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A contractile ionic electrochemical actuator was designed by incorporating two coiled carbon nanotube (CNT)
yarns coated with a biofriendly ionogel. The working principle of such an actuator stands in capacitive ionic
accumulation at the electrochemical double layer, which converts into linear contraction of the coiled CNT yarns.
The prepared ionogel showed a good ionic conductivity of up to 1.9 mS cm ™ at room temperature and suitable
mechanical properties (Young modulus <1 MPa and elongation at break at 75%). The ionogel/coiled CNT yarn

actuator exhibited a maximum contractile stroke of 1.78% under electrochemical stimulation in open air. Such
yarn actuators with safe components could open opportunities for application prospects in smart textiles and

biomedical devices.

1. Introduction

Contractile actuators based on yarns are promising and elegant
precursors of artificial muscles for applications in smart textiles, pros-
thetics, soft robotics or exoskeletons [1,2]. Various types of yarn muscles
have been reported since last decade, including conductive polymer
yarns [3-5], shape memory alloy wires [6,7], twisted and coiled poly-
amide yarns [8,9], and carbon nanotube (CNT) yarns [10,11]. Among
them, CNT yarn muscles are especially in the spotlight because of their
high strength, high electrical conductivity over their entire length, and
high energy conversion efficiencies, which have been driven either by
humidity/solvent adsorption [12,13], thermal [14,15], or electro-
chemical [2,16,17] stimulation. In particular, electrochemically driven
CNT muscles attracted significant interest from researchers due to their
easy and desired electrical control as well as their low working voltages
[13,18]. Their working principle relies on the charging/discharging of
the electrochemical double layer (EDL) at the CNT-electrolyte interface
through a capacitive process, transducing low-voltage electrochemical
stimulation into a mechanical response. When the pristine CNT yarns are
coiled by overtwisting, they can convert torsional actuation into a large
tensile stroke [2].

Electrochemically driven CNT artificial devices induce de facto a
need for ionic sources, such as organic ionic liquids [19-21], aqueous or
organic electrolytes [22,23]. Lee et al. developed coiled CNT muscles
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with a contractile stroke up to 16.5% when immersed in organic elec-
trolytes (0.2 M tetrabutylammonium hexafluorophosphate, TBA-PFg, in
propylene carbonate, PC) [17]. Qiao et al. designed a muscle composed
of coiled CNT and graphene oxide (GO), which exhibited 8.1% stroke
when immersed in aqueous electrolytes (0.5 M NaySOy4) [11]. Providing
open-air actuation ability to these contractile actuators allows for a
significant widening of their possible applications. It can be enabled by
combining two coiled CNT yarns, respectively acting as anode and
cathode, with a polymer gel containing electrolytes [2,21]. However,
the design of the ionic source is of primary importance for integrating
these artificial muscles into practical applications. Organic electrolytes
endow the actuator with greater performance due to their larger elec-
trochemical window and comparatively larger solvated ions [11].
Nevertheless, the toxicity of most organic solvents limits the application
range of these actuators, especially in the fields of smart textiles, exo-
skeletons, and biomedical devices where contact with the human skin
occurs. However, aqueous electrolytes suffer from a narrow electro-
chemical window and relatively small ion sizes, limiting the actuator
stroke. Moreover, water or organic solvent evaporation, in open-air
applications, will undoubtedly cause the loss of functional and actua-
tion capability due to a significant drop of the ionic mobility [2]. .
Hence, electrolytes with high and air-stable ionic conductivity, such
as ionogels, would allow the excellent implementation of CNT muscles.
Ionogels are polymer gels containing solid polymer and ionic liquid (IL)
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phases that percolate throughout each other [24-26]. They are usually
obtained by in situ polymerization of the gel network in the presence of
ILs or by swelling a polymer network with ILs. Ionogels combine the
mechanical properties of crosslinked polymer networks with the ionic
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conductivity, non-volatility, and non-flammability of ILs. To expand the
potential applications of ionogels, it would be advantageous to promote
the development of biofriendly materials. The toxicity of ionic liquids
(IL) is dependent on the nature of their anion and their cation [27,28].

