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ABSTRACT: Present artificial muscles have been suffering from poor actuation step precision
and the need of energy input to maintain actuated states due to weak interactions between guest
and host materials or the unstable structural changes. Herein, these challenges are addressed by
deploying a mechanism of reversible faradaic insertion and extraction reactions between
tetrachloroaluminate 1ions and collapsed carbon nanotube. This mechanism allows
tetrachloroaluminate ions as a strong but dynamic "locker" to achieve an energy-free high-tension
catch state and programmable stepwise actuation in the yarn muscle. When powered off, the
muscle nearly 100% maintained any achieved contractile strokes even under loads up to 96,000
times the muscle weight. The actuation mechanism allowed the programmable control of stroke
steps down to 1% in during reversible actuation. The isometric stress generated by the yarn muscle
(14.6 MPa in maximum, 40 times that of skeletal muscles) was also energy-freely lockable and
step controllable with high precision. Importantly, when fully charged the muscle stored energy
with a high capacity of 102 mAh g™, allowing the muscle as a battery to power secondary muscles

or other devices.



INTRODUCTION

Bivalve mollusks can keep their hard shells tightly closed while consuming very low energy.
This muscle behavior is known as the catch state, which is enabled by Ca®*-regulated trimeric
compounds formed by actin filaments and myosin filaments in the anterior byssus retractor
muscle.*? Endowing artificial muscles with a catch state is extremely important because it allows
the retention of tensioned actuation states without continuous stimulations and energy
consumption, and programmable stepwise actuation according to control profiles. Till now,
various artificial muscles that can reversibly contract, bend, expand, or rotate when subjected to
external stimuli have been developed.’> However, such a catch state featuring energy-free high

actuation retention and stepwise actuation has rarely been achieved yet.

This deficiency is mainly limited by the actuation mechanism of the presently developed

artificial muscles. Generally, artificial muscles perform based on stimulus-induced volume
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changes, 7 which can be achieved mainly by such means as temperature difference,®!

1-13 and guest materials interactions.'*!® When heated by the Joule effect or

electrostatic pressure,
external heaters, fibers of highly oriented semicrystalline polymer or carbon nanotube
(CNT)/elastomers can generate large contractile strokes and high power density (e.g. 49% stroke
by nylon fibers®, 2.15 J g! contractile work capacities by sheath run muscles'’). However, the
keep of contracted states with a high retention ratio needs continuous heat input due to heat
dissipation. For example, a nylon fiber rapidly decayed by 65% in contractile stroke and 88% in
stress, respectively, when powered off.!® Dielectric elastomer films, such as silicone elastomers
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(polydimethylsiloxane,'® or Ecoflex 00-30%°) can produce fast and large strains when a high

voltage is applied to the two sides of the films. Since the structure deformation is caused by



electrostatic pressure, a high voltage is necessary to maintain the stained states.® 12! Actuation
mechanisms based on the infiltration and evaporation of solvents or vapor and the electrochemical
injection and extraction of ions are closely related to the interactions between the guest materials
and the artificial muscles. Infiltration and extrusion of hierarchical CNT yarns,'® graphene oxide
fibers,? cotton fibers,?* and PEO-SO3/CNT yarns!’ by solvents have resulted in actuation actions
in the forms of contraction, bending, or rotation depending on the muscle structure. Due to the
evaporation and tension-induced extrusion of the solvents, the actuation retention of such artificial
muscles needs a solvent-rich environment as the continual stimulation.?* Artificial muscles by
electrochemical injection and extraction of ions feature low driving voltages and high actuation
strokes. The realization of a catch state in such electrochemical artificial muscles is highly
dependent on the interaction strength between ions and the artificial muscles. Electrochemical
artificial muscles by double-layer charging lose the generated force and displacement very quickly
when powered off,? possibly due to the extrusion of ions and electrolytes out of the muscle by the
accumulated tension in the muscle. Artificial muscles driven by electrochemical redox reactions
could have a moderate catch state due to the enhanced ion-muscle interaction.?® We previously
reported that the CNT/graphene oxide hybrid muscle yarn when operated in an aqueous electrolyte
showed good contraction retention after power off. However, the contractile stroke of this muscle

was only 6% and the stepwise actuation is not available.

