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Living organisms and, in general, bio-materials respond to external stimuli exhibiting specific functionalities 
(such as shape-morphing, color change, tissue growth and remodeling, programmed mechanical responses, 
adaptation of material properties, etc.) required for different needs (camouflage, locomotion, defense, 
food supply, biological processes, etc.). Functionalities in nature come from bio-chemo-physical-mechanical 
responsiveness of the complex architectures in which natural structures are organized across the nano-, micro-
and meso-scales. Often inspired by natural structures and bio-functionalities, in recent years the development of 
synthetic responsive materials has attracted a huge interest, and increasingly still attracts the efforts of scientists 
to synthesize new smart materials and devices.
The paper illustrates the most compelling morphing and functional responses observable in nature – displayed 
by biological matter, living individuals or by the collective behavior of large groups of organisms – developed 
for different functional purposes, and discusses the related underlying mechanisms. In parallel, the most relevant 
functional materials being developed in the last decades are presented with the related mathematical models, 
and their underlying driving mechanisms are compared with those observable in nature. The study is aimed 
at providing a broad overview and to explain the strategies used in nature to obtain functionalities; the 
analogies with those shown by artificial functional materials, with a particular emphasis on polymer-based 
or polymer-like materials, are investigated. Some multi-physics models, describing the response and enabling 
the systematic design, optimization and synthesis of functional materials suitable to the development of new 
advanced applications, are also illustrated. The knowledge of natural cunning can push forward the research 
in the field, offers new possibilities worth of investigation by materials scientists, physicists and engineers, and 
opens unexplored scenarios not yet fully considered in the existing literature.
1. Introduction

Nature has shaped living organisms, such as animals, insects, fishes, 
plants, and in general any biological structure, to be capable of re-
sponding to external stimuli by showing specific functionalities, such 
as self-protection, locomotion, feeding, etc. useful to perform specific 
tasks or simply to enhance the survival probability.

The above-mentioned functional behavior stems from an intrinsic 
programming coded within the natural structure. Shape-morphing (al-
lowing for instance a plant to close its leaves for capturing insects), 
color change (for camouflage purposes), the optimum design of shelters 
or hunting structures (nests, spider-silk net, etc.), bone tissue growth 
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and remodeling, to mention a few, are all relevant examples. These nat-
ural structures display intricate bio-encoded architectures, organized 
across the nano-, micro- and meso- scales, whose capabilities reflect in 
an impressive range of functional or multifunctional properties.

On the other hand, a new class of synthetic materials, namely 
stimuli-responsive materials also known as functional materials, active 
materials, etc., emerged in the last decades. Similarly to what happens 
in biological matter, these materials are able to respond to external 
stimuli, displaying shape-change, variations of their mechanical and/or 
physical-chemical properties, etc.

As visionarily discussed in [1], an emerging research paradigm stem-
ming from a precious and intriguing statement of Bhattacharya and 
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James, “the material is the machine” [2], well describes the realm of 
the synthesis and design of stimuli-responsive materials enabling new 
robotic matter and machines made of smart components. Accordingly, 
a material-based machine can functionally respond to external inputs 
by displaying functionalities similar to those shown by everyday ma-
chines (grafting, lifting, locomotion, etc.), but without the need of any 
externally driven engine, hydraulic/electric systems, sensors etc.

Autonomous responsiveness is a typical feature of biological systems 
(matters and/or structures) which are naturally programmed, according 
to the required functionality, to respond to a specific stimulus in a pre-
cise and well-determined way.

For instance, muscles of natural livings represent an example of bio-
actuators [3]: they can contract and elongate thanks to complex yet nat-
ural mechanisms occurring at the molecular level. The cooperation of 
actins and myosins, principal proteins of the muscle structure, is respon-
sible for the locomotion and movement of vertebrates [4]. The relative 
motion between myosins and actins, triggered by chemical/mechanical 
stimuli, reflects in a contraction/elongation of the muscle fibers, leading 
to movements at the macroscopic level [3]. Another example of natural 
programmed matter is the bone tissue which displays stimuli-induced 
self-remodeling enabling adaptation [5].

Other intriguing examples can be found in the realm of superorgan-
isms, i.e. in groups of cooperating living individuals – such as insect 
colonies [6] – whose smart responsiveness stems from the collecting 
and organized behavior of the single units. Among this family of ac-
tive organisms, fire ants are incredible cooperators that can organize 
themselves into fascinating smart structures whose shape can morph in 
a programmed way according to the required functionality [7,8]. Bee 
swarms represent another relevant example of collective behavior: they 
can arrange themselves by creating structures whose shape and size are 
optimized to efficiently face the fluctuating thermal and/or mechanical 
stimuli of the surrounding environment [9].

However, cooperation among individuals, cells, insects, or other 
living units, is not the only way to obtain functionality. Microstructure-
related functionality is also often harnessed in nature; spider-silk is a 
clear example on how the nanostructure of a natural material can be 
tuned to get different macroscopic properties, whose features depend 
on the purpose the silk is produced for (reproduction, locomotion, to 
capture preys, etc.) [10]. Along this line, bees’ honeycombs are struc-
tures optimized in terms of physical and mechanical properties related 
to the desired functionality: the biological process of honeycomb build-
ing is programmed to ensure proper characteristics in terms of tensile 
strength, breaking strain, stiffness, toughness, etc. [6,11]. Exotic func-
tional responses can be found also in the realm of plants and vegetables 
[12].

Moving to the realm of artificial functional materials where poly-
mers have a privileged place, the most known materials in this area are 
shape memory polymers (SMPs), hydrogels, liquid crystal elastomers 
(LCEs), electroactive polymers (EAPs), etc., to mention a few. By ex-
ploiting different physical/chemical mechanisms promoting the func-
tionality of these materials to appear, intriguing smart behaviors have 
been obtained so far. A relevant example in this context is represented 
by the swelling-deswelling mechanism of hydrogels; the ability to swell 
or shrink in presence of a certain solvent, has been exploited for differ-
ent functional purposes (drug delivery, activation of embedded smart 
molecules, plant bionics, etc.) [1,13,14]. Further, EAPs can change their 
shape or properties thanks to electrostatic forces or ions mobility in-
duced by an electric field, enabling their use as actuators, sensors, etc. 
[15–17]. In LCEs an external stimulus (typically the temperature vari-
ation) can be used to change the arrangement of the microstructure of 
the polymer chains (nematic-isotropic transition), whose counterpart at 
the macroscale appears as a shape change suitable to be exploited for 
various functionalities, such as actuation, locomotion, to create haptic 
surfaces, etc. [18–22].

Numerous questions and unclear aspects in the smart materials field 
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are still source of intense research activities aimed at exploring other 
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opportunities offered by this family of materials; among the unsolved 
issues, the following ones can be recalled: can the response of a syn-
thetic material be precisely programmed similarly to what occurs in 
biological matter? Is there a way to systematically relate the synthesis 
of a functional material (production process), to its meso- and/or micro-
structure, to obtain a desired, tailored response? These are some of the 
most important marking points which will be discussed in the present 
review.

The literature in this field is really broad and sometimes dispersive. 
Before moving to the core of the review, it is worth citing some pre-
vious relevant review studies dealing with this topic. In [3], an inspir-
ing review on natural and synthetic responsive matter, with particular 
emphasis on shape-changing materials, is outlined. In [6], a fascinat-
ing review on insects and living organisms has been illustrated. Mc 
Cracken [1] presented a comprehensive review on stimuli-responsive 
materials (polymers and others materials), focusing on their implemen-
tation as machines. In [23], a survey on responsive polymers suitable 
for advanced applications, presented by following a mechanics-related 
perspective, has been considered, while in [24] a review on stimuli-
responsive polymers for fabricating active microscale machines has 
been illustrated. The study published in [25], focused on responsive 
materials, with a particular emphasis on soft matter enabled by bio-
inspired design and additive manufacturing (AM) technology. Similarly, 
in [26] a review on bio-inspired materials obtained through AM tech-
nologies for producing shape-changing materials, electric devices, hy-
drodynamic structures, etc., has been presented.

As a matter of fact, bio-materials have been the source of inspiration 
for chemists, physicists, engineers, material scientists, etc., to develop 
new materials possessing uncommon properties, despite the realm of 
nature still outperforms the capabilities offered by today’s synthetic 
stimuli-responsive materials [3].

The picture outlined above is the starting point of the present work 
in which we would provide some insights in the outstanding capabilities 
of biological matter, and use them as sources for inspiring, promoting, 
and innovating the field of functional materials.

In particular, this review focuses on the most disparate morphing 
capabilities and programmable responses of (a) biological matter and 
(b) synthetic functional polymers and polymer-like materials, and tries 
to outline and identify common features displayed by these two realms. 
The future developments and the achievements of new frontiers in ma-
terials science can certainly benefit from understanding and mimicking 
the strategies adopted in nature. The present paper is aimed at pro-
viding a broad overview elucidating the strategies and mechanisms 
adopted in nature by materials and structures to achieve specific func-
tionalities. Similarities existing between synthetic functional materials 
and natural bio-encoded matter together with their fascinating underly-
ing mechanisms, can help improving functional materials as well as to 
enable the design and synthesis of new advanced materials possessing 
unprecedented capabilities. In the above-outlined context, we provide 
also a concise overview on synthetic functional materials developed 
during the last decade; a new interpretation of the underlying mech-
anisms providing their functional response is also considered. Accord-
ingly, the most important aspects concerning the mathematical model-
ing of the functional response, suitable to be exploited for materials de-
sign purposes, are discussed. Moreover, the effective application of the 
mathematical description of the process-microstructure-responsiveness 
relationship relying on multi-physics based models, which can be ex-
ploited for encoding a desired responsiveness into a functional material, 
is finally illustrated.

The paper is organized as follows. Sect. 2 presents an original re-
view on morphing and programmable response of biological matters 
and synthetic functional polymeric materials, and a parallelism between 
the underlying features and mechanisms is outlined. Sect. 3 presents 
an overview of functional polymers by following a novel classifica-
tion based on the mechanism inducing the functional response they are 

based on. Sect. 4 introduces the concept of the process-microstructure-
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responsiveness relationship, useful for the systematic design and pro-
gramming of functional materials obtainable by tailoring their mi-
crostructure; in this context, some relevant examples are presented and 
discussed. Finally, sect. 5 closes the paper with some final remarks, fu-
ture perspectives and important inspiring considerations in the field.

2. Bio-encoded matters and functional synthetic polymers: an 
intriguing parallelism

The development of new active materials and devices can greatly 
benefits from studying the strategies adopted by the natural world. In 
this section, we consider some relevant insights into the smart behav-
ior of bio-encoded materials and structures, and – whenever possible – 
we try to outline a parallelism between natural matters and synthetic 
functional materials.

Before presenting the specific sections of the paper, it is worth clar-
ifying the meaning of morphing and programmable response adopted 
throughout this work. Morphing is a generic term which assumes a va-
riety of meanings: it indicates any change of a system or a material 
induced by some specific causes, taking place starting from an initial 
reference state, aimed at providing a specific response to the change 
of the surrounding environment. The response can involve the varia-
tion of physical, chemical, mechanical, or geometrical properties, such 
as shape/color/texture change, stiffness/strength variation, etc. While 
morphing is generally related to a change of some property induced by 
an applied stimulus and can be framed within the programmable re-
sponse concept (a material can be programmed to morph in a certain 
way when stimulated), a programmable response not always involves 
morphing. In fact a programmable response does not necessarily imply 
changing the properties of a material or a structure: as an example, a 
material can be programmed to provide a mechanical response char-
acterized by a pre-defined target stress-strain response. The extremely 
different mechanical responses shown by spider-silk, whose properties 
depend on the specific chemical composition and nanostructure, is an 
example of programmable response of a natural matter.

Sources of inspiration from nature can be found by considering dif-
ferent perspectives focusing on various aspects, such as mechanism 
adopted for obtaining functionalities, specific functional response, etc. 
Because of the vastness of the topic and the diversity of the function-
alities involved, a systematic classification is non trivial. Since this 
section is aimed at providing inspiration for future developments in 
the field, it has been intentionally organized by following a classifica-
tion based on sources of inspiration which can be found in nature while, 
in parallel, we discuss some features of synthetic functional matters. 
In more detail, Sect. 2.1 is inspired by the collective synergy of liv-
ing organisms enabling functionality, while Sect. 2.2 takes inspiration 
from camouflage strategies in nature. Sect. 2.3 considers the locomotion 
mechanisms of living organisms. Sect. 2.4 discusses the defense strate-
gies, Sect. 2.5 takes inspiration from the realm of plants and vegetables, 
while Sect. 2.6 considers bio-encoded matters synthesized by insects.

2.1. Collective actions enabling functionality

Collective efforts and synergies are commonly adopted by natural 
systems to obtain efficient solutions. The collective response comes 
from the reciprocal interaction of individual units (organisms, cells, 
etc.), leading to an overall response of the cluster they form (super-
organism, colony, swarm, etc.). The behavior of a single unit interacting 
with many others is usually quite different from that it would be when 
the same individual is left alone [27]. In the cluster, the behavior of in-
dividual units is influenced by the neighboring units, and the reciprocal 
well-organized cooperation allows achieving a common and effective 
overall response corresponding to a particular desired functionality.

In nature, examples of collective responses can be found in many 
contexts and at different scales [7,27]; relevant examples are provided 
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by organisms used to living in groups, such as bees [9], ants [28], birds 
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[29], fishes [30], bacteria [31,32], etc. Even animals not used to living 
in groups gain specific functionalities when grouped; as an example, it 
has been shown that a single rat employs a longer time compared to 
a group of rats to find a reward in a confined environment [33], in-
dicating that the exchange of information among individuals provides 
enhanced capabilities. Scaling down to the microscale, cells can exploit 
collective action to promote functionality [27,34–40]. A relevant ex-
ample is provided by living cells possessing mechanosensing capability, 
a crucial task for their physiological and pathological processes [38]: 
when mechanically stressed, they are able to detect and translate such 
a stimulus into a wide range of biological functional responses (cells 
migration, morphing, etc.). This smart capability has been shown to be 
amplified when cells respond collectively rather than when a single cell 
is concerned [41]. Collective response of cells takes place for instance
in locomotion and actuation (such as in muscle tissues, see Sect. 1), 
in embryogenesis, wound healing, etc. It is worth mentioning that col-
lective actions of living cells in some circumstances lead to undesired 
consequences, such as the body invasion of tumor cells [27].

Insects are often used to living in colonies and so they are capable of 
a collective behavior; the aggregate they form displays quite different 
characteristics according to the type of interactions existing among the 
single units. The emerging living matter is characterized by a response 
which can range from that of a solid to that of a fluid [42]; from a me-
chanical viewpoint, a very dense aggregate of living organisms can be 
considered as a viscoelastic material, whose variable rheological prop-
erties can correspond to that of an elastic-plastic solid or of a viscous 
liquid [42].

In the insect kingdom, fire ants work synergistically, Fig. 1(a-c): by 
exploiting a collective action, they can arrange themselves to form a 
variety of structures – displaying a solid-like rather than a liquid-like 
behavior – possessing advanced functionalities emerging in response 
to environmental stimuli [43]. As a matter of fact, they can create a 
giant buoyant raft for surviving during floods [44], Fig. 1(b,c), build 
optimally-shaped living bridges [45] or ladders suitable for food supply, 
etc. [7,8], Fig. 1(a). From a mechanical viewpoint, these aggregates are 
among the most effective example of self-healing and self-assembling 
material [46]. The mechanical behavior of fire ant aggregates has been 
investigated and, despite the difficulty to interpret their multifunctional 
capabilities, some quantitative results have been obtained based on 
the mechanics of their reciprocal interaction: in response to the ap-
plied stress, ants can dynamically re-arrange their conformation and 
are capable of storing elastic energy, displaying a mechanical behavior 
which resembles that of viscoelastic solids rather than of purely viscous 
fluids [43]. However, the capability of fire ants to change their arrange-
ment in space is not unlimited; a maximum stress level (estimated to 
be around 250 Pa) cannot be overcome by the cluster, and above this 
limit ants start separating apart [43]. From rheological tests, it has been 
shown that in some particular conditions, namely for low stress val-
ues, a liquid-like behavior can be recognized [43,47]. The mechanical 
properties of fire ant aggregates depend also on ants’ activity/inactiv-
ity level (quantifiable by a non-dimensional speed parameter) [48]; in 
other words, fire ants can regulate the level of their activity to program 
the mechanical response of the cluster they form in a very surprising 
smart way.

Honeybee swarms are others examples of solid-like aggregates pos-
sessing advanced functionalities emerging when triggered by physical 
(thermal or mechanical) stimuli, Fig. 1(d,e). They are very efficient in 
the thermal regulation of the swarm, ensuring a noticeable energy econ-
omy [49,50]. In fact, honeybees can arrange the swarm’s density and 
area-volume ratio for maintaining a near constant core temperature 
upon large fluctuations of the environmental temperature conditions 
[9]. A honeybee swarm is able to form a stable solid-like structure 
in presence of mechanical actions, Fig. 1(e); their collective behavior 
allows the colony to withstand mechanical loads (static gravity and 
dynamic shaking loading, such as that induced by wind), showing a 

surprising morphological response providing mechanical stability to the 
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Fig. 1. Some examples of collective actions inducing functionality. Collective behavior of fire ants (a-c): cluster of fire ants whose overall shapes can change over 
time for functional purposes (float, food supply, etc.) (a), reproduced from [28] with the permission from The Company of Biologists Ltd, Copyright 2014; time-
dependent organization of several fire ants into a single buoyant raft (b,c), adapted from [44] with the permission from PNAS, Copyright 2011. Collective action 
of honeybee swarms (d-e), adapted from [9] with the permission from Springer Nature, Copyright 2018; a cluster of honeybees attached on a moving plate (d) 
displays shape-morphing when shaken (e): according to a self-detected local strain of the overall cluster (see the blue-yellow color field, (e)) honeybees rearrange 
their position to avoid cluster breaking. Collective action of bone cells leading to a time-dependent bone density increase (f) and similar functional behavior encoded 
into a synthetic responsive polymer leading to a stiffness increase under mechanical action (vibration) obtained by exploiting a mechanically-driven polymerization 
reaction (g), adapted from [54] with the permission from Springer Nature, Copyright 2021.
cluster [9]. This surprising behavior depends on the relative bees posi-
tion, which seems to drive the shape adaption of the honeybee swarm; 
by assuming the swarm to be an ideal continuum material, the relative 
bees’ displacement induces a self-equilibrated stress state. This mechan-
ical behavior has been shown to be naturally-programmed: when a 
certain strain threshold is achieved, bees move from regions character-
ized by low strain values (i.e. low relative displacements among bees) 
to highly strained regions, in order to functionally ensure stability to 
the overall cluster [9], Fig. 1(e).

Other studies have tried to determine the mechanical properties of 
flying insect swarms which, despite quantitative results (such as the 
stress-strain law) are still far from being clearly established, can be con-
sidered solid-like materials. An insect swarm has been quasi-statically 
separated into smaller swarms, suggesting the existence of emergent 
mechanical properties such as the Young’s modulus and the tensile 
strength, while the viscous flow response, typical of fluids, appears to 
be not clearly existent in these aggregations [51,52]. Since the mechan-
ical properties depend on the insects reciprocal interaction mechanisms 
(which encodes the internal structure of the swarm), a functionally pro-
grammable and adaptable mechanical response can be recognized [53].

A great effort has been made by the scientific community to develop 
active colloidal materials displaying a behavior which resembles that 
of biological aggregations [7], such as microbubbles [55], Janus parti-
cles [56], vesicles [57–59], etc. Microbubbles are constituted by a fluid 
core (liquid or gas) encapsulated within a polymer-like shell [60] with 
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tailorable and programmable mechanical properties [61,62]. To some 
extent, they can be considered as hydrogel-like materials whose func-
tional properties typically stem from a pressure stimulus (for instance 
induced by exposure to ultrasounds), capable of inducing movement 
and/or morphing (shape-change, growth, controlled-breaking, proper-
ties variation, etc.) of the bubbles. They have been used in different 
applications in the biomedical sector [55], such as for creating sites of 
mechanical stimulation of tissue in ultrasound-based therapies [63,64], 
for drugs and gene delivery [65,66], as functional agents to drive the 
dissolution of blood clots [67], as contrast agents in clinical diagnostic 
[61,62], etc.

A collective-like behavior can be also found in Janus particles 
whose functional features stem from their particular structure com-
posed by two or more parts having quite different (or even opposite) 
chemical-physical properties [56,68–70]. Typically, a Janus particle has 
a spheroidal shape and is constituted by one hydrophilic hemisphere 
and one hydrophobic one. These particles have been developed also in 
other shapes (cylindrical, disc-shaped, etc.) and can be made of differ-
ent materials, such as polymers, inorganic or polymeric-inorganic mat-
ters [56] often characterized by opposite behaviors. Polymeric Janus 
particles have attracted a great attention because of the soft-nature 
of their polymer backbone, and because of the feasibility to program 
and tailor their asymmetric properties arrangement [56,71,72]. Janus 
particles can be programmed to show simultaneously or alternatively 
the features of different materials, enabling their use in drug delivery 
systems [73–75], fluid separation [76], as emulsion stabilizing agents 

[77,78], in bio-sensing and bio-catalysis [79], bio-imaging [80], etc. 
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It is worth highlighting the use of Janus particles for creating con-
trollable holes in membranes under mechanical actions [73]; similarly 
to the behavior shown by some cells, these particles can act as a zip 
agent by self-assembling to close an hole present in a sufficiently highly 
stressed membrane. Beyond a threshold stress, the cluster formed by 
these particles disappears, thus providing re-opening of the hole [73]. 
This mechanism, which can be triggered by different stimuli (such as 
pH, temperature, etc.), and depending on the particular feature required 
to the membrane, represents a prominent inspiration for the design of 
smart membrane containing open or closed holes “on demand”, to be 
used for example in drug delivery systems and fluid separation applica-
tions.

Even if the literature on this topic is quite broad, a direct connection 
between active colloidal synthetic materials and biological aggregations 
is still lacking, despite it would be prominent for future advancements 
in the field [7]. Within this context, the published researches are mainly 
focused on methods of preparation and applications of these materials, 
whereas theoretical and numerical models describing their functional 
and mechanical behavior need to be developed beyond the present 
knowledge.

A further example of adaptable and programmable response based 
on collective actions can be found in the bone tissue, Fig. 1(f): by ex-
ploiting the synergic collective behavior of bone cells (osteoblasts and 
osteoclasts), the shape, structure, mass and mechanical behavior of the 
bone change continuously to adapt to external forces. According to 
the detected load level, osteoblasts add bone tissue at highly stressed 
regions, whereas osteoclasts remove bone tissue from sites with low 
stress levels [5]. Similarly, a polymeric material displaying a continu-
ous increase of stiffness as a function of the mechanical actions has been 
developed [54], Fig. 1(g). This behavior can be obtained by harnessing 
the so-called mechanically driven polymerization reaction: a chemi-
cal specie (ZnO) embedded in the polymer matrix acts as mechano-
chemical transducer, detecting a mechanical stimulus and promoting 
the polymerization reaction, Fig. 1(g). Accordingly, the cross-link den-
sity continuously changes, providing a material characterized by a shear 
modulus distribution which depends on the applied stress [54]. In [54], 
the monotonic stiffness variation of the material in function of the 
mechanical stress level has been demonstrated: the controlled polymer-
ization reaction leads to a shear modulus increase, while decreasing is 
not possible. The development of a material which, under mechanical 
stimuli, can either increase or decrease its elastic properties through 
controllable cross-linking and de-crosslinking reactions, remains still a 
challenge [54]. Another tunable mechanical properties response can 
be found in [81], where the interaction of a hydrogel with clusters 
of minerals (polymer-cluster interaction) has been exploited to create 
a thermal-stiffening material displaying a dramatic stiffness increase 
(around 13000 times the initial value) upon heating.

