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Introduction

Plant biomechanics have become an exciting avenue for tech-
nological advances, especially in the design of soft actua-
tors.!”® Physicochemical understanding of plant motion mech-
anisms allows for a unique perspective in creating devices that
mimic dynamic and adaptive behaviors of plants that have
survived for billions of years. These innovations can play
significant roles in fields, such as robotics,”'* biomedical
devices,'"!? and stimuli-responsive materials.'>'*

Unlike animals, plants lead a sedentary lifestyle due to their
roots, which absorb water and essential inorganic substances
from the soil for survival.!>"!7 While these roots enable the
absorption of vital resources, they also limit the mobility of
plants. To adapt to this lifestyle, plants have evolved strategies
to mitigate rather than evade. Specifically, plants lack the cen-
tralized systems found in animals, which oversee the overall
conditions of the individual.'® For example, plants do not have
supplementary organs, such as the nervous and circulatory
systems. They also lack muscles, which severely limits their
ability to generate movement. This simplicity increases their
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Unlike animals, plants lack motion-generating systems such as a central nervous system
or muscles, but they have successfully developed mechanisms to sense and respond
to environmental changes, ensuring their survival. Most of their movements rely on the
movement of water into and out of their cells or tissues, which are intrinsically soft and
porous. Understanding and harnessing these natural processes can lead to the development
of environmentally friendly and biocompatible soft actuator systems. This article explains
the strategies employed by plants to generate movement through water transportation,
categorizing them into osmosis-driven and hygroscopic swelling-driven mechanisms.
Additionally, we discuss the latest trends in soft actuators that replicate plant water-utilizing
movements, suggest directions for further development, and provide a review of practical

survival probability, even when parts of them are severed by
predators or natural disasters, and minimizes the cost of repair-
ing or regenerating lost organs.

Interestingly, despite their lack of a central nervous sys-
tem and muscles, plants can sense and react to environmen-
tal changes in ways that promote their survival. They have
evolved ingenious mechanisms for perceiving threats and
responding so as to ensure their survival and reproduction. %%
Understanding how plants achieve this, despite their seem-
ingly simple structure, has been one of major thrusts in recent
advancements in plant biomechanics research.2!"*? This arti-
cle will introduce recent important findings in this respect,
focusing on how plants perceive and respond to environmen-
tal changes without a central nervous system or the ability to
move in the way animals do.

Our exploration will delve into the two main ways plants
harness water to generate motion: osmosis and hygroexpan-
sion. These mechanisms, although reliant on different pro-
cesses, demonstrate the remarkable power and potential of
water as a driving force for motility. We will also discuss the
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latest development of artificial actuators inspired by these
plants. By understanding and harnessing these processes, we
can open the door to a new era of soft actuators that are effi-
cient, adaptable, environmentally friendly, biocompatible, and
scalable. This article will also serve as a foundation for further
R&D in plant-inspired soft robotics.

Osmotic actuation

Osmorsis in plant physiology

Osmosis, a process driven by solute concentration gradients
across semipermeable cellular membranes, enables water mol-
ecules to move from regions of lower to higher solute con-
centration. This movement is induced by a chemical potential
difference or osmotic pressure. In plant cells, this process
manifests itself prominently through the actions of vacuoles.
These large organelles contain a solution of water and various
dissolved substances, such as nutrients and waste products,
and expand by absorbing water through osmosis. The resultant
expansion works synergistically with the rigid cell wall,
unique to plant cells (Figure 1a), to generate high internal
hydrostatic pressure, known as turgor pressure.”> Turgor pres-
sure is integral to several functions, including nutrient trans-
port,”*23 structural support,?*2 and particularly, the facilita-
tion of osmotic movements.

Motor cells in plants are specialized to undergo changes
in their osmotic pressure, which leads to differences in tur-
gor pressure. The changes in turgor pressure directly impact
the cell’s volume and length, causing physical movements or
displacements within the plant. When the turgor pressure of
these motor cells is altered, it can influence the surrounding
nonmotor cells within the same plant organ. This causes the
organ itself to bend. This process, where changes in osmotic
pressure direct plant movements, plays a critical role in many
different types of plant movement. These include the opening
and closing of stomata, a process crucial for gas exchange and
leaf transpiration (Figure 1b),’*>? and the motion of leaves
or flowers by pulvinus motor cells (Figure 1¢).**** In addi-
tion, this mechanism facilitates specialized movements such
as leaf curling in Drosera (Figure 1d),>>>7 and Mimosa leaf
movements (Figure 1e).**° The operation of the Venus flytrap
(Figure 1f),** and movements of stamens and stigmas in
various flowers,* as well as the opening and closing of Utri-
cularia’s bladder trapdoor,*” are also enabled by this osmotic
pressure-driven mechanism.

