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Bridged strips consisting of carbon nanotubes and poly(vinylidene fluoride) are developed, which exhibit notable
deflection in response to very low driven voltages (< 1 V), because of both the excellent conductivity of the unique carbon
nanotube film and the powerful thermal expansion capability of the polymer. The actuators demonstrate periodic vibrations
motivated by the alternating signals. The amplitude of displacement is dependent not only on the driven voltage but also
on the applied frequency. The mechanism of actuation is confirmed to be the thermal power induced by the electrical
heating. By accelerating the dissipation of heat, the vibration response at higher frequencies can be significantly enhanced.
The useful locomotion shows great promise in potential applications such as miniature smart devices and micro power

generators.

Keywords: carbon nanotube, poly(vinylidene fluoride), actuator, thermal expansion

PACS: 81.05.U-, 88.30.rh, 88.30.mj, 84.50.+d

1. Introduction

Actuators are devices that can offer displacement or me-
chanical output in response to various external stimuli (elec-
tricity, light, temperature, humidity, solvent, ions, etc.). The
actuation phenomena or mechanisms are widely exhibited in
nature as well as in the real-world applications, for which, pine
cones, " wheat awns!?! and electrical motors are familiar ex-
amples. Carbon nanotubes (CNTs), because of their unique
quasi-one-dimensional structure and outstanding properties in
multiple aspects, such as high mechanical strength,>* great
optical absorbance,! superior electrical!® and thermal!’-8]
conductivities, have provided excellent platforms for the de-
velopment of new types of actuators with improved perfor-
mance.

Although CNTs have been adopted to build the
molecular-scale rotational actuators’® and oscillators,'"]
their macroscopic assemblies in the form of fibres!!!=14] or
films,[1>21 in a practical sense, are probably more convenient
to manipulate and utilize. Both the torsional motors made
of CNT fibres!>!3% and the bending actuators which include
CNT networks =49 have been extensively studied in the past
few decades.

For the latter case, the composites, which consist
of the polymer matrix and CNT reinforcement, are com-
mon structures that show enormous deflection driven by
electricity 3%34381 or light,3%3%1 mainly due to the great effi-
ciency of heat generation and transportation for CNTs and rel-
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atively large coefficient of thermal expansion (CTE) for poly-
mers. Therefore, the choice of the matrix material and the
distribution of CNTs in it are critical to the performance for
this kind of actuator.

As is well known, the uniform dispersion of CNTs in
the polymer precursor is a very difficult task. In order to
achieve the desired electrical conductivity, a larger amount
of CNTs should be added to form the interconnected con-
32341 which means consuming much longer
time for the mixing treatment. With respect to the poly-
mer, polydimethylsiloxane (PDMS)B#+3841421 is frequently
selected as a result of its prominent CTE, which is as large
as®%1 310 x 107® K~! and more favourable to the remark-
able deflection. Nevertheless, due to the extreme softness and
poor modulus (0.7-0.9 MPa, 20-100 °C)*! of PDMS, the
stress output may not be satisfactory, especially on some force-

ductive network,[

demand occasions. In addition, most works have focused on
the bending movement by a cantilever configuration,3>-3]
i.e., with one-end tethered and the other end free. The bridge
configuration*?*4 in which both ends are fixed has been
rarely investigated.

To solve those problems, in this work we fabricated
triple-layer composites, through combining unique CNT films
of continuous reticulation, with poly(vinylidene fluoride)
(PVDF), which has not only relatively large CTE (127 x
107 K~') but also significant modulus (8.3 GPa, 20—
100 °C).3%431 With a bridge configuration, the as-prepared
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actuators demonstrated impressive displacement and consid-
erable stress output by exerting very low voltages.

2. Results and discussion

The CNT film, as illustrated in Fig. 1(a), was obtained by
stacking thin films which were directly and continuously syn-
thesized via the float-catalyst chemical vapour deposition (FC-
CVD) method.!*! Due to the greater length of the tubes and
vigorous inter-tube or inter-buddle entanglement (Fig. 1(b)),
the electrical conductivity attains up to ~ 2 x 10> S/cm and
the tensile strength reaches as large as ~ 450 MPa.[!7#4] The
buckypapers,[!>2%! prepared by the solution-based vacuum fil-
tration method, in contrast, are much less conductive and ro-
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bust, because of the short tube length and weak junctions be-
tween tubes. Moreover, another advantage of the CNT net-
works is their ability to carry out conformal and reversible
deformation with the polymer layer.['”) As displayed by the
I-V curve in Fig. 1(d), the resistance of the CNT strip (Di-
mensions: 20 mmx2 mmx 1.6 um) was 31.5 Q, and that of
its composite with PVDF in the same dimension slightly in-
creased to 34.6 Q, which is still one order of magnitude more
conductive than the RGO/PVDF counterpart (20 mm x3 mm,
the thickness of the RGO layer is 3-4 pum).[*3] Therefore,
these superior characteristics of our CNT films will signifi-
cantly facilitate the realization of stable actuation at low driven
voltages.

