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A
fullerene nanomaterial is a nano-
scale sphere or ellipsoid molecule
composed entirely of carbon atoms.

Spherical fullerenes are also called bucky-
balls, and cylindrical carbon structures are
called carbon nanotubes or buckytubes and
they exhibit a pentagonal or heptagonal
carbon ring structure similar to graphite,
which is composed of stacked graphene
sheets of linked hexagonal rings. The first
fullerene to be discovered was buckminster
fullerene (C60), which was prepared in 1985
by Richard Smalley, Robert Curl, and Harold
Kroto,1 who were awarded the 1996 Nobel
Prize in chemistry. Since their discovery,
fullerenes have been a hot topic in the field
of nanoscience and nanotechnology be-
cause of their outstanding chemical and
physical properties. Fullerenes have been
investigated for potential use as medicine,2

as light-activated antimicrobial agents,3 for
heat resistance,4 for superconductivity,5 as
proton conductors,6 and for biocompati-
bility.7

Fullerene nanomaterials have been ap-
plied to photovoltaic devices,8 biomedical
devices,9 fuel cells,10-12 gas separation
membranes,13,14 and more. It has been
shown that incorporating fullerenes into a
polymer matrix improves proton conductiv-
ity and thermomechanical stability and sup-
presses thermo-oxidative degradation of
the host polymer.15-18 Fullerenes are usual-
ly produced in a powdery form that protects
their practical applications in fuel cells,
photovoltaic cells, and so on. In order to
overcome this drawback, fullerenes are re-
inforced into the polymer matrix to obtain a
smart material for practical applications. The
literature has identified several techniques
for linking fullerenes with polymers,18,19

with physical blending being one of the
simplest techniques.20 However, the poor

adhesion and low miscibility of fullerene
(C60) in common organic solvents typically
prevent it from being well-dispersed in a
polymer matrix. In order to overcome these
difficulties, the fullerenes are functionalized
with hydrophilic groups, which enhance
their physicochemical properties while pro-
moting thorough dispersion and strong ad-
herence in the polymer matrix.
Fullerenol (polyhydroxylated fullerene,

PHF) offers superior hydrophilic nature, high
proton conductivity, excellent medicinal
properties,21-23 improved miscibility in
host polymers without significant agglom-
eration, and enhanced water uptake prop-
erty in host polymers, all of which are
essential characteristics for electroactive io-
nic polymer actuators. It has been reported
that fullerene-nafion composite mem-
branes showed higher proton conductivity
and improved water uptake property com-
pared to the pristine nafion membrane.20
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ABSTRACT Two essential functional requirements for electroactive artificial muscles, which can

be used for biomedical active devices, are biocompatibility and sufficient range of motion. Fullerenol

nanoparticles and their derivatives have been validated as potential candidates to be used for

nanobiomaterials and biomedical applications because of their excellent proton conductivity,

hydrophilicity, and biocompatibility. We developed fullerenol-based electroactive artificial muscles

utilizing biocompatible polyetherimide. By using a solvent recasting method, present ionic

networking membranes have been successfully synthesized with homogeneous dispersion of

polyhydroxylated fullerene (PHF) nanoparticles into a sulfonated polyetherimide (SPEI) matrix. In

comparison with pure SPEI membranes, the PHF-SPEI nanocomposite membranes show much

higher water uptake and proton conductivity, which are both essential characteristics for high-

performance ionic polymer actuators. The developed PHF-SPEI actuator shows over three times

larger motion ranges and two times higher blocking forces than the pure SPEI actuator. The excellent

biocompatibility of PHF and SPEI makes these actuators promising candidate materials for

biomedical devices such as active stents and catheters.
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proton conductivity

A
RTIC

LE



RAJAGOPALAN AND OH VOL. 5 ’ NO. 3 ’ 2248–2256 ’ 2011 2249

www.acsnano.org

Chiang et al. synthesized fullerenol cross-linked poly-
urethane starburst polymers, which possessed super-
ior thermomechanical stability compared to pure
polyurethane.24 Recently, Ouyang et al. prepared full-
erenol/amino-terminated polydimethyl siloxane su-
pramolecular assembled nanocomposites which
exhibited strong hydrogen-bonding interactions be-
tween the reactants and excellent mechanical
stability.25 The fullerenols are also biocompatible, and
they feature many medicinal properties. All of these
outstanding traits make these materials ideal for bio-
medical devices and applications.26,27

