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Biomimetic Color Changing Anisotropic Soft Actuators 
with Integrated Metal Nanowire Percolation Network 
Transparent Heaters for Soft Robotics

Hyeonseok Kim, Habeom Lee, Inho Ha, Jinwook Jung, Phillip Won, Hyunmin Cho, 
Junyeob Yeo, Sukjoon Hong, Seungyong Han, Jinhyeong Kwon,* Kyu-Jin Cho,  
and Seung Hwan Ko*

To add more functionalities and overcome the limitation in conventional soft 
robots, highly anisotropic soft actuators with color shifting function during 
actuation is demonstrated for the first time. The electrothermally operating 
soft actuators with installed transparent metal nanowire percolation network 
heater allow easy programming of their actuation direction and instantaneous 
visualization of temperature changes through color change. Due to the unique 
direction dependent coefficient of thermal expansion mismatch, the suggested 
actuator demonstrates a highly anisotropic and reversible behavior with very 
large bending curvature (2.5 cm−1) at considerably low temperature (≈40 °C) 
compared to the previously reported electrothermal soft actuators. The mild 
operating heat condition required for the maximum curvature enables the 
superior long-term stability during more than 10 000 operating cycles. Also, 
the optical transparency of the polymer bilayer and metal nanowire percola-
tion network heater allow the incorporation of the thermochromic pigments to 
fabricate color-shifting actuators. As a proof-of-concept, various color-shifting 
biomimetic soft robots such as color-shifting blooming flower, fluttering 
butterfly, and color-shifting twining tendril are demonstrated. The developed 
color-shifting anisotropic soft actuator is expected to open new application 
fields and functionalities overcoming the limitation of current soft robots.
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Unlike the conventional rigid actuators, 
the soft actuators are composed of elastic 
and lightweight materials with simple 
operating systems.[1] Due to their unique 
soft features, the soft actuators have been 
utilized in bioapplications such as artifi-
cial muscles,[2,3] soft manipulators,[4,5] bio-
mimicking robots,[6–9] prosthesis,[10] and 
so on. The soft actuators operates by var-
ious physical, chemical, and optical stim-
ulus such as electricity,[11–15] heat,[16–18] 
light,[7,8,19] magnetism,[20] pressure,[21] 
and humidity.[9,18,22–24] Among them, con-
sidering the practical uses, the electrical 
signal has been the most popular input 
signal due to its easy and intuitive control 
of actuators. Typically the approaches to 
establish electrically operated soft actua-
tors can be divided into two categories 
which are using electroactive polymeric 
(EAP) materials[4,5,12,15,25,26] and thermal 
expansive materials.[16–18,24,27–29] How-
ever, since the EAP-based actuators need 
high operating voltage[4,5] and electrolyte 
environment,[12,25,26] their application 

in various fields is limited. On the other hand, the electro-
thermal actuator (ETA) which basically operates by different 
thermal expansive volume changes between the polymers com-
posing a bilayer requires much lower operating voltage and 

Color-Changing Soft Actuators

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.201801847.

1. Introduction

Recently, interest in the soft actuators has been increased 
significantly due to the growth of the soft robot engineering. 
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nonelectrolyte environment. In addition, due to the develop-
ment and performance improvement of the stretchable trans-
parent heaters based on metal nanowires[30] and carbon-based 
nanomaterials such as CNTs[18] and graphene,[29,31] there has 
been a growing interest in ETAs. However, most of the pre-
viously reported ETAs showed limited functionality in their 
bending motion only in the forward direction,[16] or the tem-
perature required for operating is as high as 100 °C.[16,31] For 
the practical use of soft actuators in various fields and in order 
to realize the biomimetic application, which is one of the main 
research objectives of soft actuators, they have to be operated 
under mild temperature condition and able to perform various 
motions. Moreover, in recent years, studies on addition of 
aesthetic functionality such as active color changes to the soft 
actuators have started to draw attention. In fact, actual living 
creatures mainly imitated by soft actuators such as flowers, 
chameleons, octopuses and frogs can change their color 
actively. The animals and plants can protect themselves from 
external enemies through color change or get attention from 
others.[32,33] If the discoloration or color-shifting functions are 
imparted to the soft actuator, it is possible to provide the soft 
robot with more new functionality such as the camouflage or 
with additional specific information related with the operation 
of the actuators.