Based on these considerations, a strong but dynamic "locker" that is energy-free should be
built in an artificial muscle to retain the actuation state and allow programable actuation especially
when the artificial muscle is actuating under a heavy load. Here, we proposed a new strategy that
utilizes intercalation compounds that formed during an electrochemically reversible insertion

reaction to well hold the CNT yarn muscles at any achieved stroke. AlICl4~ anions were faradaically



and quantitively inserted in the collapsed CNT yarn muscles to form the intercalation compounds,
resulting in a novel catch state during a long period as well as precious control of contraction at
very small strain steps. This new actuation mechanism also allows the energy-free maintenance of
high contractile forces generated by the muscles. Resulting from the insertion reaction nature, the
muscles stored high electrical energy, which was utilized for powering electronics and other

muscles.

RESULTS AND DISCUSSION

Preparation and characterization of artificial muscles. Figure la shows a mussel in a
closed and open state, as well as a simplified mechanism for understanding the catch state of the
muscle in the mussel. The mussel can remain in a close and open state with low energy
consumption due to the Ca**-regulated bonding between actin filaments and myosin filaments.
When the Ca*' binds to the myosin neck, the myosin attaches to the actin filament and

dephosphorylated twitchin, and a trimeric compound is formed resulting in the catch state.?

Inspired by the trimeric compounds-enabled catch state, we introduce an intercalation
compound formed by AICls anions and collapsed CNT yarn to allow stepwise actuation and
actuation catch state in an artificial muscle. Figure 1b shows the presently utilized reaction system
for actuation, which is an electrochemically reversible insertion and extraction reaction. The
system consists of a coiled CNT artificial yarn muscle as the cathode, a thin Al plate as the anode,
and an ionic liquid of AICI3/1-ethyl-3-methylimidazolium chloride ([EMIm]CI) as the electrolyte.
The reactions involved in the charging and discharging process were shown in Figure 1b%728, On
the cathode side: C, + AICly™ <> C,[AICl4] + €7, AICl4™ ions are inserted into the collapsed CNT

yarn and form a compound of C,[AICl4], where n is the molar ratio of carbon atoms to AICl4™ in



the CNT yarn.?” During discharging, AICls™ ions are reversibly extracted out from the yarn. On

the anode side, the reaction of 4A1,Cl; + 3e” <> Al + 7AICl4 occurs correspondingly.

Notably, the insertion of AICl4 resulted in the radial volume expansion of the coiled CNT
yarn, which generated the untwisting torque and pulls the coils together. And the radial volume
expansion was transformed into the axial contraction to generate the axial contraction of the coiled
CNT yarn. When the AICls~ were extracted from the coiled CNT yarn, the axial contracted CNT
yarn returned to the original length.®?’ Figure 1c shows the axial contraction and restoration of a
coiled yarn muscle during the charge and discharge process. Like trimeric compound formed
between actin filaments and myosin filaments, the intercalation compound endows the coiled yarn
muscle with a novel catch state. The coiled yarn muscle holds the achieved contraction states after
turning off the energy input either during the charge or discharge process. The catch state also

resulted in an important property that the coiled yarn muscle can be stepwise actuated.

Presently used CNT yarns were prepared by floating catalytic chemical vapor deposition.°
Figure 2a shows the scanning electron microscopy (SEM) image of an 88-pum-thick twisted CNT
yarn that has a bias angle of 33°. After counterclockwise twisting the yarn with a twist density of
25000 turns m ! (Figure S1 in the Supporting Information), a coiled CNT yarn with a reduced fiber
diameter of 65 um was formed (Figure 2b), which was used as the artificial muscle. The stress-
strain curves show the breaking strengths of CNT yarn were decreased from 129 MPa to 99 MPa
during the twisting process. The percentage of elongation at break was 23% and136% before and
after twisting, respectively (Figure S2 in the Supporting Information). Cross-sectional
transmission electron microscopy (TEM) image of the coiled yarn shows that the CNTs typically
have 2-3 graphitic walls and a large number of CNTs are collapsed with a typical "dog bone" shape

and stacked in a "dislocation-dipole" mode (Figure 2c).’! However, there are still a small amount



of multi-walled CNTs (the graphitic walls > 3) that have not collapsed (Figure S3 in the Supporting
Information). In defect-free CNTs materials, it is challenge for AICl4 to permeate into the CNTs
due to the large size of AICls . While the interlayer spacing between collapsed CNTs was 0.37 nm,
almost identical to the graphite (002) space (0.34 nm). This collapsed stacking structure can
provide transportation channel and space for AICls~ storage like a graphite electrode does,?” which

