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a b s t r a c t

High-performance actuators have been studied for many years, as they can be used in the fields of
artificial muscles, optical switches and biomimetic applications. However, previous actuators mostly had
single colors. Actuators with switchable optical properties are still rare. Here, we propose a transparency-
switchable actuator based on single-layer superaligned carbon nanotube sheet and paraffin-
polydimethylsiloxane composite. When a voltage is applied, the transmittance of the actuator changes
from 0.7% to 67% (at the wavelength of 550 nm). At the same time, it bends obviously with a
displacement up to 8.4 mm. The actuator is also durable, demonstrating both reversible actuation
phenomenon and repeatable switchable transparency for 100 cycles. In addition, since this new type of
actuator demonstrates optical property changing together with actuation process, which is smarter
compared to previous conventional actuators, a smart window is fabricated, indicating its application in
personal privacy protection and intelligent household devices. In a word, this work opens new per-
spectives on smart windows, optical switches and so on.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Actuators can convert different types of energy, such as photonic
energy, electronic energy, thermal energy and so on, into me-
chanical energy [1e4]. In the past decades, they have been widely
used in the fields of robotics, artificial muscles, microsensors,
pumps, optical devices and so on. In recent years, actuators based
on carbon nanotube (CNT) and graphene have been developed
rapidly and show great actuation performances [5e18]. It is worth
noting that most of the carbon-based actuators were black without
transparency. And there were only a few researches on carbon-
based transparent actuators [18e20]. In 2013, De Hosson et al.
ratory of Quantum Manipu-
and Energy, Fujian Normal
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reported an electrochromic actuator based on nanoporous metal-
polymer composites [21]. However, actuators with switchable op-
tical properties (e.g. switchable transparency) are still rare.

Materials with switchable optical properties attract great in-
terests due to their applications in the fields of smart windows,
privacy protection devices, solar controls and so on [22e30].
Switchable optical properties can be achieved under different
stimulations. For example, hierarchically structured poly-
dimethylsiloxane (PDMS) and a silica nano-particles/PDMS com-
posite film both had switchable optical properties under
mechanical stimulations [23,24]. CNT sheet and polyurethane
composite could switch from opaqueness to transparency under
electrical stimulation [25]. Paraffinwax (PW) and PDMS composites
showed switchable transparencywith external thermal stimulation
[26e28]. Constructed with graphene or indium tin oxide as trans-
parent electrodes, PW-PDMS composite could become transparent
when a voltage was applied and turned back to opaque state after
the voltage was turned off [29,30]. Nevertheless, the materials
described above can only show switchable optical properties with
stimulations. They can not show actuation performances at the
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same time. There is a great need to develop a new type of high-
performance actuator with switchable optical properties, which is
able to show optical property changing together with actuation
process. Such special type of actuator may have special applications
in smart windows, optical switches and so on.

Here, we propose a new type of actuator with switchable
transparency based on a layer-by-layer structure, composing of
PW-PDMS composite, single-layer superaligned CNT (SACNT) sheet
and polyethylene terephthalate (PET). When a direct current (DC)
voltage of 120 V (2.6 V/mm) is applied, the PW-PDMS/SACNT/PET
actuator becomes transparent in 20 s (with transmittance of 67%
at 550 nm), and performs a bending actuation with displacement
up to 8.4 mm at the same time. The actuator reverses back to
opaque and straight state after the voltage is turned off. The
repeatability of switchable transparency and actuation perfor-
mance can be repeated for at least 100 times with no obvious
degradation. Furthermore, a smart window based on the PW-
PDMS/SACNT/PET actuator is proposed to verify its potential ap-
plications in privacy protection devices and other commercial
products.

2. Experimental section

2.1. Materials

The single-layer SACNT sheet was obtained by directly being
pulled out from the SACNT array as reported previously [31]. The
PET films coated with ethylene vinyl acetate (EVA) resin were
purchased from Sunwood Holding Group Co., Ltd., China. The
thickness of EVA layer was 40 mm and the thickness of PET layer
was 40 mm as well. The total thickness of EVA-coated PET film was
80 mm. PW with melting point of 55 �C was purchased from
Shanghai Huashen Rehabilitation Equipment Factory, China.
Dimethyl siloxane (DMS) and tetraethyl orthosilicate cross-link
reagent were purchased from Beijing Hangtongzhou Technology
Co., Ltd., China.