Moving back to natural systems, a further relevant example of col-
lective behavior is provided by the well-known baker’s or brewer’s 
yeast (Saccharomyces cerevisiae), a living material which proliferates 
when exposed to air. Inspired by yeast, a polyacrylamide hydrogel with 
embedded Saccharomyces cerevisiae has been developed [82]. This com-
posite material proliferates when triggered by environmental stimuli by 
displaying shape and volume-change. Both the tunability of the me-
chanical properties of the hydrogel network, as well as the level of 
activity of the living cells, can be exploited to program the desired 
shape-change. When the stiffness of the hydrogel increases, the volume 
change provided by the cell proliferation decreases; this response has 
been argued to be justified by the limitation of the expanding colonies 
by increasing the hydrogel’s elastic resistance limit. In this way, the 
elastic modulus distribution can be encoded in the material by per-
forming a controlled photopolymerization in which the exposure time 
and/or light intensity are properly tuned [20,83–87]), promoting a de-
sired shape-morphing. Alternatively, the level of activity of the living 
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cells can be hindered by the exposure to UV-light, as done in [82], 
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where the light has been used to kill living cells in specific regions, thus 
providing a programmed proliferation leading to shape change.

In some cases, the collective action of living organisms is aimed at 
transforming a destructive input (such as a mechanical action) into a 
constructive action, sometimes referred to as constructive adaptation 
[88]; an example is represented by muscles transformation induced by 
training: repeated loads induce the formation of new mass and increase 
in mechanical strength. On the other hand, traditional synthetic engi-
neering matters usually fail or weaken when loaded, and so they do 
not display any constructive adaptation [88]. Research studies aimed at 
encoding a constructive adaptation in functional synthetic polymers to 
infer them new properties, have been recently published [89–91]. A rel-
evant example is provided by the swelling phenomenon taking place in 
gels; it is well-known that when water migrates into the polymer matrix, 
the network swells until an equilibrium condition is achieved. Failure 
can also occur when the osmotic pressure attains the elastic strength 
of the polymer [14,92]; moreover, it has been shown that the materi-
al’s stiffness and mechanical strength decrease during swelling [93,94]. 
In contrast to this well-known behavior and inspired by the construc-
tive adaptation of living organisms, a polymer capable of increasing 
its stiffness and strength under swelling by harnessing a water-assisted 
cross-linking reaction, has been recently proposed [88], see Fig. 2.

The systematic programming of the mechanical response of mate-
rials, obtained for instance through a controlled synthesis [95], is an 
ongoing challenge increasingly adopted in materials science. In ad-
vanced applications, it could be necessary to design a material having 
precise mechanical properties (shear modulus, tensile strength, etc.) 
according to the level of the applied load. To purse this feature, a 
quantitative relationship between the synthesis, the microstructure, 
and the related parameters (process-microstructure-response relation-
ship, see Sect. 4), is required to program the material response in a 
precise way. Within this context, understanding and investigating the 
behavior of living organisms is often beneficial for developing func-
tional bio-inspired materials; inspired to the collective action of living 
organisms, among the most interesting functionalities required in appli-
cations involving smart materials, it is worth mentioning self-healing, 
self-assembling, self-strengthening, drug delivery, self-diagnostic (bio-
imaging), ultrasound-therapy, etc.

2.2. Camouflage strategies

Morphing inducing camouflage of living organisms – aimed at elud-
ing visual detection or recognition, or to launch signals – is quite com-
mon in nature: it represents the ability of an organism to morph its 
appearance (skin’s color, shape, etc.) and/or behavior when exposed to 
specific surrounding stimuli [96–100]. Camouflage in nature is a strat-
egy frequently adopted by both animals and plants [100].

In nature, morphing for obtaining camouflage is achieved through 
different strategies: the most common one is the ability of living or-
ganisms to morph the color/pattern (optical camouflage) or roughness 
(haptic camouflage) of their skin, scales, etc.; other mechanisms, such 
as postural-camouflage inducing shape-change, are also used. Living or-
ganisms detect signals coming from the environment and, through a 
complex neural elaboration, activate a quick response to get camouflage 
(bio-encoded functionality) [101]. Based on this fascinating capability, 
the synthesis and design of functional materials capable of detecting 
and responding to environmental stimuli, for launching signals, to re-
veal the presence of chemical species, to measure quantities, etc., is one 
of the main challenges of materials science. Some considerations con-
cerning this aspect are discussed in the rest of this section.

By assuming the skin of a living organism to be a body-environment 
bio-material interface, the optical or haptic camouflage can be thought 
as the change of the characteristics of such an interface as the result 
of various physical-chemical mechanisms triggered by external stimuli. 
For instance, chameleons can blend into the background by tuning the 

arrangement of guanine nanocrystals present in the skin cells to change 
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Fig. 2. Programmed mechanism of constructive adaptation of a functional synthetic polymer in water (a-f), adapted from [88] under a Creative Commons CC 
BY license from Oxford University Press, Copyright 2022. Schematic of the swelling-induced stiffness decrease of a conventional polymer network (a): water 
molecules migrate in the network, providing a volume expansion corresponding to a decrease of the cross-link density; the corresponding stiffnesses ratio, defined 
as (𝐸𝑑 − 𝐸𝑠)∕𝐸𝑠, being 𝐸𝑑 and 𝐸𝑠 the Young’s modulus of the initial dry and of the swollen (after immersion in water for 24ℎ) specimen, respectively, is also 
shown. Schematic of the swelling-induced bonding decrease of a fractured conventional polymer network, and plot of the bonding change ratio (b). Schematic of 
the mechanism of the swelling-induced stiffness increase of a programmable functional polymer obtained by exploiting a water-induced additional polymerization 
reaction and plot of the corresponding stiffness change ratio (c). Schematic of the swelling-induced self-healing of a functional polymer (d). Examples of applications 
exploiting 3D-printed structures made of the programmed functional material (e,f): Water-induced strengthening of a structure loaded with a metal ball, and 
corresponding compressive stress-strain curves of the structure before and after immersion in water for 24ℎ (e). Water-induced self-healing of a 3D-printed pipe (f): 
a crack in the broken pipe can be healed after immersion in water allowing the fluid flow restoration.
the wavelength of the reflected light [102]; this smart responsiveness 
can occur either for mimicking (e.g. not to be detected by predators) 
but also for launching signals, resembling the function of a smart sensor. 
Moreover, it has been observed that the skin of a male chameleon can 
reversibly change color when it encounters a female chameleon [102], 
Fig. 3(a). Some aquatic living organisms, such as jellyfish, octopus, and 
cuttlefish can change their skin’s colors or patterns in order to adapt to 
the most disparate environments they detect [101,103,104], thanks to 
bio-encoded responsiveness which involves complex visually-neurally-
controlled actions [101].

Similarly to organisms capable of changing color or to emit bio-
luminescence triggered by external stimuli, functional self-diagnostic 
polymers have been developed; such polymers are capable of chang-
ing color or to emit fluorescence passing from a stress-free state (un-
deformed configuration) to a stressed one (deformed configuration), 
thus enabling to visually quantify their stretched state. By exploiting a 
mechanically-induced chemical transformation or reaction, these mate-
rials behave like a sensor, not tethered to any external electric systems, 
capable of transforming a mechanical stimulus into a specific detectable 
signal (color, luminescence, etc.), Fig. 3(b) [105–107,110], enabling 
strain measurements or damages detection [105,108–120]. As a mat-
6

ter of fact, optical camouflage can be though as the natural counterpart 
of self-diagnostic materials where a change of appearance is related to 
some external input.

Functional polymers capable of displaying camouflage have been re-
cently developed to obtain synthetic bio-inspired soft robots [121,122]. 
For instance, in [121] a bio-inspired robot capable of color-shifting 
by exploiting the thermal-regulated swelling of Poly(N-isopropylacryl-
amide) (PNIPAM) has been proposed; when immersed in water at room 
temperature, the material is transparent because it is almost entirely 
(90%) made of water, while when the material’s temperature increases 
above a threshold value, the reversible temperature-controlled swelling-
driven mechanical response [123] induces shrinking (see Sect. 3.2) 
responsible for color change [121]. Upon cooling, water molecules can 
enter again in the material leading to swelling and so inducing a further 
color change [121] until the initial transparency is recovered. Similarly, 
it is worth mentioning the development of smart hydrogels contain-
ing photochromic microcapsules possessing the capability of quickly 
changing color and electrical conductivity under thermal or UV stim-
uli: as a result, they can be used to timely sense and visualize human 
physiological activities, as well as in applications requiring an adaptive 
camouflage [124].

The need of synthetic materials possessing effective camouflage ca-
pabilities, has promoted a huge research effort, especially in the military 

field: among the various sought possibilities, the so-called thermal cam-
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Fig. 3. Examples of camouflage in nature and in synthetic responsive polymers. 
Skin of a male chameleon can reversibly change color (from a relaxed to an ex-
cited state) due to a social stimulus, (a), adapted from [102] under a Creative 
Commons CC BY license from Springer Nature, Copyright 2015. Fluorescence 
emission of a synthetic self-diagnostic polymer induced by a molecule confor-
mation change arising when passing from a stress-free state (undeformed con-
figuration, no bending) to a stressed one (deformed configuration of the spec-
imen under bending) upon application of a mechanical action 𝐹 (b), adapted 
with permission from [110], Copyright 2017 American Chemical Society. Cam-
ouflage of a synthetic polymeric membrane provided by a mechanical-induced 
roughness change of its surface; a target (warm hand) can be hidden when ob-
served by a NIR camera (c), adapted from [125] with the permission from John 
Wiley and Sons, Copyright 2020. Postural camouflage of cuttlefish provided by 
the bending response of their arms resulting in different bending angles accord-
ing to different visually-detected backgrounds (d), adapted from [126] with the 
permission from The Royal Society (U.K.), Copyright 2012.

ouflage or thermal cloacking (indicating the capability of a material to 
hide itself or a target when observed through an infrared (IR) camera) 
is a recent topic which has opened new scenarios in the field of se-
curity services [127]. The IR device transforms the detected radiative 
energy emitted by an object into an electrical signal, enabling the recon-
struction of its temperature field [127]. However, by properly tuning 
the material’s properties, this capability can be functionally controlled, 
achieving the so-called thermal camouflage [127].

Strategies allowing to code into a material an uncommon thermal 
behavior, aimed at obtaining thermal invisibility at a fixed background 
temperature (static thermal camouflage), belong to the so-called design 
of the material’s emissivity [127]. However, in real applications the sur-
rounding environment could change, and the thermal camouflage can 
be hindered. A material characterized by an adaptable thermal camou-
flage, provided for instance by an adaptive emissivity under different 
environmental variations (electric field, light intensity, temperature, 
mechanical stress, etc.), would be the most desirable in future appli-
7

cations [127].
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The possibility to get a dynamic thermal camouflage in a soft poly-
meric membrane via mechanical stimuli (a tri-layer structure made of 
an acrylate elastomer sandwiched between two sulfondated pentablock 
copolymer membranes) suitable to hide a target object, has been shown 
in [125]. The adopted membrane is characterized by a wrinkled surface 
(roughness equal to about 564 nm) in the undeformed configuration, 
whereas it becomes flat (surface roughness 15 nm) under the applica-
tion of a certain tensile stretch [125,127], Fig. 3(c). The IR image of 
the membrane can be modified by tuning its surface roughness and 
thickness via mechanical stimuli [127]. When no mechanical actions 
are applied, the detected temperature of the wrinkled membrane 𝑇 re-
sembles that of the background 𝑇𝐵 (i.e., 𝑇 ≈ 𝑇𝐵 ≈ 26 ◦𝐶), whereas when 
the membrane is stretched to get a flat surface (𝑇 ≈ 30 ◦𝐶), the hidden 
warm object appears (𝑇 ≠ 𝑇𝐵) [125], Fig. 3(c). If the temperature of the 
background changes (achieving 𝑇𝐵 ≈ 30 ◦𝐶), the flat configuration be-
comes the optimal one for getting camouflage. The reversibility of the 
wrinkling mechanism as well as the integrity of the membrane play a 
fundamental role: according to [125], the material is stable and fully 
reversible even after applying hundreds of strain cycles. Beyond me-
chanical stress, other approaches to promote dynamic wrinkling, such 
as those based on the electro-mechanical transition in dielectric elas-
tomers, have been proposed [128–130] (see Sect. 3.3) [125].

Similarly, it is worth mentioning the use of Liquid Crystal Elas-
tomers (LCEs, see Sect. 3.1) which are suitable to obtain surface mor-
phing thanks to their capability of creating wrinkled patterns under 
temperature changes [130,131]. LCE-based devices can be designed 
to self-reconfigure their wrinkled surface by simply responding to a 
temperature change of the environment, enabling their application for 
thermal camouflage purposes.

A systematic design of materials aimed at encoding precise and 
reversible surface wrinkling (obtained by controlling the wrinkle wave-
length, amplitude, direction, etc.) at different length scales, should be 
implemented in order to enable adaptable camouflage. To this aim, 
theoretical and computational approaches based on a mechanical en-
gineering treatment of the wrinkling phenomenon [132–135] represent 
promising tools to promote innovation in this field. A comprehensive re-
view on recent advancements in the mechanics of tension-induced film 
wrinkling and re-stabilization, can be found in [136].

The membrane designed in [125] can be considered to some extent 
as a synthetic skin characterized by two different camouflage mecha-
nisms: a passive haptic-like camouflage (change of surface roughness 
induced by a mechanical stimulus), and an active haptic-like camou-
flage (color change occurring in the IR light domain). A membrane 
capable of morphing from a 2D into a 3D shape under a pressure stimu-
lus for getting synthetic camouflage has been proposed in [137]; the 
membrane is constituted by a composite structure with a soft elas-
tomeric bulk material reinforced with a patterned fiber mesh acting as 
an internal constraint. By exploiting the patterned reinforcement, sev-
eral 3D target shapes have been obtained [137]. Based on the concept 
of creating materials whose spatially-dependent stiffness enables inho-
mogeneous deformations leading to 2D-3D shape-change, several other 
studies have been performed [138–144]. It is worth recalling that a rig-
orous classification of the above-described materials is not trivial; when 
the mechanism enabling the desired functionality is mainly based on 
the topological arrangement of its constituents, the material falls within 
the so-called metamaterial family, namely topological-functional-based 
polymers or architected materials, see Sect. 3.6.

The haptic camouflage of living organisms whose morphing fea-
tures (tunable shape, temperature, etc.) are triggered by external stim-
uli, represents a source of inspiration to design synthetic haptic sur-
faces [25] [145–149]. Haptic surfaces find applications in the most 
disparate fields, such as in robotics [150], in virtual and augmented 
reality [149], healthcare [151], in smart electronics applications [152], 
etc. Among the various possibilities offered by synthetic functional 

polymers, electroactive polymers [145,153,154], LCEs [155,156], etc., 
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enable unprecedented and multi-modal human-machine physical inter-
actions [145,146].

In nature, camouflage is not limited to variations of color, texture, 
roughness, etc. but can also involve complex movements or shape-
change of the entire structure (postural-camouflage) [126,157]. Living 
organisms can morph to achieve anti-predator goals [158] (preys elud-
ing visual detection), or to facilitate predation [99] (predators avoiding 
to be visually detected to capture preys). For instance, salamanders are 
known to use their head, tail and legs in multiple postures with anti-
predator functions [157]. In the marine environment many examples of 
postural-camouflage can be observed; cuttlefishes and squids can bend 
their arms according to the environment they detect, enabling camou-
flage in the most disparate conditions. A surprising experimental study 
[126] has investigated how a visually detected environment affects the 
arms posture of cuttlefish; by changing the background pattern (charac-
terized by a uniform grey color, rather than by various patterns made of 
grey and white alternate strips with different orientation angles), cut-
tlefishes morphed their arms position accordingly, Fig. 3(d).

It is worth mentioning that, while shape-change in cuttlefishes is 
limited to bending of their arms, other living organisms (such as octo-
pus) without any rigid internal structures, can exhibit very complex 3D 
shape-morphing aimed at obtaining camouflage [126].

The postural camouflage of living organisms has inspired the de-
velopment of soft robots [159]; to date, 2D and 3D shape-morphing 
structures made of functional polymers have been obtained. Synthetic 
functional polymers have been employed to develop mechanical actu-
ators capable of promoting grafting, releasing, lifting, etc. [160,161]. 
An example of artificial material mimicking the octopus tentacles, is 
represented by the temperature-dependent shrinking/swelling response 
of PNIPAM/PAM-AA bilayer hydrogels (see Sect. 3.2); their reversible 
bending/unbending mechanical response has been exploited to develop 
soft actuators with gripper capabilities [122].

Despite recent findings, it is still difficult to exactly replicate the 
postural-camouflage of living organisms; a tentative to solve this is-
sue has been done by using a bi-layer LCE cantilever beam to obtain 
morphing upon heating/cooling [162,163]; simple bending as well as 
wavy-like complex shapes, whose aspect can be tuned according to the 
microstructure of the synthesized material (see Sect. 3.1 and Sect. 4), 
can be obtained. However, to date responsiveness induced by visual 
detection of the environment is far from being obtainable through func-
tional artificial materials.

So far, many studies have focused on materials characterized by a 
single camouflage capability triggered by an external stimulus; how-
ever, the next frontier in this field is the design of materials charac-
terized by multi-stimuli camouflage capabilities, i.e. materials display-
ing a variety of responses according to a single or multiple stimuli 
[121,164,165]. An hydrogel capable of simultaneously morphing its 
shape, surface roughness, and color when the temperature changes, 
rather than when it is exposed to a pH variation, represents an exam-
ple of multi-stimuli responsive material. Programming and encoding 
multiple responsiveness in materials, still represents an outstanding 
achievement in materials science.

2.3. Locomotion mechanisms

Living organisms are naturally programmed to functionally morph 
their body for performing locomotion in the most disparate environ-
mental conditions [166].

In terrestrial environment, the morphing enabling locomotion (such 
as walking, running, crawling, jumping, climbing, etc.), which typically 
involves contact with a solid substrate, is influenced by the features 
of the substrate itself, such as roughness, texture, geometry, friction, 
stiffness, mechanical properties, etc., [167–171]. A relevant example is 
provided by the roughness of sand surfaces that affects the locomotion 
of fire ants; these insects are capable to move faster and with more sinu-
8

ous trajectories on fine sand rather than on coarse sand [168]. Further, 
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snakes harness bending of their body and the asymmetric friction of 
their scales to move sideways [172,173]. Living organisms possessing 
multiple legs (such as caterpillars, spiders, geckos, etc.) perform loco-
motion by exploiting the legs’ muscle deformation, whereas limbless an-
imals (such as snakes, snails, earthworms, etc.) have bio-encoded body 
deformation capabilities allowing self-locomotion without needing any 
leg [174]. Thanks to bio-encoded outstanding physical properties, some 
animals are capable of very awkward self-locomotion mechanisms, such 
as climbing without needing any external support or structure; in this 
context, the climbing ability of gecko is mainly attributed to its adhesive 
toe pads interacting with the solid substrate which, together with the ca-
pability of arranging toes in different configurations (shape-morphing), 
allows self-attachment/detachment enabling locomotion [175].

In the aquatic environment, the swimming performance of living 
organisms is influenced by hydrodynamic mechanisms, such as vor-
tices or other hydrodynamic stimuli. Fishes gain energy from aquatic 
vortices, thus reducing the muscle activity enable to improve and op-
timize their swimming performance [176]; they are usually attracted 
by turbulent three-dimensional water flows, such as those taking place 
in streams, while too highly turbulent flow can hinder and overwhelm 
their motility [167,177] or can induce animal to look for flow-proof 
refuges [167,178]. Several swimming modes can be observed in aquatic 
locomotion [179]; however, swimming is not the only way to move 
in a fluid. Some living organisms have evolved different underwater 
locomotion strategies, such as crawling, walking and jumping on the 
seabed; this class of strategies is adopted for instance by sea slugs and 
snails benthic invertebrates which are capable of crawling underwater 
[180]. These locomotion strategies are similar to those observed in ter-
restrial motion, despite beyond the features of the substrate (the seabed 
in the case of locomotion underwater), seawater properties play also an 
important role. Beyond locomotion strategies in water, the fascinating 
world of locomotion on water also exists; thanks to the light weight, 
extreme hydrophobic legs, as well as the ability of their legs of acting 
as driving paddles, some living organisms such as water striders, can 
easily move on the water surface [181–184].

Body morphing enabling locomotion is common also in air where 
living organisms are adaptable to flight in extremely different condi-
tions; for instance, insects are able to fly both in presence of rest air as 
well as in turbulent air. From this perspective, the air movement can be 
considered as an external stimulus (it can be static, unsteady, or fully 
turbulent), requiring the flight mechanism to be tailored to the specific 
condition the organism faces [167]. The functional response enabling 
flight, relies on complex passive and active kinematics morphing mech-
anisms of wings and body, leading to a stabilized body motion even 
in presence of aerial perturbations, [185]. Passive morphing of wing is 
typically related to the deformations of their elastic structure, inertial 
effects and aerodynamic forces (aeroelastic behavior) interplay [186]. 
On the other hand, active morphing in air is related to the shape-change 
of animal body-parts induced by the sensomotor system, triggered by 
muscle activation [187].

Morphing enabling locomotion of living organisms has inspired re-
searchers and engineers in developing functional materials for locomo-
tion purposes; different actuation technologies, physical mechanisms, as 
well as distinct locomotion modes which, to some extent, mimic natural 
living structures, have been proposed [174,188,189]. In applications re-
quiring autonomous locomotion, untethered materials are particularly 
relevant. In this field, a growing interest in synthesizing untethered soft 
robotic matter, characterized by autonomous shape-morphing capabil-
ities in response to external stimuli, has recently emerged [19]. The 
adopted strategies typically leverage shape-morphing to obtain a di-
rectional spatial displacement of the center of mass of the structure. 
By considering functional polymers capable of locomotion and propul-
sions, self-adaptive locomotion mechanisms triggered by changes of 
the surrounding environment have been explored. In the following, 

we recall and compare the locomotion of living organisms in different 
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environments (water, ground, and air), with examples of bio-inspired 
locomotion obtained by using functional polymers.

