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We describe a facile fabrication of solid-state actuators by coating common polymer films with a layer of carbon nanotubes. The
composite material actuators are multifunctional energy transducers and were powered by heat, light, or electricity. The maximum
observed force produced by an actuator was 60 times its own weight. Actuators were also demonstrated to bend more than 90◦. The
actuators were repeatedly activated for nearly 50,000 cycles without significant loss of performance for a sub-hertz actuator and
1,000,000 cycles in the case of a 30 Hz actuator. The utility of these devices was demonstrated by creating a walking robot.
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Origami-inspired devices are attractive because a
single sheet can be folded into the desired shape, rather
than trying to individually fabricate and attach together
different components. With the help of geometric fold-
ing algorithms and computational tools to determine the
folding patterns [1,2], complex three-dimensional (3-D)
structures can be realized from two-dimensional (2-D)
forms [3,4], essentially allowing for robots with any form,
dimension, and feature to be designed. However, in order
to make functional robots, or ‘active origami’, actuation
must be engineered into the origami structures.

Of the many different strategies for actuation, the
thermal bimorph actuator is attractive. Actuators that
operate on electrochemical double-layer capacitance [5,
6] require an electrolyte, including ionic electroactive
polymers (EAPs) [7,8] and molecular switches [9–11].
Dielectric elastomers and piezoelectric actuators [12]
need high electric fields and voltages. Pneumatically
driven soft robots [13] require the use of compressed
gas. A thermal bimorph actuator exploits the differences
in thermal expansion coefficients between two materials,
as shown in the classical example of a bimetal thermo-
stat [14]. Such electrothermally driven actuation has been
demonstrated in microelectromechanical systems [15],
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carbon nanotube (CNT)/polymer composites [16–18],
self-folding sheets [19,20], and has recently been used
to impart mobility (e.g. crawling) in a simple worm-like
robot through the use of NiTi shape memory springs [21].
However, being able to integrate the actuator with the
origami is advantageous from a cost and fabrication per-
spective, and can also make it easier to produce different
robot designs to suit each particular need. To this end,
we have developed active origami driven by electrother-
mal actuation from bilayers comprised of CNT materials
printed onto common off-the-shelf plastic.

The actuation can be understood by thermal expan-
sion of the polymer film during Joule heating of the
CNT/polymer composite film. The bending is caused by
the high van der Waals adhesion between the CNTs and
polymer, and the roughly two orders of magnitude lower
thermal expansion coefficient of the CNTs [22] constrain-
ing one side of the plastic substrate, analogous to a simple
bimetal actuator. The unique combination of characteris-
tics that comprise this actuation system creates one of the
most facile, yet versatile fabrication methods for creating
printed active origami (PAO).

Compared to actuators using EAPs that might give
similar performance, considering the weight of the entire
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structure [23], our actuators have some distinct advan-
tages. (i) The low sheet resistance of CNT films allows
for the use of low voltages to drive the current needed
for electrothermal actuation. This allowed the use of bat-
teries to power the robot. (ii) These actuators were made
from common polymer films, rather than electroactive
or ferroelectric polymers, highlighting their versatility.
(iii) Due to the optical characteristics [24] and excellent
electrical conductivity [25] of CNTs, these actuators can
also be powered by light, heat, or microwaves. (iv) These
actuators were easy to fabricate. In some cases, the con-
ductive inks were painted on by hand. The simple device
architecture provided design flexibility that allowed the
construction of several different PAO devices.

Bilayer actuators were fabricated by depositing CNT
inks on plastic films using several methods. Single-walled
CNTs (Carbon Solutions, P3) were oxidized [26] in order
to render them less hydrophobic and easier to disperse.
Inks were made by mixing and then sonicating [27] a
0.1–5% weight ratio (typically 0.3%) of nanotubes in
a 1:1 mixture of ethanol and water. A light centrifuga-
tion step using a micro-centrifuge at 13,000 g for 30 s
was performed in some cases to remove large bundles
of nanotubes [28]. Patterning was achieved using sten-
cils, silk screen printing, and/or inkjet printing (details
in the Supporting Information). Multiple coatings were
used to lower the sheet resistance typically to the single
digit �/square range. The low sheet resistance allows for
a smaller driving voltage to be used to achieve actua-
tion. Other conductive coatings were tested with single
digit sheet resistances, as replacements for the single-
walled CNTs. Silver paint was too rigid after drying to
bend when a voltage was applied. Sputtered gold did not
adhere well enough to the substrate to constrain one side
and induce curvature.