o
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Fig. 1. (a) Schematic illustration of the electrochemical actuator and compound structure of biofriendly ionogels. (b) Image of an ionogel film with 5 wt% PEGDA
crosslinker. (c) Young’s modulus of ionogels with various crosslinker contents. (d) The ionic conductivity of ionogels with different crosslinker contents at room
temperature. (e) The ionic conductivity of ionogels with 5 wt% crosslinker as a function of temperature. The red dot in the figure represents the experiment data and

the blackline represents the calculation data from the VTF simulation. (f) Curves simulated by the VTF mode, using To = T4-50 K, resulting in A value of 71.31 S

em ™! and E, of 8.11 kJ mol ™.
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Biobased ionic liquids (IL), appears as good candidates combining the
non-volatile nature of ionic liquids with a lower toxicity [29]. They have
already been considered as plasticizers of some polymers[30] or as
biomolecule stabilizers in pharmaceutics, etc. [31,32]. However, most
of these bio-sourced and biofriendly ILs have relatively high viscosity,
resulting in low ionic conductivity, which reduces their interest in ap-
plications in electrochemical devices. However, choline based ionic
liquids, and particularly choline acetate (ChAc), are very promising due
to their relatively high ionic conductivity, reaching 3.9 x 107> § cm™!
for ChAc [27]. ChAc is composed of a choline cation from the vitamin B
complex and an acetate anion from intracellular metabolites, which
makes it belong to the category of biofriendly IL (Fig. 1a) [33,34].
Taking advantage of these properties, Elhi et al. demonstrated their in-
terest in developing electrochemical actuators by the elaboration of
bending tri-layer actuators based on polypyrrole electrodes and poly-
vinylidene fluoride (PVdF) / ChAc ionogel as the electrolyte, with an
actuation strain of up to 0.67% [27]. The cytotoxicity experiments of
choline acetate also showed a relatively low toxicity against HeLa cells
compared to other choline ILs, such as choline malonate and choline
isovalerate [27], demonstrating the good biofriendly properties of ChAc.

In this study, we investigated the synthesis of ChAc-based ionogels
and their application as ionic coatings on coiled CNT yarns for the
development of stable and biofriendly air-operating artificial muscles.
The biofriendly ionogel coatings were synthesized by the free radical
copolymerization of 2-hydroxyethyl acrylate (HEA) monomers and poly
(ethylene glycol) diacrylate (PEGDA) crosslinkers [35,36] initiated by
UV irradiation in the presence of ChAc. Gel formation was monitored by
in-situ rheological measurements, and the resulting ionogels were
characterized in terms of their ionic conductivity and mechanical
properties. A coiled CNT yarn actuator was prepared by directly syn-
thetizing the ionogel on the coiled CNT yarns. The ionogel acts an ionic
source as well as a structuration glue for the constitution of the
two-electrode CNT yarn actuator. The electrochemical properties and
actuation performance of the resulting CNT-based actuators were
characterized.

2. Material and methods
2.1. Materials

Choline Bicarbonate (80% in Hy0), poly(ethylene glycol) diacrylate
(PEGDA, average Mn = 700 g mol ™!, 95.0%), 2-hydroxyethyl Methac-
rylate (HEMA, > 95.0%), Poly(ethylene glycol) dimethacrylate
(PEGDMA, average Mn = 750 g mol~!, 95.0%),and 2-hydroxy-2-meth-
ylpropiophenone 97% (darocur 1173) were purchased from Sigma-
Adrich. Acetic acid (99.8%), was purchased from Honeywell. 2-hydrox-
yethyl Acrylate (HEA, > 95.0%) and choline chloride (ChCl, 98.0%)
were purchased from TCI. Galvorn CNT yarns (diameter = 150 um;
resistance = 10 Q m~') were purchased from DexMat,.

