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Bioinspired Morphing Mechanisms for Soft Systems:

A Review

Oscar Rabaux and Christine Jérome*

Throughout evolution, plants have developed a number of strategies to induce
movement ensuring the survival and reproduction of their species. Carnivorous
plants feed by trapping insects, sunflowers grow by following the sun, and pine
cones control the dispersal of their seeds under optimal conditions. This com-
prehensive review first analyses the mechanisms responsible for these adaptive
movements highlighting the need for a gradient in one of the physico-chemical
properties to enable morphing. Next, the main synthetic shape-changing soft
systems are presented in terms of their mechanism of action. A gradient in water-
swelling, magneto-rheological properties, residual deformation, or extensibility
gives hygromorphs, magnetomorphs, mechanomorphs, and baromorphs,
respectively. The various morphing triggers, namely light, heat, pH, tensile
stress, pressure, electric, and magnetic fields, are described. The opportunities

differential eigenstrains.!! Tt was first
studied and theorized on metals almost
100years ago, notably by Stephen
Timoshenko, father of a model for bimetal-
lic thermostats that is still used to predict
the shape change of a bilayer material.”
Slight modifications have sometimes been
needed for specific modeling, for instance
for the ZnO piezoelectric actuator of Pisano
which was at the limit of one of the
assumptions, namely that the thickness
of the bonding layer is no longer negligible
in the case of thin layers.” More recently,
these principles have been applied to
complex ceramic parts or to ease the fabri-

and challenges of each system are put into perspective. This report aims to
provide the reader with a toolbox for designing shape-changing materials con-
sidering the targeted trigger, as well as providing a deeper understanding of the
underlying mechanisms paving the way for future discoveries.

1. Introduction

Morphing is the specific behavior of a living (plants, fungi) or a
synthetic system which changes its shape upon a trigger.
Inspired by nature, it has been extensively studied for industrial
needs because it is a science that facilitates the production of
complex 3D shapes from flat sheets whose shape adaptation
can be delayed. Most of the time, the living or manufactured
object responds remotely to external stimuli such as humidity,
solvent, pH, temperature, light, voltage, and magnetic field.
Some actuations require a contact when the stimulus is a
(uniaxial) load, pressure, or electric current This capacity is
the result of a gradient in one of the thermo-chemo-mechanical
property either in- plane or out-of-plane, responsible for
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cation of tiles on roofs with modest raw
materials.”! Obtaining complex shapes
in ceramic parts has always been a chal-
lenge and, until now, the processes
involved locally weak joints that weakened
the parts as a whole. Studart et al. proposed
to align magnetized alumina platelets with
a rotating magnetic field differentially in
two layers, resulting in differential shrinkage during sintering
and allowing highly curved or twisted objects to be obtained.
This self-folding principle can also be used in daily-life applica-
tions to build tiles from local raw materials, such as celery fibers,
clay, and starch which take shape as they dry and could make a
real contribution to improving modest housing throughout the
world. However, metals and ceramics are very stiff materials that
cannot undergo large deformations which severely limits their
use in this type of applications. An alternative for these stiff mate-
rials is to induce deformations using folds cut according to the
model inspired by kirigami and miura-ori folding.” In the 1930s,
the discovery of synthetic macromolecules that were 10-1000
times more flexible, stretchable, and above all multiresponsive
made these organic materials the major components of the sys-
tems studied in the field of morphing.

Inspired by nature and the numerous shape-adaptation mech-
anisms of plants for seed dispersal, efficient growth, and feeding,
the synthetic systems nowadays display various possibilities
for state-of-the-art applications. Recent generalist reviews in
2020 interestingly list the shaping actuators by class of materials
including the shape-memory polymers or by actuation
triggers.”®! Herein, we aim reviewing the shape-changing mate-
rials rather than focusing on mechanisms to give the readers
updated keys on how morphing can be obtained and actuated.
Shape-memory polymers whose shape change requires program-
ming, fixing, and recovery have been deliberately excluded from
the scope of this review.
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In this review, we aim to show that most of the morphing
mechanisms involved in synthetic systems have already been
used in nature and are therefore very often bioinspired
(Figure 1). Thus, it starts with an overview of the morphing
mechanisms developed by plants for survival and reproduction.
The synthetic systems will then be linked to one of these mech-
anisms, providing a better understanding of the principle of
remote triggering. The most emblematic adapting plants, i.e.,
the pinecone and the Dionaea muscipula or Venus flytrap, which
have led to bioinspired hygromorphs (differential swelling) with
several possible actuations depending on the nature of the hydro-
gel, will be discussed first.”) Next, we propose to name magneto-
morphs systems in which embedded magnetic particles deform a
soft material. Then come mechanomorphs, which adapt their
shapes according to a differential recovery of strains, and are
actuated by different triggers depending on the nature of the
materials and the baromorphs which are specific systems in which
air-channels in soft materials can be pressurized. As the names
“hygromorph” and “baromorph” are already in common use,
similar terms have been applied to the other families to facilitate
comparisons. Finally, we will review the most recent advances in
other kinds of mechanisms such as cell contraction. The remain-
ing main challenges will be highlighted. One of the most impor-
tant dilemmas is clearly the size upscaling of these systems, the
autonomous response to external triggers, and the reduction in
energy consumption. For instance, for applications to new
weather-adaptive houses,™” the major aspect is also the time
of response, and here again plants can give us examples of
how to speed up the movements with the multistable carnivorous
plants. This is also the subject of a review from 2022.'"
Reviewing this field by mechanisms will, we hope, enable
new breakthroughs to be made thanks to an overview and com-
prehensive understanding of the concepts underlying shape

Figure 1. General scheme of bio-inspired morphing materials and their
triggers.
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change. Finally, our objective is also to highlight the materials
currently available for such morphing systems that are compati-
ble with applications in the healthcare field.

2. Morphing in Nature
2.1. Differential Swelling

Several plants use differential swelling to actuate morphing and
disperse seeds efficiently.l"”) Others use it for feeding. Among
these, the pinecone and the Dionaea muscipula or Venus flytrap
are certainly the most representative and well-known examples.
The first one is used as a humidity sensor in the daily life of
numerous people, while the second one participates in the leg-
end of carnivorous plants. While in the pinecone, morphing is a
passive phenomenon, it is active in the flytrap. Other examples of
passive plants using differential swelling are also presented and
compared with the pinecone to deduce shape adaptability
strategies.

The pinecone self-opens to release its seeds only by dry
weather for more efficient seed-dispersion. To this end, each
of the pine cone’s ovuliferous scales, between which the seeds
are located, is a bilayer material made up of a passive layer, which
does not absorb moisture, and an active layer, which absorbs
moisture (Figure 2A). The passive upper layer consists of scleren-
chyma fibers, long fibers parallel to the direction of the scale
made of cellulose, pectin, and lignin. The active layer underneath
consists of more hydrophilic sclerids, short fibers perpendicular
to the direction of the scale, containing significantly less lignin
which is hydrophobic.**! The folding comes from both the dif-
ferential directions and the different nature of the fibers, where
sclerids are more hydrophilic than sclerenchyma. The movement
is amplified by a second type of scale named bract (Figure 2A),
which is beneath each ovuliferous scale. It is a thicker but smaller
and swelling scale that remains close to the pinecone body.**!
Here, the scale movement is restricted by the next scale and
the stiff body, then the bending is relatively low and slow with
a maximum angle difference between wet and dried states of 90°
within 100 min."! Perhaps the most interesting feature of the
pinecone is that this folding mechanism is still working when
the pinecone is no longer on the tree making it a practical
and costless passive system for detecting humidity in our envi-
ronment. Moreover, it is perfectly reversible upon moisture
changes.

Creating bilayers with materials of different hydrophilicity and
thus water swelling is at the basis of efficient and long-term
reversible folding in response to humidity variation.

Wheat awns use morphing to bury seeds in the ground by a
back and forth lever movement of two long stems attached to the
seed. Similar to pinecone, the shape change comes from a dif-
ferential humidity uptake between one active (ridge) and one pas-
sive layer (cap) (Figure 2B).'! It is more sensitive to humidity
than the pinecone allowing bending on one side to dry air during
the day and on the other in damp air at night. In contrast to pine-
cones, the chemical nature of the layers is similar with only the
orientation of cellulose fibrils differing: parallel in the cap, ran-
dom in the ridge. The reason of the increased sensitivity is that
the alighment of the cellulose fibrils in the cap induces longer
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Figure 2. A) Pinecone morphological structure [Reproduced under the terms of the CC-BY 4.0 license.l"*"®]], B) wheat awn burying seed [Reproduced with
permission.l"®! Copyright 2024, RSC], C) Venus flytrap internal water flow [Reproduced with permission.!®! Copyright 2024, RSC].

crystalline domains enhancing the difference of swelling ability
even though the water uptake by the amorphous matrix is similar
in both layers.!"”) Interestingly, the ridge dries faster than the cap,
as the fibrils are not random at the nanoscale, but form a succes-
sion of rings with alternating parallel and perpendicular fibrils,
resulting in internal buckling during drying and accelerating
vapor diffusion out of the material.

Bauhinia variegate is another example of a plant that folds as a
result of the differential swelling of two chemically identical
layers that fibers are oriented differently. Here the directions
are +45° and —45° with respect to the long axis, which induces
torsion instead of uniaxial bending according to the classic theory
of laminates.!"81?!

Controlling the orientation of crystallization is a second way of
accelerating the folding response in bioinspired materials.

The Aizoaceae or ice plant uses morphing also for seed dis-
persal but here opens up in wet conditions to assist the seed with
proper germination conditions.”” It opens by 180° in a few
minutes due to structured hexagonal cells amplifying the differ-
ence between the dried and wet states. This plant is not a bilayer,
but the swelling is anisotropic in these hexagonal cells with
around four times more extension in one direction compared
to the perpendicular direction, resulting in the opening. It is a
typical example of in-plane gradient of the swelling capacity.

To catch flying preys to feed themselves, one family of carniv-
orous plants had to find a way to speed up its response to flies
landing, in the millisecond range instead of the hundreds of
minutes. This was achieved by the Dionaea muscipula which
responds directly via its lobes and by the Aldrovanda vesiculosa
which responds via a central midrib guiding the passive lobes.”*"
Here again, folding is induced by a bilayer system, but instead of
having differential absorption, the water entrapped in the plant
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tissues goes from one layer to the other upon mechanical trigger
of the external hair inducing an electrical response to open pores
between both layers (Figure 2C).?) The reason for the extraor-
dinary fast response (100 ms) lies in the metastable position of
the lobes or midrib at rest.”®! The shape switch is obtained even
after an incomplete transfer of water between the layers because
after a small perturbation the plant will snap toward a lower
energy position (closed state). Interestingly for the transposition
of this mechanism to synthetic systems, the snapping can also be
activated by an electric current between one lobe and the midrib
bypassing the plant hairs.”*?

Folding in response to a local trigger, in this case, the fly land-
ing on the plant hairs, can be accelerated via metastable shapes.

2.2. Differential Growth

Cyclamen hederifolium and Helianthus annuus or sunflower are
two plants using differential growth between two sides of their
stems to bend. For the cyclamen, it is inherent to the plant to
protect the seed and guarantee germination, while for the sun-
flower, it is activated by the sun direction, a so called heliotropic
movement. In both stems, there is a local heterogeneity in the
distribution of the auxin growth hormone. Due to this local
increase of auxin, one side of the cyclamen grows faster at
60-200 pmh ™', and the stem is fully coiled on itself within a
week (Figure 3A).** For the sunflower, there is always more
auxin on the shaded side of the stem causing to bend reversibly
by following the sun during the day. Two hypotheses are up to
now discussed, either an auxin redistribution within the stem to
always be in the shaded side or a favored auxin production on the
shaded side.”>* This has been proved to be heliotropic, mean-
ing that the movement depends on the direction of the trigger.
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Figure 3. A) Self-rolling cyclamen [Reproduced with permission.”l Copyright 2024, Wiley], B) scheme of prey-catching bladderworts.