Principles of osmotic actuation and their application
in soft actuators

Osmosis, essential for plant water transport, offers a prom-
ising actuation mechanism for high-performance soft
actuators. Osmotic actuation, governed by osmotic pres-
sure 7 as described by the van’t Hoff Law (1t = ¢RT), with
R and T, respectively, being the universal gas constant
(8.32 1 K™ mol™) and the temperature,*®*’ predominantly
depends on solute concentration, ¢. Consequently, actuation
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can be modulated by altering the quantity of activated solute
molecules. By adding common salts such as NaCl, KCI, or
NH,Cl with a molar solubility of ~1000 mol m in pure water
under ambient conditions,>® osmotic pressure of ~1 MPa can
be achieved. This surpasses pressures in standard mechani-
cal systems, such as car tires (0.14—0.35 MPa) and residen-
tial water supplies (=0.3 MPa), highlighting the potential of
osmotic actuation in soft actuators (Figure 1g). Plant osmotic
pressure typically ranges from 0.1 to 6 MPa (Figure 1g). Leaf
and root cells register osmotic pressures of 0.25-0.3 MPa>!>2
and up to 0.65 MPa,>> respectively. Movement-related cells
such as stomata’s guard cells and pulvini’s extensor and flexor
cells exhibit pressures of 4 MPa> and 1 MPa,*®"’ respectively.
Notably, Phakopsora pachyrhizi appressoria recorded pres-
sures as high as 5-6 MPa.>®

Turning to osmotic actuation speed, it is determined by
the osmotic water flux, represented by j = K(Ap — o Am),>>%
where K is the membrane’s hydraulic conductivity, Ap is the
hydrostatic pressure difference, and o is the solute’s reflec-
tion (0 <o <1). In an osmotic system encapsulated by an
ideal semipermeable membrane and submerged in a liquid
under atmospheric conditions, the water flux across the mem-
brane, j simplifies to K Ax. The response time, T for osmotic
actuation is scaled as 3/(KAw), where 8 is the plant cell
size. Plant cells (~10 um) display membrane conductivities
of 1073 <K <107 m s™! Pa~1.%! Considering Aw ~ 1 MPa
and K ~ 1072 m s7! Pa™!, these cells yield t ~ 1 5.°' Some
plant cells expedite actuation by increasing osmotic pres-
sure via ion transport, with ion flux rates ranging from 1077 <
J¥ <107 mol m2 571,324 thereby augmenting osmotic pres-
sure by ~10—100 Pa s™!. Thus, osmotic actuation in plant cells
shows impressive energy storage and speed, shedding light on
potential high-performance soft actuator development.

To incorporate osmotic principles into soft actuator design,
we need to separate ionic solutions of different concentrations
while facilitating water movement and inhibiting ion migra-
tion (Figure 2a). Plants achieve this effectively with semi-
permeable membranes, and many osmotic actuators have
emulated this strategy.”%>%° However, artificial systems face
limitations, such as the need for external fluid transfer to alter
solute concentration for tunable actuation and the complex
task of creating a sealed, leak-proof system (Figure 2b). A
recent osmotic actuator attempts to address these issues by
regulating osmotic actuation via the reversible adjustment of
activated solute molecules, using flexible porous carbon elec-
trodes and electric forces (Figure 2¢).” This led to reversible
stiffening and rotation in soft robots. However, the complexity
of fabrication remains challenging, hindering the scale-down
of systems crucial for high actuation speeds.

Hydrogels, intrinsically capable of leveraging osmosis,
have significant advantages in addressing these fabrication
complexities. In the subsequent sections, we will explore
hydrogel actuators, focusing on understanding how they
leverage osmosis, the methods they employ to generate
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Figure 1. (a) Development of turgor pressure, p, through osmosis in an isolated plant cell with a rigid structural component, the cell wall.
(b) Closed and open stomata from the epidermis of Commelina benghalensis. Adapted with permission from Reference 31. © 2011 Else-
vier. (c) Main pulvinus of Mimosa pudica showing the changes from its open state to closed state after mechanical stimulation. Adapted
with permission from Reference 33. © 2000 Springer Nature. (d) Drosera stolonifera with open leaves and leaves folded to capture prey.
(e) Mimosa pudica before and after touch stimulation. (f) Venus flytrap (Dionaea muscipula) with its trap in open and closed states. (d—f)
Photos by B.A. Rice (2018). The Carnivorous Plant FAQ v.12. https://www.sarracenia.com/fag.html. (g) Comparison of hydrostatic pres-
sures of plant cells and common mechanical systems, such as car tires and residential water supplies.

actuation, and a brief analysis of the actuation speed and
power output characteristics.

Hydrogel actuators

Hydrogels are cross-linked, hydrophilic polymer chains that
function as solutes, creating an intrinsic osmotic pressure dif-
ference between the materials interior and exterior. As illus-
trated in Figure 3a, hydrogels can absorb water and expand
their volume due to this osmotic pressure. Beyond this osmotic
expansion capability, hydrogels also exhibit tunable mechani-
cal properties, biocompatibility, transparency, and sensitivity
to various external stimuli. Combined with their ease of fabri-
cation, these properties make hydrogels appealing for efficient
and high-performance soft actuators.

The performance of hydrogel actuators hinges signifi-
cantly on the hydrogel’s swelling behavior, which is repre-
sented by the swelling ratio reflecting the fractional volume
increase due to water absorption. This behavior is primar-
ily governed by such factors as osmotic pressure, electrical
potential, and hydrogel stress. Here, the osmotic pressure
and electrical potential are highly related to the surround-
ing environmental conditions, including both chemical (pH,
ions, and solvent composition) and physical (temperature,
light, mechanical stress, and electric field) stimuli.®%¢7

Microstructural characteristics of hydrogels, such as the
type and concentration of monomers, the type and density
of cross-links, and porosity, significantly impact the hydrogel
stress and thus are also crucial determinants of their swelling
behavior.%%¢?