—~
[¢]
~

[\ w

(o1 S

o S

T T

[\

(e

S
T

150 F voltage off

100

Displacement /pym

[SA}
o
T

voltage on

Fig. 1. (color online) (a) Optical photograph of the stacked CNT film. (b) Scanning electron micrograph of the directly synthesized
CNT film. (c) The triple-layer structure of the CNT/PVDF composite film. (d) DC current—voltage (I-V) curve of the stacked CNT
film (dimensions: 20 mmx2 mmx 1.6 pm) and CNT/PVDF composite film (dimensions: 20 mmx2 mmx31.3 um). For both, the
correlation factor R of the linear fitting is more than 0.9998. (e) Time evolution of the displacement at different DC driven voltages
for the composite film in panel (d). The voltages are eliminated after 5 s.

The details of the preparation of the CNT/PVDF compos-
ite films are shown in the experimental section. Interestingly,
by measuring the resistance along the bottom and top face, we
found that the as-prepared film should be divided into three
parts, namely, PVDF, CNT@PVDF and CNT layer (Fig. 1(c)),
because one side was probed insulating and the other side
showed great conductivity. This feature suggested the PVDF
precursor could not totally penetrate through the CNT net-
work, probably due to the more dense packing and much larger
depth of the stacked CNT film (Fig. 1(a)). Nevertheless, as a
result of the exposed CNT layer, better electrical contact be-
tween the composite sample and the electrode could be an-
ticipated. Typically, as depicted in Fig. 2, a strip with 2 mm
in width and 25 mm in length was cut from the as-prepared
hybrid film, and suspended between two bulged stages on the
glass substrate, with a distance of 20 mm. Subsequently, sil-
ver paste was used to anchor the two ends of the strip onto the

bulges and also served as the electrodes. In addition, a laser
displacement sensor, which was set up right over the middle
part of the strip, was introduced to track and record the actu-
ation displacement. Once applied with a low DC voltage of
less than 1 V, although much smaller than the previously re-
ported values for CNT/Chitosan*?! (5 V) and CNT/PDMS 341
(30 V) hybrid films, the shape of our composite strip imme-
diately transformed from a line (Fig. 2(c)) to a notable arc
(Fig. 2(d)). The reverse process happened when the voltage
was attenuated. The strip produced much larger displacement
(curvature) at a faster rate with a higher driven voltage and
could recover to the initial state (Fig. 1(e)). In general, the re-
versible actuation was kept with the applied voltage no more
than 0.7 V (for 5 s), beyond which permanent rheological de-
formation was turned on, due to the excessive thermal power
that caused rapid heat accumulation.
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Fig. 2. (color online) (a), (b) Schematic illustration of the experimental design for the actuation. The CNT/PVDF composite strip is
suspended between two bulged stages on the glass substrate. A laser displacement sensor is placed perpendicularly above the middle
part of the strip to measure the actuation. (c), (d) Optical photograph of the CNT/PVDF composite strip (c) before and (d) after
actuation. The driven voltage in panel (d) is 0.65 V and the displacement is ~ 290 pum.
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Fig. 3. (color online) Actuation displacement driven by (a) triangle wave voltage and (b) square wave voltage, both of 0-0.5 V and 0.1 Hz.
Displacement amplitude dependence on the (c) voltage and (d) frequency. The red lines demonstrate the fitting to the experimental data. The
Adj. R-Square values are (c) 0.9922 and (d) 0.9402, respectively. Both driven signals are triangle wave voltage. The frequency in panel (c) is
0.1 Hz, and the voltage in panel (d) is 0-0.7 V. (e) Cycle test of the actuation performance. The actuation is driven by continuously applying a
triangle wave voltage of 0-0.5 V and 0.1 Hz.

