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(54) NANOCARBON POLYMER ACTUATOR

(57) An object of the present invention is to provide an actuator that has improved performance. As a means for
achieving this object, provided is a conductive thin film comprising a polymer gel containing a polyaniline (PANI), carbon
nanohorns (CNH), carbon nanotubes (CNT), an ionic liquid, and a polymer, wherein the mass of the polyaniline is 10 to
50%, the mass of the carbon nanohorns is 10 to 50%, and the mass of the carbon nanotubes is 1 to 50% when the total
mass of the polyaniline, the carbon nanohorns, and the carbon nanotubes is taken as 100%.
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Description

Technical Field

Cross-Reference to Related Applications

[0001] The present application claims priority to the specification of Japan Patent Application No. 2015-163328 filed
on August 21, 2015 (the entire disclosure of which is incorporated herein by reference).
[0002] The present invention relates to a conductive thin film, a laminate, and an actuator element. The actuator
element herein refers to an actuator element that is driven by an electrochemical process, such as electrochemical
reactions or the charging and discharging of electrical double layers.

Background Art

[0003] An actuator that comprises carbon nanotubes and that is bent and deformed by application of voltage has been
proposed. This actuator is configured such that when voltage is applied, charge is injected into carbon-material-containing
electrode layers and ions in an electrolyte are concurrently injected into electrodes, whereby electrode films expand or
contract, and so an actuator element is bent and deformed. The present inventors added conductive or non-conductive
nanoparticles into electrode films and thereby succeeded in significantly improving the actuator performance. For ex-
ample, an actuator element comprising polyaniline (Patent Literature (PTL) 1) and an actuator element comprising carbon
nanotubes and carbon nanohorns (Patent Literature (PTL) 2 to 4) are known.

Citation List

Patent Literature

[0004]

PTL 1: WO2009/157491
PTL 2: WO2010/029992
PTL 3: JP2011-239604A
PTL 4: JP2013-021765A

Summary of Invention

Technical Problem

[0005] An object of the present invention is to provide an actuator with improved performance in terms of the percentage
of expansion or contraction, generated force, and voltage durability. Solution to Problem
[0006] In the prior art, the present inventors succeeded in improving actuator performance by providing an actuator
element comprising polyaniline and an actuator comprising carbon nanotubes and carbon nanohorns. The inventors
found that the performance of actuator elements can be further improved by mixing polyaniline, carbon nanotubes, and
carbon nanohorns at a specific ratio.
[0007] The present invention provides a conductive thin film, a laminate, and an actuator element.

Item 1. A conductive thin film comprising a polymer gel containing a polyaniline (PANI), carbon nanohorns (CNH),
carbon nanotubes (CNT), an ionic liquid, and a polymer, wherein the mass of the polyaniline is 10 to 50%, the mass
of the carbon nanohorns is 10 to 50%, and the mass of the carbon nanotubes is 1 to 50% when the total mass of
the polyaniline, the carbon nanohorns, and the carbon nanotubes is taken as 100%.
Item 2. The conductive thin film according to Item 1, wherein based on the mass ratio,
PANI/CNH = 1/6 to 3/1,
CNT/PANI = 3/50 to 3/1, and
CNT/CNH = 3/50 to 3/1.
Item 3. The conductive thin film according to Item 2, wherein based on the mass ratio,
PANI/CNH = 1/2 to 2/1,
CNT/PANI = 3/25 to 2/1, and
CNT/CNH = 3/25 to 2/1.
Item 4. The conductive thin film according to Item 1, wherein the mass of the carbon nanotubes is 3 to 40% when
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the total mass of the polyaniline, the carbon nanohorns, and the carbon nanotubes is taken as 100%.
Item 5. A laminate comprising at least one conductive thin film according to any one of Items 1 to 4 and at least one
electrolyte membrane comprising an ionic liquid and a polymer.
Item 6. An actuator element comprising the laminate according to Item 5.
Item 7. The actuator element according to Item 6, comprising at least two conductive thin film layers each comprising
the conductive thin film according to any one of Items 1 to 4 as an electrode and provided on a surface or surfaces
of an electrolyte membrane in such a manner that the conductive thin film layers are insulated from one another,
the electrolyte membrane comprising an ionic liquid and a polymer, and the actuator element being deformable by
applying a potential difference between the conductive thin film layers.

Advantageous Effects of Invention

[0008] According to the present invention, a polyaniline (PANI) and carbon nanohorns (CNH) are simultaneously
added to a conductive thin film comprising carbon nanotubes and an ionic liquid so as to achieve a specific CNT/PANI/CNH
ratio and the resulting conductive thin film is used to produce an actuator. The obtained actuator successfully achieves
a high percentage of expansion or contraction so that the maximum expansion or contraction percentage is at least
twice as high as that of known actuators (for example, in comparison with an actuator comprising SG/PANI (50/50)),
and achieves a generated force that is at least four times as large as that of known actuators. "SG" means supergrowth
carbon nanotubes.
[0009] Further, the present inventors found that the DC voltage durability of the actuator produced by using the con-
ductive thin film can be adjusted by the CNT/PANI/CNH ratio.
[0010] The actuator elements obtained by the present invention exhibit excellent comprehensive evaluation results in
terms of the percentage of expansion or contraction and generated force (the actuator performance index) and DC
voltage durability.