Inspired by locomotion of organisms in aquatic environment, sev-
eral works have been recently proposed [180,182,188,190–198]. Light-
driven LCE swimming robots have been developed [190,191]; in these 
materials, the self deformation comes from the nematic-isotropic tran-
sition of LC mesogens (see Sect. 3.1) inducing shape-morphing of the 
polymer backbone which, if properly exploited, enables motion to oc-
cur. For instance, in [191] a periodic and reversible light-driven trans-
formation of trans/cis isomeric azobenzene LC mesogens [199,200]
induces bending responsible for a fish-like swimming motion. The lo-
comotion can be controlled by different light sources: periodic and 
synchronized ON-OFF light intensity cycles make the robot backbone 
capable of exhibiting an alternate bending mechanism whose curva-
ture enables swimming. Sea slugs and snails are capable of multiple 
locomotion modes in aquatic environment; similarly, a soft-bodied-LC-
based robot capable of multiple light-driven locomotion modes has been 
designed [180]. Inspired by water striders, see Fig. 4(a), functional 
polymer-based robots capable of walking on water have been developed 
and potential applications have been proposed, despite the advance-
ments in this field are still in their early stage [182,193]. A functional 
LC-based material containing three different types of embedded pho-
tothermal particles characterized by different photothermal properties, 
has been developed [182] for obtaining a tri-legged robot, Fig. 4(b), 
capable of multi-directional locomotion, Fig. 4(c). The mechanism al-
lowing locomotion is determined by the nematic-isotropic transition 
occurring selectively in each leg of the robot; thanks to the selective 
heating of the photothermal particles lighted by a NIR light radiation 
of different wavelengths, a sequence of leg deformations inducing di-
rectional movement has been obtained [182]. Inspired by jellyfishes, a 
magnetic composite elastomer-based robot capable of swimming when 
exposed to a magnetic field has been developed [198]. Dielectric elas-
tomers have been also used to obtain locomotion in water, even if they 
are far from providing autonomous, feasible, and untethered locomo-
tion modes because of the drawback of requiring a voltage applica-
tion to induce actuation. An attempt to overcome this limitation by 
embedding a small electric circuit and a battery to obtain a wireless 
swimming control, has been made to obtain a jellyfish-like dielectric-
elastomer-based robot [201]. In [192], light-driven swimming locomo-
tion of a polymer-based material has been obtained by exploiting the 
so-called Gibbs-Marangoni effect: a polymeric material (polydimethyl-
siloxane, PDMS), doped with photothermal particles characterized by 
different absorption properties, has been used to fabricate two different 
modular selective wavelength photothermal elements assembled into 
a polypropilene substrate to obtain a swimming actuator [192]. Upon 
light radiation with a laser of specific wavelength, the photothermal el-
ements were heated giving rise to an asymmetric thermal distribution. 
As a result of temperature increase, the water surface tension arising 
around the actuator decreases, leading to a partial surface tension gra-
dient responsible for the driving-force inducing directional propulsion 
[192,202]. The locomotion direction of the obtained device is simply 
controllable by modulating the light wavelength rather than controlling 
the position of the light source; this solution presents several advan-
tages, especially in microsize components where controlling precisely 
the laser position might be difficult [192].

Terrestrial locomotion in nature has inspired and promoted the de-
velopment of functional polymers aimed at creating autonomous de-
vices moving on solid surfaces. Some examples are provided in the 
following. Similarly to living organisms whose locomotion capabilities 
are obtained by exploiting legs movements (such as spiders Fig. 4(d)), a 
two-legged polymer-based robot capable of moving forward due to the 
environment humidity change, has been developed by exploiting non-
homogeneous swelling phenomenon in hydrogels [203], see Figs. 4(e,f). 
The main structure of the robot is made of a bi-layer composed by 
an active hygroscopic layer and an inactive hygroscopic one, each 
9

one connected to two polymer-based legs, Fig. 4(e). When exposed 
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to humidity, non-homogeneous swelling induces the bending mecha-
nism which is responsible for the shape-morphing of the legs leading 
to locomotion, Fig. 4(f). The research has outlined that the legs move-
ment is not purely driven by the bending mechanism of the functional 
bi-layer, but is influenced and governed also by the type of contact 
with the substrate. In fact, in order to make the directional motion to 
occur, the two legs-substrate contact must be characterized by differ-
ent static friction coefficients: this can be achieved by synthesizing the 
legs with different materials or, as done in [203], by creating differ-
ent leg-substrate contacts, see Fig. 4(e), [203]. It is worth outlining that 
obtaining locomotion by the systematic programming of the environ-
ment humidity- and leg-substrate-contact -driven bending mechanism, 
represents a very complex challenge. Inspired by caterpillars, whose 
motility is due to their multiple legs, Fig. 4(g), a LCE-based robot 
without active legs has been designed [204], see Fig. 4(h). The bio-
inspired material synthesized in [204] is constituted by a LCE film 
with alternate nematic director alignments (patterned configuration), 
which - triggered by a spatially modulated moving light - displays a 
synchronized, time-dependent shape-morphing response enabling a di-
rectional advancement motion. As recalled above, limbless animals can 
simply self-propel thanks to body deformation; a relevant example is 
represented by the peristaltic-based locomotion typical of earthworm, 
whose unidirectional movement is achieved by alternate contractions 
and elongations of their body along its main axis [172,174,205]. In 
performing such a movement, the animal body displays elongation-
contraction waves localized close to the body-surface contact region; 
a mechanical interpretation of the peristaltic locomotion can be found 
in [205]. Within the realm of limbless animals locomotion, it is worth 
mentioning the serpentine periodic S-curve movement (body undula-
tion typical of snakes), where elongation-contraction waves can propa-
gate in different directions; this strategy has been adopted to develop a 
snake-like LCE actuator [206]. Inspired by the peristaltic gaits of living 
organisms, functional matters capable of a peristaltic motion have been 
developed by using hydrogels or other functional materials [207,208]. 
Rolling-based locomotion mechanism has been adopted by some living 
organisms (such as scaly anteaters, caterpillars, etc.) to obtain motion 
on a solid surface. This strategy has inspired the development of rolling 
self-propelled devices made of functional polymeric materials [19,174], 
Fig. 4(i); by organizing the structure into two outer rigid polymeric rails 
linked together by LCE-based controllable hinges, the nematic-isotropic 
transition induced by an hot surface, induces the structure to morph 
from an initial flat shape into a cylindrical one enabling rolling to oc-
cur. The actuation of secondary LCE hinges provides a torque angular 
momentum responsible for the advancement through rolling; the self-
propelling capabilities of the developed robotic matter mainly depend 
on the material characteristics and on the geometrical features of the 
structure [19].

The development of functional polymers capable of flight locomo-
tion modes is, to the best of our knowledge, still a mirage. Some strate-
gies suitable to be exploited within this context are briefly discussed 
in the following. Taking inspiration from insects, a lightweight poly-
mer backbone with passive polymer wings driven by active polymer 
parts could theoretically represents a solution to this challenge. Nowa-
days, novel AM techniques and other advanced synthesis processes have 
been used to obtain artificial wings with tunable features [209,210]. 
Inspired by the functional morphology and mechanics of insect wings 
[211–214], lightweight passive polymeric wings characterized by a 
tailored-process-related mechanical properties (comparable to those of 
insects wings) have been obtained [209,210]. The mechanical proper-
ties of artificial wings can be tailored by tuning their shape and the 
internal venation structure [209,210]. The development of active syn-
thetic wings capable of self-shape-morphing enabling flight locomotion, 
represents an awkward challenge; on this line, it is worth mentioning 
the development of origami-based structures which can be exploited to 
get locomotion in the air environment [215]. Light-actuated or other 

functional polymers discussed above, which are nowadays capable of 
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Fig. 4. Examples of locomotion mechanisms in nature and in synthetic functional polymers. A water strider can walk on the water surface by exploiting its light 
weight and smart hydrophobic legs (a); bio-inspired LCE-based robot capable of a multi-directional movement on water which, under a programmed radiation 
with NIR light, can reach a target position (b,c), (a-c) adapted from [182] with the permission from Elsevier, Copyright 2022. Walking capability of a spider on a 
substrate enabled by its legs movement and by contact interaction mechanisms with the substrate (d); a bio-inspired two-legged polymer-based robot capable of 
moving driven by a bending response induced by environmental humidity change (non-homogeneous swelling phenomenon) and different legs-substrate contacts 
(e-f), reprinted from [203] with permission from AAAS, Copyright 2018. A caterpillar is capable of locomotion through the use of multiple legs (g); a similar 
locomotion gait triggered by a selective-moving light irradiating a bio-inspired LCE-based robot (h), reproduced from [204] with the permission from John Wiley 
and Sons, Copyright 2016. A LCE-based device capable of a self-propelling through a rolling mechanism on a hot surface; the nematic-isotropic transition taking 
place in LCE hinges (orange and blue regions) induces shape-morphing from a flat to a cylindrical shape (i), reprinted from [19] with permission from AAAS, 
Copyright 2019. An hybrid responsive polymer, inspired to the locomotion of geckos, used to obtain a functional multi-legged gripper used for grasping/releasing 
target objects (l), reproduced from [175] with the permission from John Wiley and Sons, Copyright 2016.
locomotion in terrestrial and aquatic environments, in future will be 
perhaps capable of flying [216]. The adoption of bio-inspired geome-
tries and mechanisms is quite relevant to the development of small 
unmanned aerial vehicles [217] whose future development will cer-
tainly benefit from the use of responsive polymers.

Locomotion of living organisms represents a source of inspiration 
not only for the development of functional materials enabling loco-
motion, but also for exploring other functionalities. Inspired by the 
gecko locomotion strategy, a functional multi-legged gripper made of 
hybrid adhesive-LCE cantilevers has been developed [175], Fig. 4(i); 
the functional response of this structure is capable of mimicking both 
the attachment/gripping and detachment/releasing mode of the gecko 
toes during locomotion [175]. The functional multi-legged gripper has 
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been obtained by assembling several cantilevers, made of LCE mate-
rial, having a gecko-inspired magnetic adhesive at their extremities. 
The developed hybrid material exploits an electromagnetic stimulus ap-
plied to the substrate to obtain the attachment to a flat object, and a 
thermally-driven bending of the LCE elements to get detachment (peel-
ing of the adhesive patch), Fig. 4(i). In order to obtain an effective 
gripping-releasing mechanism, such an engineered material must be 
characterized by some minimum requirements: gripping requires the 
magnetic field to be sufficient to get the necessary adhesive strength 
between the adhesive patch and the flat object, while releasing requires 
a suitable bending deformation to trigger crack-like detachment mech-
anism to occur.

Thanks to the outstanding opportunities offered by materials capa-
ble of autonomous (i.e. untethered) controlled locomotion, the interest 

in developing new advanced functional materials has increased in re-
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cent years. To date, the light stimulus has been proven to be an effective 
and versatile stimulus to drive and control materials designed for loco-
motion purposes; simple and feasible spatial-temporal control, as well 
as the possibility of controlling intensity, wavelength and polarization, 
make light-driven actuation a very attractive solution [192]. The di-
rectional motion of autonomous robot for transporting objects through 
complicated paths is a major challenge to be overcome in the future 
[192]. The majority of the existing studies have considered the de-
velopment of functional materials capable of locomotion in a specific 
environment (in water, on water, on a solid substrate, etc.): the devel-
opment of bio-inspired matters capable of locomotion on demand in 
different environmental conditions, represent a complex challenge for 
future researches. Similarly, the development of functional materials 
showing adaptive locomotion strategies in response to environmental 
changes typically found in living organisms, is another relevant chal-
lenge to be faced in the forthcoming years. In fact, despite the recent 
progresses in synthesizing functional polymers capable of multimodal 
locomotion is still an open issue. Recently, an attempt to build a bio-
inspired soft robot made of dielectric elastomers capable of crawling 
and climbing, has been proposed [218]. Future developments and new 
scenarios in synthesizing new materials to be employed in advanced ap-
plications, can certainly benefit from the observation and interpretation 
of locomotion of living organisms [175].

2.4. Defense strategies

Living organisms can exhibit programmed functional responses to 
protect themselves against external dangers and threats [219], through 
defensive strategies. Many defensive strategies exist in nature, some 
of which have been already recalled in the previous sections. Self-
protection of living organisms is often obtained by collective actions, 
such as that shown by a cluster of bees which adapts its shape to 
get protected against mechanical actions (e.g. wind, shaking, etc.), 
see Sect. 2.1. Protection can be also obtained through hiding strate-
gies (e.g. camouflage, Sect. 2.2) or by escape (locomotion mechanisms, 
Sect. 2.3). However, other bio-encoded functional responses enable self-
protection in nature, such as mechanical and chemical defense, death 
feigning, etc. [220], exist. Autotomy (or self-amputation), despite ap-
pearing an unsatisfactory strategy, represents instead a surprising ex-
ample of smart response in nature: some body target regions are inten-
tionally “self-broken” and then lost, by exploiting different mechanisms, 
to elude a grasp, to distract predators, etc. [221]. Despite tail drop-
ping in lizards is the most iconic example of autotomy, this functional 
response is also displayed by several other living organisms, like oc-
topuses (which can release their arms), crabs (dropping their claws), 
insects (which voluntary amputate their legs), etc. [220,221]. It is worth 
noticing that some living organisms can restore their original body 
parts (self-healing mechanisms); lizards provide a surprising example in 
this context thanks to remarkable regenerative capabilities [222]. The 
self-breaking capability and successive growth characterize bio-encoded 
matter capable of self-breaking and self-healing on demand.

On the other hand, completely different strategies exploit defense 
mechanisms based on the release of chemical substances; as an exam-
ple, insects can produce an impressive arsenal of chemical agents to 
enable protection; when released, the chemical agents can either harm 
attackers or simply repeal predators [6,220].

Inspired by defensive strategies in nature, an overview on synthetic 
functional polymers suitable to obtain protection mechanisms or pos-
sessing functionalities relevant to this purpose is provided in the fol-
lowing.

A relevant bio-inspired example of functional polymers with self-
protection capabilities is offered by materials possessing multiple un-
usual and tunable physical/chemical properties. Within this context, 
mechanisms aimed at separating oil from oily wastewater are partic-
ularly important [223,224]; materials having unusual physical/chem-
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ical properties, such as materials being both super-hydrophilic and 
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super-oleophobic, used as functional membrane for oil/water separa-
tion, have been developed [224]. Further, functional polymers have 
been also exploited to develop surfaces with a stimuli-controllable wet-
tability, i.e. suitable to be used for controlling oil/water separation 
processes [224,225]. In oil/water separation process, a relevant “sec-
ondary threats” may arise: as an example, membrane often displays a 
dramatic fouling due to adhesion of oil droplets to the membrane sur-
face [223]; by integrating hydrophilic polymer brushes and hydrogel 
layer on oil/water separation membranes, a double-defence-material 
capable of ensuring both oil/water separation and super-anti-fouling 
mechanisms, has been recently proposed [226].

Similar to what has been discussed above, it is worth mentioning the 
bio-fouling phenomenon, consisting in the accumulation of microorgan-
isms, plants, algae, insects, etc., on structures and components, leading 
to material degradation, especially in the marine environment. Analo-
gously to the release of chemical agents shown by some insects, some 
studies have developed antifouling coatings based on the continuous 
release of toxic metal ions to repel or to kill organisms approach-
ing the surface [227]. However, such an approach has been shown 
to be harmful to non-target organisms and to the environment. The 
development of environmental-friendly alternative is an urgent need, 
and strategies based on functional polymers, typically relying on the 
use of polymers with embedded anti-foulants, have been recently pro-
posed [227]. Stimuli-responsive polymers are excellent candidates for 
the development of smart coatings possessing a programmable wettabil-
ity, self-renewability, capabilities of releasing eco-friendly antifouling 
agents, etc. One of the main approaches in this direction is the so-called 
material fouling-release technology; it is based on the idea that mi-
croorganisms adhere poorly to substrates with low surface free energy 
and can therefore be easily removed; this implies that using mechani-
cal forces of low intensity, such as the shear stresses arising at the ship 
hull-fluid interface during sailing, or in cleaning procedures [227], mi-
croorganisms detachment from the substrate can be easily achieved. 
The possibility of tuning the mechanical properties of the coating mate-
rial plays a fundamental role in regulating its anti-fouling performances, 
and allows opening new scenario in the context of interface bonding 
mechanisms [227–229], driven by an ad hoc programmed behavior 
of the coating material. Surface roughness is also relevant to fouling-
release which is usually enhanced by nano- or microscale roughness 
[227]. Finally, it is worth recalling the use of membranes showing wrin-
kling on demand [230] to prevent bio-fouling (see Sect. 2.2 devoted to 
camouflage obtained through responsive materials).

In the context of functional materials with self-protection capabil-
ities, the realm of the healthcare sector is particularly relevant. Re-
sponsive polymers used for drug release purposes have been developed 
[231]. Similarly to an insect programmed to release chemical agents 
to get self-protection, responsive polymers can be programmed to re-
lease into the human body in a controlled way a therapeutic substance 
against virus, diseases, etc. [232]. A quantitative understanding of the 
drug release capabilities, especially at the molecular scale, is a key as-
pect to design materials suitable for such an activity [23]. Functional 
polymers have been also exploited for the development of medical adhe-
sives aimed at protecting skin or to promote wound healing [233,234]. 
Wound healing is a complex and dynamic bio-mechanical growth pro-
cess that restores the function of a biological tissue [233]. Human 
skin is perhaps the most excellent material possessing bio-encoded self-
protection mechanisms which, in presence of severe damage, has to be 
complemented by external actions (sutures, medical adhesives, etc.). 
Properly functionalized medical adhesives are able not only to bind 
strongly the failed tissue, but also to promote wound repair [233].

The defense strategies adopted by living organisms in nature can 
also inspire the development of responsive polymers characterized by 
other functionalities, not necessarily devoted just to protection pur-
poses. A brief discussion on this aspect is presented below.

Fishes have evolved unique locomotion and lubrication mechanisms 

based on the highly hydrated surface mucus and enhanced by muscles 
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with an adaptable stiffness; both features are also exploited for the de-
fense purpose, Fig. 5(a). Some fishes possess a tunable skin-external 
object friction coefficient depending on their skin muscle-driven elas-
tic modulus whose variation is triggered by external stimuli [235], 
Fig. 5(a). The adaptable skin elastic modulus can lead to decreasing 
the contact area, and the mechanical deformation can further minimize 
the surface friction force enabling the fish to easily escape. Inspired by 
this behavior, a functional polymer suitable to be used for the devel-
opment of artificially regulated lubrication systems, has been recently 
proposed [235], Fig. 5(b-d). It consists of a top mucus-like hydrophilic 
lubricating layer and a bottom muscle-like hydrogel, Fig. 5(b), which 
can stiffen via thermal-triggered phase separation, Fig. 5(c,d), inducing 
a tunable lubrication mechanism [235].

Pillbugs (Armadillidum vulgare) represent another relevant example 
in this context: they are capable of morphing their body shape by rolling 
and closing (conglobation mechanism) when triggered by strong vi-
brations or pressure typically produced by predators [219]. A similar 
mechanism has been obtained in silicon-based shell structures pat-
terned with a regular array of circular voids and mechanically deformed 
by controlling the difference between internal and external pressure 
[236]; below a critical pressure, the ligaments placed between voids ex-
hibit buckling, leading to the closure of the structures (encapsulation, 
a mechanism similar to the conglobation exhibited by the Armadil-

lidum vulgare, [236]). From a mechanical perspective, the conglobation 
mechanism can be considered an unstable-like response; studies aimed 
at harnessing the instability mechanisms (buckling) to develop smart 
materials and structures are currently under an intense investigation 
[141,236–241]. Despite instability is typically considered a negative 
phenomenon in structures and materials, buckling is nowadays used 
to get a precise mechanical response enabling interesting functionali-
ties. Elastic buckling typically takes place as a sudden switch from an 
initial shape into a buckled one with a significant amount of energy 
release, appearing as a load drop in the response curve [237]. This fea-
ture makes buckling an interesting mechanism suitable to be exploited 
to program the material/structure response, such as in designing energy 
dissipation systems and stabilizers [237] and in obtaining soft reconfig-
urable auxetic materials [141,242,243].

2.5. Taking inspiration from plants

The realm of plants and vegetables represents a precious source of 
inspiration in the field of morphing and programmable response of ad-
vanced materials. Despite being less evident compared with other living 
organisms, also plants are characterized by complex and intriguing pro-
grammed mechanical behaviors inducing shape-morphing, movement, 
color variation, etc., for achieving the most disparate functional re-
sponses (growing, nutrition, defense, reproduction, camouflage, etc.), 
Fig. 5(e,f).

Shape-morphing is quite common in plants and is typically respon-
sible for plants movements which is generally classified in nastic and 
tropic, [244]. A nastic movement is not stimulus-direction-dependent, 
i.e. it is induced by a bio-encoded response which does not depend on 
the stimulus direction. For instance, the ability of some plants to close 
their leaves in response to a contact mechanical stimulus for capturing 
insects, Fig. 5(e), is an example of nastic movement; upon contact, the 
leaves close in a pre-defined way, irrespectively of the contact stimu-
lus (lateral, from above, etc.). The so-called “sleep movement” shown 
by some plants moving their leaves during night, is another example of 
nastic movement, [245]. In other words, a nastic movement takes place 
with a single bio-encoded kinematical “pattern”. On the other hand, 
tropic movements depend on the stimulus direction (such as the grav-
itropism, i.e. the tendency of plants to grow following the direction of 
gravity, see Fig. 5(f)). Another example can be found from the under-
ground activity of roots which growth and spread toward regions rich 
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Plants can exhibit movements in a wide range of speeds: slow, fast 
and sudden [244,246,247]. The majority of these movements are very 
slow, often imperceptible, and requires the expert eye of naturalists 
to be revealed [247]. Despite plants do not posses any muscle, some 
movements are very fast, similarly to those observed in the animal 
kingdom [247–249]. The turgor pressure (an internal hydrostatic stress) 
inside plant’s cells is the main responsible for most of the plant move-
ments [247]. The amount of pressure is affected by complex physical-
chemical-mechanical interactions with the surrounding environment 
(atmosphere condition, soil features, water content, etc.); in particular, 
the water exchange between plant cells and the surrounding environ-
ment taking place by osmosis or evaporation, plays a crucial role in 
tuning the arising responsiveness. Similarly to what occurs in hydrogels 
(see Sect. 3.2), water flow in plants is driven by a gradient of water po-
tential [247] which vanishes at equilibrium, giving rise to an internal 
hydrostatic stress. Plant cells are able to sustain a large range of pres-
sure values thanks to their stiff cell’s wall [247,250,251]. To balance the 
internal pressure induced by absorbed water, mechanical stresses make 
the cell’s wall to deform; the interplay among water flow, stress-state, 
and cell-wall deformation, are the basis of water-driven movements in 
plants [247]. From a mechanical perspective, this mechanism is typi-
cally called expansive growth. A comprehensive understanding of this 
mechanism is relevant for the development of plants-inspired design of 
advanced materials. It requires bridging the gap between molecular me-
chanics and macroscopic behaviors; as a matter of fact, the literature on 
molecular biology and biochemistry in plant and fungi growth is quite 
huge; however, the macroscopic behavior – described by the govern-
ing equations which can be linked to the underlying molecular physics 
– needs to be considered for the engineering assessment and design of 
plants-inspired advanced materials [252].