2.2. Fabrication of PW-PDMS/SACNT/PET composite

Fig. 1a schematically shows the layer-by-layer fabrication pro-
cess of the PW-PDMS/SACNT/PET composite. Step I was the fabri-
cation of SACNT/PET film. The single-layer SACNT sheet is in the
form of aerogel [18], which is easy to be damaged. In order to
maintain the transparency and conductivity of the single-layer
SACNT sheet, it was firstly laid on the EVA surface of the EVA-
coated PET film without strong combination. Laser was used to
cut the SACNT sheet on EVA away from the continuous SACNT
sheet. Secondly, after being heated at 100 �C for 5 min, the EVAwas
melted and the SACNTs were embedded in EVA [20]. The SACNT/
PET composite film was achieved after the temperature was
returned to room temperature.

Step II was adding copper electrodes. First, two ends of the
SACNT/PET film were coated with silver paste. Second, the copper
foils were cut into strip-shape as electrodes and two thin copper
electrodes were attached to the silver paste with the aid of hand
pressure [25].

Step III was the fabrication of PW-PDMS composites with 5 wt%
PW. First, the DMS was mixed with PW at 80 �C to form a PW-DMS
mixture, which switched from an opaque suspension to a clear
gluey liquid after being stirred for 5 min. Second, the PW-DMS
mixture was mixed with tetraethyl orthosilicate cross-link re-
agent. The weight of the cross-link reagent was the same as that of
1/9 DMS. The mixture was stirred for 10 min at 80 �C to make the
cross-link reagent fully dispersed.

In the final step, the mixed liquid (PW-DMS and cross-link
reagent) was directly cast onto the SACNT/PET film. The total
thickness was controlled to be 1 mm by controlling the volume of
mixed liquid. After curing in an oven at 65 �C for 12 h, a solid-state
PW-PDMS/SACNT/PET composite was obtained. In order to show
the layer-by-layer fabrication process of PW-PDMS/SACNT/PET
composite more clearly, a corresponding cross-sectional
schematic diagram was also shown in Fig. S1 (Supporting Infor-
mation). The PW-PDMS/SACNT/PET actuator was achieved by
cutting the composite with dimensions of 47 � 10 � 1 mm
(length � width � thickness).

2.3. Fabrication of smart window

First, the preparation of PW-PDMS/SACNT/PET composite was
the same as described above. Second, the PW-PDMS/SACNT/PET
composite was cut into strip-shape with dimensions of
45 � 13 � 1 mm (length � width � thickness). The top side of the
left actuator was fixed onto top frame of the window, while three
sides of the right actuator were fixed onto three frames of the
window. Therefore, although the right part of the smart window
can not be actuated, it still has switchable transparency. Then, the
smart window was achieved.

2.4. Characterization

The scanning electronmicroscopy (SEM) imageswere taken by a
field emission scanning electron microscope (Hitachi SU8010).
Light transmittance was measured by using a UVeVis spectro-
photometer (UV-2450, Shimadzu (China) Co., LTD.) in visible light
wavelength (380 nme800 nm). The microstructure change photos
of the actuator were captured by an optical microscope (Olympus
BX51M). A DC power supply (Beijing DaHua DH1722A-6) was used
as the power supply to provide the DC voltage. An infrared laser
distance sensor (Leuze ODSL9) was used to measure the displace-
ment of the free end of the actuator. The temperature of the actu-
ator was measured by a laser sight infrared thermometer (Optris
LS) with temperature resolution of 0.1 �C. An infrared thermal
imager (Fluke Ti10) was used to characterize the temperature dis-
tribution of the actuator. The electrical properties were measured
by a digital source-meter (Keithley 2410). All optical photos were
captured by a digital camera (SONY ILCE 6000).

