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1. Introduction

The need to create actuator materials that are soft enough to
perform delicate and intricate actions seemingly impossible
for conventional stiff and rigid materials increased as the field
of robotics developed over the last four decades. Even though
significant development happened in solving the challenges in

this field, some issues persist. Widely used
soft actuator materials use pneumatic
actuation or fluid-induced shape-changing
mechanisms. Bulk fluid pumping systems
with heavy batteries restrict the use of these
actuator systems in many functional appli-
cations.[1] By introducing water-absorbing
and swelling materials, this problem is
solved to an extent.[2] Jia-Nan et al. engi-
neered an asymmetric structure of
quantum-confined superfluid (QSF) on
both sides of the MXene film, resulting
in nonuniform adsorption, transportation,
and desorption of water molecules within
the QSF network. This configuration led
to improved actuation performance.[3]

Yu-Qing et al. provided examples of
various bioinspired actuators utilizing the
moisture-responsive properties of gra-
phene oxide (GO). The ultrafast perme-

ation of water through a GO membrane enables highly
sensitive and smooth actuation.[4] Similarly, multiple material
systems are used as an alternative to the energy expensive
systems.[5–7] Nonetheless, the problem of reliability, load-bearing
capacity, controllability, and fabrication made it challenging to
apply these materials directly to real-world applications.[8]

The nonlinear arrangement of materials in natural actuators
recently got attention because these materials with simple
components of swelling and stiff parts achieve highly efficient
passive actuation mechanisms. Passive plant actuation, typically
observed and widely studied in various species, consists of a
complex distribution of plant materials like lignin and cellulose
microfibrils, enabling undesired differential swelling or
shrinkage leading to actuation.[9–16] Based on the arrangement
of hygroscopic swelling materials and cellular structure, plant
parts exhibit different passive movements like bending,[11]

curling,[9] twisting,[17] and coiling.[14] Generally, continuous
gradient arrangement of lignified and nonlignified cells creates
uneven water absorption and swelling mechanisms. For exam-
ple, the hydroresponsive bending of dandelion pappus hair is
due to the radial arrangement of at least four different tissue
types with strongly lignified vascular tissue and hydrophilic
apical plate side cell arrangement in a bilayer fashion.[10]

Hydration-induced actuating structures like resurrection plant,[9]

dandelion pappus,[10] pine cone,[11] ice plant seed capsule,[12]

wheat awns,[13] and stork’s bill awn[14] are studied and put
forward as a promising biomimetic model in fields like soft
robotics. However, most of these biomodels are complex and
only intended to perform a specific action, hence lacking adaptive
flexibility.
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Multifunctional materials in nature, utilizing atmospheric water content, offer
solutions to challenges in soft-actuating materials research. The leaf of Arundo
donax, an invasive plant, showcases exceptional properties: structural integrity,
passive actuation, tunability, load-bearing capacity, longevity, and an integrated
battery-free fluid generation and distribution mechanism. These functions coexist
within a thin (≈130 μm) and lightweight structure with simple compositions. The
study investigates material composition, passive fluid transport, water harvesting
structures, and mechanical properties, revealing unexpected correlations
between surface and internal structures. Additionally, tunable actuation, suitable
for origami-based mechanisms, is explored. Testing an energy-free, moisture-
triggered soft robotic gripper, its ability to lift over 50 times its weight while
maintaining sufficient softness for delicate tasks is demonstrated. This unit-wise
structure-based actuation offers promise for soft robotics, with favorable fabri-
cation possibilities and motion manipulation.
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Here, we observed a profound correlation between material
composition, mechanical arrangement, passive fluidic motion,
and atmospheric water harvesting structures, enabling multi-
functional and controllable actuation mechanisms. This fascinat-
ing hinged single-unit actuation system is observed in invasive
Arundo donax species.[18] Different strategies are adopted among
plant species to survive low water availability. Two of the most
common strategies are reducing plant and leaf surface area to
prevent evaporation[9] and atmospheric water harvesting.[19]

We found out that A. donax used both strategies to spread over
large areas of land successfully. Further studies revealed much
more exciting aspects of the interconnected curling and water
harvesting mechanism strategy. To prevent water loss and
long-term survival, leaves and stems of some plant species tend
to curl upon dehydration and return to normal on rehydration.
The best-known example of this kind of curling mechanism is
observed in the resurrection plant or Selaginella lepidophylla.
The stem is curled from top to bottom in varying degrees due
to a nonuniform or gradient arrangement of hydrophilic and
hydrophobic materials.[9] In the A. donax plant, while leaf curls,
the mechanism to harvest water and retain its initial shape is
enhanced.

