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Hydration-induced reversible
deformation of biological materials

Haocheng Quan®’, David Kisailus

With the increasing complexity of systems, integra-
tion of materials into intelligent devices (for example,
robots, self-driving vehicles, portable health monitors
and personal assistive devices)"? that can respond in
an appropriate manner to the external stimuli without
interference presents many scientific and technical chal-
lenges. To address this, programmes such as the Materials
Genome Initiative® are providing opportunities to con-
ceive new functional materials. Concurrently, machine
learning, which is a rapidly developing research area that
relies on big data and, as such, is a branch of artificial
intelligence, offers potential to accelerate the design of
novel materials with higher efficiency’*. The combi-
nation of these programmes is providing, in part, the
impetus to develop a range of smart materials, such as
those for self-diagnosis”®, self-degradation®", self-repair
or healing''-", self-colouring'*"* and self-shaping or
morphing'*'®. Among these categories, the most widely
investigated are self-shaping materials (also called
shape-memory materials), which have the ability to
change, or even program in some cases, their shape or
morphology based on external stimuli.

A wide range of self-shaping materials have been
fabricated, including assorted alloys', polymers®,
ceramics’' and composites™. The triggers to induce these
predesigned morphologies include heat, light, electricity,
magnetic fields, moisture or solvents. These synthetic,
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Abstract | The influx and efflux of water in biological structures actuates reversible deformation
and recovery processes that are crucial for mechanical functions in plants and animals. These
processes utilize various mechanochemical mechanisms: swelling directed by the arrangement
of cellulosic microfibrils in a bilayer construct, which generates different deformation patterns;
lignification gradients; hierarchical foam-like inner structures, some of which also include swelling
by hygroscopic cellulose inner cell layer; turgor pressure, which is activated by osmosis and acts at
the cellular level, generating reversible motions. In this Review, we present representatives of each
of these four mechanisms: pine cones, wheat awns, the twisted opening of Bauhinia pods and the
seed of the stork’s bill; the resurrection plant; ice plant seed capsules and carrotwood seed pod;
the wilting and redressing of plant stems. Natural polymeric materials produced by animals can
also exhibit hydration-driven shape and strength recovery: bird feathers and hair are prime
examples. Spider silk — a non-keratinous biopolymer — also exhibits humidity-driven reversible
deformation. After describing these animal-based mechanisms, we outline bioinspired applications
to actuate multifunctional and biocompatible smart materials, and indicate future directions of
research with potential for new bioinspired designs.

smart, self-shaping materials have important roles in
applications, such as actuating robotic systems**', cam-
ouflaging armour®, biomedical devices*>”” and drug
delivery?®. Nevertheless, one major stumbling block
to the development of self-shaping materials, especially
with respect to application within the human body, is
their biocompatibility: either the material composition
of these structures is toxic or their triggering and oper-
ating environments (for example, high temperature,
electromagnetic fields and solvents) are harmful to our
health. To circumvent the aforementioned challenges,
researchers are looking at natural systems to inspire their
quest for biocompatible self-shaping materials (as well
as other smart materials) that can be stimulated and
operated in mild environments.

Nature ingeniously develops efficient structural
and functional materials, which manifest fascinating
properties that are often superior to their synthetic
counterparts®’~2. Driven by hundreds of millions of
years of evolution, numerous self-tunable materials
that are crucial to the survival in various environments
have been identified. Some material systems are con-
sidered active, in that the responsiveness of the tun-
able property relies on the metabolism of the living
organism. For example, chameleons® and some species
of squid™ can actively modulate their skin colour and
texture to camouflage themselves. Echinoderms, like sea
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cucumbers, can reversibly modify the stiffness of their
dermis by rapidly regulating the interaction between the
collagen fibrils and the soft reinforcing matrix, which
plays an important role in complex locomotion, postural
maintenance, defence and reproductive strategies®*.
Plants have also evolved strategies to actively respond
to external stimuli, benefiting their survival. Two repre-
sentatives are mimosa” and the Venus flytrap®, both of
which can achieve expeditious reversible deformation
of their leaves and are triggered by the loss of turgor
in their cells. These stress responses are vital to their
self-defence or predation.

Another class of responsive natural materials that
is generating interest in the materials-science and
structural-engineering communities is plant organs
and animal tissues that display passive stimulation.
In such materials, there is no metabolism or muscle work
involved in the actuation process and, thus, the tissues
are not living. An example of passive stimulation is the
reversible shape change triggered by changes in mois-
ture content, which is a prevailing strategy for plants to
disperse their seeds. Pine cones, ice plant seed capsules,
carrotwood seed pods and some pea pods can release
their seeds in favourable environments by actuating
structures driven by humidity change®-*'. The seeds of
wild wheat and the storK’s bill (Erodium cicutarium) can
bury themselves in soil through reversible hygroscopic
bending or coiling, which significantly increase their
survivability’>*’. Some biological materials produced
by animals have a similar capability. Keratinous-based
structures, such as bird feathers, sheep horns and animal
hairs, are able to recover their shape and retain mechan-
ical properties — mainly strength — through hydration
effects*~"". Spider silk is an excellent example of a natural
biopolymer displaying highly reversible supercontrac-
tion stimulated by humidity change***’. The underlying
deformation mechanisms of these processes are deter-
mined by the material and structural design, an under-
standing of which could inspire the development of
novel responsive materials.

In this Review, we provide an interdisciplinary per-
spective, incorporating materials science, structural
engineering and biology, highlighting well-known
examples of highly reversible deformation in natural
systems. Although we focus on plant organs, some ani-
mal tissues will also be discussed. Most of the reviewed
structures display purely passive deformation, which
relies on their hierarchical structural design and
hydration-driven actuation. We present three passive
hydro-actuation mechanisms for the selected plant
samples and one general recovery mechanism for animal
tissues. We also briefly review the active mechanism by
which live plants exhibit either flaccid or erect configu-
rations, based on changes in internal pressure (that is,
turgor) inside of the cells. We describe smart materials
inspired by these biological materials, including multi-
scale self-shaping materials and artificial muscle fibres
that can generate impressive forces. Based on the sys-
tems provided in this Review, new designs and strategies
are discussed for the development of smart responsive
materials that have desirable mechanical properties and
biocompatibility.

Mechanisms of plant movement

Plants produce a large variety of multifunctional bio-
logical materials to ensure survival. Although they are
not nearly as mobile as animals, if we observe their
activities via time lapse, their life is equally vivid and
lively. Skotheim and Mahadevan® summarized typical
movements in plants and fungi, providing a brief but
insightful perspective on their physical basis. Plant and
fungal movements can be classified based on the smallest
dimension (from micrometres to metres) and timescale
(from microseconds to days) of the moving unit. The
absolute speed limit for all movements is determined by
the speed of the elastic waves in the plant organs. All
actuating plant movements are slower than this speed
limit and are divided into two groups: those based on
mechanical instability and those based on diffusion.

Movements based on mechanical instability are sig-
nificantly faster than diffusion-based ones and are
achieved by elastic instabilities. In some species, these
movements are dominated by a snap-buckling instability.
The best-known example of this is the rapid closure of the
Venus flytrap®’, which can capture its prey (that is,
insects) within 0.1s. A similar mechanism is found in the
Aldrovanda, the snapping speed of which is even faster,
owing to its thinner leaf (than that of the Venus flytrap).
Another type of fast movement is enabled by explosive
fracture seen in species such as Cardamine hirsuta™,
Polypodium aureum™ and E. cicutarium™. In these cases,
the elastic energy stored in extremely deformed organs
is suddenly released when its tissue is fractured owing
to dehydration™", providing a large amount of kinetic
energy to disperse the seeds with an impressive initial
speed (~10ms™)(REF™).

