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Abstract:

Sustainable and environmentally friendly actuators powered by humidity, light and magnetic
field are of great significance to facilitate application of microrobots. Among them, moisture-
driven actuators have attracted a growing interest as a result of the widespread presence and
ease of use of humidity. Nevertheless, the rapid acquisition and large-scale application of the
moisture-driven actuators is still difficult since synthesis process of humidity-sensitive
materials is time-consuming and complex. In this paper, we proposed a facile and rapid method
to prepare double-layer moisture-driven actuators by integrating commercial humidity-
sensitive Nafion ™ membrane and polyimide (P1) tape with good stability. Compared with
other double-layer moisture-driven actuators, the so-obtained actuator has excellent
performance in both the bending curvature (from -0.98 cm™ to 5.34 cm™) and the response
speed (0.29 cmY/s). Through programmable structure design, a series of functional structures
with complex deformation modes, i.e. torsion and bending, were realized. By imitating
organisms like birds, vines, inchworms and ants, a series of soft robots have been developed
based on the programmable structures to achieve behaviors including grasping, crawling and
weight-bearing. The proposed programmable moisture-driven actuators have shed light on the
fast development of environmental-friendly functional microrobots making use of ambient

humidity.
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1.Introduction

Microrobots in centimeter scale with autonomous and continuous motion have
considerable potential in the fields of healthcare, environment, and military applications ).
Nevertheless, how to provide the energy supply for microrobots is still a serious challenge.
Compared with on-board battery devices, using natural energy from the environment to drive
microrobots is a more effective and environmentally friendly approach, for example using
humidity, heat, light, magnetic field and so on [2-4]. In this aspect, a great deal of inspiration can
be drawn from the flora and fauna of nature. For example, the scales of pine cones can open
and close according to the change of humidity. Sunflowers can change the facing direction
corresponding to the irradiation of the sun. Migratory birds can migrate seasonally according
to the guidance of the geomagnetic field. Inspired by the stimulus-response mechanism of these
organisms, many soft actuators that can deform under the stimulation of natural energy have
been developed, including moisture-driven s, ], light-driven [7, 8], thermal-responsive 9, 10] and
magnetic-responsive actuators [i1, 121, which have been widely used in soft robots [13, 14,
intelligent clothing 15, 16), and photoelectric control 17, 18). Among them, moisture-driven
actuators have attracted a growing interest due to their unique capability of the biomimetic
movements and interfacing with biological environments since proposed in 1997 [19].

Moisture-driven actuators usually achieve deformation by utilizing the hygroscopic
swelling properties of humidity-sensitive materials, such as graphene oxide (GO) [20-221, MXene
123, 24], cellulose [25, 26], chitosan [27, 281 and some synthetic polymer materials [29, 30;. However,
the synthesis process of moisture-driven actuators using these materials is time-consuming and
complex, which greatly limit the rapid acquisition and large-scale application of the moisture-
driven actuators. Therefore, a facile and rapid preparing method with low cost is an urgent need.
It seems to be an effective way to use some commercial humidity-sensitive materials to prepare

moisture-driven actuators. For example, Mu et al. (311 prepared a kind of vapor actuator through



selective forming method of spraying a layer of perfluorosulfonic acid (PFSA, also known as
Nafion) solution on a PET inert substrate, which can realize 2D and 3D deformation. Compared
with other synthetic humidity-sensitive materials, Nafion is not only easy to obtain, but also
has good hygroscopic deformation ability. Hence in this work, a facile and rapid method was
proposed by using commercial Nafiontm membrane as the humidity-sensitive layer and
combined with polyimide (P1) tape to prepare a moisture-driven actuator.

