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Recent Advances in Shape Memory Polymers:
Multifunctional Materials, Multiscale Structures, and

Applications

Lan Luo, Fenghua Zhang,* Linlin Wang, Yanju Liu, and Jinsong Leng*

Shape memory polymers (SMPs) are one of the primary directions in the
development of modern high-tech new materials, which are integrated with
sensing, actuation, information processing, and autonomous deformation.
Here, multifunctional shape memory polymers are focused and a detailed
introduction to the characteristics of self-deformation, self-sensing,
self-healing, and self-learning is provided. Integrating with other functional
materials to form shape memory polymer composites (SMPC), designing and
controlling the material structure and organization at the microscale, thereby
achieving more precise and controllable shape memory effects and expanding
the potential of material applications. Ultimately, it is shown that SMPs and
their composites have a wide range of fascinating applications in the fields of
robotics, smart clothing, smart textiles, biomedical devices, and wearable
technology. SMPs will thus continue to play a significant role in future deeper

and microelectronics.!!' Smart materials
and smart structures are machinable or
intelligent structural systems that inte-
grate sensing, control, and drive (actuation)
functions. Shape memory polymers (SMPs)
refer to a category of polymer materials that
possess the unique ability to recover to their
permanent shape and dimensions when
subjected to specific external conditions
after being deformed and fixated (e.g., ex-
ternal stimuli such as heat,[?] electricity,®!
light,!*) magnetism ! or solution).l®). SMPs
are characterized by variable stiffness, pro-
grammable deformation, composability,
large deformations, and easy molding.
Shape memory polymers include ther-

exploration.

1. Introduction

Since the notion of smart materials was initially put forward
in the latter part of the 1980s, the application of smart materi-
als has penetrated the important fields of artificial intelligence,
biomedicine, aerospace, flexible electronics, robotics, smart man-
ufacturing, etc., and has become the cornerstone of modern in-
dustrial development. Smart composites refer to a class of new
materials that can make active responses under external excita-
tion, with the functions of self-sensing, self-driving, self-healing,
etc. It is the product of the intersection of multiple disciplines,
such as mechanics, physics, materials, chemistry, mechanics,
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mosetting resins and thermoplastic resins,

such as epoxy resin (EP), cyanate ester

(CE), polyurethane (PU), polyimide (PI),

polystyrene (PS), polylactic acid (PLA),
polycaprolactone (PCL), etc. Shape memory polymer compos-
ites (SMPCs) can be fabricated by incorporating conductive par-
ticles such as carbon nanotubes and nanogold, which are re-
sponsive to electrical and optical excitations. At present, SMPCs
have been widely developed in the fields of domains engineer-
ing, biomedicine, flexible electronics, and soft robotics, etc. The
unique properties of smart composites will lead the new direction
of development in aerospace, new aircraft, intelligent manufac-
turing, biomedicine, and other fields, and provide the material
foundation and guarantee for constructing an intelligent society
in the future.

In aerospace, it is advantageous to have a high compression
ratio as it helps minimize storage space and provides the nec-
essary driving force for intelligent bionics.”! Also, it is widely
used in various fields, such as biomedical, where it is regarded
as a promising technology.®! In the past few years, SMPs have
been increasingly penetrating the aerospace, industrial, and civil
fields, as well as entering into other emerging industries. This
paper discusses a type of smart material known as SMPs, which
can exhibit various properties under various external stimuli. We
highlight the connection between molecular design, macroscopic
performance, multifunctionality, and applications while summa-
rizing the most recent developments in the field. Bidirectional
shape memory effects, numerous forms, and multifunctional
SMPs are advancing to fulfill a variety of applications for novel
materials. High-performance SMPs are breaking new ground in
a variety of applications thanks to their strength, toughness, and
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Figure 1. Scheme of the shape memory polymers: mechanism, actuation methods, and applications.

heat resistance. Future smart devices in various scientific and
technological disciplines have a lot of potential thanks to SMPs.

In this work, we review a class of intelligent materials called
SMPs. We aim to comprehensively review the latest develop-
ments in molecular design, with a focus on introducing multi-
functional SMPs, multiscale SMPCs, and their applications. We
begin with a discussion of the fundamental theory underlying
smart composite materials before delving deeply into the areas
of study for thermoset shape memory polymers and their ther-
moplastic shape memory mechanism, as shown in Figure 1. In
the past decade, SMP’s efforts in various fields have increased
due to its variable stiffness and active deformation that give ma-
terials self-deformation and self-sensing functions. Self-healing
based on SMPs can meet the advantages of damage repair and
life extension and has made substantial progress. SMP has also
gradually combined computer science with the development of
artificial intelligence to reduce time and resources greatly. SMP
has potential applications in various fields, such as aerospace,
biomedicine, robotics, and smart textiles, and their future devel-
opment paths. We look at the current state of smart composite ap-
plications in industries like aircraft, robotics, medicinal devices,
and smart textiles, as well as the future paths for their advance-
ment.

2. Mechanism of Shape Memory Polymers

The shape memory mechanism of unidirectional SMPs is the
foundation for understanding all SMP deformation processes.
Taking thermally triggered dual-SMP as an example, we explain
its deformation mechanism from the perspectives of strain
elasticity and free energy. Due to the presence of two largely
incompatible phases in the material, including a reversible phase
that can change with temperature from a glassy state to a rubbery
state and a fixed phase that holds the sample’s initial shape, the
material exhibits shape memory, as shown in Figure 2. Depend-
ing on the different crosslinking methods of the fixed phase,
SMP can be classified into two categories: thermosetting and
thermoplastic.l! The stable polymer network and the reversible

Adv. Funct. Mater. 2024, 34, 2312036

2312036 (2 of 32)

switch are two distinct sections of the polymer that give rise to
the shape memory effect (SME) of SMP. The stable polymer
network is formed by molecular entanglement, crystalline phase,
chemical crosslinking, or interpenetrating network,'% deter-
mining the permanent shape of the polymer, while the reversible
switch is composed of crystalline-to-amorphous transitions, !
glass transitions,!!?l anisotropy/isotropy conversion,3] re-
versible chemical crosslinking!'*l or supramolecular structure
association/dissociation playing a role in fixing temporary
shapes.[!’]