Plastic films were selected on several criteria.
Selected films had a Young’s modulus large enough to
retain their shape after being folded like paper origami,
and could support their own weight when configured as
a walking structure. Various plastic films (with thickness
of 76.2, 127, and 254 μm) were selected and tested for
actuation based on their high linear coefficients of expan-
sion (α), glass transition temperatures (Tg), and melting
points (Figures 1a and 1b). All plastic films tested, includ-
ing films not meeting the modulus criteria, produced force
and movement. However, polyoxymethylene (acetal) and
polyimide (Kapton) films had the best performance,
based on properties depicted in Figures 1a and 1b (see
supporting online materials, Supporting Information, for
definitions of polymer film abbreviations). An example
of an actuator made by this method is shown in Figures 1c
and 1d.

The actuators were characterized by measuring the
force generated for a given power and the maximum
force to failure. The force exerted by the actuator is
an important characteristic for a walking robot, since

Figure 1. (a) The selection of polymer films was based on the
expansion coefficient (α) being higher relative to other poly-
mers and the modulus being high enough for the polymer to
support its own weight, as a robot, but not so high as to limit
movement. Acetal certainly sticks out with its high thermal
expansion and midrange modulus. Kapton, however, does not
appear to be different than the other polymer, aside from its
midrange modulus. (b) The modulus changes with tempera-
ture, so, a second polymer selection criterion was based on the
plot of expansion coefficient versus the glass transition tem-
perature. Kapton’s high Tg (temperature at which a polymer’s
modulus rapidly decreases) allowed greater total linear expan-
sion than other polymers. (c) An actuator fabricated using an
acetal film substrate, before power is applied to the actuator, and
(d) deflection after power is applied (d-inset). Thermal image
of the powered actuator showing uniform heating (false color
scale depicts temperature in degrees Celsius).

it determines how much load it can carry in addition
to its own weight. To understand the effect of actuator
geometry on the magnitude of the force exerted, several
actuators were fabricated with different widths, lengths,
and thicknesses. The force was determined by consider-
ing the actuator as a cantilever [29] and measuring the
force exerted on a Mettler XP205 balance connected to a
computer for data acquisition using Lab View. Actuation
was controlled through Lab View via a data acquisition
card (NI USB-6009 DAQ) connected to a relay breakout
board and DC power supply. The data acquisition device
(DAQ) also recorded the signal from a voltage divider
circuit, which monitored the resistance of the actuators
with time. Further details are provided in the Supporting
Information.

Heat-transfer analysis was used to predict the tem-
perature of the actuator as a function of power input. The
actuator is modeled as a rectangular cantilever beam com-
prising a plastic strip coated with a CNT layer as shown
schematically in Figure 2.
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Figure 2. Schematic of a cantilever composite beam com-
prised a CNT layer on a plastic film with length L, width w,
and thickness h.

The bilayer beam is activated by supplying power,
P, to the CNT layer, which causes internal heating and
a temperature rise in the CNT. The temperature in the
CNT layer is T , and To is the temperature of the plastic
substrate before activation, and the temperature gradient
across the composite beam, �T = T − To, is given by

�T = 2πhdρg

0.18lσ(mCNTL/h1)
P, (1)

where h is the thickness of the composite beam, ρg is the
density of graphene, d is the diameter and l is the length
of CNT, h1 is the thickness, mCNTL is the mass, and σ

is the conductance of the CNT-layer on the composite
beam. The analysis by Prasher et al. [30] was utilized
to compute the thermal conductivity of a 3-D nanotube
network and to derive Equation (1). The analysis indi-
cated that the force activation of the CNT-coated plastic
film is controlled by the temperature gradient across the
composite beam, which in turn depended on heat trans-
fer though single and double junctions in the 3-D CNT
network. Details of the derivation of Equation (1) are pre-
sented in the Supporting Information. Using Equation (1),
�T and T can be computed once the power input, P, is
specified. The experimentally obtained CNT layer tem-
perature (T ) was determined using a thermal camera
(FLIR-T400) (Figure 1d, inset) for each applied P and
was in close agreement with the theoretical predictions
for three different actuator widths (Figure 3a). More-
over, both experimentally derived values for and the
calculations (Supporting Information) indicate that the
temperature on the CNT layer is independent of the width
of the composite beam.