enables the coiled CNT yarn a suitable cathode material for Al-ion batteries.*

Figure 2 g shows the typical cyclic voltammetry (CV) curve of a coiled CNT yarn artificial
muscle, which was carried out at a scan rate of 1 mV s~ ! between 0 V and 2.2 V. After the first CV
scanning cycle, the CV curves almost coincided (Figure S4 in the Supporting Information),
indicating that the electrochemical process became stable and reversible. The oxidation peak at
around 2 V during the charging process is associated with the insertion of AICl4™ into the collapsed
CNT bundles. The reduction peak located at around 1.48 V during the discharging process was
due to the AICls~ extracting from the CNT bundles.*? Figures 2d-f exhibit the TEM image and the
high-resolution energy-dispersive X-ray spectroscopy (EDS) elemental mapping of the cross-
section of the fully charged CNT yarn. Elements of Al and Cl were observed in the spacing
between CNT bundles while they were negligible in the cross-section of wet CNT yarn before
being charged (Figure S5 in the Supporting Information). This well indicates the insertion of

AICly™ ions into CNT bundles during the charging process.

To further understand the insertion process during the charging and discharging process, ex-
situ Wide-Angle X-ray Scattering (WAXS) was performed (Figure S6 in the Supporting
Information). Considering the collapsed stacking structure indicated above (Figure 2c), the WAXS
peak between 1.2 A™! to 2.4 A™! can be fitted into two peaks at q values of 1.684 A™! and 1.839

A~ (Figure S7 in the Supporting Information), which can be assigned to the interlayer distance d



value of about 3.73 A (outer layer distance between adjacent collapsed CNT spacing) and 3.42 A
(interlayer graphitic spacing) based on the TEM results (Figure 2¢),*® respectively. When the yarn
was charged, the spacing between the outer layers of adjacent collapsed CNTs increased to 3.79
A. During the discharging process, the spacing returned to 3.72 A (Figure S8 in the Supporting
Information). The spacing change during the charging and discharging process is consistent with

the reversible insertion and de-insertion of AICl4 ions.

In situ Raman spectroscopy was further performed on the CNT yarn to probe the AlCl4
insertion and de-insertion during charging and discharging (Figure 2f). The G peak blue-shifted
slightly from 1582 cm™! to 1587 cm™! with increasing the voltage from 0 V to 1.7 V, due to the
electrostatic absorption of AICl4~ ions. When the CNT yarn was charged to 1.8 V, a new peak
appeared and overlapped with the D’ peak (at 1614 cm ')** (Figure S9 in the Supporting
Information). This newly emerged peak was also observed for graphite electrodes that were
inserted by AICls ions, which has been attributed to the splitting of the G peak due to the
rearrangement of positive charges on graphite boundary layers.*> When the yarn was fully charged
at 2.2 V the new peak and the G peak blue-shifted to 1621cm ™' and 1596 cm™!, respectively. The
G band splitting and the blueshift strongly suggest the strong interactions between the AICls ions
and CNTs by the formation of intercalation compounds Ci[AlCls]. During sweeping voltage back
to 0 V, the G peak gradually returned to its initial position accompanied by the back-shift of the
new peak that finally overlapped with the G peak (Figure S10 in the Supporting Information). The
intensity of the D peak located at 1312 cm™' weakened during the charging process and nearly
disappeared at a fully charged state and recovered at a fully discharged state. That is due to the

reversible resonance conditions during the charging and discharging process.*®



Actuation performance of aluminum-ion insertion-driven artificial muscle. Figure 3a
shows the stabilized time dependence of contractile stroke and current during a full cycle of CV
scan between 0 V t0 2.2 V at 1 mV s! for a coiled CNT yarn that was subjected to 12.1 MPa stress.
The time dependence of contractile stroke could be roughly divided into three stages as indicated
(Figure 3a). At stage [ where the voltage increased from 0 V to 1.7 V, the increase of the contractile
stroke was relatively small, while the current remained positive and gradually increased. At stage
I, the contractile stroke quickly increased from 2.7% at 1.7 V to 18.1% at 2.2 V. This suggests
that the insertion of AICl4 ions to form C,[AICl4] at this voltage range caused a large contractile
stroke. At stage III where the voltage decreased from 2.2 V to 0 V, the contractile stroke gradually
decreased to 0% due to the reverse reaction (Cy[AICl4] — C, + AICly") and the corresponding
extraction of AICl4 ions out of the yarn muscle. Even though the current sharply switched from
positive to negative and remained large at this stage, the recovery rate was smaller than the
contraction rate at stage II. This indicates that the release of AICl4™ ions out of the yarn muscles is
a relatively slow and potential-dependent process. We integrated the current with time to obtain
the charge. The curve of charge versus time during a full CV scan shows the charge increase with
time during first 2200 s and decrease in the last 2200 s (Figure S11a in the Supporting Information).
The rate of the extracted charge to the injected charge (coulombic efficiency) is about 83% (Figure
S11b in the Supporting Information). The coulombic efficiency increase with the scan rate, it
reach up 97.3% when the scan rate increase to 50 mV s ' (Figure S12 in the Supporting

Information). This might be due to the parasitic reactions under lower scan rate.

