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A B S T R A C T

Programmable complex shape-deformation, multi-responsive property and convenient fabrication are all crucial
for the development of actuators. However, a simultaneous realization of all these advantages has not been
reported. Here, we report a new type of light- and humidity-driven actuator with programmable complex shape-
deformations. The fabrication employs a laser printing technology. The light-driven actuation is based on a dual-
mode actuation mechanism which utilizes the water adsorption/desorption properties. When irradiated by near
infrared light, the actuator shows a large bending actuation with a curvature up to 2.1 cm−1. More importantly,
programmable complex shape-deformations can be realized by printing patterns with different/gradient
grayscale distributions on the actuators. The bending rates and amplitudes of actuators can be programmed and
controlled. Complex 3D shapes, such as an anomalous tube and a helical cylinder, are obtained. In addition, the
actuator can also perform a curvature of 1.3 cm−1 when driven by humidity. Finally, a series of smart biomi-
metic devices with programmable complex shape-deformations are demonstrated, including a self-adjustment
iris responding to incident light, a biomimetic hand demonstrating a complex “OK” gesture, and a lotus with
folding petals of different bending rates. This new-type actuator will have great potential in robotics and bio-
mimetic applications.

1. Introduction

Smart actuating materials perform shape-deformations when trig-
gered by an external stimulus, such as light [1–6], electricity [7–10],
humidity [11–15], heat [16–18], magnetism [19], solvents [20,21] and
pH [22]. They have important applications in the fields of artificial
muscles, bionic iris, soft robotics, optical switches and so on [23–25].
Among them, bilayer actuators based on carbon nanotubes or graphene
sheets are widely reported, in which the shape-deformations are due to
asymmetric deformations of two layers in the actuators
[4,6,8,12,13,26–28]. The deformation of these actuators is usually
limited to simple elongation [9] and bending [6,8,12,26–28]. Only a
few of them can perform helical deformations [4,13]. However, more
complex shape-deformations, which are important for further applica-
tions, are rarely reported. The reason is that the key point of realizing
programmable complex shape-deformations is to distinctively and lo-
cally control the deformation of specific parts of the actuators, which is
still a great challenge for the reported actuators. Recently, the fabri-
cations of actuators with programmable complex shape-deformation by

printing technologies have been developed in hydrogels and shape
memory materials [29–31]. There is still plenty of room for the im-
provement of fabricating actuators with programmable complex shape-
deformation through a more convenient printing method. In addition,
most of the actuators are driven by a single stimulus, which limits their
application field. There were only several studies on multi-responsive
actuators [32–34]. They can be used under various environment and
broaden the application fields of actuators. Nevertheless, the develop-
ment of multi-responsive actuators with a fast fabrication method and
programmable complex shape-deformations is still challenging and re-
quires further research.

Here, we report light- and humidity-driven actuators with pro-
grammable complex shape-deformations. The key fabrication process is
printing black toner on the paper by using a laser printer. The actuator
has a bilayer structure consisting of toner-coated paper (TCP) and
biaxially oriented polypropylene (BOPP). Compared with previous ac-
tuators fabricated through complicated synthetic steps, our fabrication
method is fast and solution-free. Furthermore, with the aid of laser
printing technology, we can fabricate precisely-patterned actuators in
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an inexpensive way. The TCP/BOPP actuator can perform a maximum
bending curvature of 2.1 cm−1 when driven by near infrared (NIR)
light. More importantly, programmable complex shape-deformations
can be realized by introducing patterns with different/gradient grays-
cale distributions on the TCP/BOPP actuators. With this advantage, the
bending rates and amplitudes of actuators can be programmed and
controlled by using our route. We also demonstrate programmable
complex 3D shapes, such as an anomalous tube and a helical cylinder,
which have not been reported in previous carbon-based actuators. On
the other hand, the TCP/BOPP actuator also shows a maximum bending
curvature of 1.3 cm-1 when driven by humidity. Finally, a series of
biomimetic devices including a self-adjustment iris, a hand demon-
strating an “OK” gesture and a lotus with folding petals are designed
and fabricated, which also demonstrate programmable bending actua-
tions and complex shape-deformations. These applications show that
the TCP/BOPP actuators have great potential in robotics and biomi-
metic devices.