In terms of the structure, moisture-driven actuators can be divided into single-layer
actuators and double-layer actuators according to whether there is a restricted layer. It is
understood that the deformation of single-layer moisture-driven actuator depends on the
humidity gradient and the water molecules on the hygroscopic side will begin to migrate to the
other side over time to make the water distribution uniform, leading to the actuator return to
original shape. Compared with single-layer actuators, double-layer actuators can produce more
stable and larger deformation. However, the bending deformation of the double-layer actuator
only can no longer meet the complex action requirements of the moisture-driven actuators, and
it is necessary to further enrich the deformation behavior through programmable structure
design. At present, there are two kinds of methods to conduct programmable structure design
for moisture-driven actuators, one is to control the structure uniformity of the humidity-
sensitive layer to enable uneven deformation after moisture absorption 32,331. The other is to
control the two-dimensional shape of the hygroscopic surface to make a specific deformation
of the whole actuator [34, 35. In this work, through the programmable design on the surface of
the humidity-sensitive layer, a series of functional structures have been obtained to realize
various deformation, which are applied to different types of soft robots.

In this paper, we demonstrate a moisture-driven actuator that can be fabricated quickly and
cost effectively by making use of a layer of commercial humidity-sensitive film - Nafion and

a layer of humidity-insensitive polyimide (PI) adhesive tape. Firstly, the moisture response



characteristics of single-layer Nafion actuator and its relationship with cation type and
thickness were studied. Subsequently, a double-layer actuator was assembled, the performance
of which was evaluated by changing the thickness, temperature and humidity during
assembling. Furthermore, a series of complex deformations such as bending and torsion were
realized for the double layer actuator through programmable structure design. Finally, the
programmable structures were applied to different soft robots, including a cross-shaped gripper
inspired by eagle claws, a spiral gripper inspired by vines, a crawling robot inspired by

inchworms and a weight-bearing robot inspired by ants.

2.Results and Discussion

Nafion is one type of polymers with good hygroscopic ability, whose molecular formula
is shown in Figure 1 a. The fluorocarbon long chains constitute the backbone of Nafion, and
the short side chains are terminated by sulfonic acid groups, which are hydrophilic groups that
can bind water molecules. Besides, the interior of the Nafion membrane is porous and
connected with irregular nanochannels, as shown in Figure 1.b, which can accommodate a large
number of water molecules. The water in the nanochannels can dissociate the cations at the end
of the sulfonic acid group into hydrated cations that can freely migrate therein. After absorbing
water, the polymer network of Nafion swells by a volume change, as shown in Figure 1.c,
resulting in macroscopic deformation. The specific microscopic physical mechanism is
depicted in Figure S1. When one side of the Nafion membrane absorbs moisture, the
hygroscopic side swells first. Furthermore, the entrance of a large number of water molecules
reduces the cation concentration of the hygroscopic side, so the cations of the back side migrate
by carrying water molecules to the hygroscopic side under the concentration gradient, which
causes the hygroscopic side to expand further and the back side to contract, thereby exhibiting

a bending deformation toward the back side.



Due to the existence of substantial cations in the nanochannels inside the Nafion
membrane, the humidity-sensitive capacity of cations will inevitably affect deformation
characteristics of the actuator. In order to investigate the effects of cation types on the
deformation of Nafion, the moisture response process of Nafion (thickness of 0.051 mm) with
Li+, Na+and K+ were tested respectively. By blowing air with saturated humidity to one side of
the actuator using a humidifier through a tube with a diameter of 1 cm, the deformation of
actuators with different cations were recorded. Among them, the sample with Li+ exhibits the
best moisture-driven performance, which reaches a bending curvature of 2.15 cm™ within 1
second as shown in Figure 1.d, where the curvature is defined as (Bending radian)/(Length of
the actuator). While it takes 3 and 4 seconds to achieve the same deformation respectively for
the samples with Na+and K+ (Figure S2). The bending curvature of the three samples with time
are described in Figure 1.e, in which the sample with Li+ not only has the highest response
speed, but also has the highest recovery speed, which can be attributed to the fact that Li+ has
the strongest ability to bind water molecules [36). In addition, the effects of thicknesses on the
deformation of single-layer Nafion actuator were investigated by taking Nafion membranes
with different thicknesses as the samples (N-112 with a thickness of 0.051 mm, NE-1135 with
a thickness of 0.089 mm and N-117 with a thickness of 0.183 mm, all exchanging Li+), and the
results are shown in Figure S3 and Figure 1 f. It can be seen that the sample with smaller
thickness has larger bending curvature and higher response speed, which is related to the
stiffness change caused by the thickness. Figure 1 g compares the performance of pure Nafion
with other single-layer moisture-driven actuators (the best actuating performance of other
materials from the references are selected, and the numbers of references are marked in
parentheses). It is clear that Nafion has excellent performance both in terms of bending