2.2. Synthesis of ionogels and fabrication of coiled CNT actuators

2.2.1. Synthesis of choline acetate

Choline acetate (ChAc) was synthesized via ion exchange. In brief, an
acetic acid solution (50%wt) in water (10% excess) was added dropwise
to a round-bottom flask filled with 50%wt choline bicarbonate in water.
The mixture was then stirred at room temperature for 12 h. The
remaining contaminants were removed by two successive extractions
using ethyl acetate. Ethanol was then added to the aqueous solution to
create a eutectic mixture. This solution was dried in rotavapor for 3 h
under high vacuum for 12 h. The obtained white solid liquefies once it is
hydrated. Yield 98%. Choline acetate: -N-CHs: 3.05 ppm, N-CHj:
3.89 ppm, CH>-OH: 3.36 ppm, CH3-CO-: 1.77 ppm.

2.2.2. Synthesis of acrylate-based ionogels
Appropriate amounts of PEGDA crosslinker were added to the HEA

Sensors and Actuators: B. Chemical 403 (2024) 135227

according to the formulation in Table 1, followed by the addition of
choline acetate (50 wt% to the PEO precursor). Then, a solution of
Darocure (0.1 g mL ! in ethanol) was added to the mixture to reach 1 wt
% of Darocure compared to the mass of PEGDA and HEA. The precursor
solution was kept in the dark and then poured onto a glass plate with a
Teflon mold (500 um thick) in open air. The sample was polymerized
using 15 scans on each side under a UV conveyer (Primarc UV Tech-
nology, Minicure, Mercury vapor lamp) with an irradiation power of
100 W cm ™2 The obtained ionogel film was dried under a dynamic
vacuum for 1days at 50 °C.

2.2.3. Synthesis of methacrylate-based ionogels

The ionogel was obtained by photopolymerization of HEMA cross-
linked with PEGDMA using Darocur 1173 as the UV-photoinitiator sol-
uble in the reactive mixture. The reactive mixture contains 48 wt% of
HEMA, 2 wt% of PEGDMA, 0.75 wt% of Darocur1173 and 50 wt% of
ChAc.

2.2.4. Fabrication of coiled CNT actuator

CNT yarns were first treated with ozone for 60 s then coated with
unreacted ionogel precursors. The yarns were then overtwisted clock-
wise under a constant 5 MPa preload until a completely coiled state was
reached (approximatively 50 turns cm™'). The resulting coiled CNT
yarns were UV-irradiated to trigger polymerization, thereby forming an
ionogel coating. Two coated coiled CNT yarns were assembled using an
extra layer of ionogel precursors as photocurable and ionic conducting
glue to ensure a stable ionic junction between the two electrodes. Pho-
topolymerization of the assembly leads to the formation of an actuator
with a spacing of ~1 mm between the two electrodes, as shown in
Fig. 2a.

2.3. Characterization

2.3.1. NMR characterization
'H NMR spectra were recorded on a Bruker AVANCE 400 MHz
spectrometer at 297 K with deuterated water (D50) as the solvent.

2.3.2. Mechanical properties

Traction experiments were carried out on a Dynamic Mechanical
Analyzer (TAinst, Q800) in tensile mode at 30 °C with a strain rate of
100%-min~! to 500%. To obtain stress-strain curves, an initial strain of
0.05% and a preload force of 0.01 N were performed.

2.3.3. Characterization of polymerization speed

The photopolymerization speed was recorded using a rheometer.
Rheological measurements were performed using an Anton Paar Physica
MCR 301 rheometer equipped with a CTD 450 temperature control
device and a plate-plate geometry (gap 250 um, diameter 25 mm, plate:
polymerization system made from a lower glass plate coupled with a UV
Source Omnicure 142 mW cm_z). A deformation of 1% was imposed at a
frequency of 1 Hz. The storage modulus (G) and loss modulus (G") were

Table 1
Detailed data on the mechanical properties of ionogels with various crosslinker
contents.