In the class of diffusion-based actuation, movement
is generated by swelling or shrinking of plant organs due
to differential hydration. Because such movements are
limited by fluid transport, they are usually relatively slow
and undetectable to the human eye. Nonetheless, they
are vital for plant growth, prey and sunlight capture, seed
dispersal and self-defence. Three well-known examples,
which will be discussed later, are the pine cone”, ice plant
seed capsule’’ and resurrection plant”’. They can actuate
their characteristic structures by hydration, which has an
important role in their seed dispersal and self-protection
in different environments. In contrast with movements
relying on elastic instability, hydro-actuated anisotropic
swelling and shrinking is purely passive and highly
reversible™. These attributes may provide value to mate-
rials scientists for the development of robust self-shaping
materials. These mechanisms are, for the most part,
based on bilayer constructs in which the differences in
contraction and expansion between the two layers lead
to a variety of deformation patterns. Consequently, they
are also the main focus in this Review.

Anisotropic swelling of microfibrils

Cell structures and actuation mechanisms. The mor-
phology and functionality of plant cells are distinct
from those of animal cells: they have a cell wall and an
extracellular structural material that acts as a support-
ive framework and provides mechanical stability to the
cell, maintaining turgor pressure and protecting inner
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Fig. 1| Mechanisms of hydration-induced movement. a | Schematic hierarchical
structure of the secondary cell wall in a wood fibre cell’. Each cell wall is composed of
the primary wall and the secondary wall, with the latter consisting of three layers: S,, S,
and S,. The layer S, is the major component and is the thickest. The orientation of the
cellulose microfibrils in these three layers is twisted to form a helical structure, and

the centre of the cellis the hollow lumen. The cellulose microfibrils in the secondary wall
are embedded in a matrix that is composed of hemicellulose and lignin, which function
as crosslinks and fill the interfibrillar spaces. Cellulose microfibrils are composed of
cellulose chains, which are partially crystallized and stiffer than hemicellulose and lignin.
b|Schematic of the S, layer — the major component of the secondary cell wallin plant
cells—which has stiff cellulose microfibrils embedded in a swellable matrix*. L is the
original length and L, is the deformed length. The microfibril angle, g, is the angle of

the direction of twist of the cellulose microfibril with respect to the longitudinal axis

of the cell (Y-axis). The dimensional changes depend on the size of y: for p<45°,
shrinking occurs, and for ;1> 45°, extension occurs. Panel a is adapted from REF.,
Springer Nature Limited.

organelles. The plant organs or tissues deform owing
to the restriction of the internal stress generated by the
expansion and shrinkage of their thick, rigid cell walls,
even in dead cells®. However, the walls of living and
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dead cells are different. Once the cells are fully mature
and dead, they become structural extracellular materials;
the organelles of plant cells and the plasma membrane
disintegrate, and the centre of the cell forms a hollow
lumen® (FIG. 1a). The outermost layer of these cells is the
primary wall, which consists of randomly oriented cellu-
losic microfibrils. The major component of wood fibre is
the secondary cell wall, which has three layers (denoted
by S,, S, and S,). Each consists of a specific array of
cellulosic microfibrils embedded in a compliant and
amorphous matrix, composed of lignin and hemicellu-
lose. The cellulose microfibrils are assembled by several
interconnected cellulose molecular chains that form
alternating crystalline and amorphous phases®**. As a
consequence of their crystallinity, the cellulose microfi-
brils are much stiffer than their surrounding matrix.
Thus, the mechanical properties of the entire wood cell
wall are dominated by the arrangement of the cellulose
microfibrils. The orientation of cellulose microfibrils
within each layer is unidirectional, but the orientation
differs from layer to layer. In most cases, because S, is
the thickest layer in the secondary cell wall, the mechan-
ical properties of the entire cell wall are dominated by
the arrangement of its cellulose microfibrils. There are
also some cases that the swelling and shrinking is caused
by the G-layer inside of the plant cell wall**, but the
swelling strain mismatch is also due to the microfibril
arrangement.

The Fratzl-Elbaum-Burgert model*’ quantitatively
connects the hydroelasticity of the plant cell wall and
the orientation of its cellulose microfibrils. This model
describes a thin-walled hollow cylinder (FIG. 1b). The
angle between the microfibril orientation and the cell
wall axis is defined as the microfibril angle and is
denoted by y. The matrix, in which the cellulose microfi-
brils are embedded, is assumed to bear elastic swelling
isotropically with increasing humidity. This mechanism
is analogous to that for the shape recovery for keratin®.
In the case of microfibrils, the amorphous phase absorbs
the humidity and swells, whereas the crystalline fil-
aments remain unchanged. Furthermore, the model
assumes that the swelling strain remains uniform in
the X-Y plane and that there is no torsion of the cylin-
der because it is confined within a thick tissue, which
makes it a plain-strain condition. The fibrils’ relative
modulus is the ratio between the Young’s modulus of
cellulose microfibrils and that of the matrix, namely,
(1-v?)E,/E, where E, E and v are the Young’s moduli
of the fibrils and matrix, and the Poisson coefficient,
respectively.

This model yields three important implications. First,
when the microfibril angle is small (4 <45°), the stiff
cellulose microfibrils can restrain the swelling and the
cell wall resists expansion along the longitudinal axis;
however, the hydrated cell wall expands radially as the
longitudinal dimension shrinks (FIG. 1b). Second, when
the microfibril angle is large (45° < ¢ < 90°), the restrain-
ing effect of the stiff fibrils is reduced. As a result, the cell
wall is freer to swell along its longitudinal axis, the
hydrated cell wall expands longitudinally and the radial
dimension shrinks (FIC. 1b). Third, with larger relative
moduli of fibrils, this anisotropic swelling effect is more
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obvious. Thus, the model™ provides mechanistic insight
into the origin of anisotropic swelling in plant tissues.

By manipulating structures through anisotropy,
nature creates intricate hygroscopic movements,
like bending, twisting and coiling (also called helical
twisting). In the following section, we provide exam-
ples of the actuation mechanisms that generate such
movements. From a biomimetic viewpoint, these mech-
anisms provide inspiration for complex actuation that
might be achieved by reinforcing compliant gels with
stiff nanofibrils or nanotubes.

Bending, twisting and coiling movements

The most common humidity-driven reversible move-
ments in plants are actuated based on the anisotropic
swelling caused by varied microfibril angle. In this sec-
tion, we introduce three types of movements — bending,
twisting and coiling — and provide specific examples
of each. All of these movements are important in seed
dispersal and sowing.

Bending is the most common movement because it
is easy to achieve, as long as there is a noticeable strain
mismatch in a well-integrated bilayered structure®.
A well-studied example is the pine cone®-% (FIC. 2a).
Under dry conditions, dehydration drives the pine cone
to open. The seeds are then released and carried by wind
over long distances. On rainy days, the cone is closed to
protect the seeds from escaping; because, in this weather,
the seeds would fall too close to the parent plants and not
germinate. This strategy of seed release and protection
is achieved through the reversible bending deformation
of the cone scales. The scales of the cone bend outward
with the reduction of hydration to release the seeds.
A network of diverging fibres is revealed inside the scale
(Supplementary Fig. 1a, Supporting Information). A pol-
ished longitudinal section of a cone and an isolated scale
reveal the bilayered structure of the scale: the upper part
is thinner but much brighter (called sclerenchyma fibres)
and the lower part is darker and is composed of sclereids.
Scanning electron microscopy images of the cell wall for
these two parts® (right panels in FIC. 2a) show that the
cellulose microfibrils are almost parallel to the longitu-
dinal axis in the upper part (sclerenchyma fibres), result-
ing in a low microfibril angle (4 ~30°). This alignment
restrains the hygroscopic swelling in the fibre direction.
By contrast, the sclereid-containing tissue in the lower
part has a much higher microfibril angle (4 ~74°), lead-
ing to a free swelling of this region upon an increase in
humidity. The different swelling responses for the two
parts lead to the bending of the scale upon changes
in humidity