Besides the above features, driven by alternating voltages, =~ which indicates the electrical response is triggered by signals
the CNT/PVDF composite films can generate periodic vibra-  with different amplitudes and waveforms. The displacement
tion, as shown by Videos 1 and 2, and Figs. 3(a) and 3(b),  coherently changed with the driven voltage, but some notable
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relaxation came out characteristic of the slow heat dissipation
in the case of square waves. Figure 3(c) exhibits the depen-
dence of the vibrational feedback on the actuating voltage,
with the increase of which, the amplitude was parabolically
enhanced, just in coincidence with the correlation between
the electrical heating power and the applied DC voltage. At
a certain voltage amplitude (Fig. 3(d)), the lower the applied
frequency, the larger the resulted displacement, because more
heat was provided in each period. At larger frequencies, the
actuation showed a sharp decay which was approximately in
inverse proportion to the applied frequency and nearly van-
ished at about 10 Hz. This means the breath-like vibration is
more suitable to be used on some specific occasions, where
stable, reversible and large deformation or stress output of not
high-speed rhythm is required.
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the limitation of relatively low working frequency is ubiqui-
tous, for both bridge and cantilever configurations, which is
determined by the actuation mechanism as well as the inherent
physical properties of the chosen material. The reason may
partly lie on the notable viscoelasticity of polymers at higher
temperatures, but mainly, the phenomenon is due to the slow
rate of heat dissipation on general conditions. Therefore, al-
though a great quantity of heat is instantaneously generated in
virtue of the boosted electrical power, that heat can hardly be
dissipated at the same short period, which makes large actua-
tion at more rapid frequency extremely difficult to realize. As
illustrated in Fig. 4(a), driven by a triangle wave voltage of
0-1.4 V and 5 Hz for 20 cycles, the sample initially showed a
large and fast deformation, which then slowly rose in a wave

form with a vibration amplitude of ~ 28 pum.
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Fig. 4. (color online) (a), (b) Time evolution of the actuation displacement. The actuation is driven by a triangle wave voltage of 0-1.4 V and
5 Hz for 20 cycles. In panel (a), the heat dissipation of the sample is in natural conditions. While in panel (b), an electrical fan is intentionally
exploited to assist the heat dissipation. (c) Displacement and temperature change driven by a triangle voltage of 0-0.8 V and 0.1 Hz. (d)
Thermal image of the sample in panel (c) at the (left) minimum and (right) maximum temperature and deformation.

Under some particular circumstances, however, the vibra-
tion at higher frequencies may be promoted. In the control
experiment, we adopted a small electrical fan to intentionally
accelerate the heat dissipation, by which, the amplitude was
effectively improved to ~ 40 um (Fig. 4(b)), compared with
that on natural conditions (Fig. 4(a)). This was because the
wind-blow of the fan had induced forced convection, which, in
the sense of taking heat away, was more efficient than through
the pure conduction and free convection. The wind effect was
also reflected by the immediate drop from the initial large dis-
placement and much quicker fading after the voltage was off.

The temperature variation of the composite film had also
been monitored in real time, along with the mechanical re-
sponse. As displayed in Fig. 4(c), the temperature change kept
pace with the displacement, and both of them were accompa-
nied in the same rhythm by the driven voltage, which hinted
the close relation between the electrical heating and the actu-
ation. To illustrate the thermal actuation mechanism, we cal-
culated the resulted deformation on the basis of two perspec-
tives (see details of the calculation scheme in the experimental
section). On one hand, from the point of view of tempera-
ture change, the quantity of which was ~ 4 K as shown in
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Figs. 4(c) and 4(d) and Video 4, the strain contributed by the
heat was estimated as ~ 5.08 x 10~*. On the other hand, the
geometrical analysis of this corresponding case revealed that
the total strain should be ~ 5.21 x 10~*. The remarkable con-
sistence between the two results perfectly confirmed that the
exhibited actuation completely stemmed from the heat, which
drove the effective expansion of the polymer to perform coop-
erative deformation with the CNT network.
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Fig. 5. (color online) (a) Switch application of the CNT/PVDF actuator.
The LED can be triggered on through the actuation of the CNT/PVDF
strip driven by a low voltage of 0.5 V. (b) Schematic illustration of the
structure and mechanism for the part which is enclosed by the dark grey
rectangle in panel (a). The actuation of the CNT/PVDF strip gener-
ates curvature and meanwhile exerts enough stress on the conductive
“spring” to make it closely contacted with the bottom silver electrode.