2.1. Chemically Crosslinked

A thermosetting SMP is referred to as a fixed phase that
possesses a chemically crosslinked structure. The crosslinking
points are connected by chemical covalent bonds, which cannot
be disrupted by physical means, therefore preventing remold-
ing through melting.[*! The fixed phase can exist in the crys-
talline or glassy state, while the reversible phase refers to the
crystalline state or glassy state of the polymer. When the tem-
perature rises to the melting point of the crystalline phase, the
crystalline state disappears or the glassy state transitions into
the rubbery state. Under the influence of external forces, the
material undergoes elongation, causing directional rearrange-
ment of the molecular chains, which must stretch along the di-
rection of the external force field. When the desired shape is
reached, cooling the material allows the reversible phase to en-
ter the glassy or crystalline state, freezing the molecular chains
and solidifying the material into a stable solid. Additionally, due
to the hindrance provided by the crosslinking, intermolecular
sliding is restricted. When the deformed solid is reheated to
the rubbery state, thermal motion causes the molecular chains
to disorder, thus restoring the original state and generating a
recovery force. As a result, the deformed solid can recover its
original shape, completing one cycle of shape memory. This
mechanism is illustrated in the figure. Thermosetting SMPs
exhibit relatively higher shape recovery stress and are more
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Figure 2. Shape memory mechanism schematic diagram.

suitable for the fabrication of actuators, but they cannot be fur-
ther processed.

2.2. Physically Crosslinked

A thermoplastic SMP is referred to as a fixed phase that possesses
a physical crosslinked structure. The crosslinking points are
formed by partial crystalline structures, entanglement of ultra-
high molecular chains, etc. These polymers can be dissolved in
specific solvents or melted and reconfigured. The fixed phase
with a physical crosslinked structure can be either in a crystalline
or glassy state, but its transition temperature must be higher
than that of the reversible phase. The reversible phase’s molecu-
lar chain motion intensifies and changes from the glassy state to
the rubbery state when the temperature climbs above its transi-
tion temperature. To correct the shape deformation at this stage,
an external force is applied and sustained while cooling. The re-
laxed reversible phase segments are released from their align-
ment under the recovery stress of the fixed phase as the temper-
ature gradually approaches thermodynamic equilibrium when
it rises above the transition temperature once more. The fixed
phase of thermoplastic SMPs can also be formed by physically
entangled crosslinking points, such as in high molecular weight
polyethylene. These polymers exhibit excellent stretchability and
reprocessability, but the irreversible chain segment slip can lead
to poor shape memory effects.

3. Multifunctional Shape Memory Polymers

SMPs are a class of smart materials with numerous uses that,
when triggered by outside stimuli, can regain their original shape
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from a temporary shape. SMPs can achieve controlled shape ad-
justment thanks to their adaptability, which offers flexibility and
customizability in a variety of settings and applications. They can
perceive changes in the surrounding environment and produce
corresponding responses. For example, they can trigger changes
in shape or function through changes in factors such as tem-
perature, pressure, and humidity, thereby achieving intelligence
and responsiveness in practical applications. In addition, self-
healing SMPs can repair themselves when the material is dam-
aged or worn, extending their service life and improving stabil-
ity. Finally, SMPs are gradually developing toward self-learning.
This self-learning ability provides possibilities for the optimiza-
tion and further innovation of materials, promoting research
and development in the field of smart materials, as shown in
Figure 3.

3.1. Self-Deforming

The self-deforming behavior of SMP is influenced by various fac-
tors, and the different properties of materials affect their defor-
mation behavior, such as mechanical properties, thermal prop-
erties, etc. The micro molecular structure of a material deter-
mines its properties, such as crosslinking density, network struc-
ture, molecular arrangement, etc. The self-deforming behavior
of SMP brings more flexible, intelligent, and efficient solutions
in fields such as aerospace, medical devices, smart textiles, and
micro devices, with broad application prospects and market po-
tential. In 2016, Hu et al. created a human cartilage-like hydro-
gel co-polymer using two types of chemical bonding, dynamic
and stable. The preprogramming of the material was achieved
by adjusting key parameters such as the position, strength,
and quantity of chemical bonds,'”] as shown in Figure 4a.
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Figure 3. Classification and introduction of smart materials.

The team reported that they have successfully controlled the
morphological changes of materials, enabling them to occur
within hours, minutes, or seconds. They demonstrated this effect
by preparing a flower in which different petals unfold sequen-
tially, mimicking the natural state. The research team believes
that this material can be applied to drug delivery inside the hu-
man body. The smart material can encapsulate drugs and deliver
them to specific locations, and then undergo shape transforma-
tion based on pre-programming, enabling drug release. Addition-
ally, Xie et al. observed that programming at high temperatures
results in faster hydrogen bond exchange rates, leading to partial
chain relaxation and a decrease in entropy driving force within
the system. As a result, the spontaneous recovery rate at room
temperature is slower. Conversely, programming at low temper-
atures slows down hydrogen bond exchange rates, while increas-
ing the entropy driving force. This leads to a faster recovery rate at
room temperature.!’] Due to the time-temperature equivalence,
controlling the programming time can also result in different
entropy-driving states, as shown in Figure 4b,c. In conclusion,
by controlling the programming time and temperature, sponta-
neous sequential deformation behavior can be achieved. Subse-
quently, they discovered a water-based photocurable resin that ex-
hibits a naturally triggered, programmable recovery initiation in
the form of SMPs.['% Interestingly, the material exhibits a “de-
layed” recovery curve in ambient temperature water, with the re-
covery appearing to initiate after 10 min (Figure 4d). The pro-
gramming time ranges from 1 to 1440 min, with the tonnage
increasing from 1 to 24 min. The recovery speed decreases with
longer programming times, but in all cases, nearly complete re-
covery is achieved. Luo et al. achieved tunable shape memory
epoxy resins (SMEPs) using a series of epoxy monomers with
different functionalities through a topological cross-linking net-
work and preliminarily explored the potential application of SMP
with high toughness and self-deformation characteristics in the
field of artificial muscles (Figure 4e).["]

