
C
O
M

M
U
N
IC

A
T
IO

N

2074
DOI: 10.1002/adma.200702566
Actuating Single Wall Carbon Nanotube–Polymer
Composites: Intrinsic Unimorphs**
By Cheol Park,* Jin Ho Kang, Joycelyn S. Harrison, Robert C. Costen, and

Sharon E. Lowther
Electromechanical coupling effects in polymers have been

routinely employed to create an array of sensors and

actuators.[1–4] The most dominant coupling effects originate

from piezoelectric, electrostrictive, and electrostatic (also

known as the Maxwell effect) mechanisms. To generate high

displacements, electrostrictive and Maxwell effects are typi-

cally exploited because the strain in such polymers is a

quadratic function of the applied electric field, whereas it is

linear for piezoelectrics. However, the high compliance of most

electrostrictive and electrostatic polymers limits their dur-

ability and output force and reduces their applicability. Owing

to their low dielectric constants relative to ceramics, polymers

typically require large applied electric fields to actuate. For

strain amplification, several actuator concepts have been

demonstrated including multilayer and bender designs.[2,5]

Most commercial actuators integrate design concepts, includ-

ing unimorph, bimorph, and multimorph. These designs

require extra processing steps and introduce extraneous layers

such as adhesives and inactive, so-called ‘‘dummy’’, layers to

convert longitudinal to bending strain. The incorporation of

these adhesive and inactive layers reduces the magnitude of the

actuation of a given actuation system significantly and often

causes delamination. Furthermore, mismatches in the thermal

expansion coefficients and mechanical properties among the

adhesive, inactive, and active layers can cause additional

adverse effects on the actuation performance.

Here we introduce a novel electroactive single-walled

carbon nanotube (SWNT)–polymer composite, an intrinsic

unimorph, which can actuate to a large strain (2.6%) at

relatively low driving voltages (<1 MV m�1) while maintaining
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its high performance in mechanical durability, thermal

stability, and chemical resistances. This intrinsic unimorph

actuator does not require adhesive or extraneous inactive

layers to generate the large bending actuation. The actuating

capabilities of the electroactive polymers are gained from

incorporation of SWNTs into these polymers.

Actuating and sensing characteristics of composite materials

are strongly dependent on their intrinsic electrical and

dielectric properties, which in turn strongly rely on the SWNT

dispersion in the present composite system. The well-dispersed

SWNT/LaRC-EAP (Langley Research Center-ElectroActive

Polyimide) composite[6,7] film was prepared by in situ

polymerization under simultaneous sonication and mechanical

shear based on a noncovalent interaction approach (donor–

acceptor interaction between the nanotube and the poly-

mer).[8,9] The uniform dispersion of the SWNTs (appearing as

white flexible strands) throughout the polymer matrix is shown

in the high-resolution scanning electron microscopy (HRSEM)

image of a cryofractured cross section of a 0.5% SWNT/

LaRC-EAP composite film in Figure 1A.[10] The ac con-

ductivity of the SWNT/LaRC-EAP composites, plotted as a

function of frequency on the logarithmic scale, is shown in

Figure 1B. At loadings in excess of 0.05%, the composites

exhibited a conductive behavior, where the conductivity is

nearly independent of frequency (on the logarithmic scale).

Between 0.035% and 0.05%, the conductivity increases by nine

orders of magnitude. This indicates that the composite is a

percolation system with a critical volume fraction (fc) between

0.035% and 0.05%.[10] This unusually low percolation was

achieved by the uniform SWNT dispersion shown in Figure 1A.

The electroactive actuation of the SWNT/LaRC-EAP

composite film was measured by a fiber optic sensor,[7] where

out-of-plane strain (e33) was monitored in response to an

applied ac electric field (0.02 Hz) through the film thickness.

