capacitance (Fig. 3C). This
result also suggests, with the scan rate result (Fig. 2B), that in addition
to the effect of increasing the capacitance by graphene, there is some
physical interference with actuation from graphene. The enhancement
of the tensile actuation on the graphene/CNT muscles is due to an in-
crease in charge, which is a result of an increase in the input electrical

Fig. 1. Coiled graphene/CNT yarns and their electrochemical actuation. (A) SEM image of coiled graphene/CNT yarn. The inner diameter of the coiled yarn is
≈100 μm and the outer diameter is ≈160 μm (scale bar, 100 μm). (B) Optical images showing the actuation of a coiled graphene/CNT yarn muscle in the 0.2M
TBA•PF6 TBA·PF6 liquid electrolyte when −3 V is applied. Kapton tape shows the contraction and rotation of the yarn. Applied stress is ≈4MPa by TMA. (C) The
time dependence of applied voltage and resulting tensile actuation of a coiled graphene/CNT yarn when the voltage scan rate is 20mV s−1. (D) Tensile actuation
versus time at different scan rates: 40, 60, 80 and 100mV s−1.
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energy at the same voltage. Therefore, as the input electrical energy
increases, it can be expected to be lower than the pristine CNT muscles
in terms of energy conversion efficiency.

3.4. All-solid-state graphene/CNT yarn muscles

For a more practical approach, the weight and volume of the overall
actuation system should be smaller [21]. In Fig. 4A, the solid gel
electrolyte, poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-

co-HFP) containing 0.5 M TBA•PF6 TBA·PF6 /PC was used to show the
actuation performance without liquid electrolyte, leading to low volu-
metric performance for the total actuating system. In addition, in the
case of a solid electrolyte, the two-electrode system was used for a
compact system, in which a pair of symmetric electrodes were pre-
pared, and one was used as a counter electrode and the contraction of
the other was measured. The working electrode used a negative voltage
versus the counter electrode yarn so as to use the larger cations for
tensile actuation as before. However, due to the difference in the size of

Fig. 2. Electrochemical tensile actuation of coiled graphene/CNT yarns and bare CNT yarn under cyclic voltammetry scan. (A) Tensile actuation versus the applied
stress of graphene/CNT yarns and a CNT yarn. Potential range is 0 to −3 V, and scan rate is 20mV s−1. (B) Tensile actuation versus scan rate of the graphene/CNT
yarns and CNTHE THE CNT yarn. Potential range is 0 to −3 V, and applied stress is 4 (blue), 12 (red) and 17 (black) MPa. (C) Tensile actuation versus the potential
range of the graphene/CNT yarns and CNT yarn. Scan rate is 20mV s−1, and applied stress is 4 (blue), 12 (red) and 17 (black) MPa. (D) Optimized tensile actuation
and volumetric capacitance of several CNT-based yarns with different graphene wt%. The error bars show the s.d. for three cases. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 3. Electrochemical performance and charge-induced tensile actuation of coiled 50 wt% graphene/CNT yarn (blue) and bare CNT yarn (black) in 0.2M TBA•PF6
TBA·PF6. (A) Cyclic voltammograms of a coiled graphene/CNT yarn and a CNT yarn at scan rates of 20mV s−1. The refence electrode is Ag/Ag+ and counter
electrode is Pt mesh/CNT. (B) Amount of accumulated charge versus voltage in the coiled graphene/CNT yarn and the CNT yarn, calculated from cyclic voltam-
mograms (A). (C) Electrochemical tensile actuation of the coiled graphene/CNT yarn and the CNT yarn versus penetrated charge. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).
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cations and anions, asymmetric actuation occurs in the total device that
includes working and counter electrodes and also, the actuation of
devices does not reach the actuation of negative electrode, measured in
these experiments. The maximum tensile actuation of graphene/CNT
muscles in the gel electrolyte is ≈12% using a −5 V, 0.01 Hz square
wave voltage with 50% duty cycle, and maximum work capacity is
≈1.5 J g−1 when the applied stress is ≈15MPa (Fig. 4C). As the input
frequency increased, the percent of tensile actuation decreased rapidly,
and dropped to ≈2.6% at 0.1 Hz (Fig. 4D). This sharp decrease of ac-
tuation may be due to slow reaction speed from lower ion mobility and
the presence of thick solid electrolyte.

4. Conclusions

In conclusion, we have demonstrated electrochemical tensile CNT
artificial muscles with graphene that provide higher capacitance and
tensile stroke. Large tensile actuation (≈19%) with graphene is ≈2.5
times higher than the ≈8% of coiled bare CNT muscle at −3 V with a
three-electrode system. Although the lifting loads for bare CNT muscles
are heavier, graphene/CNT muscles can provide similar work capacity
(2.6 J g−1) with large actuation. These tensile actuation and work ca-
pacity are higher than previous two-ply coiled CNT muscles, that
structurally have improved performance [22]. In addition, performance
enhancements through biscrolled graphene have the potential to yield

higher performance with previous structural improvements. These
electrochemical artificial muscles could be further developed for prac-
tical applications, such as micromechanical devices and robotics.
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