Adv. Funct. Mater. 2024, 34, 2312036

2312036 (4 of 32)

3.2. Self-Sensing

Coextrusion 4D printing (CE-4DP), a method suggested by Zhou
et al., incorporates continuous metal fibers into thermoplastic
SMPs.[22] Establishing a direct heating path through electrical
heating in the polymer matrix increased the heating rate of the
composite material by 70 times (Figure 5a). This allowed for se-
lectively and sequentially heating the SMPC, resulting in pre-
cise and programmable deformation, which was employed for
self-sensing in shape memory deformation. Tactile sensors made
with 4D printing will have previously unheard-of skills including
self-perception of motion, environmental adaptation, and self-
healing. A multimaterial extrusion method that combines PU in
forked electrodes and nano carbon black/polylactic acid compos-
ites was used to create a 4D-printed sensor (4DPS) with a dis-
tinctive coplanar design, as shown in Figure 5b.13] Zhu et al. dis-
covered a semicrystalline dynamic ion gel (SDIG) that possesses
dual functionalities of environmental sensing and shape mem-
ory. This gel has been successfully utilized to mimic biological
systems.!?*] In the design of semicrystalline dynamic ion gels,
the crystalline domains originate from hydrophobic interactions
between long alkyl side chains of BeMA (butyl methacrylate), pro-
viding dynamic phase transition and shape memory functionali-
ties, as shown in Figure 5c.

Cord-driven continuum robots (CDCRs) are highly important
soft robots characterized by their lightweight structure, safety,
and high degrees of freedom. They can undergo large-scale
bending, twisting, and other deformations based on their inher-
ent flexibility and stretchability, enabling them to work effec-
tively in narrow and complex environments. The lack of adhe-
sive mechanisms greatly limits the motion of soft robots and
makes them prone to delamination, which renders rigid sen-
sors unsuitable for integration. However, flexible self-perceptive
skin-like water gel sensors, made of ion-conductive poly-
acrylamide/alginates/nanoclay composite hydrogels, have been
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Figure 4. a) The different “petals” of the smart material flower unfold sequentially, mimicking the natural state. Reproduced with permission.['’] Copy-
right 2016, Nature. b,c) Intricately designed autonomous morphing paths based on cut and draw patterns. Reproduced with permission.l'8] Copyright
2021, Wiley-VCH. d) By controlling the programming temperature and time of each part, 4D printing with spontaneous sequential deformation is
achieved. Reproduced with permission.["® Copyright 2023,Nature. ) Deformable shape memory epoxy resin is used for artificial muscles. Reproduced

with permission.[2'] Copyright 2021, Springer.

developed to enable flexible self-perception in CDCRs.[] A
closed-loop control system was developed to further mimic
the sensory system of humans and regulate the bending of
CDCR (continuum-driven cable-rod) systems (Figure 5d). He
et al. proposed a strategy for soft robots, where the drive and
strain sensing are coupled within a homogeneous material.
The substance is made up of light-absorbing conductive poly-
mer polypyrrole (PPy) and nanostructured thermoresponsive hy-
drogel poly(N-isopropylacrylamide) (PNIPAAm), which together
create an interpenetrating dual network structure. This strat-
egy offers novel insights into the design of soft robots, en-
abling them to adapt to complex environments and task re-
quirements. In combination with closed-loop control systems,
the soft robots can achieve precise motion control and sensory
feedback, enhancing their stability and reliability in operation
(Figure 5€).1% This construction gives the material piezoresistiv-
ity and photo/thermoresponsiveness, enabling remote-triggered
drive and localized strain detection.
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3.3. Self-Healing

Microcracks may develop inside the material under severe set-
tings, and fatigue degradation may finally result in material fail-
ure. As a result, the importance of self-healing materials has in-
creased. Restoring release force can be employed in conjunction
with shape memory performance to hasten fracture healing. dif-
ferent self-healing systems can be introduced into the polymer
matrix to fix cracks of various sizes, as shown in Figure 6a.
Larger cracks can be repaired using microvascular and mi-
crocapsule procedures, which are permanent fixes that fall un-
der the category of external repair treatments. Excellent SMP ef-
fects can also be observed in the EMSP/PCL composite mate-
rial. Dynamic covalent chemistry enables the repair of irrepara-
ble crosslinked polymers. Unlike the external self-healing con-
cept, intrinsic self-healing results from dynamic covalent bond
topological alterations at high temperatures. It can be fixed sev-
eral times and is appropriate for tiny microcracks. Through the
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Figure 5. a) Electrically driven shape memory deformation for CMF@PEEK composites. Reproduced with permission.[?2] Copyright 2022, Elsevier. b)
4D printing tactile sensor with tunable sensing range. Reproduced with permission.[23] Copyright 2023. c) The ionogel was used to mimic the flower
blossoming process. Reproduced with permission.[?4] Copyright 2022, American Chemical Society. d) Flexible skin like self-sensing hydrogel sensor.
Reproduced with permission.[2%] Copyright 2022, Wiley-VCH. e) Cable-driven continuum robot perception using skin-like hydrogel sensors. Reproduced

with permission.[26] Copyright 2021, Elsevier.