curvature and response speed.
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Figure 1. a. The molecular formula of Nafion. b. Schematic diagram of the microstructure of Nafion. c. The
swelling of polymer network under the action of water molecules. d. Moisture response process of Nafion
with Li+. e. The curves of bending curvature with time of Nafion with different cations. f. The curves of
bending curvature with time of Nafion with different thickness. g. Performance comparison the of pure

Nafion with that of other single-layer moisture-driven actuators.

In view of the superior moisture absorption ability of Nafion, we chose it as the moisture
sensitive layer to fabricate the bilayer actuator by connecting with a layer of humidity
insensitive material. In this work, PI tape with good humidity insensitivity and thermal stability
(RHL 125304, thickness of 0.03 mm £ 0.01 mm, where the thickness of PI substrate is 0.0125

+ 0.005 mm and the thickness of adhesive layer is 0.0175 &= 0.005 mm) is selected as the

binding layer of the double-layer actuator. Figure 2 a shows a very facile and rapid process to

prepare a double-layer actuator. One side of the Nafion membrane was treat with sandblasting



and then bond to the PI tape. Sandblasting process can effectively improve the surface
roughness of Nafion, thus enhancing the adhesion between Nafion layer and Pl tape layer.
Figure 2 b shows that sand blasting can increase the adhesion between layers from 315.7 kPa
to 350.2 kPa. The appearance of the prepared double-layer actuator is shown in Figure 2 c. As
can be seen from the cross section observed by the electron microscope (Figure 2 d), the
connection between the layers is very tight and there are no gaps (the thickness of the PI tape
is 0.026 mm and the thickness of Nafion is 0.183 mm), which ensures good working
performance of the Nafion/PI actuator. The working mechanism of the Nafion/PI moisture-
driven actuator is shown in Figure 2 e. When the humidity is higher than the assembly humidity
(relative humidity where the actuator is assembled), the Nafion layer swells and then bends to
the PI layer side, while when the humidity is lower than the assembly humidity, the Nafion
layer shrinks and then bends to the spontaneous side, resulting in bidirectional deformation.
Figure 2 f shows the deforming behavior of the prepared double-layer actuator on different

surfaces, which remains flat on dry gloves while curls on wet hands.
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Figure 2. a. Preparing process of Nafion/PI actuator. b. The effect of roughening on the adhesion between
layers. c. The appearance of the prepared double-layer actuator. d. The cross section of the actuator observed

by the microscope. e. The working mechanism of the Nafion/Pl moisturedriven actuator. f. The deforming

behavior of the prepared on different surfaces.

In order to illustrate the performance of the prepared double-layer actuator, the bending
curvature of the actuator was tested in different environments with various humidity. Figure 3
a show the bending deformation of the double-layer actuator with a Nafion layer of 0.051 mm