Recently, sulfonated polyetherimide (SPEI) has been
proven as a novel electroactive polymer for electro-
mechanical actuators28 because of its excellent me-
chanothermal stability, cost effectiveness, reliable film-
forming properties, reasonable water uptake and ionic
exchange capacity, and superior biocompatibility.28-34

In addition, the sulfonic acid groupmakes it possible to
execute hydrogen bonding with functionalized hydro-
philic nanoparticles.35 The performance of nanocom-
posite ionic polymer actuators depends largely on their
proton conductivity, migration of water molecules,
mobility of cations through nanochannels inside the
ionic polymer membrane, and physicochemical prop-
erties of the materials.
In this study, we have developed biocompatible

electroactive artificial muscles based on fullerenol
and sulfonated polyetherimide. The combination of
PHF and SPEI offers critical advantages in terms of
biocompatibility, hydrophilicity, physical bonding, and
high proton conductivity, resulting in high-perfor-
mance artificial muscle actuators. To the best of our
knowledge, fullerenol has not yet been used for elec-
tro-ctive polymer actuators. The PHF-SPEI composite
membranes were fabricated by using a solution recast-
ing method for homogeneous dispersion of fullerenol
nanoparticles in the polymer matrix.
The dispersion and the agglomeration of PHF parti-

cles in the SPEImatrix were observed using image tools
such as a field emission scanning electron microscopy
(FE-SEM) and atomic force microscopy (AFM). The
incorporation of the PHF enhanced both the physico-
chemical properties and the biocompatibility of the
SPEI, indicating that these nanocomposite membranes
would be a potential candidate for future biomedical
active devices.

RESULTS AND DISCUSSION

Table 1 shows the weight ratio of PHF/fullerene in
the SPEI solution, as well as the thickness and physi-
cochemical properties of PHF-SPEI 1 (0.1 wt %),
PHF-SPEI 2 (0.3 wt %), PHF-SPEI 3 (0.5 wt %) (for
convenience, these membrane compositions are de-
noted as PHF-SPEI 1-3, respectively), and fullere-
ne-SPEI (0.5 wt %) membranes. The water uptake
ratio, which is an essential parameter for the bending
motions of wet electromechanical actuators, increased
as the weight ratio of PHF in the polymer matrix
increased, owing to the excellent hydrophilic nature
of PHFs.36,37 The enhancement of the water uptake
ratio fromPHF-SPEI1 (0.314 g/g) to PHF-SPEI3 (0.365
g/g) influences the large bending deformation of the
PHF-SPEI 1-3 actuators because of the movement of
water molecules under the electric field inside the
actuators. On the contrary, the water uptake ratio of
the fullerene-SPEI membrane did not change signifi-
cantly, perhaps due to the hydrophobic nature of
fullerenes. Because the PHFs and fullerenes are weakly
acidic in nature, the ionic exchange capacity (IEC) of
the PHF-SPEI 1-3 and fullerene-SPEI membranes
did not vary. In contrast, the proton conductivity of the
PHF-SPEI and fullerene-SPEI composite membranes
drastically increased along with the increasing weight
ratio of PHF in the polymer solution. The observed
proton conductivities were 0.0024, 0.0041, 0.0127, and
0.0110 S/cm for PHF-SPEI 1-3 and fullerene-
SPEI membranes, respectively. It can be concluded
that the PHFs and fullerenes are excellent proton
conductors15,16 since increasing their weight ratio in
the polymer solution led to enhanced proton conduc-
tivity in the SPEI composite membranes.
Figure 1 shows images of the pristine PHF-SPEI 1-3

(a, b, and c) membranes, which changed in color from
yellowish to black with respect to the loading level of
PHF in the SPEI matrix. This might be due to the visible
region absorption of CdC bonds in the PHF, owing to
the average number of CdC double bonds being
increased by increasing the weight ratio of PHF, which
consequently enhanced π-π conjugation in the full-
erene cage.37