2. Materials and methods

2.1. Fabrication of the TCP/BOPP actuator and biomimetic devices

The paper for printing was a commercial product. The thickness was
44 μm and the grammage was 18 g m−2. First of all, a pretreatment step
for the paper was needed. The paper was initially placed in a chamber
with high humidity (at relative humidity (RH) of 90%) for 5min to fully
absorb water molecules. Then the humid paper was transferred on a hot
plate with temperature of 100 °C for 60 s, so that the paper desorbed
water molecules and returned to the dry state. Then, the pretreated
paper was fixed on a piece of copy paper with the aid of tapes. The
fabrication of the TCP/BOPP actuator is schematically illustrated in
Fig. 1a. First, black toner was directly printed on the pretreated paper
by using a commercial laser printer (HP LaserJet Pro CP1025). Second,
a commercial BOPP film was attached to the paper tightly with the aid
of acrylic ester. Finally, the TCP/BOPP bilayer film was tailored into
designed shape to form an actuator. This fast process provides a large-
scale, time-saving and mask-free method to fabricate TCP/BOPP

actuator by leveraging the laser printing technology, which reduces the
processing time. In the fabrication of biomimetic lotus and rectangular
actuators with patterns of gradient grayscale distributions, the BOPP
film was attached to the paper surface that is not coated by toner.

2.2. Characterization and measurement

The scanning electron microscope (SEM) images were captured by a
field-emission SEM (Hitachi SU8010). The free-end displacements of
the actuator were obtained by image postprocessing of optical images
and videos, which were captured by a digital camera (SONY ILCE
6000). The calculation method of the bending curvature of actuator is
shown in Fig. S1 and Note S1 in Supplemental Information. A NIR light
source (Philips BR125) was used for light-driven actuation. The light
power density was measured by an infrared power meter (Linshang
LS122 A). The temperature was recorded by a laser sight infrared
thermometer (Optris LS) with temperature resolution of 0.1 °C. The
temperature data were obtained from the paper surface of the actuator.
An infrared thermal imager (Fluke Ti10) was used to capture the
thermal images of the actuator. The weights of samples were measured
by a precision balance (YOKEFA1004CS).

3. Results and discussion

3.1. Characterization of TCP/BOPP actuator

As a uniform layer of black toner was printed on the paper, the TCP
was black with a thickness of 45 μm (Fig. 1b). The cross-sectional SEM
image of the printed paper is shown in Fig. S2, which reveals that the
toner and paper combined well without any cracks. The photos of two
surfaces of the TCP/BOPP actuator are shown in Fig. 1c. As the trans-
parent BOPP film was attached on the toner-coated side of the paper,
the BOPP surface of the actuator was black, while the other surface of
the paper was white. Fig. 1d demonstrates the layered structure of the
TCP/BOPP actuator. The paper and BOPP were well bonded to each
other without delamination due to the acrylic ester as adhesive. As
shown in a cross-sectional SEM image with higher magnification of the

Fig. 1. Fabrication and characterization of the TCP/BOPP actuator. (a) Schematic illustration of the fabrication process of TCP/BOPP actuator. (b) Optical photo of a
piece of TCP. (c) Optical photos showing two surfaces of the TCP/BOPP actuator. (d) Cross-sectional SEM image of the TCP/BOPP actuator.
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TCP/BOPP actuator (Fig. S3), the toner on paper is tightly combined
with acrylic ester.

3.2. NIR light-driven actuation

Photothermal actuators can convert light energy into thermal en-
ergy due to the photothermal conversion effect. According to previous
studies, the black toner is a complex mixture, generally including
carbon black, iron oxide, resin, charge control agents, polymers and
inorganic/organic additives [35–37]. The absorption spectrum shows
that the TCP can absorb NIR light (Fig. S4). When the TCP is irradiated
by NIR light, it can be obviously heated due to the photothermal effect.
As shown in Fig. S5, infrared thermal images show that the temperature
of TCP/BOPP actuator increased with the increasing of light power.
Hence, the TCP is a photothermal conversion material, which can serve
as a heating layer to raise the temperature of the TCP/BOPP actuator. In
addition, BOPP has a large coefficient of thermal expansion (CTE) of
137 ppmK−1, while the paper has a small CTE of 10 ppmK-1 [33].
Therefore, there is a large mismatch in CTEs between paper and BOPP.
Moreover, paper is a hydrophilic material, which shrinks when it is
heated. Based on these excellent properties of toner, paper and BOPP,
they were selected as components of the light-driven actuator based on
the photothermal effect.