External stimulus-driven actuation

The behavior of hydrogel actuators can be modulated by vari-
ous external stimuli, including water,”®”! pH,”>7® tempera-
ture,’* light,75 76 electric fields,”” and enzymes78 allowing for
the creation of a diverse range of stimuli-responsive systems.
The most intuitive, hydro-responsive hydrogel actuator was
presented by Yang et al.”” wherein the hydrogel was localized
at the system’s tip. The localized swelling and shape changes
upon contact with water led to application in microneedles for
tissue mechanical interlocking (Figure 3b).

Using the pH-responsive swelling property of hydrogels,
Beebe et al.”> developed autonomous flow-regulating valves
in microchannels that react adaptively to environmental condi-
tions. Similarly, Shastri et al.”> developed hydrogel actuators by
embedding polymeric micro-fins within pH-responsive hydro-
gels. These actuators mimic muscle action through pH-triggered
swelling and shrinking, resulting in reversible micro-fin bend-
ing. When paired with a molecule-specific binding element on
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the fin tips, these actuators efficiently capture, transport, and
separate biomolecules within a microfluidic system (Figure 3c).

Temperature-responsive hydrogel actuators, paired with the
tunable swelling ratio and superior transparency of hydrogels,
were used in a liquid lens system. This system focuses autono-
mously by adjusting droplet shape and focal length in response
to the temperature (Figure 3d).”*

Furthermore, external stimuli such as light, electric fields,
and enzymes can modulate the hydrogel’s microstructural
parameters. One example of such manipulations is controlling
the local degree of cross-linking, thereby achieving spatially
patterned swelling via UV exposure (Figure 3e).”>’® Another
approach, termed “ionoprinting,” promotes localized cation
binding within anionic hydrogels via a controlled electrical
potential to a patterned anode. This method modulates the
local swelling ratio via the regulated imprinting depth, lead-
ing to controlled curvature (Figure 3f).”” Further, in hybrid
gels with both enzyme-responsive and nonresponsive polymer
chains, specific enzymes can selectively degrade the respon-
sive chains, thereby reducing stiffness and enabling shape
transformation.’® These advancements offer a wider potential
for complex, precise movements in soft robotics, including
elongation, bending, folding, twisting, and locomotion.

Microelement-embedded actuation

Alternative methods to achieve precise and complex move-
ments in hydrogel actuators involve the use of embedded
microelements. A notable application of this method is seen in
the use of microelements serving as directional constraints. In
one such implementation, stiff cellulose fibrils were embedded
and aligned within hydrogels during the 3D printing process
(Figure 3g). This resulted in localized anisotropy, enabling the

actuator to morph into predefined complex 3D structures upon
water immersion.”

In addition, microelements can serve as actuation drivers.
Kim et al.3° used co-facially oriented electrolyte nanosheets
as actuation drivers within a hydrogel actuator. The notable
aspect of this mechanism was the temperature-modulated elec-
trostatic interactions between nanosheets, causing significant
elongation and contraction of the hydrogel (Figure 3h). Simi-
larly, Liu et al.! introduced small superabsorbent particles
into a hydrogel shell membrane to create a device with a high
swelling ratio and long-term robustness. The device, designed
to be ingested such as a regular-sized pill, rapidly expands into
a large, soft sphere upon exposure to water and maintains its
integrity in the stomach for up to a month despite repeated
mechanical stresses.

Actuation speed and forces in hydrogel actuators

Actuation speed is a critical attribute of actuators. For hydro-
gel actuators, the actuation speed is primarily determined by
the rate of swelling, which is linked to the actuator size and
hydrogel’s permeability—a property influenced by its micro-
structure, including porosity, individual pore size, and pore
geometry. Several strategies have been proposed and imple-
mented to enhance the actuation speed of these actuators.
A straightforward and common method is scaling down to
minimize the effective diffusion length. Techniques such as
the fragmentation of a large hydrogel component into numer-
ous small particles,’! or size reduction of the actuator’” were
employed to this end. Another speed enhancement strategy
focuses on modifying the gel’s microstructure. Yoshida et al.,%?
for example, succeeded in inducing rapid deswelling of a
hydrogel by tailoring the gel’s architecture at the molecular
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Figure 2. (a) Osmotic flow with the flux j across the semipermeable membrane. (b) A soft actuator design comprising two chambers, each with

different ion concentrations, separated by a semipermeable membrane. The hydrostatic pressure driven by osmosis results in deformation of soft
membrane. Adapted with permission from Reference 62. © 2014 Sinibaldi et al. (c) A soft osmotic actuator realizing tunable actuation by regulat-
ing osmotic pressure through the reversible adjustment of activated solute molecules using flexible porous carbon electrodes and electric forces.

Adapted with permission from Reference 7. © 2019 Springer Nature.
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Figure 3. (a) Hydrogel, composed of 3D hydrophilic polymer networks, absorb water by osmosis and swell. (b) A hydro-responsive hydrogel actua-
tor developed by Yang et al.”® Adapted with permission from Reference 70. © 2013 Springer Nature. (c) A pH-responsive hydrogel actuator having
polymeric micro-fins embedded within the hydrogels. Adapted with permission from Reference 73. © 2015 Springer Nature. (d) Liquid lens system
based on temperature-responsive hydrogel actuators. (Scale bar: 1 mm) Adapted with permission from Reference 74. © 2006 Springer Nature.