Brief Description of Drawings

[0011]

Fig. 1 (A) is a diagram showing the method of evaluating the displacement of actuator elements by using a laser
displacement meter in the Examples of the present specification. Fig. 1 (B) is a schematic diagram of load cell
measurement of the force generated by the actuator elements in the Examples of the present specification.
Fig. 2 (A) is a schematic diagram showing the structure of the actuator element according to one embodiment of
the present invention (three-layer structure). Fig. 2 (B) is a schematic diagram showing the structure of the actuator
element according to another embodiment of the present invention (five-layer structure).
Fig. 3 is a diagram showing an operating principle of the actuator element of the invention.
Fig. 4 is a schematic diagram showing another example of the actuator element of the invention.
Fig. 5A is a diagram showing the actuator property improvement (frequency dependence of the percentage of
expansion or contraction) achieved by simultaneous addition of PANI and CNH; all data.
Fig. 5B is a diagram showing frequency dependence of the percentage of expansion or contraction when the
proportion of CNT is set to be 50 (50/X/X).
Fig. 5C is a diagram showing frequency dependence of the percentage of expansion or contraction when the
proportion of CNT is set to be 25 (25/X/X).
Fig. 5D is a diagram showing frequency dependence of the percentage of expansion or contraction when the
proportion of CNT is a variable (X/50/50).
Fig. 6 shows actuator property improvement achieved by using a combination of PANI and CNH. Using ternary
actuators, the value obtained by multiplying generated force by the amount of deformation at 0.05 Hz upon application
of a 62.5 V rectangular wave voltage was introduced as an actuator performance index, and each actuator element
was compared to analyze the effect of the combination of PANI and CNH. The horizontal axis indicates actuators
(with the CNT/PANI/CNH ratio shown in parentheses). The actuator of Comparative Example 1 is shown on the far
left, and the actuators of the Examples are aligned on the right side of the actuator of Comparative Example 1 in
such a manner that those containing CNT in a higher proportion and those containing the total of CNT + PANI +
CNH in a higher proportion are positioned closer to the left.
Fig. 7 shows the actuator property improvement (DC voltage durability) achieved by using a combination of PANI
and CNH.
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Description of Embodiments

[0012] The carbon nanotubes used in the present invention are a carbon-based material comprising a cylindrically
rolled graphene sheet. Various carbon nanotubes are known. For example, carbon nanotubes are roughly classified
into single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs), based on the number of
peripheral walls. Further, carbon nanotubes are classified into chiral (helical) nanotubes, zigzag nanotubes, and armchair
nanotubes, based on the structural difference of graphene sheets. In the present invention, any type of carbon nanotubes
can be used as long as they are carbon nanotubes. Examples of usable carbon nanotubes include HiPco (produced by
Unidym), which uses carbon monoxide as a raw material and can be produced on a relatively large scale. Particularly
preferable are carbon nanotubes available from the National Institute of Advanced Industrial Science and Technology
and produced by the super-growth method (SG-CNT).
[0013] In this specification and drawings, the carbon nanotubes synthesized by the super-growth method may be
simply referred to as "SG, "CNT," or SG-CNT."
[0014] The aspect ratio of the carbon nanotubes used in the present invention is preferably 103 or more. The length
of carbon nanotubes is not particularly limited. Usual carbon nanotubes of about 1 mm or less in length may be used,
or carbon nanotubes of longer than 1 mm, for example, longer carbon nanotubes of about 10 to 30 mm may also be
used. When carbon nanotubes are synthesized by the super-growth method, carbon nanotubes of 50 mm or longer, or
200 mm or longer, particularly 500 mm or longer, can be obtained. Therefore, such long carbon nanotubes can also be
used. The upper limit of the length of carbon nanotubes is not particularly limited, and may be, for example, about 10 mm.
[0015] The polyaniline used in the present invention may have various substituents. Examples of such substituents
include linear or branched C1-C12 alkyl groups, hydroxyl, linear or branched C1-C12 alkoxy groups, amino, carboxyl
groups, sulfonic acid groups, halogen groups, nitro, cyano, linear or branched C1-C12 alkylsulfonic acid groups, di(linear
or branched C1-C4 alkyl)amino groups, and the like.
[0016] The carbon nanohorns used in the present invention refer to carbon nanoparticles each of which has a shape
obtained by rolling a graphite sheet so as to form a circular cone and has a closed end, like the tip of a circular cone.
[0017] The polyaniline and carbon nanohorns may be commercially available products.
[0018] The ionic liquid used in the present invention may also be referred to as "room-temperature molten salt" or
simply "molten salt." It is in a molten state within a wide range of temperatures, including ordinary temperature (room
temperature). The ionic liquid is a salt that is in a molten state, for example, at 0°C, preferably at -20°C, and more
preferably at -40°C. The ionic liquid used in the present invention preferably has high ion conductivity.
[0019] Although various known ionic liquids are usable in the present invention, ionic liquids that are in a liquid state
and stable at or around ordinary temperature (room temperature) are preferred. Examples of preferable ionic liquids
that can be used in the present invention are those containing cations (preferably imidazolium ions or quaternary am-
monium ions) represented by formulae (I) to (IV) below and anions (X-).