In the field of functional materials inspired by plants, modern 
polymer-based materials, obtained by exploiting new AM technolo-
gies, have been developed for reproducing the complex structure of 
plants. According to [253], the main research directions in this field 
are the following: (1) development of water-driven materials for sim-
ulating the morphological changes of plants and vegetables, and (2) 
development of light-driven or heat-driven materials for simulating the 
blooming process of flowers. Inspired by plants displaying water-driven 
changes in their morphology, hydrogels with encoded localized swelling 
anisotropy responsible for shape-morphing has been developed [13]. 
The anisotropic stiffness induced by rigid fibrils contained in plant cell’s 
walls, has inspired hydrogel made of a composite ink with stiff cellu-
lose fibrils embedded in a soft acrylamide matrix [13]. The possibility 
to easily align fibrils as well as to realize complex architectures by us-
ing AM technologies, make possible to program the shape-morphing of 
these materials in the most disparate ways.

The natural phenomena taking place in plants have also opened new 
scenarios in the robotic field; recent progress in the development of 
hydrogel-based soft robots, characterized by plant-inspired designs and 
actuation mechanisms, can be found in [244].

Some carnivorous plants, such as the Venus flytrap (Dionaea mus-

cipula) or the aquatic Utricularia, are capable of capturing preys by 
exploiting elastic instabilities mechanisms triggered by external stim-
uli; upon touching their sensor cells, leaves close suddenly by ex-
ploiting a buckling mechanism accompanied by release of stored elas-
tic energy [12,247,249,254,255]. Similarly to what has been con-
sidered in Sect. 2.4 dealing with defense strategies in nature, this 
natural mechanism represents a source of inspiration for the devel-
opment of smart materials and structures with buckling mechanisms 
[12,141,237,254,256,257]. The flytrap response can be also replicated 
without the use of elastic instability; the bending deformation of a 
LCE with integrated optical fibres has been used to obtain self-closing 
under a light stimulus on demand [258], Fig. 5(g). Thanks to the self-
recognition capabilities offered by the embedded optical fibre, smart 

grippers suitable to selectively grasp objects can be obtained.
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Fig. 5. Defensive strategies in nature (a-d), functional responses in plants (e-g) and bio-encoded matter synthesized by insects (h,i). A lubrication mechanism based 
on the highly-hydrated surface mucus and further promoted by a muscle-induced adaptable stiffness, allows fishes escaping from dangerous situations (a). A fish-
inspired polymer-based material, made of a top mucus-like lubricating layer and a bottom muscle-like thermal stiffening hydrogel, constitute an artificially-regulated 
lubricating surface (b); the mechanical behavior of the hydrogel can be strongly affected by thermal stimuli (c,d); its mechanical response ranges from that typical 
of a soft material (𝑇 ≈ 20 ◦𝐶) to that of a rigid one (𝑇 ≈ 80 ◦𝐶) (c); different tensile stress-strain curves obtained from tests at different temperature values (d). (a-d) 
adapted from [235] under a Creative Commons CC BY license from Springer Nature, Copyright 2022. Nastic morphing of a flytrap plant which closes its leaves 
upon a mechanical stimulus (e); the tendency of plants to grow upward (gravitropism, a typical example of tropistic morphing) against counteracting mechanical 
stimuli (f). (e,f) adapted from [12] with the permission from John Wiley and Sons, Copyright 2017. A LCE-based smart gripper inspired by a flytrap plant capable 
of recognizing target objects and to close under a light-stimulus enabling gripping on demand (g), adapted from [258] under a Creative Commons CC BY license 
from Springer Nature, Copyright 2017. Different types of spider-silks possessing bio-encoded physical-chemical-mechanical responses enabling a functional response 
(h), adapted from [265] with the permission from Elsevier, Copyright 2000. Programmable mechanical response of polymer-based structures: through an advanced 
multi-material topology optimization, a wide range of programmed force-displacement responses can be obtained (i), adapted from [266] with the permission from 
Elsevier, Copyright 2021.
Plants, vegetables, and fungi have been recently used for develop-

ing new bio-compatible and bio-degradable programmable materials 
[259–264]. In [260] a new category of self-growing, fibrous, natural 
composite materials with controlled physical properties, has been pro-

posed. In [259], natural matters coming from plants and vegetables 
(such as tomato sauce, agro-waste, etc.) encoding unusual and enhanced 
physical-mechanical properties, have been used to develop new bio-

compatible and bio-degradable polymer-based materials for the pack-

aging sector. Despite the literature thoroughly covers the methods of 
preparation and the experimental investigation of these materials, ef-

fective multi-physics models suitable for a proper engineering design 
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are still under development.
2.6. Materials development inspired by bio-encoded matter synthesized by 
insects

Insects are master synthesizers of functional materials. They exploit 
specialized glands to emit an extreme variety of secretions characterized 
by extreme properties, used for the most disparate functional purposes 
(as chemical adhesives, coating, etc.) [6].

Framed within this context, it is worth highlighting the capability 
of some insects to build optimized refuges and nests structures charac-
terized by complex design. These natural structures are typically made 
of materials with unusual physical-chemical-mechanical properties, and 
have precise and extremely complex shapes, geometries, and intricate 

microstructures responsible for their advanced smart response.
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In materials science, the challenge of developing materials charac-
terized by desired properties, and understanding how these properties 
can be obtained and tuned by controlling the material’s microstructure 
is the key aspect to be solved [267,268]. For instance, the study of the 
spider silk is an useful example covering all the above-recalled aspects. 
Spider silk is naturally programmed at the microscale level to prop-
erly meet some functional needs, Fig. 5(h); it can be viewed as one of 
the most excellent functional matter in nature having a programmed 
response. In fact, spiders can synthesize up to seven different types of 
silks, each one used for a precise functional behavior (reproduction, 
locomotion, prey capture, etc.) [10], Fig. 5(h). Depending on the func-
tionality of interest, spider silk has different and precise bio-encoded 
chemical-physical-mechanical-geometrical properties linked to the de-
sired feature; they exhibit a diversity of mechanical properties which 
are naturally-programmed and optimized for the required functionality 
[265,268–270]. For instance, the dragline thread (or major ampullate, 
MA thread), used for escaping from predators (safety line), is char-
acterized by a combination of strength and extensibility providing an 
incredible toughness, greater to that shown by modern industrial ma-
terials such as Kevlar. The dragline silk is made of a semicrystalline 
like-polymer characterized by a remarkable strain-hardening behavior 
attributed to an unfolding mechanism taking place at the molecular 
level; it enables the dragline filaments to become gradually hardened 
during mechanical stretch, allowing efficient energy buffering when 
escaping is required [271]. This feature enables a quick energy ab-
sorption and hinders the structure oscillations which might occur upon 
an impact. Mimicking this functional response allows designing new 
synthetic functional materials useful for kinetic energy buffering and 
absorption [271]. On the other hand, the flagelliform silk constitutes 
the core thread of the spiral in spider web: its tensile strength is lower 
than the MA thread, but it is much more extensible, thus displaying a 
high toughness level [10]. Together with the aciniform silk, it is used 
for wrapping preys. The minor ampullate silk has instead mechanical 
properties suitable for stabilizing the platform during web construction. 
Spider silk can also display an intrinsic sensitivity to the external sig-
nals, such as humidity, optical, thermal and electric stimuli; this can 
inspire innovative, smart materials and devices [10] having shape mem-
ory property similar to that shown by spider web: it absorbs water from 
the capturing-devoted silk for recovering the daytime-distorted shape 
during night through water-sensitive shape memory effects [272].

Structures, such as nests built by bees, consist of large arrays of reg-
ular elements (typically hexagons). Despite their relative small sizes, 
Bees’ honeycombs are capable of supporting large masses; each kilo-
gram of beeswax is capable of supporting about 22 kg of honey [6]. 
Honeycomb cells are geometrically arranged in a precise way to achieve 
functionality: regular hexagons have the smallest perimeter within poly-
gon family that fills a plane without gaps, making them the most ef-
ficient geometry for packing honey, pollen, and brood. Bees can make 
their wax less strong, more susceptible to fracture and more deformable 
at high temperature to facilitate its use as a building material. Nests 
made entirely of pure wax should completely collapse around 45 °C 
[6]; however, this does not happen since the honeycomb structure is 
actually made of a composite material with pure wax and other bi-
ological components organized according to a complex bio-encoded 
synthesis process [6]. For this reason, even at high temperatures the 
structural integrity of honeycomb nests noticeably surpasses that of 
pure wax at room temperature [11,273]. Even though pure beeswax has 
poor mechanical properties, the naturally-programmed architecture and 
building process are optimized to provide a structure with outstanding 
mechanical properties and functionalities.

The development of synthetic materials and structural systems char-
acterized by programmable responses, can benefit from the extreme 
functionality of natural refuges or matter synthesized by insects [6]. Re-
cent advances in the development of functional spider silk-inspired ma-
terials can be found in [269,274]. The unique properties of honeycomb 
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structures which, depending on their structures, size scale, and material 
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properties, have found applications in a diversity of fields, ranging from 
architecture to biomedicine [275]. In parallel to the complex design of 
natural nests, it is also worth highlighting a recent research direction 
based on coupling and/or arranging different materials and/or struc-
tures, to get advanced materials characterized by unusual properties 
and new functionalities (see metamaterials and topological-functional-
based polymers, Sect. 3.6) [266,276,277]. In [266], composite struc-
tures obtained through a two-material topology optimization method 
have been designed to achieve a vast range of programmed force-
displacement responses under finite deformations. Structures developed 
in [266] have been functionally designed to respond in a specific tai-
lored way to external actions (programmable response): they deform 
in a pre-designed way or show a specific target force-displacement 
curve when stimulated, Fig. 5(i). According to [266], the proper spatial-
arrangement of two materials leads to a force-displacement response 
which is physically unattainable with either of the two materials alone. 
Further studies could be carried out for discovering unusual behavior 
by adopting a multi-material topology optimization (e.g. by using more 
than two different materials), or by engineering new materials with a 
specific response-related design. Other approaches, based on material 
topology, have been used for obtaining programmable response such 
as in auxetic materials [278,279], energy-absorbing materials [280], 
materials with tunable elastic properties [281], and tunable deforma-
tion [282]. Alternatively, the development of new materials possessing 
uncommon mechanical properties obtained by harnessing microscale 
feature rather than topological ones, still represents an open challenge. 
Recent AM technologies have been demonstrated to have a relevant role 
in producing novel materials with micro- and meso-structures whose 
functional behavior is similar or, ambitiously, beyond the capability of 
natural structures [283]. Biological matters produced by insects (such 
as beeswax), have been also exploited to develop new bio-compatible 
polymer-based materials with enhanced properties, successfully used 
for example in the food packaging sector [259].

The main aspects discussed in this section are summarized in Ta-
ble 1.

3. Functional polymers: mechanisms and models of the 
functional response

Functional polymers are materials capable of providing a proper 
detectable functional response when specific external stimuli are ap-
plied [284–286]. They are typically characterized by a molecular scale 
response, which usually involves nanoscale changes (molecular bond 
rearrangement/cleavage, molecular motion, morphology change, etc.), 
whose activation provides detectable changes at the meso- and macro-
scale. The detectable response displayed by a functional material could 
be related to changes in its chemical-physical-mechanical properties, 
color and/or shape changes, tailored mechanical responses, etc.; all 
of them are suitable to be exploited to get the desired functionality. 
Since the macroscopic responsiveness typically comes from the molecu-
lar architecture of the material, its responsiveness can be designed and 
tuned to obtain stimulus-specific responses in terms of chemical, phys-
ical, or mechanical changes [23]. Understanding the nano- or micro-
scale mechanism inducing the functionality (consisting, for instance, in 
shape-morphing, tailored mechanical response, controlled fluid release, 
etc.), is fundamental for the systematic modeling and design of func-
tional polymers (Sect. 4) suitable to be exploited in the most disparate 
functional-based applications requiring locomotion, actuation, drug de-
livery, etc.

In this section we provide an overview on functional polymers; a 
novel classification based on the mechanisms providing the functional 
response is followed. The considered responsive materials are organized 
as follows. Sect. 3.1 discusses Liquid crystal elastomers whose morph-
ing functionality is determined by a reversible order-disorder arrange-
ment transition of liquid crystal mesogens. Sect. 3.2 deals with func-

tional polymers whose responsiveness stems from swelling/deswelling 
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Table 1

Summary of the main functionalities, strategies and mechanisms adopted in biological matters and analogy with synthetic functional polymers.

Sect. Main functionalities Main strategies 
and/or mechanisms

Analogy with synthetic 
materials

Main References

2.1 Morphing of various types, 
optimal shape and 
organization at different 
scale for mechanical, 
thermal and biological 
purposes

Collective behavior Active colloidal synthetic 
materials, Janus 
nanoparticles, composite 
functional hydrogels

[7], [9], [27,28], 
[54]

2.2 Camouflage, adaptation to 
the environment

Shape morphing, 
color change, 
controlled surface 
roughness

Shape morphing polymers 
(LCE, SMP, Gels), 
mechanophores, 
selfdiagnostic polymers, 
cloaking in metamaterial

[101,102], 
[108–110], 
[121], [127]

2.3 Locomotion, actuation, 
adhesion

Shape morphing, 
material-
environment 
interactions

Shape morphing polymers 
(LCE, SMP, Gels, EAPs), 
functional polymer-based 
adhesives

[19], [166–175], 
[182], [203],

2.4 Defense Shape morphing, 
chemical release, 
autotomy 
(selfbreaking) and 
selfhealing

Shape morphing materials, 
wrinkling driven polymers, 
gels, super-hydrophilic/ 
super-oleophobic materials, 
buckling-dependent response, 
self-healing materials, drug 
release-driven materials

[6], [220–222], 
[226–233]

2.5 Motion, actuation, 
shaping, feeding, accretion

Shape morphing, 
instability, 
expansive growth

Water-driven shape-morphing 
materials, active fibre 
composite materials, 
buckling-dependent response, 
bio-degradable materials with 
tunable properties

[244], [246,247], 
[251], [253], 
[258,259]

2.6 Feeding, structural 
stability, adhesion, 
building refuges

Tailored chemical-
physical-mechanical 
properties, 
architected 
microstructure

Metamaterials, 
mechanophores, composite 
graded materials, 
buckling-dependent response

[6], [266–271], 
[274]
mechanism governed by the solid-fluid interplay. Sect. 3.3 illustrates 
electroactive polymers (EAPs) whose functional response mechanism is 
governed by Coulomb forces arising in the material and/or by the dif-
fusion of mobile ions driven by electrical stimuli. Sect. 3.4 considers 
shape memory polymers whose functional responses is provided by a 
phase transition between a glassy and a rubbery state. Sect. 3.6 presents 
functional polymers whose functionalities come from the topological 
arrangement of the material at different scales. For each functional 
material, we also provide the most important aspects related to their 
mathematical modeling; suitable quantitative models (see for instance 
Sect. 4 and 5) are fundamental for a systematic design of functional ma-
terials capable of displaying precise and tailored responses in the most 
disparate situations (see Sect. 3.7).

Being usually entropic-dominated solids, polymers are suitably de-
scribed by considering the statistical arrangement of their microstruc-
ture, namely the underlying chain network. This is typically done by 
providing the statistics of the chain end-to-end vector 𝐫 through the 
so-called chain distribution function [287]:

𝜌0 (𝐫) = 𝑐𝑎0 𝜑0(𝐫) (1)

where 𝑐𝑎0 is the cross-link density and 𝜑0 is the dimensionless chain 
distribution which, for common polymers, is well described by the 

3D Gaussian function, 𝜑0 (|𝐫|) = (
3

2𝜋𝑁𝑏2

) 3
2 exp

(
− 3|𝐫|2

2𝑁𝑏2

)
, having mean 

value 𝐫 = 𝟎 and standard deviation 𝑏
√
𝑁∕3 [288]. It is worth men-

tioning that 𝜌0 represents the distribution of the polymer chains in 
the chain configuration space. It can be recalled that the integral 
of 𝜌0 over the chain configuration space Ω (i.e. spanning all the 
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lengths and orientations) provides ⟨𝜌0 (𝐫)⟩ = 𝑐𝑎0, being ⟨■⟩ = ∫Ω■ 𝑑Ω=
∫ 2𝜋
0 ∫ 𝜋

0

(∫ Nb
0 ■ 𝑟2dr

)
sin𝜃𝑑𝜃𝜔, i.e. the integral of the quantity ■ in 

the spherical coordinate system of the chain configuration space, 
[287,289]. According to this simple model, each chain is assumed to 
be made of 𝑁 rigid (undeformable) segments of equal length 𝑏 ran-
domly organized in space; accordingly, the maximum chain extension 
(contour length) becomes 𝑁𝑏, [290].

In polymer physics, the shear modulus 𝜇 of the material is expressed 
by the simple relationship 𝜇 = 𝑐𝑎0𝑘𝐵𝑇 , where 𝑘𝐵 and 𝑇 are the Boltz-
mann constant and the absolute temperature, respectively [288].

Any mechanical deformation applied to the network reflects into 
a variation of the chain distribution function 𝜌(𝐫, 𝑡), while its integral 
over the 3D space – if chain rupture and self-healing mechanisms are 
neglected, and the material is incompressible – keep maintaining the 
initial value, ⟨𝜌 (𝐫, 𝑡)⟩ = 𝑐𝑎0; it is worth recalling that for a compressible 
material it is 𝑐𝑎 = 𝐽−1𝑐𝑎0, being 𝐽 = det 𝐅, with 𝐅 = 𝜕𝐱∕𝜕𝐗 the deforma-
tion gradient tensor and 𝐱,𝐗 the position vectors in the deformed and 
in the undeformed state, respectively. For an incompressible polymer, 
as always assumed hereafter, it happens to be 𝑐𝑎 = 𝑐𝑎0. It is worth also 
introducing the material velocity gradient 𝐋 = 𝐅̇𝐅−1, which will be used 
in the following. The current value of the chain distribution function is 
the main quantity which can be used for linking the network arrange-
ment at the molecular scale to the mechanical response arising at the 
continuum level. As recalled above, it is worth mentioning that this 
distribution can be modified by an applied macroscopic mechanical de-
formation, and by other phenomena taking place at the molecular level, 
such as the nematic-isotropic changes arising in LCEs (see Sect. 3.1), 
chain detachment-reattachment and sliding mechanisms, presence of 

mechanophores, etc. [287,289].
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A quantity related to the mechanism inducing the functional re-
sponse of the material suitable to quantify the mechanical state of the 
network (see Sect. 4), is provided by the chain distribution tensor [287]:

𝝁(𝑡) = ∫
Ω

𝜑 (𝐫, 𝑡) 𝐫 ⊗ 𝐫 𝑑Ω= ⟨𝜑(𝐫, 𝑡) 𝐫 ⊗ 𝐫⟩ (2)

The tensor 𝝁 assumes the simple diagonal form 𝝁𝑝 = diag
(
𝜇1, 𝜇2, 𝜇3

)
in the principal directions frame of reference, being 𝜇1, 𝜇2, 𝜇3 its eigen-
values. The above-mentioned diagonal terms have the physical meaning 
of providing the standard deviation of the end-to-end distance compo-
nent 

⟨
𝑟2
𝑖

⟩
in the i-th principal direction; in the stress-free state it is 

𝜇0𝑖 =
⟨
𝑟2
𝑖

⟩
=𝑁𝑏2∕3.

The energy density of the material is expressed as:

ΔΨ(𝑡) = Ψ−Ψ0 = ∫
Ω

𝜑 (𝐫, 𝑡)𝜓(𝐫)𝑑Ω − ∫
Ω

𝜑0 (𝐫)𝜓(𝐫)𝑑Ω

= 𝑐𝑎
⟨[
𝜑 (𝐫, 𝑡) −𝜑0 (𝐫)

]
𝜓
⟩
+ 𝜋 [𝐽 − 1]

(3)

being 𝜓 (𝐫) the deformation energy of a single chain which, according to 
the Gaussian statistics valid for not too highly stretched chains, depends 
on the square of the end-to-end distance 𝜓 (𝐫) = 3𝑘𝐵𝑇

2𝑁𝑏2
|𝐫|2, and 𝜋 is the 

hydrostatic stress fulfilling the isochoric constraints usually adopted in 
polymer mechanics. More general expressions for 𝜓 (𝐫) exist, such as 
that based on the Langevin statistics which is applicable in a wide range 
of chain deformation values. The energy density can be also evaluated 
as ΔΨ = 3𝑐𝑎𝑘𝐵𝑇

2𝑁𝑏2
tr
(
𝝁− 𝝁0

)
+ 𝜋(𝐽 − 1), being 𝝁0 =

𝑁𝑏2

3 𝟏 the deformation 
tensor in the stress-free state [21].

The stress state of the material can be easily related to the actual 
chain distribution tensor through the expression [287]:

𝜎(𝑡) = 𝐽−1𝐏𝐅𝑇 = 𝜕ΔΨ
𝜕𝐅

𝐅𝑇 =
3𝑐𝑎𝑘𝐵𝑇
𝑁𝑏2

[
𝝁(𝑡) − 𝝁0

]
+ 𝜋(𝑡)𝟏 (4)

being 𝐏 the first Piola stress tensor, where the incompressibility con-
straint 𝐽 = 1 has been assumed. In Eq. (4), 𝝁(𝑡) is the actual chain distri-
bution tensor depending on all the stimuli-triggered effects responsible 
for the polymer network change at the microscale. The actual chain dis-
tribution tensor can be easily determined by integrating the chain dis-
tribution tensor rate over the time domain, i.e. 𝝁(𝑡) = 𝝁0 + ∫ 𝑡

0 ■̇(𝜏)𝑑𝜏 ; in 
the previous equation, ■̇ represents the time derivative of the chain dis-
tribution tensor quantifying the evolution of the network conformation 
provided by the various actions involved, here schematically indicated 
with ■ (pure mechanical deformation, nematic-isotropic transition, at-
tachment/detachment of polymer chains, etc.), see Sect. 4.

3.1. Liquid crystal polymer networks

LCEs are synthesized by cross-linking liquid crystal mesogens units 
possessing a preferential orientational order, to an highly deformable 
isotropic polymer chain network, Fig. 6(a). The orientational order in-
ferred to the nematic mesogens can be reversibly destroyed by different 
stimuli (thermal, magnetic, mechanical, etc.). The high deformability 
of the entropic energy-dominated network microstructure, and the re-
versible phase transformation (nematic-isotropic transition) shown by 
nematic mesogens, make LCEs capable of displaying shape morphing at 
will when a proper mesogens ordering pattern is inferred to the material 
in the stress-free state. [163,291–294]. The reversible order-disorder 
transition of LC mesogens occurring at the molecular level, correspond-
ingly induces a polymer chain conformation re-arrangement, and in 
turn promotes a macroscale deformation responsible for the mecha-
nism enabling their actuation, Fig. 6(a). Various building approaches 
have recently been developed to create LCE-based devices possessing a 
controlled mesoscale architecture suitable to produce the desired actu-
ation [295,296]. The most promising production approaches are those 
based on 3D printing technologies, such as the Direct Ink Writing (DIW), 
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enabling to precisely control the director alignment to create 2D/3D 
Applied Materials Today 32 (2023) 101842

patterns in the LCE domain [19,297,298]. Other recently proposed tech-
nologies are based on assembling several materials units with distinct 
nematic directors [299]; these strategies have shown the possibility 
to encode an arbitrary three-dimensional nematic director distribution 
(not necessarily related to the printing path), to get complex 3D shape-
morphing.