The bending performance of the TCP/BOPP actuator responding to
NIR light was studied at first. A prepared TCP/BOPP actuator (length of
20mm) was suspended by attaching top of the actuator (5mm) to a
glass slide. The actuator was flat in its initial state (left panel of Fig. 2a).
When the actuator was irradiated by the NIR light (550mW cm−2), it
showed a large bending actuation towards paper side (right panel of
Fig. 2a). The bending curvature was up to 2.1 cm-1, of which the cal-
culation method is shown in Note S1 and Fig. S1. The light-driven ac-
tuation mechanism of the TCP/BOPP actuator is explained as follows.
The light energy involved in the NIR light is absorbed by black toner
and sequentially converts into thermal energy, which results in the
temperature rising of the TCP. The TCP and BOPP are combined tightly,
so the temperature of the TCP/BOPP actuator also increased. As the
CTE of BOPP is much larger than that of paper, the thermal expansion
of BOPP will be larger than that of paper with the same temperature
rising. Meanwhile, the temperature rising will also cause the shrinking
of paper as the paper desorbs water molecules to ambient environment,
which further increases the volume change difference between BOPP
and paper. Then, thermal stress of the TCP/BOPP bilayer film, which is
generated by the interfacial mismatch between TCP and BOPP, also
increases with temperature rising. The maximum thermal stress is cal-
culated to be 19.4 MPa when the actuator is irradiated by NIR light
(550mW cm-2) for 10 s (Note S2). In a word, the dual-mode actuation
mechanism results in the bending actuation of the actuator towards the
paper side.

The temperature and bending curvature of the TCP/BOPP actuator
with different light power are shown in Fig. 2b. When the actuator was
irradiated by low light power (50mW cm−2) for 10 s, the temperature
was only 26.0 °C and the bending curvature was as small as 0.1 cm-1.
When the actuator was irradiated by high light power (550mW cm−2),
the temperature was as high as 70.4 °C and the curvature was up to 2.1
cm-1. Hence, Fig. 2b also shows the controllability of the TCP/BOPP
actuator. It is obvious that when the light power is increased, more light
energy is converted into thermal energy by black toner, which directly
results in higher temperature of the TCP/BOPP actuator. Therefore, the
bending curvature of the actuator gets larger with higher light power.

The temperature and curvature variation trend were studied as well.
When the TCP/BOPP actuator was irradiated by NIR light for 10 s, the
temperature and curvature of the actuator increased synchronously, as
shown in Fig. 2c. However, when the NIR light was turned off, the
variation of temperature and curvature were different. The temperature
decreased quickly to 26 °C in 15 s, while the actuator returned back to
the initial state in 170 s. Therefore, the temperature decreased much

faster than the curvature. The asynchronism of temperature and cur-
vature can be attributed to the hygroexpansion effect of the paper. With
NIR light irradiation, the paper desorbed water molecules within it.
After NIR light was turned off, the paper needs more time to reach a
new balance in moisture contents between the paper and the ambient.
Hence, although the temperature almost returned to initial tempera-
ture, the paper still absorbed water molecules from surroundings, re-
sulting in the much slower curvature recovery of the TCP/BOPP ac-
tuator. Such phenomenon also proves that the actuation is based on the
dual-mode actuation mechanism.

Moreover, the repeatability of the bending performance of the ac-
tuator was tested. The light power density in the repeatability test was
300mW cm−2. As shown in Fig. S6, the bending curvature had no
degradation after 100 cycles, which indicates outstanding stability and
reliability of the light-driven actuation of TCP/BOPP actuator. The
cross-sectional SEM image of the TCP/BOPP actuator after repeatability
test is shown in Fig. S7. It shows that the TCP and BOPP film were still
combined tightly without delamination.

3.3. Shape-deformation of actuators with different grayscale patterns

In particular, the TCP/BOPP actuator is able to have different
grayscale patterns by changing the amount of black toner printed on
paper, which is based on the unique laser printing technology. Fig. 2d
shows the TCP films with 100% black, 50% black and 15% black, re-
spectively. The different grayscale patterns were obtained by tuning the
color in PowerPoint of Microsoft Office. The 100% black was pure
black. The 50% black was 50% deeper than pure white. The 15% black
was 15% deeper than pure white. The TCP with deeper black color
shows higher absorption ability in wavelength from visible to NIR light,
as shown in Fig. S8. Fig. 2e shows the temperature of TCP/BOPP ac-
tuators with different grayscale patterns (100% black, 50% black and
15% black), when they were irradiated by different NIR light power.
With NIR light irradiation (550mW cm−2) for 10 s, the temperature of
actuators with different grayscale patterns (100% black, 50% black and
15% black) were measured to be 70.4 °C, 62.0 °C, 44.6 °C, respectively.
The corresponding curvatures of the TCP/BOPP actuators with different
grayscale patterns (100% black, 50% black and 15% black) are shown
in Fig. S9. Hence, the TCP with deeper black color can absorb and
convert more light energy into thermal energy, leading to higher tem-
perature and larger bending actuation of the TCP/BOPP actuator.