Indeed, when the sunflowers are grown with an artificial light
overhead they are not bending at all.*®! However, because this
morphing behavior is mediated by the growth of the plant, it
is irreversible. Indeed, after flower maturation, the sunflower
faces east all day long without moving anymore, which is an
intrinsic evolution strategy to attract pollinators.*”!

Differential growth can also be activated externally even
though the natural system does not bend in classical growth con-
ditions. Indeed, Phycomyces a species of fungus grows in the dark
but growth can be stimulated by light. When the incident light is
perpendicular to the growing stem which is constituted of an
inner photo-responsive wall and an outer passive wall, the fungus
can bend.?® Interestingly, it is much more rapid than the cycla-
men with a local growth which can go up to 4mmh™" and a
bending of 5°~7°min~". Instead of light activation, growth can
also be enhanced by external magnetic fields, as it was evidenced
when studying the influence of the geomagnetic field on the
most consumed cereals.?! For instance, barley and oat showed
a faster growth and germination in weak magnetic fields and in
the opposite a slower growth in strong ones. Although this mech-
anism is more difficult to transfer to synthetic systems because
on the one hand, it deals with complex effects inside living plants
and, on the other, it is very slow because it only affects their
growth, this bio-observation shows us that electromagnetic fields
can be used to activate morphing depending on the direction of
the external field.

These examples illustrate how morphing can be achieved
using differential lengths controlled by external triggers, such
as light or a magnetic field.

2.3. Pressure and Magnetism

Utricularia or bladderworts are species of aquatic carnivorous
plants which also morph to catch preys. It consists of a depres-
surized chamber with a metastable bilayered trapdoor
(Figure 3B). The inner layer presents elongated and radially
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oriented cells, exerting force on the outside layer made of parallel
and smaller cells.’® The opening by curvature inversion is trig-
gered by preys touching its external hairs, leading to ionic trans-
port in between the layers.’!! This slightly destabilizes the
metastable door which releases accumulated stress from internal
pressure deformation. Indeed, bladderworts inner parts are dep-
ressurized by 17 kPa, thanks to water pumps slowly ejecting
absorbed water.?%*" In addition, this allows the capture move-
ment to be carried out in just 0.5 ms (200 times faster than the
flycatcher). The actuation acceleration mechanism is so opti-
mized that it sometimes exceeds the energy threshold, so the
bladderwort has to release energy by firing every few hours.

These bladderworts can be a great source of inspiration for the
manufacture of morphing devices as movement comes from
the combination of pressure, ionic transport, and structured
morphology.

More transferable than the previous bio-observation, magnetic
fields can also be used to induce movement in plants whose com-
position contains magnetoresponsive particles. Particle response
to external field dispersed in a passive matrix can exert a suffi-
cient force to morph the whole system. Either the dispersion or
the field must be heterogeneous. In flax, intracellular amyloplasts
are diamagnetic and can move inside the cells under an external
magnetic field. In a field gradient, this intracellular movement
can lead to macroscopic morphing.*?! Similarly, a grass grown
on an iron-rich soil showed to embed in its cells ferrimagnetic
iron oxides Fe,03 with two different morphologies.**! If the dis-
tribution of these two different microparticles is not homoge-
neous, morphing can be initiated in a homogeneous external
magnetic field. These observations on specific living systems
with an external field are yet another example of how nature
has preceded scientists.

These systems highlight the strong potential of dispersing
responsive additives in a layer of a passive material to control
the actuation of shape morphing devices.

With adaptations for survival of the species through growth,
reproduction, or feeding, plants have evolved developing abilities
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of morphing activated by various triggers. Several environments
led to a lot of passive or active strategies responsible for autono-
mous movements. In this section, we detailed the main mech-
anisms developed by the nature to bring shape adaptability.
We will illustrate in the next sections how these strategies have
been translated to fabricate bioinspired morphing multimaterials,
or at least that nature had preceded scientists for some of them.

3. Hygromorph Biomimetic Systems

Inspired by plants dispersing seeds or feeding themselves thanks
to autonomous shape change via differential swelling, some-
times based on osmosis between layers, hygromorphs are
materials capable of morphing through a gradient of water
uptake in- or out-of-plane. The simplest systems are designed
with chemically different layers, like pinecone. More advanced
systems include differential swelling via a cross-link gradient
obtained during processing or afterwards. Advantageously using
stimuli-responsive polymers, the shape change can be post-
triggered by tuning the temperature or the pH of the solution,
or by light and voltage.**

3.1. Opportunities and Challenges

Just as pinecone scales, the most straightforward and obvious
strategy to obtain a differential swelling is to overlay two chemi-
cally different materials of different hydrophilicity leading to
humidity-driven morphing. Immersion in water (or contact with
moisture) of such bilayer thus triggers the immediate shape
change due to the rapid swelling of the more hydrophilic
layer.’>2¢! In order to get additional control of the morphing
thanks to other triggers than immersion, e.g., variation of pH
or temperature of water, stimuli-responsive hydrogels are advan-
tageously used to build the active layer. These systems are
described in more details in the following sections.l*>*¢!

Besides, in order to get control over the rate of morphing
response and delay the actuation, it is possible to temporally con-
trol the rate of water uptake in the active layer. For instance, by
using the progressive hydrolysis of a hydrophobic poly(succini-
mide) layer into a hydrophilic poly(aspartic acid), the shape
change can occur progressively over a period of 9-15h after
water immersion.*® Controlling the rate of actuation is particu-
larly of interest for applications targeting cells encapsulation
allowing to give time for cell adsorption before folding to trap
them. Conversely, shortening the response time (x~1s) below
the limits of purely diffusive process is made possible getting
inspired by the Dionaea muscipula leaves, creating hygroscopic
bistable structures.’”) These were obtained by bonding pre-
stretched polydimethylsiloxane layers prior to depositing hygro-
scopic electrospun polyethylene oxide nanofibers.

The main challenge of all these bilayer systems is to properly
attach them together to prevent delamination upon water uptake.
It can be achieved by incomplete cross-linking of the first layer
before spraying the other on top, allowing the chains to entangle,
and then cross-link them together via compatible reactive func-
tions as in self-healing materials.*® With fibrous layers instead
of bulk gels, fibers intertwining facilitates the interlayer
adhesion.””!
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An efficient strategy is to design composite materials with a
common matrix throughout the entire thickness and different
fillers distribution driving the properties of each layer, like wheat
awns (Figure 4A).°~*Y This versatile strategy allows to obtain
more complex shapes by playing on the distribution and the ori-
entation of the fillers.*® Even with complex composite struc-
tures, Timoshenko’s equation generally predicts the optimum
ratio of thicknesses of each layer for strongest shape change
as well as calculate the resultant curvature based on the ratio
of Young moduli.*” Nevertheless, Ionov’s group evidenced that
in some complex 3D-printed shapes, uncontrolled folding can
occur due to inhomogeneous rate of water diffusion between
edges and faces. The obtained rolled shapes upon swelling are
statistically dependent on the aspect ratio, which is the ratio
between the width and the length of the dry object.*” At high
aspect ratios, the long side rolling is energetically favored due
to more consequent water diffusion from the long edges.
Though, using fibrous fillers can completely change this and
favor the opposite short side rolling, thanks to a fiber direction
restriction.*! For aspect ratios equal to 1 (square shapes), it is
either a diagonal rolling for small samples or all-side rolling
for large samples (Figure 4B). When the shapes have several fold-
able arms, it might hinder the complete shape change and lead to
multiple statistically distributed final shapes in function of which
arm folds first, possibly restricting the neighboring arms.**! On
square samples, favorizing one side was achieved by simply
puncturing the gels.* The shape change can then be predicted
by the geometry, size, and essentially spatial distribution of the
holes (Figure 4C). With a central tilted square hole, interesting
antisymmetric curvatures paired by opposite corners were
obtained. Combining printing methods and composite materials
enables the obtention of extremely sophisticated orchid-like
shapes after swelling of a flat sheet containing several
domains.*®! Indeed, printing can be used to impart anisotropic
distribution of fillers, by shear-induced alignment of cellulose
fibrils for instance, thus swelling more in perpendicular direc-
tion than in the parallel one.

One other scenario is that instead of being laminated, the
layers can be attached by one edge. Interestingly, it affects the
obtained shapes due to different constraints. Upon swelling,
the restrictive layer will not allow folding but will induce a sinu-
soidal buckling of the free edge of the active layer, resembling the
edge of salad leaves.*") The wavelength shape can be predicted
and is mainly tuned by the width of the active strip.

All of these examples above give an overview of the main prin-
ciples of the hygromorphs, bioinspired from pinecones and
wheat awns. In the following, we will show how to further impart
a smoother gradient of swelling to overcome the limitations of
chemically different bilayers.

3.2. Patterning Various Cross-linking Densities in Hydrogels

To ensure fast response and good adhesion between the active
and resistive layers of the hygromorphs, the easiest way is to
cross-link chemically similar layers. The gradient of swelling will
then be obtained by imparting a different cross-linking density.
In a hydrogel sheet, this cross-linking pattern can be achieved
out-of-plane via either a peri-process with several strategies or
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Figure 4. A) Bilayer with perpendicular inserts [Reproduced under the terms of the CC-BY 4.0 license.*"], B) rolling diagram after swelling based on
aspect ratio of the dry object 3D-printed on a substrate [Adapted with permission.Z Copyright 2024, American Chemical Society], C) restricting folding
with controlled punctures [Reproduced with permission.**! Copyright 2024, Wiley).

post-process with the so-called ionoprinting process, as well as
in-plane with a micropatterning design.

3.2.1. Peri-Processes for Out-of-Plane Patterning

The out-of-plane cross-linking gradient in between layers of sim-
ilar chemical nature is achieved through several strategies.
Though, each time the starting point is to mix polymer precur-
sors bearing functions reacting with a cross-linker or bearing
polymerizable unsaturations irreversibly cross-linking chains
together under UV. The easiest one is to sequentially print
the layers of the same polymer with macromolecularly engi-
neered chains to control the molecular mass in between the
cross-links. Indeed, spacing the nodes by having different length
of polymer chains which are end-capped by cross-linking moie-
ties will enable to tune the crosslinking density, thus the water
uptake of each layer. To make it even more straightforward, this
system was implemented with commercially available polymers:
namely poly(ethylene glycol)-diacrylate (PEGDA) and some
dental resin from Zhermack made of poly(vinyl siloxane).*”~*°!
For instance, with two layers of 200 pm each, the radius of the
tube obtained after swelling goes from 9 to 0.7 mm if the PEGDA
molar mass of the loosely cross-linked layer goes from 1000 to
10000 gmol ! (Figure 5A).1*”!

One other straightforward possibility to impart a cross-linking
gradient is to smoothly dose the curing exposure to the sequen-
tially added layers of resin. A report shows that a UV exposure of
2,3,and 4 s to the first, second, and third layer, respectively, leads
to strongly folded structures of poly(N-isopropylacrylamide)
(PNIPAM) because the two seconds exposed layer swells by a
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ratio of 380%, whereas the four seconds exposed layer swells
by a ratio of 230%.5% Nevertheless, with such a small amount
in the difference of UV dosage, it was here necessary to add a
radical scavenger to avoid the diffusion of cross-linking species
when the fresh precursor is added. In some systems, this con-
stitutes a real limitation. Differential dosage of UV can also occur
spontaneously when the first cross-linked polymer layer acts as a
photomask for the second. Too thick or too heavily cross-linked
layers can cause this effect or it can be inherent from the chemi-
cal nature of the polymer. This is observed for alginate and hya-
luronic acid even though the targeted thickness is only tens of
microns.®! In this study of Ionov’s group, the very high degree
of methacrylation leads to extremely high cross-linking density,
probably increasing the UV absorption. Interestingly, it is the
opposite for PEGDA, as shown by Gracias’ group; UV absorption
is more important in the loosely cross-linked layer.!*®! This might
be explained by the higher crystallinity for this layer made of lon-
ger chains. This strategy was used recently with methacrylate
functionalized silk-fibroins in solutions mimicking the invivo
conditions.? It is worth noting that this was successfully tested
invivo as a trachea substitute, where the curvature of the innate
trachea was obtained through morphing via differential swelling
of a gradually cross-linked material. However, in our opinion,
precisely controlling the UV-induced chemical reactions remains
difficult, such that sample to sample reproducibility might be
more challenging.