Meanwhile, a simple repetitive unit actuation systemmodel of
this plant material can be fabricated easily using techniques like
3D printing artificially. Such a model can fabricate continuous

sheets of actuators with controlled movement direction even
after fabrication. As A. donax is a commonly observed invasive
species that can grow into a massive vegetation group,[20,21] its
phytochemicals,[22,23] material aspects,[24–26] and plant struc-
ture[27] are widely studied. Even though it displays dramatic ther-
motropism to prevent water loss, there are no significant studies
conducted on its leaf-curling mechanism. The leaf of a giant reed
is thin (≈120–150 μm) and segmented by longitudinal veins run-
ning parallel to the leaf ’s midrib. As this plant species is one of
the fastest-growing grass species with little nutrients, water trans-
port throughout these thin leaf layers is very efficient.[27,28] The
hydrophobic top and bottom leaf surfaces bind this efficient
water transport system through hydrophobic and hydrophilic
parts. This and the possible combination of moisture-sensitive
actuation and curling angle control make this plant actuator
model unique from previous ones.

2. Results and Discussion

2.1. Efficient and Restricted Fluid Pathways for
Hydroresponsive Actuation

A. donax leaf curls (Figure 1) upon losing water from the leaf
body. When rehydrated, the leaf will uncurl and return to its
original position. This cycle can be repeated more than 50 times.

Figure 1. Controlled passive fluidic motion-assisted actuation in A. donax. A,B) Central capillary network blocking experiment. The comparative actuation
of paraffin wax blocked central capillary network (CCN) and nonblocked CCN in (A) leaf segments and (B) entire leaves. C) Schematic diagram explaining
the general plant morphology and its relationship with actuation mechanism; leaf curls only toward the adaxial surface along the midrib.
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This relatively quick response to hydration and dehydration is
because of the efficient network of central microcapillary tubes
(CMT) running between the leaf ’s hydrophobic top and bottom
layers. The veins of leaf blades run from the leaf base to the leaf
tip like a longitudinal parallel vein (LPV) arrangement, dividing
the leaf into parallel segments as schematically shown in
Figure 1C. The vascular system runs along these LPVs and is
confined between the top and bottom surface layers.[21,27,28]

This CMT is made up of variously sized vascular bundles.
These vascular bundles are made up of vascular tissues called
phloem and xylem. These are further enclosed with two layers
of bundle sheath cells: outer thin-walled and inner thick-walled
bundle sheath cells.[21] The leaf curls toward the upper surface in
a vector perpendicular to the LPV. To test the closed pathway for
hydration and dehydration, we sealed the base consisting of cap-
illary tubes of an entire leaf with paraffin wax and compared its
actuation with a nonsealed whole leaf side by side (Figure 1B).
The leaf with a wax-sealed base part nearly stopped its actuating
mechanism, while the typical leaf curled completely. This proved
the strict involvement of CMT in transporting water for both
hydration and dehydration, aiding the actuation mechanism.
Transpiration and other types of water loss do not directly affect
actuation. This is further proved by comparing the actuation
speed of the leaf segment of length 1 cm dissected perpendicular
to the LPV of the leaf. By comparing the degree of actuation after
10min, both wax-sealed samples did not curl. The dissected
small piece of leaf curled faster to a greater degree of curling than
the entire leaf blade (Figure 1A). This is because of the increased
water transport of the segment due to the small distance and
exposed ends. Further, this length to curling speed is studied
by testing the degree of curling concerning the length of the leaf
segment in a fixed temperature and humidity. It showed the
expected increase in curling speed upon a decrease in leaf seg-
ment length (Figure S2a, Supporting Information). Another fac-
tor influencing the rate of capillary evaporation is the
temperature. A test done with the degree of curling concerning
varying temperatures in a fixed humidity and dimension of leaf
segment proved that the speed of curling depends on an
increased rate of evaporation at high temperatures (Figure S2b,
Supporting Information).