(e) Halftone gel lithography process using a photo-cross-linkable hydrogel. Spatially patterned swelling achieved through local UV exposure.
Adapted with permission from Reference 76. © 2012 AAAS. (f) “lonoprinting” technique that achieves controlled swelling ratio by imprinting ions
via electric fields. (Scale bar: 3 mm) Adapted with permission from Reference 77. © 2013 Springer Nature. (g) Embedding of stiff cellulose fibrils
within hydrogels for localized anisotropy. The cellulose fibrils are aligned during the printing process. (Scale bar: 5 mm, inset: 2.5 mm) Adapted with
permission from Reference 79. © 2016 Springer Nature. (h) Thermoresponsive hydrogel actuator with a layered structure of unilamellar titanate (IV)
nanosheets. Significant elongation and contraction of a hydrogel actuator is obtained using co-facially oriented electrolyte nanosheets. Adapted

with permission from Reference 80. © 2015 Springer Nature.

level. Moreover, the actuation speed can be increased by
enhancing imbibition rate through external stimuli, as Na
et al.> demonstrated by combining electro-osmosis with
osmotic flow to achieve rapid movement in a polyelectrolyte
hydrogel actuator. Alternatively, the actuation speed can be
improved by utilizing forces induced by the embedded mate-
rials. A notable example of this approach was shown by Kim
et al.% with nanosheets as actuation drivers in a hydrogel
actuator, as previously mentioned. Furthermore, increasing
actuation speed in hydrogels can be achieved by embedding
structural instability through mechanical property gradients.

Fan et al.®* demonstrate this using hydrogel sheets with dual-
gradient structures, specifically gradients in chain and cross-
linking density along their thickness. This design enables the
accumulation of elastic energy by converting prestored energy,
facilitating fast motion (under 1 s) via its immediate release.
A prevalent challenge in the development of hydrogel
actuators is the tradeoff between actuation speed and force.
Typically, a higher actuation force requires a larger hydrogel,
which in turn, results in a longer response time.** As a result,
hydrogel actuators have often been restricted by either low
actuation speeds (with response times ranging from 10 min to
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10 h) or low actuation forces (ranging from 1 to 10 mN) 808586

However, recent advancements have started to overcome these
limitations. A significant breakthrough was made by Na et al.,
which was inspired by plant cells to design a rapid and strong
hydrogel actuator wrapped by a stiff membrane emulating cell
walls capable of both rapid and strong actuation (Figure 4a).

Limitations and perspective of osmotic actuators
Osmosis in plants has provided an inspiring model for the
design of soft actuators, a concept traditionally realized
via semipermeable membranes paired with ionic solutions.
Despite the scalability and versatility of these actuators, they
are beset with intricate fabrication challenges, largely due
to the complexity of artificially replicating natural osmotic
mechanisms. Recently, hydrogels have emerged as a conveni-
ent and robust material for osmotic actuators owing to their
straightforward fabrication process and inherent osmotic pres-
sure generation capabilities, thereby significantly simplifying
the fabrication complexities associated with traditional actua-
tor designs.

Although hydrogels present promising advantages for
osmotic actuators, their durability remains a paramount con-
cern. For hydrogel actuators to function effectively under
repetitive or high-stress operations, the hydrogels must pos-
sess both toughness and mechanical strength. However, con-
ventional hydrogels often exhibit inherent weaknesses in their
mechanical properties due to factors, such as low polymer
density, an inhomogeneous network, and inadequate inter-
polymer chain friction. This often results in a brittle and

fragile structure when subjected to mechanical loading, pri-
marily because of a lack of an effective energy dissipation
mechanism. Numerous attempts have been made to enhance
mechanical properties by strategically redesigning the network
structure, yet concurrently improving both hydrogel strength
and toughness remains an ongoing challenge. In addition, even
after the successful development of strong and tough hydro-
gels, fabricating these hydrogels into sophisticated 3D struc-
tural elements is needed for the commercialization of highly
advanced hydrogel actuators.

Another challenge lies in achieving the molecular-scale
dimensions essential for bio-related applications. Given the
limitations of current hydrogel fabrication techniques, achiev-
ing these extremely small dimensions remains an elusive goal,
calling for alternative approaches. For these scales, liposome-
based actuators may offer potential solutions. Liposomes,
spherical vesicles composed of phospholipid bilayers, have the
potential for osmotic actuation due to their core—shell structure
separated by a semipermeable layer (Figure 4b).5” " A hand-
ful of examples of these actuators exist, including the work
by Shoji et al.*’ They demonstrated movement of liposome-
inspired actuators by creating a solute concentration differ-
ence at the front and back of the actuators in a microchannel
(Figure 4c), a setup akin to the “osmotic engine model” of
cellular migration.””

As osmosis is fundamentally a specialized form of dif-
fusion, it experiences a decline in efficiency as the scale
increases. To overcome this physical constraint, some plants
such as Venus flytrap*! have evolved to wisely combine
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Figure 4. (a) A hydrogel actuator with hydrogel enclosed by a rigid semipermeable membrane, inspired by plant cells. This design enables both
rapid and strong actuation, thereby overcoming the traditional tradeoff between actuation speed and force in hydrogel actuators. (Scale bar: 2
cm) Adapted with permission from Reference 3. © 2022 AAAS. (b) Liposomes, spherical vesicles composed of phospholipid bilayers, capable of
osmosis due to their inherent structure. (c) “Osmotic engine model” employed in liposome-based actuators within microchannels. Adapted with
permission from Reference 90. © 2014 Elsevier.
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geometry and elasticity of their structures. The hydraulic cellu-
lar processes induce local stress and strain, which is enough to
give rise to snap-through instability of the entire plant organ.
Although efforts to mimic these rapid plant movements in arti-
ficial soft actuators have been made,’*® they face persistent
challenges—ranging from intricate manufacturing processes
and confined movement capacities to the lack of autonomous
technologies permitting reversible mode transitions. These
challenges emphasize the importance of understanding plant
mechanics in-depth and effectively incorporating them into the
next generation of bioinspired soft actuators.