Sample  Ionogel Mechanical properties
HEA PEGDA  ChAc!  Young modulus Elongation at break
(wt (Wt%) (Wt%) (MPa) (%)
%)

1 75 25 100 2.03 25

2 80 20 100 1.06 36

3 85 15 100 0.82 39

4 90 10 100 0.54 37

5 95 5 100 0.28 75

! The weight contents of ChAc are given versus the weight of the PHEA-PEGDA
network
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Fig. 2. (a) Schematic illustration of the coiling process of CNT and the preparation process of electrochemical actuators composed of two coiled CNT yarns coated by
the PHEA/PEGDA 95/5 wt% + 100 wt% ChAc ionogel. (b) SEM image of coiled CNT yarn without ionic coating. (c) Photograph of the electrochemical actuator. (d)
The CV scan curves of the electrochemical actuator at different scan rates. The inserted curve is a CV scan at 1 mV s~ '. (e) Capacitance of the electrochemical

actuator at different scan rates.

recorded as functions of time. The solution of the precursor materials
was placed in the rheometer geometry at 30 °C, measurements began
immediately, and UV exposure was delayed in time.

2.3.4. Ionic conductivity

The ionic conductivity was recorded by electrochemical impedance
spectroscopy using a VSP 150 potentiostat (Biologic SA). The samples
were first dried under vacuum at 60 °C for 1 day before characteriza-
tion. Experiments were carried out at different temperatures in a
temperature-controlled oven in the frequency range from 2 MHz to 1 Hz

at a rate of six points per decade and at 0 V with an oscillation potential
of 10 mV. The ionic conductivity (S-em™Y) is calculated using the
equation.

o=h/(Z*S) (@)

Where Z is the real part of the complex impedance (ohms), h is the
thickness of the sample (cm), and S is the sample area (cm?).

2.3.5. Scanning Electron Microscopy(SEM)
SEM was performed using a Carl Zeiss AG-ULTRA 55 by GEMINI with
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a field emission gun at 2-10 kV.

2.3.6. Electrochemical characterization

2.3.6.1. Capacitance. The capacitance was calculated by cyclic vol-
tammetry (CV) tests, which were performed by cycling the potential
difference between + 1 V and -1 V for the dual-electrode actuator with
biocompatible electrolytes at different scan rates using a two-electrode
configuration at different scan rates. The capacitance was calculated
by integration of Q to divide the range of potentials.

C=Q/V (2)

2.3.7. Stroke deformation characterization

The length of the actuator was maintained by connecting it to an
isometrically operated force-displacement lever arm transducer (Aurora
Scientific model 300 C, Canada) with constant 25 mN preloading. The
sensor recorded the stroke or force variation in real-time. The tensile
stroke was calculated from the variation in actuator length (Al =1 - lp)
upon stimulation and the initial length of the actuator (lp) using the
following equation: strain = Al /lp x 100.

3. Results and discussion
3.1. Ionogel synthesis

ChAc was first synthesized according to a previously reported pro-
cess,[27,37] as described in the Supporting Information (Scheme S1 and
Fig. S1). The polymer network of the ionogel is a copolymer network of
poly(2-hydroxyethyl acrylate) (PHEA) crosslinked with Polyethylene
glycol diacrylate (PEGDA), which were chosen for their non-toxicity.
[35,36] The network was prepared in the presence of 100 wt% ChAc
ionic liquid with respect to the polymer network, i.e. 50 wt% of the final
ionogel total weight, by free radical copolymerization of HEA monomer
at different contents of PEGDA crosslinker (varying from 5 to 25 wt%
compared to the monomer (HEA)). (Fig. 1a and Table 1). The reaction
was initiated by 2-hydroxy-2-methylpropiophenone (HMP), a UV
free-radical initiator. Similarly, an ionogel was prepared with methac-
rylate derivatives (Table S1 and Fig. S2 and S3).