The efficiency of passive fluid transportation via microsized
capillary tubes is primarily due to a confluence of factors.
First off, a major factor in this phenomenon is the capillary
tubes’ irregular and tapered diameter and shape. Research, like
that of Jean et al. has highlighted the advantage of capillary
rise that tapered tubes have over those with constant radii, as
explained by the Washburn law.[29] Furthermore, by allowing
fluid to flow through connected channels, the tubular network
structure that these systems are built with enhances their
efficiency even more. Furthermore, the micro roughness of
the capillary tube inner walls is crucial. With its uneven surface
characteristics, this roughness helps to lower the contact angle,
which raises capillary rise in the microchannel network.[30] From
these experiments, we concluded that the actuation speed
primarily depends on the water flow rate through the CMT.
According to the Hagen–Poiseuille equation,[31] the flow rate
of fluids through the straight, smooth microcapillary tubes is
given as

q ¼ πd4ΔP
128μLo

(1)

Here, μ is the fluid viscosity, d is the capillary diameter, and
ΔP is the pressure drop along the capillary and can be calculated
by Equation (2):

ΔP ¼ 2σ cos θ
rLo

(2)

where Lo is the length of the capillary tube, θ is the contact angle
between water and the capillary wall in degrees, r is the radius of
the capillary tube, and σ is the surface tension of water. The aver-
age diameter of the CMT observed in the leaf sample through
field emission electron scanning microscopy (FESEM) character-
ization is 8–12 μm (Figure 2A,B). Ideally, the flow rate in these
CMTs must be low, as the flow rate, according to Equation (1), is
directly proportional to the fourth power of tube diameter.
However, the experimental observations at room temperature
and atmospheric pressure with 70% humidity show the starting
of actuation right after 1 s for a sample of 3 cm in length
(Figure 1D and S1, Supporting Information). This efficiency
in passive fluid transportation using microsized capillary tubes
is mainly because of the tapered and irregular capillary tube
diameter and shape, tubular network structure, and capillary wall
microroughness (Figure S4, Supporting Information).

2.2. Repeating Thin Bilayer Unit Actuation Drives Directional
Curling

The involvement of CMT in efficient hydration and dehydration
mechanism in the leaf blade is tested and proved. We observed
the absorption of these transported water into certain specific
regions in a bilayer repeated fashion throughout the leaf blade,
enabling actuation. Surprisingly, the shrinking and expanding
parts that make the leaf curl inward are arranged on both sides
of LPV (Figure 1 and 2A,B). These two shrinking and expanding
parts placed on both sides of LPV constitute the top layer hinge
(TLH) of our unit bilayer actuator (UBA). The base part of our
UBA consists of a layer below the LPV with mild shrinkage
and expansion properties.

We found the entire leaf curls due to the repeating UBA struc-
ture arranged like a little hinged unit along the LPV. Each LPV
acts as a longitudinal hinge that can only be turned upward
(Figure 1C,D and Movie S3, S4, Supporting Information).
This enables the entire length of the leaf to curl and close the
upper surface entirely. When we examine the leaf strip dissected
by cutting along the line perpendicular to the LPV, the involve-
ment of UBA becomes clearer.

Several external factors like temperature, UBA length, matu-
rity of the leaf, flexibility, and arrangement of the UBA influence
this unit bilayer actuation. A comparative experiment on the
influence of temperature on the actuation proved that the
increase in temperature increases the actuation speed due
to an increased dehydration rate (Figure S2b, Supporting
Information). The plant actuation specimen can withstand up
to 80 °C, and beyond that, the performance decreases due to
the thermal structural destruction. Thermogravimetric analysis
and derivative thermogravimetry (TGA DTG) of the plant
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samples showed the complete loss of absorbed water at ≈90 °C
and beyond 300 °C, full material breakdown (Figure 3C).

The length of the UBA also influences the actuation speed.
The test uses various sized leaf segments or UBA with increasing
length. It clearly showed that the actuation speed increases with
increased actuator size (Figure S2a, Supporting Information).
This is primarily because of the decrease in flexibility as the
length of UBA increases and because of the increase in load con-
tributed by the increased length of the sample. This is proved by
testing young and mature leaves side by side (Figure S2,
Supporting Information). Young leaf material exhibits superior
flexibility because the lignified tissues are not fully grown. Young
leaf segments are also relatively lightweight, and thus, they
curl faster than matured ones. This was again tested with
temperature-dependent curling, too. Young leaf segments
showed faster actuation in both cases than matured leaf
segments. As the TLH is arranged along with the LPV, and each
longitudinal unit will actuate precisely in the direction vector
perpendicular to the LPV, the arrangement of longitudinal
UBA in each segment will determine the nature of actuation.
We will discuss this in detail later in this article.

