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ABSTRACT: Harnessing a natural power source such as the human body temperature or sunlight
should realize ultimate low-power devices. In particular, macroscale and flexible actuators that do not
require an artificial power source have tremendous potential. Here we propose and demonstrate
electrically powerless polymer-based actuators operated at ambient conditions using a packaging
technique in which the stimulating power source is produced by heat from the human body or
sunlight. The actuating angle, force, and reliability are discussed as functions of temperature and
exposure to sunlight. Furthermore, a wearable device platform and a smart curtain actuated by the
temperature of human skin and sunlight, respectively, are demonstrated as the first proof-of-
concepts. These nature-powered actuators should realize a new class of ultimate low-power devices.
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■ INTRODUCTION

Natural energy conversion into mechanical deformation
represents electrically powerless devices for future ultimate
low-power electronics, leading to green environments. Possible
power sources for actuators that change shape or move include
heat from the human body, sunlight, etc. For example, if a
flexible/stretchable substrate could wrap around a human wrist
or a finger by just placing it on the body due to the natural
body temperature, it would be useful for wearable electronics.
Another application is a smart curtain that opens and closes
using sunlight.1

Several thermal/light-responsive actuators without an ex-
ternal electrical power source have been reported using
polymer materials and nanomaterials such as carbon nanotubes
(CNTs)1,2 and graphene.3−6 Nanocarbon materials that absorb
light (especially infrared light) and convert it into heat7 have
realized actuation of a bilayer structure of nanocarbon (i.e.,
CNTs or graphene) on a flexible substrate in ambient air under
infrared light.1−3,5,6 This advance allows powerless actuators to
create green energy devices. In the case of polymer materials,
ultraviolet (UV) light,8−11 strong laser light,12,13 or another
stimulus generated using an artificial power source14,15 is often
necessary.
Previously, poly(N-isopropylacrylamide) (pNIPAM) has

been proposed as a thermal responsive actuator.16 pNIPAM
has a low critical solution temperature (LCST) of ∼32 °C.17,18

Above the LCST (i.e., >32 °C), pNIPAM begins to desorp
water from itself, causing it to shrink. Since pNIPAM is a
reversible material at the LCST, pNIPAM absorbs water <32
°C, restoring its original shape. This behavior can be applied to
an actuator, which must be operated in water.16−18 Because the

LCST ≈ 32 °C, pNIPAM has potential as a wearable device
that can be wrapped around the body using the temperature of
human skin if it can be operated in ambient air. In addition, if
nanocarbons such as CNTs can be added into a pNIPAM film,
the light absorption effect can be utilized to actuate it via
sunlight.
In this study, we demonstrate a thermally and optically

responsive actuator using pNIPAM with a packaging method
that allows a pNIPAM actuator to be operated in ambient air.
The technique is simple, but the approach using a packaging
method for a flexible device should realize a next-generation
structure that combines solid, vapor, and liquid states of
materials for electronic devices. In fact, some approaches have
recently utilized liquids in electrical devices.19,20 By operating a
pNIPAM actuator in air, the temperature dependence and
actuation force are experimentally studied with and without
CNTs. In addition, the light responsiveness using a solar
simulator with 100 mW/cm2 (one sun) is employed in a smart
curtain application, which has potential for the robotic joints.

■ EXPERIMENTAL SECTION
The following steps were used to fabricate a packaged thermally and
optically responsive pNIPAM actuator (Figure 1a). First, a 38 μm
thick polyethylene terephthalate (PET) film was patterned to form line
trenches (∼80 μm wide and 13 mm long) to support bending and the
holes (∼150-μm diameter) to improve adhesion between PET and
pNIPAM by a laser cutting tool (VLS2.30, Universal Laser Systems).
Without having the adhesion holes, pNIPAM film does not adhere
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well to the PET film, so that it cannot work as a pNIPAM/PET bilayer
actuation material. Figure 1b depicts the detailed design. Then a
pNIPAM solution was prepared by mixing the NIPAM powder (Wako
Chemical Industries), N,N′-methylenebis(acrylamide) as a cross-linker
(Tokyo Chemical Industry), 2,2′-diethoxyacetophenone as a photo-
initiator (Sigma-Aldrich), and deionized water with a weight ratio of
300:9.25:2.5:2000, respectively. Next CNTs with 0.15 mg/mL were
added into the pNIPAM solution. Before ultraviolet (UV) curing, N2