Crystallinity in polymers was also used to impart a gradient of
cross-linking density as it adds up physical cross-links, as exem-
plified by poly(dimethylglyoxime-urethane) elastomers.*®! The
same precursor was used for two layers, but only one layer
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Figure 5. A) Macromolecularly engineered bilayer network, B) heterogeneous clay insertion to bind chains [Adapted with permission.**! Copyright 2024,

American Chemical Society].

was further irreversibly covalently cross-linked, while the other
was only having the physical cross-links, creating a gradient.

Similar to crystallinity, another noncovalent bonding can be
added through fillers interacting with the chains in the network
(Figure 5B). Simply tuning the number of bonding moieties on
the chains will affect the crosslinking density. Thus, with two
layers of mixture only differing by the amount of polymer func-
tions to bind through the thickness will give a morphing material
via differential swelling. This has been done by dispersing clay
nanosheets in a poly(N-isopropyl-co-acrylamide) (poly(NIPAM-
co-AM) matrix.®?) Interestingly, here clay nanosheets served a
double purpose: morphing and reinforcing the material, leading
to high tensile strength and stretchability without delamination.
Yet, this strategy was possibly difficult to control the distribution
of the filler, limiting the obtained curvatures.

More complex shapes could be obtained by spatially control-
ling the increase of cross-linking density. It was recently explored
by a post-process local insertion of chemicals in cross-linked
networks. In addition, because the insertion is made once the
network is already obtained, it could be designed to be reprog-
rammed more easily.

3.2.2. Post-Processes for Out-of-Plane Patterning

One very elegant and recent strategy to impart a nonpermanent
croslinking gradient post-process is the ionoprinting. Indeed, the
first example of such post-processing for morphing dates back
from 2013 only. It relies on the localized increase of crosslinking
density via a reversible complexation of the polymer chains with
ions which have been injected through electric fields in between
two electrodes placed on each side of the polymer network
(Figure 6A).”* Thus a pattern of higher crosslink density close
to the electrode leads to a local decrease of swelling compared to
the rest of the gel which has not been ionoprinted and is finally
responsible for folding. The main advantage of this strategy com-
pared to the others is that it can be completely reset (Figure 6B).
Indeed, the injected ions can be removed by immersing the
folded gels in a solution with a chelator agent (ethylediaminete-
traacetic acid) which will complex the ions and release the local
increased crosslink density. As the complex can be rinsed out,
the reprogramming does not suffer from performance loss.

Adv. Intell. Syst. 2025, 7, 2400331 2400331 (7 of 26)

Studies focused on the effect of the obtained curvature in func-
tion of the duration of ionoprinting and the strength of the elec-
trical field, as well as how to reinforce, sequentially activate and
control the folding direction of such gels.”>>”! The curvature
angle was shown to increase with the duration and voltage even
though it reaches a plateau. Sequential actuation can be achieved
by printing ferric ions (Fe*") forming tris-complexes and later
reducing them into ferrous ions (Fe*™) to partly break the com-
plexes and release some of the local constraint inducing a differ-
ent folding.”® The rate of unfolding can be adjusted by the
concentration of the reducing solution. Therefore, sequential
folding into cubes was obtained with several ionoprinted hinges
(Figure 6C). Moreover, the folding direction can be tuned by
implementing multilayers sequentially ionoprinted. It will
depend on the location of the ionoprinted hinges, inside at the
interface between layers or toward the exterior.””! Different ions
are available for ionoprinting if one uses the catechol complexing
moieties instead of more classical negatively charged units such
as sodium acrylate or phosphate. Complexes of catechol with ions
of zinc (Zn), aluminum (Al), and titanium (Ti) were studied and
compared to iron (Fe) and cupper (Cu).*®*? The curvature fol-
lows this scheme: Ti*" > Fe’" > AP* ~ Cu®* > Zn®", meaning
that the curvature obtained by injecting Ti** is stronger than
the curvature obtained by injecting Fe** etc. This rule can be used
to impart complex shapes with several curvatures. The extreme
titanium ions are really distinguishable from the others. It has
the advantage to be more inert but demands higher voltage to
be printed and cannot be removed with EDTA once inserted
because the formed complex is too stable.”” Removing it might
demand stronger chelation agents which could be detrimental in
other ways, and as such it cannot be reprogrammed. On the same
principle, it is also possible to inject ions through an electrolyte
and using a heterogeneous external field to induce differentially
cross-linked shape-adaptable materials.!®”!

Perhaps inspired by ionoprinting, another strategy of post-
process nonpermanent crosslinking gradient was reported in
2021, based on dimerization and cleavage of moieties
(Figure 6D). Coumarin was used as dimerizing unit under
365nm light and cleavable under 250nm irradiation./*"
Though, up to now, this system has a loss of capacity through
cycling because of asymmetric cleavage of coumarins, but others
photocleavable moieties exist and could limit this issue.
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Figure 6. A) Principle of ionoprinting to locally increase the cross-linking density based on multivalent counter ions, B) complete reset of ionoprinting
[Reproduced under the terms of the CC-BY 4.0 license.P*Y], C) sequential folding on differentially ionoprinted hinges [Reproduced under the terms of the
CC-BY 4.0 license.®), D) locally un-cross-linking and re-cross-linking through sequential UV-C and UV-A irradiation of coumarin-based hydrogels

[Reproduced with permission.®'! Copyright 2024, Wiley].

Nevertheless, even if sequential folding to give 3D objects can
be obtained easily with these techniques, even more complex
shapes are foreseen through a continuous gradient. This is
achieved via an in-plane gradient, meaning that the gradient
is not anymore along the thickness but in the plane of the initially
flat object.

3.2.3. In-Plane Patterning Processes

In-plane cross-linking gradients warrant much more complex
shapes as the gradients can be smoother, more localized and
alternated inducing wider possibilities for shape change.
Hayward’s and Santangelo’s groups first photo-crosslinked
PNIPAM with a photomask consisting of hexagonal dots of tens
of microns.®” The holes in the mask were responsible for an
alternating pattern of highly cross-linked dots receiving a UV
dose of 13.9Jm 2 and loosely cross-linked areas receiving a
UV dose of 0.2 ] m ™2 (Figure 7A). This in-plane gradient between
dots swelling differently with a fourfold factor leads to hemi-
spheres, saddles, cones, and Enneper’s surface depending on
the distribution of the dots (Figure 7B). More recently, they used
a digital micromirror array device (DMD) to even more precisely
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control the dose (down to 1.37 pm) for smoother transitions
imparting smoother 3D shapes.*? Indeed, they were able to
print the equivalent of 256 patterns, from exterior to interior
to have a very linear gradient. It is equivalent to use 256
photomasks, which would be very tedious. However, with such
dome-like shapes, multiple metastable configurations can step
in, especially when several ones are printed side to side on a same
sheet (Figure 7C). For instance, with three side to side patterns to
obtain domes, there are three independent possible shapes
namely all domes pointing on the same side, two consecutive
domes on one side and the third one on the other side, and
alternating sides. To make the sheets preferentially morph in
domes all oriented on the same side, they added a photo-absorber
to add up a small gradient out-of-plane by decreasing the
penetration depth of the UV light.** Finally, another study
showed that this digital in-plane patterning could be used with
a monomer mixture as precursor instead of already polymerized
chains, lowering the process cost because one step is
bypassed.®® They demonstrated complexity in the swollen
shapes such as a smiling face with polyacrylates. It is worth not-
ing that they used visible light and times of exposure varying
between 12 and 24 s, here again increasing the cost-effectiveness
of their procedure.
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Figure 7. A) Principle of in-plane gradient of cross-linking with dots patterned photomask [Reproduced with permission.!*? Copyright 2024, American
Association for the Advancement of Science], B) obtained shapes from various dots distribution [Reproduced with permission.[? Copyright 2024,
American Association for the Advancement of Science], C) multiple possibilities for dome morphing [Reproduced with permission.**l Copyright

2024, Wiley].

This cross-link density gradient strategy has several advan-
tages such as using mono-material while obtaining extremely
complex shapes with processes lasting only few seconds to
few minutes. However, in the reported examples, the vast major-
ity morph straight away once immersed, and needs a prolonged
actuation. For shape-adaptable systems, there is also a need to
control the transition by means of a temperature, pH, light, or
voltage trigger which is possible with functional hydrogels.

3.3. Triggered by Temperature or pH

When the hydrogels are thermo- or pH-responsive, the morph-
ing can be temporally controlled. Responsive swelling or shrink-
ing of some parts is used to obtain differential swelling within
the material.

Most of the thermo-responsive actuators use a polymer dis-
playing a lower critical solution temperature (LCST) above which
it becomes immiscible to the solvent. When networks (IPN or
chemically cross-linked gels) are made of this kind of polymers,
they swell at a temperature below the LCST and shrink by expel-
ling the solvent out of the network above the LCST. The most
studied thermo-sensitive polymer is the PNIPAM notably
because its LCST at 32 °C is between room temperature and body
temperature (Figure 8A) and can be slightly tuned by copolymer-
izing NIPAM with other monomers. The easiest way to use
PNIPAM for shape change is to have a bilayer system with
one layer made of PNIPAM and the other one of a passive poly-
mer such as poly(methyl methacrylate) (PMMA).*! As a conse-
quence of shrinking, PNIPAM is found at the interior of the
folded shape when the water temperature is raised. It usually
swells back below the LCST, restoring the starting flat sheet
(Figure 8A). Therefore, shape reversibility is preserved.
Interestingly, the folded shape can be fixed even if the tempera-
ture is decreased by encapsulating oil, the high surface tension
between oil and the PNIPAM layer preventing its unfolding
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below the LCST (Figure 8A). Moreover, the rate of deswelling
of PNIPAM can be tuned by the amount of cross-linkers.
PNIPAM-PNIPAM bilayer systems with different cross-linking
agent fold due to different shrinking rates, but ultimately restore
the flat shape upon complete deswelling of both layers.”**!

PNIPAM was also 3D-printed with anisotropic fillers to rein-
force it, as well as electrospun fibers.!*”*® Electrospun PNIPAM
fibers cross-linked during electrospinning to maintain the
fibrous morphology present the advantage such as porous sys-
tems in general of absorbing more water, enhancing the move-
ment by the larger difference between swollen and shrunk states.
The porosity also induces a faster response. Accordingly, porous
and bulky PNIPAM bilayers were obtained by a one-step process
called evaporation-induced concentration differentiation.®” The
high porosity of one side enabled rapid and important shrinking
above the LCST and thus a 1080°-folding in only one second.
Moreover, similar to one strategy for inducing a cross-link gra-
dient post-process, a monolayer gel with NIPAM copolymerized
with another monomer bearing coumarin functions were par-
tially uncrosslinked and morphed upon increasing water
temperature.””!

The thermo-response can also be triggered with polymers not
displaying a LCST or thermo-sensitive ones other than PNIPAM.
A bilayer of electrospun poly(e-caprolactone) (PCL) and poly(lac-
tic acid) (PLA) did not roll in water at 20 °C and self-folded at
40 °C.*! This was due to further shrinking of PLA, thought to
be coming from a water plasticizing effect and a water tempera-
ture close to the glass transition temperature (Ty) inducing partial
chain movement releasing some stress accumulated by the
fibrous morphology.

Interestingly, the LCST of poly(N-vinylcaprolactam) (PNVCL)
can be controlled by the cross-link density, and a bilayer system
with poly(dimethyl siloxane) (PDMS) was demonstrated to bend
upon water temperature increase.”! Other examples are poly(N,
N’-diethylacrylamide) (PDEAM), which is a softer hydrogel than
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Figure 8. A) Principle of a thermoresponsive hygromorph and oil strategy to lock the fold [Adapted with permission.[®® Copyright 2024, American
Chemical Society], B) principle of NIR actuation by localized heating [Reproduced with permission." Copyright 2024, Elsevier].