Herein, we demonstrated a new form of color-changing and 
anisotropic soft actuator for the first time and applied it to var-
ious biomimetic soft robot applications to overcome the limi-
tation of conventional soft robots. The suggested color-shifting 
anisotropic actuators consisted of a silver nanowire (Ag NW) 
percolation network flexible transparent heater, highly aniso-
tropic transparent polymer films and a color-shifting layer. The 
actuators achieved quite large curvature up to 2.5 cm−1 and 
remarkable operation reliability over 10 000 operating cycles 
under low operating temperature at 40 °C. Especially, the ani-
sotropic thermal expansion inherent of the active polymer layer 
allowed the facile and delicate control of the actuating direction 
without additional complicated designs of actuator and heater. 
The thermochromic pigment which was applied on the surface 
of the actuator showed intuitive color changes depending on 
the temperature not only to provide more functionality but also 
to increase the possibility of application to biomimetic fields. 
Based on the suggested color-shifting and anisotropic soft actu-
ators, we demonstrated various biomimetic motions of artificial 
color-shifting blooming flower, color-shifting fluttering but-
terfly, and color-shifting twining tendril as biomimicking soft 
robotic applications.

2. Results and Discussion

In this study, the actuation motions of soft actuator could be 
simply programmed while achieving the color-shifting func-
tions at the same time. To prepare a color-shifting anisotropic 
soft actuator (CASA), a transparent bilayer structure with one-
directional large thermal expansion low density poly ethylene 
(LDPE) film and isotropic minimal thermal expansion polyvinyl 
chloride (PVC) was used to generate the highly anisotropic 
bending movements of the actuator. By adjusting the orien-
tation of the LDPE film in respect to the geometry such as 

longitudinal direction of the actuator, the suggested actuators 
were able to achieve various directional working motions. For 
the active operation of the electrothermal actuator, some degree 
of heating is needed. Ag NW percolation network heater was 
sandwiched in between the two polymer films as a flexible 
and transparent heater to generate manageable heat signals 
which cause different thermal expansion of the two polymer 
films. As shown in Figure 1a, the Ag NW percolation network 
deposited on the LDPE film was patterned by UV laser ablation 
method. During this process, the targeted Ag NWs were selec-
tively removed without observable damage or degradation in 
the underlying LDPE film. After the Ag NW heater patterning 
process, the PVC film was bonded on the LDPE film to fabri-
cate a transparent actuator. Finally, the thermochromic ink was 
deposited on the PVC film side to complete the CASA fabrica-
tion. The thermochromic ink whose colors change from black 
to a specific color such as green, blue, and red under heating 
were prepared through simple blending of thermochromic 
microcapsule dye and acryl inks of the target color. Due to the 
feature of thermochromic microcapsule dyes that change from 
black to translucent white when the certain threshold tempera-
ture is exceeded, the color of the added acryl ink appears when 
the temperature exceeds the threshold temperature (Figure 1b). 
When a certain DC voltage (VDC) was applied into the built-in 
Ag NW percolation network heater to generate heat, the CASA 
bent toward the PVC film side and at the same time changed 
its color (Figure 1c). Since the polymer bilayer structure and 
Ag NW network had a high optical transparency, even though 
the color changeable ink was deposited only on the surface of 
PVC film, the changes of color could be seen through the LDPE 
film side as well. Considering that the thickness increase of the 
additional passive layer in CASA could cause the degradation of 
operating performance such as deterioration of bending angle 
and long term reliability, it is preferred to apply thermochromic 
ink on only one side, particularly on the surface of passive layer. 
Since all the manufacturing processes of the CASA were very 
simple and quick under room temperature and ambient pres-
sure conditions, they can be readily applied to the various fields 
including bio mimetic demonstrations. As one of the examples, 
Figure 1d shows the blooming and color changing motions of 
an artificial flower composed of serially connected eight CASA 
units as petals. The CASA petals of the flower were initially flat 
and black colored but after a VDC was applied, every petal bent 
outward and the color of CASA petals turned to bright red or 
green during blooming actuation.