gas was bubbled for 15 min to remove oxygen from the mixed
solution. After dipping the pNIPAM solution over the PET film
covered with an acrylic plastic chamber to define the shape (22 mm
long, 7.5−20 mm wide, and 1 mm high), 365 nm UV exposure at a 6
W power was applied for 15 (10) min for pNIPAM without (with)
CNTs. This difference in exposure time is based on our experience.
Finally, a pNIPAM film with water on a PET film was packaged by a
polyvinylidene chloride (PVDC) film (10.5 μm thick). To seal
completely, the edge of the PVDC (∼2 mm wide) was heated at ∼140
°C. Figure 1c shows the fabricated pNIPAM actuators with and
without CNTs.

■ RESULTS AND DISCUSSION

Figure 1d depicts the actuation mechanism when pNIPAM is
placed onto a PET film. Above 32 °C, pNIPAM starts to release
water, causing it to shrink. However, the small temperature
difference between room temperature and 32 °C has a
negligible effect on the shape of the PET film. Because of the
bilayer structure, the device bends because pNIPAM generates
a compressive force. Although there is PVDC film packaging
surrounding the bilayer structure, the device can bend if the
PVDC film is soft enough that the force from the bilayer
structure actuation bends it. When pNIPAMs with or without
CNTs is placed on a hot plate at 50 °C, the actuator bends
(Figure 2a,b).

To understand the packaged pNIPAM properties, the
fundamental actuations of pNIPAM with and without CNTs
were characterized. Figure 2c plots the bending angle response

Figure 1. Packaged pNIPAM actuator. Schematics of (a) the fabrication process and (b) detailed design with line trenches and holes. (c) Photos of
the fabricated pNIPAM actuator with and without CNTs. (d) Schematic of the actuation mechanism by shrinking pNIPAM and the definition of the
bending angle θ.

Figure 2. Characteristics of the pNIPAM actuator stimulated by
temperature. Photos and schematics of the pNIPAM actuator on a hot
plate set at 50 °C (a) without and (b) with CNTs. (c) Bending angle
of the actuators as a function of hot plate temperature. (d) Response
times of the pNIPAM actuator at 50 and 22 °C. (e) Bending force as a
function of the width of pNIPAM with and without CNTs.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b02544
ACS Appl. Mater. Interfaces 2015, 7, 11002−11006

11003

http://dx.doi.org/10.1021/acsami.5b02544


as a function of the stage (hot plate) temperature where the
actuator is placed. The bending angle is determined by the line
fitting on the both edges of the pNIPAM actuators as described
in Supporting Information, Figure S1. Because the LCST of
pNIPAM is ∼32 °C, the pNIPAM actuator starts to bend at
∼33.5 °C and has a linear dependence of ∼23.8°/°C between
33.5 and 38 °C. The actuated angle measurements were
conducted in an air-conditioned room, resulting in a transition
that spans a wide range due to the temperature difference
between pNIPAM on the bottom surface (i.e., a hot plate
contact) and the top surface (i.e., air ambient at ∼22 °C) with
and without CNTs. Above 38 °C, the bending angle reaches
∼90° (210°) without (with) CNTs. As discussed in detail
below, the large difference in the maximum bending angle with
and without CNTs is most likely due to the adhesion between
the PET film and pNIPAM in the presence or absence of
CNTs.
Next the response speed of the actuator stimulated by

temperature was characterized. pNIPAM was placed on a hot
plate set at 50 °C, and the bending angle was measured as a
function of time. Figure 2d suggests that the response times of
the pNIPAM actuator without CNTs are ∼80 s and >20 min to
reach the maximum bending angle (∼90°) and to restore the
flat state, respectively. In contrast, pNIPAM with CNTs realizes
response times of ∼72 s and ∼12 min to reach the maximum
angle of ∼210° and to return to the flat state, respectively. The
fact that the bending angle more than doubles for pNIPAM
with CNTs (∼210°) compared to that without CNTs (∼90°)
suggests that adding CNTs inside a pNIPAM film drastically
improves the response time. This improvement is mostly due
to the high thermal conductivity (∼3500 W m−1 K−1)21 of
CNTs, which increases the responses to the thermal stimulus
from the hot plate and the ambient temperature. In fact,
Supporting Information, Figure S2 shows that the temperature
difference is ∼0.9 °C between pNIPAM with and without
CNTs on a hot plate. The plateau of bending angle at ∼70 s in
Figure 2d means that the actuator reaches the maximum
bending angles. Regardless of the CNT content in pNIPAM,
this is the first demonstration of a pNIPAM actuator with a
packaging technique operated in ambient air.
The actuation force is another important factor when

