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M
etallic muscles1,2 made of nano-
porous metals with high surface
area-to-volume ratios offer a unique

combination of relatively large strain ampli-
tudes, low operating voltages, high stiffness,
and strength.3 The challenge to their fur-
ther development in viable applications can
be considered three-fold but principally con-
cerns the aqueous electrolyte that is needed
to inject electronic charge in the space-charge
region at the nanoporous metal/electrolyte
interface.1 Clearly, an aqueous electrolyte lim-
its the usage of metallic muscles to wet
environments, whereas most of the practical
applications require artificial muscles that can
operate in dry environments. A second,major
concern is that the aqueous electrolyte limits
the actuation rate because of its relatively
low ionic conductivity.1 Simply replacing the
aqueous electrolyte by a solid one is an
obvious solution, but the actuation rate
of all-solid-state electrochemical actuators is
more severely hampered by the low room-
temperature ionic conductivity of solid-state
electrolytes.1 Completing the trioof challenges
is the fact that the ligaments in nano-
porous metals suffer from severe coarsen-
ing (undesired growth) during electrochemi-
cal processes,4 including actuation via redox

reactions. Coarsening causes metallic muscles
to lose performance after many cycles be-
cause the charge-induced strain is ligament-
size-dependent, as shown in Supporting
Information Figure S1. In addition to these
technical boundaries, it is emphasized that
metallic muscles operating as electrochemi-
cal actuators require a three-component
configuration to function;explicitly, these
are aworking electrode, an electrolyte, and a
counter electrode. In such a configuration,
the working and counter electrodes, which
may separately actuate as demonstrated by
Kramer et al.,5 are placed at a relatively large
distance from each other.5,6 This fixed dis-
tance represents a limitation for the integra-
tion of metallic muscles into miniaturized
devices.7 In view of these various restrictions
caused by the electrolyte, an electrolyte-free
approach is desirable in metallic muscles.
In fact, the following features are a prerequi-
site for a breakthrough in the field of artificial
muscles: (i) no usage of aqueous or solid
electrolyte, (ii) a fast actuation rate, and (iii) a
single actuating component as in piezoelec-
tric materials. Regarding point (i), Biener
et al.8 andDetsi et al.9 have recently reported
on electrolyte-free actuation in nanoporous
gold, based, respectively, on the chemical
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ABSTRACT Metallic muscles made of nanoporous metals suffer from serious drawbacks caused by the usage

of an aqueous electrolyte for actuation. An aqueous electrolyte prohibits metallic muscles from operating in dry

environments and hampers a high actuation rate due to the low ionic conductivity of electrolytes. In addition,

redox reactions involved in electrochemical actuation severely coarsen the ligaments of nanoporous metals,

leading to a substantial loss in performance of the actuator. Here we present an electrolyte-free approach to put

metallic muscles to work via a metal/polymer interface. A nanocoating of polyaniline doped with sulfuric acid was

grown onto the ligaments of nanoporous gold. Dopant sulfate anions coadsorbed into the polymer coating matrix

were exploited to tune the nanoporous metal surface stress and subsequently generate macroscopic dimensional

changes in the metal. Strain rates achieved in the single-component nanoporous metal/polymer composite

actuator are 3 orders of magnitude higher than that of the standard three-component nanoporous metal/electrolyte hybrid actuator.
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adsorption and the physical adsorption of gas mol-
ecules at the nanoporous metal/gas interface. How-
ever, the response rate of nanoporous gold/gas
composite actuators is low. Here we present a novel
approach to generate work from metallic muscles that
navigates all three of the above-mentioned hurdles.
When metallic muscles are put to work via an aqueous
electrolyte, an electrical voltage is used to modulate
their surface stress by tuning the interfacial electronic
charge density in a space-charge region at the nano-
porous metal/electrolyte interface.2,3,5,6,10 Rather than
a nanoporous metal/electrolyte composite material,
here we generate work from a metal by exploiting
a bulk hybrid material consisting of nanoporous metal
and polymer coating grown onto the ligaments of
the nanoporous metal. In this article, we used nano-
porous gold (NPG) as the metallic muscle and polyani-
line (PANI) as the polymer envelope (skin) to show the
proof of principle.