In summary, osmotic actuators, despite their evident poten-
tial in myriad applications, have their own set of challenges.
Continued interdisciplinary research and innovation will be
paramount in overcoming these challenges and unlocking the
full potential of these actuators in various fields.

Hygroscopic actuation

Hygroscopic actuation in plants

Plant structures, including those composed of dead cells and
tissues can display remarkable movements driven by not only
metabolic energy, but also the ambient moisture from their sur-
roundings, the latter phenomenon referred to as hygroscopic
actuation. This process leverages the hygro-responsive char-
acteristics of plant tissues, specifically their cellulosic compo-
nents. Changes in ambient humidity can trigger the swelling
or shrinking of these tissues, causing various deformations
and motions.

The actuation does not rely on turgor pressure, unlike
osmotic-based actuations in living cells that involve various
dissolved substances. Instead, it is the diffusion of water mol-
ecules caused by the humidity difference between tissue and
the atmosphere that drives these movements. Water molecules
diffusing into dry tissue get trapped within hydrophilic groups
present in the cell walls, leading to tissue deformation. Hygro-
scopic actuation does not require a complex structure nor the
use of metabolic energy, yet it operates effectively across a
broad range of humidity levels.

It has been instrumental in the survival and propagation
strategies of various plant species. For instance, the family
of Aizoaceae, known as ice plants, use protective valves that
mechanically open only when they are sufficiently hydrated by
water on their seed capsules to survive and propagate in arid
habitats.”! The resurrection plant (Selaginella lepidophylla)
shown in Figure Sa can survive completely dried for several
years, while its stems are compactly curled to form a spheri-
cal nest-ball shape to protect inner stems. Once hydrated, they
gradually uncurl as programmed and the inner stem can start
photosynthesis again.’?

Plants demonstrate various deformation modes due to
hygroscopic actuation, including bending, helical coiling, and
twisting, all of which can be achieved with a relatively simple
structure. For instance, pine cones use hygroscopic actuation
to bend their scales and disperse seeds when the atmosphere

PLANT-INSPIRED SOFT ACTUATORS POWERED BY WATER

becomes dry (Figure 5b). Certain seeds, such as those from
wild wheat,”® Pelargonium,’** and Erodium,’® use hygro-
scopic actuation to bury themselves in soil either by bending
or helical coiling their long appendages called awns, thereby
creating favorable conditions for germination (Figure 5c—d).

Mechanics of hygroscopic-induced deformations

in plants

The hygroscopic motions, including bending, helical coiling,
and twisting in plant tissues occur due to the hygroscopically
active layer in the tissues. The tissue that generates this move-
ment typically consists of multiple layers of cells whose walls
are wrapped with microfibrils. When tissue is exposed to vari-
ation of surrounding humidity, the cell walls containing hygro-
expansive substances such as pectin and amorphous cellulose
expand perpendicular to the orientation of the inextensible
fibril, which is key to programming the deformation mode,
including bending, helical coiling, and twisting.'” These actua-
tions are usually realized by a simple bilayer structure combin-
ing a hygroscopically active layer with an inactive layer. Due
to the difference in hygroscopic expansion ratio and flexural
rigidity between the combined layers, the bilayer changes its
curvature when the surrounding humidity varies. One of the
primary reasons plants utilize these structures to create move-
ment is because they can maximize the amount of deformation
with minimal resources. Despite its simple structure, the actua-
tion distance achieved by bending is much greater than by
swelling of hygroscopic material itself. For instance, when a
bilayered scale of the pine cone with a length of 20 mm experi-
ences an 80% change in humidity, the tip of the scale can move
approximately 20 mm, while the hygroscopic layer, which is
several hundred micrometers thick, expands only by 3—4% or
a few micrometers compared to its original dry length.”’

The amount of bending actuation caused by a change in
humidity can be predicted through the hygroscopic stress
generated by the gradient of hygroscopic strain in the active
layer. The hygroscopic strain distribution can be obtained
by solving the diffusion equation of moisture. As surround-
ing humidity changes, water molecules diffuse into the
active layer and humidity level inside the layer over time,
¢(z, t) follows the diffusion equation, 0/t = ch2d)/azz,
where ¢ is time, D, is diffusion coefficient, z is the distance
from the outermost surface of the active layer, which is set
to be the reference plane. The total strain in the active layer
is written as €(z,¢) = €¢p — kz — €, Where €, k, and ¢, are
the strain in the reference plane, the bending curvature, and
the hygroscopic strain, respectively. The hygroscopic strain,
€n = oy A¢ linearly increases with the change in humidity,
A, where ay, is the hygroscopic swelling coefficient. From
the constitutive equation written as 0 = Ee, where o and E
denote local stress and elastic modulus, respectively. The
bending force, F and moment, M are obtained by integrating
the local stress, F = [ odz and M = [ ozdz. Assuming zero
external loads, the theory of laminar composites”® allows us to
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Figure 5. Hygroscopic actuation in plants. (a) Curling and uncurling motion of Selaginella lepidophylla known as resur-
rection plant. Adapted with permission from Reference 92. © 2015 Springer Nature. (b) Scales of pine cone responding
to surrounding humidity variation to release its seed under a favorable environmental condition. Seeds of (c) wild wheat
and (d) Pelargonium have long appendages that can make bending and coiling motion to bury themselves into the soil by
repeating bending and coiling motions, respectively. (c) Adapted with permission from Reference 93. © 2007 AAAS.