[NRxH4-x]+ (III)

[PRxH4-x]+ (IV)

[0020] In formulae (I) to (IV) above, R represents a linear or branched C1-C12 alkyl group or a linear or branched alkyl
group that contains one or more ether linkages and in which the total number of carbon and oxygen atoms is 3 to 12.
In formula (I), R1 represents a linear or branched C1-C4 alkyl group or a hydrogen atom. In formula (I), R and R1 are
preferably not the same. In formulae (III) and (IV), each x is an integer of 1 to 4. In formulae (III) and (IV), two Rs may
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join to form a 3- to 8-membered, preferably 5- or 6-membered aliphatic saturated ring.
[0021] Examples of linear or branched C1-C12 alkyl groups include methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl,
sec-butyl, t-butyl, pentyl, hexyl, heptyl, octyl, nonyl, decyl, undecyl, dodecyl, and the like. The number of carbon atoms
is preferably 1 to 8 and more preferably 1 to 6.
[0022] Examples of linear or branched C1-C4 alkyl groups include methyl, ethyl, n-propyl, isopropyl, n-butyl, isobutyl,
sec-butyl, and t-butyl.
[0023] Examples of linear or branched alkyl groups that contain one or more ether linkages and in which the total
number of carbon and oxygen atoms is 3 to 12 include CH2OCH3, CH2CH2OCH3, CH2OCH2CH3, CH2CH2OCH2CH3,
and (CH2)p(OCH2CH2)qOR2 (wherein p is an integer of 1 to 4, q is an integer of 1 to 4, and R2 represents CH3 or C2H5).
[0024] Examples of anions (X-) include tetrafluoroboric acid ion (BF9

-), BF3CF3
-, BF3C2F5

-, BF3C3F7
-, BF3C4F9

-, hex-
afluorophosphoric acid ion (PF6

-), bis(trifluoromethanesulfonyl)imide ion ((CF3SO2)2N-), bis (fluoromethanesulfonyl) im-
ide ion (FSO2)2N-), bis (pentafluoroethanesulfonyl) imide ion (CF3CF2SO2)2N-), (fluoromethanesulfonyl) (trifluorometh-
anesulfonyl)imide ion (FSO2)(CF3SO2)N-, perchloric acid ion (ClO4

-), tris (trifluoromethanesulfonyl) carbon acid ion
((CF3SO2)3C-), trifluoromethanesulfonic acid ion (CF3SO3

-), dicyanamide ion ((CN)2N-), trifluoroacetic acid ion (CF3COO-

), organic carboxylic acid ions, and halogen ions.
[0025] Among these, specific examples of ionic liquids are those wherein the cation is 1-ethyl-3-methylimidazolium
ion, 1-butyl-3-methylimidazolium ion, [N(CH3)(CH3)(C2H5)(C2H4OC2H4OCH3)]+, or [N(CH3)(C2H5)(C2H5)(C2H4OCH3)]
+, and the anion is a halogen ion, tetrafluoroboric acid ion, bis(trifluoromethanesulfonyl)imidic acid ion ((CF3SO2)2N-),
or trifluoromethanesulfonic acid ion (CF3SO3