RESULTS AND DISCUSSION

Synthesis and Microstructural Characterization of NPG/PANI.
NPG was synthesized by the standard dealloying
method (see Supporting Information).6,11 The typical
bicontinuous morphology of the synthesized NPG
is shown on the scanning electron micrograph of
Figure 1a. The corresponding interface surface area
per unit mass computed from the analytical expression
for the specific surface area of nanoporousmaterials11�14

was found to be∼7.7 m2 g�1. The internal surface area
of the three-dimensional bicontinuous network of
the synthesized NPG was uniformly coated by an
electropolymerization procedure, and a continuous
doped polymer envelope covers the ligaments.15,16

The potentiodynamic procedure (i.e., monomer de-
position with a variable voltage via cyclic voltammetry)
was used,17 and the polymerization of aniline was
carried out from an aqueous solution containing
50 mM of aniline monomer and 0.5 M of H2SO4

used as solvent and dopant molecules.15 Details on
electropolymerization are added in the Methods. The
scanning and transmission electron micrographs of
Figure 1b,c, respectively, display a uniform PANI skin
with an average thickness of ∼5 nm grown onto the
ligaments of NPG. The presence of carbon and nitro-
gen as constituents of the organic coating monomer
C6H7N (aniline) was confirmed from energy-dispersive
X-ray spectroscopy (EDS) performed during character-
ization of the PANI film by transmission electron
microscopy (TEM). The typical EDS spectrum of this
PANI envelope is displayed in the inset of Figure 1c. In
this energy spectrum, the Cu and Au peaks are, respec-
tively, attributed to the Cu grid used as the sample
holder and to the NPG. The scanning electron micro-
graph of Figure 1d represents a fracture cross section
of theNPG/PANI hybridmaterial. It can be seen that the
nanocoating of polymer covering the ligaments of NPG
is present in the bulk of the material.

Nature of Electronic Charge Transport in the Polymer Skin.
The knowledge of the nature of electronic charge
transport in the PANI film is necessary for a better
insight into the actuation mechanism in the NPG/PANI
hybrid material. A schematic illustration of this
NPG/PANI bulk heterojunction actuator is shown in
Figure 2a�d, and additional technical details are found
in Supporting Information. The actuator is connected
to the voltage supplier in one of the following two
configurations: NPG/PANI/Au with NPG as anode and

Figure 1. Microstructural characterization of NPG/PANI. (a) Scanning electron micrograph showing the bicontinuous
morphology of NPG. (b,c) Scanning and transmission electron micrographs showing a ∼5 nm thick PANI skin covering the
ligaments of NPG. The inset of c displays the EDX spectrum of PANI. C and N come from aniline (C6H7N); Cu and Au come,
respectively, from the Cu grid used as sample holder and the NPG. (d) Fracture cross section of NPG/PANI. It can be seen that
the polymer envelope covering the ligaments is present in the bulk of the composite material.
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solid Au as cathode (see Figure 2a), or Au/PANI/NPG
with solid Au as anode and NPG as cathode. Both
configurations can be used because the two contact
electrodes (NPG and solid Au) are made of the same
material. It is emphasizedwith respect to Figure 2a that
the NPG/PANI junction is a 3D bulk contact, whereas
the PANI/Au junction is a 2D contact. Although the
effective contact areas between these two junctions
are different (NPG/PANI area . PANI/Au area), the
electrical conductivity between the two gold elec-
trodes (i.e., NPG and Au from Figure 2a) was found to
be very good. This is justified by the fact that PANI is
a heavily doped semiconductor, with a very good elec-
trical conductivity.