3. Results and discussion

3.1. Design and characterization of PW-PDMS/SACNT/PET actuator

The single-layer SACNT sheet has many attractive features, such
as high transparency (83%), low square resistance (~1 kU/square
along the drawing direction) and lightweightness (1.5 mg cm�1)
[31,32]. It can be drawn out from the SACNTarray as reported before
[31]. The single-layer SACNT sheet is in the form of aerogel [18],
which makes it hard to be preserved and used for further appli-
cation. Therefore, the single-layer SACNT sheet is combined with
the EVA-coated PET film. The role of EVA resin is to protect the
SACNT sheet and fix it to the PET film, forming a transparent
electrode. In such a way, the structure damage of single-layer
SACNT sheet can be prevented and the high transparency
together with good conductivity can be maintained. The square
resistance of the SACNT/PET film is ~1 kU/square (along the
drawing direction), as reported before [20]. Fig. 1b is a SEM image
showing the surface morphology of the SACNT/PET film. Fig. S2 in
Supporting Information is a SEM image with higher magnification,
which verifies that the single-layer SACNT sheet is well arranged in
one direction. Also, a cross-sectional SEM image of the SACNT/PET
film (Fig. S3a in Supporting Information) shows that the thickness



Fig. 1. (a) Schematic diagram showing the layer-by-layer fabrication process of PW-PDMS/SACNT/PET composite. (b) SEM image showing the surface morphology of SACNT/PET
film. (c) Optical photo of SACNT/PET composite film showing high transparency. (d) Transmittance spectrum of SACNT/PET composite film (black line), transparent state (with
voltage ON) of PW-PDMS/SACNT/PET composite (red line) and opaque state (with voltage OFF) of PW-PDMS/SACNT/PET composite (blue line). (e) The resistance change rate of the
PW-PDMS/SACNT/PET composite as a function of curvature. Inset: optical photo showing the flexibility of the PW-PDMS/SACNT/PET composite. (A colour version of this figure can
be viewed online.)
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of SACNT-EVA layer in the SACNT/PET film is around 15 mm. Fig. S3b
verifies that the SACNTs are embedded in EVA resin. Because the
single-layer SACNT sheet is very thin and embedded in EVA resin,
the entire thickness of the SACNT/PET film is ~80 mm, which is
mostly determined by the thicknesses of the EVA-coated PET film.
Fig. 1c shows that the words under the SACNT/PET film can be
clearly seen by naked eyes, showing the transparency of the SACNT/
PET film. The transmittance of SACNT/PET film is 72% at wavelength
of 550 nm (Fig. 1d, black line).

There are three reasons for selecting these polymers to fabricate
actuator with switchable transparency. First, PW can switch from
opaqueness to transparency when the temperature rises above the
melting point of PW. Meanwhile, PDMS is a kind of polymer with
high transparency (transmittance >90% in visible light
wavelength). Combined with the transparent SACNT/PET film, PW-
PDMS/SACNT/PET composite is also expected to switch from
opaqueness to transparency with temperature increasing. Second,
the materials are flexible. The flexibility of the PW-PDMS/SACNT/
PET composite is demonstrated in the insert of Fig. 1e. The I-V
characteristics of the PW-PDMS/SACNT/PET composite clearly
indicate the Ohmic characteristic of the composite, as shown in
Fig. S4 (Supporting Information). The resistance change rate of the
composite before and after bending is shown in Fig. 1e. The resis-
tance of the composite increased slightly with curvature increase.
When the curvature increased up to 1.0 cm�1, the resistance change
rate was only 0.4%. This result is in accordance with the previous
report [32]. The flexibility together with nearly no conductivity
change is essential for a wide range of forthcoming flexible
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electronic products. Last, there are large mismatch in thermal
expansion between these materials. PW has a volume expansion
larger than 20% when the temperature increases from 20 �C to
120 �C [14]. PDMS has a large coefficient of thermal expansion (CTE)
of 310 ppm K�1 [6], while the CTEs of SACNT sheet and PET film are
6 ppm K�1 and 38 ppm K�1 [6,20], respectively. Therefore, there
will be great mismatch in thermal expansion between PW-PDMS
composite and SACNT/PET film after the same temperature in-
crease. Thanks to this great mismatch of CTEs, the PW-PDMS/
SACNT/PET composite is expected to have a large bending defor-
mation after being heated. These features indicate that PW-PDMS/
SACNT/PET composite has great potential to be designed as an
electrothermal actuator with switchable transparency and bending
actuation at the same time.
3.2. Switchable transparency of PW-PDMS/SACNT/PET actuator