A similar principle of movement is identified in wild
wheat awns****®. The awns of wild wheat can bend and
straighten, driven by the change of relative humidity
(FIC. 2b). This bending is also produced by the heteroge-
neous architecture inside the stem of the awn. Scanning
acoustic microscopy images (FIG. 2b) reveal two distinct
compositional regions: the cap, which is brighter, and the
ridge, which is darker. The corresponding wide-angle
X-ray scattering pattern (FIG. 2b) indicates that the cellu-
lose microfibrils in the cap region are laid almost parallel
to the cell axis, restricting the swelling and shrinkage

along the cell axis; by contrast, the tissue in the ridge
region has multilayered cell walls with randomly
arranged microfibrils, which leads to more isotropic
shrinkage and swelling of the tissue upon humidity
changes. As a result, the difference in the swelling and
shrinkage of the inner and outer parts of the awns results
in a slow bending movement of the awns upon ambi-
ent humidity change. The cyclic changes between the
relatively dry air during the day and higher humidity
at night can lead to a slow crawling-like movement of
the seed-dispersal unit, whereas small spike-like silica
hairs on the outside of the awns ensure a progressive
forward movement by preventing the unit from moving
backwards and out of the soil (Supplementary Fig. 1b).

Twisting is another common, passive, hygroscopic
movement, which is usually identified in the seed pods
of some plants, such as the legume family Fabaceae™. For
example, Bauhinia pods, which are also called chiral seed
pods, open and close their seed pods using a twisting
movement upon humidity change (FIC. 2¢). Each valve
of the Bauhinia pod consists of two layers of stiff fibre
cells oriented roughly at +45° with respect to the pod’s
longitudinal axis (FIG. 2¢), which causes the preferential
swelling and shrinking directions. The presence of two
layers that shrink in perpendicular directions is sufficient
to generate the flat-to-helical transition observed during
pod opening. To prove this mechanism, two planar latex
sheets were stretched uniaxially along two perpendicular
directions and then glued together, forming a residually
stressed compound sheet (Supplementary Fig. 1c). The
elongated strips cut out from the composite sheets were
found to curl into helical configurations, confirming that
the twisting movement of the pea pods is actuated by the
mechanism proposed above*'.

In contrast with Bauhinia pods, which twist around
the long axis of the unit, the storK’s bill (E. gruinum) sep-
arates from its fruit by coiling its awn when it is fully
mature and dehydrated. By the movement upon the
humidity change in daily cycles, the awn can reversibly
coil and uncoil™ (FIC. 2d), providing a propulsion to help
its seeds drill into the soil. Unlike the common elon-
gated cells in which the cellulose fibrils are wound in a
helix around the cell wall, the stork’s bill awn has a tilted
helical arrangement of cellulose microfibrils within the
cell wall*' (model in the right panel of FIG. 2d), resulting
in a varied threading angle of the microfibril along the
cell wall. A simplified mechanical analogue made with
swellable sponges and stiff threads proves that the nor-
mal helical winding produces normal twisting, whereas
the tilted helix can generate coiling"' (Supplementary
Fig. 1d), which directs the seed to a safe germination site.

Gradient lignification
There are additional examples of simple hygroscopic
movements that are also caused by the anisotropic defor-
mation of plant tissue, where the anisotropy is not based
on the cellulose microfibril angle but, rather, on gradi-
ents in lignin within different regions of the plant cell
wall. Such is the case of structures found in resurrection
plants.

Resurrection plants, such as Selaginella lepidophylla,
flourish in desert regions and have an extraordinary
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Fig. 2 | Hygroscopic movements that enable plants to disperse or self-bury their seeds. a| The bending movement of
pine cone scales. The pine cone opens under dry conditions to release seeds and closes in wet state to protect seeds (left).
A polished cross section shows a double-layered inner structure (right, middle). The light-coloured upper layer is composed
of sclerenchyma fibres and the darker lower layer primarily consists of sclereids. Scanning electron microscopy images of
cellwalls in sclerenchyma fibres and sclereids are shown (right). The microfibril angle (MFA) between the longitudinal axis
(labelled ‘Long. axis’) of sclerenchyma fibre and the direction of twisting of the cellulose microfibrils is equal to ~30°. In the
sclereid layer, the MFA is ~74°. b | The bending movement of wild wheat awns driven by daily humidity changes. The scanning
acoustic microscopy image shows the cross section of an awn stem, which is composed of two regions: the cap and the
ridge (by 1x0.8 mm?field, brightness level is correlated to the relative impedance). The wide-angle X-ray scattering patterns
of the crystalline cellulose at the cap and the ridge are shown (right). ¢ | The twisting movement of the pod opening in
Bauhinia variegate. The flat valves of the closed pod curlinto helical strips when they are open in a dry state. Images of the
inner layer (sclerenchymatous stratum) and the outer layer of the pod valve show that the cells are oriented ~45° to the pod
axis but are perpendicular to each other. d | The hygroscopic coiling in a stork’s bill awn. Passive hygroscopic coiling and
uncoiling movements of the awn are induced by the absorption and loss of water. The schematic drawing shows the tilted
arrangement of cellulose microfibrils on the coiling cell wall of the awn. Scanning electron microscopy images in Panel a are
adapted from REF.*, Springer Nature Limited. Panel b is reprinted with permission from REF.*%, American Association for the
Advancement of Science. Panel c is adapted with permission from REF.*!, American Association for the Advancement of
Science. Images in panel d are adapted with permission from REF.**, The Company of Biologists. The drawing in paneld is
republished with permission of The Royal Society of Publishing, from REF.**, Tilted cellulose arrangement as a novel mechanism
for hygroscopic coiling in the stork’s bill awn. Abraham, Y. et al. 9(69), 2012; permission conveyed through Copyright Clearance
Center, Inc.

capability to resist desiccation”’. Their branches contract
with drying, curling the plant into a tight ball. Incredibly,
they can hibernate for up to a century (FIC. 3a). After they
curl, they can be transported large distances by the
wind, rolling on the ground, travelling through deserts,
even crossing continents’’; this behaviour is similar to
the tumbleweeds of the Western United States. Within

the curled plant, the inner green tissue remains attached
and closed, protecting the fruits and seeds from being
dispersed during extreme droughts. If there is a rare
rainy event, the ball absorbs the water and uncurls itself
within several hours (FIG. 3b), waking up the plant from
its dormant state and causing the capsular fruits to open
and disperse the seeds.
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Fig. 3 | Hygroscopic movements induced by gradient lignification in resurrection plant Selaginella lepidophylla.
A resurrection plant (Selaginella lepidophylla) in dry (panel a) and wet (panel b) states. Its outer layer (panel c) contains
older stems that curl with less curvature during the dehydration process than its inner-layer stems (panel d). The curved
arrow indicates the opening direction of the stem. The cross sections of a stained inner-layer stem at the apical (tip)
(panel e), the middle (panel f) and the basal (panel g) sections show a gradual change in lignification (bright red) from
the stem base to the tip, and from the external (abaxial) side to the internal (adaxial) side. This cross-sectional variation
in lignification enables the curvature to change on hydration. Reprinted from REF.*’, Springer Nature Limited.