The FT-IR spectra of SPEI, PHF, and PHF-SPEI are
shown in Figure 2. In the PHF spectra, the hydroxyl
group appeared as a broad absorption band around
3400 cm-1, CdC bands appeared at 1600 cm-1, O-H

TABLE 1. Physicochemical Properties of SPEI, PHF-SPEI, and Fullerene-SPEI Membranes

membrane code SPEI (wt %) PHF (wt %) water uptake (g/g) IEC (mequiv/g) proton conductivity (S/cm) blocked force (gf) thickness (μm)

SPEI 10 0.264 0.553 0.0014 0.355 19828

PHF-SPEI 1 10 0.1 0.314 0.498 0.0024 0.375 184
PHF-SPEI 2 10 0.3 0.346 0.522 0.0041 0.559 189
PHF-SPEI 3 10 0.5 0.365 0.562 0.0127 0.673 179
fullerene-SPEI 10 0.5 0.258 0.512 0.0110 0.604 181
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bending vibration appeared at 1381 cm-1, and a C-O
stretching band appeared at 1112 cm-1.38,39 In the
PHF-SPEI spectra, the broadening band absorption of
the hydroxyl group from 3300 to 3700 cm-1 confirmed
the incorporation of PHF in the SPEI matrix, demon-
strating the formation of weak intermolecular hydro-
gen bonding between the sulfonic acid group of SPEI
and the hydroxyl group of PHF. The intense peak of the
O-H bending vibration around 1355 cm-1 further
confirmed the interaction between these two groups
in the PHF-SPEI membranes.40

Figure 3 represents the thermogravimetric analysis
of the SPEI, PHF, and PHF-SPEI composite. The weight
loss of the SPEI occurred in three stages: initial weight
loss started at 100 �C due to the loss of water mole-
cules; another weight loss occurred at 280 �C because
of the loss of sulfonic acid groups from the polymer
backbone; and the final weight loss around 530 �C was
possibly due to the decomposition temperature of the
PEI chain.28 In the PHF, the weight loss around 100 �C
was again caused by the elimination ofwater, while the
weight loss around 200 �C was most likely due to the
degradation temperature of PHF. In the PHF-SPEI
composite, the weight loss occurred in four stages: at
100 �C, due to the elimination of water molecules; at
200 �C, due to the decomposition temperature of PHF

molecules by nearly 400 �C; around 380 �C, due to the
elimination of the sulfonic acid group from the SPEI
backbone; and at 530 �C, due to the decomposition
temperature of the PEI chain. Hence, the incorporation
of the PHF into the SPEI matrix was clearly confirmed
by both thermogravimetric analysis and the FT-IR
spectra.25,39

Figure 4 shows the SEM images of fullerene (0.1 wt%)-
SPEI (a) and platinum-coated fullerene-SPEI (b) mem-
branes. The agglomeration of fullerenes was higher
than that of PHFs in the SPEI matrix, which indicates
that the hydrophobic nature of the fullerenes sup-
pressed their dispersion in the hydrophilic SPEI matrix.
The thickness of the platinum layer on the surface of
the membrane was observed to be around 10-15 μm.
Figure 5a-d shows the cross-sectional morphology
of pristine PHF-SPEI 1 and Pt-coated PHF-SPEI 1
membranes. In the PHF-SPEI 1 membrane, the PHFs
were homogeneously dispersed in the SPEI matrix,
as shown in Figure 5b,c. This likely occurred because
of the hydrophilic-hydrophilic interaction between
the sulfonic acid group of the SPEI and the hydroxyl
group in PHF, which improved the miscibility and
reduced the agglomeration of the PHF in the polymer
matrix.41 The average particle size of the PHF in the
polymer matrix was 15-30 nm, and most of the
particles were in spherical shape. The thickness
of the Pt layer on the membrane surface was around
12-17 μm.

Figure 1. Photographs of PHF-SPEI 1-3 (a-c)membranes.

Figure 2. FT-IR spectra of SPEI, PHF, and PHF-SPEI
composite.