First of all, the optical properties of PW-PDMS/SACNT/PET
actuator were studied. The actuator was totally opaque at room
temperature of 23 �C, as shown in Fig. 2a. Its transmittance is below
1% (wavelength of 550 nm), as shown in Fig. 1d (blue line). The
actuator can quickly switch from opaqueness to transparency un-
der an external electrical trigger. When a DC voltage of 120 V was
Fig. 2. (a) Optical photo of the initial opaque state of PW-PDMS/SACNT/PET actuator at room
actuator with a voltage of 120 V applied for 20 s (c)e(f) Microstructure change of the PW-P
voltage of 60 V applied. (A colour version of this figure can be viewed online.)
applied for 20 s, the actuator became transparent in 20 s, so that the
word under the PW-PDMS/SACNT/PET composite can be seen by
naked eyes. The transmittance was 67%, as shown in Fig. 1d (red
line) as well. At the same time of transparency switching, the
actuator also showed a bending actuation upward (Fig. 2b).

The switchable transparency can be explained as follows. When
the temperature (23 �C) is below the melting point of PW (55 �C),
the PW crystallites are solidified in PDMS matrix. Therefore, the
light is scattered by PW, which results in the cloudy appearance of
the PW-PDMS composite as shown in Fig. 2a. When an electrical
voltage is applied, the current passes through the SACNT sheet and
it is heated due to the Joule heat effect, which results in the tem-
perature increase. Since the PW-PDMS/SACNT/PET composite is
constructed by a layer-by-layer process, the PW-PDMS composite is
heated in the meantime. When the temperature of the PW-PDMS
composite increases above the melting point of PW, the melting
of PW crystallites results in a transparent state of PW-PDMS/
SACNT/PET composite, as shown in Fig. 2b. As the amount of PW
is very small (5 wt%), the small amount of melting PW is still
perfectly enclosed by large amount of surrounding solid-state
PDMS. Hence, there will be no leakage problem.

We further studied the microstructure change of the PW-PDMS/
SACNT/PET actuator with the help of an optical microscope, as
temperature (23 �C). (b) Optical photo of the transparent state of PW-PDMS/SACNT/PET
DMS/SACNT/PET actuator captured by the optical microscope in time sequence with a
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shown in Fig. 2cef. A DC voltage of 60 V was applied to slow down
the entire optical switching process, which was easy for observa-
tion. First, PW crystallites distributed throughout the PW-PDMS
composite and formed small domains (Fig. 2c). At this stage, the
light which passes through the composite is scattered by dispersed
PW crystallites. Therefore, the actuator showed an opaque state
initially [27]. After the voltagewas applied for 25 s, the temperature
of the actuator increased to 39.8 �Cwith a portion of PW crystallites
melted, as shown in Fig. 2d. After the voltage was applied for 50 s,
an increasing number of PW crystallites were melted (Fig. 2e).
Finally, when the temperature was higher than the melting point of
PW, the PW crystallites in PW-PDMS composite were totally melted
and the actuator became transparent. At this stage, the alignment
structure of SACNT sheet could even be observed clearly by the
optical microscope (Fig. 2f).

To further study the optical properties of the PW-PDMS/SACNT/
PET actuator, different driving voltages were applied (60 Ve120 V)
for 60 s respectively. As shown in Fig. 3a, higher voltage resulted in
a more rapid opaque-transparent switching process. It took 50 s for
the actuator to become transparent with the voltage of 60 V
(transmittance > 67% at 550 nm), while it took only 18 s for the
actuator to become transparent with the voltage of 120 V. The
response time of opaque-transparent switching was also studied,
which is defined as the time to reach the transmittance of 50% at
550 nm. Fig. S5 (Supporting Information) shows the response time
of PW-PDMS/SACNT/PET actuator with different driving voltages
(40 Ve120 V). When a low driving voltage of 40 V was applied, the
Fig. 3. (a) Transmittance (550 nm) of PW-PDMS/SACNT/PET actuator as a function of time w
of the actuator as a function of driving voltage. Inset: infrared thermal photos of the actuat
actuator as a function of time. (d) Repeatability test of opaque-transparent switching of th
response time was as long as 140 s. When a higher driving voltage
of 120 V was applied, the response time quickly reduced to only
16 s. Therefore, the response time is descending with the increasing
of driving voltage.