FIGURE 3c,d depicts the curling process of an isolated
stem from the outer and inner regions upon desiccation.
The curling curvature of the outer stem is smaller than
that of the inner stem, which allows the branches from
different regions to coordinate to retract the plant into
an integrated ball, providing optimal protection. This
hydro-actuated process of curling and uncurling is revers-
ible over several cycles. The ability of the plant to move in
this manner is attributed to the presence of a lignin gra-
dient within the stem tissue. Because the higher degree
oflignification can increase the stiffness of the tissue and,
consequently, reduce its ability to swell, the lignin gradi-
ent within the stem causes the branch to curl. FIGURE 3e—g
shows the stained cross sections of an inner stem from
the apical (top) region to the basal (bottom) section. The
red stain indicates a profusion of lignin. Lignification on
one half of the stem gradually decreases from the abaxial
(outer) side to the adaxial (inner) side. Thus, the apical
(top) part curls more than the basal part (bottom). This
gradient generates the anisotropic swelling and shrinking
of the plant branches and produces the highly reversible
hydro-actuated deformation for the resurrection plants
to protect themselves.

Hierarchical foam-like structure

Another prevailing type of hygroscopic material is ena-
bled by foam-like structures, including cleaning sponges,
such as the luffa (Luffa aegyptiaca)’”” (Supplementary
Fig. 2a), which are used on a daily basis. The hydrophilic

foam structure absorbs or loses water upon humidity
change, resulting in a reversible change in the overall
shape. The hierarchical foam structure (Supplementary
Fig. 2b) consists of porous struts, confirming that the
luffa sponge has a cellular structure at small length
scales. Because of these attributes, luffa can be deformed
and crushed, but, upon being hydrated, will regain its
original shape, which will enable it to float, carrying the
seeds away from their origin (Supplementary Fig. 2).
Supplementary Fig. 2c shows the compressed luffa
regaining its shape upon hydration. Deformation-
generated, locally buckled and compressed struts are
seen at the micrometre scale (Supplementary Fig. 2d).
Because the plant tissue is highly hydrophilic, the
deformed sponge can rapidly recover its original shape
(in less than 10 min) (Supplementary Fig. 2e) by absorb-
ing water to expand its cellular structure through the
straightening of the struts (Supplementary Fig. 2f). This
porous architecture serves as a dispersal medium.
Other hygroscopic biological systems actuated by a
hydrophilic foam structure are found in the ice plant
(Delosperma nakurense) seed capsule® and the carrot-
wood (Cupaniopsis anacardioides) seed pods. The desert
habitat of ice plants causes them to only release seeds in
moist conditions, which may increase their chance of
germinating in favourable environments. During their
dormancy in a drought, the seeds are protected in com-
partments by five sealed valves in the capsule (FIC. 4a). As
the surrounding moisture content increases, the active
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valve Hygroscopic e ' yAulul
keel

Fig. 4 | Hygroscopic structure in an ice plant seed capsule and the porous structure in a carrotwood seed pod.a|Ina
dry state, the ice plant seed capsule is closed and the cell wall is collapsed (as observed in the confocal microscopy image).
b | Opening of a protective valve during hydration. c | In a wet state, the seed capsule opens and hydration-induced
swelling of the cell wall in the upper layer occurs. The confocal microscopy image reveals that the hygroscopic keels have
ahoneycomb lattice structure with elliptical-shaped cells. This structure of the keel of the valve tissue causes deployment
of the entire capsule. d | Hydration-induced opening and closing of the carrotwood (Cupaniopsis anacardioides) seed pod.
The cross sections of the open (dry) and closed (wet) seed pod valve show the inhomogeneous swelling of the bilayer
structure. The scanning electron microscopy images correspond to the three regions marked in the cross section of the
dry state, which are shown in panels e, fand g. e | The top (inner) layer is composed of well-aligned fibres. f,g | The bottom
(outer) layer has a porous structure made of the cell lumen (central cavity). The pore size gradually increases, forming a
transitional region (panel f) to the bottom area (panel g). Panels a—c are adapted from REF.*’, Springer Nature Limited.
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(corresponding to the outside of the pod), which is
sponge-like tissue, increases by approximately 500 pm
(boxes labelled ‘f” and ‘g’ in FIG. 4d). The swelling mis-
match generates retraction of the pod valve, causing the
closure of the seed pod upon hydration. This swelling
mismatch is the result of the distinct structural features
within these layers, and is revealed by the scanning
electron microscopy images (FIG. 4c—g). The inner layer
(top of FIC. 4d) is composed of fibres aligned along the
thickness direction, whereas the outer layer (bottom
of FIC. 4d) has a sponge-like porous structure with a pore-
size gradient. There is a transitional region with a
smaller pore size of ~10-20 um (FIC. 41), whereas the pore
size in the outer layer is ~20-50 um (FIG. 4g). The porous
structure in the outer layer (FIG. 4g) exhibits a larger
expansion upon hydration than the well-aligned fibres
in the inner layer (FIG. 4¢), producing anisotropic swelling
in the pod valve tissue.

Cell wall

Cell membrane

Vacuole

—— Cellwall

—— Cell membrane
Vacuole

Fig. 5 | Effect of hydration on turgor pressure in a plant stem. An influx of water
through the cell wall and into the vacuole causes it to swell and press against the cell
membrane. This, in turn, expands the cell walls, rendering them more rigid and keeping
the plant stem erect (namely, turgor pressure). The opposite effect — the efflux of water
owing to dehydration —causes the cell walls to become flaccid and the plant wilts.

Turgor pressure from osmosis. Living turgid plant cells™
contain a plasma membrane — a unique structure that
is semipermeable and separates the cell organelles and

hinge absorbs water and the valves straighten and bend
outwards, opening the capsule (FIC. 4b). This mechanism
relies on the cellular structure and the active component
in the inner side of the valve. The compact cellular tis-
sue is arranged as a collapsed honeycomb under dry
conditions (FIG. 4a). The highly swellable cellulose-filled
cells are open-structured with porous lamellae between
cellulosic mats. During hydration, the cellulose inner
tissue absorbs water, causing the cells to expand into a
honeycomb structure (FIC. 4c), which opens the valves
of the seed capsule. We emphasize that, unlike the actu-
ation systems discussed earlier (for example, pine cones,
wheat awns and stork’s bill awns), which are responsive
to relative humidity changes, the responsive behaviour
of ice plant seed capsules only occurs when they are
exposed to liquid water. This behaviour arises because
actuation is generated by the water uptake and swelling
of the cellulose-filled cells. A pioneering investigation”,
which combined enthalpy-driven water adsorption
and entropic gain of the system, demonstrated that this
water—inner cellulose tissue interaction and the associ-
ated swelling are energetically sufficient to drive the full
opening and closure of these seed capsules.

A similar mechanism exists in carrotwood seed pods.
In contrast to the ice plant seed capsule, the seed pod
of carrotwood opens upon dehydration and closes with
increased humidity (FIC. 4d). The inner surface of each
pod valve is covered by a fluffy fibrous layer acting as a
cushion to provide protection for the seeds. The cross
sections of a pod valve in their dry and wet states indi-
cate that, beneath the fibrous cushion, there are two
distinct layers comprising the valve tissue (FIC. 4d). The
two optical microscopy images show different swelling
potentials in each layer. As a consequence of the swell-
ing caused by hydration, the thickness of the top layer
of FIC. 4d (box labelled ‘¢’ in FIC. 4d), corresponding to
the inner layer of the pod, increases by about 300 um,
whereas the thickness of the bottom layer of FIG. 4d

cytoplasm from the external fluid. When a plant cell is
immersed in a solution that has a different solute con-
centration from that within the cell, water passes through
the semipermeable cell wall and plasma membrane to
equilibrate the osmotic pressure between the outside
and the inside of the cell, leading to a volumetric change
(positive or negative, depending on whether water is
flowing into or out of the cell, respectively). Plants wilt
when water diffuses out through their walls and revive,
becoming rigid as the concentration of water (and,
thus, pressure) in the cells increases. The lipid bilayer
that comprises the cell membrane is permeable to water
but not to many other chemical substances. The cells in
an erect stem are fully hydrated and expanded, whereas
in the wilted state, water has diffused out of the cells,
decreasing their volume (FIG. 5). The osmotic influx of
water into the vacuole swells it and impinges on the cell
membrane that pushes against the cell wall. By contrast,
the efflux of water renders the cell flaccid. The equilib-
rium pressure inside the cell is called turgor pressure,
and the cell is referred to as turgid when filled. An every-
day example of this behaviour is flowers in a vase, which
both wilt and regenerate as water flows out and into their
cells. Cell swelling at the micrometre scale translates to
increased stiffness at the structural (that is, macroscopic)
level. In addition to the stiffness provided by turgid cells,
there is an increase in the cross-sectional area, with an
attendant increase in the moment of inertia.