To further understand the voltage dependence of the contractile stroke, we measured the
contractile strokes of the yarn muscle by doing CV from different starting voltages to 2.2 V and

from 0 V to different end voltages at 1 mV s~ ! (Figure 3b). As shown in the bottom x-axis, in the



voltage ranges of 0-0.3 V, 0-0.6 V, 0-0.9 V, and 0—1.2 V, the yarn muscle nearly did not contract
despite the existence of ion injection. This may correspond to a process of drafting AICls™ ions
that were stored in the pores of the yarn to the pore surface. This is consistent with the observation
of no contraction during the first 1000 s in Figure 3a. When AICl4 insertion that occurred at high
voltages (1.7 V=2.2 V) was involved, high contractile strokes were achieved. However, only
scanning between the AICl4 insertion-involved voltage ranges (e.g. 1.5-2.2'V, 1.8-2.2 V, or even
1.2-2.2 V) resulted in relatively small contractile strokes (Figure 3b, top x-axis). This can be
explained by the relatively slow processes of the reaction (Cn[AlCls] — C, + AICls) and the
release of AICls™ ions out from the CNT yarn muscle. Fully extracting the AICl4™ ions is thus of
great importance for the yarns to return to the initial state. These results suggested that the actuation
of CNT yarn muscles is dominated by faradaic AICl4™ insertion and extraction with the formation

and depletion of intercalation compound C,[AlCls4].

We then investigated the dependence of contractile stroke on charges that were injected and
extracted from the CNT yarn muscle using CV between 0 V to 2.2 V at different rates of 0.6, 1,
and 10 mV s™! (Figure 3c). Importantly, when at low scan rates, the hysteresis of contractile stroke
during cycling was very small and the Columbia efficiencies at these scan rates were almost 100%.
This suggests that the actuation is highly dependent on the charges that are stored in the muscle
and thus the actuation process can be precisely controlled. To investigate the effect of the rate of
injected charges on contractile stroke, galvanostatic charging and discharging was further utilized.
Figure S13 (Supporting Information) shows the charge dependence of contractile stroke at the

current densities of 0.6, 0.8, and 1 A g, respectively. The curves were almost coincident.

Figure 3d shows the contractile stroke and the generated contraction work under different

applied tensions. The contractile stroke increased first, reached the maximum stroke of 15.6% at
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10.6 MPa, and then decreased with the applied stress increased from 13.6 to 24 MPa. When the
stress was low, the coil-to-coil distance was limited for contraction.”” However, too large applied
stress would lead to the mechanical injury of the coiled yarn. The maximum contraction work
generated by the coiled yarn was 0.88 J g~! at 24 MPa, which is about 22 times that generated by
mammalian skeletal muscles.’’” We also investigated the rate performance of the yarn muscle by
applying 0 V to 2.2 V square wave voltage with a 50% duty cycle at different frequencies. The
largest contraction and recovery rates of the yarn muscles were 5%/s and 12%/s, respectively
(Figure S14 in the Supporting Information). The artificial muscle exhibited stable contractile
strokes during 1100 actuation cycles in about 13.5 hours when driven by applying CV scan voltage
from 0 V to 2.2 V at 100 mV s! (Figure S15 in the Supporting Information). This indicates the

good cyclic stability of the artificial muscle by faradaic AICl4 insertion and extraction.

We further investigated the isometric stress that was generated by the CNT artificial yarn
muscle. When the voltage was swept to 2.2 V at 1 mV s, the yarn muscle output 14.6 MPa
isometric stress (Figure 3e), which is about 40 times than that of skeletal muscles,*® and much
higher than other reported electrochemical artificial muscle (Table S1 in the Supporting
Information).’”- 3% 4°, We measured the isometric stress under different applied tensions when the
applied voltage scan from 0 to 2.2 V at 50 mV s !. The isometric stress increased first and then
decreased with the increase of applied tensions. The maximum isometric stress is 5.85 MPa at the
applied tension of 12.1 MPa (Figure S16 in the Supporting Information). Figure 3f shows that the
generated stress was dependent on the voltage on/off frequency. Increasing the frequency and the
scan rate led to a decrease in the isometric stress. This could be caused by the limited reaction rate
and migration rate of the ions. We further investigated the effect of applied voltage on isometric

stress. The isometric stress increased with the increase of applied voltage. The same as the
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contractile stroke, when the insertion voltages (1.7 V-2.2 V) were involved, high isometric stress
was achieved. The isometric stress was 5.14 MPa at the square wave voltage of 0 V to 1.8 V and
increase to 13 MPa when the applied voltage increased to 0-2.2 V (Figure S17 in the Supporting

Information).