PNIPAM and poly(2-(dimethylamino) ethyl methacrylate)
(PDMAEMA) which LCST depends on pH.[**7? Both are advan-
tageously used in shape-changing materials.

Similarly, tuning the pH of the solution can lead to differential
swelling/shrinking when pH-sensitive units are introduced on
one side of a bilayer system. This is described for poly(hydrox-
yethyl methacrylate) (PHEMA) and poly(acrylic acid) (PAAc),
which swells in basic media upon deprotonation of the carboxylic
acid functions.”!

In systems where both layers are pH-responsive at a different
pH, folding in both directions is achieved.” Finally, more com-
plex 3D shapes were obtained by pH-triggered delamination of
layers by decoupling f-cyclodextrin and ferrocene moieties
attached to the chains of each layer respectively.”’

Remarkably, pH- and thermo-responsive materials were
combined together to allow reaching several shapes. Indeed,
controlling the pH (low or high) and the temperature (below
or above LCST) leads to four different shapes.”® For example,
manufacturing a trilayer of one passive, one thermo-responsive,
and one pH-responsive layer with common polymers (PCL,
PNIPAM, and PAAC) is straightforward.””) In addition to folding
in different directions, folding along the long or the short side is
controlled by the solution parameters.

Besides, multiresponsiveness can be achieved by two
thermoresponsive layers among which one has an LCST con-
trolled by the pH."?

Moreover, even though it is not, strictly speaking, actuated by
pH in the sense that pH does not induce the folding of the sheet,
we thought interesting to highlight a strategy where a bilayer is
morphing upon thermal trigger, and this deformation is fixed by
tuning the pH inducing the micro-crystallization of chitosan
moieties attached to the chains.”® Thus, it prevents unfolding
when the temperature of the solution is lowered back but can
unfold lowering the pH again. This double feature is highly
handy to sequentially trigger the system and for shape locking
while changing the solution parameters.
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Even though the temperature of the solution can be tuned
whenever it is needed to trigger, it induces an overall response
of the entire body. It could be extremely valuable to localize the
heating to impart easily complex shapes of several curvatures.
For that purpose, light was used to locally heat parts of the body.

3.4. Triggered by Light

Light is an indirect trigger because it enables to locally heat, but
the mechanism lying underneath the folding is the same as to
tune the solution temperature inducing differential swelling.
It presents the main advantages to be a localized and remote trig-
ger (Figure 8B). We will focus on NIR irradiation here because at
these wavelengths light can go through layers of soft matter such
as body tissues without damage. It is one of the reasons why NIR
actuators were more deeply investigated, especially for biomedi-
cal intelligent devices where NIR light can precisely and locally
heat specific parts of the body without perturbing the whole
medium. Three different strategies are cited here among the
most recent studies.

First, conductive polymers that absorb light in a wide range of
wavelength are efficiently used as interpenetrated networks or as
one of the layers in bilayer sheets. For instance, polyaniline
(PANi) was embedded in a double network of PNIPAM and
poly(vinyl alcohol) (PVA) to form the active layer, while the pas-
sive layer was made of poly(acrylamide) PAAm.”?) PANi serves
as a photothermal convertor allowing transition to the folded
shape. Nevertheless, PANi being highly heat conductive, the
surface reaches easily 60°C upon NIR exposure, which could
be detrimental to several applications, for instance when cells
are involved.

Several photothermal converters were successfully embedded
and homogeneously dispersed in thermoresponsive polymers.
These fillers are organic or inorganic micro- or nanoparticles
such as PPy nanoparticles, graphene oxide (GO), graphene, mul-
tiwalled carbon nanotubes (MWCNTS), transition metal carbides

© 2024 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

85U8017 SUOWILLIOD BAE81D) 8|qedl|dde sy Aq peusencb aJe sapoiue VO ‘8sn J0 SajnJ o} AriqiT 8UIIUO 8|1 UO (SUONIPUOS-pUe-SWLIALIY A3 | Ae1q 1 Ul UOy/:Sdy) SUONIPUOD pue sWwia | 81 88S *[GZ0zZ/70/80] Lo Ariqiaulluo A8|IMm ‘9B9178a g1s,eAIuN AQ TEE00YZ0Z AS1e/200T 0T/I0p/L0o" A8 | 1w Ae1q 1 U {UO"PeoURADe//SANY Wolj pepeojumod ‘Z ‘SZ0Z ‘/9Sh0r9T


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

ED
INTELLIGENT
SYSTEM

www.advancedsciencenews.com

(MXenes), and gold nanorods (AuNRs). Monodisperse nanopar-
ticles (90 nm) of PPy were embedded in a PNIPAM heteroge-
neously porous matrix, the high porosity enhancing the
loading.®” GO was homogeneously dispersed in PNIPAM by
sonication and then laminated to either poly(N,N-dimethylacry-
lamide) (PDMAA) or PEGDA.®"®? Interestingly, such light-
controlled folding bilayer was successfully used for opening a valve
which was achieved in 1990s, while the recovery after stopping
irradiation took 10 min. This could be used for sequential folding
with only one light source.®" Graphene was similarly embedded
in PNIPAM to design a system able to grip a single cell of 10 pm
and to impart movement.®! The lever movement was achieved by
the shrinking of the PNIPAM-graphene monolayer perpendicular
to two photoresistive arms that actuate the gripping.

Moreover, MWCNTs were successfully inserted in a bilayer
with PNIPAM. Though, it is worth noting that the MWNCT's were
added in the passive layer for color purpose, the heat transmission
was efficient enough to morph the hydrogel.®* The drawback is
that, here again, the surface of the sample reaches 50 °C. MXenes
were used both as a photothermal agent and as inorganic cross-
linker leading to a light-sensitive biocompatible layer folding by
180° in 1980s.%) Finally, gold nanorods were also embedded in
PNIPAM to give morphing abilities. With the optimal aspect ratio
(length/width) of 4.12, AuNRs reached a photothermal conver-
sion of 45% decreasing the intensity of NIR needed down to
1W cm 28 AuNRs are also highly interesting for their rapid
and reversible actuation (10 Hz) preventing the actuator to heat
over 39°C, i.e., the temperature of heat shocks for living cells.®”]

Light proved to be a very interesting option to initiate the
shape change, though it is difficult to obtain multi-directional
morphing. Therefore, hygromorphs triggered with voltage, by
placing them in between two electrodes, were developed.

A No voltage B

Hair Bridge

www.advintellsyst.com

3.5. Triggered by a Voltage

Electroactive hygromorphs (EAHs) are electrically charged
hydrogels such as polyanions or polycations which shape change
when they are immersed in an electrolyte solution (NaCl solu-
tion, phosphate buffered saline (PBS), DMEM, etc.) and placed
in between two electrodes. The bending direction depends on the
direction of the electric field, thus can be reverted as illustrated in
Figure 9A. The differential swelling responsible for bending is
achieved in a mono-layer material by differential osmotic pres-
sure resulting from the movement of mobile ions inside the
gel (Figure 9A). Though the exact mechanism is still debated,
the main ones are properly discussed in a recent report from
2022.881 The voltage-dependent bending degree was already
quantified in 1990 by Tohru Shiga and Toshio Kurauchi who

2h. —h.
established the following equation: Y = %ﬁ(lhm) with

Y is the bending degree, R is the gas constant, T is the tempera-
ture, C, is the concentration of cations, L is the length of the
hydrogel before actuation, hjons is the migration rate, t is
the duration of electric field actuation, D is the thickness of the
hydrogel, and E is the Young modulus at the swollen state.®"!
This generic equation applies to all the materials used for such
EAHs, offering a wide variety of available hydrogels ranging from
synthetic polymers to biosourced polysaccharides. With this
strategy reversibility between two shapes is easily obtained,
and ion movement is sufficiently harmless to limit the perfor-
mance loss upon cycling.

One of the most widely used polyanion, inevitably studied for
EAH is PAAc. Thanks to its 3D-printability, complex shapes of
this hydrogel are achieved. Up to now, it is one of the only mate-
rials reported to be used as an actuator such as a gripper
(Figure 9B) even if high voltages (up to 30V) are needed for
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Figure 9. A) Principles of reversible electroactuation [Reproduced with permission.1® Copyright 2024, Elsevier], B) gripper with differential movement
due to faster/slower response based on thickness [Adapted with permission.*® Copyright 2024, American Chemical Society], C) hygromorph sandwiched
between flexible electrodes [Reproduced with permission.””! Copyright 2024, Wiley].
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deformations limited to 43°.°%°) Other synthetic systems

include monomers like 2-acrylamido-2-methylpropanesulfonic
acid sodium salt (AMPS) as well as 4-vinylbenzenesulfonate
(Na4VBS) copolymerized with HEMA or acrylonitrile (AN)
and AAm to balance hydrophilicity and mechanical
properties.°2~%%!

However, such charged polymers are intrinsically mechani-
cally weak due to electrostatic repulsion between chains inducing
low entanglement. Thus, PAMPS was reinforced with particles of
pluronic F127 diacrylate acting as a cross-linker without prevent-
ing ion movement and actuation in electrical fields. [95-Intro128]
Interestingly, P(Na4VBS) could be actuated at lower voltages
compared to PAAc and PAMPS, down to 1V with a bending
speed of 2.7°s7 .

Moreover, biosourced polysaccharides were intensively stud-
ied for EAHs. Examples with chitosan/carboxymethyl cellulose,
functionalized carboxylated bacterial cellulose (FCBC), sodium
alginate, and pullulan were published in the last five

[88,96-98]
years. Among these, FCBC presents the advantage to
be actuated at voltages as low as 0.5V with a complete folding
in maximum 4s.

In 2022, Lacey Reid and Wadood Hamad made a break-
through by inserting bio-sourced cellulose nanocrystals
(CNCs) later sulfonated in non-electroactive matrices.*” This
could then turn almost all non-electroactive polymers in
electro-triggered actuators (ETAs) and opened up a new path
for new composites in the field of ETAs.

Finally, as plants that do not necessarily need complete
immersion in water to morph, studies evidenced that voltage
folding is still possible when the hydrogel is removed from
the medium. These studies proved that movement of ions from
outside into the gel is not absolutely required to achieve actuation
and bending, just like how it is done in nature. It was demon-
strated by preventing water to flow out of the hydrogel, like in
Venus flytraps where the water movement is internal. It was per-
formed either by sandwiching the gel between flexible electrodes
(Figure 9C) or immersing the swollen hydrogel in an oil
bath.””*®l Lastly, it was also shown that water can be replaced
by an ionic liquid, namely 1-butyl-3-methylimidazolium tetra-
fluoroborate (BMIMBF,) by using poly([2-(acrylolyoxy)ethyl] trie-
thylammonium chloride) as electroactive polymer.

Inspired by plants that are able to tune their stiffness and to
achieve macroscopic movements generated by water influx due
to osmotic concentration gradients, actuators based on osmosis
concept originated about 10 years ago. These bioinspired osmo-
sis actuators appear as a less developed area until now, most
probably because reversibility was still an open issue hampering
its implementation. Even though, a recent paper proposed
plant-inspired osmotic actuation that shows reversibility.'*"
The strategy, based on electrosorption of ions on flexible and
porous carbon electrodes upon application of a low voltage,
allows a reversible stiffening of the material leading to impres-
sive actuation with about 500 deg rotation of the tendril-like soft
robot. Based on biocompatible materials and low voltage, this
reversible osmotic actuator opens new application prospects.

As a general conclusion of this section on hygromorphs, it
seems appropriate to us to relate it to the main conclusions of
Leonid Ionov in his 2013 review, who also took the position
to link hygromorphs with plants in nature.’®® After 10 years,
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the main innovations focused on getting cross-link gradients,
such as iono-printing and in-plane gradients, allowing to impart
more complex shapes and multi-curvatures with a unique
material,*** thus a simple strategy ensuring no delamination.
We have also tried to dig deeper into the different strategies
and materials available for light-activated thermal response, as
it is a growing field with many recent papers especially due to
large prospects for the biomedical applications with increased
safety, easy, and remote trigger.