To give an example, herein, we demonstrate the applica-
tion of the bridged CNT/PVDF strip to act as a circuit switch.
As illustrated in Fig. 5 and Video 3, the LED was immediately
turned on with the fired strip curvature, the actuating voltage
of which was as low as 0.5 V. The generated stress was esti-
mated to be ~ 1.5 MPa. As a result, the conductive “spring”
(represented by the light grey part in Fig. 5(b), see details in
the experimental section) was forced to approach and finally
contacted with the electrode on the substrate, which thus con-

nected the power supply.

3. Conclusion and perspectives

In summary, we have fabricated a triple-layer compos-
ite structure, which consists of both the directly synthesized
CNT films, with high strength and superb conductivity, and
the PVDF that is of considerable merit in CTE and Young’s
modulus. On the basis of a bridge configuration, they have ex-
hibited notable actuation driven by very low voltages of less
than 1 V. The source of the actuation energy is the thermal
power from the electrical heating. By accelerating the rate of
heat dissipation, the vibration amplitude at higher frequencies
can be effectively improved. It is believed that these devices
are promising in applications such as artificial muscles, minia-
ture robots, and power generation.

4. Experimental
4.1. Preparation of the PVDF precursor

PVDF/N,N-Dimethylformamide (DMF) solution with a
concentration of 100 mg/mL was prepared by adding 0.2 g
PVDF powder (average Mw ~ 534000 by GPC, purchased
from Sigma-Aldrich) into 2 mL DMF solvent (AR, purchased
from Sinopharm Chemical Reagent CO., Ltd.). To enhance
the adhesion of PVDF with CNT, polyvinylpyrrolidone (PVP,
GR, purchased from Sinopharm Chemical Reagent CO., Ltd.)
in mass ratio of 1:20 with PVDF was also added. The mix-
ture was then ultrasonically treated for 50 min to obtain the
uniform precursor.

4.2. Preparation of the CNT/PVDF composite film

CNT film with a thickness of ~ 1.6 pm was prepared
by stacking the directly obtained thin film.[**] Subsequently,
a 25 mmx 25 mm square-shaped film was cut and spread out
on a 20 mmx20 mm glass substrate. In aid of flattening the
film and increasing its adhesion with the substrate, a few drops
of ethanol were added. The PVDF precursor with a volume of
210 pL was added to the flattened film, and then heated in an
oven with a temperature of 85 °C for 1 h. The cured composite
film could be easily taken off the glass substrate.

4.3. Preparation of the switch structure

A Polyethylene terephthalate (PET) film (Dimensions:
20 mmx 3 mmx 180 wm) was cut and attached at one side with
the stacked CNT film (1.6 pum in thickness). Subsequently, one
end of the PET was fixed on the substrate by using the silver
paste, with the other end left a very short distance from the
silver electrode (as shown in Fig. 5(b)), which was right below
the CNT side of the PET. The PET played the role of a con-
ductive “spring”. By imposing a force on the “spring”, when
the CNT film was in contact with the bottom electrode, the cir-
cuit was connected. If the force was eliminated, the “spring”
recovered to the initial state and the circuit was cut off.
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4.4. Characterization

SEM morphologies of the pristine CNT films were ex-
amined using a Hitachi S5200 SEM system operated at 5 kV.
The driven voltage was imposed through a Zahner Im6 electro-
chemical workstation, choosing the PVI program in the Thales
software package. A Keyence LK-HO050 laser displacement
sensor was utilized to track and record the displacement of the
strip actuator. Thermal images were taken with a Fluke Ti25
infrared camera.

4.5. Calculation scheme of the strain and stress

As shown in Fig. 6, where I and [’ respectively denote the
original and deformed length of the sample, d denotes the dis-
placement of the middle part, and r is the radius of curvature,
their geometrical relation can be expressed as

(r—d)*+(lp/2)*=r".

From this equation, the radius of curvature r is readily ob-
tained as
r=(I3+4d*)/8d.

Therefore, the curvature K is
K=8d/(I3+4d%).

In addition, the sample length after elongation can be repre-
sented as
I'=2rarcsin(lp/2r).

The total strain can thus be calculated as
o= (I'—10)/lox 100%.

The contribution of the temperature increase AT to the strain
is
er = arAT,

where o is the coefficient of linear thermal expansion of
PVDE.

If er = &oa1, We can confirm that the actuation power to-
tally comes from the electrical heating.

Finally, with the Young modulus of PVDF denoted as E,
the generated stress O is

0 = E€tal-
ll
............ P,
id
o I e,
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Fig. 6. (color online) Geometric modelling of the bridged CNT/PVDF
actuators.
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