The dependence of the force on the dimensions
of the actuator is shown in Figures 3b–3d. The stan-
dard actuator had dimensions of 3 × 1 × 0.0127 cm3 and
each dimension was correspondingly evaluated. For each
dimensional test, only one corresponding dimension was
changed. Various widths (0.5, 1, and 1.5 cm) with the

Figure 3. Comparison of experimental (solid) and calculated
(dashed) results. (a) The temperature generated for actuators
with different widths as a function of applied power. (b) The
exerted force for different actuator widths as a function of
applied power. (c) The exerted force for different actuator
lengths as a function of applied power. (d) The exerted force
for different actuator thicknesses as a function of applied power
(blue and red traces) and the modulus change for two samples
with different thickness as a function of applied power (black
and orange traces).

same length (3 cm) and thickness (0.0127 cm) are com-
pared in Figure 3b. A comparison of lengths (2, 3,
and 5 cm) using a constant width (1 cm) and thickness
(0.0127 cm) is presented in Figure 3c. The effect of chang-
ing the thickness (0.0127 and 0.0254 cm) of the samples
is shown in Figure 3d. In each case, testing was con-
ducted by powering the actuator for 30 s in 1 V increments
in order to reach the steady-state temperature (Tmax).
Between each power cycle, the actuator was allowed to
cool for 30 s to ensure a full return to room temperature.

The Timoshenko beam theory [14] was used to cal-
culate the exerted force, F , and the curvature, ρ, for
CNT-coated plastic films under actuation as a function
of power input (computation details are provided in the
Supporting Information). The equation for the force is
shown in Equation (2),

F = kEwh3�α

8L

[
2πdρgP

0.18lσ(mCNTL/h1)

]
, (2)

where k is given by Equation (S11) in the Supporting
Information, E is Young’s modulus, L is the length, and
w is the width of the composite beam, and �α is the
difference in the coefficients of linear thermal expan-
sion between the CNT layer and the plastic substrate.
The force generated by samples with different dimen-
sions was calculated using Equation (2) and the results
are shown in Figures 3b–3d. In all cases, the computed
forces are in good agreement with the measured values
at low powers (i.e. low temperatures). Thus, Equation (2)
can be used for designing and manipulating the motion
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of printed active origami made from CNT-coated plastic
films simply by controlling the power input. However,
for increasing power (temperature), the measured force
started to deviate from the theoretical value. This was
a result of the temperature being too close to the Tg
of the polymer substrate, which induced polymer chain
relaxation and structural changes [31]. This non-linear
behavior observed at high powers indicates that the
modulus is decreasing with temperature as indicated in
Figure 3d.

The experimental data and calculations in Figure 3
show that the maximum force for a given actuator is
achieved for a thick and short design. Conversely, the
calculation also revealed that longer and thinner designs
provide greater deflection. Actuators demonstrated cur-
vature on both axes of the plastic film plane, but com-
monly favored curvature primarily perpendicular to the
longest dimension. A 2 × 2 × 0.0254 cm3 actuator was
fabricated that developed more than 9 g force (0.088 N),
as measured on the balance pan, which was 60 times its
own weight. The force to weight ratio using actuators
with EAPs is often calculated using the force produced
over the weight of the conductive coating, while ignoring
the weight of the plastic substrate and liquid used for the
electrolyte [32]. In our case, the entire device weight for
our actuator is considered.

To determine the durability of these actuators, actu-
ators made from acetal and Kapton were tested for maxi-
mum cycling rate (Figure S1). The voltage was adjusted
(15–30 V) to heat the samples quickly, with on/off times
of tens of milliseconds. The actuators typically reached
20–30 Hz. High actuation rates were possible with thinner
films (127 μm or less). The cycling rate was intrinsically
limited by the thermal conductivity of the polymer and
the film thickness. Nanotube-coated Kapton films were
compared to bare films after reaching 300◦C in an oven
for several minutes with a thermal camera. The nanotube-
coated sample cooled faster, although the exact rate was
not determined. The increase is expected given the higher
surface area that the nanotube coating provides, so the
coating modified the thermal transfer rate and contributed
to higher frequency actuation. The durability test success-
fully demonstrated ∼50 k cycles with less than a 10%
change in generated force and resistance at the end of
the test. The test parameters were 10 V, the current was
0.07 A, and the on/off time was 5 s/7 s, respectively. The
durability of the fast cycling actuators was also tested.
An example Kapton actuator cycled 1,000,000 times at
30 Hz without any observable changes. A fast actuating
(20 Hz) dragon fly was designed and fabricated as shown
in Figure 4e.