-). It is also possible to further lower the melting point by using two or more
cations and/or anions.
[0026] However, the ionic liquid is not limited to these combinations. Any ionic liquid having an ionic conductivity of
0.1 Sm-1 or higher can be used.
[0027] The electrolyte membrane (ion conduction layer) of the present invention can be obtained by preparing a
solution comprising a polymer and a solvent optionally with an ionic liquid and forming a film from the obtained solution
by casting, then evaporating the solvent, and drying. The electrolyte layer can be formed, for example, be coating,
printing, extrusion, casting, or injection. The solvent may be a mixture of hydrophobic and hydrophilic solvents.
[0028] Examples of hydrophilic solvents include carbonates such as ethylene carbonate, propylene carbonate, dimethyl
carbonate, diethyl carbonate, methylethyl carbonate, propylene carbonate, and butylene carbonate; ethers such as
tetrahydrofuran; acetone; lower alcohols having 1 to 3 carbon atoms, such as methanol and ethanol; acetonitrile; amides
such as N,N-dimethylacetamide, and N-methyl-2-pyrrolidone; and the like. Examples of hydrophobic solvents include
ketones having 5 to 10 carbon atoms, such as 4-methylpentan-2-one; halogenated hydrocarbons such as chloroform
and methylene chloride; aromatic hydrocarbons such as toluene, benzene, and xylene; aliphatic or alicyclic hydrocarbons
such as hexane and cyclohexane; and the like.
[0029] Examples of the polymer used as a conductive thin film or an electrolyte membrane in the present invention
include copolymers of fluorinated olefin having one or more hydrogen atoms and perfluorinated olefin, such as polyvi-
nylidene fluoride-hexafluoropropylene copolymer [PVDF(HFP)]; homopolymers of fluorinated olefin having one or more
hydrogen atoms, such as polyvinylidene fluoride (PVDF); perfluorosulfonic acid (Nafion); poly(meth)acrylates, such as
poly-2-hydroxyethyl methacrylate (poly-HEMA) and polymethyl methacrylate (PMMA); polyethylene oxide (PEO); poly-
acrylonitrile (PAN); and the like. This polymer does not include conductive polymers, such as polyanilines.
[0030] The conductive thin film used in the electrode layer of an actuator element comprises a polyaniline, carbon
nanohorns, carbon nanotubes, a polymer, and an ionic liquid. The proportions of the carbon nanotubes + polyaniline +
carbon nanohorns, the polymer, and the ionic liquid, in the conductive thin film layer are such that when the total amount
of these components is taken as 100%, the proportion of the carbon nanotubes + polyaniline + carbon nanohorns is 1
to 98 mass%, preferably 23 to 66 mass%, more preferably 23 to 50 mass%; and the proportion of the polymer is 1 to
98 mass%, preferably 17 to 50 mass%, and more preferably 17 to 40 mass%; the proportion of the ionic liquid is 1 to
98 mass%, preferably 17 to 80 mass%, and more preferably 17 to 60 mass%.
[0031] The ratio of the carbon nanotubes to the total amount of the carbon nanotubes, polyaniline, and carbon nano-
horns is 1 to 50 mass%, preferably 2 to 50 mass%, and more preferably 4 to 40 mass%, even more preferably 3 to 30
mass% (the lower limit may be 2, 3, 4, 5, or 6 mass%). The ratio of the polyaniline is 10 to 50 mass%, preferably 15 to
50 mass%, and more preferably 20 to 50 mass%. The ratio of carbon nanohorns is 10 to 50 mass%, preferably 15 to
50 mass%, and more preferably 20 to 50 mass%.
[0032] The ratio of two components of CNT, PANI, and CNH is such that the PANI/CNH ratio is preferably in the range
of 1/6 to 3/1, more preferably 1/4 to 3/1, and even more preferably 1/2 to 2/1; the CNT/PANI ratio is preferably in the
range of 3/50 to 3/1, more preferably 1/10 to 3/1, and even more preferably 3/25 to 2/1; the CNT/CNH ratio is preferably
in the range of 3/50 to 3/1, more preferably 1/10 to 3/1, and even more preferably 3/25 to 2/1. The conductive thin film
can be prepared by mixing carbon nanotubes, polyanilines, carbon nanohorns and base polymers such as polyvinylidene
fluorides at a desired ratio.
[0033] Preferably, the carbon nanotubes, polyaniline, carbon nanohorns, polymer, and ionic liquid are mixed, optionally
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with a solvent, at a desired ratio by stirring or the like and sonicated. The sonication time is preferably about 30 minutes
to about 24 hours, and more preferably about 1 hour to about 7 hours.
[0034] The conductive thin layer can be formed by coating, printing, extrusion, casting, or injection of a mixture con-
taining carbon nanotubes, polyaniline, carbon nanohorns, a polymer, and an ionic liquid with a solvent.
[0035] The actuator element produced by the method of the present invention has, for example, a three-layer structure
in which electrolyte membrane (ion conductive layer) 1 is sandwiched on both of its sides by conductive thin film layers
(electrode layers) 2,2, each conductive thin film layer comprising nanocarbon tubes, an ionic liquid, and a polymer (Fig.
2A). To increase the surface conductivity of the electrodes, the actuator element of the present invention may also have
a five-layer structure in which conductive layers 3,3 are further formed on the respective outside surfaces of the electrode
layers 2,2 (Fig. 2B).
[0036] An actuator element having electrically conductive thin film layers on the surface(s) of an ion conductive layer
can be obtained by bonding the electrically conductive thin film layers to the surface(s) of the electrolyte membrane layer
by thermal compression.
[0037] The thickness of the electrolyte membrane is preferably 5 to 200 mm, and more preferably 10 to 100 mm. The
thickness of the conductive thins film layer is preferably 10 mm to 500 mm, and more preferably 50 mm to 300 mm. The
film of each layer can also by formed by spin coating, printing, spraying, etc. It is also possible to use extrusion, injection
method, or like methods.
[0038] The electrically conductive thin film may be a single thin film or a lamination obtained by thermocompression
bonding of multiple thin films.
[0039] When a direct-current voltage of 0.5 to 4 V is applied across the electrodes (the electrodes being connected
to the conductive thin film layers) of the actuator element thus obtained, deformation of about 0.05 to about 1 times the
length of the element (movable portion on the tip side from the fixed end of each electrode) can be obtained within
several seconds. The actuator element can operate flexibly in air or in vacuum.
[0040] The theory behind the operation of such an actuator element is that, as shown in Fig. 3, when an electric
potential difference is applied across a pair of conductive thin layers 2 that are formed on the surfaces of the electrolyte
membrane layer 1 in such a manner as to be insulated from each other, an electric double layer is formed at the interface
between the ionic liquid phase and the carbon nanotube phase in the conductive thin layers 2, and each conductive thin
layer 2 undergoes expansion or contraction due to the resulting interfacial stress. The reason why the actuator element
of the present invention bends toward the positive electrode side as shown in Fig. 3 can be considered to be that there
is an effect of causing larger expansion of the carbon nanotube at the negative electrode side due to a quantum chemical
effect and also that, in ionic liquids commonly used nowadays, the ionic radius of the cation 4 is large and, due to its
steric effect, the negative electrode side undergoes larger expansion. In Fig. 3, 4 indicates a cation of the ionic liquid,
and 5 indicates an anion of the ionic liquid.
[0041] The actuator element obtained by the above method can have excellent responsiveness, great deformation,
and sufficient durability in air or in vacuum. Furthermore, the element has a simple structure and can easily be made
smaller and operated at low electric power.
[0042] Since the actuator element of the present invention operates with high durability in air or in vacuum and flexibly
operates at low voltage, it is suitable as an actuator for use in robots that have contact with people and for which safety
is required (for example, actuators for use in personal robots such as home robots, robotic pets, and amusement robots);
in robots that work in special conditions such as in outer-space environments, in vacuum chambers, and in rescuing;
and in surgical devices, muscle suits, and like medical and welfare robots; in micromachines; and the like.
[0043] There is increasing demand for actuators to be used, for example, for transporting specimens and performing
positioning, in particular, in fields in which materials are produced in a vacuum environment or an ultra-clean environment
to obtain products with high purity. The actuator element of the present invention, which uses an ionic liquid that scarcely
evaporates, can be effectively used as a contamination-free actuator in a process performed in a vacuum environment.
[0044] It is necessary to form at least two conductive thin film layers on the surface(s) of the electrolyte membrane.
For example, as shown in Fig. 4, many conductive thin film layers 2 may be formed on the surfaces of flat electrolyte
membrane 1 to cause the actuator element to make complicated movements. Such an actuator element makes it possible
to achieve transportation by peristaltic movement, micromanipulators, etc. The shape of the actuator element of the
present invention is not limited to a flat shape. The element can easily be produced in any shape. For example, Fig. 4
shows an actuator element comprising four conductive thin film layers 2 formed around an electrolyte membrane 1 in
the form of a rod having a diameter of about 1 mm. By using this element, an actuator that can be inserted into a narrow
tube can be obtained.