(the size of the cantilever structure is 5 mm X 25 mm) in environments with different stable

humidity. When the humidity is higher than 50%, the actuator bends to the Nafion side, while



when the humidity is less than 30%, the actuator bends to the PI side, indicating that the
actuator can achieve bidirectional deformation. The effects of thickness on the performance of
the double-layer actuator were also investigated. Figure S4 shows the deformation of the
double-layer actuator with 0.089 and 0.183 mm Nafion layers. It can be seen that the
deformation of the actuator decreases as thickness of Nafion layer increases. Figure 3 b
compares the bending curvature of double-layer actuators with of Nafion layers of different
thickness. As the thickness increases, the bending curvature shows a decreasing trend. In
addition, the bending curvature range of the bidirectional deformation is also related to
assembly humidity. Figure S5 shows the bending deformation of the double-layer actuator
assembled in 70% RH. When the humidity is higher than 70%, the actuator bends to the Nafion
side, while when the humidity is less than 70%, the actuator bends to the PI side. Figure 3 ¢
compares the range of bending curvature for the actuators assembled at 40% RH and 70% RH,
respectively. It can be seen that the range of deformation appears to shift only along the ordinate
without a change in margin. The switching point from the negative angle to the positive angle
is determined by the assembly humidity, which means that we can program the deformation
range of the double-layer actuator by changing the assembly humidity, which we call state
programming. To demonstrate the stability of the prepared double-layer actuator, the sample
with a 0.051 mm Nafion layer were tested between 22% RH and 74% RH for 100 cycles, and
the results are shown in Figure 3 d. It can be concluded that the deformation range of the
prepared humidity actuator does not change significantly with the increase of operation
duration, indicating a good stability. Since temperature also affects the ambient humidity, the
deformation of the actuator was tested when exposed on water with different temperatures, as
shown in Figure 3 e. As the temperature increases from 20 °C to 80 °C, the bending curvature
of the actuator also increases from 3.14 cm™ to 4.71 cm™. This is because the increase in

temperature with lead higher saturation water vapor pressure, and more water molecules can



be accommodated in the air, so that the actuator can absorb more water molecules to achieve
greater deformation. Figure 3 f depicts the variation of the bending curvature of the actuator
with temperature, there is an approximately linear

relationship between them.

Moreover, the response speed of actuators with Nafion layers with different thickness were
also tested (the method is the same as the single-layer actuator). It can be identified from Figure
3 g that the actuator with thinner Nafion layer has a faster response speed and recovery speed.
This is because the increase in the thickness of the moisture sensitive layer results in the need
to absorb more water molecules to achieve the same deformation. By comparing with the
performance of other double-layer actuators in Figure 3 h (the best actuating performance of
other double-layer actuators from the references are selected, and the numbers of references
are marked in parentheses), it can be seen that the prepared Nafion/Pl moisture-driven actuator
has excellent performance in both the maximum bending range and the response speed. On the
one hand, the hydrophilic groups in most humidity-sensitive materials are hydroxyl groups,
such as graphene oxide, cellulose and chitosan [20, 25, 277, which are connected with water
molecules through hydrogen bonds. While in Nafion, it is the sulfonic acid group that has the
hygroscopic property, which is mainly combined with water molecules through ionic bonds.
Since the hydrophilicity of ionic bonds is stronger than that of hydrogen bonds, the water
absorption capacity of sulfonic acid groups is stronger than that of hydroxyl groups, which
endows the double-layer actuator with high response speed. On the other hand, the cations in
Nafion like Li+ are also hygroscopic and can combine with multiple water molecules to form
hydrated cations [3s), which greatly increases the number of absorbed water molecules. In
addition, there are a large number of nano channels for water molecules transmission inside

Nafion 313, which can accommodate a large number of water molecules. Therefore, the double-



layer actuator with Nafion has a larger hygroscopic deformation compared with actuators based

on other humidity sensitive materials.
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Figure 3. a. The bending deformation of the double-layer actuator with a Nafion layer of 0.051 mm in
environments with different stable humidity. b. The bending curvature of double-layer actuators with of
Nafion layers of different thickness. c. The bending curvature of the actuators assembled at 40% and 70%
humidity. d. The stability of the prepared double-layer actuator. e. The deformation of the actuator exposed
to water at different temperatures. f. The variation of the bending curvature of the actuator with temperature.
g. The curves of bending curvature with time of actuators with Nafion layers of different thickness. h.