Typically, the microstructure of LCEs in the nematic state is charac-
terized by the director field describing the spatial organization of the 
mesogen molecules in a preferential direction. The description of the 
microscale physical phenomena and the related mechanical behavior of 
LCEs have been provided through a statistical description of the net-
work chains by accounting for the non-isotropic chains arrangement in 
the 3D space [291]. At the time of cross-linking, the statistics of the 
chains length and orientation is provided by a non-isotropic Gaussian 
distribution function [291]:

𝜑0𝑛 (𝐫) =
1√

det 𝓵𝟎

√( 3
2𝜋𝑁𝑏

)3
exp

[
−
3 𝐫 ⋅𝓵−1

0 𝐫
2𝑁𝑏

]
(5)

where 𝓵0 = 𝓁0⟂𝟏 + (𝓁0∥ −𝓁0⟂)𝐧 ⊗𝐧 is the step-length tensor of the chain 
distribution quantifying the anisotropy of the chain arrangement; the 
initial step lengths, 𝓁0⟂ and 𝓁0∥, provide the effective lengths of the 
chains conformation perpendicular and parallel to the director 𝐧 of the 
mesogens, respectively [292]. The step length tensor gives information 
on the degree of alignment of the polymer chains and so it quantifies 
the anisotropy of the network at the time of cross-linking. In a highly 
ordered chain network it is 𝓁0∥ ≫ 𝓁0⟂: the higher the alignment degree, 
the higher the deformation capability obtainable upon stimulus; on the 
other hand, if the network does not possess any alignment (isotropic 
state), the mean square end-to-end chain distance is 

⟨
𝑟2
𝑖

⟩
= 𝑁𝑏2

3 , 𝑖 =
1, 2, 3, 𝓁0∥ ≅ 𝓁0⟂, and the step length tensor becomes proportional to the 
identity tensor, 𝓵0 = 𝑏𝟏.

The order tensor 𝐐 = 𝑄

2 (3𝐧⊗ 𝐧− 𝟏), also known as the de Gennes 
tensor [294], describes the chain arrangement in LCEs. It is related to 
the step length tensor through the following relationship:

𝓵(𝑡) = 𝑏 [2𝐐(𝑡) + 𝟏] = 𝑏 [(1 −𝑄(𝑡)) 𝟏+3𝑄(𝑡) 𝐧⊗ 𝐧] (6)

being 𝑄(𝑡) =
⟨

3
2 cos

2 𝜃(𝑡) − 1
2

⟩
the order parameter quantifying the de-

gree of dispersion of the mesogen units with respect to their average 
alignment direction 𝐧 measured through the angle 𝜃. The extreme cases 
𝑄 = 1 and 𝑄 = 0 indicate perfectly aligned and isotropically distributed 
chains, respectively; values ranging between the two above-cited cases 
represent intermediate degrees of alignment characterized by a degree 
of dispersion which increases as 𝑄 → 0.

In the above expressions, the dependence of the involved quanti-
ties at time 𝑡 has been emphasized to outline that the order direction 
can be modified by suitable stimuli applied to the material. Usually, 
it happens to be 𝜃(𝑡) = 𝜃(𝑇 (𝑡)), i.e. the dispersion angle changes with 
the temperature: if 𝑇 < 𝑇𝑁𝐼 (being 𝑇𝑁𝐼 the nematic-isotropic transi-
tion temperature) the material stays in the nematic state, if 𝑇 > 𝑇𝑁𝐼

the network displays a phase transformation leading the material to an 
isotropic state [21,300].

The chain distribution tensor (Eq. (2)) can be related to the step 
length tensor and to the order tensor through the following relation-
ships [301]:

𝐐(𝑡) = 1
2

(
𝓵(𝑡)
𝑏

− 𝟏
)
= 1

2

(
3
𝝁(𝑡)
𝑁𝑏2

− 𝟏
)

(7)

so the three tensors result to be strictly related each other. The 
mathematical description of the material microstructure based on the 
chain distribution tensor, can be conveniently adopted to character-
ize the process-microstructure-responsiveness relationship of LCEs (see 
Sect. 4), suitable for programming the material behavior.

The nematic-isotropic transition induced by heating up the material 
reflects into the above tensors through Eq. (7); the knowledge of the 

𝑄 − 𝑇 relationship suffices to update the mechanical-related quantities 
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of the network. A simple 𝑄 − 𝑇 equation can be assumed in the form 
𝑄(𝑇 ) = 𝑄0

1+exp 𝑇−𝑇NI
𝑠

, where the parameters 𝑄0 and 𝑠, quantifying the ini-

tial order parameter and the transition gradient of 𝑄 with respect to the 
temperature variation, respectively, can be experimentally determined.

It is worth highlighting that the intrinsic features of LCEs are, to 
some extent, shared with some biological matters. As an example, the 
anisotropic characteristics observed at the molecular level and the hier-
archical self-organization inducing the functionality (shape-morphing, 
movement, etc.) of skeletal muscles [3,302] or of biomolecular mo-
tors, are based on a similar principle [37,303]; their response resembles 
that observed in the nematic-isotropic transition inducing functionality 
in LCEs, [302]. From this perspective, LCEs are capable of convert-
ing molecular motion into macroscopic shape-morphing, as can be 
observed in the above mentioned natural structures; to this aim, it 
is of paramount importance to precisely control the organization and 
synergistic effect of LC mesogens for encoding the desired detectable 
response possessing the suitable magnitude [303].

3.2. Swelling-driven mechanism inducing functionality in hydrogels

It is well-known that some polymers are hydrophilic, i.e. they are 
keen to absorb a large amount of fluid with a consequent volume in-
crease, Fig. 6(b); when the absorbed fluid is water, the polymer is 
termed hydrogel. The physical properties, porosity, and high-water 
content in hydrogels resemble those of living tissues, and make them 
good candidate for bio-related applications. Functionality in hydrogels 
mainly stems from their swelling-deswelling behavior, corresponding 
to an increase-decrease of their volume; a controlled swelling mech-
anism can be obtained by adopting different strategies, which can be 
harnessed to obtain precise and tunable deformations enabling their 
use in a variety of application, ranging from soft-robotics, drug deliv-
ery, self-healing, self-stiffening, tissue engineering, etc. [304–308].

Hydrogels are soft and environmentally sensitive materials which 
can be usefully adopted for the development of morphing structures as 
well as for a wide range of other applications requiring a functional 
response. Among all the developed hydrogels, those responsive to pH 
and temperature are of crucial interest in applications since these stim-
uli are often found in bio-related applications (e.g. in biomedicine). 
In particular, differential swelling easily obtainable in layered ele-
ments [309,310], or temperature-driven swelling-deswelling in poly-
N-isopropylacrylamide (PNIPAm) hydrogels [311] can be exploited to 
obtain a controlled deformation. However, it is worth mentioning that 
the swelling-driven mechanism of hydrogels has been also exploited to 
get functionalities not necessarily aimed at obtaining specific target de-
formations. For example, as mentioned in Sect. 2.1, a polymer capable 
of self-stiffening under swelling has been proposed [88]. Similarly, a 
mechanical adaptive hydrogel capable of self-regulating its mechanical 
properties by exploiting a pH sensible-swelling has been proposed in 
[312]. The controlled swelling mechanism in hydrogels, enabling their 
mechanical properties to be adapted to different environments by prop-
erly engineering their microstructure, has opened the door to the realm 
of drug delivery [313].

From a physical perspective, the swelling mechanism relies on the 
solid-fluid interaction that ultimately characterizes the functionality of 
hydrogels.

According to the hydrogel’s chemical properties, the degree of fluid 
absorption can be tuned by leveraging on different stimuli, such as 
temperature, pH variation, presence of particular ions or molecules, en-
zymes, electric field, etc., making them active materials suitable for 
obtaining smart devices [314].

Thermo-responsive hydrogels display a phase transition by raising 
the temperature above a critical value, namely the so-called lower crit-
ical solution temperature (LCST); upon crossing LCST, hydrogels shrink 
abruptly by loosing their water content [315]. Below the LCST the poly-
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mer is hydrofilic and its network is swollen with the solvent, whereas 
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above the LCST dehydration occurs due to hydrophobicity increase 
[316].

In hydrogels the fluid enters into the gel network and its amount 
(quantified by the fluid concentration value, 𝐶𝑠) is determined by a 
chemo-mechanical equilibrium. Starting from the fluid conservation 
equation, 𝜕𝐶𝑠

𝜕𝑡
+ ∇𝐗 ⋅ 𝐉 = 0 (with ∇𝐗 the gradient operator, and 𝐉 the 

fluid flux crossing the boundary of the gel 𝜕0 per unit time), and in-
troducing the Fick’s law to quantify the fluid flux-chemical potential 𝜇
gradient relationship [307], 𝐉 = − 𝐷

𝑣𝑠𝑘
′
𝐵
𝑇
(𝐽 − 1)𝐂−1 ∇𝐗𝜇, the fluid bal-

ance equation reads:

𝐽−1
[
𝜕𝐶𝑠

𝜕𝜇
𝜇̇ +

𝜕𝐶𝑠

𝜕𝜋
𝜋̇

]
−

𝑐𝑠𝐷

𝑘′
𝐵

T
∇2𝜇 = 0 (8)

where 𝜋 is the osmotic pressure, 𝐷 is the diffusion coefficient, 𝐂 = 𝐅𝑇𝐅
is the right Cauchy-Green deformation tensor, while 𝑘′

𝐵
= 𝑘𝐵 𝐴𝑛, being 

𝑘𝐵, 𝐴𝑛 the Boltzmann constant and the Avogadro’s number, respec-
tively.

In swollen gels, the relative volume change 𝐽 = 𝑉 ∕𝑉0 = det 𝐅 is not 
equal to 1 as in pure incompressible polymers. Because of the individu-
ally isochoric response of both the fluid and the polymer, the following 
volume constraint needs to be fulfilled at any time: 𝐽 (𝑡) = det 𝐅(𝑡) =
1 + 𝐶𝑠(𝑡)𝑣𝑠, being 𝑣𝑠 the molar volume of the solvent molecules. It is 
worth recalling that the solvent concentration in the current (𝑐𝑠) and 
in the reference (𝐶𝑠) configuration are linked through the relationship: 
𝑐𝑠 = 𝐶𝑠∕ det 𝐅.

Upon fluid-network mixing, the free energy density of the polymer-
solvent system Ψgel can be obtained by adding up the mechanical de-
formation contribution and the energy of mixing [317]:

Ψgel =
[
Ψnet (𝐅) + Ψmix(𝐶𝑠,𝑇 )

]
+ 𝜋

[
(1 + 𝑣𝑠𝐶𝑠) − 𝐽

]
(9)

where the last term accounts for the volume increase constraint, 
i.e. the hydrostatic osmotic stress 𝜋 can be thought as the internal 
stress state enforcing the proper above-recalled volume change ratio 
𝐽 [14,318,319]. In the particular case where no external mechanical 
stresses are applied to the hydrogel, its swollen state must be in equi-
librium with the fluid, and the hydrostatic stress arising from stretching 
the polymer chains due to the fluid-induced volume expansion, must 
balance the osmotic pressure [123]; in other words, at equilibrium the 
stress state in the polymer network is 𝝈 = 𝜋𝟏 (hydrostatic tension), 
while the fluid is under an hydrostatic compression stress 𝜋. The os-
motic pressure induces the gel to swell against the elastic stress arising 
in the polymer network [14]. The total stress of the gel (considering 
both the fluid and the solid) is therefore identically zero because of the 
equilibrium condition; it is worth recalling that the stress in the poly-
mer network could also lead to chains ruptures if the network strength 
is overcome during swelling [92]. The mixing energy is expressed as 
[305]:

Ψmix =
𝑘′
𝐵
𝑇

𝑣𝑠
⋅

[
(𝐽 − 1) ln

(
𝑣𝑠𝐶𝑠

𝐽

)
+ 𝑣𝑠𝐶𝑠

𝜒
(
𝐶𝑠,𝑇

)
𝐽

]
(10)

where the network energy Ψnet = ΔΨ(𝐅) can be evaluated by using 
Eq. (3).

It is worth recalling that the chemical potential 𝜇 corresponds to 
the derivative of the mixing energy with respect to the solvent con-
centration, 𝜇 = 𝜕Ψmix∕𝜕𝐶𝑠 [308], while 𝜒 is the Flory-Huggins (FH) 
polymer-fluid interaction parameter [305]. In pNIPAm temperature 
sensitive hydrogels it happens to be 𝜒 = 𝜒(𝑇 ), a dependence that can 
be exploited to control the fluid uptake/release through the tempera-
ture variation [123].

The free energy of the system must be stationary at equilibrium, i.e. 
𝛿(𝑑Ψgel) = 0, and the gradient of the chemical potential is zero every-
where in the gel domain, ∇𝐗𝜇 = 0, indicating that no flux of solvent 
molecules occurs. In the swollen state, the deformation gradient ten-
sor induced by the fluid uptake assumes the form: 𝐅𝑠 = diag𝜆𝑠, with 

𝜆𝑠 = 𝐽 1∕3.
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Fig. 6. Schematics of functional polymers. Liquid crystal elastomers showing self deformation upon heating/cooling (a). Swelling/shrinking of an hydrogel (b). 
Actuation in dielectric elastomers (upper sub-figure) and in ionic polymers (lower sub-figure) (c). Shape change and recovery in shape memory polymers (d). 
Activation of mechanophores linked to the polymer network upon application of stress (e). Topology change in a polymer with sliding ring cross-links (f).
Swelling is a quite common phenomenon in nature taking place in 
the most disparate biological matters interacting with a fluid. It can be 
usually recognized in various functional phenomena occurring in living 
matters. As an example, the brain tissue is one of the most complex, del-
icate and heterogeneous tissue of the human body which interacts with 
a fluid [320,321]. Being made of a soft polymer-like matrix filled with 
free to move cerebrospinal fluid, the brain tissue behaves like a sponge 
[320]. The swelling-driven mechanism arising in the brain tissue can be 
used to justify various phenomena; from a functional perspective, it has 
a fundamental importance for the brain function, delivering vital nutri-
ents to the neural cells and playing a crucial role in therapies based on 
drug delivery [320,322]. On the other hand, the loss of cerebrospinal 
fluid during surgery could trigger a complex physico-mechanical unde-
sired mechanism which is the main responsible for providing human 
brain deformation (brain shift) [320,323]. Swelling is also the main 
phenomenon responsible of the morphing response (expansive growth, 
shape-morphing, movements, etc.) and other functionalities in most 
plants and vegetables, see Sect. 2.5.

3.3. Electroactive polymers

EAPs are materials whose mechanism inducing functionality is trig-
gered by electrical stimuli. They are typically capable of deforming 
upon the application of a voltage or to produce an electric potential 
difference when deformed, Fig. 6(c). The large compliance shown by 
elastomers and, in general, by soft polymers responsive to an electric 
stimulus, has enhanced their use as sensors or actuators by coupling 
them with an electrical field [324–326].

According to the chemical-physical mechanism triggering the func-
tional response, EAPs can be subdivided into two sub-classes: (1) elec-
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tric EAPs (piezoelectric polymers or dielectric elastomers), whose func-
tional response is driven by electric fields or Coulomb forces, and (2) 
ionic EAPs whose response is instead related to the mobility and/or dif-
fusion of mobile ions embedded in the polymer matrix [15], Fig. 6(c).

By embedding in the polymeric matrix, which is typically a dielectric 
material, some conductive fillers such as graphene, carbon nanotubes, 
carbon black, etc., the so-called piezoelectric effect can be obtained. 
In polymeric structures with integrated ceramics responsible for the 
piezoelectric effect, the actuation is associated with tensile or compres-
sive stress that distorts the distribution of charged atoms within the 
material. On the other hand, the piezoelectric response of purely poly-
meric materials is due to the presence of permanent molecular-scale 
dipoles capable to reorient, align and maintain their alignment when 
electrically stimulated [1]. In this context, it is worth recalling the 
development of highly deformable and polarizable materials, such as 
the polyvinylidene fluoride (PVDF) usable for both sensor or actuators 
enabling unprecedented applications [327,328]. On the other hand, di-
electric elastomers (DEs) are elastomeric materials that are synthesized 
to be electrically active: this is typically obtained by creating charged 
surface coatings or by inserting an elastomeric film between compliant 
electrodes [1,17,329]. The mechanical response of dielectric elastomers 
is provided by the application of an electric potential triggering the 
attraction of the surfaces with opposite charge, resulting in an electro-
static compressive force on the elastomeric film and on a corresponding 
lateral expansion typically induced by the incompressibility of the ma-
terial.

Differently from electric EAPs, ionic EAPs are electro-chemical ma-
terials, in which mechanics and electrochemistry are coupled; their 
responsiveness is related to the mobility of ionic species [330]. The be-
havior of ionic EAPs strongly depends on the nature of the constituent 
ions and on the way these species are embedded in the polymer ma-

trix [1]. The mechanism inducing functionality in ionic EAPs is mainly 
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based on the spatial diffusion of the ionic species: upon application of an 
electric stimulus, they redistribute within the polymer matrix, providing 
an osmotic pressure gradient across the thickness, which is responsible 
for producing a differential volume change inducing bending deforma-
tion. It is worth mentioning that, since the mechanical response of ionic 
EAPs is based on the mobility and diffusion of the ionic species within 
the material (to some extent, similar to what happens in hydrogels, 
Sect. 3.2), the actuation speed can be slow (fraction of seconds) in com-
parison to electric EAPs which instead can actuate even in fraction of 
milliseconds. On the other hand, ionic EAPs are capable of displaying 
large deformation even when a low voltage is applied, while EAPs typ-
ically require high voltage to be actuated [16].

Similarly to the above-illustrated responsive polymers, multi-physics 
mathematical coupling is necessary to describe both electric and ionic 
EAPs. For sake of brevity, we provide in the following a brief overview 
of the mathematical framework formulated for modeling electric EAPs 
(in particular dielectric elastomers). On the other hand, the mathemati-
cal treatment of ionic EAPs, which involves a nonlinear interplay among 
elecrostatics, ions and solvent transport, and mechanics, can be found 
in other studies [330,331].

Electro-mechanical coupling is usually quantified through the re-
lated forces, whose intensity is proportional to the square of the electric 
field intensity, |𝐞|, weighted by the electric permittivity of the free 
space, 𝜀0, times the elastomer’s dielectric constant 𝜀𝑟, [332].

Typically, DE actuators are obtained by coupling two compliant par-
allel plate electrodes with a dielectric material placed in between; an 
electric potential applied to the electrodes makes these plates to attract 
each other due to electrostatic forces, thus inducing a mechanical stress 
in the polymer. If the material is polarizable, i.e. if it can form dipoles in 
its microstructure, a further stress arises due to the electric forces on the 
dipoles. Because of the high deformability of the elastomer, the electric 
field changes, leading to a highly non-linear coupled electro-mechanical 
problem.

In the current (deformed) configuration, the so-called electric dis-
placements vector 𝐝, the electric field 𝐞 and the polarization vector 𝕡, 
are related each other by the well-known relationship [333]:

𝐝 = 𝜀0𝐞+ 𝕡 (11)

When the polarization is aligned with the electric field 𝐞, it holds 𝕡 =
𝜀0𝜏𝐞, while when the polarization is zero (such as in vacuum), it is: 𝐝 =
𝜀0𝐞. In EAPs, the susceptibility-relative electric permittivity relationship 
is usually expressed as 𝜏 = 𝜀𝑟 −1, where 𝜏 is the so-called susceptibility.

If a dielectric material is capable of developing dipoles when ex-
posed to an electric field, it is termed polarizable. The polarizability 
expresses the ratio of the induced dipole moment to the applied electric 
field. In electrostatic problems where no free charges are involved and 
velocities and magnetic interactions are neglected, the electric field 𝐞 is 
irrotational, i.e. ∇𝑇

𝐗 × 𝐞 = 𝟎. Thus, the electric field in the current and in 
the reference configuration can be obtained by means of a scalar poten-
tial Φ as follows:

𝐞 = −∇𝐱Φ, or 𝐄 = −∇𝐗Φ𝐅 (12)

Further, the following balance relations (Gauss’ law), ∇𝐱 ⋅ 𝐝 = 0, ∇𝐗 ⋅
𝐃 = 0 hold true; they state that the electric displacements (in both the 
deformed and in the reference configuration) represent a divergence-
free vector field.

The electric field and the electric displacements must also satisfy the 
following boundary conditions on each surface of discontinuity present 
in the problem:

‖𝐃‖ ⋅𝐍 = 0, ‖𝐄‖ ×𝐍 = 𝟎 (13)

where the notation ‖■‖ indicates the jump of the electric displacement 
and of the electric field on the discontinuity surface while 𝐍 is the out-
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ward unit normal vector in the reference configuration.
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When electromechanical interactions are present, the equilibrium 
problem can be stated as follows [334,335]:

∇𝐗 ⋅ 𝐏+𝐁 = 𝟎 in 0

𝐅𝐏𝑇 𝐅−𝑇𝐍||𝐅−𝑇𝐍|| = 𝐓𝑚 +𝐓𝑚𝑒 on 𝜕0

with 𝐏 = 𝐏𝑚 + 𝐏𝑚𝑒 = 𝐏𝑚 + 𝜀0𝜀𝑟

[
𝐞⊗ 𝐞− 1

2
(𝐞 ⋅ 𝐞)𝐈

]
𝐅−𝑇

(14)

where 𝐁 is the body force vector in the reference configuration, 𝐏𝑚 is 
the mechanical first Piola stress tensor, 𝐏𝑚𝑒 is the Maxwell-Piola elec-

tromechanical stress tensor, while 𝐓𝑚 = 𝐅𝐏𝑇
𝑚

𝐅−𝑇𝐍||𝐅−𝑇𝐍|| , 𝐓𝑚𝑒 = 𝐅𝐏𝑇
𝑚𝑒

𝐅−𝑇𝐍||𝐅−𝑇𝐍|| , 
are the corresponding traction stresses assigned on the boundary, re-
spectively. In all the above-reported relations, the elastomer has been 
assumed to be incompressible.

It is worth noticing that the above mentioned Maxwell Piola stress 
tensor corresponds to a further body force field 𝐁0𝑒 due to the elec-
tromechanical interaction, [335].

It is worth highlighting that nature has deeply inspired and open the 
way to the development of EAPs. The capability of providing an elec-
tric potential difference in response to a deformation (piezoelectricity), 
was early discovered in 1880 by Pierre and Paul Jacques Curie dealing 
with natural crystals [16]. They found that certain types of natural crys-
tals (e.g. quartz, tourmaline, Rochelle salt, etc.) emit a voltage on their 
surface upon compression along certain axes. Later on, the observed re-
versible mechanism, i.e. deformation induced by applying an electric 
stimulus, has paved the way to new frontiers in EAPs development.

It is here worth recalling the electric-stimuli induced functionalities 
in living organisms: a relevant example is provided by the contrac-
tion of muscles provided by electric signals [336] already mentioned in 
the context of LCEs (sect. 3.1). Brain-controlled electric signals, trans-
mitted to muscles by means of the nervous system, trigger complex 
rearrangements (hierarchical principles) at the molecular level, lead-
ing to muscles contraction [3]. This mechanism is also exploited in 
therapeutic strategies where an external electric signal evokes muscle 
contraction.

3.4. Shape memory polymers

Shape-memory polymers (SMPs), such as crystalline trans-polyiso-
prene, are polymeric smart materials having the ability to undergo 
transition between two different deformed states, a temporary shape 
and the original permanent shape; this transition can be induced by an 
external stimulus, such as temperature change, light, etc.