designing applications using this packaging technique. Figure
2e (Supporting Information, Figure S3) plots the actuation
force as a function of the width (W) of pNIPAM at a constant
length (L) of 22 mm. The linear fit of the force strength with
CNTs (without CNTs) by width is ∼3.6 mN/mm (∼1.9 mN/
mm), indicating that the threshold width (W) to bend the
actuator is ∼3.5 mm (∼3.2 mm) because the pNIPAM force
must overcome the force of the packaging edge to be flat. It is
noteworthy that the pNIPAM actuator with CNTs has roughly
double the force (∼42 mN) with W = 15 mm (Figure 2e),
which agrees well with the actuation bending angle. These
results indicate that the force of the pNIPAM-based actuator
can be experimentally measured in ambient air.
Then, the repeatability of the pNIPAM actuator (W = 15

mm and L = 22 mm) was evaluated. Samples without and with
CNTs were kept in ambient air at 18.3 °C and 25.7% humidity.
Figure 3a shows the actuation bending angle change, Δθ (= θ −
θ0)/θ0, as a function of the actuation cycle, where θ0 and θ are
the first measured and each cycle angle at 50 °C, respectively.
The bending angle of the actuator without CNTs degrades at a
rate of 2.2%/cycle, while that with CNTs does not. There are
two possible reasons for the degradation without CNTs: water

evaporation from pNIPAM through the PVDC film and poor
adhesion and delamination of the pNIPAM film from the PET
film. The poor repeatability is mostly due to the adhesion
between pNIPAM and PET because the stability in the bending
angle with CNTs suggests that water does not evaporate
through the PVDC packaging film. Furthermore, pNIPAM with
CNTs has a better repeatability for frequent time usage.
The time dependence of the device performance is another

important factor for practical applications. Figure 3b,c depicts
the normalized bending angle change as a function of time up
to 59 d and photos of actuators on a hot plate at 50 °C after 1 d
and 29 d, respectively. After 59 d, the bending angle for the
actuator with CNTs does not change. PVDC is not a perfect
blocking layer for water vapor permeability, although it has a
10−100 smaller water permeability constant (∼0.2 × 108 at 25
°C)22 than other polymer films. Therefore, water may gradually
evaporate through a PDVC film. If water vapor evaporation
must be prevented, the packaging film must have a high water-
blocking layer such as an ultrathin glass film and Al2O3 layer
coating film.23 For the actuator without CNTs, the trend of
degradation is similar to the results of cycle test shown in
Figure 3a regardless of the number of days due to the poor
reliability of the bending cycle. The results confirm that the
actuator with CNTs shows good repeatability and reliability
without degradation for at least 60 d.
To analyze the bending angle and reliability differences

between the actuators with and without CNTs, the adhesion
between a pNIPAM film and a PET substrate was checked by
mechanical peeling of the pNIPAM film from the PET.
Interestingly, the pNIPAM film with CNTs has adhesion with
an average peeling force of 115.2 mN. This value is ∼3 times
stronger than that without CNTs, which has an average peeling
force of 38.6 mN. Comparing the bending forces to the
adhesion force for pNIPAM without CNTs (Figure 2e vs
Figure 3d), the values are similar but the bending force is
slightly higher. We envision that when pNIPAM without CNTs

Figure 3. Actuation reliability. (a) Normalized bending angle change,
Δθ/θ0, as a function of the actuation cycle. (b) Normalized bending
angle change as a function of time (in d). (c) Photos of the pNIPAM
actuators with and without CNTs at 50 °C as fabricated (1 d) and 29 d
after fabrication. (d) Adhesion force between the PET film and the
pNIPAM film with and without CNTs.
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is bent, the force is also applied to the delamination of the
pNIPAM film from the PET film, causing the pNIPAM
actuator, especially the interface between pNIPAM and PET, to
become damaged, directly affecting the degradation of the
bending angle during the multiple cycle test (Figure 3a). This
adhesion difference creates a bending angle difference mostly
because the strain caused by pNIPAM film regardless of CNT
concentration (0 mg/mL (i.e., without CNTs) to 1 mg/mL) in
pNIPAM is almost same as previously reported.16 Furthermore,
this also affects the cycle repeatability, which is consistent with
the experimental results shown in Figure 3a.
Next, the optical responsiveness was analyzed using a solar