Performance comparison of the prepared actuator with that of other double-layer moisture-driven actuators.



In order to achieve more complex deformation of the prepared double-layer actuator, the
programmable structure is designed by mask pasting. As shown in Figure 4 a, the PI strip tape
is attached to surface on the moisture-absorbing side of the double-layer actuator at the same
interval. At this time, only the exposed Nafion surface can absorb moisture and deform, while
the area covered by PI tape cannot actively deform. Therefore, samples cut in different
directions can achieve different actions due to uneven deformation. The samples cut according
to the four different ways of 1-4 can achieve four kinds of deformation, including left rotation
torsion, right rotation torsion, bending along the length direction and bending along the
thickness direction, as shown in Figures 4 b-e, respectively. In addition, other structural
deformations can be achieved by designing the hygroscopic surface. For example, "S" type
deformation can be achieved by sticking two strips of Pl tape asymmetrically on both sides of
the Nafion (Figures 4 f). While sticking two discontinuous PI tapes on the same side of Nafion
can realize the "U" type deformation of rotating around a fixed point (Figures 4 g), which is

similar to the revolute pair in the mechanical hinge structure.
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Figure 4. a. The PI strip tape is attached to surface on the moisture-absorbing side of the double-layer
actuator at the same interval. b. Deformation of left rotation torsion. c. Deformation of right rotation torsion.
d. Deformation of bending along the length direction. e. Deformation of bending along the thickness

direction. f. "S" type deformation of the actuator. g. "U" type deformation of the actuator.

Based different programmable structures, we further developed a series of bionic soft
robots with different functions. Inspired by the claws of birds, we designed a cross-shaped

flexible gripper that can grasp blocky objects, as shown in Figure 5 a. A typical grasping



process is shown in Video S1 and Figure 5 b, where the mass of the gripper is 26 mg and that
of the grasped foam is 28 mg. First, the gripper is close to the foam and bends under high
humidity to grip the foam. Then the foam is transferred from container 1 to container 2. After
the high humidity field is removed, the gripper returns to the original state and the foam is laid
down. However, this kind of gripper can only grasp blocky objects, and it is difficult to grasp
columnar objects. Therefore, a spiral gripper was designed inspired by vines. As shown in
Figure 5 c, the gripper is similar to the programmable structures 1 and 2 in Figure 4, and can
be twisted under the action of humidity. A complete grab process is shown in Video S2 and
Figure 5 d, and a stick with a mass of 720 mg was grabbed by a gripper of 17 mg. First, the
gripper is brought close to the stick and twisted under the action of high humidity to tightly
wrap the stick. Then the stick is transferred from beaker 1 to beaker 2. Finally, the high
humidity is removed, the gripper relaxed and the stick is put down. Besides, by mimicking the
crawling process of an inchworm, a crawling robot was designed (Figure 5 €), which can move
forward on a surface with unidirectional friction. The crawling process of the robot is shown
in Video S3 and Figure 5 f. When the humidity increases, the curvature of the robot increases.
Due to the directional friction characteristics of the contact surface, the front end of the robot
does not move and the rear end moves forward. When the humidity is removed, the curvature
of the robot decreases. At this time, the back end is anchored, and the front end moves forward.
The above motions complete locomotion cycle. The crawling robot moves forward for 57 mm
in 60 s, with an average speed of about 1 mm/s. With the increase of the driving frequency, the
moving speed can be further increased. At present, the driving force of most humidity actuators
is very small due to the small mass and low modulus, so the existing humidity-driven robots
basically do not have good load-bearing capacity. Therefore, inspired by the weight-bearing
behavior of the ants, we designed a bionic weight-bearing robot, whose structure is shown in

Figure 5 g. With four deformable joints as the supporting legs and the middle part as the weight-



bearing platform, a bearing robot of 180 mg can fully lift an object of 5 g under the action of
humidity (Figure 5 h), or even barely lift objects of 10 g (Figure 5 i). The full process can be

seen from Video S4. In the pre-deformed state (Figure 5 j), the robot can easily carry a load of

60 g. The structure does not tilt until the load reaches 80 g.