Phase transition approaches and viscoelastic models are commonly 
used to describe the shape memory response of SMPs. The material 
can be described as a mixture of a rubbery (active) phase and a glassy 
(inactive) phase which can transform into each other and whose vol-
ume fractions depend on the temperature. When the polymer is at low 
temperature, the network chains are almost frozen, and the material is 
in the glassy state without showing any significant viscous response; a 
purely elastic model can be used in this case to describe the material 
behavior. On the other hand, the polymer in the rubbery state shows a 
viscoelastic response which can be assessed by proper micromechanical 
models [287] or by simply using the classical spring-dashpot elements 
[337–342].

The mechanism inducing functionality in SMPs can be described as 
follows. During deformation at high temperature, SMPs are almost en-
tirely constituted by the active phase in the rubbery state, while upon 
cooling down the active phase is gradually transferred to the frozen one, 
and the material transforms almost entirely in the glassy state, freezing 
the polymer chains in the deformed state because of their reduced mo-
bility. During shape recovery obtained by heating up the material, the 
chains mobility increases, and the frozen phase is transferred to the 
active one, leading to recover the initial shape because of the stored 

pre-strains release [343–345], Fig. 6(d).
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The mobility reduction of polymer chains at low temperature can 
be quantified through a phase transition law describing the mobility of 
molecule chains [346]; basically, two types of bonds are assumed to 
exist, namely “frozen” (whose volume fraction is 𝜙𝑓 = 𝑉𝑓∕𝑉 ) and “ac-
tive” ones (whose volume fraction is 𝜙𝑎 = (𝑉 −𝑉𝑓 )∕𝑉 ) corresponding to 
bonds that hinder conformational motion and to those enabling a local-
ized free conformational motion, respectively. The volume fractions of 
the above-mentioned phases are expressed as:

𝜙𝑓 = 1 − 1
1 + 𝑐𝑓 (𝑇ℎ − 𝑇 )𝑛

, 𝜙𝑎 = 1 −𝜙𝑓 (15)

where 𝑐𝑓 and 𝑛 are material parameters, while 𝑇ℎ is the highest tem-
perature experienced by the polymer and 𝑇 is the actual temperature. 
The total strain of the SMP can be expressed as:

𝜀𝜀𝜀 = 𝜀̄̄𝜀̄𝜀𝑠 + 𝜀𝜀𝜀𝑇 + 𝜀𝜀𝜀𝑀 (16)

where 𝜀𝜀𝜀𝑠, 𝜀𝜀𝜀𝑇 , 𝜀𝜀𝜀𝑀 are the storage, the thermal and the mechanical strain 
tensors, respectively. In particular, the average frozen (stored) entropic 
strain is expressed as: 𝜀̄̄𝜀̄𝜀𝑠 = 1∕𝑉𝑓 ∫𝑉𝑓 𝜀𝜀𝜀𝑠(𝐱)𝑑𝜙, being 𝑑𝜙 = 𝑑𝑉 ∕𝑉 . The 
temperature-dependent stiffness of the material is provided by:

𝐂 =
[
𝜙𝑓𝐒𝑖 + (1 − 𝜙𝑓 )𝐒𝑒

]−1
(17)

being 𝐒𝑖, 𝐒𝑒 fourth-rank elastic compliance tensors related to the internal 
deformation (frozen phase) and entropic deformation (active phase), 
respectively, while the stress tensor is given by:

𝝈 =𝐂 ∶
(
𝜀𝜀𝜀− 𝜀̄̄𝜀̄𝜀𝑠 − 𝜀𝜀𝜀𝑇

)
=𝐂 ∶ 𝜀𝜀𝜀𝑀 (18)

This simple model allows obtaining a relation between the frozen/active 
phase and the temperature history of the material.

To date, it is not trivial to recognize a shape-memory-like behav-
ior in biological matter. However, a shape-memory-like behavior in 
keratin-based natural materials (feathers and hair) in aqueous environ-
ment, has been recently reported [347–349]. According to [348], bird 
feathers are characterized by a remarkable shape-memory behavior. 
The intriguing experimental study of Liu et al. [348] has demonstrated 
that after applying a severe deformation to the natural shape of a bird 
feather, it successively recovers the initial conformation upon immer-
sion in water and subsequent drying [348]. According to [348], this 
smart response is strictly associated with the viscoelastic behavior of dry 
and wet feathers; accordingly, the shape-memory recovery kinetics of 
feathers has been attributed to complex mechanisms involving motion 
of macromolecular polymer-like chains, taking place upon the transi-
tion of an activation energy, promoted by lubricating effects, swelling 
and structural changes induced by water.

3.5. Polymers with embedded responsive molecules

In recent years, the introduction into the polymer backbone of func-
tional molecules (moieties) capable of responding to different exter-
nal stimuli, has been deeply studied for the development of advanced 
materials [350]. By following this strategy, polymers sensitive to tem-
perature [351], pH [352], mechanical stress [353], electric and mag-
netic fields [354], light [355], etc. have been reported. The mechanism 
inducing functionality typically relies on the stimuli-induced-changes 
of the embedded molecules, sometimes corresponding to a switch-
ing between two different stable states, Fig. 6(e). Molecules change 
is responsible for different observable effects, such as to detect the 
material’s deformation quantified by a color change or fluorescence 
emission. Approaches based on the introduction of mechanochromic 
molecules (mechanophores), usually excimer-forming dyes capable of 
changing color upon mechanical stress, can be usefully adopted to quan-
tify deformations in polymeric matrices [108,120]. Other approaches, 
such as those based on supramolecular mechanoluminophores (based 
on the host-guest technology) [115], enabling damage detection at 
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low strain values, have been also proposed. On the other hand, some 
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mechanophores can change their geometrical conformation after reach-
ing a threshold strain; this mechanism can be exploited for different 
functional purposes. For instance, they can act as energy absorbers 
capable of enhancing the toughness of the polymer network [356]. 
Further, the change of geometrical conformation may be potentially 
exploited to synthesize molecular-scale auxetic materials; deployable 
mechanophores with a large stored length are desirable for the devel-
opment of new materials [356,357].

Within this class of polymers, mechanoresponsive materials con-
taining mechanophore molecules have a relevant role; mechanophore 
show a predictable chemical modification induced by mechanical forces 
[14,118], Fig. 6(e). So far, the most common strategy used to induce 
mechano-responsiveness in mechanophores relies on the presence of 
weakened bonds, isomerizable bonds or strained rings keen to react 
once a sufficiently high mechanical stress is transmitted to the moieties 
through the polymer chains. Thanks to the advancements reached in the 
last years in mechanophore synthesis, a broad range of mechanically-
triggered transformations has been obtained: among the multiple pos-
sibilities, it is worth mentioning color change/fluorescence emission 
[107,110], isomerizations [358], release of small molecules [359] and 
activation of latent transition metal catalysts [360]. Among the wide 
class of materials containing responsive molecules, pH-responsive poly-
mers are of paramount importance for the development of a broad 
range of applications, such as controlled drug delivery, biological and 
membrane science, viscosity modifier, colloid stabilization and water 
remediation [352].

By considering a polymer network containing embedded responsive 
molecules, whose state switches from the state A (reference state Ω1) 
to the state B (switched state Ω2) upon a mechanical stimulus, the time 
rate of the state change is given by the following kinetic equilibrium 
reaction law [361]:

𝑑𝜙𝐵

𝑑𝑡
= 𝑘𝑎𝜙𝐴 − 𝑘𝑑𝜙𝐵 (19)

where 𝜙𝐴, 𝜙𝐵 are the volume fraction of the mechanophores in the state 
A and B, respectively, while 𝜙 = 𝜙𝐴 + 𝜙𝐵 is the total volume fraction of 
mechanophores embedded in the polymer network, and 𝑘𝑎, 𝑘𝑑 are the 
activation and deactivation rates, respectively. By defining the fraction 
of active molecules with respect to their total amount, ℎ = 𝜙𝐵∕𝜙 (or 
equivalently, 𝜙𝐴 = (1 − ℎ)𝜙), the above relation can be rewritten as:

𝑑ℎ(𝐅)
𝑑𝑡

= 𝑘𝑎 −
(
𝑘𝑎 + 𝑘𝑑

)
ℎ(𝐅) (20)

where the dependence of ℎ on the deformation gradient 𝐅 has been 
emphasized.

In mechanophore molecules, the activated and deactivated states are 
separated by an energy barrier separating the two stable states. The de-
pendence of the above-mentioned rates on the energy barriers when no 
mechanical actions are applied (i.e. when no deformation is applied and 
correspondingly the deformation gradient tensor is 𝐅 = 𝐈, being 𝐈 the 
identity tensor), is expressed through the well-known Arrhenius equa-
tion [361]:

𝑘𝑎0 = 𝐶𝑎 ⋅ exp
(
−
Δ𝐺𝐴0
𝑘𝐵𝑇

)
, 𝑘𝑑0 = 𝐶𝑑 ⋅ exp

(
−
Δ𝐺𝐷0
𝑘𝐵𝑇

)
(21)

where 𝐶𝑎, 𝐶𝑑 are the so-called frequency factors, while Δ𝐺𝐴0 and 
Δ𝐺𝐷0 are the energies required in absence of any mechanical force 
for the forward (𝐴 → 𝐵) and the backward (𝐵 → 𝐴) transformation of 
one molecule, respectively. When a mechanical force is applied to the 
molecule, the above-mentioned barriers change in order to promote the 
forward and hinder the backward transformation; this reflects in the 
modification of the activation and deactivation rates as follows:

𝛿𝐺𝐴 =Δ𝐺𝐴0 − 𝒇 ⋅ 𝛿𝒔𝑚, 𝛿𝐺𝐷 =Δ𝐺𝐷0 + 𝒇 ⋅ 𝛿𝒔𝑚(
𝛿𝐺𝐴

) (
𝛿𝐺𝐷

) (22)

𝑘𝑎 = 𝐶𝑎 ⋅ exp −

𝑘𝐵𝑇
, 𝑘𝑑 = 𝐶𝑑 ⋅ exp −

𝑘𝐵𝑇



M.P. Cosma and R. Brighenti

where 𝒇 is the force applied to the mechanophore and 𝒔𝑚 is the vector 
quantifying the molecule’s conformation change, so that 𝒇 ⋅ 𝛿𝒔𝑚 repre-
sents the work done by the force.

The functionality induced by the activation of the smart molecules 
is related to the amount of molecules per unit volume that switch from 
the inactive state A to the active state B. For this reason, the evolution 
law of ℎ is relevant to be determined or programmed for design pur-
poses; it can be obtained by solving Eq. (20), where different molecules 
activation mechanisms can be accounted for. In the particular case of a 
constant applied deformation, the solution of Eq. (20) by assuming the 
initial condition ℎ(𝑡 = 0) = 0, is:

ℎ(𝑡) =
𝑘𝑎

𝑘𝑎 + 𝑘𝑑

[
1 − 𝑒−

(
𝑘𝑎+𝑘𝑑

)
𝑡
]

(23)

where 𝑘𝑎 and 𝑘𝑑 can be evaluated as illustrated in Eq. (22) in the case of 
a pure mechanical activation provided by a (constant) applied force; at 
the steady state, the equilibrium condition provides ℎ∞ = lim𝑡→∞ ℎ(𝑡) =
𝑘𝑎∕(𝑘𝑎 + 𝑘𝑑 ).

It is worth highlighting that the activation/deactivation mecha-
nism can also be induced by stimuli of different nature acting together 
with the mechanical one; for instance, in [14], a model describing the 
mechanics of polymers with embedded smart molecules, whose acti-
vation is promoted by time-dependent mechano-chemical stimuli, has 
been proposed; the solvent entering in the polymer matrix affects the 
molecules’ activation mechanism because of the pH change, and be-
cause of the mechanical network deformation induced by the swelling 
mechanism; this leads to a complex and intriguing interplay between 
the two stimuli.

Functional response provided by mechanochemical processes (mech-
anochemistry) is quite common in many biological systems. A relevant 
example is provided by living cells. A vast range of biological pro-
cesses relies on coupling mechanical and chemical phenomena [362]; 
living cells typically translate mechanical stimuli useful to the most 
disparate biological functions into biochemical signals and/or func-
tional responses of different types [363,364]. For example, as recalled in 
Sect. 2.1, cells of the bone tissue are characterized by a mechanochemi-
cal response which triggers a collective mechanism leading to adaptivity 
in bones [5,363]. The adaptive and superior strength and toughness 
of many biomaterials has been attributed to specific molecules (pro-
teins) capable, upon an applied mechanical stretch, of absorbing a large 
amount of energy by breaking sacrificial bonds [363,365,366].

3.6. Metamaterials and topological-based-functional polymers

Metamaterials and topological-based-functional polymers are typ-
ically characterized by an organized structure (either concerning ge-
ometrical aspects and/or types of materials) at different scales; this 
properly designed structure is the main responsible for the material’s 
functionality. According to [367], a metamaterial is characterized by 
properties which go beyond those of the constituting materials or, even 
more interestingly, are characterized by unprecedented properties not 
found in standard materials.

Functionality in metamaterials and topological-based polymers, typ-
ically stems from the particular arrangement of the material in a peri-
odic (or non-periodic) representative unit cell and in the way such cells 
are organized in space. The topological arrangement of the material 
can be either at the level of the material’s microstructure as well as at 
the level of the structural element [367]. It is worth noticing that all 
the previously illustrated functional materials may eventually be archi-
tected in specific patterns: beyond the functionality coming from the 
material itself, further functionalities can be obtained by properly ar-
ranging the material in organized patterns. This can be obtained, for 
instance, in LCE-based elements whose director field is set along differ-
ent directions in specific sub-regions; in these cases, the responsiveness 
comes from both the order-disorder transition of the chain network as 
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well as from to the particular director pattern arrangement.
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Although the concept of incorporating an architecture into materials 
is not new, recent developments in the field of AM technologies have 
further enabled the fabrication possibilities of metamaterials with very 
complex architectures at different length scales, [368,369].

Origami and kirigami-based metamaterials, whose mechanical func-
tionality comes from a proper folding and/or cutting and assembling of 
planar 2D parts to form complex 3D structures, have shown function-
alities, for instance through the existence of multi stable configurations 
activated at will, leading to programmable stiffness and deformations, 
negative Poisson’s ratio, etc. [282,368,370].

Since the shape or topology of a polymer (at the microscale level) 
is one of the crucial factors in determining its properties [371], tailor-
ing the architecture of polymer molecules represents also an effective 
way of controlling and encoding desired properties into the polymer 
matrix [372]. Within this context, novel strategies to design unprece-
dented polymer topologies based on synthesizing a polymer matrix 
characterized by chains having static or dynamic tailored geometries 
(linear-, cyclic-, star-, H-shaped, etc., -based-polymers), represent an on-
going challenge in polymer science and technology [371–375]. Morph-
ing in topology-based materials under external stimuli (in the so-called 
topology-transformable polymers, such as in slide-ring gels [23,375]), 
Fig. 6(f), has been also exploited to get materials characterized by 
adaptable microstructures and properties [23,371].

Tailoring the material microstructure has been recognized to be a 
proper way of obtaining responsiveness in materials; however, function-
ally graded materials or topological-based materials, characterized by a 
proper and desired non-uniform spatial arrangement of unit constituent 
cells, can be also harnessed to obtain functionality [162,296,376]. 
Topological-based functionality has been exploited to obtain a target 
force-displacement curve [266], while self-bending capabilities have 
been obtained by encoding a controlled residual stress field in pho-
topolymerized materials obtained by using the Direct Laser Writing AM 
technology [377].

Beyond mathematical models describing the complex chemical-
physical-mechanical behavior of such materials, theoretical or artificial 
intelligence-based algorithms capable to solve optimization problems, 
e.g. providing the optimum materials’ configuration given a target func-
tional response, are promising tools for the systematic design and pro-
gramming a new generations of metamaterials.

Natural materials are, to some extent, the most iconic example of 
metamaterials and topological-based functional materials since their 
outstanding capabilities are often determined by the particular arrange-
ment of their natural constituent elements. Bones, shells, crabs, spider 
silks, etc. to name a few, are characterized by properly arranged struc-
tures over multiple length scales, whose properties go beyond those 
shown by non properly organized architectures made of the same com-
ponents [4,378–381]. Another relevant example provided by nature can 
be found in clusters of living organisms (bees, fire ants, etc.). Despite 
they might apparently appear as randomly un-organized structures, 
they possess a properly bio-encoded hierarchical architecture designed 
for performing functionalities. Similarly to the strategy consisting into 
the specific repetition of a material unit cell to obtain a smart re-
sponse in synthetic metamaterials, the particular spatial arrangement 
and synergistic interactions of organisms used to living in groups are 
responsible for the numerous smart functionalities shown by the aggre-
gates they form (see Sect. 2.1).

3.7. Applications

Thanks to their particular features, functional polymers have gained 
a remarkable attention and have opened new scenarios in a wide range 
of advanced applications. Some of the relevant applications involving 
functional polymers – with particular emphasis on those inspired by 
natural matters – are briefly summarized in this section.

Controlled drug delivery. Stimuli-responsive polymers are widely used 

in applications requiring a controlled drug delivery tailored to the 
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most disparate situations. The concept of drug delivery systems based 
on responsive polymers was first reported in the late 1970s by using 
thermo-sensitive liposomes for the local release of drugs via hyperther-
mia [382,383]. Although drug delivery is common in a wide range of 
applications, it is particularly relevant to the healthcare and biomedical 
sectors: as recalled in Sect. 2.4, similarly to insects which release chem-
ical agents to obtain self-protection, responsive polymers can be engi-
neered to precisely release on demand therapeutic substances against
pathologies, virus, etc. [232]. In this context, several works have been 
proposed [23,73–75,231,382,384–386] and various kinds of materials 
have been employed such as active materials based on collective actions 
(Janus particles, see Sect. 2.1), hydrogels (see Sects 2.4 and 3.2), etc. 
Bio-compatible, biodegradable, and low toxicity stimuli-based respon-
sive polymers are of crucial importance for a safe interaction with the 
human body [387]. Chitosan represents a multi-stimuli natural-based 
responsive polymer which has been exploited for drug delivery applica-
tions for cancer therapy and skin treatment [387]. Despite the literature 
is extremely vast in this field, the engineered design of materials show-
ing a precisely controllable and adaptable of the stimulus-dependent 
amount of drug to be released is still in its infancy.

Robotics, artificial muscles and actuators. The innate capability of liv-
ing organisms of exploiting natural strategies to obtain locomotion, 
actuation, etc., have inspired and opened new scenarios in a wide 
range of applications requiring smart movement capabilities; this fea-
ture would have been almost impossible to be faced by using traditional 
materials. The development of responsive polymer-based robots or mi-
crorobots, artificial muscles, actuators, etc. – often based on the use 
of soft materials – can be exploited in various applications such as 
for environmental control, surgery, assembly, movement and delivery 
of objects, on demand target capturing, gripping and releasing, etc. 
[19,25,122,150,244,258,388]. The responsiveness of functional poly-
mers allows generating autonomous and self-adapting locomotion/ac-
tuation without using electronics or other classical remote controls.

Sensing, biosensing, augmented reality. Living organisms posses a vast 
range of biosensors capable of detecting the surrounding environment 
and consequently to react by performing different tasks. Responsive 
polymers behaving similarly to living organisms are exploited in a 
vast range of applications requiring sensing, biosensing, augmented 
reality, etc. [25,285]. Sensing and measurement of environmental in-
dicators can be obtained by harnessing smart materials operating as 
translators of the detected physical, mechanical, chemical, or biologi-
cal stimuli into readable and quantifiable signals [285,389]. Usually, 
the conversion mechanisms translate the felt stimulus into optical, ther-
mal, electrical or electrochemical signals, which can be easily quantified 
by standard measurement tools. Self-diagnostic polymers (Sect. 2.2 and 
3.5) used for damage detection and prevention are particularly rel-
evant in this field, [105,110,112–115]. Responsive materials can be 
also used to detect and counteract mechanical vibrations with active 
and tunable vibration absorption mechanisms operating in a wide fre-
quency range; this is particularly useful in obtaining high-precision 
movements and trajectories of machines and robots [390]. Materials 
like biosensors are instead capable of detecting and quantifying bio-
logical species [285]. For example, some hydrogel-based sensors can 
be used to reveal and prevent food contamination; thanks to their 
highly porous structure, good biocompatibility, shape-adaptation, and 
tailored stimulus-responsiveness, they represent very promising candi-
dates to revolutionize the food safety realm. [391]. Haptic interfaces 
used in applications requiring human-machine interactions (relevant 
to medical purposes, in virtual and augmented reality, to support per-
sons with sensory impairments, etc.), have been also developed so far 
[25,145,146,149,151,392].

Adhesives. A vast range of living organisms exploits different natural 
mechanisms for performing attachment (adhesion) to substrates, sur-
22

faces, etc. For example, gecko can climb thanks to the microstructure 
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of its adhesive toe pads (Sect. 2.3) whereas other organisms such as oc-
topus, plants, etc., can emit gluing substances enabling adhesion [393]. 
Functional polymers have been largely employed in applications requir-
ing adhesion to surfaces [175,393,394], especially in situations where 
adhesion represents a challenge. For example, two dry surfaces can in-
stantly adhere upon contact with each other through intermolecular 
forces generated by hydrogen bonds, electrostatic or other interactions. 
On the other hand, the adhesion phenomenon is extremely challenging 
in applications dealing with wet surfaces (such as when body tissues 
are involved), because water molecules hinder the adhesion mechanism 
[395]. To this aim, a mechanism based on a diffusion-assisted chemical 
crosslinking reaction promoting binding between wet surfaces has been 
recently developed [394,395]. In this field, functional polymer-based 
materials have been also used to fabricate medical adhesives (Sect. 2.4): 
if properly functionalized, they can synergistically bind the failed tissue 
and promote wound healing [233].

Applications in the healthcare and biomedical sector. Beside the ap-
plications discussed above (such as drug delivery, medical adhesives, 
etc.), in the healthcare and biomedical sector responsive polymers and 
polymer-like materials are also exploited with other purposes. Collec-
tive actions of responsive polymer-based materials (see Sect. 2.1) have 
been exploited in ultrasound-based therapies, clinical diagnostic, etc. 
[61–64]. 3D printed bioinspired polymer-based synthetic structures, 
whose mechanical and functional behavior is comparable to the natural 
structures of the human body (blood vessels, tissues, organs, etc.), are 
opening new scenarios in biomedical applications [396–398]. For in-
stance, synthetic functional vascular tubes have been fabricated [396], 
and their potentialities as vascular models for in vitro disease stud-
ies and as grafts for in vivo vascular surgeries have been discussed 
[396]. However, applications dealing with in vivo vascular reconstruc-
tion require further studies to be effective [396]. It is also worth men-
tioning the potentiality of functional polymers in fabricating advanced 
biomedical devices (such as stents) capable of effectively accomplish 
their task as well as to enable their remote control [399,400]. It must 
be emphasized that the effective and daily application of responsive 
polymer-based medical devices still represents an awkward challenge 
and requires further studies and investigations.