Figure 3. TGA of SPEI, PHF, and PHF-SPEI composite.

Figure 4. SEM micrographs: cross-sectional images of full-
erene-SPEI (0.1 wt %) membrane (a); platinum-coated
fullerene-SPEI (0.1 wt %) membrane (b).
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Tapping mode AFM images of the fullerene-SPEI
membrane are shown in Figure 6. The agglomeration
of fullerene in the polymer matrix can be clearly
observed from the large and irregular grains on the
surface of the membrane. Figure 7a-f shows the top
view and 3D mode images of the PHF-SPEI 1-3
membranes, and the images of the composite mem-
brane indicate that the agglomeration of PHF in the
SPEI matrix increased along with the increasing weight
ratio of PHF in the SPEI matrix, as can be seen by the
small and regular grains.42,43 These grains may have
formed because of the aggregation of PHF molecules
on the surface of the SPEI membranes, due to the weak
intermolecular hydrogen bonding between the -OH
group of PHF and the-SO3H group of SPEI. Compared
with the fullerene-SPEI membrane, the agglomera-
tion of PHFs in the SPEI matrix is negligible.
Figure 8 shows the harmonic responses of the SPEI

and PHF-SPEI 1-3 actuators under an applied voltage
of AC 4 V at an excitation frequency of 0.1 Hz (Figure 8a)
and the PHF-SPEI 3 actuators at AC 1-4 V at the same
excitation frequency (Figure 8b). The tip displacement
of the PHF-SPEI 3 actuator, which had the highest
weight ratio of PHF (0.5 wt %), was 1.82mm, which was
approximately three times more than the pristine SPEI
actuator with tip displacement of 0.59 mm under the
input voltage of 4 V. The tip displacements of the
PHF-SPEI 1 and PHF-SPEI 2 actuators were observed
at 1.06 and 1.4 mm, respectively. This finding indicates
that the high proton conductivity and superior hydro-
philic nature of PHF had a considerable influence on
the bending motion of the PHF-SPEI actuators.11,12

Notably, under hydrated conditions, the nanochannels
in the SPEI polymer matrix enhance the diffusion of
hydrated PHFs, protons, and water molecules
under the electric field, resulting in the large bending
deformation of the PHF-SPEI 1-3 actuators.44-46

These nanochannels formed via the aggregation of

hydrophilic groups/moieties in the ionic polymer
chain.46 In a recent study, Klaus and Chen proposed
that the nanochannels in hydrated nafionmembranes,
which have a strong hydrophilic moiety in their poly-
meric backbones like sulfonic acid group, make a path
for the diffusion of water molecules and proton inside
the polymer matrix.46 The relatively small quantity of
PHF (0.5 wt %) in the polymer matrix still resulted in
large bending deformations at the applied voltages
from 1 to 4 V, which indicates that these nanocompo-
site actuators are promising candidates for future high-
performance actuators. For comparison, the harmonic
responses of SPEI, fullerene-SPEI, and PHF-SPEI 3
actuators are shown in Figure 9. Because of the ex-
cellent proton conductivity of PHFs and fullerene in the
SPEI matrix, the PHF-SPEI 3 and fullerene-SPEI actua-
tors showed larger tip displacement than the SPEI
actuator.
Figure 10 shows the step response of the PHF-SPEI 3

actuator as recorded by an imaging solutions group
camera connected to a Labview program. The DC
excitation was carried out for SPEI and PHF-SPEI 1-3
actuators at 3 V at 0.1 Hz, as shown in Figure 11a.
Figure 11b shows the step response of the PHF-SPEI
3 actuator from 2 to 4 V. As the excitation voltage was
increased, the bending displacement of the actuators
also increased with respect to the content of PHF in the

Figure 6. AFM images of fullerene-SPEI (a, top view; b, 3D
phase mode) membrane.