Figure 5. a. The cross-shaped flexible gripper inspired by the claws of birds. b. A typical grasping process

using the cross-shaped gripper. c. The spiral gripper inspired by vines. d. A complete grab process using the



spiral gripper. e. The crawling robot inspired by inchworms. f. The crawling process of the robot. g. The
bionic weight-bearing robot inspired by ants. h. The bearing robot lifts an object of 5 g. h. The bearing robot

lifts an object of 10 g. j. The weight-bearing capacity of the robot in the pre-deformed state.

3.Conclusion

In this work, a facile and rapid method was proposed to prepare double-layer moisture-driven
actuators with high performance, in which Pl with good humidity insensitivity and thermal
stability is selected as the binding layer, while Nafion is selected as the active layer for its high
response speed and bending curvature compared with other humidity-sensitive materials. The
prepared double-layer actuator has bidirectional deformation capability and good stability, the
deformation range of which can be controlled by changing the thickness of the Nafion layer
and the assembly humidity. Compared with other double-layer moisture-driven actuators, the
prepared actuator not only has large bending curvature (from -0.98 cm™ to 5.34 cm™) but also
has high response speed (0.29 cm™/s). Through programmable structure design, a series of
complex deformations were realized, including torsion, bending, "S" and "U" shaped
deformation. By imitating organisms like birds, vines, inchworms and ants, a series of soft
robots have been developed using the programmable structures to achieve behaviors including
grasping, crawling, weight-bearing. The proposed preparing method with high speed and low
cost and the realization of abundant functions for soft robots have shed light on the
development of environmental-friendly functional microrobots obtaining energy supplement

from ambient humidity.

4.Experiment Section
Materials: Nafion membranes with thickness of 0.051 (N-112), 0.89 (NE-1135) and 0.183 (N-

117) mm were purchased from Dupont™ (USA). PI tape (RHL 12530#) was purchased from



RUNSEA Co., Ltd (Shenzhen, China). Auxiliary reagents including HCI, LiOH, NaOH, KOH,
CH3COOK, NaCl and allochroic silicagel were obtained from J&K Chemical Inc. (Beijing,

China).

Preparation of single-layer actuator: The Nafion membrane was treated with ultrasonic
cleaning (60°C, 60 min), acid boiling (HCI solution with a concentration of 2mol/L, 95°C, 30
min) and DI water boiling (95 °C, 30 min) in order. Then it was soaked in 0.2 mol/L alkali

solution (LiOH, NaOH or KOH) for 2 h to conduct cations exchange.

Preparation of double-layer actuator: First, one side of the single-layer actuator was polished
by sandblasting (sand-size of 220#, pressure of 0.4 MPa, time for 60s). Then the roughened
surface was rinsed with deionized water to remove the sand. Finally, when the water on the

roughened surface is volatilized, it was bonded with the PI tape.

Characterization and measurement: The cross section of the double-layer actuator was
observed by ZEISS Sigma 500 field emission scanning electron microscope. The images and
videos were captured by a digital camera (XIAOMI 10S). Changes in humidity are detected by
a hygrometer (SMART SENSORe AR837). The humidity during the bending curvature test of
the double-layer actuators (the size of the cantilever structure is 5 mm X 25 mm) under a
certain humidity is obtained by placing deionized water or allochroic silicagel in a closed box.
Stable humidity of 22% RH and 74% RH in the stability test passed was obtained from the
saturated salt solution of CH3COOK and NaCl, respectively. The response speed of both single-
layer actuators and double-layer actuators are tested by blowing air with saturated humidity
through a tube with a diameter of 1 cm to the actuator of the cantilever (the size of the cantilever

structure is 3 mm X 15 mm) using a wireless humidifier (HUMIDIFIER BP2). The crawling



robot was driven by blowing air through a tube connected to the humidifier, and other robots

were directly driven by the wireless humidifier.