synergistic effect of hydrogen bonding and dynamic covalent
bond, as well as a graded energy dissipation mechanism, Wong
et al. created PU elastomers with exceptional mechanical capa-
bilities and shape memory-assisted self-healing properties, as
shown in Figure 6b.*”) By adjusting the ratio of metal ion co-
ordination bonds to hydrogen bonds, a series of high-strength
and tough elastomeric materials have been obtained. Among
them, the tensile strength of the optimized elastomer reaches
76.37 MPa, and the fracture elongation is 839.10%. Metal-
organic polyhedra (MOPs) are a novel class of molecular con-
tainers/reactors formed by the coordination of metal ions and
organic ligands. They could be used in fields such as separa-
tion, catalysis, energy storage, and biomedicine. Zhang et al. suc-
cessfully prepared a multifunctional hypercrosslinked MOP poly-
mer material using a bottom-up approach of macromolecular
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monomer coordination crosslinking.[?®! In addition, the polymer
solution of CHMOP can be used as 3D printing ink to achieve
the fabrication of complex shapes (Figure 6¢). An illustration
would be printing the “NKU” pattern at room temperature. Un-
der near-infrared light and direct heating, the dynamic oxime-
ester bonds and hydrogen bonds give the printing material self-
healing characteristics. A humanoid robot was printed to show
the possibility of shape memory recovery in 4D printing. The
shape memory recovery can be successfully initiated by near-
infrared irradiation or direct heating. Due to their superior me-
chanical qualities, thermosetting epoxy resins are frequently em-
ployed in advanced composite materials, coatings, adhesives, and
electronic packaging. Therefore, it is highly desired to develop
thermosetting epoxy resins that may be recycled and reprocessed.
A new cyclotriphosphazene-based amine curing agent (HVPA)

© 2023 Wiley-VCH GmbH
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Figure 6. a) Comparison of self-healing efficiency under different self-healing methods; b) Polyurethane urea elastomer with shape memory-assisted
self-healing properties. Reproduced with permission.[?”] Copyright 2023, Nature. c) Demonstration of the shape memory and self-healing behavior of
sample. Reproduced with permission.[28] Copyright 2022. Wiley-VCH. d) Optical microscope photos taken by HVPA/GDE at different self-healing times
and 100 °C, and their shape memory behavior. Reproduced with permission.[2°l Copyright 2022, Elsevier. e) Wearable and detachable capabilities based
on self-healing capabilities. Reproduced with permission.[39] Copyright 2022, American Chemical Society.
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containing dynamic imine bonds was produced utilizing bio-
based vanillin as the starting material (Figure 6d).”) HVPA/GDE
has a lot of imine bonds, which makes it self-healing, shape-
memory, simple to reprocess, and somewhat degradable. This
research offers a fresh method for creating thermosetting epoxy
resin composites with several uses and good performance. You
et al. have developed an integrated triboelectric nanogenerator
(TENG) with reprogrammable, self-healing, and wearable prop-
erties, referred to as an integrated electronic device (IED). Two
PCLUSe films were sequentially delivered to the beating heart of
a dog via a 10 mm diameter needle, where they were assembled
in situ into a larger film (Figure 6e).1%) The electronic memory ef-
fect is achieved through the microscale shape memory character-
istics, enabling the reprogramming of time-space information in
the IED. The macroscopic shape memory behavior provides the
capability to reprogram the shape of the IED, resulting in wear-
able and detachable functionality.

3.4. Self-Learning

Machine learning (ML) is a branch of artificial intelligence (Al)
that identifies patterns in large amounts of data. It has been
shown to be a valuable method in a variety of research domains
during the last few decades. ML approaches have been used to
discover new materials and investigate material qualities such as
elasticity, plasticity, fatigue life, wear resistance, and bending. AI-
empowered material science has the potential to bring about a
paradigm shift in the field of material science (Figure 7a).!] A
fresh approach to developing layered materials using machine
learning was put out by Gu et al. With this method, training is
done using a database of millions of structures gleaned via finite
element analysis. Additionally, they used self-learning algorithms
to find high-performance materials, progressively getting rid of
subpar designs to find great candidate materials (Figure 7b).13%
The findings show that their method can create microstructural
patterns to produce materials that are harder and stronger. These
findings were supported by testing and additive manufactur-
ing. This new paradigm of intelligent additive manufacturing
can help in the development and manufacture of novel mate-
rial designs since it has computational efficiency several orders of
magnitude higher than existing procedures. A new shape mem-
ory alloy was found by Texas A&M University researchers using
the artificial intelligence material selection framework (AIMS)
(Figure 7¢).3%] The AIMS framework led to the discovery of a
shape memory alloy, which has proven to be the most effective
nickel-titanium-based material to date. Their data-driven struc-
ture also serves as a proof-of-concept for upcoming material ad-
vancement. The tightest hysteresis ever recorded was predicted
and achieved by the shape memory alloy discovered in the AIMS-
based research. To cut down on the time and resources needed
for SMP development, a deep learning (DL) model was created to
forecast certain SMP behaviors, including temperature changes,
strain curves, response times, and stress variations.**! By fore-
casting the strain curve, one may ascertain the shape memory
behavior of SMP.