Figure 5. SEM micrographs: cross-sectional images of
PHF-SPEI 1 (a-c) and platinum-coated PHF-SPEI 1 mem-
brane (d).
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SPEImatrix. This increase can be attributed to the higher
proton conductivity of PHF and the movement of the
hydrated PHF in the nanochannels. By rapidly diffusing
the hydrated PHFs, the nanochannels in the polymer
matrix drastically influenced the bending deformation
of the actuators under electric field. The PHF-SPEI 3
showed greater tip displacement than the other actua-
tors under the electric field. Notably, the straightening-
back phenomenon, which is one of themain drawbacks
of conventional ionic polymer actuators, was not
observed in any of the actuators because of the slow
diffusion of the water molecules in the ionic

nanochannel of nanocomposite networking mem-
branes. The bending deformation of the PHF-SPEI 3
actuator increased as the applied voltage was increased
from 2 to 4 V at 0.1 Hz, which could be due to the rapid
movement of hydrated PHF through the ionic nano-
channels in the ionic exchangeable membranes. The
step responses of SPEI, fullerene-SPEI, and PHF-SPEI 3
at the excitation voltage of DC 5 V are shown in
Figure 12. Because of the higher proton conductivity
of PHF and fullerene, the PHF-SPEI 3 and fullere-
ne-SPEI actuators showed greater bending deforma-
tion than the pristine SPEI actuator.

Figure 7. AFM images of PHF-SPEI 1 (a, top view; b, 3D phase mode), PHF-SPEI 2 (c, top view; d, 3D phase mode), and
PHF-SPEI 3 (e, top view; f, 3D phase mode) membranes.
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The blocking forcec of the SPEI, fullerene-SPEI, and
PHF-SPEI 1-3 actuators are listed in Table 1. The
blocking force of PHF-SPEI 3 (0.673 gf) was almost
twice that of SPEI (0.355 gf), and the PHF-SPEI 1 (0.375
gf), PHF-SPEI2 (0.559 gf), and fullerene-SPEI (0.604 gf)
actuators also exhibited enhanced blocking forces
compared to the pristine actuator. The increase in
the weight ratio of PHF/fullerene in the polymer matrix
likely enhanced the mechanical stiffness of these
composite actuators, leading to a subsequent rise in
the blocking force. Although these nanocomposite
actuators possessed higher water content than the

pristine actuator, the mechanical stability of the PHF/
fullerene still influenced the movement of the actua-
tors under electric field.
Figure 13 shows current and voltage diagrams of the

SPEI and PHF-SPEI 1-3 actuators at the applied
voltage of 4 V at 0.1 Hz under sinusoidal wave input.
The area of the circle corresponds to the dissipated
electrical input energy of the actuator. The area of the
circle increases with respect to the increasing content
of PHF in the polymer matrix, and the PHF-SPEI 3 had

Figure 8. Harmonic responses of SPEI and PHF-SPEI ac-
tuators at 4 V (a); PHF-SPEI 3 actuator under sinusoidal
inputs (b).

Figure 9. Harmonic responses of SPEI, fullerene-SPEI, and
PHF-SPEI 3 actuators at 3 V.

Figure 10. Actuation performance of PHF-SPEI 3 actuator
under step response recorded by an imaging solutions
group camera connected with the Labview program.

Figure 11. Step responses of SPEI and PHF-SPEI actuators
at 3 V (a); PHF-SPEI 3 actuator under DC voltages (b).
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themaximumvalue of the specific current at 0.125mA/
mm2. Actuation durability of the SPEI and PHF-SPEI
1-3 actuators was assessed under sinusoidal excita-
tion of 2 V at 0.1 Hz for 4 h, with the results shown in
Figure 14. Due to the depletion of ions, as well as the
deterioration of the platinum electrode over the ex-
tended operating time, the actuation performance of
the actuators decreased with respect to time. Gener-
ally, PHF-SPEI actuators maintain much larger displa-
cement in comparison with pure SPEI actuator.