The anisotropic actuation motion of the CASA was mainly 
caused by the big and directional mismatch in coefficient 
of thermal expansion (CTE) between the LDPE and the PVC 
films. Both films were inexpensive and transparent commercial 
plastic films of roll type in common, but they showed a totally 
difference feature in thermal expansion characteristics. The 
coefficient of linear thermal expansion (CTEL) of each film was 
measured using a dilatometer in consideration of the direction 
of the film and the results are as follows. The PVC film has 
a small CTEL (68.7 × 10−6 per °C at 40 °C) regardless of the 
direction of the film, while the LDPE film has a much larger 
CTEL (502.7 × 10−6 per °C at 40 °C) in the longitudinal direc-
tion (LD) and a smaller CTEL (91.1 × 10−6 per °C at 40 °C) in 
the width direction (axis direction of roll). By using such highly 
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anisotropic thermal expansion coefficient mismatch char-
acteristics, it is possible to develop an actuator which is less 
dependent on the actuator shape such as the aspect ratio in 
the setting of the driving direction and degree of movement 
of the actuator. To confirm this, we have fabricated three types 
of CASAs with same lengths but different widths (Figure 2a). 
In all the three CASAs with different aspect ratios, the LDs of 
the LDPE films were oriented parallel to the LD of the actuator. 
When the heat was applied, all of the three types of CASAs 
were bent in a common direction which is the LD of the LDPE 
films and also bent at the same curvature regardless of their 
aspect ratio difference. This was because the longitudinal 
thermal expansion of the LDPE film was much larger than 
other direction and the lateral thermal expansion (width direc-
tion) of the LDPE had little influence in the actuation motion. 
In addition to the experimental results, we performed numer-
ical simulations to verify that an actuator which is capable of 
setting the driving direction and the degree of motion inde-
pendently regardless of the CASA shape such as the aspect 
ratio can be fabricated using the active layer with a highly ani-
sotropic thermal expansion property (Figure S1, Supporting 
Information). Furthermore, the driving direction of the CASA 

could be set through the control of the angle between the LD 
of the LDPE film and the LD of the actuator. Figure 2b shows 
that the CASAs twisted rather than simply bent when the LD 
of LDPE films was aligned in a 45° angle respect to the LD of 
the actuator. Also, as in the previous case, the three CASAs 
with different widths showed the same driving characteristics 
regardless of the aspect ratio. By varying the LD of LDPE films 
from 0° to 90°, a variety of actuation motions ranging from a 
normal bend, a twist, and a bend in the width direction could 
be observed (Figure 2c). The degree of bending decreased from 
left to right, but this was because the lower ends were fixed so 
that the driving directions of CASAs could be clearly visible.

The Ag NW percolation network based transparent flexible 
joule heater was used as the heating source to actuate the 
CASA due to the Ag NW network’s superior optical transpar-
ency, robust mechanical stability and good thermal conduc-
tivity. But above all, one of the most important factors required 
for the Ag NW heaters for the CASA was uniform heat distri-
bution across all areas of the actuator. The unintentional hot 
spots could induce many problems related with unpredictable 
actuation, durability degradation and uneven color changes of 
the CASA. An electric heater of which input and output ports 
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Figure 1. Preparation and application of the CASAs. a) Fabrication process of a bilayered anisotropic soft actuator: Ag NW percolation network were 
deposited on the LDPE film and patterned by UV laser ablation method. External electrodes were connected to the patterned Ag NW electrode and 
the PVC film was attached onto the Ag NW network. The insets of SEM and EDS images show the patterned Ag NW network after the UV laser abla-
tion process. b) Color changes of thermochromic ink layer. c) Images of a single CASA before and after applying a VDC to the Ag NW network heater.  
d) Blooming motion of a color shifting (from black to green/red) flower composed of 8 CASAs.
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of the electric signal are positioned on the same side neces-
sarily includes at least one u-shaped region where the current 
flow direction changes. We evaluated the Ag NW percolation 
network heater design to minimize the hot spot issue that 
may occur at the u-shaped region from possible noneven 
temperature affecting the performance or the durability of the 
actuator. The Ag NW percolation network heaters were fabri-
cated by vacuum filtration transfer method and selective UV 
laser ablation process on the PET substrate having 25 µm thick-
ness. Also, considering the areal density of the Ag NW is one of 
the key factors determining the electrical conductivity and the 
heating performance of the Ag NW network heater, we fixed 
the areal density of Ag NW to around 250 mg m−2. The sheet 
resistance of the resultant Ag NW percolation network heater 
was measured to 7.6 Ω −1. Figure 3a represents infrared (IR) 
camera images of two different heaters which had (i) wide elec-
trode width (5 mm) and (ii) narrow electrode width (2.5 mm). 
The black dotted boxes mean the regions where Ag NWs were 
removed and the green arrows show the input and the output 
ports for the electrical signals. For the comparisons, the applied 
VDC was controlled so that the average temperature was ≈50 °C 
in both cases. In IR images of Figure 3a and temperature line 
profiles crossing the corner regions, where the direction of elec-
trical current is changed for each heater design in Figure 3b, 
it should be noted that the heater with the narrower electrode 
width (Figure 3a-ii) showed a more uniform temperature distri-
bution while the heater with the wider electrode width showed a 
distinct localized overheating at the corner region (Figure 3a-i). 
This is also consistent with our numerical simulation results 