Examples

[0045] The present invention will be described in more detail based on Examples, but is obviously not limited to the
Examples.
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[0046] In the Examples, the displacement of each of the actuator elements was evaluated in the following manner.

Method for Evaluating Displacement of Actuator Element

[0047] The elements were cut into strips of 1 mm x 10 mm or 2 mm x 10 mm to obtain samples. The displacement of
each sample at a position 5 mm or 4 mm from the fixed end of the electrode to apply voltages was measured using a
laser displacement meter, as shown in Fig. 1(A).
[0048] The ionic liquid (IL) used in the Examples and the Comparative Example is ethylmethylimidazolium tetrafluor-
oborate (EMIBF4).
[0049] The carbon nanotubes used in the Examples and Comparative Examples are super-growth carbon nanotubes
(SG, produced by the National Institute of Advanced Industrial Science and Technology).
[0050] The polymer used in the Examples and the Comparative Example is a polyvinylidene fluoride-hexafluoropro-
pylene copolymer (PVDF(HFP); trade name: kynar2801)(V).

[0051] The solvents used in the Examples and the Comparative Example are N,N’-dimethylacetamide (DMAc), pro-
pylene carbonate (PC), and 4-methylpentan-2-one (MP).
[0052] The polyaniline (PANI) used in the Examples is available from Aldrich.
[0053] The carbon nanohorns (CNH) used in the Examples are Carbon Nanohorn (trade name, produced by NEC
Corporation).
[0054] The actuator performance index was obtained by multiplying the amount of deformation by generated force.
[0055] The force generated by deformation of the actuator element can be directly measured by a load cell (Fig. 1(B)).