(d) Adapted with permission from Reference 95 with permission. © 2020 Elsevier.

Wet Dry

write F = Aey — Bk — Fy = 0and M = B¢y — Dk — My =0,
where A = [Edz, B = [Ezdz, D = [ Ez*dz, Fy = [ Eendz,
and M, = [ Eepzdz. Finally, the curvature is given by
kK = (AMy — BFy)/B* — AD. As the humidity distribution in
the active layer is predicted as a function of time, the conse-
quent temporal change of curvature can be obtained.”

The bending deformation of the bilayer
actuator having the total thickness, /4 is sim-
ply expressed as k=oaaAdf(mnh~! with
fm,n) = 6(1+m)?/[3(1 +m)* + (1 + mn) (m* + 1/mn)],
where m and n, respectively, represent the ratios of the active
to inactive layers’ thickness and elastic modulus.'® There is an
optimal combination of the thickness for given layer materials
to generate maximum deformation. But the optimal design
to maximize the bending does not guarantee the maximum
speed of motion. The time required for the active layer to be
fully saturated, £, = hg /D¢ with &, being the thickness of active
layer and D, the vapor diffusivity, increases with the thicker
active layer, meaning that thick actuators are disadvantageous
in terms of actuation speed despite their strong force.

Our physical model reveals that to find the seed awn of
wild wheat needs over 100 s to become fully saturated. It has
active and inactive layers of thicknesses of approximately
200 um and 400 pum, respectively, with high elastic moduli of
10-20 GPa. This design is close to the thickness combination
resulting in maximum deformation when calculated based on
the materials properties of the seed awn. Thus, wild wheat
can generate enough energy to bury its seeds into soil, but its
bending speed is quite low. As wild wheat generates motion by
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harnessing energy from the humidity changes between day and
night, the seed is speculated to have found the optimal balance
between actuation force and response time to make the most
efficient use of these humidity changes.

The hygroscopic actuation of plants allows for various
adjustments in deformation modes, output, and operating
speed by making simple design changes in their simple struc-
tures. Therefore, many attempts are being made to demonstrate
artificial actuators that mimic the movements of plants with
such advantages. In the following, we will introduce various
hygroscopic actuators made from natural materials as well as
synthetically produced polymers.

Hygroscopic bending actuators
One of the initial attempts to create an actuator inspired by the
hygroscopic movement of plants is a bilayer structure com-
prising paper and a polymer sheet as shown in Figure 6a.'"
Paper, a compressed stack of cellulose fibers,'""'%% is one
of the most common hygroexpansive materials. As noted in
Table I, not only the paper, but various materials from nature
such as processed wood>'*® and Bacillus spore'® and artifi-
cially synthesized ones such as liquid crystal,'®!% graphene
oxide,'°”1% and hygroscopic polymers®>!'%~''> have been uti-
lized for building hygroscopic bending actuators as fabricated
via spin coating,''® drop casting,' or dip coating.'”’

In general, the diffusion coefficients of hygroscopic mate-
rials are similar, being on the order of approximately 102
m? s!. To achieve a rapid response, the diffusion coefficient
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Figure 6. Examples of hygroscopic bending actuators. (a) The bilayer actuator consist-

ing of polymer sheet and paper. Adapted with permission from Reference 100. © 2009 The
Royal Society. (b) Directional electrospinning of polymer solution yields the active layer with
porous structure consisting of aligned nanofibers, which enables the fast response. Adapted
with permission from Reference 8. © 2018 AAAS. (c) A composite layer made up of celullose
nanofibers/carbon nanotubes/graphene oxide via vacuum-assisted self-assembly method has
a porous structure having numerous nanochannels, which enables the fast transportation of
water molecules. Adapted with permission from Reference 107. © 2021 American Chemical

Society.

Also, the porous structure with numer-
ous nanochannels formed during the self-
assembly process accelerates the trans-
portation of water molecules through
the sheet. Through these methods, it was
possible to achieve a fast response speed
of thick actuators.

The bending actuators can power
soft robots, which move forward with
the aid of ratchets rectifying the move-
ment in one direction.®!%” They have
been used in soft grippers that deform to
grab objects'% and a cloth maintaining
constant humidity level in its interior.'"”
Moreover, bending actuators made of
wood can be applied to building exte-
riors, enabling them to interact with the
surrounding environment.' 87121