Since the work functions of NPG and solid Au
are comparable with the highest occupied molecular
orbital (HOMO) of PANI on the one hand,18 and since
PANI is a p-type semiconductor on the other hand,19

electronic charge transport in the NPG/PANI hybrid
actuator is only controlled by hole conduction rather
than by both electron and hole transports. Such a single
carrier system is commonly referred to as a “hole-only”
device because the high offset between the Fermi level
of themetal and the lowest unoccupiedmolecular orbital
(LUMO) of PANI restricts electron injection from themetal
into the LUMO of the polymer at low voltages.20 The
energy-level diagram of the NPG/PANI/Au system in the
absence of an applied potential is shown in Figure 2e; it is
seen that holes can readily be injected from the anode
into the HOMO of PANI.

An external electric potential was used to inject
holes from the metal anode (either NPG or solid Au)
into the HOMO of the PANI envelope.21 A particularity
of the NPG/PANI/Au or Au/PANI/NPG configuration is
that electronic charges injected from the anode must

flow through the PANI film before reaching the cath-
ode. The typical current density�voltage (J�V) char-
acteristic of the Au/PANI/NPG system (hole injection
from Au) is shown on the semi-logarithmic plot
of Figure 3a for three successive forward�backward
voltage sweeps (from 0 to 2 V and back to 0 V). The
inset of Figure 3a displays the corresponding forward
J�V curve on a double logarithmic graph. Similarly, the
J�V curve of the NPG/PANI/Au system (hole injection
from NPG) is shown on the semi-logarithmic plot of
Figure 3b for three successive forward�backward
voltage sweeps in the same potential range between
0 and 2 V. The inset of Figure 3b displays the corre-
sponding forward J�V curve on a double logarithmic
plot. The hysteresis22 in the J�V curves is more pro-
nounced when holes are injected from solid Au
(Figure 3a) than from NPG (Figure 3b); this can be
caused by the above-mentioned difference in contact
area for hole injection, which is larger for the NPG/PANI
interface than the Au/PANI interface. Irrespective of
this difference, it can be concluded from the slope
values of 1 obtained on the double logarithmic graphs
for both NPG/PANI/Au and Au/PANI/NPG configura-
tions (see insets of Figure 3a,b) that, at low potentials,
electronic charge transport through the polymer
skin follows an Ohmic behavior at ambient tem-
peratures.23,24 A similar Ohmic behavior is commonly
reported when the two contact electrodes are made of
solid Au in the following configuration:18 Au/PANI/Au.
It is emphasized that the Ohmic nature of the current
in the NPG/PANI hybrid actuator means that elec-
tronic charges do not accumulate at the metal/
polymer interface during potential sweeps, as it
is the case at a metal/electrolyte interface, where
the (pseudo)capacitive double layer formed at this

Figure 2. NPG/PANI bulk junction actuator. (a,c) Main part of the actuator consists of NPG whose ligaments are coated with
a ∼5 nm layer of PANI. (b) One edge connected to the positive terminal of the voltage supplier consists of NPG; (d) other
edge connected to the negative terminal consists of NPG having its ligaments covered with ∼10 nm thick layer of PANI.
(e) Energy-level diagram of the system NPG/PANI/Au system in the absence of an applied potential.
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metal/electrolyte interface is exploited for actuation.2

Therefore, the approach presented in this article for
the modulation of the electronic charge density at
the NPG/PANI interface is different from the building
up of space-charge encountered in nanoporousmetal/
electrolyte hybrid systems.