To build a 4D printing strategy for soft pneumatic actuator
robots (SPA), Zolfagharian et al. combined nonlinear machine
learning (ML) with finite element modeling (FEM).3°] To obtain
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the appropriate bending for particular jobs, the model seeks to
forecast the geometric requirements for 4D-printed soft pneu-
matic actuators (SPA). The ML model successfully predicts FEM
and experimental data, and it demonstrates that printing soft
robots and dynamic structures in four dimensions is a practical
option (Figure 8a). The knowledge gained from this work will
help in the construction of geometric soft robots for nonlinear
4D printing issues. The thermomechanical constitutive model-
ing is crucial for SMP used in engineering structures and de-
vices. However, the conventional approaches to derive constitu-
tive models are both challenging and time-consuming, heavily re-
lying on iterative experiments. Employing deep learning (DL) to
predict the thermo-mechanical behavior of SMP under thermal
cycling is a promising alternative.’®! In recent years, machine
learning (ML) has been extensively used in the discovery of func-
tional materials. However, some difficulties severely hindered the
application of ML in the field of SMP and there is currently a lack
of research on ML-assisted discovery of SMPs. Specific polymers
can be described by “fingerprints” which characterize molecular
structures in a way that computers can understand. Li et al. used
the molecular dynamics code LAMMPS to simulate the thermal
cycling of nine epoxy resins and curing agents. Following that, we
conducted a statistical analysis to determine which fingerprints
had the strongest link with each shape memory feature, particu-
larly recovery stress and shape recovery ratio (Figure 8b).1*”! This
study establishes a robust basis for the selection and comprehen-
sion of atomic fingerprints, enabling the discovery of new SMPs
through machine learning. Subsequently, a series of methods
were proposed to tackle these challenges, specifically employing
the recently introduced linear symbol in fingerprint recognition
(Figure 8¢).*8] A new ML framework was developed by supple-
menting existing datasets through reasonable approximations to
predict the recovery stress of TSMPs. This framework was vali-
dated by synthesizing and testing two novel epoxy resin networks
predicted by the ML models.

4. Multiscale Structure of SMPC

SMPCs can form different multiscale structures with different
reinforcement phases and preparation processes, such as 0D
spot structure (particles), 1D line structure (whiskers, chopped
fibers, etc.) 2D plane structure (continuous fibers, electrospin-
ning), 3D/4D body structure (3D/4D printing, foam, etc.). The
design and control of SMPC’s multiscale structure provide this
type of material with diverse functions and properties, making
it highly applicable in various fields. In-depth research on mul-
tiscale structures allows for continuous improvement in the de-
sign and processing technology of SMP materials, which in turn
promotes innovative development in related fields. This advance-
ment also brings about new opportunities and challenges.

4.1. 0D Spot Structure

SMPs can integrate different kinds of particles to change their
performance and functionality to meet the demands of diverse
applications. In general, functional particles can be added to poly-
mer materials to provide them with particular functions includ-
ing conductivity, magnetism, fluorescence, and photothermal
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Figure 7. a) Future outlook: autonomous labs connected in an Al network. Reproduced with permission.[31] Copyright 2023, Nature. b) According to the
ML'’s design for optimal toughness, the performance of the best 3D-printed design determined by the ML model is evaluated based on the stress-strain
curve obtained from tensile experiments. Reproduced with permission.32] Copyright 2018, Royal Society of Chemistry. c) The AIMS framework that
captures the iterative workflow necessary for data-driven discovery in materials science. Reproduced with permission.[33] Copyright 2022, Elsevier.

characteristics. To improve the mechanical and thermal prop-
erties of SMP materials, it is also possible to insert nanoscale
particles such as nanopowders, nanoparticles, nanotubes, etc.3%!
The strong production and aggregation of nanoparticles in the
resin matrix will increase the material’s internal interface area,
which will have an impact on the material's mechanical char-
acteristics and interface effects. The material will experience a
reduction in strength and toughness due to microcracks cre-
ated by the aggregation of nanoparticles. Due to the size ef-
fect and high specific surface area of nanoparticles, they can
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provide a higher reinforcement effect. The mechanical, ther-
mal, and electrical properties of polymers can all be consid-
erably enhanced by the inclusion of nanoparticles. In con-
trast, the reinforcement effect of microparticles is relatively
low.

Ze et al. described a new magnetic SMPC made up of two dif-
ferent types of magnetic particles embedded in an amorphous
SMP matrix. This material system was able to execute mul-
tiple shape modifications within a single material by leverag-
ing the magnetic properties of the particles (Figure 9a).*] By
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Figure 8. a) 4D printing of soft pneumatic actuator robots was conducted using nonlinear ML and FEM. Reproduced with permission.[33! Copyright
2021, Elsevier. b) Plot of the shape recovery ratio to selected fingerprint values. All fingerprints are scaled for their mean values. Reproduced with
permission.l37] Copyright 2022, Elsevier. c) Pipeline for new TSMPs design. Reproduced with permission.38] Copyright 2021, Elsevier.

softening low coercivity particles by magnetic induction heating,
high remanent magnetic particles with programmable magne-
tization curves create rapid and reversible shape changes in an
actuating magnetic field. Belmonte et al. used cholesteric liquid
crystal micron-sized polymer particles as shape memory pho-
tonic pigments dispersed in shape memory adhesives, as shown
in Figure 9b.1*l A multicolor coating that selectively reflects left-
handed or right-handed polarized light to form any polarization-
related multi-color and terrain brush pattern, in addition to a
battery-free optical sensor, responsive decorating, and smart ad-
hesive. Guo et al. developed photoinduced shape memory mi-
croparticles by enclosing a poly (p,r-lactic acid) (PDLLA) ma-
trix in gold nanoparticles (Au@PDLLA mixed microparticles)
(Figure 9¢) .**] The shape memory function system can be acti-
vated at hyperthermic temperatures and can return its suitable
shape within a restricted temperature range above body tem-
perature by activating the shape memory effect, restoring its
spherical shape. The electrical resistance, however, noticeably de-
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creases when these Ni particles are arranged in chains. Although
this method was demonstrated using SMP, it can also be used
with other conductive polymers. A multipurpose film with visi-
ble transparency and shape manipulation has been created by Liu
et al. (Figure 9d).1*%)