Helical coiling and twisting
actuators

Among hygroscopic deformations exhib-
ited by plants, helical coiling and twist-
ing movements can generate rotation of
thin strip-shaped structures such as seed
awns as shown in Figure 5d. Such rota-
tion enables the seeds to penetrate soft
materials such as soil with lower drag.**%
In the bilayer configuration consisting of
hygroscopically active and inactive lay-
ers, the cell walls in the active layer are
constrained by cellulose microfibrils in
a tilted helix. Individual cylindrical cells
helically coil when dried, leading to col-
lective coiling deformation of the bilayer.
The tilted helices winding up the cell
walls in the active layer can be approxi-
mated as aligned inextensible fibrils that
guide the swelling of extensible matter
only in the direction parallel to the fibrils,
as depicted in Figure 7a. Employing a

of the hygroscopic materials should be improved by adopting
various processes. Shin et al.® formed a porous layer by stack-
ing electrospun poly(ethylene oxide) (PEO) nanofibers (Fig-
ure 6b). As water molecules can travel more freely inside the
porous layer than dense solids, the effective diffusivity of the
layer can increase to ~107'® m? s™'. Furthermore, to increase
the responsivity, one can adopt a composite layer structure
having high surface area-to-volume ratio. Wei et al.!’” fab-
ricated a composite layer consisting of cellulose nanofibers
(CNFs), carbon nanotubes (CNTs), and graphene oxide (GO)
via a vacuum-assisted self-assembly process. Owing to the
superior sensitivity to moisture response of CNFs and GO,
the actuator rapidly responds to humidity change (Figure 6c).

similar approach, multiple techniques for
adjusting the expansion direction have been implemented to
attain helical coiling or twisting motions.

Abraham et al.'?* implemented coiling by wrapping a
sponge with a thread so that the thread would restrict expan-
sion as shown in Figure 7b. Erb et al.''® showed that it is
possible to control the direction of expansion through partial
reinforcement as alumina particles in the uncured hydrogel
were aligned under the magnetic field, while the hydrogel
cures. By irradiating UV light on a shape-memory polymer
sheet, the degree of moisture absorption can be partially varied
by allowing Fe®" ions to exchange electrons with the polymer
(Figure 7¢)."* This method enables the control of the desired
deformation in specific areas. Such actuators are not only
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Table I. Examples of artificial hygroscopic actuators made up of natural and artificial materials.

Type Mode of Deforma- Active Layer
tion
Natural materials Bending Paper
Bacillus spores
Escherichia coli
Bending/Coiling Sponge

Fused granular fabricated wood
Processed wood

Poly(acrylic acid)/poly(allylamine
hydrochloride)

Liquid crystal

Poly(allylamine hydrochloride)/
poly(acrylic acid)

Pentaerythritol ethoxylate—polypyr-
role

Artificially synthe-
sized materials

Bending

Polydopamine-modified Mxene/bac-

terial cellulose nanofiber
Poly(ethylene oxide)
GO/CNF/CNT
Cellulose stearoyl ester
Chitosan/graphene oxide

Bending/Coiling Reinforced alumina hydrogel

Poly(ethylene-co-acrylic acid) (EAA)
Liquid-crystal elastomer with differ-

ent alignment angles
Poly(ethylene oxide)
Graphene oxide (wavy)

photoprogrammable but also reprogrammable in terms of the
deformation patterns.

A slender fiber bundle capable of significant lengthwise
expansion is also useful in controlling the deformation direc-
tion. Electrospinning of hygroexpansive materials such as
PEO (poly(ethylene oxide)) was utilized to create unidirec-
tionally aligned nanofiber bundles, which enforces the active
layer to expand in one direction (Figure 7d).%> After com-
bining the nanofiber bundle with a hygroscopically inactive
layer to build a bilayer actuator, the helical coiling can be
achieved by trimming the bending actuator at a specific angle.
Additionally, grating templates were used to create groove-
shaped graphene oxide layers, which expand in the direction
of the grooves.'% Three-dimensional printing of hygroscopic
materials such as wood polymer composite'?>!?* and liquid
crystal are also candidates to realize this scheme. As shown in
Figure 7e, liquid crystal is aligned in one direction by shear
force during the printing process.'’ More recently, a method
that involves 3D printing of fused wood granules to pattern
the deformation degree in specific areas was introduced.'%

Limitations and perspectives of hygroscopic actuators

Various artificial actuators harnessing environmental humid-
ity have been demonstrated by mimicking the hygroscopic
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Inactive Layer Directionality Control References
Polymer sheet - 100
Latex sheet - 104
Latex Microprinting 117
Thread Sewing thread to confine the 122

expansion
- 3D printed stiffness gradient 103
- Molding 5
NOA63 - 109
- UV light 105
Poly(tetrafluoroethylene) - 110
- - 116
- - 111
PVDF - 112
- - 107
- - 126
- - 127
- Aligning alumina using magnetic 113

field
EAA with Fe;*-carboxylate  Photopatterning 114
- Shear alignment using 3D printing 106
Polymer film Directional electrospinning 95
Graphene oxide (smooth) Grating templates 108

actuation of plants. However, the application of these actua-
tors is limited to simple reciprocating motions, as can be seen
in locomotion of soft robots.>®!1%%:19 Eor further application
of artificial hygroscopic actuators, the following limitations
of current hygroactuation technology need to be overcome:
(1) The actuation is based on thin-plate shapes, resulting in
relatively small force and energy; (2) the frequency of motion
is passively determined by the humidity variation around the
actuator; (3) deformation modes of hygroscopic actuation,
including bending, helical coiling, and twisting, differ from
those of traditional mechanical actuators such as heat engines
and motors, complicating the operation of existing machines;
and (4) there is a lack of research on the durability of actuators
to ensure their repetitive movements.