Preparation Example 1

Preparation of Dispersion Liquid for Forming Conductive Thin Film Layers

[0056] Carbon nanotubes (SG-CNT), polyaniline (PANI), carbon nanohorns (CNH), an ionic liquid (IL), and a polymer
(powder PVDF (HFP)) are dispersed in a DMAc solvent and stirred with a magnetic stirrer, followed by ultrasonic
dispersion, to prepare a dispersion liquid for forming conductive thin film layers.
[0057] The specific amounts used are described in each of the Examples and Comparative Examples.

Preparation of Solution for Forming Electrolyte Membranes

[0058] An ionic liquid (IL) and a polymer (powder PVDF (HFP)) are mixed at a weight ratio of 1:1 and dissolved in a
solvent by stirring at 70°C in the same manner as described above in Preparation of Dispersion Liquid for Conductive
Thin Layers to prepare a solution for forming electrolyte membranes. The solvent used was a mixture of 4-methylpentan-
2-one and propylene carbonate.
[0059] The specific amounts used are described in each of the Examples and Comparative Examples.

Production of Actuator Elements

[0060] A conductive thin film and an electrolyte membrane are obtained by separately casting the dispersion liquid
and the solution prepared above into 25 mm x 25 mm casting frames, drying the solvents at room temperature for one
day and night, and then drying under vacuum. One sheet of the electrolyte membrane is sandwiched between two sheets
of the conductive thin film and then bonded by thermal compression to obtain an actuator element with a three-layer
structure. The actuator element has a thickness of about 180 to 550 mm.

Method for Evaluating Actuator Element

[0061] The displacement responsiveness of the actuator elements was evaluated using the device shown in Fig. 1
(A). The actuator elements were cut into strips of 1 mm in width x 10 mm in length (Figs. 5 and 7 and Table 1) or strips
of 2 mm in width x 10 mm in length (Fig. 6). A portion 3 mm from one end of each sample was clamped with a holder
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having electrodes and a voltage is applied in air. The displacement at a position 5 mm (Figs. 5 and 7 and Table 1) or 4
mm (Fig. 6) from the fixed end was measured with a laser displacement meter. The percentage of expansion or contraction
(e (%)) was calculated from the length of actuator element (L (mm)), thickness of the element (W (mm)), and displacement
(D (mm)) :

[0062] The measurement was done while the frequency of voltage was changed in the range of 200 Hz to 0.005 Hz
(Figs. 5A to 5D). The long-term DC durability of the actuator elements was evaluated by continuously applying a constant
(DC) voltage of +2.0 V (Fig. 7, Table 1). The force generated upon deformation of the actuator element was directly
measured by a load cell (Fig. 1B).

Examples 1 to 10 and Comparative Examples 1 and 2

Example 1

(SG-CNT/PANI/CNH) = (50/50/50)

[0063] Carbon nanotubes (CNT), polyaniline (PANI), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid
(EMIBF4) were used in the proportions shown below to prepare a conductive thin film. A film-like actuator element having
a three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film
layer (electrode) was produced in the same manner as described above in Production of Actuator Elements.

Electrode: SG-CNT/PANI/CNH/kynar2801/EMIBF4 = 50.4 mg/50.0 mg/50.5 mg/80.3 mg/240.2 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg

Example 2

(SG-CNT/PANI/CNH) = (50/50/25)

[0064] Carbon nanotubes (CNT), polyaniline (PANI), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid
(EMIBF4) were used in the proportions shown below to obtain a conductive thin film. A film-like actuator element having
a three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film
layer (electrode) was produced in the same manner as described above in Production of Actuator Elements.

Electrode: SG-CNT/PANI/CNH/kynar2801/EMIBF4 = 50.5 mg/50.3 mg/25.1 mg/80.1 mg/240.5 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg

Example 3

(SG-CNT/PANI/CNH) = (50/25/50)

[0065] Carbon nanotubes (CNT), polyaniline (PANI), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid
(EMIBF4) were used in the proportions shown below to obtain a conductive thin film. A film-like actuator element having
a three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film
layer (electrode) was produced in the same manner as described above in Production of Actuator Elements.

Electrode: SG-CNT/PANI/CNH/kynar2801/EMIBF4 = 50.2 mg/25.0 mg/50.2 mg/80.1 mg/240.3 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg

Example 4

(SG-CNT/PANI/CNH) = (50/25/25)

[0066] Carbon nanotubes (CNT), polyaniline (PANI), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid
(EMIBF4) were used in the proportions shown below to obtain a conductive thin film. A film-like actuator element having



EP 3 340 254 A1

9

5

10

15

20

25

30

35

40

45

50

55

a three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film
layer (electrode) was produced in the same manner as described above in Production of Actuator Elements.