Electrolyte-Free Actuation in the NPG/PANI Hybrid Material.
Reversible dimensional changes were recorded in the
NPG/PANI bulk heterojunctionmaterial during successive
forward�reverse voltage cycles between 0 and 2 V and
at various sweep rates ranging from 1 to 2000 mV/s. A
confocal displacement sensor (IFS2401-0.4 Micro-Epsilon)
was used for this purpose.6 Figure 4 displays typical
dimensional changes as a function of the time recorded
during 50 successive forward�backward potential
sweeps at the sweep rate of 10 mV/s for the Au/PANI/
NPG configuration. The NPG/PANI hybrid material ex-
pands during the forward sweep and contracts during
the reverse process. The sign of the displacement is
reversed when the actuator is connected in the NPG/
PANI/Au configuration (i.e., contraction during forward
sweepandexpansionduringbackward sweep). Fiftywell-
reproducible expansion�contraction cycles are recorded
in response to 50 forward�reverse voltage cycles. The
strain amplitude at the sweep rate of 10 mV/s is on
the order of ∼0.15%, and this is comparable to the one
reported at lower sweep rates (between 0.2 and 1 mV/s)
innanoporousmetal/electrolyte composites.2,10Note that
in Figure 4, the drifting of the background comes from
the fact that strain measurements were performed
in a noncontact mode; that is, the moving NPG/PANI
sample is free-standing. Consequently, the slightly
curved NPG/PANI strip (the curvature in the strip
comes from the volume contraction in NPG during
dealloying6) is not perfectly flat on the support. As a
result, in addition to the reversible charge-induced
dimensional changes in the NPG/PANI composite, the

bent strip also “vibrates” a bit during many successive
actuation cycles.

It is emphasized that low sweep rates are required
during actuation in nanoporous metals via an electro-
lyte; in fact, dimensional changes in nanoporousmetal/
electrolyte composite actuators vanish at sweep rates
beyond a few tens of mV/s. That behavior has two
origins: (i) the low room-temperature ionic conductivity
of electrolytes1,10,25 does not favor a rapid transport
of ions to the nanoporous metal/electrolyte interface;
(ii) the equilibration of redox reactions involved in
charge transferred at the nanoporousmetal/electrolyte
interface is not satisfied during fast sweep rates as high-
lighted in ref 10.

The impact of the voltage sweep rate on the per-
formance ofmetallic muscles is clearly illustrated in the
work of Viswanath et al.,10 who reported on a decrease
of the strain amplitude in the nanoporous metal/
electrolyte composite actuator from ∼0.14 to 0.05%

Figure 3. Nature of electronic charge transport in the PANI skin. Semi- and double (insets) logarithmic plots of the J�V curves
for three successive forward�backward voltage cycles. It can be seen from the slope values of 1 that hole transport in the
PANI coating follows an Ohmic behavior in the potential range between 0 and 2 V. (a) Hole injection fromAu for the Au/PANI/
NPG configuration. (b) Hole injection from NPG for the NPG/PANI/Au configuration.

Figure 4. Electrolyte-free actuation in NPG/PANI. Fifty well-
reproducible expansion�contraction cycles recorded in
response to 50 successive forward�reverse J�V cycles in
the Au/PANI/NPG configuration. The NPG/PANI hybrid ma-
terial expands during the forward sweep and contracts
during the reverse process.
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when the sweep rate is increased from 30 μV/s to
1 mV/s. That strain amplitude of ∼0.05% is achieved
in 1400 s with the electrolyte,10 which corresponds to
a strain rate of 3.6 � 10�7 per second. For the sake of
comparison, a mammalian skeletal muscle has a strain
rate of ∼10�1 per second1 and is able to achieve the
0.05% strain amplitude in 5 ms; most artificial muscles
have their strain rate ranging between∼10�3 and 10�1

per second.26 In contrast to metallic muscles operat-
ing in electrolytes where dimensional changes are not
present at sweep rates beyond a few tens of mV/s,
reversible dimensional changes were still observed in
our NPG/PANI electrolyte-free actuator at sweep rates
far beyond 1 mV/s, as illustrated in Figure 5a,b, where
the strain amplitudes are plotted as a function of
the time and sweep rate, respectively. By setting the
sweep rate at 2000 mV/s, the aforementioned strain of
∼0.05% was achieved in our electrolyte-free actuator
in 1 s, rather than 1400 s as with the electrolyte.10 This
corresponds to a strain rate of 5 � 10�4 per second,
which is thus about 1400 times higher than that
achieved in metallic muscles via an electrolyte. These
results demonstrate that, by virtue of the novel elec-
trolyte-free actuation approach, metallic muscles can
operate in dry environments at high strain rates, much
higher than those of common electrochemical artificial
muscles.