Smart coatings and surfaces. The body of living organisms is usu-
ally enclosed in a material interface (such as the skin of the human 
body, etc.) which can be considered a smart coating possessing various 
functionalities, such as thermal regulation, camouflage, self-healing, 
etc., see Sect. 2 for more details. Artificial coatings made of respon-
sive polymers have been developed for the most disparate applications. 
For instance, it is worth recalling the development of smart coatings 
based on different strategies (see Sect. 2.4), aimed at preventing and 
hindering the bio-fouling phenomenon [227–230]. The textile-based 
transdermal therapy finds also application in this field: functionalized 
textiles coated with stimuli-responsive hydrogel layers can balance the 
skin moisture and give comfort by actively controlling the body tem-
perature [387]. Similar approaches have been implemented to fabricate 
sweat-wicking clothes [401]. Smart coatings have also been used in ap-
plications devoted at preventing the corrosion phenomenon of surfaces. 
For example, a pH-responsive polymer has been exploited to fabricate 
a self-healing and anti-corrosion coating [402] capable of selectively 
release corrosion inhibitors as well as of self-repairing mechanical dam-
ages.

Hiding target objects. The capability of some living organisms to per-
form camouflage to elude visualization from predators, has inspired and 
opened new unprecedented scenarios in real applications. In particular, 
it is worth recalling the so-called thermal camouflage aimed at ther-
mally hiding target objects [125,127] enabled by responsive polymers 
(see Sect. 2.2 for more details).

Microfluidics, fluid separation, synthetic lubrication systems. Applica-

tions requiring a precise control of the fluid transport at the small scale 
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are increasingly requested in the development of micro-devices (mi-
crofluidics) where classical hydraulic tools (valves, pumps, etc.) are 
hard to be implemented due to size limitations. Microfluidic applica-
tions are adopted in several fields, such as in biomedical engineering, 
biotechnology, biology, medicine, etc., [403]. Responsive polymers rep-
resent an effective solution to pursue remote self-control of fluid trans-
port in microscale applications [404,405]. Responsive polymers have 
been also used in applications requiring fluid separation [223–226], as 
discussed in Sect. 2.1 and 2.4, or to fabricate controlled lubrication sys-
tems [235].

4. Programming a synthetic functional material: the 
process-microstructure-responsiveness relationship

An important aspect to be considered in the development of tailored 
synthetic functional materials is the knowledge of the so-called process-
microstructure-responsiveness relationship. This concept is relevant to 
the engineered design of advanced responsive materials and devices 
characterized by tunable features, enabling the functionalities required 
by the application of interest.

Controlling the synthesis of a functional polymer, nowadays eas-
ily achievable through the use of AM technologies, allows encoding a 
proper material’s microstructure leading to a wide range of tailored re-
sponses.

Within this context, several studies based on the so-called “expe-
rimental-based design of materials”, have been proposed [296,406–
413]; according to this approach, several prototypes of material/com-
ponent are built by varying the process parameters (or the composition 
of the bulk material) aimed at encoding the desired responsiveness.

On the other hand, physics-based models relying on the mathemat-
ical description of the process-microstructure-responsiveness relation-
ship, enable a quantitative prediction and link the material’s intrinsic 
features to the desired functional responsiveness. By following this 
route, the present section briefly illustrates the use of multi-physics 
models, developed by the authors in previous studies, suitable for 
the systematic simulation and programming of functional materials, 
with particular reference to shape-morphing of LCEs (Sect. 4.1) and 
to the tailorable response of photopolymerized materials (Sect. 4.2) 
[21,83,162,163,301,414–416].

4.1. Programmable shape-morphing of liquid crystal elastomers

LCEs materials display shape-morphing under external stimuli (see 
sect. 3.1). The nematic directors, the cross-link density, and the 
nematic-isotropic transition temperature, are the main design param-
eters to be exploited for quantitatively programming the material’s 
response.

As an example, by exploiting the DIW AM technology a photosensi-
ble LCE ink is deposited filament-by-filament on a substrate; this extru-
sion is done through a small diameter nozzle leading to the alignment of 
the LC mesogens along the printing direction. Setting the printing pat-
tern allows obtaining different nematic director alignments within the 
printed domain, Fig. 7(a). Once the filament has been deposited, the 
material is irradiated by UV-light to induce the photopolymerization 
reaction to solidify and freeze the LCE microstructure in the nematic 
state. Both the mesogens alignment and the photopolymerization can be 
used singularly or synergistically for programming the shape-morphing 
capabilities of the material, Fig. 7. Since the nematic-isotropic transi-
tion induced by a thermal stimulus provides a macroscopic contraction 
along the nematic director and an expansions along the normal di-
rection, a proper spatial arrangement of the nematic director leads 
to a strain field responsible for a desired macroscopic shape change, 
Fig. 7(b). On the other hand, the degree of contraction arising along 
the nematic director can be controlled and programmed via the cross-
link density of the material, Fig. 7(c-e). As illustrated in Fig. 7(c), in this 
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case the LCE specimen is assumed to be fabricated without changing the 
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printing direction (assumed nematic director pattern), but the material 
is subjected to a tailored photopolymerization process where the laser 
light intensity (𝐼𝑚) distribution, and/or exposure time 𝑡𝑐 are the pro-
cess parameters to be tuned, Fig. 7(d). This leads to a desired cross-link 
density value in different regions of the domain, i.e. 𝑐𝑎(𝐼𝑚1, 𝑡𝑐1) = 𝑐𝑎1, 
𝑐𝑎(𝐼𝑚2, 𝑡𝑐2) = 𝑐𝑎2, etc. Different cross-link density values are responsible 
for different degree of actuation of the LCE material triggered by a given 
external stimulus, Fig. 7(e).

The physical description of the LCE network can be conveniently 
provided by the chain distribution tensor, introduced in Sect. 3. It de-
scribes the process-dependent physical state of the network at the time 
of cross-linking (i.e. immediately after synthesis) and the evolution of 
the network conformation upon external stimulus.

At the time of cross-linking, by assuming the nematic director 𝐧 in-
duced by the filament deposition direction to be coincident with the 
𝑥-axis of the Cartesian frame of reference, i.e. 𝐧 ≡ 𝐱 = (1, 0, 0), the chain 
distribution tensor can be expressed as follows:

𝝁𝑛(𝑡 = 0) = 𝝁0𝑛 =
𝑁𝑏2

3

⎡⎢⎢⎣
1 + 2𝑄0 0 0

0 1 −𝑄0 0
0 0 1 −𝑄0

⎤⎥⎥⎦ (24)

After the synthesis of the material, the conformation change of the LCE 
chain network typically occurs because of (1) a pure mechanical de-
formation applied to the material, and (2) a spontaneous deformation 
induced by the nematic-isotropic transition. Correspondingly, the time 
derivative of the chain distribution tensor is expressed as [21]:

𝝁̇(𝑡) = 𝝁̇𝐹 (𝑡) + 𝝁̇𝑁𝐼 (𝑡) (25)

in which 𝝁̇𝐹 (𝑡) and 𝝁̇𝑁𝐼 (𝑡) represent the time derivative due to the 
purely mechanical deformation and nematic-isotropic spontaneous de-
formation, respectively. These two terms can be evaluated as follows:

𝝁̇𝐹 (𝑡) =
𝜕𝝁(𝑡)
𝜕𝑡

||||𝑁𝐼

= ⟨𝜑𝑛(𝑡)𝐫 ⊗ 𝐫⟩𝐋(𝑡) = 𝐋(𝑡)𝝁(𝑡) + [𝐋(𝑡)𝝁(𝑡)]𝑇 (26)

𝝁̇𝑁𝐼 (𝑡) =
𝜕𝝁(𝑡)
𝜕𝑡

||||𝐹 = 2𝑁𝑏2

3
[
𝐐̇(𝑡) −𝐖(𝑡)𝐐(𝑡) +𝐐(𝑡)𝐖(𝑡)

]
(27)

where ■|𝑁𝐼 , ■|𝐹 indicate the evaluation of the quantity ■ at constant 
nematic order parameter and at constant deformation, respectively. The 
term 𝐖 in Eq. (27) is the so-called spin tensor, 𝐖 = 1∕2(∇𝐮̇ − ∇𝐮̇𝑇 ), 
being 𝐮 the displacements vector, [417], and is required to make the 
rate (Eq. (27)) objective (frame-indifference). In Eq. (27), 𝐐̇(𝑡) is the 
time derivative of the order tensor (see sect. 3.1); it can be evaluated as 
follows:

𝐐̇(𝑡) =
⎡⎢⎢⎣
𝑄̇(𝑡) 0 0
0 −𝑄̇(𝑡)∕2 0
0 0 −𝑄̇(𝑡)∕2

⎤⎥⎥⎦ (28)

where 𝑄̇ is the time derivative of the order parameter, which de-
pends on the 𝑄 − 𝑇 relationship (sect. 3.1); it can be computed as 

𝑄̇(𝑡) = 𝜕𝑄

𝜕𝑇

𝜕𝑇

𝜕𝑡
= −

exp 𝑇−𝑇𝑁𝐼
𝑠

𝑄0𝑠
𝑄(𝑇 )2𝑇̇ . This time derivative is zero when the 

order parameter is constant in time; this occurs for instance when the 
temperature does not change (𝑇̇ = 0) or the temperature of the mate-
rial 𝑇 is far from the nematic-transition one, [21]. It is worth noticing 
that the time derivative of the order tensor does not depend on the 
time derivative of the nematic director: in fact, during the nematic-
isotropic transition the degree of alignment of mesogens reduces (i.e. 
greater scattering angle, quantified by 𝑄̇, arises), without any change 
of the director 𝐧 encoded in the material during the synthesis process 
[301].

By assuming that the time derivative 𝝁̇𝐹 (𝑡) and 𝝁̇𝑁𝐼 (𝑡) are indepen-
dent on each other, the chain distribution evolution can be computed 

as follows:
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Fig. 7. Programmable shape-morphing of LCEs obtained by exploiting the synthesis-microstructure-responsiveness concept by tuning the nematic director pattern 
and/or the cross-link density. Schematic of the synthesis process of a LCE element through DIW process synthesized by adopting different printing paths creating 
different nematic director regions (a) and corresponding mechanical response of the element under a thermal stimulus (b). Synthesis of LCE with a uniform nematic 
director (c) photopolymerized by adopting different photopolymerization setups (different light intensities or exposure times) (d) inducing different cross-link 
densities responsible for different degree of actuations (e).
𝝁(𝑡) = 𝝁𝑛(𝑡 = 0)
⏟⏞⏟⏞⏟

process-dependent

+

𝑡

∫
0

[
𝝁̇𝐹 (𝜏) + 𝝁̇𝑁𝐼 (𝜏)

]
𝑑𝜏

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
process-stimulus-dependent

(29)

which is the sum of two terms, the first describing the network con-
formation after synthesis (process-dependent), while the second one 
is related to the evolution of the network due to the applied stim-
uli (process-stimulus-dependent); overall, the current chain distribution 
tensor 𝝁(𝑡) results to be process-stimulus dependent. Once the chain dis-
tribution has been determined, the stress state in the LCE material can 
be computed as follows:

𝝈(𝑡) =
3𝑐𝑎𝑘𝐵𝑇
𝑁𝑏2

(
𝝁(𝑡) − 𝝁0𝑛

)
+ 𝜋(𝑡)𝟙 (30)

which consequently results to be process-stimulus dependent (process-
microstructure-responsiveness relationship).

The cross-link density of the polymer network plays a fundamental 
role on the material responsiveness [162], thus it can be exploited to 
program the material response [20,162,418–420]. LCE synthesis induc-
ing a non-uniform photopolymerization reaction intensity (such as, for 
instance, by irradiating selectively the domain), can be adopted to ob-
tain a material characterized by complex shape-morphing capabilities 
[420]. In [419] a similar strategy has been adopted by properly non-
uniformly de-crosslinking the LCE to create a spatial arrangement of 
regions where self-deformation occurs with different intensity degrees. 
Programmable actuations obtained by coupling LCE bi-layer domains, 
where the responsiveness of each layer is tuned by changing the degree 
of cross-link, has been experimentally shown in [20].

The cross-link density of the LCE matrix can affect the self-induced 
deformation capability, see Fig. 7(e), but it may also have a role 
in tuning the nematic-isotropic transition temperature of the mate-
rial [20,162,421,422]. The above discussed physics-based model can 
be extended to account for this latter aspect. To this end, both con-
stant nematic-isotropic transition temperature and fixed initial order 
parameter are assumed in the following discussion [162]. Since poly-
mer chains are reciprocally connected, the order variation induced by 
the mesogens rotation results in a macroscopic deformation of the ma-
terial, taking place if the cross-link density is low enough to allow 
the thermal motions of polymer chains driven by the mesogens rota-
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tion, [423]. On the other hand, when the reciprocal connection among 
polymer chains is too high (such as in presence of high cross-link den-
sity values), the self-deformation capability of the material decreases 
because of the network constraint which hinders the motion of the poly-
mer chains. The so-called self-deformation effectiveness (𝑓 ) indicates 
the amount of macroscopic deformation occurring when the tempera-
ture change crosses the nematic-isotropic transition temperature. This 
parameter can be experimentally measured and related to the actual 
cross-link density of the material. From experimental evidence, it ap-
pears that there are two ideal regions that characterize the behavior of 
the material [162]. In the first region (region 𝐼), the actuation effec-
tiveness increases by increasing the cross-link density from 𝑐𝑎 = 0 (no 
actuation, being the material in the liquid state) to 𝑐𝑎 = 𝑐𝑎 (maximum 
actuation). In the second region (region 𝐼𝐼), the actuation capability 
decreases from the maximum value occurring for 𝑐𝑎 = 𝑐𝑎 up to zero for 
𝑐𝑎 = 𝑐𝑡 (no actuation because of the too strong constrains existing be-
tween the chains), [162]. A microscopic self-deformation effectiveness, 
suitable to describe the material behavior in the two above-mentioned 
regions, can be conveniently introduced:

𝜙𝐼 (𝑐𝑎) =
1

1 +
(
𝑐𝑎−𝑐𝑎
𝑐𝑎

)𝛼𝐼
(31)

𝜙𝐼𝐼 (𝑐𝑎) = 1 −
(
𝑐𝑎 − 𝑐𝑎

𝑐𝑡 − 𝑐𝑎

)𝛼𝐼𝐼

(32)

where 𝑐𝑎, 𝑐𝑡, 𝛼𝐼 and 𝛼𝐼𝐼 , are material’s dependent parameters which 
can be experimentally determined by adopting the affine deformation 
hypothesis 𝑓 (𝑐𝑎) = 𝜙(𝑐𝑎), [162]. The microscopic self-deformation effec-
tiveness provided by the mesogens rotation is maximum when 𝑐𝑎 = 𝑐𝑎; 
correspondingly, the LCE network is assumed to be made of a single 
network displaying the maximum effectiveness. On the other hand, 
in region 𝐼 (0 < 𝑐𝑎 < 𝑐𝑎) and 𝐼𝐼 (𝑐𝑎 < 𝑐𝑎 < 𝑐𝑡), the microscopic self-
deformation effectiveness is lower than the maximum one. In these 
cases, the LCE network can be fictitiously assumed to be made of a 
double network: the first one, the effective network responsible for the 
actuation, has a cross-link density 𝑐𝑎1 = 𝑐𝑎; in order to take into ac-
count the influence of the actual cross-link density 𝑐𝑎, its microscopic 
effectiveness is weighted by the parameter 𝜙(𝑐𝑎). The second fictitious 
network, with cross-link density 𝑐𝑎2 = 𝑐𝑎 − 𝑐𝑎, is assumed to be not able 
to display self-deformation. Despite this latter network is characterized 

by a cross-link density which formally restores the LCE actual one, it 
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ideally represents one of the two limits where no actuation takes place 
(i.e., 𝑐𝑎 = 0 in region 𝐼 or 𝑐𝑎 = 𝑐𝑡 in region 𝐼𝐼), [162]. In other words, the 
actual network is fictitiously assumed to be made of two sub-networks: 
the first one produces the maximum achievable actuation, but its effec-
tiveness is weighted by the microscopic parameter 𝜙, (region 𝐼 or re-
gion 𝐼𝐼). The second sub-network has no effect on the self-deformation 
because of the too low (region 𝐼) or too high (region 𝐼𝐼) cross-link den-
sity; both of them are responsible for no self-deformation capabilities of 
the material.

In this case, the time derivative of the chain distribution tensor re-
lated to the nematic-isotropic transition is evaluated as follows:

𝝁̇𝑁𝐼 (𝑐𝑎, 𝑡) = 𝜙(𝑐𝑎)𝝁̇𝑁𝐼1(𝑐𝑎, 𝑡) + 𝝁̇𝑁𝐼2(𝑐𝑎2, 𝑡) (33)

in which 𝝁̇𝑁𝐼1(𝑐𝑎, 𝑡) can be evaluated as indicated in Eq. (27) but 
has to be weighted with the microscopic effectiveness 𝜙(𝑐𝑎), while 
𝝁̇𝑁𝐼2(𝑐𝑎2, 𝑡) = 0 since the second fictitious sub-network does not pro-
duce any actuation. Once the time derivative of the chain distribution 
tensor is known, it can be adopted for performing the time integra-
tion (Eq. (29)) to assess the actual chain distribution tensor; finally, the 
stress state of the material is obtained as shown in Eq. (30).

In order to induce the nematic-isotropic transition in LCEs, a proper 
external stimulus, typically a temperature variation, has to be applied. 
The temperature change can be obtained by directly heating the ma-
terial; in this case, the evolution of the temperature field can be as-
sessed by adopting the standard heat conduction equation equipped 
with the proper boundary conditions [21]. On the other hand, a tem-
perature variation can also be obtained by exploiting the so-called 
photo-thermal effect: in this case, a light-radiation induces internal heat 
generation through light-thermal conversion taking place in nanoparti-
cles dispersed into the material [123,301,424,425]. The corresponding 
generated heat must be considered in writing the heat conduction equa-
tion [301]:

−∇
[
𝑘𝑚∇𝑇 (𝐗, 𝑡)

]
+ 𝜌𝑚𝑐𝑚

𝜕𝑇 (𝐗, 𝑡)
𝜕𝑡

= 𝑞(𝐗, 𝑡) (34)

where 𝑘𝑚, 𝜌𝑚 and 𝑐𝑚 represent the thermal conductivity, the mass den-
sity and the specific heat, respectively. In Eq. (34), 𝑞(𝐗, 𝑡) is the heat 
generated by the photo-thermal effect per unit volume in the unit time. 
It can be evaluated as follows [301]:

𝑞(𝐗, 𝑡) =𝐴(𝐗, 𝑡)𝐼(𝐗, 𝑡) (35)

where 𝐴(𝐗, 𝑡) is the absorbance of the material and 𝐼(𝐗, 𝑡) is the light 
intensity field in the material domain. For sake of simplicity, in writ-
ing Eq. (34) we considered the generated heat to remain entirely in the 
medium where it can simply propagate by conduction, while other ef-
fects, such as thermal energy dispersions provided by thermal cooling, 
etc., are neglected [301].

The light diffusion in a 3D domain is governed by the Beer-Lambert 
law, equipped with the proper boundary conditions. Let’s consider a 
region occupied by the material whose domain and boundary in the 
reference configuration are denoted with 0 and 𝜕0, respectively. The 
governing equations, written in the reference configuration, read [301,
414,426]:

𝐥(𝐗, 𝑡) ⋅∇𝐗𝐼(𝐗, 𝑡) = −𝐴(𝐗, 𝑡)𝐼(𝐗, 𝑡) for 𝐗 ∈0

𝐼(𝐗, 𝑡) = 𝐼(𝐗, 𝑡) for 𝐗 ∈ 𝜕0

(36)

where ∇𝐗 is the gradient operator evaluated in the reference configu-
ration, 𝐥(𝐗, 𝑡) is the unit vector representing the direction of the incom-
ing light (here assumed perpendicular to the irradiated boundary) and 
𝐼(𝐗, 𝑡) is the (known) light intensity distribution over the irradiated do-
main at the time 𝑡. The incoming light intensity distribution is usually 
assumed to be Gaussian characterized by the maximum value 𝐼𝑚 oc-
curring at the point 𝐗 = 𝐗, and standard deviation 𝑐. The light source 
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can eventually move along the irradiated domain with speed 𝑣. Under 
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these assumptions, the light intensity over the irradiated boundary can 
be described as [83,301,414]:

𝐼(𝐗, 𝑡) = 𝐼𝑚 ⋅ 𝑔(𝐗, 𝑣, 𝑡) = 𝐼𝑚 ⋅ 𝑒𝑥𝑝

(|||𝐗|||− 𝑣𝑡
)2

𝑐
(37)

The absorbance of the material can be estimated by accounting for the 
absorbance of the various species present in the material and for the 
photopolymerization process (see Sect. 4.2 for more details); the ab-
sorbance of a LCE material with embedded photo-thermal particles can 
be evaluated as:

𝐴(𝐗, 𝑡) =𝐴𝑚(𝐗, 𝑡) + 𝜃𝐶𝑛(𝐗, 𝑡) (38)

where 𝐴𝑚(𝐗, 𝑡) is the absorbance of the polymer network, while 𝜃 is the 
molar absorbance of the photo-thermal particles whose concentration is 
𝐶𝑛(𝐗, 𝑡). It is worth mentioning that 𝐴𝑚(𝐗, 𝑡) is in general also related to 
the synthesis process of the material; it must be evaluated by taking into 
account for the degree of polymerization achieved by the material, see 
sect. 4.2. If no chemical reactions occur during the nematic-isotropic 
transition (i.e. the chemical composition and the concentrations of the 
material do not change), assuming incompressibility and taking the ab-
sorbance to be not dependent on the nematic-isotropic transition, we 
have 𝐴 =𝐴𝑚 + 𝜃𝐶𝑛, i.e. a constant value material property.

The described approach is suitable to analyze, simulate and design 
LCE-based devices by adopting a multi-physics-based systematic materi-
als’ programming approach [21,23,163,301], by exploiting the process-
microstructure-responsiveness relationship. For instance, the possibility 
to precisely control the thermal-induced shape-morphing of architected 
LCE elements by patterning the nematic director distribution and con-
trolling the nematic-isotropic transition temperature, has been explored 
in [163]. The effect of the cross-link density on the responsiveness of 
bi-layer LCE elements has been explored in [23]: it has been shown 
that different deformation patterns can be obtained by properly setting 
the cross-link density mismatch of the two layers. The photo-thermal 
response of LCE materials has been investigated in [301], where the 
role played by the absorbance of the material (related to the photo-
thermal particles concentration) has been considered. Moreover, it has 
been also shown that the thermal conductivity of the material plays a 
crucial role in regulating the actuation of LCE materials [301]. The ef-
fect of a non-uniform Gaussian light intensity distribution has been also 
explored [301]: different shape-morphing have been obtained by tun-
ing the speed of the light source or, alternatively, by adopting a light 
source at rest with a tailored Gaussian distribution. Based on such an 
approach, future studies may open new scenarios in understanding, op-
timizing and opening unexplored frontiers in the field of LCEs materials 
and devices.

4.2. Programmable mechanical response of photopolymerized materials

One of the crucial issues in the realm of AM is represented by the 
so-called process-related mechanical response of AM materials: the me-
chanical performance of the synthesized components is related not only 
to the characteristic properties of the bulk material but also to the pro-
cess parameters (characteristic of each AM technique) used for the syn-
thesis [84,87,427,428]. For this reason, despite to date the knowledge 
in this field is far from being exhaustive, the mechanical characteriza-
tion of AM materials in relation to the synthesis (printing) process has 
to be known.