explained in Figures S2 and S3 of the Supporting Information. 
Therefore, the electrode widths of all the Ag NW percolation 
network heater in this study were limited to 2.5 mm or less. 
The basic heating performances of the Ag NW percolation net-
work heater were characterized for various input power from 
5 to 277 mW (Figure 3c). Obviously, the increase of tempera-
ture for every step was roughly proportional to the applied elec-
trical power and the temperature could be easily controlled by 
adjusting the input VDC considering the Joule’s law (P = V2/R). 
The attained maximum temperature 55 °C was high enough to 
induce large CTE mismatch between LDPE and PVC films for 
actuation motion. Also, as shown in the transient temperature 
response (Figure 3d), the Ag NW percolation network heater 
responded very fast and exactly to the repeated VDC signals.

The actuation performances of the CASA which was pro-
grammed to bend in the LD of actuator were examined. 
The bending curvature could be varied by simply adjusting 
the input voltage (Figure S4, Supporting Information). Because 
CASA works mainly due to heating induced thermal expan-
sion mismatch, the actuating motion or the curvature changes 
of the CASA matched exactly with the temperature changes 
recorded in real time with IR camera (Figure 4a). The inset 
images explain the corresponding colors of the CASA at the 
corresponding heating temperature condition. Compared to 
previously reported ETAs, the CASA demonstrated significantly 
larger bending curvatures at significantly low temperatures. 
This might be due to the large CTE of the LDPE film at low 
temperature, the optimum thickness ratio between the two 
films, and the thin thickness of the actuator. Due to very low 
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Figure 2. Anisotropic actuation and color-shifting characteristics of the CASAs. Actuation and color changing behavior for various aspect ratio of 
CASAs when LDLDPE (longitudinal direction of the LDPE films) and LDactuator (longitudinal direction of actuator) are (a) parallel and (b) at 45° angle. 
c) Actuation and color changing behavior for various different angles between the LDLDPE and LDactuator of CASA (0° to 90°) with the same geometric 
shape. The actuation motions are reversible by heating and cooling cycles.
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Figure 3. Design and thermal characterization of Ag NW percolation network heater. a) IR camera images of two Ag NW percolation network heaters 
with different electrode width to compare the temperature uniformity. Note that the Ag NW heater with narrow and long geometry showed more 
uniform temperature distribution. b) Temperature profiles along the lines in the corner regions of each heater. c) Temperature distribution IR camera 
images of the transparent heater under various joule heating conditions. d) Transient temperature response of the transparent heater during the cyclic 
heating condition (repeat of heating for 30 s with 142 mW input power and cooling for 30 s without input power).

Figure 4. Color-shifting and actuation characterization of CASAs. a) Transient behavior of curvature and temperature of the CASA. Insets are the digital 
camera image of CASAs color changes with respect to temperature. b) Curvature variation of the CASA during a long term cyclic actuation test over 
10 000 times operation. Note the superior long term mechanical stability. c) Bending motions of three CASAs with different aspect ratio (same length 
with different width). Green arrows indicate the LD of LDPE film. The edges of the CASAs were intentionally colored for better visibility. d) Blocking 
forces of the three types of CASAs as functions of temperature.
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operating temperature, the CASA also showed a superior long-
term reliability compared with previously reported ETAs as 
shown in the cyclic actuation test over 10 000 times (Figure 4b) 
while conventional ETAs are working at elevated temperature 
which causes fast degradation of the actuation performance. 
Also, while the conventional isotropic thermal expansive film 
based ETAs showed geometry dependent actuation perfor-
mances, the CASA showed little dependence on the geometry 
variation, which results in more predictable actuator design. 
Figure 4c shows the bending motions of three CASAs which 
had different aspect ratio with the same length and film align 
direction. Regardless of the aspect ratio variation from 1:6 to 
1:1.5, all the CASAs showed similar resultant curvature at same 
operating temperature (36 °C). On the other hand, the directly 
measured blocking forces of the CASAs increased depending 
on their width (Figure 4d). This signifies that the bending 
moment or blocking force, considered as important factors in 
practical uses of actuators, can be controlled easily by changing 

only the aspect ratio of the actuator with the bending direction 
and curvature kept constant.