Models of hydro-actuated deformation

The complex mechanochemistry of the effect of hydra-
tion on living and dead cells is not treated here, and the
reader is referred to other sources” . In many passive
systems, such as those discussed in previous sections,
plants use a bilayer mechanism combined with aniso-
tropic hygrometric expansion. In this section, we present
two models based on a bilayer with a passive compo-
nent, which, essentially, is unchanged, and an active
component, which undergoes hygroscopically induced
expansion. This expansion is often one-dimensional or
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two-dimensional. These models account for the majority
of hydration-induced deformation in plants.

A simple model was constructed incorporating these
bilayer features for pine cone scales and wheat awns
(FIC. 6a—d). A fibrous layer is considered, in which there
is no increase in length in the longitudinal direction.
This configuration corresponds to the alignment of the
microfibrils being offset from that of the fibre cell axis
by a small angle (¢ <45° FIC. 1b). For simplicity, these
situations are represented by a layer consisting of par-
allel fibres. A hydration-sensitive layer is represented

Cell walls: lignin

REVIEWS

by the foundation (bottom layer), which corresponds
to microfibrils forming a large angle (4 >45°) with the
fibre axis. The reference system is defined in such a
manner that the axis 0X, is perpendicular to the sur-
face. The swelling occurs along 0X; (¢,,) and 0X, (e,,).
The strain perpendicular to the interface does not con-
tribute to distortion, such is the case for ¢,,, which does
not contribute to deformation. The angle of 0X, with
respect to the fibres in the fibrous layer determines
the nature of deformation, such is the case for ¢,,. If the
angle is zero, bending takes place (FIC. 6a); if the angle

Unchanged cells

Cellinterior: cellulose, hygroscopic

Hygroscopically expanded cell interior

Fig. 6 | Principal mechanisms operating in bilayer-based deformation of plants. a—d | Simplified representations of
hydration-induced deformation in wheat awns and pine cones. Two layers are assumed: a top layer consisting of fibres
with fixed length (rods in the images) and a bottom layer consisting of a material that undergoes biaxial swelling with
hydration. The strain ¢, is assumed to be zero (direction aligned with microfibrils, which do not change length), whereas
strains €,, and ¢,, are non-zero and assume positive values upon hydration. a | Bending: 0X, (¢,,) aligned with fibres.
b|Saddling: 0X, (&,,) perpendicular to fibres. c,d | Helical twisting: 0X, (¢,,) at +45° to the fibres for the positive helix and
—45° to the fibres for the negative helix. e,f| Simplified representations of hydration-induced deformation in ice plant
capsules: initial configuration with lignin cell walls (top) and hygroscopic cellulose-filled cells (bottom) (panel e); the
cellulose inside the cells swells upon hydration and the volume increases, expanding the minor axis of the cells (panel f).
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is 90°, warping or saddling occur (FIC. 6b); for +45°,a  coefficient of hygroscopic expansion, 3 (REF.?), which is
right-hand helix forms through twisting (FIG. 6c); and ~ defined in a similar manner to the thermal expansion
for —45°, a left-hand helix forms through twisting coefficient:
(FIG. 6d).

The radii of curvature in bending and warping (or B
saddling) are readily calculated from the dimensions and 0¢

B 0¢,,

a The shape recovery of the shaft of a bird feather
k- : 6005

b The hierarchical structure of the feather shaft cortex
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This coefficient expresses the change in strain ¢,, in
the 0X, direction with relative humidity, ¢. Similarly, the
pitch of the helix can be obtained by analysis.

The seed dispersal of ice plants is actuated through a
similar mechanism (FIC. 6e,f). The top and bottom layers
have a similar cell-wall structure. However, in the top
layer, the lignified cells are empty, whereas the bottom
cells are filled with a hygroscopic polysaccharide, which
expands upon hydration. This expansion increases the
minor axis of the rhombus-shaped cell walls and pro-
duces a positive strain, which is constrained by the top
layer, thus, resulting in bending.

Recoverable materials in animals

Some extracellular matrix materials in animal tissues
also manifest tunable properties with external triggers.
For example, water is an integral component of colla-
gen. Water removal from collagen shortens its molecular
conformation, leading to significant contraction”. The
resulting water-generated tensile stress has a role in col-
lagenous tissues such as skin, tendon and bone. Another
example is the jaws of Nereis virens — a species of marine
worm — which are mainly composed of Nvjp-1 protein,
yet, exhibit exceptional mechanical properties compara-
ble to those of human dentin. It was recently discovered®
that this jaw consists of condensed proteinaceous struc-
tures, the mechanical properties of which are tuned by
coordination with transition-metal cations, particularly
Zn**. This provides new inspiration for developing
synthetic tunable materials. Other interesting tunable
protein materials and their triggering mechanisms are
being extensively investigated. In this section, we focus
on the two most well-studied of these — keratin and
spider silk — which have recoverable morphologies
and mechanical properties that are dependent on the
presence of water.

Keratinous materials

Keratin is a ubiquitous biological material, represent-
ing a group of impermeable filament- forming pro-
teins with a high sulfur content. It is strong, tough and
lightweight, and forms structural materials with many
functions, such as armour (pangolin scales), weapons
(nails, claws and horns), thermal insulator (hair and
feathers) and transportation enabler (hooves and feath-
ers)*"®. These keratinous structural materials are pro-
duced by specialized cells filled with keratin and are not

< Fig. 7 | Hydration-induced shape and strength recovery of bird feathers. a| The shape
of a feather shaft (top), also shown at higher magnification (bottom) with the vane removed,
is recovered in water after severe mechanical deformation. The arrows indicate the
position of the deformation region and its gradual recovery, and the time after initial
deformation is shown in seconds. b | The hierarchical structure of keratin fibres in bird
feathers. c | A schematic representation of the mechanism for hydration-induced structural
recovery in bird feathers. The original configuration has partially crystalline intermediate
filaments with length L, embedded in an amorphous matrix, with thickness t,. When an
external load is applied, the deformation of the feather is enabled by the flow of the
amorphous matrix and the buckling of the lower (below the neutral axis) intermediate
filaments, decreasing the length to L (L <L). During the wetting process, water molecules
penetrate the amorphous phase, causing the matrix to swell (t> t,). Because the matrix is
constrained by fibres, swelling stretches the buckled filaments and straightens the feather
shaft. Finally, shrinking of the amorphous matrix by drying reverts the shape to its initial
configuration. Panels a and b are reprinted with permission from REF.**, Wiley.
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associated with metabolism after they are formed; thus,
these materials are usually considered as ‘dead’ tissue.
Because keratinous materials are usually located at the
most superficial layer on an animal’s body, their intricate
hierarchical structure confers them an excellent capa-
bility to recover their shape and strength by hydration,
which significantly improves their durability. Typically,
there are two phases: a crystalline phase, which is chemi-
cally crosslinked and provides a permanent structure for
the material, and an amorphous phase, which consists
of randomly organized molecular chains and branches
that are interconnected with abundant hydrogen bonds,
forming switches to enable tunable and temporary shape
change. When the material is hydrated, the unbound
water molecules enter the space between the polymer
chains and branches, disrupting the original hydrogen
bonds in the amorphous phase and making the material
compliant for deformation. With an applied external
force, the hydrated amorphous matrix flows, and the
polymer chains and branches slide. During the dehy-
dration process, unbound water evaporates, leaving the
relocated chains and branches to form new hydrogen
bonds between them, turning off the switch and fixing
the material into a temporary shape. Once the material
absorbs water again, the newly formed hydrogen bonds
break again and, driven by entropic forces, the material
recovers its original shape.