The PHEMA/PEGDMA/ChAc ionogel resulted from the copolymeri-
zation of 2-hydroxyethyl methacrylate (HEMA) with polyethylene gly-
col dimethacrylate (PEGDMA) in the presence of 50 wt% ChAc, Ionogel
formation kinetics were monitored by rheological analysis (Fig. 52). The
ionogel precursor mixtures have a low viscosity of 0.74 Pa s and exhibit
rapid gelation (<5 s and <8 s for acrylate and methacrylate based ion-
ogels, respectively) once they are exposed to UV irradiation, which is an
asset for a homogeneous and rapid polymerization of the ionic coatings
onto CNT yarns [38]. The obtained ionogel films were transparent and
slightly yellow, owing to the decomposition of the photoinitiator
(Fig. 1b). Fig. 1c shows the mechanical properties of the ionogels as a
function of crosslinker content. As expected, when the later decreases
from 25 to 5 wt%, the ionogel’s Young’s modulus diminishes from
2.03 MPa to 0.28 MPa. In parallel, the elongation at break increased
from 25% to a maximum of 75% with the decreasing crosslinker content.
Thus, the mechanical properties of the ionogel could be tuned by
adjusting the crosslinker content. Compared to acrylate-based material,
the mechanical properties of methacrylate-based ionogel with 4%
crosslinker revealed a more rigid and brittle material with a Young’s
modulus of 1.2 MPa and a strain at break of only 29% (Fig. S3). In the
following section, only the results of the acrylate-based ionogel, i.e.
PHEA/PEGDA/ChAc ionogel, will be reported.

Owing to the high ionic conductivity of neat ChAc (3.9 x1072 S
cm_l)[27] and its high content of 50 wt% in the ionogel, as well as, its
low glass transition temperature (Tg = —48.6 °C for the ionogel with

Sensors and Actuators: B. Chemical 403 (2024) 135227

25 wt% crosslinker) (Fig. S4), the prepared PHEA/PEGDA/ChAc ionogel
films displayed a high ionic conductivity, increasing slightly when
decreasing the crosslinker content and reaching up to 1.9 x 103 Scm™!
for ionogel with 5 wt% crosslinker (Fig. 1d). The conduction behavior of
the latter as a function of temperature was also investigated (Fig. 1e).
The ionic conductivity increased to 1072 S cm ™! at 80 °C. Moreover, the
ionic conductivity measured as a function of the temperature is fitted by
the empirical Vogel-Tammann-Fulcher (VTF) model® (Fi g. 1f) [39],
rather than classical and purely temperature dependent Arrhenius
model® (Fig. 1e). This behavior indicates that ionic movements of the
ChAc IL are thermally activated. However, their movements are corre-
lated to those of the polymer chain segments of the host matrix
expressed by their dependence on Ty, as observed for classical and
non-biofriendly ionogels. A and Ea are parameters related to the number
of charge carriers and the pseudo-activation energy for ion conduction,
respectively. The parameter A was found to be 71.31 SK2 cm ! and Ea
of 8.11 kJ mol_l, which is close to the values reported for ionogels [26,
40-42]. Thanks to their combination of low initial viscosity, fast curing
kinetics, high ionic conductivity, and good mechanical properties, this
family of ionogels appears to be a promising photopolymerizable ionic
coating for application as an ionic source in coiled CNT actuators.

3.2. Coiled CNT actuator fabrication

Coiled CNT yarns experiment considerably higher stroke strain than
linear CNT yarns when submitted to electrical stimulation [10,17]. In
this study, we used commercially available CNT yarns coiled by over-
twisting in order to increase their electromechanical performance. The
preparation process of the electrochemical actuator composed of coiled
CNT yarns and ionogels coating is shown in Fig. 2a [43]. The ionogel
composed of 5 wt% PEGDA was selected because it has the highest ionic
conductivity, the highest elongation at break, and the lowest modulus.
To ensure intimate contact at the interface between the electronically
conducting CNT yarns and ionically conducting ionogel, the linear CNT
yarns were first treated with ozone for 60 s to increase the wettability of
the ionogel precursors to the CNT, and then coated with the unreacted
ionogel precursors. Next, they were overtwisted clockwise under a
constant 5 MPa preload until a completely coiled state was reached
(approximatively 50 turns em™Y). The coils appear with a relatively
loose and open structure under these coiling conditions (Fig. 2b) when
compared with the non-commercially available CNT yarns reported in
the literature [2,17], but present the advantage of being obtained from a
commercially available starting material. UV light was then used to
initiate free-radical polymerization of the ionic coating precursors to
obtain a homogeneous ionic coating on the surface of the coiled CNT
yarn. Two coated coiled CNT yarns acting respectively as the anode and
cathode were then assembled together with the photopolymerization of
an extra layer of ionogel precursors, acting as photocurable and ionic
conducting glue and ensuring stable ionic junction between the two
electrodes. The obtained electrochemical actuator exhibited a spacing of
~1 mm between the two electrodes (Fig. 2c).