CONCLUSION

We fabricated fullerenol-based electroactive artifi-
cial muscles utilizing biocompatible polyetherimide,
resulting in large bending deformation and improved
biocompatibility. The incorporation of minute quanti-
ties of PHF (0.5 wt %) into the SPEI matrix dramatically
enhances the proton conductivity and water uptake
property, both of which are vital parameters for high-
performance ionic actuators. The dispersion of PHF
particles in the SPEI matrix was superior to that of
fullerene nanoparticles because of weak hydrogen
bonding between the polar groups of PHF and SPEI.
The PHF-SPEI actuators showed enhanced bending
deformation under harmonic and step inputs as com-
pared to the pristine SPEI actuator, and the PHF-SPEI
actuators did not show the straightening-back phe-
nomenon which is a critical drawback of ionic polymer
actuators. The movement of hydrated PHFs in the
nanoscale ionic channels of PHF-SPEI membranes
results in much larger bending deformation under
electric fields. Moreover, PHF and SPEI are biocompa-
tible and eco-friendly, so these PHF-SPEI actuators are
promising candidates for use in biomedical devices,
artificial muscles, and biomimetic robots.

MATERIALS AND METHODS
PEI (Ultem 1000, Sigma-Aldrich, Republic of Korea) was dried

in an oven at 130 �C overnight. Polyhydroxylated fullerene,
dimethyl acetamide, buckminster fullerene (C60), chlorosulfonic
acid, and tetraamineplatinum chloride hydrate were purchased
from Sigma-Aldrich, Republic of Korea, and used as-received.
Sodium borohydride was obtained from Daejung Chemicals &
Metals Co.
The sulfonation of polyetherimide can be found

elsewhere.28,29 The PHF-SPEI and fullerene-SPEI composite
membranes were prepared by solution casting. Scheme 1 illus-
trates the preparation of the PHF-SPEI composite membranes.
Briefly, the SPEI (10 wt %) was dissolved in DMAc and stirred

rapidly at 40 �C for 4 h to obtain a homogeneous solution. Then,
the PHF (at weight ratios of 0.1, 0.3, and 0.5 wt %) and fullerene
(0.1 and 0.5wt%)were added to the polymer solution and stirred
overnight. The solution was poured into a Teflon mold and then
kept in an oven at 80 �C overnight, and at 120 �C for 4 h, until the
solvent was completely evaporated. The thickness of the as-
prepared membranes was measured by a digital micrometer.
Structural analysis of the SPEI, PHF, and PHF-SPEI was

characterized by Fourier transform infrared spectroscopy (FT-
IR, SHIMADZU, IR Prestige-21), and their thermal stabilities were
examined by thermogravimetric analysis under a nitrogen
atmosphere (TGA/SDTA851e, Mettler Toledo). The hydrophilic
nature of the PHF-SPEI 1-3 membranes was measured by a

Figure 12. Step responses of SPEI, fullerene-SPEI, and
PHF-SPEI 3 actuators at 5 V.

Figure 13. V-I diagram of SPEI and PHF-SPEI actuators.

Figure 14. Durability of SPEI and PHF-SPEI actuators under
sinusoidal input with a magnitude of 2 V and a frequency of
0.1 Hz.
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water uptake measurement at room temperature, and their
ionic exchange capacity (IEC)was determined by a conventional
titration method.47,48 The proton conductivity of the well-
hydrated membranes (1.76 cm2 circle) was measured by an
AC impedance analyzer (IM6e, Zahner Electrick).49,50 The cross-
sectional morphology of the pristine and platinum-coated
membranes was analyzed by FE-SEM (Hitachi, S-4700). The
homogeneity and surface smoothness of the nanocomposite
membranes were observed by AFM (Digital Instruments, nano-
scope III model).
In order to prepare actuators for actuator performance,

platinum was deposited on both sides of the membranes by
an electroless plating process,51-54 after the surface of the
membranes had been roughened by sand blasting. The carbon
nanoparticles such as graphene, single- andmultiwalled carbon
nanotubes, and carbon nanofibers are widely used in
electrochemical55,56 and electromechanical actuators.57 The
electromechanical bending and hysteresis responses of the
actuators were measured in deionized water by using a laser
displacement sensor (LK031, Keyence) and a National Instru-
ments data acquisition system (PXI 6252). The LabVIEW pro-
gram was used with an industrial computer to acquire and
control the data. The blocking force was measured by using a
load cell (LVS-5GA, KYOWA) at DC 2 V in an open air atmosphere.
To measure the blocking force, the tip of the actuators was
directly connected to the microload cell, and the DC excitation
voltage of 2 V was applied.
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