Origin of Dimensional Changes in the NPG/PANI Hybrid
Material. Referring to the nanoporousmetal/electrolyte
hybrid actuator, it is well-established that dimensional
changes in this system are caused by changes in the
nanoporous metal surface stress when electronic
charges are injected at the nanoporous metal/electro-
lyte interface during ion electro-adsorption;2,3,5,6,10 in
order to preserve the mechanical equilibrium,27 these
changes in the nanoporous metal surface stress are
compensated by opposite changes in the stress
state in the bulk of the ligaments, resulting in overall
macroscopic dimensional changes in the nanoporous
metal.2,3,5,6,10,27 For our NPG/PANI hybrid material, the

situation is different because no electrolyte is used
during actuation. In the absence of an electrolyte,
changes in the NPG surface stress as a result of elec-
tronic charge accumulation in the space-charge region
at the NPG interface are still possible, provided that an
opposite space-charge builds up in the polymer coat-
ing during the voltage sweeps. However, as we have
seen in a previous section, hole transport in the PANI
coating is governed by an Ohmic current (slope value
of 1 in the double logarithmic plot), rather than a
space-charge-limited current (slope value of 2 in the
double logarithmic plot).28 This rejects the possibility
of having changes in the surface stress of NPG as result
of the building up of a space-charge in the polymer
coating. Another possible origin of the measured
dimensional changes in the NPG/PANI hybrid material
points toward actuation in PANI. First, PANI can under-
go reversible dimensional changes during electro-
chemical oxidation/reduction.29 However, this option
is not applicable to our electrolyte-free actuator
because the electrochemical oxidation/reduction of
PANI requires an electrolyte. Second, charge carriers
in conducting polymers including PANI are susceptible
to inducing conformational changes in the polymer
chains.30�33 This later deformation mode does not
necessarily require the oxidation or reduction of the
polymer.30 Conformational changes in PANI chains can
therefore be responsible for the dimensional changes
in our NPG/PANI composite material, provided that
stresses developed in the polymer chains during these
conformational changes are fully transferred to the
metal. This is less likely the case because the mechan-
ical adhesion at metal/polymer interfaces is commonly
weak.34 In addition, the relatively small PANI content in
the NPG/PANI compositematerial (∼Au95(PANI)5 wt%)
and the relatively small Young's modulus of PANI
(∼2 GPa),35 compared to that of the metallic ligaments
(∼79 GPa), lead to a reasonable conclusion that the
measured strains in our composite material do not
come from actuation in the thin polyaniline coating.

Figure 5. Fast actuation responses. Reversible dimensional changes are recorded at various sweep rates far beyond1mV/s (a)
as a function of the time and (b) as a function of the sweep rate.
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We propose the following picture for the origin
of the dimensional changes recorded in our NPG/PANI
hybrid material. As schematized in Figure 6a, the
nonconducting form of PANI (blue emeraldine base)
consists of electrically neutral molecular chains.36 PANI
is made conducting (green emeraldine salt) by pro-
tonic acid doping or oxidative doping. The removal
of electrons from the π-conjugated backbone of PANI
during oxidative doping gives rise to free radicals
and positive charges (polymeric cations) as schema-
tized in Figure 6b. In the case of sulfuric acid doping,36