Whereas the process-related mechanical response is typically an is-
sue in the realm of AM, it represents a new design perspective in 
obtaining materials with tailored properties and/or functionalities. Un-
derstanding how the process parameters affect the features of the syn-
thesized material, opens new possibilities in the field of programmable 
materials.

Among the various AM techniques [429], photopolymerization is a 

well-known synthesis process which allows obtaining a solid polymeric 
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Fig. 8. Photopolymerization process, taking place in the time interval 0 ≤ 𝜏 ≤ 𝑡𝑐 , (a,b) and mechanical response of the material occurring in time interval 0 ≤ 𝜏 ≤ 𝑡, 
(c-e): the mechanical response of the synthesized material depends on the mechanical properties encoded within the material during the synthesis. Schematic of the 
photopolymerization process obtained by adopting two different setups inducing different material’s properties at the microscale, here illustrated by the cross-link 
density field (a,b); the first photopolymerization process is characterized by a laser speed 𝑣 = 𝑣𝑎 (𝑡𝑐 = 𝑡𝑐𝑎 ) and a maximum light intensity 𝐼𝑚 = 𝐼𝑚𝑎

(a), while the 
second one is characterized by 𝑣𝑏 < 𝑣𝑎 (𝑡𝑐𝑏 > 𝑡𝑐𝑎 ) and 𝐼𝑚𝑏

> 𝐼𝑚𝑎
. Mechanical response of the beam element obtained from the two different photopolymerization setups 

(c,d). Corresponding load-displacement (𝐹 − 𝛿 ) curves (e).
𝑦

material starting from a material initially in the liquid state (typically 
a polymeric resin); a light-induced polymerization chemical reaction 
[87] is used to solidify the material. This reaction triggers the evolution 
of chemical species initially present in the liquid resin, so inducing a 
liquid-solid transformation. During polymerization, the solid phase can 
exist in different states (corresponding to various degree of cure), each 
one characterized by distinct mechanical properties [83,85,430–433]. 
Recently, the principle of photopolymerization has been implemented 
in modern AM technologies, such as the stereolithography (STL) and the 
digital light processing (DLP), which enable the fabrication of objects 
of generic shapes by harnessing a selective and controlled exposure of 
the monomer resin to a moving light source (STL) or to a light coming 
from a projector (DLP), [87,429]. As recalled in the previous section, 
this technique is also exploited in the synthesis of LCEs made of a pho-
tosensitive ink, as occurs for instance in the DIW synthesis process.

From a functional perspective, different mechanical properties can 
be obtained through different photopolymerization setups. A proper 
physics-based process-microstructure-responsiveness relationship can 
be exploited to systematically encode the desired mechanical responses 
in polymers by harnessing the photopolymerization process. A multi-
physics model for simulating the solidification (curing) of a liquid-resin 
material, coupled with a micromechanical-based description of the final 
polymer, is a promising tool to solve this challenge [83,87,414,415].

In order to study the mechanical response of photopolymerized ma-
terials, and to properly program their behavior, a two-folds approach 
must be followed: (1) simulation of the photopolymerization process 
and (2) mechanical process-related-description of the synthesized ma-
terial, see Fig. 8. The simulation of the photopolymerization process 
taking place in the time interval 0 ≤ 𝜏 ≤ 𝑡𝑐 , being 𝑡𝑐 the curing time, 
Fig. 8(a,b), typically requires three ingredients: (a) evaluation of the 
light propagation within the medium, (b) assessment of the chemi-
cal species evolution through kinetics relations, and (c) computing of 
the corresponding mechanical properties evolution in the domain being 
photopolymerized. On the other hand, when stimulated by an exter-
nal action, the description of the mechanical process-related-response 
of the synthesized material taking place in the time interval 0 ≤ 𝜏 ≤ 𝑡, 
Fig. 8(c,d), is aimed at assessing the mechanical response of the mate-
rial by using a suitable model whose parameters depend on the material 
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synthesis.
The chemical-physics phenomena involved in light-induced poly-
merization is usually described by a set of differential equations describ-
ing the evolution of the chemical species during synthesis [84,414,427]. 
The evolution of these species can be related to the mechanism of the 
polymer chains formation, here assumed to occur without any deforma-
tion of the domain (𝐅 = 𝟙). The time-dependent description of such an 
evolution allows determining the degree of cure 𝜚 (DoC, namely the de-
gree of polymerization or degree of conversion), which can be related 
to the cross-link density 𝑐𝑎.

The material to be photopolymerized is typically formed by distinct 
chemical species. Some species (such as the liquid monomer 𝑀 and 
the photo-initiators 𝑃ℎ𝐼 ) are initially mixed in the bulk material, while 
other species (such as free radicals/cross-link sites 𝑅 and growing poly-
mer chains, i.e. 𝑃 or 𝑃𝑒𝑛𝑑 ) appear during the synthesis process.

When the light is spread into the material, photo-initiator molecules 
are converted into free radicals. The molar concentration of photo-
initiators 𝐶𝐼 (𝐗, 𝜏), whose initial value is 𝐶𝐼 (𝐗, 𝜏 = 0) = 𝐶𝐼0, is gradually 
reduced in order to enable the production of free radicals, thus pro-
viding an increase of their concentration 𝐶𝑅(𝐗, 𝜏). Free radicals react 
with monomer molecules inducing the polymer chains formation. Cor-
respondingly, the monomer concentration 𝐶𝑀 (𝐗, 𝜏), whose initial value 
is 𝐶𝑀 (𝐗, 𝜏 = 0) = 𝐶𝑀0, is gradually reduced to form polymer chains. 
A polymer chain 𝑃 stops propagating (termination, 𝑃 → 𝑃𝑒𝑛𝑑 ), when 
it encounters and binds to another chain or a cross-link site, [414]. 
The whole process is described by a set of chemical reactions [83,414]
governed by differential equations whose solution provides 𝐶𝐼 (𝐗, 𝜏), 
𝐶𝑅(𝐗, 𝜏) and, finally, 𝐶𝑀 (𝐗, 𝜏), ∀𝜏 ∈ 0 ≤ 𝜏 ≤ 𝑡𝑐 . The knowledge of these 
concentrations allows us to determine the degree of cure as follows:

𝜚(𝐗, 𝜏) = 1 −
𝐶𝑀 (𝐗, 𝜏)
𝐶𝑀0(𝐗)

(39)

which physically represents the amount of monomer molecules con-
verted into polymer chains [414]. Beyond the so-called gel point, which 
corresponds to 𝜚 = 𝜚𝑔𝑒𝑙 at 𝜏 = 𝑡𝑔𝑒𝑙 , the mechanical stiffness of the ma-
terial starts increasing [84]; the degree of cure can be related to the 
cross-link density of the polymer matrix as follows:

𝜇

𝑐𝑎(𝐗, 𝜏) = [𝜚(𝐗, 𝜏)] ⋅

𝑘𝐵𝑇
𝑒𝑥𝑝{𝛾 [𝜚(𝐗, 𝜏) − 1]} (40)
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where  = 0 for 𝜚(𝐗, 𝜏) ≤ 𝜚𝑔𝑒𝑙 or  = 1 for 𝜚 > 𝜚𝑔𝑒𝑙 , and 𝑐𝑎(𝐗, 𝜏 = 0) =
𝑐𝑎(𝐗, 𝜏 = 𝑡𝑔𝑒𝑙) ≅ 0 have been assumed, [415]. 𝜇 represents the shear 
modulus of the fully-cured polymer (i.e. the maximum achievable shear 
modulus characteristic of the resin being photopolymerized), while 𝛾 is 
a material-parameter regulating the rate of the mechanical stiffness in-
crease, [83]. The mechanism of cross-link density evolution can be also 
conveniently expressed by adopting an integral form; at the end of the 
process, i.e. at 𝜏 = 𝑡𝑐 , we get:

𝑐𝑎(𝐗, 𝑡𝑐) = 𝑐𝑎(𝐗, 𝜏 = 0)+

𝑡𝑐

∫
𝑡𝑔𝑒𝑙

𝑐̇𝑎(𝐗, 𝜏) 𝑑𝜏 = 𝑐0+

𝑡𝑐

∫
𝑡𝑔𝑒𝑙

𝛾𝑐𝑎(𝐗, 𝜏)⋅
(
−
𝐶̇𝑀 (𝐗, 𝜏)
𝐶𝑀0

)
𝑑𝜏

(41)

having used 𝑐̇𝑎(𝐗, 𝜏) = 𝛾𝑐𝑎(𝐗, 𝜏)𝜚̇(𝐗, 𝜏) from Eq. (40) and being 𝜚̇(𝐗, 𝜏) =
−𝐶̇𝑀 (𝐗, 𝜏)∕𝐶𝑀0 from Eq. (39); it is worth mentioning that since 
𝐶𝑀 (𝐗, 𝜏) ≤ 𝐶𝑀0 ∀𝜏 ∈ 0 ≤ 𝜏 ≤ 𝑡𝑐 , 𝐶̇𝑀 (𝐗, 𝜏) < 0 and so the integral in 
Eq. (41) is a positive quantity because the chain concentration increases 
during the synthesis.

As recalled above, the mechanism of polymer chains formation is 
triggered by a light source which provides the photo-initiator decompo-
sition. The light intensity within the domain must thus be determined; 
to this aim, the Beer-Lambert law described in the previous section, cou-
pled with the known values of the incoming light intensity (Eqs. (36)
and (37)), must be used. It is worth mentioning that during the light-
induced polymerization, the material’s absorbance, which has to be 
used in Eq. (36), results to be time-dependent; it can be related to the 
chemical species concentration as follows [84]:

𝐴𝑚(𝐗, 𝜏) =𝐴𝐼 𝐶𝐼 (𝐗, 𝜏) +𝐴𝑝𝑜𝑙 𝜚(𝐗, 𝜏) +𝐴𝑚𝑜𝑛 [1 − 𝜚(𝐗, 𝜏)] (42)

which shows a further coupling in the multi-physics model. In Eq. (42), 
𝐴𝐼 is the molar absorbance of the photo-initiators while 𝐴𝑝𝑜𝑙 and 𝐴𝑚𝑜𝑛

represent the absorbance of the fully-cured polymer and of the un-cured 
monomer, respectively.

During the photopolymerization process the material is assumed to 
be in the stress-free state. At a given material point, identified by the 
vector 𝐗, the statistical distribution of the polymer chains evolves ac-
cording to the following expression:

𝜌0(𝐫, 𝜏) = 𝜑0(𝐫) ⋅ 𝑐𝑎(𝐗, 𝜏) with 0 ≤ 𝜏 ≤ 𝑡𝑐 (43)

𝜑0 and 𝑐𝑎 being the normalized Gaussian distribution function and the 
current cross-link density, see sect. 3. It is worth mentioning that, since 
the photopolymerization does not introduce any anisotropy at the mi-
croscale level, at each point of the continuum domain the distribution of 
polymer chains keep being isotropic in the chain configuration space. 
When the synthesis of the material has been completed, the statisti-
cal distribution of the polymer chains in the reference configuration is 
given by:

𝜌0(𝐫, 𝑡𝑐) = 𝜑0(𝐫) ⋅
⎡⎢⎢⎢⎣𝑐𝑎(𝐗, 𝜏 = 0) +

𝑡𝑐

∫
𝑡𝑔𝑒𝑙

𝛾𝑐𝑎(𝐗, 𝜏) ⋅
(
−
𝐶̇𝑀 (𝐗, 𝜏)
𝐶𝑀0

)
𝑑𝜏

⎤⎥⎥⎥⎦
= 𝜑0(𝐫) ⋅ 𝑐𝜇 (44)

where Eq. (41) has been exploited in writing Eq. (44), and the equality 
𝑐𝜇 = 𝑐𝑎(𝐗, 𝜏 = 0) + ∫ 𝑡𝑐

𝑡𝑔𝑒𝑙
𝑐̇𝑎(𝐗, 𝜏) 𝑑𝜏 , being 𝑐𝜇 the cross-link density at a 

given material point at the end of the synthesis, has been used.
Correspondingly, the strain energy density of the material (see 

Sect. 3) during synthesis changes because of the chain formation, [83]:

Ψ(𝜏) = 𝑐𝑎(𝐗, 𝜏)⟨𝜑0(𝐫)𝜓(𝐫)⟩ with 0 ≤ 𝜏 ≤ 𝑡𝑐 (45)

Once the synthesis has been completed, the component is subjected to 
external actions (e.g. forces, stretches, etc.) in the time interval 0 ≤ 𝜏 ≤ 𝑡
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(mechanical problem). By neglecting the occurrence of any damage of 
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the material (chains rupture), viscoelastic effects, self-healing mecha-
nisms etc., the cross-link density is constant, i.e. 𝑐𝑎 = 𝑐𝜇 ∀𝜏 ∈ 0 ≤ 𝜏 ≤ 𝑡. 
Consequently, the strain energy density variation arising because of the 
external stimuli, written with respect to the reference state, is:

ΔΨ(𝜏) = Ψ(𝜏)−Ψ0(𝜏) = 𝑐𝜇⟨(𝜑(𝐫, 𝜏) −𝜑0(𝐫,0)
)
𝜓𝑐(𝐫)⟩ with 0 ≤ 𝜏 ≤ 𝑡

(46)

Correspondingly, the stress state in the material can be computed by 
taking into account for the synthesis process parameters as follows:

𝝈(𝜏) = 𝐽−1𝐏𝐅𝑇 = 𝑐𝜇⟨(𝜑(𝐫, 𝜏) −𝜑0(𝐫,0)
)( 𝜕𝜓

𝜕𝐫
⊗ 𝐫

)⟩+ 𝜋𝟙 (47)

It is worth mentioning that, if the free energy of an individual chain 
𝜓(𝐫) is evaluated according to the Gaussian statistics (suitable for not 
too much stretched chains), the stress state can be evaluated through 
the chain distribution tensor by using Eq. (4) with 𝑐𝑎 = 𝑐𝜇 .

By exploiting the above described physics-based process-micro-
structure-responsiveness relationship, the model can be harnessed to 
encode a proper mechanical response into the material [83,414]. Pro-
grammable load-displacement curves, distinct shape-morphing induced 
by the same stimulus, or new unexplored functionalities, can be ob-
tained from photopolymerized materials-based devices by properly set-
ting and controlling the synthesis process [83,415], Fig. 8.

5. Conclusion and future perspectives

In the natural kingdom, biological matter exploit information en-
coded within the material structure to exhibit functional responses, or 
to display physical-chemical-mechanical property changes in response 
to a wide range of environmental stimuli. Similarly, the systematic pro-
gramming of synthetic materials, achievable by an engineered design 
of their structure, aimed at responding to external signals, has the po-
tentiality to revolutionize materials science [347]. Synthetic materials 
and devices capable of precisely morphing by displaying changes in 
their shape, color, surface roughness, etc., or exhibiting a tailored me-
chanical response under external stimuli are highly desirable for the 
development of advanced applications [347], Fig. 9.

In this review, we have considered some of the most compelling 
morphing and functional responses observable in nature, developed for 
different functional purposes (camouflage, locomotion, self-protection, 
etc.) and we have discussed the related underlying mechanism. A broad 
overview of the morphing strategies and programmed responses found 
in nature has been provided. In parallel, the most relevant functional 
polymer-based materials being developed in the last decades have been 
presented, and the mechanisms responsible for their functional re-
sponses have been compared with those of living systems; further, some 
basic concepts related to the mathematical modeling of this class of ma-
terials have been illustrated.

To date, the complex performances shown by natural systems can-
not yet be fully replicated by using functional synthetic matters [434]. 
The functional responses of living organisms (fishes, animals, etc.), re-
sults from intricate material’s architecture and properties, coupled with 
remarkable capabilities of stimuli detection and responsiveness through 
complex neural elaboration of signals; these features are still impossi-
ble to be obtained in the current synthetic functional materials. Beside 
the surprising capabilities of biological systems of exhibiting functional 
responses when triggered by external stimuli, the concept of adaptiv-
ity which characterizes the innate features of these systems, has been 
remarked throughout the present work. Biological systems are capable 
of self-tuning their characteristics in order to adapt to the surround-
ing environment. Despite being a trivial capability in nature, encoding 
adaptivity (or reconfigurability) in functional synthetic materials repre-
sents an extremely awkward task which opens fascinating challenges to 
be faced in future. As an example, a LCE-based component, thanks to a 

particular microstructure encoded in the material during synthesis, can 
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Fig. 9. From functional responses in nature to programmable functional materi-
als exploited in advanced applications. Bio-encoded matter uses information en-
coded within the material’s structure to display functional responses; optimized 
bio-structures (refuges and nests) characterized by programmable mechanical 
responses, collective actions taking place in cluster of insects, locomotion and 
camouflage of living organisms. Similarly, chemical-physical-mechanical pro-
grammed responses can be encoded in a functional polymer (schematic of a 
polymer network structures at the center of the figure) to obtain a precise tai-
lored functional response. Some applications, which can benefit from the use 
of functional polymers, are illustrated: smart haptic interfaces, biomedical de-
vices, soft-robots, smart sensors and actuators.

exhibit a well-desired shape-morphing under a thermal stimulus (see 
Sect. 4.1); however, in certain applications, different shape-morphing 
could be required in response to the same external stimulus applied at 
different time instants. How the response of a material can be adapted 
to different requirements or to the presence of multiple stimuli? Recent 
studies have shown the possibility of encoding adaptabilities in func-
tional polymers (see Sect. 2), although the topic is still open to new 
discoveries. In the context of shape-morphing, the possibility of a ma-
terial to morph its shape under a stimulus and to reversibly return back 
to the initial configuration by removing the applied stimulus is crucial 
to be achieved. A synthetic functional matter capable of displaying var-
ious types of morphing starting from an initial state to different ones 
(adaptivity), and to return to the initial state (reversibility) on demand, 
is one of the most outstanding and desired achievement in materials 
science.

Practically, all the natural matters are characterized by a multiscale 
structure. To date, the majority of the developed functional polymers 
typically exhibit a single functional response. The development of multi-
stimuli and/or multi-functional smart polymers could noticeably im-
prove the performances and thus the applications range of such materi-
als [23,435]. As an example, materials capable of both shape-morphing 
and color-shifting have been recently proposed (see Sect. 2.2). Syn-
thetic functional polymer-based robots, capable of multi-locomotion 
gaits in various environments, are highly desirable in soft-robotics (see 
Sect. 2.3); analogously, hydrogels capable of multi-stimuli (pH, temper-
ature, etc.) controlled swelling responses could enable a step forward in 
the field of drug release. However, programming a multiple respon-
siveness in a synthetic material still represents an unsolved issue in 
materials science.

Another relevant aspect to be pointed out are the time scales in-
volved in the synthesis processes and in material’s response in biological 
matter and in synthetic functional materials. Typically, nature synthe-
sizes matter in a relatively large time interval; for example, plants and 
bone tissues growth takes years. In contrast, new synthetic fabrication 
processes (such as AM) has been demonstrated to be able to synthesize 
28

matter in much smaller time intervals, in the order of minutes or days 
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[26]. From this viewpoint, concerning the synthesis process time scale 
the technological achievements overcome that of the natural kingdom. 
On the other hand, the time scale of the material’s response is also quite 
different; a bio-material can display a functional response in an extreme 
short time interval, whereas the functional response exhibited by syn-
thetic functional materials, often takes place in longer time periods. As 
an example, squids can quickly re-orient their arms upon external stim-
uli for camouflage to occur (see Sect. 2.2), whereas a swelling-driven 
or a LCE-based cantilever beam can exhibit a similar mechanical re-
sponse in a time period ranging between seconds to days depending on 
material’s properties, geometry and environmental conditions. Further, 
the speed of the functional response shown by living matters is often 
automatically controlled by the organisms; for instance, swimming loco-
motion of fishes in response to external stimuli can rapidly change from 
slow to extremely quick (see Sect. 2.4), whereas the actuation speed 
of functional polymers is far from being controllable, programmable, 
or adaptable. This represents an important issue when dealing with 
morphing inducing locomotion, actuation, etc. As far as hydrogels are 
concerned, being their response based on the fluid diffusion within 
the polymer network, their actuation capabilities are typically quite 
slow [436]. On the other hand, functional polymers such as LCEs are 
characterized by fast actuation that is eventually limited by the low 
thermal conductivity of the material. Further studies focusing on the 
quantitative comparison of the actuation speed obtained from differ-
ent functional polymers are necessary to improve the understanding 
and the capabilities of existing and new functional polymers; a too low 
actuation speed and the difficulty to tune and adapt the actuation time 
rate to the application of interest, represent important drawbacks which 
can hinder the development of new technologies. Suitable multi-physics 
models (Sect. 4), coupled with experimentally-determined parameters, 
may help in assessing and tailoring the actuation velocity by tuning the 
material structure at the microscale.

Within the vast and complex outlined context, we believe that 
multi-physics-based models aimed at describing the chemical-physical-
mechanical mechanisms inducing the functional response of smart ma-
terials, are essential for further improvements in this field. The math-
ematical description of the process-microstructure-responsiveness re-
lationship, see Sect. 4, can be systematically exploited for materials 
programming (Sect. 3). Data-driven (D-D) approaches (such as those 
based on machine learning), if properly used to complement theoretical 
physics-based approaches, could further improve the development of 
new materials. D-D approaches could be exploited both for (1) learning 
from nature and (2) programming a synthetic functional material. On 
one hand, it may provide an effective route to mathematically assess 
the bio-encoded features of biological matter by providing a relation-
ship between material’s properties, structures, organization, and related 
functionalities. D-D approaches can be adopted to better understand the 
biological synthesis process, and thus to guide the nature-inspired de-
sign process for synthesizing new advanced materials or to guide the 
synthesis of new materials with outstanding properties [26]. However, 
due to the large database of input/output data typically required by 
data-driven approaches, D-D could be dramatically hard to be adopted. 
Thus, we believe that proper advanced mathematical models developed 
through a multi-disciplinary approach (involving material scientists, en-
gineers, biologists, etc.) for describing the behavior of biological matter, 
can be directly used for obtaining large input/output databases to be 
used for D-D approaches. Similarly, D-D approaches could effectively 
assist in the design of synthetic functional materials: if coupled with 
proper mathematical multi-physics models (Sect. 4) used for generat-
ing an outputs starting from an input database, D-D approaches may 
reveal the best “algorithm” to design and guide the synthesis (process 
parameters) of programmable materials by exploiting the underlying 
process-microstructure-responsiveness relationship.

The knowledge of natural cunning can push forward the research 
in this field, offers new possibilities, and opens unexplored scenarios 

not yet considered in materials research. Several aspects have been 
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discussed in the present review which, far from being exhaustive, has 
focused on what we consider the most compelling mechanisms adopted 
in nature to obtain smart responses in biological materials and systems. 
Whenever possible, we have compared the response of bio-materials to 
those of synthetic functional materials, providing some inspiring hints 
for further advanced materials development. The parallelism between 
bio-encoded matters and programmable synthetic functional materials 
has been stressed throughout the manuscript: we believe that identify-
ing the features shared among natural and synthetic functional matters 
could promote and inspire new developments in the smart materials 
field.
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