Novel catch state and stepwise actuation of artificial muscles. Due to the nature of faradaic
insertion and extraction, the coiled CNT artificial muscle exhibited a novel actuation catch state
and was capable of stepwise actuation. During the CV scan starting from 0 V at 1 mV s™!, we
turned off the power when the voltage reached 0.9, 1.2, 1.5, 1.8, and 2.2 V and recorded the
contractile stroke versus time (Figure 4a). The yarn muscle that was subjected to 12.1 MPa stress
held at the achieved strokes very stably (catch index: ~95.7%) for a period as long as 2000 s after
power off. Here a catch index is defined as the ratio of the real-time stroke (or stress) after powering
off over the stroke (or stress) achieved just before powering off. Figure 4b shows the contractile
strokes that were achieved by applying a series of step voltages. For any given voltages, the power
was turned on for 10 seconds and then turned off for 300 seconds. The yarn muscle quickly
contracted when the power was on and the catch index was almost 100% during the following 300
seconds. Figure S18 (Supporting Information) summarizes the energy-free catch index for the yarn
that was charged to different voltages 0 0.9, 1.2, 1.5, 1.8, and 2.2 V and powered off for 300 s and
2000 s. While a slight decrease in the catch index was observed with prolonging the power-off
period to 2000 s, the catch index still was as large as 97.7%. To investigate the effect of tension
on the catch state, the energy-free contractile retention ratios for the yarn that was charged to 2.2
V under different tension states were characterized (Figure 4c). Surprisingly, the yarn muscle
achieved a catch index of about 99% even when bearing a load of 96000 times the muscle weight

(30MPa) for 300 s. After the power off for 3600 s, the catch index was still maintained at about
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100% under 6 MPa tension load (Figure S19 in the Supporting Information), which is superior to

that of previously reported artificial muscles (Table S2 in the Supporting Information).'® 24 40-43

The yarn muscle also showed a novel catch state for the generated isometric stress. As shown
in Figure 4d, we charged the yarn at 0.9 V, 1.2 V, 1.5 V, 1.8 V, and 2.2 V for 10 seconds, then
turned off the power. The isometric stress generated at voltages lower than 1.8 V was kept almost
constant after power off for 300 s. Figure S20a (Supporting Information) shows the catch index of
the generated isometric stress. When the voltage was turned off for 300 s, the yarn that was charged
at 1.5V, 1.8V, and 2.2 V exhibited the catch index of about 96%, 92%, and 83%, respectively.
The decay rate of the catch index gradually decreases, then reach a plateau of nearly 0 % s~ ' (Figure

S20b in the Supporting Information).

The above-mentioned results indicate that the CNT yarn muscles when driven by faradaic
insertion and extraction of AICl4™ ions can stably remain contractile strokes and isometric stress
without consuming energy. This novel catch state for both stroke and stress was not observed in
previously reported well-known artificial muscles, such as shape memory alloy, ionic-
polymer/metal composites (IPMCs), dielectric elastomer actuators, and piezoelectric actuators. %2
Since an artificial muscle is generally in a tension state when actuated, energy is needed to prohibit
the release of tension. For electrochemical artificial muscles, the actuation retention is thus highly
dependent on the reservation of the ions in muscles. Previous work demonstrates that a mechanical
stretch can squeeze out ions that are stored in a coiled CNT yarn by double-layer charging, which
causes the potential change.** This indicates that the master-guest interaction is not sufficiently
strong against tension release for artificial muscles based on double-layer charging and

discharging.?® The previously reported CNT muscle yarn that was based on double-layer charging

and discharging showed quick decay of catch index when power off, and the catch index was 30%
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after power off for 500 s.*° We also investigated the catch index of a coiled CNT yarn muscle that
was driven by double-layer charging and discharging. The catch index of the yarn muscle was
about 6% after power off for about 2000 s (Figure S21 in the Supporting Information). In contrast,
the insertion of AICl4 ions into the yarns results in the formation of the intercalation compounds
of Ca[AICL4].>* This enhances the interactions between the AICls~ ions and CNTs and thus inhibits
the tension-induced extrusion of AICl4™ ions out of the yarn even when the power is off. The
reservation of the AICl4™ ions in muscles can be reflected by the good retention of the open-circuit
voltage between the yarn muscles and the aluminum plates, especially when the power was turned
off below 1.8 V (Figures. 4 a, b, and d). The gradual decrease of the open-circuit voltage at a highly

charged state might be due to the parasitic reactions induced by the polarization of electrolytes.*’