At this stage, we believe that hygromorphs could benefit in the
future from applying new materials in these strategies. For
instance, more bio-sourced and/or degradable materials could
be used to answer increasingly demanding applications, espe-
cially less toxic for users. In the future, more advanced hygrom-
orphs can be foreseen by implementing the cross-link gradient
strategy to different trigger responsive systems.

However, hygromorphs are not the only shape-adapting
systems, and other advantages arise from other morphing
mechanisms.

4. Magnetomorphs

Here, care must be taken to distinguish the hygromorphs trig-
gered by a magnetic field and magnetomorphs. In the first case,
the movement is first defined by differential swelling, and the
trigger is a magnetic field to initiate the swelling difference.
For example, in this case, if the material was free it would only
induce movement due to magnetic attraction, and not shape
change. For instance, this was used for self-knotting wires.!**¥

In the opposite, the magnetomorphs take their names from
the mechanism of morphing, where dispersed magneto-
responsive particles force the whole material to change its shape.
This might be correlated to the intracellular diamagnetism of flax
seeds. This mechanism does not require bilayer materials and
resembles the in-plane cross-link gradient of hygromorphs.
Magnetorheological materials are sometimes referred as magne-
toactive soft materials or soft magneto-responsive actuators, and
that we will call magnetomorphs in this review to link them to the
other classes of morphing mechanisms. They are one of the most
thriving classes of smart materials. Indeed, magnetic fields pres-
ent the advantages of being a remote, safe, and fast trigger with a
high penetration in almost all materials and tissues making them
especially promising for applications in the forefront biomedical
devices as shown in an exhaustive review published in 2022 on
magnetic soft robots.!"*%! Herein, we will focus on presenting
the mechanism with the main publications and the latest advan-
ces in the field, putting these systems into perspective by com-
paring with the other morphing strategies.

For such magnetomorphs, the spectrum of possible particles
is limited to hard magnetic ones with a high remanence meaning
that the particles keep their magnetization when the external
magnetic field is turned off, and a high coercivity meaning that
it can be put in another external field without being demagne-
tized. Among these, neodymium alloys, such as NdFeB micro-
particles, are the most widely used for morphing, being
commercially available and having high magnetic performances
at relatively low cost.
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The magnetization to orient these magnetic dipoles in the
elastomer matrix, such as silicone elastomers, can be done
peri-process or post-process following different strategies.
A 3D printer modified with a rotatable magnet allows the mag-
netization at the same time as the curing of the printed
sequence.*”'%] This technique enables to design very complex
shapes, as shown in Figure 10A, with several domains that can be
actuated in 0.1 s and retrieve its initial shape in 0.2 5.'”! Besides,
the magnetization for predefining the morphing can be made
post-process by inserting the material in a jig and applying a uni-
form external field (Figure 10B)."*”! Thus at rest, the silicone
elastomer matrix constrains the material to remain flat which
is the shape into which it was cured, and under an external field
the aligning dipoles are responsible for forcing the elastomer
into the shape defined by the jig.

Since designing a jig for each shape is time consuming, another
strategy based on kirigami designs was developed for getting com-
plex shapes by defining them post-process without needing a mold.
As illustrated in Figure 10C, this method uses kirigami designs
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and out-of-plane buckling by temporarily stitching the magneto-
morph to a prestressed sheet for magnetization."*” This tempo-
rary buckling of the sheet while magnetized can easily lead to a
strong variety of shapes such as faces with all kinds of emotions.

From these complex shape changes, several types of move-
ments can be obtained. Indeed, micro-magnetomorphs were
demonstrated to swim, climb, roll, walk, and even jump thanks
to actuation of the self-shaping body in contact to a hard sur-
face."™ Tt was successfully used ex-vivo to walk toward one
object, grasp it, and walk back. This variety of movements comes
from one of the main advantages of using a magnetic field as an
actuation source, namely its ability to be a directional trigger of
controllable orientation and amplitude. Moreover, reversible
morphing can be used to move the object. It was done via helical
propulsion thanks to an object with a magnetic head and a four
times longer nonmagnetic tail under a rotating field."'? Also,
hexagonal plates were twisted under magnetic field and induced
the folding of nonmagnetic structures linking them together
along predefined creases, like an accordion.!""’]

Jig

Strong B-field

/ Magnetization profile

\ \
Bonding 5 _. Hang kirigami elastomer pox
—_— . —
sites s
- L4 -

Pre-strain l
release

Magnetization

Reprogrammable Rotatable microsphere (T>58°C)

magnetization patterning

e
) Ty /7 !
00083800, 0% %00 %% '2} ;
.».w.\'\,“:\_»‘ r.».\_‘_N .,:J ﬂ ﬁ '
| Magnetic microsphere oc O~ o0

o9 Liquid PEG +
Rotatable FMP chain
Static microsphere (T<58°C)
Magnetic actuation

¢l
- ".\': / 'V‘.:”i»{.EE}‘: ;u/ g ‘) ﬂ% ﬁ(\é@

o0 Solid PEG +
Freezed FMP chain

Figure 10. A) 3D-printed domains leading to fast and reversible shape change [Reproduced with permission.l"®”) Copyright 2024, Springer Nature],
principles of magnetizing post-process with B) a jig [Reproduced with permission.'® Copyright 2024, National Academy of Sciences] or C) a pre-
stretched sheet [Reproduced under the terms of the CC-BY 4.0 license.''], D) principle of shape reprogramming with magnetic microspheres embedded
in an elastomer matrix [Adapted with permission.''® Copyright 2024, American Chemical Society].
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Most recent advances in the field of magnetomorphs are the
shape locking and shape-reprogramming that are worth to
underline. The shape locking can be metastable or stable.
First, the metastability is achieved through particle attraction
from both ends of an object which was sequentially folded in
a cube for instance.l'" When the two extremities of such objects
get in contact, the external field can be removed and the shape
will be kept. It is metastable because a small stimulus could break
down this equilibrium and the material could then retrieve its
initial shape thanks to the elasticity of the matrix. Semi-
permanent shape locking can be designed by going through a
transition temperature of the cured matrix, like glass transition
(T,), where the material is hard or soft. Examples used poly(lactic
acid) (PLA) and acrylate-urethane copolymers to have a reason-
able T,.!'"''% Indeed, at a temperature higher than T, the
material is soft and can be actuated with a magnetic field, but
when the temperature decreases the material becomes too hard
and the shape is fixed. It can be retrieved by heating again the
material. Interestingly, this heating can be achieved without an
external thermal source. Qi’s and Zhao’s groups showed that it
was possible to embed magneto-thermal convertors such as
Fe;O, particles which were responsible for softening the
matrix."'% By varying the concentration of these particles, they
achieved a sequential folding where the temperature increases at
different speeds. Permanent shape locking was more simply
obtained by laminating a material with a plastic behavior such
as raw paper for instance."'”!

Shape-reprogramming was very finely executed by dispersing
in an elastomer matrix the magnetic particles already dispersed
in a matrix able to soften, e.g., PEG4000. The latter is softened by
overcoming its T, allowing these entire domains of particles to
realign following the external field and then lock by lowering
temperature.'®1*! The procedure of this shape-reprogramming
ability is displayed in Figure 10D. Interestingly, in both exam-
ples, the intermediate matrix is PEG4000 with a T, of 58°C
and the particles are either NdFeB or FeCo. For this application,
softer particles with a lower coercivity such as FeCo could indeed
be interesting to facilitate the reprogramming.

In conclusion, rapid and remote actuation in all media is a
clear advantage for hygromorphs. It enables an ultrafast and
completely reversible shape-adaptation. It is also based on a
mechanism leading to very complex shapes by simple fabrication
processes. There is no need for lamination that also makes faster
the processes. Though it is a young field and efforts should be
clearly made toward the variety of elastomer matrices and mag-
netic particles accessible. As we mentioned in the introduction of
this paragraph, because of the proven safety of magnetic actu-
ation, several applications are foreseen for biomedical systems.
Though NdFeB are not necessarily proven to be safe in human
interactions and this could limit the applicability toward these
applications if efforts are not made to find other magnets.
Moreover, as proposed by Lanceros-Mendez’s team, future works
should focus also on different geometries of particles to maybe
impart additional morphing lever than current ones.'*” This
could be inspired by the photothermal convertors. Finally, is it
interesting to note that exactly like hygromorphs, most recent
efforts were made toward reprogramming and shape locking
to better control shape-morphing. However, it is rarely men-
tioned how good is the performance retention with these
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strategies. Indeed, one could think that a slight alteration of
the matrix embedding the particles could have severe impact
on the performance. These questions would definitely be worth
to investigate.

Despite strong advantages like safety of triggering or variety of
simple processes, magnetomorphs require the addition of
magnetic particles inside the polymer matrix. Therefore, other
strategies to impart shape change at the dry state, without the
addition of magnetic particles were investigated, such as
mechanomorphs.

5. Mechanomorphs

Bioinspired, notably from cyclamen or sunflower which bend
upon a differential growth, mechanomorphs are materials which
morph thanks to different residual strains. Typically, bilayers of
different elastic recoveries, such as an elastomer laminated with
a plastic layer, when stretched, are adapting their shapes upon
release of the mechanical stress, since both layers do not fall back
in the same manner. After stress release, the layer with the higher
elastic recovery will exert a compressive force as it wants to fall
back, while the layer with the plastic behavior will exert an exten-
sive force as it wants to maintain its position. These opposite
forces along the thickness create a bending moment responsible
for the folding. In this part, we will see that like hygromorphs,
different triggers are accessible depending on the chemical nature
of the elastomer layer. First, we will discuss the most straightfor-
ward trigger: mechanical stretching. Then, we will present voltage,
temperature and light triggers with the dielectric elastomer actua-
tors (DEAs) and liquid crystalline elastomers (LCEs).

5.1. Mechanical Trigger

The advantage of the mechanical trigger is that it is the most
straightforward and simple one. There is no need of complex pro-
cesses, different media, or expensive apparatus. Indeed, the
morphing can be obtained by stretching by hands and release.
Moreover, it can be obtained with a large diversity of accessible
materials as it only requires two materials of different mechani-
cal behaviors, namely a thermoplastic and an elastomer. The
objective of this paragraph is to show that from simplicity, com-
plex morphing can also arise.

The gradient in residual strain even does not absolutely
require different materials but can be obtained by structuring
a single material. Indeed, a silicone ribbon that is structured
to present one bulky layer on one side and one structured layer
on the other side will answer differently to the uni-axial
stress."?!! The bulky layer will be stretched in the direction of
stress and thus compressed in the transverse direction as it is
made of a silicone elastomer. In the opposite, the structured
transverse ribbons will only be spaced out from each other
and no Poisson’s contraction occurs. Finally, stretching creates
a gradient in the extent of transverse compression along the
thickness, which is responsible for folding in the perpendicular
direction. Then, the angle formed by the aligned ribbons with the
long-axis direction (also the stretching direction) will lead to
bending with the structured layer toward the exterior or toward
the interior (Figure 11A). This could be valuable for several

© 2024 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

85UB217 SUOWIWIOD) BAIIER.1D 8|qedl|dde ay) Ag peusenob ae sepilie YO ‘8sn Jo SanJ 10} Afelq1T 8ulUQO A3[IAA UO (SUONIPUOD-PUe-SWLBIWOY A 1M AReiq 1 uluo//Sdny) SUonIpUOD pue swid | 8yl 89S *[G20z/70/80] uo Areiqi]auluo A|Ia 9bei7eq a1seAiun Ag TEE00rZ0Z ASe/Z00T OT/I0p/u0d A8 | IM Aelg 1 pu|UO"PedUeADe//SANY WOy pepeo umod ‘2 ‘Se0g ‘L9Sr0r9g


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

1) Uni-axi
elongation
——

2) Stress ‘
release

Bendinginward o bending

Self-folded shape

www.advintellsyst.com

Behding oufward

Recovered initial

Heat 80°C
——
PCL melting

Unilateral swelling & Bilateral swelling

=— Contralateral swelling = = = - Edge-cut

Figure 11. A) Angle-dependent folding of a structured silicone [Reprinted with permission.'>"! Copyright 2024, American Physical Society],
B) structuration of a semi-crystalline filler for imparting shape locking and shape reprogramming,"*® C) various shapes from differently paraffin swollen

materials [Reproduced with permission.l'*"l Copyright 2024, Wiley].

applications, as one side of the curved ribbon is smooth, and the
other is rough. However, the shape change can only be obtained
while stretching. As it is made only from elastomer, when the
force is released, the material automatically goes back to the flat
sheet. The folding upon structuration was also achieved with
more complex patterns in-plane, curving again in the transverse
direction from the traction direction.'*?! Similarly to what is
described in Section 3.2.3., controlling the crosslink gradient
by controlling the curing dosage can give materials with in-plane
variations of mechanical properties and T, hence creating
hinges along which folding starts. As an example, with acrylates,
the gradient in Young moduli can reach three orders of magni-
tude, and T, can easily vary in a range of 50 °C.'**!