Figure 1C shows the strain (e33) as a function of the electric

field. Displacement through the film thickness was not

observed until the SWNT concentration approached the

percolation threshold (fc). Just below fc (f¼ 0.035% SWNT),

the composite began to displace noticeably at an applied field

0.5 MV m�1. Just above fc (f¼ 0.05%), the composite

displaced significantly even at a very low applied field

(<0.1 MV m�1). Above fc, the out-of-plane strain (e33)

increased rapidly with increasing SWNT concentration. At

concentrations above 0.2%, the composites became too

conductive (>10�5 S cm�1) to actuate a large strain. For the
GmbH & Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2074–2079
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Figure 1. A) HRSEM of 0.5 wt % SWNT/LaRC-EAP composite (fracture surface): cross-sectional view of the composite film. B) ac conductivity of SWNT/
LaRC-EAP nanocomposites as a function of frequency and SWNT concentration (percolation). C) Negative out-of-plane strain (�e33) of SWNT/LaRC-EAP
composites as a function of applied electric field (MV m�1). D) Negative out-of-plane strain (�e33) of SWNT/LaRC-EAP composites as a function of the
square of the applied electric field (MV m�1)2.
highly conducting samples, a sufficient net field could not be

applied owing to an excessive leakage current.

As shown in Figure 1C, the strain does not increase linearly

with the applied field in contrast to piezoelectric materials.

Rather the strain is proportional to the square of the electric

field as illustrated in Figure 1D. This suggests that the actuation

mechanism of the SWNT/LaRC-EAP composite is primarily

due to electrostriction.[11] The strain increased as the frequency

of the applied field decreased, and was observed even with a dc

field. The strain response was instantaneous upon the
Adv. Mater. 2008, 20, 2074–2079 � 2008 WILEY-VCH Verla
application of a step field application and the time to reach

the saturation was found to be geometry-dependant.

A strain (e33) of 2.6% was observed for the 0.05% SWNT/

LaRC-EAP composite at a field strength of only 0.8 MV m�1,

as shown in Figure 1C and D. This strain is at least an order of

magnitude greater than those of piezoelectric polymers,

poly(vinylidene fluoride) (PVDF) and its copolymers (non-

irradiated), and piezoceramic lead zirconate titanate (PZT).

Moreover, the electric field to attain this large strain (2.6%)

was only 0.8 MV m�1, which is an order of magnitude lower
g GmbH & Co. KGaA, Weinheim www.advmat.de 2075
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Table 1. State-of-the-art electroactive materials and SWNT/LaRC-EAP[a].

Materials Out-of-plane strain e33
[%]

Electric field E
[MV m�1]

Young’s modulus E
[GPa]

Energy density Ee2/2
[J cmS3]

PVDF [1,2] 0.1 50 1.6 0.0008

Irr-PVDF-TrFE [12,13] 5 150 0.4 0.5

Polyurethane [14,15] 11 100 0.017 0.103

PZT [3] 0.1 1 62 0.031

PZN-PT 16] 1.7 12 6.9 1.0

0.05%SWNT/LaRC-EAP 2.6 0.8 3.5 1.183

[a]Irr-PVDF-TrFE: irradiated-poly(vinylidene fluoride)-co-(trifluoroethylene). PZN-PT: Pb(Zn1/3Nb2/3)O3–PbTiO3.
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than those required to actuate PVDF, its copolymers, and

electrostrictive elastomers such as polyurethane, as shown in

Table 1. This combination of flexibility, mechanical, thermal

durability, and high strain at very low fields is exceptional in the

realm of electroactive materials.

The comparison of the electromechanical properties

displayed in Table 1 conveys the significance of the SWNT/

LaRC-EAP performance. The strain energy density (Ee2/2,

where E is Young’s modulus) is a product of the square of the

strain e and the mechanical stiffness, which is indicative of the

potential mechanical work output in response to electrical

stimuli. The strain energy density (1.183 J cm�3) of the SWNT/

LaRC-EAP composite is at least an order of magnitude greater

than any of the state-of-the-art polymeric materials reported.

Its high-strain energy density is attributable to the high strain

and the relatively high modulus of the LARC-EAP polyimide.