While stepwise actuation has been well achieved in electric motors, the step control of the
actuation of artificial muscles is still a challenge. Benefiting from the novel catch state and the
charge-regulated actuation of present yarn muscles, we further investigated the stepwise
contraction of the yarn muscles. We show in Figure 4e that the yarn muscle achieved stepwise
contraction at different modes of 8%, 4%, 2%, and even down to 1%, respectively. This suggests
the capability of the programmable actuation control of our yarn muscle. Figure S22 (Supporting
Information) showed the utilized voltage profiles for the contraction step control that were
obtained according to the charge-contraction relationship (Figure 3a). By using the voltage profiles,
the yarn muscle was controlled to contract at very even stroke steps and jumped step by step to the
maximum stroke. Further discharging the yarn muscle at programmed voltage caused the yarn

muscle to return stepwise to the initial muscle length.

Energy storage by yarn muscles and application. Due to the insertion nature, present

artificial muscles can serve as an Al-ion battery to provide electricity. Figure 5a displayed the
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galvanostatic charging and discharging at different current densities between 0 V to 2.2 V for the
artificial muscle. The specific capacity was about 102 mAh g ! at 400 mA g ! (Figure S23 in the
Supporting Information). The specific capacity decreased and the Coulombic efficiency increased
with increasing the current density. The specific capacity was maintained at 53.9 mAh g ! and the
Coulombic efficiency reached 99.5% at a high current rate of 4 A g !. Figure S24 (Supporting
Information) shows the differential capacitance analyses (dQ/dV) of the galvanostatic charge-
discharge curve at 400 mA g™ '. The curve exhibited an oxidation peak of around 2 V and a reaction
at around 1.45 V, which was consistent with the CV curve (Figure 2g). The coiled yarn displayed
a capacity retention of 86% after 260 galvanostatic charge-discharge cycles and the Coulombic

efficiency was maintained at 99.5% after 260 cycles (Figure S25 in the Supporting Information).

We demonstrated the utilization of a fully charged yarn muscle (muscle ) as a power source
to actuate a secondary yarn muscle (muscle II), as shown in Figure Sc. Figure 5d shows the
contractile strokes versus time for muscle I and muscle II when using muscle I to power muscle II.
The muscle I was firstly charged to 2.2 V and generated a contractile stroke of 15%. When
connected to muscle I, muscle II contracted immediately and then reach a stroke platform of about
4.2%. Correspondingly, the contractile stroke of muscle I decreased by about 1%. The voltage
between muscle I and Al anode decreased to about 1.77 V during this process. After charging three
times, muscle II contracted by 9.8%. Interestingly, the contractile stroke of muscle II increased by
using a multi-ply yarn as muscle I since the capacity of muscle I was increased (Figure S26 in the

Supporting Information).

We emphasize the importance of this feature for the utilization of a couple of these yarn
muscles to drive the full cycle movement of structures. Previously reported electrochemical yarn

muscles needed mechanical stretch to return to the initial muscle length before actuation,*® which
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limited the practical applications of the yarn muscles. The proposed CNT yarn muscles can be a
potential solution that is able to utilize the stored energy for muscle recovery. As schematically
shown in Figure 5d, an elbow bends and does work when a large-capacity muscle is charged. The
large-capacity muscle can power a low-capacity muscle to contract, which makes the elbow return
to the initial position (Figure 5b). As another example, we showed the use of the energy stored in
a yarn muscle to power a car toy (Figure 5f, Video S1 in the Supporting Information). During
charging, the artificial yarn muscle contracted and pulled the car toy forward. The charged artificial
yarn muscle was used to power a mini motor for towing the car back and the position recovery of

the yarn muscle.

Moreover, the length of the yarn muscle can be utilized to monitor the state of charge (SOC)
of the yarn battery. Figure Se displayed the experimental and fitting curves of the voltage versus
the contractile stroke of a fully-charged artificial yarn muscle that was discharged at 0.6 A g .
The adjusted R-squared of the two fitting curves were both 0.996, which means that the voltage
between the CNT coiled yarn and the Al plate could be monitored accurately by the yarn length.
This provides a visible battery monitoring mothed to trace the SOC in the yarn muscle. As an
energy storage device, the artificial muscle can also be used to power LED lights (Figure 5g, Video

S2 in the Supporting Information).