It is worth mentioning that because the laser printing technology is
capable of controlling the grayscale, and thus the light absorption
ability of the TCP, programmable shape-deformation of the TCP/BOPP
actuator can be conveniently achieved by tuning bending rates and
amplitudes of the actuators. As shown in Fig. 2f, the TCP/BOPP ac-
tuator with deeper black color shows large bending amplitudes when
irradiated by the same NIR light power (550mW cm−2). The bending
curvature of the TCP/BOPP actuator with 100% black was 2.1 cm-1

after irradiated by NIR light for 10 s, while the actuator with 15% black
showed a much smaller curvature of 0.8 cm-1. The average bending rate
of the TCP/BOPP actuator with 100% black was 0.21 cm-1 s-1, which
was 2.6 times faster than that of the actuator with 15% black. Hence,
the bending amplitudes and rates of the TCP/BOPP actuators can be
precisely controlled by printing actuators with different grayscale pat-
terns, demonstrating programmable shape-deformations, which are
owing to the advantage of laser printing technology.

3.4. Shape-deformation of actuators with gradient grayscale patterns

To realize programmable complex shape-deformations, it is neces-
sary to locally and distinctively control the deformation of specific parts
of the actuators. With the help of laser printing technology, patterns
with gradient grayscale distribution can be easily obtained by using the
“gradient fill” option in the PowerPoint of Microsoft Office. In this way,
different parts of the actuators have different black color, so that each
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part of actuators deforms diversely, resulting in programmable complex
shape-deformations. Fig. 2g shows a rectangular pattern (80mm ×

40mm, length × width) with a gradient grayscale distribution along the
short side, which is designed by computer. Then, this pattern was
printed on the paper and a rectangular TCP/BOPP actuator was fabri-
cated. The initial state of the actuator was flat (Fig. 2h). After irradiated
by the NIR light (300mW cm−2), the actuator deformed into a complex
3D shape, which looked like an anomalous tube with one large opening
at one end (Fig. 2i, Movie S1). On the other hand, Fig. 2j shows another
rectangular pattern with the same dimension. However, the gradient
grayscale distribution is along the long side. Fig. 2k shows that the
initial state of the TCP/BOPP actuator with this pattern was also flat.

After irradiated by the NIR light (300mW cm−2), the actuator de-
formed into another complex 3D shape (a helical cylinder). As shown in
Fig. 2l and Movie S2, one end of the actuator showed an ultralarge
curling deformation (bending angle> 360°), while the other end of the
actuator showed only a slight bending deformation. The reason for
obtaining such complex 3D shapes is that the TCP with deeper black
color can absorb and convert more light energy into thermal energy,
leading to higher temperature of the corresponding part of the TCP/
BOPP actuator. The temperature distributions of the TCP/BOPP ac-
tuators performing programmable complex 3D shapes are shown in Fig.
S10. Hence, the TCP/BOPP actuator with the patterns of gradient
grayscale distribution will have different amplitudes of bending

Fig. 2. TCP/BOPP actuator responding to NIR light. (a) Optical photos of the initial state of TCP/BOPP actuator (left panel) and the of the actuator irradiated by NIR
light (550mW cm−2) for 10 s (right panel). (b) Curvature and temperature of the TCP/BOPP actuator as a function of light power density. (c) Curvature and
temperature of the TCP/BOPP actuator as a function of time. (d) Optical photos of TCP films with different grayscale patterns (100% black, 50% black and 15%
black). (e) Temperature of the TCP/BOPP actuators with different grayscale patterns as a function of light power density. (f) Curvature of the TCP/BOPP actuators
with different grayscale patterns as a function of time (light power density of 550mW cm−2). The dimensions of the TCP/BOPP actuators were 20mm × 2mm ×