The transmittance and temperature were measured simulta-
neously after the PW-PDMS/SACNT/PET actuator was applied with
different driving voltages (40 Ve120 V) respectively for 20 s. Fig. 3b
shows that the transmittance increased from 0.7% to 67% with
voltage increasing. In the meantime, the temperature also
increased from 30.3 �C to 74.4 �C, which was demonstrated by the
infrared thermal photos in Fig. 3b. This further verifies that the
switchable transparency is attributed to the temperature rise of the
composite, which is caused by the Joule heat effect.

Finally, the repeatability of the opaque-transparent switching of
PW-PDMS/SACNT/PET actuator was studied. The actuator was
subjected to three cycles of voltage alternation. One cycle consisted
of three minutes of voltage application (60 V) and two minutes of
shut-off. Fig. 3c shows that the variation trend of transmittance is
different from that of temperature. The temperature increased
gradually with applied voltage and also decreased step by step after
the voltage was shut off. The transmittance had a rapid switch
when the temperature came across themelting point of PW (55 �C).
When the temperature was low, the transmittance remained less
than 1%. When the temperature approached the melting point of
PW, the transmittance increased rapidly. The maximum trans-
mittance was 67%. Further temperature increase had no obvious
impact on the transmittance, which remained the maximum
ith different driving voltages (60 V, 80 V, 100 V and 120 V). (b) Transmittance (550 nm)
or with different driving voltages. (c) Transmittance (550 nm) and temperature of the
e actuator. (A colour version of this figure can be viewed online.)
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transmittance of 67%. On the other hand, when the temperature
decreased a little, the transmittance still remained as 67%. After the
temperature decreased below the melting point of PW, the trans-
mittance quickly returned to less than 1%. Moreover, 100 times of
switching cycles were further conducted. The transparent and
opaque states of the PW-PDMS/SACNT/PET actuator showed no
obvious change. The transmittance kept less than 1% at opaque-
state (with voltage OFF), while it kept around 67% at transparent-
state (with voltage ON), as shown in Fig. 3d. The transmittance
and temperature of the actuator in the last three cycles were also
shown in Fig. S6 (Supporting Information). It further confirms the
optical switching ability after long term using.

3.3. Actuation performance of PW-PDMS/SACNT/PET actuator

It is particularly worth mentioning that the PW-PDMS/SACNT/
PET actuator has not only switchable transparency, but also
shows an obvious bending actuation, which has been demon-
strated in Fig. 2b. Fig. 4 further illustrates the actuation perfor-
mance of actuator. One end of the actuator (length of 3 mm) was
fixed to a glass slide, as shown in the left panel of Fig. 4a. After a DC
voltage of 120 V was applied for 20 s, the free end of the actuator
bent toward the PET side with a displacement up to 8.4 mm (right
panel of Fig. 4a).

As discussed in the section of “Switchable transparency of PW-
PDMS/SACNT/PET actuator”, when a voltage is applied, the entire
actuator is heated and temperature increase results in an opaque-
Fig. 4. (a) Optical photos of the PW-PDMS/SACNT/PET actuator without a driving voltage
displacement and temperature of the actuator as a function of driving voltage. (c) Bending di
of the bending performance of the actuator. (A colour version of this figure can be viewed
transparent switching. Meanwhile, the temperature increase also
leads to thermal expansions of PET and PW-PDMS composite.
Previous study showed that the SACNT/PET composite film
exhibited no actuation with temperature change [20]. Hence, the
bending actuation is mostly determined by the CTE mismatch be-
tween PW-PDMS composite and PET. Because PW-PDMS composite
has a larger CTE than that of PET, the same temperature increase
makes the thermal expansion of PW-PDMS composite larger than
that of PET, which finally results in the bending actuation towards
the PET side. This actuation mechanism is in accordance with
previous studies [6,7]. After being heated, the composite film will
bend to the side with a low CTE.

The displacement and temperature of the actuator were also
measured simultaneously after the actuator was applied with
different driving voltages (40 Ve120 V). As shown in Fig. 4b, when a
voltage of 40 V was applied for 20 s, the temperature increased to
30.3 �C and the displacement was only 0.6 mm. When a higher
voltage of 120 V was applied for 20 s, the temperature increased up
to 74.4 �C and the displacement was up to 8.4 mm. Therefore,
higher temperature is obtained with higher input energy, which
leads to larger actuation performance. However, if a DC voltage of
100 V was applied for 60 s, the temperature of the actuator will
exceed 120 �C, resulting in damage to the actuator. Hence, when a
continuous high voltage is applied and the temperature is higher
than 120 �C, the actuator will break down due to long term heating.