CONCLUSION

In summary, the electrochemical artificial muscles driven by aluminum-ion faradaic insertion
and extraction have exhibited an energy-free high-tension actuation catch state and programmable
stepwise actuation. This is enabled by the voltage-dependent formation and removal of C,[AlCl4]

compounds in the CNT yarn muscles, which can act as a strong and dynamic structural locker in
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the muscle. This provides a new strategy for solving the long-standing challenge of energy-saving
and precise control of artificial muscles. The new driving mechanism also endows the artificial
muscles with a high energy storage capability. This can rich the functions of the yarn muscles as
position recovery, battery-capacity monitoring, a power source for sensors, and so on. We believe
that the new driving mechanism can also inspire the development of novel artificial muscles that

have programmable actuation control and low energy consumption.

EXPERIEMENTAL SECTION

Preparation of artificial muscles: CNT yarns were fabricated by floating catalyst chemical
vapor deposition.*® In this method, absolute ethanol serves as a carbon source, ferrocene as
catalyst (1-3wt%), thiophene as catalytic aid (2-5%), and deionized water as etchant (2-5%). The
H»/Ar mixed gas serves as carrier gas. The temperature of the growth reaction furnace was 1100
°C to 1300 °C. The mixed solution of carbon source was injected into the reaction furnace, and a
continuous CNT aerogel sheet was drawn from the end of the furnace. After passing the aerogel
sheet through a water tank, narrow CNT ribbons were obtained. The ribbon was twisted at a twist
density of 25000 turns m! under a load of 2 g, which led to the formation of a fully coiled CNT

yarn. The coiled yarn was utilized as the artificial muscle.

Electrochemical measurements: The coiled CNT yarn was used as a cathode, the Aluminum

plate was used as an anode, and the ionic liquid AICI3/1-ethyl-3-methylimidazolium ([EMIm]CI)
(mole ration of AICI; to [EMIm]CI was 1.3) was used as electrolyte. Raman spectroscopy shows
that both AICls~ and ALCl;™ anions were present in the ionic liquid electrolyte at the molar ratio

of about 2.78 (Supplementary Figure 27).3° All the electrochemical measurements were
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performed in the glove box. The galvanostatic electrochemical charge-discharge cycling of the
artificial muscle was performed on a LAND G340A battery tester. The CV measurement and
square wave voltage were performed on a CHI760E electrochemical workstation. The injected

charge (Q) was calculated following:
Q=/1dt (1)
Where the [/ 1s the current, and ¢ is the time.

The contraction length was recorded by a contactless electromagnetic sensor. The generated
isometric stress (o) of the yarn muscle was recorded by a load cell (JZ-101, XINHANG).

Contractile strokes (&) were characterized by a contactless electromagnetic sensor.

2)

© | Yy

e== x100% (3)

Where the F'is the force measured by the load cell, S is the cross-sectional area, AL is the

contraction length, and L is the original length of CNT yarn.

Ex-situ WAXS spectroscopy: The CNT yarns were prepared by applying a twist density of
about 4600 turns m !, Then the yarns were charged and discharged to different states during the
CV scan between 0 V to 2.2 V at 1 mV s~ . After the reaction, the yarns were removed from the
glove box and were annealed at 80 °C for 2 h. The ex-situ WAXS measurements were performed
on a Xenocs Xeuss 3.0 laboratory beamline. An X-ray wavelength of A=1.54189 A and a beam

size of (0.9x0.9) mm? were employed for the measurements. The scattered intensities were
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collected using a Dectris EIGER2 R 1M detector with a sample to detector distance of 50 mm for

WAXS measurements (instrument resolution of ~0.067 A™1).

In-situ Raman spectroscopy: The in-situ Raman spectroscopy was performed through a
homemade reaction cell with a quartz window by using a HeNe laser with a wavelength of 633
nm (Renishaw in Via Qantor). The CNT yarn without coiled structure and the commercial
aluminum sheet were used. The spectral data were collected during the CV scan between 0 V to

22Vat0.6mVs'.