Acknowledgements
This research was supported by the National Natural Science Foundation of China (51975184),
the National Key Research and Development Program of China (2020YFB1312900). The

authors gratefully acknowledge the supports.

References

1. Hu Y, Yang L, Yan Q, et al. Self-Locomotive Soft Actuator Based on Asymmetric Microstructural
Ti3C2Tx MXene Film Driven by Natural Sunlight Fluctuation. ACS Nano 2021, 15, 5294-5306.

2.Zhao Z,Hwang Y, Yang Y, et al. Actuation and locomotion driven by moisture in paper made with natural
pollen. PNAS 2020, 117(16), 8711-8718.

3.Yang L, Chang L, Hu Y, et al. An Autonomous Soft Actuator with Light-Driven Self- Sustained Wavelike
Oscillation for Phototactic Self-Locomotion and Power Generation. Adv. Funct. Mater. 2020, 30(15),
1908842.

4. Ke Ni, Qi Peng, Enlai Gao, et al. Core—Shell Magnetic Micropillars for Reprogrammable Actuation. ACS
Nano 2021, 15, 4747—4758.

5. Weng M, Zhou P, Chen L, et al. Multiresponsive Bidirectional Bending Actuators Fabricated by a Pencil-
on-Paper Method. Adv. Funct. Mater. 2020, 26(40), 7244—7253.

6. Wang W, Zhang Y, Han B, et al. A complementary strategy for producing moisture and alkane
dualresponsive actuators based on graphene oxide and PDMS bimorph. Sens. Actuators B Chem. 2019, 290,
133-139.

7. Hu Y, Ji Q, Huang M, et al. Light-Driven Self-Oscillating Actuators with Phototactic Locomotion Based

on Black Phosphorus Heterostructure. Angew. Chem. Int. Ed. 2021, 60, 2-9.



8. Zhang J, Sun D, Zhang B, et al. Intrinsic carbon nanotube liquid crystalline elastomer photoactuators for
high-definition biomechanics. Mater. Horiz. 2022, 9, 1045.

9. Mishra A, Wallin T, Pan W, et al. Autonomic perspiration in 3D-printed hydrogel actuators. Sci. Robot.
2020, 5, eaaz3918.

10. Zadan M, Patel D, Sabelhaus A, et al. Liquid Crystal Elastomer with Integrated Soft Thermoelectrics for
Shape Memory Actuation and Energy Harvesting. Adv. Mater. 2022, 34, 2200857.

11. Xu C, Yang Z and Lum G. Small-Scale Magnetic Actuators with Optimal Six Degrees-of-Freedom. Adv.
Mater. 2021, 33, 2100170.

12. Zhu Y, Song Y, Cao Z, et al. Magnetically Actuated Active Deep Tumor Penetration of Deformable
Large Nanocarriers for Enhanced Cancer Therapy. Adv. Funct. Mater. 2021, 31,

2103655.

13. Shin B, Ha J, Lee M, et al. Hygrobot: A self-locomotive ratcheted actuator powered by environmental
humidity. Sci. Robot. 2018, 3, eaar2629.

14. Dong Y, Wang L, Xia N, et al. Multi-stimuli-response programmable soft actuators with sitespecific and
anisotropic deformation behavior. Nano Energy 2021, 88, 106254.

15. Wang W, Xiang C, Liu Q, et al. Natural alginate fiber-based actuator driven by water or moisture for
energy harvesting and smart controller applications. J. Mater. Chem. A 2018, 6, 22599.

16. Li X, Ma B, Dai J, et al. Metalized polyamide heterostructure as a moisture-responsive actuator for
multimodal adaptive personal heat management. Sci. Adv. 2021, 7, eabj7906.

17. Zhou P, Chen L, Yao L, et al. Humidity- and light-driven actuators based on carbon nanotubecoated
paper and polymer composite. Nanoscale 2018, 10, 8422.