simulator (XES-40S2-CE, San-ei Electric) to generate 100
mW/cm2 (one sun). Sunlight is converted into temperature by
absorbing mainly infrared light. The temperature distributions
for pNIPAM actuators with and without CNTs were observed
using an infrared camera before and after exposure to one sun
(Figure 4a and Supporting Information, Figure S4). Regardless
of the presence of CNTs, the temperature increases upon
exposure to one sun; because of the CNT’s ability to absorb
light, pNIPAM with CNTs reaches the LCST of 32 °C within 3
min, whereas that without CNTs does not reach the LCST
even after 10 min (31.7 °C).
The response time of a pNIPAM actuator with CNTs was

characterized by measuring the bending angle (Figure 4b,c). In
∼3 min, the actuator starts to bend (surface temperature of
∼34 °C), and the angle gradually increases to 210° in 14 min. A
step in the bending angle occurs between 4 and 8 min (Figure
4b), which is attributed to an angle change because the light
exposure area or direction affects the heating speed of pNIPAM
upon exposure to one sun. The energy conversion efficiency is
estimated by extracting the strain energy density under one sun
exposure. To simplify the calculation, bilayer structure (i.e.,
pNIPAM/PET) was used to approximate the strain energy
density.1,24 In 8 min of exposure, the deflection of pNIPAM
actuator is ∼1.9 cm that corresponds to the energy of ∼0.026 J.
By comparing the sunlight energy exposed for 8 min (∼323 J),
the energy conversion efficiency is ∼0.008%. Although it takes a
relatively long time (14 min) to reach the maximum bending
angle (∼210°) and low efficiency, sunlight can successfully
operate pNIPAM with CNTs.

Finally, as proofs-of-concept, two types of applications are
demonstrated using natural power sources. The first application
is a wearable device that can conformally cover skin using heat
from the human body. Figure 5a indicates that pNIPAM with
CNTs can bend and cover a human finger upon being actuated
by the temperature of a human body (∼32−33 °C). The next
application utilizes sunlight as the power source. By forming

Figure 4. Sunlight-stimulating pNIPAM actuator. (a) Temperature distributions under 100 mW/cm2 (one sun) for pNIPAM actuators with and
without CNTs measured by an infrared camera. (b) Bending angle under one sun as a function of exposure time. (c) Photos of the pNIPAM
actuator with CNTs under one sun at 0, 4, 8, and 12 min.

Figure 5. Demonstrations of the pNIPAM actuators stimulated by the
human skin temperature and sunlight. (a) Wearable sheet actuated by
skin temperature wraps around a finger. (b) Schematic of the smart
curtain design. Photos of an electrically powerless smart curtain (c)
before sunlight exposure (closed), (d) after exposure for 15 min
(open), and (e) after terminating sunlight exposure (closed).
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pNIPAM films on both sides of a PET film at different
positions (Figure 5b), an electrically powerless sunlight-
operated curtain is demonstrated. Because of shrinkage of
pNIPAM, the bending directions can be controlled by
designing the pNIPMA either on the top or bottom surface
of the substrate. A pNIPAM smart curtain was set on a wall
with a square hole as a window (Figure 5c). Exposing the small
curtain to sunlight causes it to open (Figure 5d), while
terminating exposure (i.e., at night) causes it to close (Figure
5e) (Supplementary Information, video). Although here we
only demonstrate a smart curtain, this concept may be applied
to the joints of robots, allowing operations by sunlight without
using artificial electrical power. Since sunlight is required to
actuate, the applications are limited. Because this is only the
first step of the demonstration, further development should
open a new class of electrical powerless device.

■ CONCLUSION
In conclusion, we propose an electrically powerless thermal-
and light-responsive pNIPAM actuator in ambient air using a
packaging technique. In particular, this actuator can be operated
by stimuli of the temperature of the human body and sunlight
without another artificial power source. This natural power
source actuator can be used for a wearable device that wraps
around a human body, a smart wall/curtain that opens and
closes by sunlight, etc. These proofs-of-concept are demon-
strated to show the potential applications toward powerless,
solid−liquid composite device platforms. A natural power
source actuator should lead to the next generation of ultimate
low-power devices.
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