High-resolution EDS measurements: The CNT coiled yarn was charged to 2.2 V by CV scan at
1 mV s !. The soaked yarn was obtained by soaking the CNT yarn into AICl3/EMICI ionic liquid
electrolyte for 2 h. Then the CNT yarn muscles were washed with anhydrous methanol. The
cross-sections of the CNT yarns were obtained by radially sectioning the CNT to a depth of 10
um from the surface, which was using a focused ion beam operated at 30 kV (Thermo Fisher
Helos 5 UX). And the TEM images and the high-resolution EDS elemental mapping images of

the cross-section were obtained using Talos F200X (Thermo Fisher).
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Figure 1. Schematic illustration of mussel-inspired artificial muscle with catch state and stepwise
actuation. (a) The catch state of the mussel and the simplified mechanism (insert). (b) The
structural and reaction equations of the actuation system consisted of an Al thin plate, a CNT coiled
yarn, and an AICI3/[EMIm]CI ionic liquid electrolyte. (¢) Actuation process showing stepwise

actuation and catch state during a CNT coiled yarn charged at different capacity levels.
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Figure 2. Ion insertion and extraction in artificial muscles. SEM images of pristine twisted CNT
yarn (a) and fully coiled CNT yarn (b). (¢) TEM image of the cross-section of pristine CNT coiled
yarn showing collapsed CNTs in a bundle. (d) TEM image of the cross-section of full charged
CNT coiled yarn. (e, f) High-resolution EDS elemental mapping image of Al (e) and CI (f). (g)
The second cycled CV curve of coiled CNT yarn was carried out at 1 mV s™! between 0 V to 2.2

V versus Al plate. (h) In-situ Raman spectroscopy was recorded on CNT yarn during CV scanning

at 0.6 mV s
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Figure 3. Electrochemical actuation performance of artificial yarn muscles by aluminum-ion
intersection and extraction. (a) Contractile stroke and current versus time during a full CV scan
between 0 V to 2.2 V at 1 mV s ! for a coiled yarn bearing 12.1 MPa applied stress. The
corresponding voltage profile was shown on the top x-axis. (b) The contractile stroke of the yarn
muscle at different voltage windows at a scan rate of 1 mV s~ ! using 12.1 MPa applied stress, inset
shows the distribution of the ions at different stages. (c) The charge dependence of contractile

stroke at different scan rates using 12.1 MPa applied stress. (d) The effect of stress on the
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contractile stroke and actuation work during the CV scan under the electrochemical window of 0
Vt02.2 Vand 10 mV s! scan rate. (e) The generated isometric stress versus scan rate during CV
scan between 0 V to 2.2 V under 12.1 MPa applied stress. (f) The isometric stress curves under
different on/off frequencies when a 0 V to 2.2 V square wave and tension stress of 12.1 MPa were

applied.
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Figure 4. Energy-free high-tension catch state and programmable stepwise actuation of artificial
muscles. (a) The contractile stroke and the applied voltage (solid line) and the recorded open-
circuit voltage (dash line) between the yarn muscle and the Al plate versus time, during voltage
sweeping from 0 V at 1 mV s—1 to target voltages and then powered off for 2000 s. The tension
applied to the muscle is 12.1 MPa. (b) The contractile stroke and the open-circuit voltage between

the yarn muscle and the Al plate versus time. Different voltages were applied for 10 s and then
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turned off for 300 s. The tension applied to the muscle is 12.1 MPa. (c) The time dependence of
the catch index of the yarn muscle under different tension loads when the applied power was turned
off. The inset is the relationship between the catch indexes after power off for 300 s and the applied
tension. (d) The generated isometric stress and the applied voltage (solid line) and the recorded
open-circuit voltage (dash line) between the yarn muscle and the Al plate versus time, when
voltages were applied for 10 s and then turned off for 300 s. The tension applied to the muscle is
12.1 MPa. (e) The programmable stepwise actuation at stroke steps of 8%, 4%, 2%, and 1%. The

utilized voltages were applied for 10 s. The tension applied to the muscle is 12.1 MPa.
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Figure 5. Energy storage of artificial muscle and the application demonstration. (a) Galvanostatic
charge and discharge capacities and Coulombic efficiency at different current densities. (b)
Diagram of contraction/extension of muscle I (biceps) and muscle II (triceps) when the arm was
flexed and extended. (c) Schematic illustration of the contracted artificial muscle (muscle I) serves

as a battery to power the other artificial muscle (muscle II). (d) The contractile stroke versus time
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during using muscle I (contracted yarn) to power muscle II. (e) The experimental and fitting curves
of voltage versus contractile stroke, when the artificial muscle was discharged at a current density
of 0.6 A g'!, and the inset displays the schematic illustration of the relationship between voltage
and contractile stroke. (f) The use of Artificial muscle to power a car toy to go forward and turn

back. (g) The LED patterns of the Big Dipper and Christmas trees are powered by artificial muscles.
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A new strategy that utilizes an electrochemically reversible insertion reaction to achieve an energy-
free high-tension catch state and programmable stepwise actuation in the carbon nanotube yarn
muscle is proposed. Importantly, the yarn muscle with a high capacity can be utilized as a battery

to power secondary muscles or other devices.
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