the charge neutrality in the doped PANI is maintained
by negative sulfate counterions coadsorbed into the
polymer matrix during the doping process.30,37 Both
polymer cations and sulfate counteranions along a
doped PANI chain are held together by electrostatic
interactions.38 When a suitable electrical potential
is applied on the NPG/PANI hybrid actuator, the posi-
tive charges on the π-conjugated backbone of PANI
become involved in electrical conduction, whereas the
negative sulfate counterions remain localized along
the chains. During potential sweeps, sulfate counter-
ions dispersed into the thin PANI matrix electrostati-
cally interact with the NPG electrode.30 PANI molecular
chains eventually undergo conformational changes
in order to bring (or take away) sulfate anions in the
proximity of the positive (or negative) NPG electrode;
sulfate anions present in the first monolayer of PANI
are eventually electro-adsorbed onto the gold elec-
trode as reported by Lee et al.30 Note that the key
point in this process is the electrical potential-induced
interactions between the gold substrate and sulfate
ions from the PANI coating.30 Obviously, these inter-
actions between sulfate counteranions and the metal
electrode also give rise to charge-induced relaxation
(or contraction) of the metal surface.39 As a conse-
quence of the high surface area-to-volume ratio of the

NPG substrate, onto which PANI is grown, the charge-
induced relaxation (or contraction) of the NPG inter-
face results in macroscopic dimensional changes in
this NPG.6,27 The total amount of negative charges in
the polymer matrix, arising from coadsorbed sulfate
counteranions, was estimated in the case of a 5 nm
thick PANI coating and was found to be∼3.2 C per m2

coating, assuming that each repeating unit of PANI
contributes with two sulfate anions, as illustrated
in Figure 6b. This amount of charge is comparable to
the quantity of electronic charge involved in dimen-
sional changes in nanoporousmetal/electrolyte hybrid
actuators.10 This supports our argument on the origin
of the measured dimensional changes, which we have
attributed to the relaxation (contraction) of the high
surface area-to-volume ratio NPG substrate when
coadsorbed dopant counterions present in the PANI
coating matrix interact with this NPG substrate upon
application of an external potential.

Although the dimensional changes in the NPG/
PANI hybrid actuator do not come from actuation in
PANI, it is believed that conformational changes in the
polymer chains play an important role during actua-
tion: (i) conformational changes (i.e., changes in the
molecular shapes of PANI chains) take place, in order
bring sulfate anions in the proximity of the metal
electrode.30 This process can be compared with the
diffusion ions toward a metal/electrolyte interface in
the case of actuation in a nanoporous metal/aqueous
electrolyte system. (ii) The high rate ofwhich conducting
polymers undergo conformational changes as high-
lighted by Yip and co-workers32 might justify the high
actuation rate recorded on our NPG/PANI composite:
rapid shape changes in polymer chains favor a fast
exposure (removal) of sulfate anions to the NPG elec-
trode. In contrast, when ions are transported through an
electrolyte, a high actuation rate is hampered because of
the low ionic conductivity of electrolytes.1,25 Note that
the response rate of the NPG/PANI actuator is still lower
than that of piezoceramics or somepolymer actuators.26

It is believed that this response rate can be optimized
by tailoring the concentrationof the dopant counterions
in the polymer: the more charges (counterions) present
in the polymer matrix, the higher the charge-induced
strain and the corresponding strain rate. The combina-
tion of NPG with other conducting polymers, such as
polypyrrole (PPy),16 may also be envisaged in order to
further investigate the response rate.

Work Density. The work density W = 1/2Yε2 of the
NPG/PANI actuator (∼113 kJ/m3; see Supporting
Information) is comparable to the ∼130 kJ/m3

achieved in piezoceramics3 and 90 kJ/m3 reported for
the nanoporous metal/electrolyte actuator in ref 2.
However, it is noteworthy to specify that this work
density is still at least 1 order of magnitude lower than
the highest work densities reported so far in nanopor-
ous metal actuators.3,6 In the above expression, W, Y,