75 μm (length × width × thickness). (g) Rectangular pattern with a gradient grayscale distribution (along the short side). (h) Optical photo showing the initial state of
the TCP/BOPP actuator with the pattern corresponding to (g). (i) Optical photo showing the TCP/BOPP actuator with the pattern corresponding to (g) deforms into a
complex 3D shape (anomalous tube), when driven by NIR light. (j) Rectangular pattern with a gradient grayscale distribution (along the long side). (k) Optical photo
showing the initial state of the TCP/BOPP actuator with the pattern corresponding to (j). (l) Optical photo showing the TCP/BOPP actuator with the pattern
corresponding to (j) deforms into another complex 3D shape (helical cylinder), when driven by NIR light.
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actuation in different parts of the actuator, leading to the program-
mable complex shape-deformations. In a word, programmable complex
3D shape-deformations can be achieved based on the platform of TCP/
BOPP actuators fabricated by laser printing technology.

3.5. Humidity-driven actuation

Due to the hygroexpansion effect of paper, the TCP is highly sen-
sitive to humidity changes. Hence, the TCP/BOPP actuator is expected
to be driven by humidity as well. A TCP/BOPP actuator with 100%
black color was fabricated at RH of 50%. The middle panel of Fig. 3a
shows that the actuator (20mm long) was suspended with a flat state.
Top end of the actuator (5 mm) was fixed to a glass slide. When the RH
increased to 90%, the actuator showed a large bending actuation to the
BOPP side in 60 s. The bending curvature was as large as 1.3 cm−1

(right panel of Fig. 3a). On the contrary, when the RH decreased to
20%, the actuator showed a bending actuation towards the paper side
in 60 s. The curvature was 0.7 cm−1 (left panel of Fig. 3a). The influ-
ence of the humidity on the bending curvature was also studied. The
humidity-driven actuation is attributed to the hygroexpansion effect of
paper. When the RH increases (from 50% to 90%), the paper adsorbs
water molecules and expands, while the BOPP is hydrophobic and is
inert to humidity without volume changes. As the TCP and BOPP layers
are tightly combined, different volume change between them will result
in the TCP/BOPP actuator bending towards the BOPP side. Conversely,
RH decrease (from 50% to 20%) causes the shrinking of paper, while
the volume of BOPP film remains the same. Hence, the TCP/BOPP ac-
tuator bends to the paper side. We define the curvature bending to-
wards the paper side as a positive value and define that bending to-
wards the BOPP side as a negative value. As presented in Fig. 3b, when
the RH increased from 20% to 90%, the curvature of the TCP/BOPP
actuator changed from 0.7 to -1.3 cm−1. Finally, a repeatability test
result of the TCP/BOPP actuator when driven by humidity is shown in
Fig. 3c. The TCP/BOPP actuator was under a repeated humidity al-
teration between 20% and 80% for 100 cycles. The humidity-driven
actuation performance of the actuator remained stable after the re-
peatability test.

3.6. Biomimetic applications

Intelligence, sophistication and versatility of nature biology are
continuous sources of inspiration for biomimetic systems. Mimicking
the natural biology intelligence system to fabricate biomimetic systems
are still great challenges in the field of actuators. To extend the utili-
zations of TCP/BOPP actuator, three biomimetic applications are fab-
ricated to show the capability of tunable and varied shape-deforma-
tions.

An iris in the eye has an ability to change its pupil size, so as to
adjust different light transmission into the eye. Firstly, we fabricated an
iris-like actuator that can perform automatic closing-opening in re-
sponse to the incident light. A closing iris-shaped pattern was designed
by computer, as shown in Fig. 4a. The fabricated biomimetic iris is
shown in Fig. 4b, which was initially fabricated at low RH of 35%.
Therefore, when the biomimetic iris was placed at room RH of 50%, it
automatically opened up (Fig. 4c). When irradiated by NIR light
(300mW cm−2) for 10 s, the biomimetic iris bent inward and the pupil
closed (Fig. 4d, Movie S3). After turning off the NIR light, the biomi-
metic iris automatically returned to the initial opening state. Hence, the
biomimetic iris closes under high light intensity and reaches a small
pupil size, while it opens under low light intensity, mimicking the self-
adjustment nature iris.