Electrode: SG-CNT/PANI/CNH/kynar2801/EMIBF4 = 50.0 mg/25.0 mg/25.1 mg/80.5 mg/240.5 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg

Example 5

(SG-CNT/PANI/CNH) = (25/50/50)

[0067] Carbon nanotubes (CNT), polyaniline (PANI), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid
(EMIBF4) were used in the proportions shown below to obtain a conductive thin film. A film-like actuator element having
a three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film
layer (electrode) was produced in the same manner as described above in Production of Actuator Elements.

Electrode: SG-CNT/PANI/CNH/kynar2801/EMIBF4 = 25.2 mg/50.4 mg/50.0 mg/80.3 mg/240.3 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg

Example 6

(SG-CNT/PANI/CNH) = (25/50/25)

[0068] Carbon nanotubes (CNT), polyaniline (PANI), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid
(EMIBF4) were used in the proportions shown below to obtain a conductive thin film. A film-like actuator element having
a three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film
layer (electrode) was produced in the same manner as described above in Production of Actuator Elements.

Electrode: SG-CNT/PANI/CNH/kynar2801/EMIBF4 = 25.1 mg/50.0 mg/25.0 mg/80.5 mg/240.4 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg

Example 7

(SG-CNT/PANI/CNH) = (25/25/50)

[0069] Carbon nanotubes (CNT), polyaniline (PANI), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid
(EMIBF4) were used in the proportions shown below to obtain a conductive thin film. A film-like actuator element having
a three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film
layer (electrode) was produced in the same manner as described above in Production of Actuator Elements.

Electrode: SG-CNT/PANI/CNH/kynar2801/EMIBF4 = 25.1 mg/25.2 mg/50.5 mg/80.2 mg/240.1 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg

Example 8

(SG-CNT/PANI/CNH) = (25/25/25)

[0070] Carbon nanotubes (CNT), polyaniline (PANI), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid
(EMIBF4) were used in the proportions shown below to obtain a conductive thin film. A film-like actuator element having
a three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film
layer (electrode) was produced in the same manner as described above in Production of Actuator Elements.

Electrode: SG-CNT/PANI/CNH/kynar2801/EMIBF4 = 25.4 mg/25.1 mg/25.2 mg/80.4 mg/240.0 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg
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Example 9

(SG-CNT/PANI/CNH) = (12.5/50/50)

[0071] Carbon nanotubes (CNT), polyaniline (PANI), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid
(EMIBF4) were used in the proportions shown below to obtain a conductive thin film. A film-like actuator element having
a three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film
layer (electrode) was produced in the same manner as described above in Production of Actuator Elements.

Electrode: SG-CNT/PANI/CNH/kynar2801/EMIBF4 = 12.7 mg/50.4 mg/50.2 mg/80.4 mg/240.1 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg

Example 10

(SG-CNT/PANI/CNH) = (6.25/50/50)

[0072] Carbon nanotubes (CNT), polyaniline (PANI), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid
(EMIBF4) were used in the proportions shown below to obtain a conductive thin film. A film-like actuator element having
a three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film
layer (electrode) was produced in the same manner as described above in Production of Actuator Elements.

Electrode: SG-CNT/PANI/CNH/kynar2801/EMIBF4 = 6.3 mg/50.1 mg/50.1 mg/80.1 mg/240.1 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg

Comparative Example 1

(SG-CNT/PANI/CNH) = (50/50/0)

[0073] Carbon nanotubes (CNT), polyaniline (PANI), a polymer (kynar2801), and ionic liquid (EMIBF4) were used in
the proportions shown below to obtain a conductive thin film. A film-like actuator element having a three-layer structure
of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film layer (electrode) was
produced in the same manner as described above in Production of Actuator Elements. Electrode: SG-CNT/PA-
NI/CNH/kynar2801/EMIBF4 = 50.4 mg/50.0 mg/0.0 mg/80.0mg/240.4mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg

Comparative Example 2

(SG-CNT/PANI/CNH) = (50/0/50)

[0074] Carbon nanotubes (CNT), carbon nanohorns (CNH), a polymer (kynar2801), and ionic liquid (EMIBF4) were
used at a SG-CNT/PANI/CNH ratio of 50/0/50 to obtain a conductive thin film. A film-like actuator element having a
three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film layer
(electrode) was produced in the same manner as described above in Production of Actuator Elements. Electrode: SG-
CNT/PANI/CNH/kynar2801/EMIBF4 = 50.4 mg/0.0 mg/50.0 mg/80.3 mg/240.2 mg
Electrolyte: kynar2801/EMIBF4 = 200.3 mg/200.3 mg
[0075] Carbon nanotubes (SG-CNT), polyaniline (PANI), carbon nanohorns (CNH), ionic liquid (EMIBF4), and a polymer
(PVDF(HFP); kynar2801) were used at the ratios shown below in Table 1 to obtain film-like actuator elements having a
three-layer structure of a conductive thin film layer (electrode), an electrolyte membrane, and a conductive thin film layer
(electrode). Fig. 7 shows changes in the displacement (the percentage of expansion or contraction) of each actuator
during long-term application of a DC (direct current) voltage. The DC voltage durability (deformation deviation from the
maximum displacement) was evaluated from Fig. 7 in terms of the ratio of the percentage of expansion or contraction
of each actuator element 1800 seconds after voltage application to the maximum expansion or contraction percentage
(Table 1). A higher value A in Table 1 indicates better durability.
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[0076] Figs. 5 and 6 clearly show the following.