Detailed UBA analysis sheds light on the actuation
mechanism’s essential yet relatively simple geometrical and
material aspects. By observing the real-time actuation mecha-
nism through an optical microscope (Figure 2C,D), we identified
that the UBA comprises three unique shrinking structures and
three other stiff supporting structures. This simplified model is

further proved by FESEM images (Figure 2A) of the cross section
of the leaf blade dissected perpendicular to the LPV (transverse
section of the leaf blade). The SEM images of the curled samples
displayed shrunk microstructures in the UBA. During the
curling mechanism (Figure 2E), the two strips of microactuators
will curl inward, leaving the central longitudinal strip intact. At
the same time, a minor microactuator at the bottom of the stiff
structure will also bend relatively less inward. This causes uneven
shrinkage in the bilayer overall structure of the leaf material. The
bilayer fashion ofmaterial arrangement is identified using Energy-
dispersive X-ray analysis (EDAX) analysis (Figure 3D and S7,
Supporting Information). The LPVs and the central support will
remain stiff and support the actuation mechanism.

The transverse section of the leaf blades stained with fuchsin
dye revealed the arrangement of the hydroresponsive and stiff
lignified part of the UBA (Figure 3A,B). The lignified part, visible
as a bright red coloration, holds the structure in three distinct
parts: one in the middle of the two adaxial microactuators and
two on both sides of the adaxial and abaxial microactuators.
Strong peaks around 1500 cm�1 in Raman spectra (Figure 3E)
indicate the presence of lignin, and peaks at 1600 cm�1 indicate
the presence of phenolic compounds.[1] The presence of
interconnected lignin and hemicellulose is detected by Fourier
transform infrared spectroscopy (FTIR) peaks (Figure 3F)
at 1600 cm�1 due to –COO– stretching in hemicellulose and
aromatic skeletal stretching. Further peak at 1734 cm�1

indicates the presence of C═O conjugates in hemicellulose.

Figure 2. Physical features of capillary and unit shrinkage system. A) SEM images of the actuated cross section of leaf dissected perpendicular to the
longitudinal vein: i) shrinkage of the actuating structures on both sides of the longitudinal vein; ii) central capillary tubes. B) Distribution of capillary tubes
with respect to diameter. C,D) Optical microscopic image showing (C) dehydrated leaf cross section and (D) hydrated leaf cross section. E) Schematic
showing unit shrinkage mechanism with actuating microstructures.
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Interconnected arrangement of lignified and nonlignified parts,
thus causing nonuniform swelling and actuation in the material.
Bulliform or motor cells are found in the microactuating parts
on the adaxial surfaces. Bulliform cells are hollow cells enabling
hinge-like mechanism, and these are larger and found to be
extended into the mesophyll area, allowing efficient actuation.[32]

2.3. Surface Microthorn Induced Moisture Capturing and
Actuation

The adaxial and abaxial surface of the leaf exhibits different prop-
erties. As the leaf actuates toward the adaxial surface, the surface
consists of more distinguished longitudinal strips that act like
hinges during actuation (Figure 4A,B and S6b, Supporting
Information). The abaxial surface has a droplet-pinning effect
(Figure S3, Movie S2, Supporting Information). It is more hydro-
phobic, with an average contact angle of 138° than the adaxial
surface, with an average contact angle of 136° (Figure 4A,C).

Micro/nanostructures on the surfaces of the leaf are the reason
for the hydrophobic properties. The humidity chamber experi-
ments revealed the atmospheric water harvesting capability of
leaf surfaces. The surface structures must have the structural fea-
tures for droplet formation and transportation for efficient and
fast atmospheric water harvesting. We observed the formation
and transportation of water droplets on the leaf ’s surface using
an optical microscope (Figure 5B and Movie S5, Supporting
Information). Droplet formation and transportation are observed
to be faster on the abaxial surface. Further examination of both
the abaxial and adaxial leaf surface of the leaf using FESEM
revealed microsized conical structures with an approximate
height of 4–7 μm (Figure 4D, 5D–F and S6a,c, Supporting
Information), with an ideal shape suitable for atmospheric water
harvesting.[19] Although microhair-like structures seen on both
leaf surfaces also aid in atmospheric water harvesting
(Movie S6, Supporting Information), the main contribution is
from surface microthorn (SMT) structures.