The gradient of residual strain can also be achieved by lami-
nating two materials with different shape-recovery kinetics upon
stress release. It was obtained by tuning the side-chain of
1-alkyl-3-vinylimidazolium tetrafluoroborate ([R-VIM]BE,).l!2*12%!
The shape recovery is faster when the alkyl chain is smaller. After
6 min, the strain went back from 100% to around 10% for the
[1-hexyl-VIM]BF,, to around 70% for the [1-butyl-VIM]BF,, and
99% for the [1-ethyl-VIM]|BF,. Helical shapes can be obtained
by printing one layer with a tilt from the other one.
Interestingly, Nelson’s group injected a mechano-chromic agent

Adv. Intell. Syst. 2025, 7, 2400331 2400331 (15 of 26)

that changes color sensing when sufficient stress is applied for
further bending on release."” The main limit of this strategy
is that eventually the initial shape will be recovered, then the
folded shape cannot be locked.

To enable shape locking, Barone’s group used a bilayer of poly-
olefin thermoplastic elastomer (TPE) at very high strains. One
layer is loosely crystalline, and the other is highly crystalline.2®!
As TPE are physically cross-linked they can be thermally un-
stretched to recover the initial shape. Here, is it worth noting that
it is one of the scarce examples using such TPE which can be
stretched up to 1000% which has never been reached with chem-
ically cured elastomers. Thus, it gives interesting hints on what
happens for morphing at such stresses. To sum up, not only
bending but also curling and twisting was obtained with isotropic
layers which is the only example of non-linear folding without
anisotropic inserts. Unfortunately, after such stretching, the sys-
tem did not completely recover. Poor reversibility prevents the
material to be used more than once and could be detrimental
for some applications.

In order to impart shape locking and shape recovery (also
called reversibility) at the same time, one recent strategy has been
to embed fibers of the plastic material in the elastomer matrix,
instead of laminating a layer of each material. Such fibers are
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locking the adapted shape by plastic stiffness but could be soft-
ened by overcoming T, to recover the initial shape. To ensure the
residual strain gradient, either the fibers are not embedded along
the whole thickness or two layers are laminated with two
different fiber orientations, imitating the structure of bauhinia
variegate.'*”1?8 Complex shapes were achieved by locally embed-
ding fibers creating hinges, as for instance miura-ori patterns
with mountains and valleys. Though the fibers are very stiff
below T, and these materials had to be hot-programmed for
morphing. With poly(vinyl acetate) (PVAc) fibers, increasing
the shape-locking capacity was always detrimental to shape recov-
ery and vice versa.'?’!

In our group, we succeeded to optimize those two properties at
once by embedding semi-crystalline fibers of PCL in a silicone
matrix.'** At room temperature, PCL being in its leather state,
it was possible to cold program the shape-change. We used both
advantages of the presented structuration and the strategy to
shape locking and shape recovery by using a honeycomb pattern
of electrospun fibers (Figure 11B).

In addition to shape locking and shape recovery, shape reprog-
ramming is also a recent concern for mechanomorphs. One very
recent example showed that it was possible to embed, after the
process, a crystallizable molecule by swelling with masks when
molten, and remove it by swelling in a solvent. Luo’s group used
paraffin in a polyacrylate elastomer and hexane for shape-
reprogramming.!"*"! Indeed, upon swelling in hexane, paraffin
is completely removed and could be reinserted in a different
pattern to achieve different shapes upon stress and release.
Various shapes were reached by swelling on one or both sides,
during different times, and in different patterns with masks as
shown in Figure 11C.
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Even though it presents simplicity and efficiency to obtain the
shape-change, it could still be important for other applications to
trigger differently the mechanomorphs. This was achieved by
DEAs with electric currents and LCEs with light or temperature.

5.2. Dielectric Elastomer Actuators

DEAs are mechanomorphs that switch their shapes when an
electric field is applied between the two sides of the sheet.
The electric field induces mechanical contraction in the direction
of the field and mechanical expansion in the perpendicular plane
as elastomers are incompressible. When it is laminated to a pas-
sive layer without any mechanical response to the external field,
such material can bend because of different residual strains upon
electric current. The principle of this morphing mechanism is
displayed in Figure 12A. To be able to obtain a proper shape-
change, the elastomer layer should be as soft as possible and with
a high electrical permittivity.

Very often, such actuators are processed to be bended in their
initial shape and the folded shape is then modified by the electric
field. For this initial bending, the elastomer layer is prestretched
and glued to a flexible nonresponsive layer at rest. Thus, after
mechanical release, the stretched elastomer layer constrains
the other one in compression creating an out-of-plane buckling
responsible for folding. Applying a voltage will shift the energy
balance toward another minimum corresponding to another
shape. The shape morphing will then depend on the applied volt-
age but also on the initial deformation.[*% Up to now, the most
commonly used elastomer material is acrylic foam adhesive
(VHB adhesive from 3 M). As it is an adhesive itself, it is very
convenient for lamination. Nevertheless, high voltages are still

- Dielectric elastomer
D ONW

Radial expansion Final shape

Figure 12. A) Schematic principle of dielectric elastomer actuators, B) sequential shape locking and shape reversibility of DEAs [Reproduced with

permission.l"**! Copyright 2024, Wiley], C) patterned electrodes to get a dome shape [Reproduced under the terms of the CC-BY 4.0 license.
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required for actuation. For instance, when an acrylic layer is
attached to a PET layer, the service voltage is around
3.4kV.'** Anyway, in each material, there is a structural satura-
tion voltage that implements a safety limit.

Because DEAs intrinsically need soft materials to morph, for
some applications, these actuators might be too soft and thus are
often reinforced. First, the prestretching often used in the pro-
cess is in fact a strategy to stiffen the material, as it is already in
tension. Second, stiff fibers can be inserted in the layers. These
fibers not only reinforce the actuator but are also responsible for
controlling the direction of actuation. It was interestingly showed
that with one central fiber, the ratio of Young moduli between the
fiber and the elastomer matrix will control the side of folding.[**
A complex fan shape was even obtained with vinyl fibers
in an acrylic elastomer. In this case, the prestretching was not
even necessary then not implemented in the process.
Counterbalancing the need of a prestretching step can also
expand the lifetime of the actuator because highly prestretched
elastomers can more easily creep or tear, inducing performance
loss. Another study used glass fibers with optimized fiber spac-
ing and orientation to obtain twisting in addition to bending.!***!
Third, some examples demonstrated a reinforcement with the
use of an external ladder frame.!"**3”) These architectures were
responsible for the enhancement of the force distribution and an
increase of up to 40 times in the tension-induced moment.

In the DEAs field, there are mainly three different class of
accessible elastomers: acrylic adhesives, polysiloxanes for their
well-known elasticities and relatively easy functionalization,
and polyurethanes. Kyung’s group reviewed in 2020 the main
applications of DEAs giving an interesting overview on the recent
achievements in artificial muscles, grippers, walkers, or adaptive
lenses.!"*® We will rather focus here on the comparison with the
other morphing systems, highlighting the remaining challenges
presented in the review and stressing the most recent studies
tackling them.

As with actuators described in previous sections, shape lock-
ing to stop the external trigger is a recent concern, and of partic-
ular interest to reduce energy consumption, as the external
power supply can be stopped after morphing. Shape locking
was achieved by laminating a thermoresponsive layer over the
voltage-responsive elastomer.'*?) When this added layer is
heated, it becomes soft enough to be actuated by the voltage actu-
ation of the DEAs, but it is too stiff to enable the DEAs to move
when cooled down. Thus, by playing on the temperature with a
layer of affordable T,, shape locking is quite easily imparted.
Nevertheless, shape reversibility is still accessible upon a second
trigger. In addition, the softening upon heating could be local-
ized such that sequential foldings could be obtained
(Figure 12B). The direction of folding could even be tuned by
the direction of the softened part.

More complex deformations than bending are also foreseen.
They can be achieved by designing complex structures such as
tensegrity structures that are architecture structures with rods
and cables self-supported via an equilibrium between tension
and compression forces."*”) Moreover, it was also obtained by
patterning the elastomer and/or electrodes.!**!**% First, the elec-
trodes were patterned as concentric rings leading to radial differ-
ential expansion of the underlying elastomer and a final dome
shape (Figure 12C)."*"! Second, the electrode can be post-process
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patterned by laser etching without damaging the elastomer
underneath."*? Interestingly, this could be implemented to cre-
ate an anisotropy in the mechanical behavior of localized
domains of the elastomer. Such laser processing has an optical
resolution of 20 pm opening new opportunities toward miniatur-
ized DEAs.

Up to now, safety remains the main limit of these DEAs.
There are two possibilities to make them safer: insulate the elec-
trodes to avoid contact with the exterior and work on the materi-
als to lower the required voltages. An underwater swimmer was
insulated by sandwiching two electrodes between three layers of
elastomer.!"*3 This can be responsible for smaller morphing but
in this example, the specific design creating an indirect bending
via an alternate lever effect led to enough deformations to reach a
speed of 0.9 mm s~ ' in water. Even if polysiloxanes were not the
most used elastomers, notably because of their lower electrical
permittivity and lower electrical breakdown at 1400-2000 V com-
pared to acrylic elastomers, they present the main advantage to be
able to morph at higher frequencies, as rapid and complete shape
reversibility was obtained. So, those are still preferred for some
applications. They were recently functionalized with polar side
groups on the main chain to tune their permittivity.***!*%!
When the chain ends remain active, self-healing was even possi-
ble after electrical breakdown for instance.™**! However, in this
case, the recycling ability is finite because electric breakdown
induces local permanent defects after heat shock, inducing per-
formance loss.

DEAs offer a different trigger from mechanical actuation, but
the material still needs to be in contact with the trigger source,
and the morphing cannot be localized. Therefore, mechano-
morphs with a remote trigger were investigated thanks to specific
materials: the liquid crystal elastomers.

5.3. Liquid Crystal Elastomers

Liquid crystal elastomers (LCEs) are mechanomorphs that
shapes change when the liquid crystals in the chains, called
mesogens, locally reorient or lose their order upon external trig-
gering, causing local mechanical expansions or contractions.
These LCEs can respond to heat, light, or even humidity. In con-
trast to hygromorphs, it is not a differential swelling, but differ-
ential expansions due to an indirect trigger from water molecules
on the mesogens. The first reason for LCEs morphing is a meso-
scopic loss of ordering caused by temperature or NIR light with
photothermal effect where it goes through the nematic-isotropic
phase transition temperature (Ty). The second reason for LCEs
morphing is at the molecular level with a trans-cis isomerization
of the mesogens caused by UV light. Light- or humidity-
responsive materials can be monolayer systems because the trig-
ger can be easily localized in-plane but also in depth.