To confirm the electrothermally driven actuation
mechanism, the CNT/polymer bilayer films were placed
in an isothermal environment with uncoated polymer
films serving as controls. The CNT/polymer film curved
toward the CNT coating, indicating that the CNT layer

was under compression and confirming that it is a thermal
bimorph actuator. However, heating the CNT film using
electrical current made the film bend the opposite way
for a very short period of time (visually observed). There
are two possible causes for this. (1) The nanotubes heat
rapidly due to their high thermal conductivity [33] and
expand before the polymer is heated. Therefore, the films
bend away from the CNT layer initially. (2) The voltage
was set higher (12–15 V) than the minimum values (1–
3 V) needed to drive actuation to increase heating rates.
The polymer expands closest to the nanotube coating,
while the heat is still traveling through the polymer film
causing the actuator to bend toward the cooler side. The
actuator quickly bends the opposite direction once the
heat reaches the entire volume of the plastic film. Thus,
the actual actuation mechanism may be more complicated
than for a bimetallic system. Based on the calculated
and experimental results, three design constraints were
considered for fabrication of an active origami robot: (i)
deflection distance, (ii) exerted force, and (iii) operating
temperature.

An actuator was fabricated that developed the force
needed to carry the weight of the circuits and the structure
itself (e.g. about 0.5 g for small robot in Figures 4a– 4d)
The actuator also needed to move 1 cm per step, so that
50 k cycles would equal 0.5 kms. These requirements
were based on the minimum criteria a robot needed to
achieve for the Google Lunar X-Prize (available from:
www.googlelunarxprize.org). A walking robot was made
as shown in Figure 4d. The dimensions chosen for the
actuators (legs) were 2 × 0.6 × 0.0076 cm3. The robot
body was fabricated using a laser cut Kapton stencil
coated with an adhesive (Figure 4a). Silver ink was used
as the electrical connection pathways on the main body of
the robot (Figure 4b). The robot’s circuit in Figure 4c was
made by inkjet printing silver to form the circuit traces on
polyethylene naphthalate and then attaching the circuit to
the main body of the robot with tape or glue. This modular
method of fabrication was favored over printing the entire
device as one unit, as different circuits could be designed
and interchanged for the same robot body. In order to
make the robot autonomous, a circuit was designed to
actuate its legs diagonally in pairs using two 555 timer
circuits (Figure S2a). The legs were controlled initially
with Lab View through the 6009 DAQ and relay break-
out board. A simple program of on/off times was tested
to determine the best parameters for a very basic onboard
control system. The robot was powered by a single 12 V
A23 battery, but could also be powered by 2–3 AAA and
AA batteries (3–4.5 V) and was able to walk 1 cm per step
(Supporting Information movie).

Due to their optical absorbance characteristics, the
CNTs can also absorb light and convert it to heat [34]
and serve as multifunctional energy transducers. This
was demonstrated by fabrication of a light-driven rotat-
ing actuator as shown in Figure 4f. The shape is a pair
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Figure 4. (a–c) Fabrication process for PAO. (d) A printed robot on acetal film with a dual timer chip control circuit powered by
an A23 battery. (e) A dragonfly with acetal wings that beat at 20 Hz. (f) A rotating acetal actuator powered by light.

of vertex-intersecting parabolas extending away from
each other. Each parabola is made of two legs, with
very small copper wire weights on the ends of the legs.
These small weights offer more driving force when they
extend past the center of gravity and introduce a rota-
tional motion by moving the moment out away from the
wire to create torque. Each leg was coated with CNTs,
which absorbed light and heated the polymer substrate
while under irradiation with a 300 W Xenon lamp. The
increased temperatures cause the actuator to bend out-
wards. Upon cooling in the dark, the copper weight was
pulled toward the center, thereby letting each leg return
to its original position. The axis of rotation was fixed by
a copper wire threaded through the center of the disc and
the rotation speed was about 5 s per cycle (Supporting
Information movie).

The unique combination of characteristics that com-
prise this actuation system creates one of the most facile,
yet versatile fabrication methods for creating PAO. This
work will give engineers new approaches for design-
ing active printed electronic systems. These actuators
are light-weight, low-cost, and enable rapid prototyping.
Designs can be created with CAD programs and printed
in real time. These new devices are likely to find great
utility as actuators, printed robots, and active origami.
The light weight aspect might allow new satellites and
space exploration vehicles to be created at much lower
costs of development and deployment. Other innovations
will benefit from printed multifunctional and adaptive
structures, such as small aircraft design and construction,
robotics that are created on demand and 3-D self-folding
electronics—all from common plastic films.

Supplementary online material A more detailed
information on experiments is available at http://dx.doi.
org/10.1080/21663831.2012.727105.
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