18. Chen H, Ge Y, Ye S, et al. Water transport facilitated by carbon nanotubes enables a hygroresponsive
actuator with negative hydrotaxis. Nanoscale 2020, 12, 6104.

19. Okuzaki H, Kuwabara T, Kunugi T. A polypyrrole rotor driven by sorption of water vapour. Polymer
1997, 38(21), 5491-5492.

20. Ge Y, Cao R, Ye S, et al. A bio-inspired homogeneous graphene oxide actuator driven by moisture
gradients. Chem. Commun. 2018, 54(25), 3126—3129.

21. Castaldo R, Lama G, Aprea P, et al. Humidity-Driven Mechanical and Electrical Response of

Graphene/Cloisite Hybrid Films. Adv. Funct. Mater. 2018, 29(14), 1807744.



22. MaJ, Mao J, Han D, et al. Laser Programmable Patterning of RGO/GO Janus Paper for Multiresponsive
Actuators. Adv. Mater. Technol. 2019, 4(11), 1900554.

23. Wang J, Liu Y, Cheng Z, et al. Highly Conductive MXene Film Actuator Based on Moisture Gradients.
Angew. Chem. Int. Ed. 2020, 59, 14029-14033.

24. Wei J, Jia S, Wei J, et al. Tough and Multifunctional Composite Film Actuators Based on Cellulose
Nanofibers toward Smart Wearables. ACS Appl. Mater. Interfaces 2021, 13, 38700—38711.

25. Wei J, Jia S, Guan J, et al. Robust and Highly Sensitive Cellulose Nanofiber-Based Humidity Actuators.
ACS Appl. Mater. Interfaces 2021, 13, 54417-54427.

26. Li X, Liu J, Li D, et al. Bioinspired Multi-Stimuli Responsive Actuators with Synergistic Color- and
Morphing-Change Abilities. Adv. Sci. 2021, 8, 2101295.

27. Zhang Y, Jiang H, Li F, et al. Graphene oxide based moisture-responsive biomimetic film actuators with
nacre-like layered structures. J. Mater. Chem. A 2017, 5, 14604.

28. Xu H, Xu X, Xu J, et al. An ultra-large deformation bidirectional actuator based on a carbon
nanotube/PDMS composite and a chitosan film. J. Mater. Chem. B 2019, 7, 7558.

29. Lv C, Xia H, Shi Q, et al. Sensitively Humidity-Driven Actuator Based on Photopolymerizable PEG-
DA Films. Adv. Mater. Interfaces 2017, 4(9), 1601002.

30. Chen Q, Yan X, Lu H, et al. Programmable Polymer Actuators Perform Continuous Helical Motions
Driven by Moisture. ACS Appl. Mater. Interfaces 2019, 11, 20473—20481.

31. Mu J, Wang G, Yan H, et al. Molecular-channel driven actuator with considerations for multiple
configurations and color switching. Nat. Commun.2018, 9, 590.

32.LiJ, Mou L, Zhang R, et al. Multi-responsive and multi-motion bimorph actuator based on super-aligned
carbon nanotube sheets. Carbon 2019, 148, 487—495.

33. Chen Q, Qian X, Xu Y, et al. Harnessing the Day—Night Rhythm of Humidity and Sunlight into
Mechanical Work Using Recyclable and Reprogrammable Soft Actuators. ACS Appl. Mater. Interfaces
2019, 11, 29290—29297.

34. Cakmak O, Tinay H, Chen X, et al. Spore-Based Water-Resistant Water-Responsive Actuators with High
Power Density. Adv. Mater. Technol. 2019, 4(8), 1800596.

35. Dong Y, Wang J, Guo X, et al. Multi-stimuli-responsive programmable biomimetic actuator. Nat.

Commun.2019, 10, 4087.



36. Wang Y, Tang G, Zhao C, et al. Experimental investigation on the physical parameters of ionic polymer

metal composites sensors for humidity perception. Sens. Actuators B Chem. 2021, 345, 130421.