Doped non-close-packed (NCP) nanoparticles and a thermally
responsive SMP make up the film. The internal gaps between
the NPs and the polymer, which scatter light, induce reversible
transparency modulation with shape deformation in the film. Us-
ing a solvent evaporation technique with CONC@GN/P, Liu et al.
created a lightweight, flexible, and malleable smart adjustable
microwave absorbent material (MAM) (Figure 9e).[** Electro-
magnetic waves may be absorbed at a range of angles thanks to
the material’s electrically driven shape memory effect, which op-
timizes their absorption. This shape-recovery-based MAM will
have broader applications in wearable technology, chip protec-
tion, robotics, and military applications in dry, cold environments
such as deserts, rain forests, or space. Bhuyan et al. employed
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Figure 9. a) Embedded with NdFeB and Fe;O, particles magnetic SMP. Reproduced with permission.[4?] Copyright 2020, Wiley-VCH. b) Triple shape-
memory in a brush-painted multicolor image of a flower. Reproduced with permission.[41 Copyright 2020, Wiley-VCH. c) Polymeric particle entropy-driven
shape-memory effect;[#?] d) SEM image of the surface of the SiO,/EVA composite films. Reproduced with permission.[43] Copyright 2018, Royal Society
of Chemistry. e) Demonstration of the self-healing phenomenon for the composite conductor in series with LEDs;[#4] f) Polymer thin films embedded
with liquid gallium. Reproduced with permission.[*’] Copyright 2021, American Chemical Society.

gallium, a metal with a low melting point (29.8 °C), to create
elastic materials with metallic conductivity and shape memory.
Temperature healing can be used to regain the conductivity.*
Stretchable electronic gadgets and soft robotics can use the con-
ductive shape memory film with self-healing conductivity, as
shown in Figure 9f.

4.2. 1D Line structure
Among the many benefits of 1D line reinforced composites are
increased toughness, bending strength, wear resistance, hard-

ness, and low weight. Applications of many kinds of 1D-line
composites show unique properties. Materials can be success-
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fully made harder and more resistant to wear by using whisker-
reinforced composite materials. In addition to being simple to
work with and form, short-cut fiber-reinforced composites have
good bending strength and toughness. It can attain extremely
high strength and lightweight design with single fiber reinforced
auxiliary materials. 1D-line composites have a wide range of po-
tential applications, great material performance, and adaptability
to various technical demands.

4.2.1. Whisker Reinforced SMPC

To create electrically driven SMPCs, Liu et al. used shape
memory polyurethane (SMPU) and conductively doped tin

© 2023 Wiley-VCH GmbH
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Figure 10. a) Electrically driven shape memory composite materials. Reproduced with permission.[] Copyright 2018, Elsevier. b) Calcium sulfate hemi-
hydrate whisker reinforced polyvinyl alcohol SMP. Reproduced with permission.[4’ Copyright 2016, Royal Society of Chemistry. c) TEM images of cellu-
lose nano-whiskers dispersed on a carbon film from the DMF suspension. Reproduced with permission.[*8] Copyright 2018, Royal Society of Chemistry.
d) Stress—strain curves of prepared chopped carbon fiber/epoxy composites. Reproduced with permission.[4?! Copyright 2017, Elsevier. €) Shape memory
of the Ag/CCF/H-EP composite activated by electricity under 60 V. Reproduced with permission.[>'l Copyright 2020, Frontiers.

oxide/titanium dioxide (ATO/TiO,) whiskers composite. The
joule’s heating voltage initiated the heating, and the conductive
network formed by the whiskers’ overlap increased the heating
efficiency. Considering Figure 10a, The composites performed
well in terms of quick heat transfer and uniform resistance, but
their recovery rates in the third cycle were still higher than 2%
and 96%, respectively, for the composites with 250 wt% and 2
wt% whiskers.[**] Zhao et al. created a unique SMP and added
hemihydrate calcium sulfate whiskers (HHW) to polyvinyl
alcohol (PVA) to improve it. The composite material’s tensile
strength improved by 57%, and its storage modulus reached
22.24 GPa, as shown in Figure 10b.*”l The quick switching
shape memory effect (SME) that was created by the reversible
production and fracture of cellulose nanowhiskers (CNW) was
water-activated and entered the network in the elastic ther-
moplastic polyurethane (TPU) matrix (Figure 10c).[**] This
study offered a fresh and practical method for quick switchable
form recovery of the material via a straightforward wetting
procedure.
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4.2.2. Chopped Fiber Reinforced SMPC

Trans-1,4-polyisoprene (TPI) SMPCs with various mass fractions
of short-cut carbon fibers were developed by Wang et al. to exam-
ine the effects of temperature and short-cut carbon fiber mass
fractions on the TPI SMPCs (Figure 10d).*”! When the mass per-
centage of short-cut carbon fiber was 8%, the TPI SMP demon-
strated good shape memory performance and optimal mechan-
ical characteristics. Park et al. investigated the impact of 2 mm
short-cut carbon fibers on the resin interface interaction based
on SMEP supplemented with short-cut carbon fiber-reinforced
matrix and achieved the control of CCFs/EP shape recovery car-
rier by the amount of CCFs.I’"! Short-cut carbon fiber (CCF) was
treated by Wang et al. into silver-plated short-cut carbon fiber
(Ag/CCF), which was then inserted into hydrogenated bisphe-
nol. To create electrically induced SMPCs, use an epoxy resin (H-
EP). When the concentration reached 1.8 wt%, the Ag/CCF/H-
EP composite material met the criterion for thermal conductivity,
electrical conductivity, and permeability (Figure 10e).1>"]
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Figure 11. a) A full-size mannequin arm (0.6 kg) is actuated by a synthetic muscle made of prestrained films of PPG-MPU (3.8 g). Reproduced with
permission.[>2] Copyright 2021, American Chemical Society. b) SMP fibers for rotating microengines. Reproduced with permission.[>3 Copyright 2019,
American Association for the Advancement of Science. c) By melting the metallic core, forming the fiber, and letting the metal cool, conductive fibers
with diverse geometries can be produced. Reproduced with permission.[>*] Copyright 2019, Wiley-VCH. d) The fiber’s recovery to its original shape
after exposure to dampness is caused by a shape memory programming process. Reproduced with permission.[>*! Copyright 2019,Frontiers. e) Dual
Archimedean-type twist insertion during spinning captured in a SEM picture from a CNT forest. A twin Archimedean scroll is depicted in the insetRe-
produced with permission.[>6] Copyright 2014, Nature. f) Movement of the boat model powered by 2 Macid through the hydrogel muscle. Reproduced
with permission.37] Copyright 2023, Elsevier.