The polyimide’s modulus of 3.5 GPa dwarfs that of the

elastomeric materials such as polyurethane or silicone.

Although the LaRC-EAP’s modulus is lower than that of

the brittle ceramic, PZT, its strain energy density is higher

because of its higher strain. A reported ceramic PZN-PT single

crystal[16] showed a comparable strain energy density (1 J

cm�3) to that of SWNT/LaRC-EAP composite, however, the

brittle single crystal required 12 MV m�1 to produce 1.7%

strain.

The field induced strain (e33) is generally represented as a

power series of the applied electric field as follows:[17]

"33 ¼ d33 � EþM33 � E2 þ . . .

where d33 and M33 are piezoelectric and electrostrictive

coefficients, respectively, and E is the applied electric field. The

linear and quadratic terms, d33 and M33, respectively dominate

the response. For the SWNT/LaRC-EAP, the piezoelectric

contribution to the strain is not expected to be significant

because the composite was not poled and has no remanant

polarization. The strain caused by electrostatic (Maxwell

effect), thermal, and viscoelastic effects also contributes to the

quadratic coefficient. However, these effects are insignificant

under the conditions of the present measurements.[18] The

temperature of the film measured during actuation remained

below 40 8C. For the LaRC-EAP polyimide with a glass

transition temperature (Tg) of 215 8C, this minimal heating

effect precludes thermal or mechanical softening effects from

contributing to the strain. The Maxwell effect can be estimated
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
from the equation, eMaxwell¼�seoerE
2(1þ 2n)/2, where s is the

elastic compliance, eo the permittivity of free space, er the

relative permittivity, and n Poisson’s ratio.[19] The contribution

of the Maxwell effect to the strain was calculated to be less than

1% of the total strain because of the low compliance (high

Young’s modulus) of the polyimide matrix composites. The

electrostrictive coefficients (M33) of the SWNT/LaRC-EAP

composites estimated from the slopes in Figure 1D range from

�3.8� 10�15 to �1.2� 10�13 m2 V�2. These values are several

orders of magnitude higher than those of electrostrictive

polyurethanes (�4.6� 10�18 to �7.5� 10�17 m2 V�2)[14,15] and

irradiated-PDVF-TrFE (�0.37� 10�18 to �5.1� 10�18 m2

V�2).[12,13]

In addition to out-of-plane strain, bending actuation of the

SWNT/LaRC-EAP composites was demonstrated with a

cantilever geometry as shown in Figure 2A and B. A video

clip (Video 1, Supporting Information) shows the bending

actuation of 0.05% SWNT/LaRC-EAP. Figure 2A shows the

side view of the composite film without an electric field. When

0.8 MV m�1 was applied, the film bent significantly, as shown in

Figure 2B. A typical unimorph consists of an electroactive

layer bonded to an inactive elastic layer sandwiched between

electrodes.[20] The SWNT/LaRC-EAP composite film devel-

ops an ‘‘intrinsic’’ unimorph-type structure resulting from the

film-formation process. To form a film, the composite solution

is cast onto a glass substrate where it is cured. This process

yields a resin-rich inactive layer and an SWNT-rich active

layer. A schematic structure of the intrinsic unimorph is shown

in Figure 2C. The inactive layer is formed due to a wall

depletion effect during film cast on the glass substrate,[21,22] and

is typically less than a few micrometers thick. When the active

layer is driven to expand or contract in the plane, the inactive

elastic layer resists this dimensional change, leading to bending

deformation. In response to an applied electric field, the

SWNT/LaRC-EAP composite contracts through the thickness

and expands in the plane of the film regardless of applied field

polarity. The composite film, as shown in Figure 2B, bends

away from the SWNT rich active layer when a field is applied.

The maximum tip displacement at a given electric field was

measured for a 0.05% SWNT/LaRC-EAP film of length

L¼ 40 mm, width b¼ 5 mm, and thickness h¼ 0.037 mm. The

tip displaced approximately 14.5 mm toward the inactive

layer in response to an applied voltage of 60Vp-p (Fig. 2B).