The precise mechanism remains unresolved. Notably,
the reversible switching upon hydration and dehydration
has been attributed to both hydrogen and disulfide bond
breaking. Moreover, simple models assume a continu-
ous crystalline phase, whereas others divide the crys-
talline phase into domains. In this section, we describe
a simplified mechanism, in which the crystalline phase
(intermediate filaments) is not affected by hydration,
whereas the amorphous phase absorbs water and plasti-
cizes. Thus, the intermediate filaments act as the passive
component, in analogy with plants. The material can be
‘trained’ into a position upon drying by the formation
of new hydrogen bonds in the amorphous phase. At the
mesoscale, the interplay between crystalline and amor-
phous recovery (the latter developing reversible defor-
mation) components determines the shape and strength
(FIG. 7). This mechanism is similar to that in wood™.

Here, we provide three examples of keratinous mate-
rials: bird feather, sheep horn and animal hair. Feathers
are an evolutionary marvel that are not only lightweight
but are also able to endure intense aerodynamic loads
during flight, enabling aerial locomotion®. However,
after flying for thousands of miles, fighting and other
forms of environmental damage, structural deterioration
is inevitable. In addition to preening, birds have devel-
oped a relaxing, yet, highly effective strategy to recover
their damaged feathers: bathing. After severe plastic
deformation, the feather can rapidly recover its original
shape in less than 30 min with exposure to water (FIG. 7a).
Preferential permeation of water into the amorphous
phase allows hydrogen-bond breakage and subsequent
swelling, which reorients and straightens the hierar-
chically arranged keratin fibrils and filaments (FIG. 7b),
enabling recovery of the overall shape and mechanical
properties® (FIG. 7¢).
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Fig. 8 | Hydration-induced shape memory effect in animal hairs. a| The hierarchical structure of (human) hair.

The crystalline intermediate filaments are embedded in an amorphous matrix. b | The shape-recovery process induced
by water for a camel hair. An originally straight hair isimmersed in water and curls after being fully hydrated. The curled
hair is dried to fix its temporary shape. After reimmersion in water, the curled hair returns to its original straight shape.
c|Recovery of the mechanical strength of hairs from either sheep, goat or camel, after two loading cycles. Panel ais
adapted with permission from REF.*, Elsevier. Panels b and c are adapted from REF*’, CC BY 4.0.

Horn is another common keratinous-based tool,  species for territory, dominance or mating priority. As a
which is possessed by many mammals, including cattle,  highly effective energy-absorbent material*, horn inevi-
goats, sheep, antelope and rhinoceroses. It serves as a  tably suffers damage during fighting, yet, can repair itself
powerful weapon to help these animals defend them-  via hydration'’. Unlike the well-aligned fibrous structure
selves from predators and fight members of their own  in feathers, horn is assembled by lamellae of keratinized
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cells (Supplementary Fig. 3). However, similar to feath-
ers, the building blocks of these keratin cells — the
microfibrils — are composed of crystalline intermediate
filaments that are embedded in an amorphous matrix.
In horn, the recovery is much more limited because of
the two-dimensional organization of the intermediate fil-
aments and geometry. Fourier transform infrared spec-
troscopy provides evidence for preferential diffusion of
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water to the amorphous phase through changes in C=0
stretching and M-H bending with hydration*. New
hydrogen bonds formed between water are evidenced
by the decrease of free N-H bonds and eventual decrease
of intensity. The intermediate filaments only underwent
one-fifth of the strain (0.07) of the overall specimen
in the hydrated tension state (failure at ~0.35). Although
the compressive strength was recovered upon hydration,
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Fig. 9 | Humidity-driven reversible supercontraction of spider silk as an artificial muscle. a | Two cycles of humidity-
driven, highly reversible contraction and relaxation for a spider silk thread subjected to a constant load from an applied
weight. The dashed line indicates the displacement of the weight after one cycle of the silk contraction and relaxation.

b | The hierarchical structure of spider silk. ¢ | Structural model of native and supercontracted spider silk. The native spider
silk has highly orientated p-sheet crystals interlinked by the glycine-rich chains, forming the crystalline and amorphous
two-phase structure. In the amorphous phase, there is a Gaussian distribution of prestrains, which can be described by
the worm-like chain model. As the humidity increases, the hydrogen bonds in the amorphous phase are broken by water
molecules, releasing the prestrain and generating entropy-induced supercontraction. Panel a is reprinted with permission
from REF.%, The Company of Biologists. Panel b is reprinted from REF.*, Springer Nature Limited. Panel c is adapted with
permission from REF.”°, Royal Society of Chemistry.
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there was significant permanent damage in the form of
plastic microbuckling, delamination and cracking.

A familiar, and everyday, recovery phenomenon of
keratinous tissue is the hydration-induced shape recov-
ery of hair. We all know that, no matter how messy our
hair, a wash will enable recovery of the original form.
The shape-recovery mechanism of hair is similar to that
of other keratinous materials. The intricate structure of

[

lcm

human hair contains hierarchical crystalline elements
at different length scales (in ascending spatial scale:
a-helices, intermediate filaments, macrofibrils and cor-
tical cells) that are embedded in an amorphous matrix®
(FIC. 8a). Most of the animal hair has similar structure,
which also has two phases: filaments composed of crys-
talline elements with disulfide bonds between polypep-
tide chains and the matrix, which is composed of an

10mm
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< Fig. 10| Bioinspired self-shaping materials manufactured by magnetic-field-
controlled reinforcement and 4D printing. a| Scheme of the magnetic-field-controlled
manufacturing technique. Multilayered hydrogel matrix mixed with ultrahigh magnetic
response alumina plates is fabricated in a Teflon mould under a weak magnetic field
generated by a rotating permanent magnet. The ultrahigh magnetic response is produced
by coating Al,O, with iron-oxide nanoparticles and the orientation of this reinforcement
in each layer is determined by the applied magnetic field. b | The hydro-actuated bending
movement of the self-shaping hydrogel composites mimicking the reversible bending
of pine cone scales. ¢ | The hygroscopic twisting deformation mimicking the twisting
opening of the Bauhinia pod. d | A schematic representation of a 4D printer nozzle and
shear-induced one-step alignment of cellulose fibril reinforcement (blue) in a hydrogel
matrix (pink) (left). The swelling strains, ¢ and «, are shown, as well as the respective
Young’s moduli, E;and E, denoted on the right. e | Hygroscopic deformations of twisting
(top left) and curling (bottom left and right) generated by this 4D-printed hydrogel
composite (a mirror is used to show different views of the material). Panels a—c are

reprinted from REF.", Springer Nature Limited. Panels d and e are reprinted from REF.%/,

Springer Nature Limited.