(I) When the amount of CNT is 50 (50 mg), deformation in a lower frequency range is improved by simultaneous
addition of PANI and CNH (seen in the circled part of (50/X/X) in Fig. 5B).
(II) When the amount of CNT is 25 (25 mg), actuators whose CNH content is higher than PANI content have larger
deformation and greater generated force (seen in Fig. 5A and Fig. 5c and seen from a comparison of Example 6
and 7 in Fig. 6).
(III) When fixed amounts of PANI and CNH are added and the amount of CNT is changed (in case of (X/50/50)),
deformation and generated force can both be improved by reducing the amount of CNT (seen in the circled part of
Fig. 5D (X/50/50) and seen from a comparison of Examples 5, 9, and 10 in Fig. 6).

[0077] Compared with the actuators of Comparative Examples 1 and 2, the actuator of Example 8 (25/25/25) exhibits
a higher percentage of expansion or contraction in a frequency range of higher than 0.1 Hz and thus achieves a better
result. Further, Fig. 7 and Table 1 clearly show the following.

(i) When the amount of CNH relative to the amount of PANI added is larger, the return phenomenon of displacement
(the phenomenon in which displacement decreases from the maximum displacement over time) can be well improved.
(ii) When the amounts of PANI and CNH added are fixed and the amount of CNT is changed (X/50/50), the return
phenomenon of displacement can be better improved by increasing the amount of CNT.

Thus, it became possible to improve DC voltage durability of actuator elements by adding PANI and CNH in desired
amounts to CNT.

Test Example 1

[0078] The responsiveness to the voltage of the actuator elements obtained in Examples 1 to 10 and Comparative
Examples 1 to 2 was assessed by the evaluation method of the actuator elements described above. The percentage of
expansion or contraction, actuator performance index, and DC voltage durability were investigated. Fig. 5 to Fig. 7 and
Table 1 show the results.

Description of the Reference Numerals

[0079]

1: Electrolyte membrane
2: Conductive thin film layer

Table 1: Retention (%) of deformation 1800 seconds after DC voltage application

A = (Percentage of expansion or contraction after 1800 seconds / Maximum expansion or contraction percentage) x 100
A higher value A indicates better durability.

(SG-CNT/PANI/CHN) Composition ratio Retention (%) A

Example 1 (50/50/50) 78.7

Example 7 (25/25/50) 65.6

Example 3 (50/25/50) 59.5

Example 5 (25/50/50) 35.9

Example 2 (50/50/25) 31.6

Example 9 (12.5/50/50) 27.8

Example 4 (50/25/25) 17.0

Example 10 (6.25/50/50) 16.4

Comparative Example 1 (50/50/0) 14.0

Comparative Example 2 (50/0/50) -13.2
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3: Conductive layer
4: Cation of ionic liquid
5: Anion of ionic liquid

Claims

1. A conductive thin film comprising a polymer gel containing a polyaniline (PANI), carbon nanohorns (CNH), carbon
nanotubes (CNT), an ionic liquid, and a polymer, wherein the mass of the polyaniline is 10 to 50%, the mass of the
carbon nanohorns is 10 to 50%, and the mass of the carbon nanotubes is 1 to 50% when the total mass of the
polyaniline, the carbon nanohorns, and the carbon nanotubes is taken as 100%.

2. The conductive thin film according to claim 1, wherein based on the mass ratio,
PANI/CNH = 1/6 to 3/1,
CNT/PANI = 3/50 to 3/1, and
CNT/CNH = 3/50 to 3/1.

3. The conductive thin film according to claim 2, wherein based on the mass ratio,
PANI/CNH = 1/2 to 2/1,
CNT/PANI = 3/25 to 2/1, and
CNT/CNH = 3/25 to 2/1.

4. The conductive thin film according to claim 1, wherein the mass of the carbon nanotubes is 3 to 40% when the total
mass of the polyaniline, the carbon nanohorns, and the carbon nanotubes is taken as 100%.

5. A laminate comprising at least one conductive thin film according to any one of claims 1 to 4 and at least one
electrolyte membrane comprising an ionic liquid and a polymer.

6. An actuator element comprising the laminate according to claim 5.

7. The actuator element according to claim 6, comprising at least two conductive thin film layers each comprising the
conductive thin film according to any one of claims 1 to 4 as an electrode and provided on a surface or surfaces of
an electrolyte membrane in such a manner that the conductive thin film layers are insulated from one another, the
electrolyte membrane comprising an ionic liquid and a polymer, and the actuator element being deformable by
applying a potential difference between the conductive thin film layers.
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