From the tip displacement (Dtip), the radius of curvature (R)
& Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2074–2079
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Figure 2. Top: Bending actuation of a cantilevered intrinsic unimorph (0.05% SWNT/LaRC-EAP) (side view): A) without, B) with an electric field (0.8MV
m�1) (see Video 1, Supporting Information), C) Schematic structure of a cross-section of the intrinsic unimorph of SWNT/LaRC-EAP composite film
without and with an electric field. Bottom: D) Schematic diagram of four-layer electrostrictive bending prototype in passive state (side view). Layer widths
and thicknesses are not to scale. Layer 1 is the active electrostrictive layer and layer 4 is the inactive layer. When activated, voltage V is applied between
metallic layers 2 and 3. E) HRSEMmicrograph of a side view of the 0.05%SWNT/LaRC-EAP composite film. The top layer is a part of the SWNT-rich active
composite layer under which can be found the polymer-rich inactive layer, which lies just above the epoxy mold.
was calculated using the equation, Dtip¼L2/2R (¼KL2/2, K:

curvature), which gives R¼ 55.2 mm.[23] This calculated radius

of curvature from the tip displacement was very close to that

measured (R¼ 53.7 mm) experimentally (Fig. 2B).

The in-plane electrostrictive coefficient (M31) of the

unimorph composite film was calculated from measurements

of R and the film parameters by using a four-layer beam

model.[24] A generalized schematic diagram of the prototype

four-layer strip is shown in Figure 2D, where the layers are not

drawn to scale. The measured input parameters for the layers

are summarized in Table S1 in Supporting Information. The

intrinsic unimorph formed during the process results in two

layers: the electrostrictive active layer 1, and a thin inactive

layer 4. Layers 2 and 3 are electrically conductive layers (silver

electrodes) deposited on the outer surfaces of the electro-

strictive unimorph core layers. By use of the model, the

electrostrictive coefficient, M31 was calculated as a function of
Adv. Mater. 2008, 20, 2074–2079 � 2008 WILEY-VCH Verla
the inactive layer thickness h4.[24] The results are shown in

Table S2 in the Supporting Information. The calculated M31

value ranges from 7.5� 10�15 down to 0.77� 10�15 V2 m�2 for

0.3mm and 3.2mm thick inactive layers, respectively. The

measured out-of-plane electrostrictive coefficient M33 for this

composite was �2.6� 10�14 (Fig. 1D). Assuming a Poisson’s

ratio (n) of about 0.34, which is typical for an aromatic

polyimide, the M31 calculated with the measured M33

(M31¼�M33� n) is 8.7� 10�15 V2 m�2, which corresponds

to an inactive layer thickness of 260 nm according to the

four-layer beam model (Table S2 in Supporting Information).

Figure 2E shows a scanning electron microscopy image of a

cross section of a 0.05% SWNT/LaRC-EAP composite

prepared by microtoming the composite film embedded in

an epoxy, which reveals that the inactive layer thickness is at

least thinner than 800 nm. This is consistent with the four-layer

beam model results (Table S2 in Supporting Information). In
g GmbH & Co. KGaA, Weinheim www.advmat.de 2077
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Figure 3. Dielectric constants of SWNT/LaRC-EAP composites as a function of the frequency, A) storage dielectric spectra, B) dielectric loss spectra.
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order to ascertain the accuracy of the estimated M31, it was

directly measured using a dilatometer with a plastic canti-

lever.[25,26] The measured M31 was 6.9� 10�15 V2 m�2, which is

close to that estimated above.