LCEs can morph by crossing the Ty;. Thus, to obtain a
nematic phase, the mesogens must be oriented in an anisotropic
pattern during the processing step. Upon heating above Ty, the
orientation is lost causing a gradient of residual strains due to
differential expansions along the anisotropic thickness. One
possibility to orient such crystals during processing is to use a
filling-chamber with micro-channels patterned in the internal
surfaces."** To create anisotropy, it is possible to tilt the upper
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pattern compared to the bottom one. The channel depth and
width must be carefully controlled to be large enough for orient-
ing but small enough to continuously implement a direction.
Compared to DEAs, LCEs are intrinsically stiffer and can weight
greater lifts. One example showed that it was able to lift 784 times
its own weight. In this strategy, fast gelation is a key for fixing the
molecular order. Methacrylates are thoroughly used for the
appropriate kinetics of free-radical cross-linking but require an
oxygen-free atmosphere.l"*”] The cross-linking by thiol-ene reac-
tion of dithiols with acrylates is advantageously used in presence
of oxygen. Moreover, tuning of the Tyy is possible by mixing and
controlling the ratio of two different commercially available
liquid crystals, namely RM82 and RM257.1'*7]

In the case of an indirect actuation, thanks to the photothermal
effect of NIR on convertors, the anisotropy can be obtained not by
patterning the mesogens but controlling the distribution of the
photo-thermal convertors such as Au nanoparticles.™*® In this
study, the processed LCE was swollen with a gold salt HAuCl,
which was then photo-reduced into Au nanoparticles. Thus,
the anisotropy was created easily with photomasks to locally
reduce the gold salt or not which can then be rinsed out of
the matrix. Then, as it simply relies on masks, it opens up
new possibilities to obtain an anisotropic response for morphing.

NIR photothermal remote actuation was advantageously used
in complex systems toward applications. Indeed, one LCE layer
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was combined with a photochromic layer in a bilayer camouflage
and morphing system."*?! This material can then change color,
from light blue to red in function of the opened/closed isomers
fluorescing or not. Thus, it could crawl on a surface which was
painted in blue and red and could change color to adapt to the
surface. Another example was inspired by the flytrap taking
advantage of the reflectance of light coming from the LCE on
an approaching object (Figure 13A).° Light was then going
back to the surface of the LCE triggering the switch entrapping
the object in only 200 ms.

Another possible trigger for LCEs is UV light able to photo-
catalyze a trans-cis isomerization, this molecular switch leads
to macroscopic morphing. Azobenzene presents the advantage
to have a reversible trans-cis isomerization."*'* In contrast to
nematic-isotropic transitions, isomerization has to be triggered
again to retrieve the initial shape meaning that shape locking
occurs. Indeed, after removal of UV, the isomerization remains
and the morphed shape is locked. Irradiation with visible light
reversing the isomerization triggers switching back to the initial
shape. It is worth noting that azobenze mesogens remain liquid
crystals thus can still be triggered with temperature or NIR light
via Tyi. These are thus involved in multiresponsive mechano-
morphs illustrated in Figure 13B. Moreover, Zhao’s group
interestingly showed that embedding Au nanorods for a photo-
thermal effect enhanced the UV response of the system.!’>!

D 45 °C

UV off, keep bending

Z

<
\\‘;,V_/wf//

l550 nm AN

Vis on, unbending

Figure 13. A) Light-induced nematic-isotropic transition in a biomimetic flytrap triggered by an optical reflexion from an approaching object [Reproduced
under the terms of the CC-BY 4.0 license.*%|, B) multiresponsive LCE with azobenzene [Reproduced with permission.l>"l Copyright 2024, Wiley],
C) moisture and UV responsive [Reproduced with permission.'*3 Copyright 2024, Wiley], D) 3D-printed LCE concentric rings which transition is triggered
by temperature [Reproduced with permission.'>>! Copyright 2024, Wiley], E) stitching separately fabricated patterns to create more complex shapes
[Reproduced under the terms of the CC-BY 4.0 license.l'®”! Copyright 2024, The Authors. Published by RSC].
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Another example proved this multiresponsivity with UV and
humidity."*? Interestingly, in response to moisture, the LCE
bends in opposite to the source and parallel to the liquid crystal
alignment, and in response to UV, it bends toward the
source and perpendicular to the liquid crystal alignment
(Figure 13C). To the best of our knowledge, there is no discus-
sion on the cyclability of such chemical mechanisms to go back
and forth between the shape and should be more detailed in the
future.

In addition to shape locking, shape-reprogramming was suc-
cessfully managed by using a liquid crystal vitrimer.'**! Upon
transesterifications catalyzed Dby triazabicyclodecene, one
morphed shape could be reset as the initial shape after heating
for chain rearrangement to relieve the stress stored in the
deformation.

Finally, complex shapes were obtained by orienting the crys-
tals in micro-domains with a polarized light, by shear alignment
during 3D printing, or by stitching together LCE parts fabricated
separately. Azobenzene was successfully oriented along the
direction of a polarized laser at 445 nm. White’s group managed
to implement 226 distinct directions in 21350 micro-
domains."** They obtained dome shapes after self-morphing
by encoding a pattern of micro-domains which orientation varies
in-plane around a central point. Here again, like for in-plane
cross-linking gradient in hygromorphs, the deformation can
be upward or downward and if multiple patterns were encoded
side by side, several shapes are obtained.

3D printing allows LCE chains alignment along the path of the
needle by extrusion-deposition shear forces."**! By printing con-
centric rings, cone shapes are obtained after morphing
(Figure 13D). In this process, the nozzle diameter is key.
Indeed, reducing the nozzle diameter increases the resolution
but also increases the required forces for extrusion which
impacts the further shape-transition.’>® By varying the width
of the concentric rings, it was possible to reach a dome 10 times
higher than the sheet thickness. Recently, complex shapes were
also created by stitching together relatively simple patterns acting
as building blocks.!"*”! To keep a continuous deformation, only a
few possibilities for stitching two patterns together exist, accord-
ing to the printing lines, as displayed in Figure 13E. When it is
not compatible, the materials will suffer more easily from fail-
ures upon deformations.

A last recent example of mechanomorphs triggered by heat is
the elegant combination of an off-centered core fiber of a shape-
memory polymer inside a shell of an elastic one. This way, heat
reversibly modify the strain difference between the core and the
shell and make the composite coil and uncoil.***!

LCEs being multiresponsive, they probably inspired other trig-
gers for mechanomorphs. Indeed, because mechanomorphs rely
on a simple principle, multiple triggers are accessible, like visible
light but also enzymes for differential degradation and DNA link-
ers for interparticle shrinking distance.

5.4. Visible Light, Enzymes, and DNA Triggers

Besides temperature or light, mechanomorphs can be
triggered by enzymes as well as, in a very recent study, DNA
linkages.
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The most direct strategy for thermal trigger is building the
bilayer with two materials of distinct coefficients of thermal
expansion (CTE). Even though it was the first strategy for actua-
tors just like the bimetallic strip of Timoshenko, it is not
exploited anymore, especially in soft materials. One reason might
be that the induced gradient in expansion will not be as steep as it
can be with other strategies, limiting the extent of the shape-
change. Nevertheless, some studies showed not only enhanced
morphing but also indirect actuation using a bilayer with differ-
ent CTEs. For example, it was shown that a bilayer of poly(ethyl-
ene) (PE) and a U-shaped graphite electrode could bend with a
curvature of at least 140° through electrothermal heating at
1.5V

Another strategy for remote trigger of mechanomorphs is to
locally release some stored mechanical stress, simply by local
heating of a prestressed sheet to soften and relax only the local
hinges above T,. Localized heating is most often achieved by a
photo-thermal convertor providing light trigger. It has been
implemented in an innovative way by adding desktop inks of dif-
ferent colors on some hinges.'*”) These were selectively light
triggered by choosing the color of LEDs giving the maximum
absorbance for each colored hinge as shown in Figure 14A.
Sequential folding was achieved by illuminating each hinge that
conducted to localized shrinkage on the targeted side. This par-
tial photo-induced stress release could also be made via photo-
chemical chain cleavage and rearrangement.’®! This strategy
is very helpful if sequential morphing is foreseen, but reversibil-
ity is not accessible, and shape reprogramming would depend on
ink removal but was not discussed.

Besides, the gradient in residual strains can be obtained by
differential degradation of the materials. Gracias’ group took
advantage of the different enzymatic degradation rates of poly-
peptides and polysaccharides (Figure 14B)."*% For instance, gel-
atin is degraded in 30 min or over one week depending on the
enzyme. This offers the possibility for autonomous sensing in
response to a disease marker such as proteases in cancer. It is
also possible to make the sensor more specific by delaying the
enzymatic degradation using enzyme inhibitors. With this kind
of trigger, it could be more straightforward, compared to
hygromorphs and magnetomorphs, to reduce the size of the
designed objects. For medical applications, but not only, micro
morphing objects could become valuable.

Toward this end, Park’s group reported on a material able to
locally shrink or expand by playing on the extent of linking
between DNA-functionalized Au nanospheres and nanorods.**!
Two neighbor particles interact by DNA chain linkage, this inter-
action being reinforced by adding a third bridging sequence com-
plementary to both of the others, this leads to the decrease of
interparticle distance and local shrinkage (Figure 14C). This con-
traction is released by adding a fourth sequence interacting more
favorably to the bridging DNA strand. With this trigger, the
dimension of local shape changing can be considerably reduced
toward micro- or nanomaterials. One could imagine an applica-
tion as a nanosensor to specific DNA sequences.

In conclusion, these mechanomorphs present the main
advantage to have the largest variety of the accessible materials
because they must only differ in their mechanical behavior.
In addition, complex systems with shape locking and shape-
reprogramming are easy to get. Up to now, the main limit of this
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Figure 14. A) Sequential folding with visible light LEDs on desktop ink printed hinges [Reproduced under the terms of the CC-BY 4.0 license."®"}),

B) differential degradation kinetics of biopolymers leading to difference in mechanical properties and morphing [Adapted with permissio

I’l.ﬂ 62]

Copyright 2024, American Chemical Society], C) DNA chains as a reversible tool to locally modify the interparticle distance [Reproduced with

permission.['®®l Copyright 2024, Wiley].

field remains maybe the narrow diversity of morphed shapes that
were reported. Therefore, we believe that this is the major fore-
seen innovation. Moreover, we believe that discussion about
cyclability and performance loss should be more regularly imple-
mented. Finally, the lately described systems could inspire new
substrategies for mechanomorphs, opening ways for the creation
of miniaturized devices that respond autonomously to specific
biochemicals or disease markers.

6. Baromorphs and Cellularomorphs

A few other strategies are not falling into the previously described
families of hygromorphs, magnetomorphs, and mechano-
morphs. Up to now, they are also less referenced. Among these,
we will illustrate baromorphs and cellularomorphs.

6.1. Baromorphs

Potentially bioinspired from depressurized bladderworts, baro-
morphs are actuators that adapt their shapes upon a positive
or negative pressure. Essentially, a network of air channels, con-
nected to a compressed air source or vacuum pump, is embed-
ded in between two elastomer layers. Morphing is then obtained
upon inflation when there is an anisotropy, which can be created
out-of-plane by either two different stiffnesses for the two elas-
tomer layers, or thinner walls on one side. The principle is pre-
sented in Figure 15A. It can also be obtained in-plane by welds
separating isotropic air expanded channels (Figure 15B). Slightly
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different, extendable channels can be inserted in a shell of a
restrictive material but incised to let the expansion in some
points. Finally, vacuum can be used for locomotion via a lever
effect.