97

amorphous phase containing hydrogen bonds”. Upon
deformation (and, often, the application of heat and
hydration), hydrogen bonds in the amorphous phase are
broken and reformed at different positions. Reversible
hydration and dehydration processes turn on and off the
switches, making geometrical and mechanical recovery
possible” (FIG. 8b,c). For example, camel hair acquires
this shape when formed into a circular shape and dried
(FIC. 8b). Upon rehydration, the elastic energy stored in the
crystalline phase restores the original shape, because
the amorphous phase is ‘softened’ by water. Once dried,
hair regains its original straight shape. FIGURE 8c shows
that the mechanical strength of three types of animal
hair (that is, sheep, goat and camel) is mostly recovered
during two cyclic loading processes. This behaviour is
at the foundation of the multi-billion-dollar haircare
industry. There is an additional effect: a strain-induced
a-to-p keratin transformation, which also contributes
to the viscoelastic and plastic behaviour of hair*>*, and
increases the maximum strain. Whereas the elasticity
from stretching of the chains is entropic, the confor-
mational change from a-coils to B-sheets is driven by
differences in internal energy®*.

Spider silk

Spider silks are extraordinary structural materials with
strength and extensibility that are superior, by weight,
to most human-made fibres. In addition, it has been
proposed that spider dragline silk can undergo super-
contraction induced by wetting, and that this has an
important role in taking up slack in webs, restoring
web shape and tension after prey capture, and opposing
extensional forces exerted by the weight of precipitation
(dew and rain) on webs*. The length change in a spider
silk strand upon the cyclic variation of relative humidity
(from 10% to 90%)™ is highly reversible (FIC. 9a). Similar
to keratin, spider silk is hierarchically constructed from
crystalline domains embedded in an amorphous matrix.
Each domain is assembled from the -sheet nanocrys-
tals of polyalanines connected within a semi-amorphous
phase™ (FIG. 9b). The crystalline phase has a permanent
shape and the humidity-driven length tunability is con-
ferred by the activation of the switch (that is, hydrogen
bonds) in the amorphous phase” (FIC. 9¢). The general
idea is that the structure consists of crystals connected
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with amorphous regions that act as ‘springs’ and shrink
upon hydration. An added level of complexity is that the
fibres are not homogeneous but are composed of a core
and skin, in an analogous manner to hair®. This recov-
erable response provides inspiration for the design of
novel actuators*®**%,

Bioinspired applications

Based on the design strategies identified in nature, many
synthetic, hydration-induced, self-morphing materials
have been successfully developed'””'~'*. In this section,
we provide four examples inspired by plant organs and
two that mimic animal tissue discussed in the previous
sections.

Inspired by the anisotropic swelling of plant organs
directed by the cellulose microfibril angle in the cell
wall, several types of programmable self-shaping mate-
rial driven by humidity or thermal change have been
fabricated. In one example, discontinuous, anisotropic
alumina microplatelets were coated with superpar-
amagnetic iron-oxide nanoparticles to render them
magnetically responsive'” (FIC. 10a). Based upon the
ability to control the orientation of the platelets within
different layers of a hydrogel composite using a weak
external magnetic field, a multilayered swellable or
shrinkable polymer matrix with stiff inorganic rein-
forcements oriented along different directions was fab-
ricated. This structure mimics the structural design of
self-shaping plant organs. By controlling the hydration
or temperature, programmable passive movements,
including bending (FIG. 10b) and twisting (FIC. 10c), were
achieved.

Additive manufacturing, or 3D printing, is a power-
ful technique for creating composites with complex
structures, including bioinspired structures. Recently,
4D printing has been developed, which extends 3D print-
ing by incorporating the dimension of transformation
over time. The 4D-printed materials can change to other
structures upon the input of external energy, such as tem-
perature, light or other environmental stimuli. With this
technique, biomimetic hydrogel composites with bilayer
structures programmed into various patterns have been
developed. For example, a hydrogel composite reinforced
with cellulose microfibrils’” was constructed using this
technique (FIG. 104). In this case, the printing ink is aligned
by the shear force acting on the filament during direct ink
writing. The anisotropy of the stiffness and the swelling
strain can be incorporated into the 4D-printing process
by aligning the fibre (FIG. 10d). Using the same strategy as
that identified in the movement of plant organs directed
by cellulose microfibril angle, the printed hydrogel com-
posites can localize swelling anisotropy and produce
complex shape changes (such as bending, curling and
twisting), once immersed in water (FIG. 10e).

Self-assembly is another effective synthetic method
to produce complex structures through bottom-up pro-
cesses, and is similar to the intricate pathways used for
the formation of hierarchical structures in biological
materials. Inspired by the morphogenesis in orchid pet-
als (FIC. 11a), a self-shaping hydrogel by controlled molec-
ular self-assembly was developed”®. In this example,
the morphology of a growing leaf was determined by
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Fig. 11| Plant-inspired soft responsive materials fabricated by controlled molecular self- assembly. a | Four types of
differential growth and shape formation in plant organs: twisting (Dendrobium helix), helical twisting or coiling (Prosthechea
cochleata), saddle bending (Brassavola nodosa) and edge waving (Phragmipedium brasiliense). The different morphologies
of these leaves are determined by the maximum value and the spatial distribution of growth strains in the living leaf.

b | Schematic representation of the self-assembly polymerization process induced by the diffusion of oxygen. The polymeriza-
tion of hydrogels can be inhibited by the oxygen molecules. The gradient concentration of oxygen resulting from the diffusion,
therefore, generates a gradient of gelation from the outer layer to the inner region. c—e | Anisotropic swelling conferred by
gradient gelation in conjunction with an embedded stiff wire in the hydrogel matrix enables the hydrogels to achieve
different responsive deformations, including twisting and helical twisting (panel c), saddle bending (panel d) and edge
waving (panel e). The insets are simulation results from finite-element-analysis methods. Panels a (green insets), c and e are
reprinted with permission from REF.%, PNAS. Panel a twisting orchid image courtesy of P. Zorn. Panel a helical twisting orchid
image reprinted from REF.*2, CC BY 3.0. Panel a saddle bending orchid image reprinted from REF.!**, CC BY 2.0. Panela edge
waving orchid image courtesy of Orchids Limited. Panels b and d are reprinted with permission from REF.%, PNAS.
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Fig. 12 | Reversible hydration-induced motion in synthetic systems inspired by either skin or silk. a| Artificial skin
comprising a dual network of collagen—polyurethane has a water-responsive shape-memory effect. The artificial skin is
fabricated from recycled calf skin and polyurethane solution. The reinforcing polyurethane has both soft segments and
hard segments in the chain. b | A cycle of water-driven shape recovery for the biomimetic collagen—polyurethane composites.
c| A representative humidity-driven supercontraction process showing that silk can act as an artificial muscle to lift weight
(5mg). d | Several cycles of weightlifting generated by the silk bundle. Panels a and b are adapted with permission from
REF.'*!, Royal Society of Chemistry. Panels c and d are reprinted with permission from REF.*%4, CC BY 4.0.

both the maximum value and the spatial distribution of
growth strain using a combination of experiments and
simulations. Based on the parameters obtained from the
plant organs, a hydrogel was fabricated using a graded
polymerization process to replicate the morphogenesis
processes in plant leaves. Owing to the inhibitive effect of
oxygen on the polymerization of hydrogels, a graded gel
(from the outer layer to the inner region) via controlled
diffusion of air into the hydrogel solution (FIG. 11b) was
generated. Embedded stiff wires in the soft hydrogels
contributed to the anisotropic swelling strain (by con-
straining it along their orientation) and the composites
achieved common leaf morphogenesis, such as twisting
and helical twisting, saddle bending and edge waving
(FIC. 11c—e, respectively).