Figure 6. Chargespresent indopedPANI chains. (a) Undoped
PANI, blue insulating emeraldine base. (b) DopedPANI, green
conducting emeraldine salt. Free radicals, positive charges
(polymeric cations), and sulfate counteranions are present in
dopedPANI chains. These sulfate counterions are responsible
for actuation.
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and ε represent the volume work density, effective
Young's modulus, and maximum strain amplitude,
respectively.6,40 Nonetheless, although the work den-
sity is the standard measure for the mechanical
performance of artificial muscles, it is pointed out that
a high value of W does not necessarily mean that the
corresponding actuation material is suitable for every
application. In fact, each actuation material satisfies
only specific applications depending on how Y and ε
are combined: materials such as electroactive poly-
mers can produce large actuation strokes (ε ∼ 4.5%),
but they are weak (Y ∼ 1.1 GPa);3 others like piezo-
ceramics are strong (Y ∼ 64 GPa), but their strain
amplitudes are restricted to ∼0.2%.3 Metallic muscles
are unique for a number of reasons, but none more
so than in the sense that they can achieve a wide range
of strengths as depicted by the effective Young's
modulus of NPG, which is tunable from ∼5 to ∼45
GPa through manipulation of the ligaments' size.41

Additionally, they can also be designed to achieve
a wide window of strain amplitudes ranging from the
standard value of∼0.1% up to large strains of∼1.3% in
binary nanoporous alloys3 and ∼6% in nanoporous
metals with a dual microscopic length scale structure.6

Furthermore, they operate at low voltages compared to
common artificial muscles. Despite these unique fea-
tures, the emergence of nanoporous metal actuators in
practicable applications is still delayed, a decade after
their discovery.2 The reasons for this are the drawbacks

discussed in this article. Exploiting a polymer skin
augmentation of the muscle for actuation, as we
have demonstrated, is expected to stimulate the
development of metallic muscles into a new class
of actuation materials that operate at low voltages
and combine large strain amplitudes with high stiff-
ness and strength.3

CONCLUSIONS

In conclusion, we have demonstrated a new electro-
lyte-free approach to generate work from nanoporous
metals by exploiting a nanoporous metal/polymer
interface, rather than the common nanoporous metal/
electrolyte interface. In this actuation concept, a
doped polymer coating is grown onto the ligaments
of the nanoporous metal and dopant counterions
present in the polymer coating matrix are exploited
to modulate the nanoporous metal surface stress,
which results in dimensional changes in the nanoporous
metal. In our actuation concept, the various drawbacks
encountered with metallic muscles operating in aque-
ous electrolytes have been overcome. In particular, our
electrolyte-free actuator consists of a single-component
hybrid material, in contrast to the three-component
configuration required in nanoporous metal/electrolyte
composite actuators; the actuation rate of the nanopor-
ous metal/polymer hybrid actuator is about 3 orders of
magnitude higher than that of metallic muscles operat-
ing in aqueous electrolytes.

METHODS

Electropolymerization. The deposition of a nanocoating of PANI
onto the ligaments of NPG was achieved by electrochemical
oxidative polymerization of aniline from an aqueous solu-
tion containing aniline monomers. The potentiodynamic proce-
dure (monomers deposition with a variable voltage via cyclic
voltammetry) was used. These cyclic voltammetry experiments
were carried out using a potentiostat μAutolab III-FRA2, Eco
Chemie,6 and a three-electrode electrochemical cell containing
0.5M of H2SO4 and 50mMof anilinemonomers. The∼5 nmPANI
coating in Figures 1b and 2c was achieved after 15 successive
cyclic voltammetry experiments in the potential range between
�0.2 and 1.2 V measured with respect to a Ag/AgCl reference
electrode. Following this step, the sample was partially removed
from the electrochemical cell, leaving only the edge in contact
with the electrolyte for further electropolymerization. This allows
the formation of a thicker PANI coating after 20 additional cycles
(∼10 nm; see Figure 2d). The thick PANI coating is required for
the connection of the actuator with the voltage supplier. It is
pointed out that the conducting form of PANI is a heavily doped
semiconductor, with a very good electrical conductivity.
This justifies why an electrical contact is easily made between
the thick PANI coating and a solid gold electrode (i.e., contact
between the green and yellow edges in Figure 2a). Note that,
during the entire electropolymerizationprocess, the upper part of
the NPG sample is not immersed in the electrolyte because a
polymer-free NPG edge is required during actuation to inject a
hole into the polymer (see Figure 2b).
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