Pneumatic networks, called PneuNets by their authors back in
2011, use two elastomers of different stiffness with air channels
in between."**'%%! Upon inflating (P < 30 kPa), the stiffer elasto-
mer layer restricts expansion on its side, while the softer elasto-
mer layer enables air blowing on the other side. These air
channels are created by laminating on the flat passive layer,
the patterned active layer with its structures facing the passive
layer (Figure 15C). The morphing depends on the geometry
and occurrence of airways and the applied pressure. These bar-
omorphs present the advantage to be under tension while
inflated which brings rigidity. The absence of joints makes them
capable of easily grasping irregular objects. These make them
good candidates for gripper applications, and a textured passive
layer was even available to enhance the gripping ability.[®”)
Complexed shapes inspired by Acetubalaria have been
obtained.!"®¥

In these systems, shape locking was readily achieved by clos-
ing the connection to the compressor, but it is not permanent
due to gas permeability. The system was completely deflated after
60 min."! Later, this strategy has been used to design a walker
composed of four legs and one body fed by different air sources
independently activated.["*®! By sequential activations, it is able to
walk at a speed of up to 24mh™, so as to go underneath
obstacles (Figure 15D). Such PneuNets can also be designed with
a unique material but with thinner walls between the air channel
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Figure 15. A) Principle of baromorph with a unique material or two different layers [Reproduced with permission.['®® Copyright 2024, Wiley], B) principle
of in-plane baromorphs [Reproduced with permission.!'®® Copyright 2024, RSC], C) PneuNets bilayer with air channels (scale bar: 3 cm) [Reproduced with
permission.["®® Copyright 2024, National Academy of Sciences], D) PneuNet multiarm robot sequentially folded to go underneath an obstacle (scale bar:
4 cm) [Reproduced with permission.['®®! Copyright 2024, National Academy of Sciences], E) several slit patterns on a restrictive tube for several morphing

[Reproduced with permission.l"’% Copyright 2024, Wiley].

and the exterior only on one side to favorize air blowing towards
this layer which flexural rigidity decreases."® For monomateri-
als, one layer can be prestretched to achieve bending. Depending
on the ratio of heights, the initial curve can be oriented in two
directions, but after inflating the curve always presents the blown
layer on the outside. This principle was turned into advantage to
enable a curve on one side at rest and a curve in the other direc-
tion after inflating.*®”) This study also proved the locomotion
ability by creating a gradient of height for the parallel air channels
from head to tail, which can be amplified by adding an extra
weight in the head of the self-moving object.

Another strategy to create baromorphs is to impregnate
poly(amide) patterns that are hermetic to air in thermoplastic
poly(urethanes) (TPU).['*%1%) It was specially designed to create
in-plane anisotropy between restrictive welds and isotropically
blown air channels. They were able to obtain complex patterns
such as a dodecahedron from a planar sheet or shapes made
of mountains and valleys. This strategy enables the mechanical
strengthening of the actuator.

Baromorphs have also been designed with a pressure respon-
sive elastomer tube inserted in a restrictive bigger tube.'”®! The
external stiffer tube can control the shape change by a pattern of
cuts. The angles, positions, periodicities, and lengths of the slits
control the bending or twisting of the whole structure upon
inflating the internal tube as shown in Figure 15E. When several
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tubes connected to independent air pumps are added in the exter-
nal tube, sequential and different directions of self-folding are
obtained. Thus, a multitask actuator was designed and able to
lift and screw a bulb.

Finally, vacuum was advantageously used to morph via the col-
lapse of anisotropically distributed holes.!'”!! This creates the rota-
tion of the elastomer part situated in between the holes and can be
used for locomotion via the lever effect like oars of a boat. The
main advantage of the vacuum compared to compressed air is
that the actuator volume does not increase upon actuation.

In general, the advantages of the baromorphs compared to
other morphing systems are their easy design and easy access
to actuation source, as well as to lightweight, simple, and environ-
mentally benign materials. With this strategy, it is easy to have
fast and complete reversibility in between the accessible shapes,
and it seems safe to consider that it should retain similar perfor-
mance for a lot of cycles. In the opposite, the main disadvantage is
that is has to be permanently connected to the source with tubing,
even untethered systems, and could limit the possible applica-
tions as a pump or air supplier must always be carried on.

6.2. Cellularomorphs

Going even further toward safe processes, in the line of using air
at relatively low pressures as a trigger, recent reports used the
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inherent contraction of «cells to impart morphing.
Cellularomorphs change their shapes due the tensile force
exerted by cells, either embedded in collagen gels or deposited
on top of cell-adhesive surfaces. In vivo, cells fold the extracellu-
lar matrix (ECM) when they are migrating, proliferating, or dif-
ferentiating. Inspired by these, synthetic cell-loaded collagen gels
were proven to modify their shapes. Interestingly, it is another
strategy to induce morphing at the microscale. Herein, anisot-
ropy is created by the simultaneous cell sedimentation and gela-
tion.'”?! The morphing depends on the nature and density of the
cells and on the collagen concentration that impacts the structure
of the fibrils. Then, the deformed shape itself also induces fibril
orientation and is responsible for a topographical smoothing.!"”*!
Qin’s group took advantage of these parameters, especially
differential cell tensile force (CTF) with different cells embedded
in two layers (Figure 16A)."*! Moreover, cell contraction
inhibitors can be locally implemented to regulate the CTF and
induce morphing as a dome via an in-plane gradient
(Figure 16B). As it is difficult to control the cell sedimentation
upon gelation, the distribution is random, but structuring the
backside with a pattern of ridges enables to govern the direction
of folding.*”*

Another category of cellularomorphs add the cells on top of the
material instead of inside the matrix. This opens up new possi-
bilities for accessible materials for the substrates, it only requires
to be cell adhesive, but this can be easily tuned with coatings such
as fibronectin. Cells contracting on one side at the junction
between microplates were able to fold the structures.'””!
Without connection between plates, complete folding is reached.
With a joint, two plates side to side can collide, then the angle (6)
is limited and can be calculated in function of the geometric
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parameters as @ = ;%% with w is the width of the joint, t is the
thickness of the omt, and r is the thickness of the plate.
Complex 3D objects such as dodecahedron and tubes were
obtained and are displayed in Figure 16C.

Up to now, the main limit of these cellularomorphs is the actu-
ation speed. For some applications, it could be interesting to have
a sequential morphing, for others it would require faster actu-
ation. Khademhosseini’s group smartly made faster the folding
by embedding a layer of Au microelectrodes underneath to stim-
ulate the cells."”®! Beating was even possible after reinforcing by
laminating PEG to increase the stability of the structure. The fre-
quency could not overcome 0.5 Hz to allow a complete recovery
before another contraction. In this example, cardiomyocytes were
used and aligned along a pattern to bring anisotropy.

These cellularomorphs could be very useful in the near future
for the development of smart biomedical devices, since exploit-
ing cells is an advantage for in vivo autonomous morphing devi-
ces. In addition, a variety of cells compatible hydrogels is already
identified from tissue engineering research field, allowing to
investigate the effect of different cells, cell density, and ageing
on cellularomorphs performances. However, this strategy might
be limited to micro-objects as it is most probable that for the CTF
to induce morphing, the substrate should have dimensions close
to the ones of cells. Nevertheless, for medical applications,
micro-objects can already be very valuable. Bringing together
researchers in both materials and medical fields would insure
fast development of cellularmorphs and emergence of cells
controlled biomedical devices. Finding a way to increase the
dimensions of the morphing systems with this strategy could
also be an important breakthrough. The cellularomorphs are also
intrinsically irreversible, and strategies to enable coming back to

Absence ofcell
contraction inhibitor

Outer CCl gels

B Presence of cell
contraction inhibitor (CCI)

Inner CCl gels

.Fﬂsv } SFM .sgsv j SFM

W =

higher N
/ \ contraction
higher
contraction %

—

Figure 16. A) Differential compression on a bilayer due to different cells on each layer [Reproduced with permission.l'’#! Copyright 2024, Wiley], B) dome
shapes obtained with the local deposition of a cell contraction inhibitor (CCl) in a fetal bovine serum (FBS), while no folding was obtained in serum-free
medium (SFM) [Reproduced with permission.!'”? Copyright 2024, Wiley], C) cell contraction imparting folding on parts or jointed substrates giving
dodecahedron or tubes [Reproduced under the terms of the CC-BY 4.0 license.l'”™).
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its initial position, like adding cells on the other side, should be
investigated in the future.

7. Conclusion and Perspectives

Plants have evolved through the centuries by optimizing their
growth, feeding, and seed dispersal to improve their survival.
Notably, several plants have developed the ability to change their
shapes in order to fulfil one of the requirements for the sustain-
ability of the species. Specifically analyzing the mechanisms
underlying these evolutions and their potential triggers inspired
humans to develop new synthetic shape-adaptable systems in a
biomimetic way. For instance, pinecone inspired hygromorphs,
morphing upon a differential swelling. Cyclamen had first opti-
mized differential growth, similarly to mechanomorphs, shape-
changing upon differential elongations. Flax seeds might have
inspired magnetomorphs, where a patterned internal magnetiza-
tion constrains the matrix to reach another shape. Baromorphs
morphing thanks to air blown in patterned channels remind of
carnivorous bladderworts. Each class of synthetic morphing
materials presents several advantages.

Hygromorphs, bio-inspired by the most common strategy in
the plant kingdom, are by far the most reported shape-adaptable
materials. This gives rise to a large panel of triggers thanks to
responsive hydrogels and robust design processes. The most
recent discoveries concern the feasibility of imparting an in-plane
cross-linking gradient or post-modify the crosslinking density very
locally. Nevertheless, hygromorphs must be kept in specific envi-
ronments and few locking strategies were investigated.

Additionally, magnetomorphs were developed. They possess
the advantage that magnetism is probably the safest trigger, nota-
bly for in vivo applications as it does not affect body tissues. This
is without doubt the morphing strategy that led to the most com-
plex shapes thanks to the ability to print micro-domains.
Nevertheless, magnetic particles must be used as fillers which
might bring toxicity, and thus could be an issue for biomedical
uses.

Mechanomorphs rely on the most simple and straightforward
mechanism of action. This enabled this class of materials to pres-
ent the widest possibilities for actuation, ranging from classical
heat or light to mechanical, enzymatic and DNA-linkage triggers.
This is also the simplest strategy to obtain shape locking and
shape reprogramming with shape-memory composites for
instance. Other categories of elastomers, such as biodegradable
elastomers, should still be developed and applied to mechano-
morphs exhibiting these very important features that enable to
stop the actuation once the movement is obtained and eventually
reset it at will.

Baromorphs, operated by compressed air, benefit from safe,
fast, and reversible actuation. Indeed, air can be very rapidly
blown in the channels and as rapidly removed. Quite recent, this
strategy holds nevertheless a strong potential, notably for sequen-
tial activation of robots.

More generally, whatever the actuation mechanism, shape-
changing materials are particularly promising and thus the focus
of investigations was recently turned toward biomedical applica-
tions. The pioneer works on cellularomorphs and enzyme-
triggered mechanomorphs have paved the way for the design
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of devices morphing invivo by autonomous actuation in
response to specific biomarkers. To push further, safer processes
and biocompatible platforms have to be developed synergisti-
cally. In our opinion, the development and use of degradable
materials dedicated to these smart devices is still understudied,
where biodegradable morphing devices would represent a break-
through in the medical field by removing some technological bar-
riers. For instance, implants with shape adaptability are the gold
standard for noninvasive surgeries, as it could deploy and adopt
the specific geometry only once onsite. For applications where
the implant has a temporary role, the selection of biocompatible
degradable materials to build this implant might be particularly
attractive. Indeed, degradation products excreted by the body or
bioabsorbed will prevent needless accumulation in the body.
Development of degradable shape-changing devices, today disre-
garded, could thus lead to important breakthroughs.*””! The
development of materials offering tailor-made biodegradation
therefore seems crucial for future progress in this field.

A few key points can be highlighted for the future develop-
ment of this field. There are many opportunities for new materi-
als to overcome certain technological hurdles, as they are
currently limited to a few. Porous materials such as foams have
great potential for lightweight smart devices and have not yet
been studied too much.'”®) Modeling remains very important
for translating observations in nature into morphing systems.
These models are extremely useful for assessing cyclability
and loss of performance during aging, which are often difficult
to measure.
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