Due to the high optical transparency and mild heating 
condition for actuation, the CASAs can be used to develop 
novel color-shifting actuators during operation. As a proof-of-
concept, a color-shifting blooming flower was designed using 
thermochromic pigment which had color changeable feature 
upon mild temperature change during actuation. The pig-
ment was coated only on the PVC film rather than LDPE film 
to minimize any degradation in actuating performance of the 
CASAs. A flower which was composed of eight color changing 
petals was made from a serially connected eight CASAs and the 
thermochromic pigment coated PVC layers were placed on the 
outside (Figure 5a). The petals of flower were initially black and 
flat (Figure 5a-i) and when a VDC was applied, each petal heated 
up and bent outward and the color of petals turned from black 
to bright red during blooming actuation (Figure 5a-ii,iii). The 
temperature variation during the blooming actuation could be 
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Figure 5. Biomimetic soft robot demonstration of CASAs. a) Blooming and color-shifting flower composed of 8 petals of CASAs. The thermochromic 
pigment coated on the PVC films changes its color from black to red when the CASAs work. Bottom pictures show the corresponding IR thermal 
images during actuation. See Video Clip S1 of the Supporting Information. b) Fluttering and color-shifting motion of transparent butterfly wings. 
Bottom pictures show the corresponding IR thermal images during actuation. See Video Clip S2 of the Supporting Information. c) Twining and color-
shifting motion of an artificial tendril composed of a long string shaped CASA. The picture on the right shows an actual tendril (copyright from Frank 
Vincentz, via Wikimedia Commons).
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observed in IR images and the maximum temperature did not 
exceed 35 °C. Because all the components of CASA, which were 
polymer bilayer and Ag NW percolation network heater, were 
totally transparent the color change of the thermochromic pig-
ment on the outer side (PVC layer) could be observed through 
the inner side (LDPE layer) of the petals (see also Video Clip S1, 
Supporting Information). In the similar way, a color change-
able and transparent and color-shifting fluttering butterfly was 
fabricated. Two actuators were designed to imitate the flut-
tering wings of an actual butterfly, Greta oto. The transparent 
Ag NW percolation network heater electrodes were patterned 
by laser ablation method to allow electrical current flow at body 
and edges of the wings of butterfly. As shown in Figure 5b 
and Video Clip S2 (Supporting Information), when a VDC 
was applied, the heat from the body made the butterfly wings 
to flutter and the color of the wing edges changed from black 
to red/blue color as well. The mild heating features of the Ag 
NW heater during the butterfly’s fluttering motion and color 
changing could be observed in IR images below. Consequently, 
those demonstrations explained that the CASA was capable of 
being used as thermochromic applications due to its transpar-
ency and that the bending direction of the CASAs was inde-
pendent on its shape as well. Besides, the actuating direction of 
the CASAs can be simply programmed by changing the angle 
between the LD of the LDPE film and the LD of the actuator. As 
an example showing that the anisotropic nature of CASA can 
be efficiently used to mimic more complicated motions of crea-
tures, an artificial twinning tendril was fabricated (Figure 5c). 
At this demonstration, the LD of the LDPE film was aligned to 
have an angle of 26.6° with respect to the LD of the CASA actu-
ator. After a heat was applied, the artificial tendril which was 
initially flat and black (Figure 5c-i) changed its color to bright 
green (Figure 5c-ii), twisted rather than bent and eventually 
wrapped around the central stem (Figure 5c-iii).

3. Conclusion

In summary, a new type of soft actuator whose actuation 
direction can be simply programmed and whose color can be 
changed during the actuation was developed. Applying the 
thermochromic pigment, the suggested actuators showed 
active color-shifting functions which can be used to broaden 
the application field of the soft actuators. A transparent bilayer 
structure with the LDPE film and the PVC film as active and 
passive layer, respectively, was used and the Ag NW percola-
tion network was adopted as a transparent and flexible heater 
at between the two films. The suggested actuator showed a 
considerable curvature (2.5 cm−1) at sufficiently low operating 
temperature (≈40 °C) due to the large CTE mismatch between 
the two films and uniform heat generation by Ag NW network 
heater. Because of the mild operating temperature, the actuator 
showed completely stable repetitive driving features for more 
than 10 000 cycles without any fatigue and performance deg-
radation. Above all, due to the anisotropic thermal expansion 
properties of the LDPE film, which is the active layer, the direc-
tion and degree of operating of the actuator could be deter-
mined without depending on its own shape. In a similar way, 
actuators that operate in different driving directions despite the 