A repeatability test of the actuation performance of PW-PDMS/
SACNT/PET actuator was also conducted with a rectangular wave
(left panel) and with a driving voltage of 120 V for 20 s (right panel). (b) Bending
splacement and temperature of the actuator as a function of time. (d) Repeatability test
online.)



Fig. 5. (a)e(e) Schematic diagrams of smart window based on the PW-PDMS/SACNT/PET actuator. The top side of the left actuator was fixed to window frame (marked by one blue
line) and the three sides of the right actuator were fixed to window frame (marked by three blue lines). (a) The initial state of smart window. (b) The smart window applied with a
voltage of 120 V for 20 s (c) 45� side view of the smart window corresponding to (b). (d) The left part of the smart window applied with a voltage of 120 V for 20 s. (e) The right part
of the smart window applied with a voltage of 120 V for 20 s (f)e(j) Optical photos of the smart window corresponding to (a)e(e) respectively. (A colour version of this figure can be
viewed online.)
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voltage (0e60 V) applied for three cycles, as shown in Fig. 4c. One
cycle consisted of three minutes of voltage application (60 V) and
twominutes of shut-off. The variation tendency of temperaturewas
similar to the actuation process with the power on and off. It took
the actuator 180 s to reach the maximum displacement of 4.7 mm
and transmittance of 67% at the temperature of 62 �C. For the three
actuation cycles, the displacement and temperature repeated well.
In fact, more than 100 cycles were further conducted. As shown in
Fig. 4d, the displacement was repeatable and there was no obvious
degradation. In aword, Figs. 3ced and 4ced together show that the
opaque-transparent switching and actuation performance of the
PW-PDMS/SACNT/PET actuator are both repeatable, indicating the
excellent stability of the actuator.

3.4. A smart window based on PW-PDMS/SACNT/PET actuator

Due to the great switchable transparency and bending actuation
of the PW-PDMS/SACNT/PET actuator, we fabricated a smart win-
dow which had switchable transparency and could be opened up
while an external voltage was applied. Fig. 5aee shows the sche-
matic diagrams of the smart window, while Fig. 5fej shows the real
working performance. As shown in Fig. 5f, two strip-shape actua-
tors were fixed to left and right part of the window frame as
described in the experimental section. In order to separately con-
trol the smart window, the actuators were in parallel connection.
The switch No.1 and No. 2 were used to separately control the left
part and the right part of the smart window. The circuit diagram of
the smart window is shown in Fig. S7 (Supporting Information).

First, switch No. 1 and No. 2 were both turned on. Both left and
right parts of the smart window were applied with a voltage of
120 V for 20 s. They both become transparent, as shown in Fig. 5b
and g. Because the left part of the window had a free end, it could
open at the same time, while the right part of thewindowwas fixed
with only switchable transparency (Fig. 5c and h).

Hence, this actuator with switchable transparency can be used
in smart windows. Such smart window can not only change
transparency, but also be opened up at the same time. As shown in
Fig. 5d and i, when the switch No.1 was turned on, only the left part
of the smart window was opened up and switched from opaque-
ness to transparency. As described in the experimental section,
three sides of right part of smart windowwere fixed to the window
frame. Hence, on the other hand, whenwe only need to change the
transparency of the smart window without opening it, we could
turn on the switch No. 2. Then, only the right part of smart window
became transparent (Fig. 5e and j).

4. Conclusions

In summary, we fabricate a new type of actuator based on PW-
PDMS/SACNT/PET composite, which is able to show opaque-
transparent switching and bending actuation with external elec-
trical stimulations. With a voltage of 120 V applied for 20 s, the
transmittance of the actuator increases from 0.7% to 67% at wave-
length of 550 nm and the displacement of free end of the actuator is
up to 8.4 mm. In addition, a smart window based on this actuator is
fabricated, which can be opened up together with transparency
switching. The newly designed transparency-switchable actuator is
expected to show great potential in smart windows, optical
switches and so on.
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