4.2.3. Smart Fiber Reinforced SMPC

A strain-induced supramolecular nanostructure synthesis tech-
nique is used to produce unidirectional SMPs with high en-
ergy density.>?] Strong directional dynamic bonds are created
during the straining process, creating stable supramolecular
nanostructures that enfold the stretched chains, as shown in
Figure 11a. The stretched chains shrink back to their initial dis-
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ordered condition as a result of the dynamic bonds breaking
when heated. Entropy energy is effectively stored via this pro-
cess. A high-energy microengine based on shape memory and
its nano-composite fibers was created by Yuan et al.l>*) PVA and
its nanocomposite materials make up the shape memory fibers,
which can store mechanical energy and quickly release it by heat
stimulation to enable high-energy and quick rotation, as shown
in Figure 11b. The performance of biological muscles can be
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Figure 12. The evolution of SMPC reinforced with continuous fibers.

imitated using spider dragline silk, which can adapt to varying
humidity levels in the surroundings. A common shape mem-
ory characteristic is the humidity-responsive supercontraction of
spider silk. Through the injection of molten gallium into a hol-
low fiber core, Dickey et al. created an elastic fiber with shape
memory properties. By melting the metal core to shape the fiber,
various geometric structures of conductive fibers are obtained af-
ter the metal cools down as shown in Figure 11c.>#l The gallium
core can change from solid to liquid under low heating condi-
tions. The addition of a solidified core can boost the fiber’s effec-
tive modulus from 4 to 1253 MPa, and the increased stiffness
allows the fiber to preserve its deformed shape. This process per-
mits the fabrication of shape memory fibers utilizing any hollow
elastic fiber.

Major ampullate 2 (eMaSp2) fibers, which feature several
polyalanine and proline motifs, were genetically altered by Hu
et al. to produce this behavior for the first time.**! Equi-
librium molecular dynamics (EQMD) simulations were run
to assess eMaSp2 over 200 ns to further validate this shape
memory hypothesis (Figure 11d). This study provided new in-
sights into the clever behavior displayed by synthetic spider
silk by demonstrating that eMaSp2 fibers are humidity-sensitive
shape-memory materials. To produce overdamped dynamic re-
sponses, a yarn object made of high-damping viscoelastic paraf-
fin and polystyrene-poly(ethylene-butene)-polystyrene copolymer
was utilized (Figure 11e).1°°! With position control of actuators
employing twist damping that was inspired by spiders, the appli-
cation range of twisted rotating CNT muscles was considerably
increased in particular. In the areas of biomedicine and bioengi-
neering, polymer hydrogels have been found as viable possibil-
ities for imitating natural muscles. Their use as artificial mus-
cles has been constrained, nonetheless, by their low working ca-
pacity and low strain. The development of hydrogel-based arti-
ficial muscles with superior mechanical properties-high strain
capabilities (up to 75%) and high specific work capacity-has
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been made possible by the incorporation of thermally controlled
nanofiber composite reinforcement (Figure 11f).°”) The high-
strain, high working capacity, and equivalent output efficiency
of these hydrogel muscles suggest a broad range of potential
uses.

4.3. 2D Plane Structure
4.3.1. Continuous Fiber Reinforced SMPC

Fiber-filled reinforced SMPCs outperform particle-filled rein-
forced SMPCs in terms of strength, modulus, creep resistance,
and relaxation resistance, offering improved mechanical perfor-
mance. Compared to pure SMPs, fiber-reinforced SMPCs ex-
hibit much higher stiffness and strength. Additionally, the me-
chanical properties of the composites can be adjusted by vary-
ing the fiber volume fraction, layering position, and layering ori-
entation, as shown in Figure 12. As a result, numerous studies
have been done to improve the recovery stress and recovery rate
of fiber-reinforced SMPCs. However, adding fiber reinforcement
inevitably lowers the SMPCs’ extensibility and recovery rate. Nu-
merous academics have conducted research projects to lessen the
impact of these limitations.

Shape memory epoxy resin composites (SMEPCs) with good
mechanical properties were produced by Liu et al. by incorpo-
rating various short and continuous carbon fibers (CFs) into the
matrix of SMEP.[® With a maximum recovery force of 4.4 GPa
at room temperature and a storage modulus of up to 37 GPa, the
developed SMEPC demonstrated strong shape memory capabil-
ities. These features exceeded those of the average SMP systems
currently on the market by at least one order of magnitude. A
research finding on SMPC with a spatially deployable structure
was given by Ken et al.5%] The thermosetting styrene used in the
composite material served as the matrix, while the reinforcement
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Figure 13. Overview of SMP electrospinning.

textiles used were satin and plain weave. Preimpregnated mate-
rials were layered and compressed to create the SMPC. The melt-
ing point of thermosetting styrene was roughly 95 °C. The study
also looked into how radiation under certain circumstances could
enhance polymer materials’ capacity to resist deformation due to
heat. As reinforcements for SMP, in addition to carbon fibers,
glass fibers, aramid fibers, and other functional fibers have also
been employed, making them essential components for the cre-
ation of SMPCs. Glass fiber reinforcement was added to SMPCs
by Ali et al.[®] The results of the study show that the mechanical
characteristics of the material are greatly improved by the addi-
tion of glass fiber content. Additionally, adding coupling agents
enhances the link between the fiber and matrix, considerably
enhancing the composite material’s strength. Silver nanowires
(AgNW) and PI were mixed by Yao et al. to create thin film elec-
trodes with high conductivity and stability.*!l AgNW simulta-
neously demonstrates conductivity and infrared absorption, en-
abling the flexible electrode to regain its original shape under
Joule heating, electrical stimulation, and light stimulation. This
work enhances the potential applications and value of flexible
electrodes by integrating electrically and optically driven shape
recovery methods. Such stable electrodes may find use in electri-
cal devices including batteries, screens, and mobile phones.