In terms of the energy generated by the bending deforma-
tion of the actuator, there is a tradeoff between the operation
speed and output energy. For instance, a thicker layer can pro-
duce greater energy, but the response time increases propor-
tional to the square of the thickness. To obtain a stronger out-
put without sacrificing the operation speed, Luo et al.” attached
multiple awns to a soft robot that moves like a self-burrowing
seed. Chen et al.'”* did not only increase the magnitude of
energy by connecting actuators in a repeated zigzag pattern
and connecting multiple bundles in parallel, but also created
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Figure 7. Fabrication methods of coiling and twisting actuators. (a) Schematics of the bilayer structure of the awn. The cell walls in the active layer
are constrained by cellulose microfibrils in a tilted helix. Due to the constraint, the cell expands perpendicular to the microfibril indicated in the red
arrow. Adapted with permission from Reference 95. © 2020 Elsevier. (b) Wrapping a sponge with a thread that acts as a mechanical constraint.
Depending on the orientation of the thread, the pitch and radius of coiling motion change. (Scale bar: 2 cm) Adapted with permission from Refer-
ence 122. © 2012 The Royal Society. (c) Controlling the deformation of a shape-memory polymer sheet by UV irradiation to create spatial patterns
of the expansion rate to relative humidity (RH). Adapted with permission from Reference 114. © 2022 American Chemical Society. (d) Implement-
ing a coiling actuator by cutting a unidirectionally deposited nanofiber mesh to form a specific angle with the direction of the fiber arrangement.
Adapted with permission from Reference 95. © 2020 Elsevier. (e) During the 3D printing process of liquid-crystal elastomer (LCE), the LC is aligned
by the shear force. The LC-based actuator shows helical coiling motion. Adapted with permission from Reference 106. © 2021 Wiley.

linear motion through bending deformation (Figure 8a). Using
a chamber that opens and closes the window according to the
interior humidity level, the frequency of the actuation can
be controlled, as shown in Figure 8b—c. Using a humidity-
controlled chamber, one can rotate a shaft inside, which is
connected to a wheel of a vehicle, so that humidity variation
drives a car (Figure 8c).” These endeavors suggest the possi-
bility of the hygroscopic actuators replacing the conventional
actuation systems of common machines.

Moreover, the performance and durability of actuators
comprising bilayer structures are critical factors to consider
for their long-term use in various applications. However,

limited research exists on the possible decrease in durability
and degradation of performance due to repetitive movements
in such actuators. A deeper understanding of the damage to
materials composing each layer, as well as the deformation
at the interface between the hygroscopically active and inac-
tive layers, can provide essential insights for designing struc-
tures and materials with improved durability. Under repeated
operation of the actuator, the stress is inevitably concentrated
at the interface where the two different materials compris-
ing the bilayer are joined, potentially leading to a decline
in the performance of the actuator. One potential solution to
improve durability regarding the interface is adding a layer
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Figure 8. Strategies for the universal use of hygroscopic actuators in
conventional machines. (a) Scaling up the bending actuator by con-
necting multiple actuator units in parallel. The actuator unit consists
of bending actuators in a zigzag pattern.'? (Scale bar: 1 cm) RH,
relative humidity. (b) A chamber having a window, which is connected
to the actuator, opens and closes depending on the humidity level
inside the chamber. (Scale bar: 2 cm) Adapted with permission from
Reference 125. © 2015 Springer Nature. (c) Schematics of a chamber
with a periodically moving window. The shaft rotates as the window
of the chamber opens and closes, leading to the rotation of the
wheels and locomotion of the vehicle. (Scale bar: 1 cm) Adapted with
permission from Reference 9. © 2023 Mary Ann Liebert Inc.

that minimizes the deformation imbalance between the active
and inactive layers such as a layer with negative Poisson’s
ratio or gradually changing expansion ratio. This modification
could distribute strain more evenly and minimize deformation
at the interface, ultimately enhancing durability. Furthermore,
the performance of hygroscopic actuators could degrade due
to hysteresis occurring as water molecules accumulate inside
hygroscopic materials during the absorption and release pro-
cesses. A remedy can come from developing materials that can
efficiently absorb and release water molecules quickly, even
with repeated usage.

Conclusion

We have introduced the physical principles of osmotic and
hygroscopic actuation, which allow plants to create movement
using only water transportation. We have also reviewed the
latest trends in artificial actuators that utilize these principles.
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Plant-inspired actuators have made significant strides
and demonstrated impressive progress in utilizing water as a
power source. This is mainly thanks to the understanding of
the principles behind plant movement and the advancements
in materials and processing technologies. Many attempts have
been made to achieve complicated motion including locomo-
tion, rotation, and shape morphing based on plants’ motile
strategies.

However, challenges remain in applying plant-inspired
actuation to soft sensors, actuators, robots, and other soft
machines. One of the central challenges is increasing the speed
and output power of actuation to a level comparable to other
actuators. Both osmotic and hygroscopic actuations have a
tradeoff between speed and output power, requiring a balanced
approach to improving performance as needed. Furthermore,
while plants can achieve complex movements through intricate
internal structure and mechanisms, the deformation modes cre-
ated by our current soft actuators are generally simpler, so
that methods to generate more complex movements await to
be explored.

In conclusion, the principles and strategies for motility in
the plant kingdom inspire not just the development of effi-
cient actuation systems but also the creation of smart devices
capable of sensitive environmental interaction. The potential
for this research to revolutionize and miniaturize intelligent
control systems is vast and largely untapped, underscoring the
need for continued exploration and innovation.
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