Figure 3. Chemical composition driving actuation mechanism. A,B) Optical microscopic image showing a cross-sectioned sample dyed with fuchsin,
bright red parts of stiff nonactuating lignin material, and dark parts of hydrophilic actuating parts: before actuation (A) and after actuation (B). C) TGA
DTG analysis showing significant mass loss in stage 2 due to water evaporation and final degradation at stage 4. D) EDAX data showing the distribution of
elements in the leaf cross section revealing bilayer structure; SEM image is given inset. E) Raman spectroscopic data taken before and after losing water
content leads to actuation. F) FTIR data revealing interconnected lignin–cellulose–hemicellulose polymers.
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Conical structures with variable wettability are the most efficient
for capturing water from the atmosphere because the Laplace pres-
sure gradient, gravitational force, and surface energy gradient can
simultaneously influence droplet formation and transport. SMT
has an overall unique structure that can efficiently aid the forma-
tion of water droplets from atmospheric moisture and the quick
transportation of droplets to the leaf surface. SMT can be divided
into three parts: tip section, midsection, and base part, as shown in
Figure 5C. The tip part of the SMT is a hydrophilic spot and works
as the active spot for droplet nucleation and growth. It is observed
that water droplet is formed and enlarged to optimum size at this
tip spot and then immediately released toward the base part. The
tip angle β is below 20°, and it is observed that a lower conical tip
angle is favorable for faster droplet transport and, hence, a high
rate of water harvesting.[33] The top tip surface of the SMT does
not seem to have hydrophobicity-inducing micro/nanostructures.
This explains rapid microdroplet formation and immediate
transportation on the leaf ’s surface.

The midsection of the SMT contains a gradient arrangement
of nano/microsurface structures and thus exhibits variable

wettability. This creates a surface energy gradient that drives
water droplets formed on the tip toward the base. The driving
force[34] created by this surface wettability gradient is given as
Equation (3):

F ¼
Zlbase

ltip

ðCosθ1 � Cosθ2Þdl (3)

Here, θ1 and θ2 are the advancing and receding contact
angle of the middle section, and dl is the integral variable along
the length of the middle section from the region near the tip (ltip)
to the region near the base (lbase). Additionally, this curved
conical structure[35–37] contributes to forming the Laplace pres-
sure gradient given by the Equation (4):

ΔP ¼ 2γ
ðr þ nÞ (4)

Here, r is the radius of curvature, γ is the energy, and n is the
height of the droplet from the cone axis (D/2). The base part of

Figure 4. Adaxial and abaxial surface features of A. donax leaf. A) SEM image of the adaxial surface with zoom-in image of LPV part showing microfibers.
Contact angle data are given inset. B) 3D profilometer images of the leaf's adaxial surface show frequent surface projections. C) SEM image of abaxial side
with static water contact angle given in inset. D) SEM images showing conical structures in the abaxial side.
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the cone contributes to the Laplace pressure gradient with a
larger diameter and base angle α. A cone with a micrometer
ranged height (h) will exhibit faster droplet transportation with
a long base diameter and proportionally less base angle aiding
the curvature.

As most SMTs are seen on the abaxial surface, the structural
features enabling high surface energy gradient and Laplace pres-
sure gradient significantly contribute to the water harvesting and
movement against the gravitational force. This abaxial water har-
vesting effect is observed in other species too[38] but what makes
things interesting is that during the actual occasion when water
harvesting is necessary for actuation, gravitational force will also
aid the transportation of droplets and hence speed up the process
even further—the leaf curls toward the adaxial surface during
low atmospheric moisture content or water availability. As the
leaf begins to actuate, the SMT orientation will change from
tip facing down to tip facing upside (Figure 5A,B,D). This will
induce gravitational assistance in water harvesting and actuation.
The SMT inclination angle ϕ makes it easier to achieve gravita-
tional assistance for droplet transport. This is a brilliant survival
adaptation mechanism of this plant species because when more
water is needed for the plant, the leaf curling upward will not
only stop the transpiration loss from the upper surface but also
initiate high-speed atmospheric water harvesting and trans-
portation mechanism of the bottom surface. This interrelation

between atmospheric water harvesting and the actuation
mechanism is tested multiple times. It is also proved that such
interconnected mechanisms can be used in battery-less actuation
systems.