Secondly, a biomimetic hand was fabricated. An integrated hand-
shaped pattern was designed by computer, in which different grayscale
and gradient grayscale distribution were both well demonstrated in one
device (Fig. 4e). The biomimetic hand included 5 fingers, having dif-
ferent grayscales. The thumb and index finger were 100% black. The
middle finger was 50% black. The ring finger was 15% black and the
little finger was 0% black (100% white). The palm was a rectangle with
a gradient grayscale distribution (grayscale decreased from left to
right). The hand-shaped pattern was then printed on paper and the
biomimetic hand-shape actuator was fabricated (Fig. 4f). The biomi-
metic hand was initially clamped by two vertical glass slides (Fig. 4g).
When the NIR light was turned on (300mW cm−2), the fingers were
bending with different bending rates. The thumb and index finger had
the deepest black color (100% black), showing the fastest bending rates.

Fig. 3. TCP/BOPP actuator responding to hu-
midity. (a) Optical photos of the TCP/BOPP
actuator at RH of 20% (left panel), RH of 50%
(middle panel) and RH of 90% (right panel).
(b) Curvature of the TCP/BOPP actuator as a
function of RH. (c) Repeatability test of the
TCP/BOPP actuator undergoing repeated RH
changes between 20% and 80%. The dimen-
sions of the TCP/BOPP actuators were 20mm
× 2mm × 75 μm (length × width × thickness).
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The bending rates of the other three fingers were decreasing in se-
quence. After NIR light irradiation for 10 s, the finger tips of the thumb
and the index finger could touch to each other, while the other three
fingers demonstrated different bending amplitudes. Interestingly, the
biomimetic hand finally demonstrated a complex 3D shape, which
looked like an “OK” gesture (Fig. 4h, Movie S4).

At last, as the TCP/BOPP actuators can have different grayscale
patterns by leveraging the laser printing technology, a biomimetic lotus
was designed and fabricated. A blooming lotus-shaped pattern was
designed by computer, as shown in Fig. 4i. The biomimetic lotus had 12
petals, forming three layers. The grayscale decreased gradually from
inside layer to outside layer (inside 100% black, middle 50% black, and
outside 15% black). The fabricated biomimetic lotus was shown in
Fig. 4j. When the biomimetic lotus was irradiated by NIR light (500mW

cm−2), three-layer petals folded with different bending rates, as shown
in Fig. 4k-l and Movie S5. The petals of inside layer had the deepest
black color (100% black), so they absorbed more light energy than the
other petals and demonstrated the fastest bending rate. The bending
rate of the middle petals showed a slower bending rate, while the
outside petals had the slowest bending rate.

4. Conclusions

In summary, we propose a laser printing technology to fabricate
dual-responsive TCP/BOPP actuators with programmable complex
shape-deformations. More importantly, the bending rates and ampli-
tudes of the actuators can be precisely programmed and controlled by
changing the grayscale of patterns with computer assistance. The TCP/

Fig. 4. Biomimetic applications. (a) Pattern of the biomimetic iris designed by computer. (b) Optical photo showing the fabricated biomimetic iris at low RH of 35%.
(c) Optical photo showing the initial opening state of the biomimetic iris at room RH of 50%. (d) Optical photo showing the closing state of the biomimetic iris when
irradiated by NIR light (300mW cm−2). (e) Pattern of the biomimetic hand designed by computer. (f) Optical photo showing the fabricated biomimetic hand-shape
actuator. (g) Optical photo showing the initial state of the biomimetic hand. (h) Optical photo showing that the biomimetic hand performs a programmable complex
3D shape (“OK” gesture) when irradiated by NIR light (300mW cm−2). (i) Pattern of the biomimetic lotus designed by computer. (j) Optical photo of the fabricated
biomimetic lotus. (k–l) Optical photos showing the folding process of the biomimetic lotus when driven by NIR light (500mW cm−2).
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BOPP actuator shows a large bending curvature (2.1 cm−1) with NIR
light irradiation due to the dual-mode actuation mechanism. One me-
chanism is thermal expansion mismatch between the paper and BOPP.
The other mechanism is the hygroexpansion effect of paper. The ac-
tuator also shows a bending curvature of 1.3 cm−1 when driven by
humidity. Finally, a series of biomimetic devices are displayed, which
further demonstrate programmable complex shape-deformations based
on the TCP/BOPP actuators. With further improvement, the TCP/BOPP
actuators will not only realize programmable complex shape-deforma-
tion on the basis of the facile printing strategy, but also be useful in the
field of lab-on-paper devices, artificial muscles, robotics and versatile
biomimetic applications.
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