The electrochemical properties of the resulting device were exam-
ined using cyclic voltammetry in open-air in a two-electrode configu-
ration from — 1V to + 1V at different scan rates (Fig. 2d). No
noticeable Faradaic reactions were observed in this voltage range, and
the charge capacity of the device decreased with increasing scan rate, as
expected for this type of electrochemical system. The maximum capac-
itance was 9.7 F g’1 at a scan rate of 1 mV s (Fig. 2e). In addition,
when the voltage scan was from + 4 to — 4 V at a scan rate of 20 mV s},
similarly no significant Faradaic reaction was observed demonstrating
the good electrochemical stability of the ionogel (Fig. S5).

2 where E, is activation energy, R: gas constant, T temperature in K and Ty is

reference temperature, typically T; — 50 K
3 where E, is activation energy, R: gas constant and T temperature in K
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3.3. Electromechanical performances

The electromechanical performance of the resulting actuators was
then characterized in open-air under electrochemical stimulation
(Scheme S2). The principle of operation relies on the electrochemical
charging of the EDL, promoting the influx of ions into the electrodes. It
promotes a local increase in volume and, consequently, an untwisting of
the coil, expanding in diameter and contracting in length. Conversely,
the efflux of ions during discharge promotes the opposite phenomenon
and leads to the elongation of the coiled yarns. The deformation of such
symmetric electrochemical devices is bipolar by nature, as shown in
Fig. S6, and as previously reported for capacitive systems where both
cations and anions are mobile [2]. A contraction was obtained during
charging owing to ion influx by applying indifferently a positive or a
negative potential difference. When switching from extremely positive
to extremely negative voltages, the actuator presents a double motion,
first elongating due to counter-ion efflux and then contracting due to the
influx of oppositely charged ions.

Consequently, electromechanical characterizations were performed
on only one side of the electrochemical window between 0V (dis-
charged EDL) and + 4 V (charged EDL). The EDL charging /uncharging

a

k)

Charging

Discharging
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processes of the electrodes are shown in Fig. 3a.

The slow accumulation of ions at the EDL layer, i.e. ion exflux and
influx, along with a volume change of the yarn hindered by the loose and
relatively open surface of the CNT, slows down the actuation. Therefore,
advanced cyclic voltammetry (CVA) at 20 mVs™! scan in a two-
electrode configuration (Fig. 3b and c) was performed, in which the
voltage was held at + 4 V and at 0 V for another 4 min in order to reach
the maximum vertex voltage, to guarantee that complete ion influx and
efflux occurred before the inverse sweep. As shown in Fig. 3c, the con-
tractile stroke increased from 0.5% to 1.1% when the voltage was held at
+ 4V for 4 min and then expanded to the original state for a 4 min
holding at 0 V.

The electrochemical actuator was also actuated using different
consecutive square potential waves with different pulse times. Fig. 4a
depicts the actuator’s stroke variation with a voltage plateau ranging
from + 4V to 0V in a 60 s pulse time and demonstrates a reversible
contraction/expansion of ~ 0.3%. Drift was observed in the electro-
mechanical response owing to the mechanical relaxation of the coiled
actuator under a preloaded force.