2.4. Force and Bending Per Unit Actuator: Characteristics and
Potential Applications

We conducted a series of strength and functional tests by taking a
leaf sample dissected perpendicular to LPV. The sample is 3 cm
long perpendicular to LPV and is 1 cm in breadth (LPV length).
The material has a thickness of ≈130 μm. The weight of the
sample varies with the maturity and nature of the leaf sample
taken, but on average, the weight of the sample is in the range
of 0.03–0.085 gm. Despite the material sample’s fragile and light-
weight nature, it exhibited remarkable mechanical properties,
showing a range of functional applications.

Weight loss is measured with the degree of actuation to
determine the relation between water evaporation and actuation
(Figure 6B). For each 360° curling actuation, an average of 12% of
the sample weight is decreasing. Even though the degree of curl-
ing (λ) is inversely proportional to the mass of water evaporated
(m), a material constant also influences the relation. Avoiding all
external factors in the actuation mechanism other than the
hydration and dehydration mechanism, the material constant

Figure 5. Interconnection between atmospheric water harvesting and actuation mechanism. A) Schematic representation of moisture sensitive actuation
mechanism, i.e., atmospheric water content harvested by surface structures is absorbed by hygroscopic part to facilitate actuation mechanism. B) Optical
microscopic images of leaf material: i) curled state in an atmosphere with 95% humidity and 13 °C temperature; ii) sample uncurled after 6 min with
harvested water droplets on its surface (scalebar 0.5mm both). C) Structural analysis of microthorn. D) SEM image showing a cross section of A. donax
leaf with microthorn structures in the abaxial surface. E) SEM image showing a cross section of A. donax leaf with micropores. F) SEM image showing a
cross section of A. donax leaf with adaxial surface.
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that significantly affects the degree of actuation is stiffness factor
(s). The bilayer material composition must have the highest pos-
sible flexibility for smooth actuation. Cell walls become relatively
highly lignified for mature leaves and the stiffness factor
increases. This is not the case for young leaves; thus, young
leaves can actuate faster than mature ones. This is observed
in a series of experiments conducted on different leaf samples.

Further, to test the influence of stiffness factor in different
plant materials, samples are placed between two smooth surfaces
and crushed under 5 kg of weight (Figure S8, Supporting
Information). Crushed samples exhibited faster actuation than
normal ones because the stiffness factor was changed. Thus,
the degree of curling can be related to the mass of the water evap-
orated with the Equation (5):

λ ¼ s
m

(5)

Evaporative water loss causes the leaf material to undergo a
curling actuation mechanism. Even though the mechanism ena-
bles the leaf curling, it exhibited remarkable force that allows the
material to lift weights more than 50 times the weight of the sam-
ple (Figure 7B). To measure the average force generated with
time during the dehydration actuation mechanism, we used a
setup in which the sample is clamped between a fixture and a
load cell (Figure 6A). When the material begins to actuate, the
load cell records the force generated. We studied the force

generated every 10–60min at a temperature of 10 °C, atmo-
spheric pressure, and humidity of 50% (Figure 6C,F). A linear
relation is observed due to the constant shrinking rate with water
loss due to fixed experimental conditions. After 30min, the lin-
earity began to be disrupted because the lift capacity of actuation
began to decrease. After 60min, the actuation seems to be
stopped because the opposing force nearly equaled the force
exerted by the actuating material. For every test, sections from
different parts of the leaf are taken; therefore, the force exerted
becomes different for the same conditions. The leaf ’s base and
middle parts exhibited higher force than the tip sections. This is
because of the in-between distance and thickness of the LPV and
interconnecting actuating structures. Before starting the testing
at time 0 and after 60min, the mass of the samples used for test-
ing is measured, and it found that, on average, 12% of the weight
is lost. This corresponds to a 360° curling limit according to the
weight loss experiment.

Load-bearing capacity is tested using samples dissected per-
pendicular and parallel to LPV (Figure 6D,E). Samples dissected
parallel to LPV (LPV length 3 cm) can bear loads of more than
40 N before material failure. This is because of the solid and stiff
fibrous network along the LPV that acts as a skeletal structure.
On the other hand, samples dissected perpendicular to LPV (LPV
length 1 cm and sample length 3 cm) have shown significantly
lower load-bearing capacity. This is because of the lack of
LPV skeletal support along the vector line of force. LPV lies