These hydro-actuated self-shaping materials have not
only been manufactured on a small scale but have already
been used as biomimetic building skins on architec-
tures sensitive to environmental changes at a large scale,

including a simple programmable veneer-composite
system'®. In this example, quarter-cut veneer of
maple wood was further cut to make a semi-synthetic
bilayer structure: a climate-responsive layer and a
climate-independent layer. By manipulating the geomet-
rical parameters, the programmable veneer can passively
change its shape in response to humidity changes. This
ingenious design has already been used as smart build-
ing skins to tune the permeability of architectures in
response to change in humidity.

Several types of hydro-actuated shape-memory pol-
ymers have been inspired by animal tissues. Applying
the dual-phase strategy that has been widely identi-
fied in shape-memory animal tissues, an artificial skin
with a water-responsive shape-memory response was
fabricated'”". In this material, the major component of
the mammal dermis was curvy collagen fibres, with
some contribution from elastin (FIG. 12a). Waterborne
polyurethane was impregnated into an entangled and
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sticky collagen network, which was recycled from animal
skin. The fabricated skin composite had two structural
phases (FIC. 12a): type I collagen fibres and polyurethane
chains composed of a soft and a hard segment. The inter-
ruption and regeneration of the hydrogen bonds within
the collagen fibres act as the ‘switch’ to fix the tempo-
rary shape and recover the original geometry. One cycle
of the shape-memory effect is possible in only 10 min,
proving the success of shape-memory, biocompatible,
synthetic polymers (FIG. 12b).

Spider silk is a popular source of natural inspiration,
owing to its superb mechanical properties. Inspired by
its reversible water-induced supercontraction, a smart
fibre fabricated with a simple two-step synthesis
achieved robust contraction through a hydration pro-
cess and relaxed to its original conformation with
dehydration'®. In this example, fibres were drawn from
a hydrogel composite and then treated with ultraviolet
light at room temperature. The initial hydrogel was built
from two components. Fibres drawn from the hydro-
gel have a double network: one formed from the phys-
ical interactions between the two components and the
other from covalent crosslinks. As a consequence of this
double-network structure, these synthetic fibres can
work as a robust artificial muscle for lifting a weight of
5mg (FIC. 12¢), and can reversibly contract and relax for
several cycles (FIG. 12d).

The application of the concept of osmotic deforma-
tion to synthetic devices is also an important area'”. This
mechanism operates within the plant cells and builds
high internal pressures (up to 5 MPa), which lead to the
stiffening of structures, as seen in hydrated plant stems
(FIG. 5). This principle is used in soft robotics, in which
the internal pressure increases the structural stiffness
and deploys the device to the desired configuration.

Outlook

The intersection of additive manufacturing (4D print-
ing), robotics and nanomotors is a fertile ground for the
use of the concepts extracted from hydration-induced
deformation. The tools provided by artificial intelli-
gence and the Materials Genome Initiative will play a
role in accelerating discovery. The form in which appli-
cations will take shape is difficult to predict because of
the serendipity of discovery and the potential of novel
functional behaviour. Until now, only proof-of-principle
examples, which are extensions of observations in nat-
ural systems, have been demonstrated. Reaching the
stage of technological utilization requires a focused and
concerted developmental effort. For example, consider
the gecko, which possesses reversible attachment devices
on its paws. Although the scientific understanding of the
effect has been known since the early 2000s'**-'%, it took
more than a decade to translate this understanding into
applications'””. Commercialization is now exploited in
fields as diverse as robotics and biomedicine. This level
of focused effort diverges significantly from academic
research, which is exploratory, broad and directed at dis-
covery and scientific inquiry. The developmental effort
links the principles unravelled in fundamental research
to an application and involves important technical work
and the overcoming of bottlenecks.

In addition to the systems discussed in the last sec-
tion, we provide indicators for new directions for tech-
nological implementation. For example, a bioinspired
water-responsive polymer composite consisting of two
polymers was used to generate power through a piezo-
electric actuator'®®. The maximum stress generated (upon
dehydrating) was 27 MPa. This actuation force is a very
high value and approaches the strength of some poly-
mers. The 0.3-Hz response is orders of magnitude higher
than the response of natural systems, where hydration
takes tens of minutes and dehydration about twice as
long. This superb performance suggests a manner in
which reversible bioinspired hydration can be used to
drive nanomotors and nanorobots without any external
source of energy. The cyclic time, 7, is related to the diffu-
sion distance, h, through 7 ~ 2 (where D s the diffusion
coefficient of water in the medium); thus, the smaller A,
the greater the achievable frequency. Thus, nanorobots
are especially suited to be driven by this process because
of their small dimensions, which reduce the cycle time'”.

Techniques such as 4D printing can be game changers
because they enable the fabrication of spatially varying
compositions and resulting graded behaviour. 4D print-
ing has been used to create synthetic pine cone scales'"’.
The two layers are a polymer not particularly affected by
moisture and a mixture of polymer and wood fibres; the
latter become aligned with the filamentary-deposition
process in such a manner that they exhibit a prescribed
swelling upon hydration. 4D printing has also been used
to produce composite hydrogels that have localized,
anisotropic swelling behaviour controlled by the align-
ment of cellulose fibrils along predefined 4D-printing
pathways. This methodology enabled the fabrication
of plant-inspired architectures that change shape upon
immersion in water, and is another example of how
these technologies can bridge the gap between biological
materials and their bioinspired analogues.

Although our understanding of the biological struc-
tures responsible for reversible hydro-actuated defor-
mation has rapidly expanded, there are aspects that
are poorly understood. For instance, there are reports
of bilayer structures with porosity and elastic-modulus
gradients that can decrease interfacial stresses; these
structures have important roles in biological structures.
The optimum gradients should be analytically predicted,
which can provide insight into why the reversible defor-
mation of, for instance, cone scales can be conducted for
a large number of cycles without fatigue failure owing
to internal stresses, a performance still not matched by
synthetic designs''".

There is a connection, albeit still in its infancy,
between morphogenesis (the phenomenon by which
different organs grow in biological systems) and
hygromorphs. Morphogenesis in plant leaves yields
helical twisting, twisting and saddle bending. The
resulting shapes are similar to those produced by
hydro-actuation®. The elasticity-based morphogen-
esis framework can be extended to hydro-actuation
(for example, in flowers).

The design principle of the ice plant seed capsule
has been modelled analytically and by the finite ele-
ment method*””’. These studies demonstrated that
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significant strains (up to 3) can be obtained by expand-
ing a rhombus-shaped structure using internal pressure.
Moreover, it was shown that the filling of the honeycomb
structure by a hygroscopic material can produce internal
reversible expansion. Nevertheless, the detailed nature
of the processes involved is only partially understood.
The differential uptake of water in the amorphous
and crystalline phases of plant and animal tissue is not
sufficiently understood. The answer is likely embedded
in a more detailed understanding of the chemistry and
finer, nanoscale features of the amorphous and crys-
talline phases. Specifically, it is crucial to explain why
the crystalline part is resistant to water uptake. For
instance, water can penetrate into the less crystallized
hemicellulose matrix in plant cells and the cortex matrix
in keratin, while the more crystallized cellulose and

REVIEWS

intermediate filaments are less permeable. In addition,
our understanding does not explain the thermodynam-
ics or kinetics of the water uptake or the diffusion rate of
water in these two phases. A deeper understanding will
enable the rate of change of configurations and potential
for translation to engineered mimics.

Inspired by the ingenious designs found in nature,
smart synthetic materials, such as self-shaping compos-
ites, as well as some robust artificial muscles, have been
developed at different length scales. Now, it is necessary
to apply the lessons from nature to develop responsive
materials with simpler simulative strategies and better
biocompatibility to fulfil the requirements of modern
manufacturing industries based on intelligent devices.
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