same geometry were demo nstrated. After application of ther-
mochromic pigments, the actuators were able to change their 
color from black to various colors depending on the operating 
temperature. Using above properties, various color-shifting 
biomimetic soft robots such as color-shifting blooming flower, 
fluttering butterfly, and color-shifting twining tendril were suc-
cessfully demonstrated. In this study, the film thickness or 
film moduli, which are the main parameters that determine 
the driving characteristics such as the bending curvature of the 
actuator, were fixed to specific values. However, it is expected 
that the actuating performance can be further improved 
through optimization of these films’ mechanical properties in 
near future. Also, the proposed anisotropic and color-shifting 
soft actuators are expected to be further developed into the 
various fields of biomimetic robotics, camouflage applications, 
artificial muscles, and so on.

4. Experimental Section
Ag Nanowire Synthesis: Long Ag nanowires (≥100 µm in length, 

≤100 nm in diameter) were synthesized by a modified polyol and 
one-pot process. First, 0.4 g of PVP (Mw ≈ 360 000) and 0.5 g of silver 
nitrate (AgNO3) were sequentially dissolved in a 50 mL of ethylene 
glycol. Then, 800 µL of CuCl2·2H2O solution (3.3 × 10−3 m) was rapidly 
injected into the mixture and stirred mildly. Finally, the mixture solution 
was suspended in a preheated (130 °C) silicone oil bath. The growth of 
Ag NWs was maintained for 3 h. After the growth finished, the mixture 
was cleaned using centrifugation of 3000 rpm for 10 min with acetone 
and ethanol. This cleaning process should be repeated at least three to 
four times to securely remove the extra PVP on the surface of Ag NWs. 
The cleaned Ag NWs were redispersed in ethanol (EtOH) and used.

Preparation of a CASA: The roll-type commercial LDPE film (23 µm 
thickness, ShinilPack Co.) and PVC film (17 µm thickness, Wonchang Co.)  
were used without any post processing. The Young’s modulus of the 
LDPE and PVC films were 0.1 and 1.08 GPa, respectively. The Ag NW 
percolation network was deposited on the LDPE film by a vacuum 
filtration method. After that, the Ag NW percolation network was 
patterned by a selective laser ablation method. At this patterning process, 
a Nd:YAG laser (InnoLas, Nanio Air 355-3-V, 355 nm) at ns pulse width 
(<25 ns) was used. Copper wires were connected to the Ag NW heater 
as the external electrodes. Then, PVC film was attached on the patterned 
Ag NW heater with commercial adhesive (3 m, High Strength 99 Spray). 
Demonstration models including flower and butterfly were fabricated in 
the same way. For detailed design specifications of each demonstration, 
see Figure S5 of the Supporting Information.

Preparation and Coating of Thermochromic Pigment: Thermochromic 
micro capsule dye (NANO I&C, Black, Activation Temperature: 31 °C) 
5 g and acrylic ink 2 g (Daler Rowney FW, Artists′ Acrylic Ink, Prepared 
ink’s color number: 517, 651, 335, 120) are added to 2-Propanol 
(5 g, 99.5%) and dissolved well with vortex mixer to prepare the 
thermochromic pigment. Adhesive (3M, Repositionable 75 Spray) 
was coated on the PVC surface through doctor-blading method at 
room temperature and dried in air for 3 min. Then, the prepared 
thermochromic pigment solution was applied on the PVC film and dried 
in the air for 10 min.

Characterization: An IR camera (FLIR systems, A645sc) was used 
to measure the temperature distribution of the CASA and the Ag 
NW heater. The temperature data was gained from the surface of the 
actuator and heater. The curvatures of the CASAs were measured from 
the captured digital camera images. The voltage was applied using a 
DC power supplier (KEITHLEY, 2231A-30-3) which has multiple output 
channels. The forces of the CASAs were measured by a load cell (Futek, 
LRF400). The CTE of the LDPE film and the PVC film were obtained 
dilatometer (NETZSCH, DIL 402 C) analysis.
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