The dielectric properties of materials are mainly determined

by their polarizabilities at a given frequency. For multi-

component systems, when free charge carriers migrate through

the material, space charges build up at the interfaces of the

constituents owing to the mismatch of the conductivities and

dielectric constants of the materials at the interfaces.[27] This is

called interfacial polarization. The interfacial polarization in

polymers having structural inhomogeneities (e.g., nanotubes)

can be identified by low-frequency dielectric measurement

based on Maxwell–Wagner–Sillar’s equation.[27] This type of

polarization principally influences the low-frequency (10�5 to

102 Hz) dielectric properties. As the frequency decreases, the

time available for the drift of charge carriers increases and the

observed values of dielectric constant e’ become significantly

higher. Also the conductivity term in interfacial polarization

makes an increasing contribution to the dielectric loss as the

frequency becomes smaller.

Figure 3A shows the dielectric constant of the composite

films as a function of frequency and SWNT concentration as

studied with an impedance analyzer. The dielectric constant of

the pristine polymer at 10 Hz was around 3.5 and that of 0.02%

SWNT/LaRC-EAP was 4. It increased more than three orders

of magnitude between 0.035% and 0.05%, again indicating that

the percolation threshold lies between these concentrations

similar to the ac conductivities in Figure 1C. The increased

dielectric constant of the SWNT/LaRC-EAP composites at low

frequencies is likely to be caused by the interfacial polariza-

tion. The same trend, as observed for the dielectric constants,

was seen in the dielectric loss spectra, which further supports

the existence of interfacial polarization (Fig. 3B). This
www.advmat.de � 2008 WILEY-VCH Verlag GmbH
interfacial polarization could be primarily responsible for

the large strain observed in this study.[15,28] It was observed that

the strain increased rapidly with decreasing frequency at low

frequencies (below 1Hz), which is consistent with the behavior

of dielectric constant at low frequencies.

In summary, we developed a novel actuating SWNT/

LaRC-EAP composite that exhibits a large strain (ca. 2.6%)

at a low driving voltage (<1 MV m�1) while possessing

excellent mechanical and thermal properties. This composite

intrinsically forms a unimorph during the fabrication process to

actuate without the need for additional inactive layers. The

tunable multifunctionality and structural reinforcement

achieved in these composites would contribute to the design

of intelligent and durable components for future aerospace

vehicles as well as terrestrial applications.
Experimental

A dilute SWNT (purified HiPco, CNI) suspension, typically around
0.05 wt %, in N,N-dimethylacetamide (DMAc), was prepared by
sonicating for 1 h at 40 kHz. The sonicated SWNT suspension was used
as a solvent for the poly(amic acid) synthesis with the diamine,
2,6-bis(3-aminophenoxy) benzonitrile ((b-CN)APB), and the dianhy-
dride, 4,4-oxydiphthalic anhydride (ODPA). The entire reaction was
carried out with stirring in a nitrogen purged flask immersed in a 40 kHz
ultrasonic bath until the solution viscosity increased and stabilized.
Sonication was stopped and stirring continued for several hours to form
a SWNT–poly(amic acid) solution. The solutions were cast on glass
plates and cured to complete the imidization reaction to form thin
SWNT-Polyimide (SWNT/LaRC-EAP) films.

The ac conductivity and the dielectric constant of the SWNT-
polyimide (SWNT/LaRC-EAP) film were measured as a function of
frequency with a Novocontrol-Solartron 1260 impedance/gain-phase
analyzer and a HP 4192 Impedance Analyzer.

To investigate the actuating characteristics, out-of-plane displace-
ment measurements were performed using a non-contacting fiber optic
& Co. KGaA, Weinheim Adv. Mater. 2008, 20, 2074–2079
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sensor manufactured by Opto-Acoustic Sensors. Sinusoidal waveforms
at a frequency of 0.02 Hz were used for all measurements. Out-of-plane
polymer motion was determined by monitoring the intensity of the
light reflected from the polymer surface. As the surface of the polymer
film moves away from the sensor tip, the signal decreases, and as the
surface moves closer to the sensor tip, the signal increases. The
out-of-plane strain (S33) was measured in response to the applied
electric field (E), which is given as, S33¼Dt/t, where t is the thickness of
the polymer and Dt is the change in thickness.
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