Figure 6. Mechanical Strength and load-bearing capacity of the actuator leaf material. A–C) The experiment was conducted to test the force generated by
the actuation mechanism of the leaf materials with a length of 3 cm and breadth (along longitudinal vein) of 1 cm at a temperature of 10 °C and humidity
of 70%. Five-leaf sections are tested from the leaf's base to the tip (1–5). (A) Schematic representation of setup designed to measure the force generated
by curling of the leaf material. (B) Relation between degree of curling and weight loss due to evaporation; six-leaf sections are represented (starting from
base S1 to S6). (C) Graph showing the relation between Force generated with respect to time during curling force test. D) Stress–strain graph of leaf
section with 3 cm length (along the vein) and 1 cm breadth. E) Stress–strain graph of leaf section with 3 cm length and 1 cm (along the vein) breadth.
F) Weight loss of the samples after the curling force test.
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perpendicular to the force direction and in between space con-
sists of soft actuating materials with less load-bearing capacity.
This material thus exhibits directional load-bearing capacity
due to the unique arrangement of stiff and actuating materials.

The unit-wise hinged actuation mechanism also provides a
unique ability to control spiraling actuation concerning the angle
of LPV arrangement. During most of the actuation experiments
conducted in this study, the material segments from leaf samples
are taken by dissecting the leaf perpendicular to the LPV (the
dissection line and LPV line have a 90° angle). This always leads
to perfect curling of the sample during actuation, or the distance
between two ends is always the same during actuation. But as the
angle of alignment changes, this distance changes (degree of spi-
raling). The degree of spiraling increases between 0° and 90°
angle of alignment (Figure 7A). This is a perfect example of
simple, tuneable actuator material. This property is ideal for
origami-type self-organizing materials. Using this material, we
also demonstrated the possibility of a battery-less moisture-
triggered soft robotic gripper model (Figure 7B,C and Movie
S7, Supporting Information). The material can pick and
place soft materials in response to atmospheric moisture. This
thin gripper can even hold water droplets (Movie S8,
Supporting Information), opening many possibilities.

3. Conclusion

There are vast data of unveiled structural and compositional
properties of natural materials enabling complex, efficient mul-
tifunctional properties like actuation mechanism. Even though
advanced fabrication techniques like additive manufacturing
are expanding rapidly, the complex structural and compositional
properties of reported natural material structures enabling func-
tions like actuation are challenging to mimic. Here, we report a
relatively simple natural material model with two interconnected
functionalities that can be emulated using present-day fabrica-
tion methods. It is often fascinating how plants develop diverse

survival properties. Most of the time, those are the best lessons for
material scientists. One example is interconnected leaf actuation
and water collection frommoisture exhibited by the A. donax plant
species. The plant material’s unique structural and compositional
properties enable efficient fluid transport, water collection from
moisture, directional mechanical properties, and controlled unit
actuation mechanisms. Comparatively fast fluid transport in the
microcapillary tubes is primarily because of the rough capillary
walls, branched structure, and nonuniform capillary diameter.
Actuation is enabled by a simple bilayer unit actuator structure
consisting of microactuating units with cellulose, hemicellulose,
and lignin networks arranged suitably.

A fascinating mechanism observed is the connection between
this actuation and the water-harvesting mechanism of surface
structures. A detailed study of the adaxial and abaxial surface of
the plant revealed that even though both surfaces are hydrophobic,
the abaxial surface has a pinning effect and consists of many con-
ical structures compared to the adaxial surface. This gives the abax-
ial surface harvest water from atmospheric moisture, even against
gravity. When water is lost, the leaves curl upward to prevent water
loss from the adaxial surface. Due to this curling, the conical struc-
tures in the abaxial surface began to slowly align upward and get
gravity assistance in water harvesting, speeding up the process.
This enables the decurling process due to the supply of harvested
water to the plant. The directional curling and mechanical prop-
erties make this material a perfect model for various multifunc-
tional materials with applications in soft robotics, actuators,
self-assembling materials, water harvesting structures. We hope
this material model can bring a revolutionary change in the
concept of simple interconnected mechanisms in material design.

4. Experimental Section
A detailed explanation of materials and methods and Figure from S1 to
S8 are given in Supporting Information. Movies S2–S8, Supporting
Information are also provided.

Figure 7. Functional applications. A) Relation between longitudinal vein alignment angle and extent of spiraling actuation. B,C) Moisture-controlled
soft robotic gripper model from A. donax leaf. (B) Low moisture atmosphere triggering downward actuation and material holding. (C) A high moisture
atmosphere triggers the release of held material by opposite actuation direction.
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