Subsequently, the dependence of the applied voltage and pulse time
on the stroke variation was investigated. The stroke variation at
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Fig. 3. (a) Mechanism of the electrochemical tensile stroke of an electrochemical actuator upon electrochemical stimulation. The actuator exhibited contraction
when the ions swelled into the CNT yarns and recovered to the original state when the ions efflux from the yarns. (b) Advanced cyclic voltammetry (CVA) cycles for
electrochemical tensile stroke measurements of the electrochemical actuator with a 25 mN preloading force. The voltage was scanned between 0 V and + 4 V at a
scan rate of 20 mV s}, and then held at + 4 V and 0 V for another 4 min to ensure that the stroke reached its maximum and returned to its original value. (c)
Electromechanical tensile stroke variation as a function of voltage with the CVA scan process. The red arrow indicates the direction of the stroke variation.
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Fig. 4. (a) Chronoamperometry cycles for electrochemical tensile stroke measurements of an electrochemical actuator with a 25 mN preloading force. The square-
wave potential changed from +4 to 0 V with a 60 s pulse time. (b) Stroke curves of the electrochemical actuator at different voltages changed from +1 V to +4 V vs
0 V square waves with a 60 s pulse time under a 25 mN preloading force. (c) Stroke variation of the electrochemical actuator as a function of pulse time with a 25 mN
preloading force. The insert shows the maximum stroke values for different pulse times. The stroke was 1.7% with 480 s pulse time. (d) Generated force of stroke
process for electrochemical actuator with a 1.25 N blocking force. (e) Stroke stability upon cycling of the electrochemical actuator in open air when applying a square
wave potential changed from +4 to 0 V with a 480 s pulse under a 25 mN preloading force. There was no evident drop in stroke.

different voltage values was monitored during the same 60 s pulse time
(Fig. 4b). The stroke increased with an increase in voltage, changing
from 0.08% to ~ 0.3% when the voltage varied from +1V to + 4 V.
Different pulse times were also explored at a square-wave potential
between 0 to +4 V (Fig. 4c). For a pulse time of 480 s, the maximum
deformation reached 0.15 mm over an initial actuator length of 8.9 mm,
corresponding to a stroke of 1.7%, because the stimulation duration was
sufficiently long to fully charge the device.

Although the actuator strain is an important parameter for discrim-
inating an actuator, the output force must be considered for practical
applications. The blocking force of the actuator was then investigated
under square-wave potential between +4 V to 0 V with a 480 s pulse
time in isometric mode (initial blocking force of 1.25 N). As shown in
Fig. 4d, the actuator was capable of generating a 35 mN force
throughout the stroke process with a work capacity equal to
3.37 mJ g~ 1. This work capacity is in the same order of magnitude as
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that of the natural muscle (0.4-40 mJ g’l) [44]. As aresult, the actuator
exhibits potential applications in artificial muscles. Finally, the stability
of the actuator during cycling in open-air was investigated. As shown in
Fig. 4e, after electrostimulation over 60 cycles with a square-wave po-
tential between +4V and OV with a 480 s pulse time, the strain
remained almost constant at 1.5-1.7%, confirming the stability of these
capacitive actuators for at least 16 h of continuous operation.

4. Conclusion

An electrochemical actuator was prepared by integrating coiled CNT
composed of commercial linear CNT yarns coated with biofriendly
ionogels composed of an acrylate polymer network with ChAc as the
ionic source. The ionogel precursor mixtures possess a low viscosity
(0.74 Pa.s at 30 °C) and exhibited rapid gelation (<5 s under UV irra-
diation, which makes them suitable for yarn coating and upscalable to
continuous coating of yarns. The ionogels exhibited high ionic conduc-
tivities of up to 1.9 x10~3 S cm ™! and tunable mechanical properties
(Young’s modulus <1 MPa and elongation at break at 75%) by con-
trolling the crosslinking density. The obtained actuator showed a
controllable stroke, either by an applied voltage or pulse time. The
maximum stroke attained was 1.7% upon electrochemical stimulation in
open air, with an operating capacity of at least 16 h continuously. This
biofriendly artificial muscle, with safe components for the environment,
offers possibilities for applications in contact with the skin, such as
electroactive textiles.
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