Applications in large-scale sectors like aviation and aerospace
hold considerable promise for long fiber-reinforced SMPCs. Al-
though long fiber-reinforced SMPCs have greatly increased in
strength and modulus when compared to pure polymers, the ma-
terial’'s recovery force has only been marginally enhanced. The
healing rate of the material may also be lowered as a result of the
fibers. For the application of SMPs in the field of actuation, how-
ever, enough recovery force and rate are essential. The success-
ful application of SMPCs in aviation and aerospace engineering
therefore requires overcoming these difficulties.

Adv. Funct. Mater. 2024, 34, 2312036
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4.3.2. Electrospinning SMPs

Electrospinning is a method used to manufacture polymer fibers
with sizes ranging from nanometers to micrometers and has
been widely used to manufacture fibers with diameters ranging
from 50 to 500 nm.[%?] Electrospun processing can be used to
process a variety of polymer materials, including PU, PLA, PCL,
and epoxy ethane. Wide-ranging applications for these electro-
spun fibers include scaffolds for tissue engineering, antimicro-
bial products, drug delivery systems, membrane materials, fil-
ters, membrane materials, reinforced fibers in composite ma-
terials, soldier protective clothing, optical and electronic appli-
cations, and drug delivery.[®*! Various types of fiber structures
have emerged with the innovation of spinning technology. Shape
memory micro/nanofibers have been successfully applied to pre-
pare nonwoven, core-shell, hollow, bead, and directional struc-
tures, as shown in Figure 13.16

Zhang et al. successfully created core-shell shape memory
polymer fibers (SMPF) with epoxy resin core and PCL shell
through UV crosslinking. At a temperature of 70 °C, the reac-
tion speed of the fibers is faster, and the entire shape mem-
ory recovery process only takes 6.2 s.[%] Moreover, they created
composite nanofibers by combining Fe,O, nanoparticles with
Nafion. PU molecules were aligned along the fiber axis dur-
ing the electrospinning process, producing directionally struc-
tured electrospun nanofibers, as illustrated in Figure 14a.[%¢
With a wide range of transition temperatures between 55 °C and
170 °C, Zhang et al.’s electrospun Nafion ultrafine fiber mem-
brane demonstrated numerous SMEs and returned to its orig-
inal shape at the right deformation temperatures.l®”] Wei et al.
suggested a method, seen in Figure 14b, for producing con-
ductive polymer fiber composites that are incredibly thin, flex-
ible, and possess strong shape memory and electromagnetic
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Figure 14. a) Nafion/Fe;O, composite fibers before and after magnetic field driving. Reproduced with permission.l%¢] Copyright 2022, Elsevier.
b) Electric-driven stretching SME. Reproduced with permission.[%8] Copyright 2022, Elsevier. c) The scar effect of electrospun fiber membrane with
folded fibers. Reproduced with permission.[®®] Copyright 2023, Wiley-VCH. d) Membranes with shape memory and coaxial electrospinning that can
store thermal energy. Reproduced with permission.l”%l Copyright 2021, Elsevier. e) Electrospinning cellulose acetate (CA)/carbon nanotube nanofiber
composite material. Reproduced with permission.[”!] Copyright 2023, Elsevier.

interference shielding qualities.l®! Highly crosslinked ethylene
vinyl acetate copolymer (EVA) fiber membranes were achieved
by electrospinning and UV crosslinking, providing new opportu-
nities for electromagnetic shielding membranes and intelligent
manufacturing (Figure 14c).[%%] These controllably formed fiber
membranes were used to study the intelligent controlled release
of doxorubicin. The drug release rate of the stretched fiber mem-
brane is higher than that of the unstretched fiber membrane be-
cause of the unfolding of wrinkles. When it comes to the flow of
heat between the human body and its surroundings, intelligent
fabrics are essential (Figure 14d).""! Phase-change fiber mem-
branes with aligned fibers and a “core-shell” structure fabricated
by coaxial electrospinning technology demonstrate good shape
memory performance under temperature stress. This gives the
membrane adjustable breathability by enabling its macroscopic
shape and microporous structure to adapt in response to tem-
perature variations spontaneously. To explore the application of

Adv. Funct. Mater. 2024, 34, 2312036
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nanofiber materials in sensors, cellulose nanofiber composites
based on acetic acid were created by the electrospinning process
(Figure 14e).’! The study shows that the nanofiber composite
material can draw a load 1050 times its weight when employed in
photothermal actuators, and it has a wide range of potential appli-
cations in optically sensitive driving devices. This greatly expands
the material’s potential applications in numerous industries.

4.4.3D/4D Body Structure

4.4.1. 3D/4D Print SMP

Metamaterials are functional materials that have been pur-
posefully created and have amazing physical qualities that go

above and beyond those of natural materials. They may have
periodic or nonperiodic structure arrays. Innovative mechan-
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Figure 15. Schematic diagram of 4D printing overview.

ical functional features like complex multistability, variable
stiffness, and negative Poisson’s ratio are made possible by
mechanical metamaterials through the logical optimization
of structural design. The capacity to program metamaterial
structures and properties is made possible by the union of
smart materials with programmable attributes, as shown in
Figure 15.

Through the use of SMP with shape-memory qualities, it is
also possible to create mechanical metamaterials with a nega-
tive Poisson’s ratio that are structurally and mechanically tun-
able. The stretching of chiral mechanical metamaterials based
on the DLP method was proven by Xin et al. (Figure 16a).l7%]
They were able to give the metamaterials customizable and pro-
gramable mechanical properties as well as Poisson’s ratio be-
havior by combining the shape-memory capabilities of print-
ing materials. To produce a torsional mechanical metamaterial
with nonlinear biomimetic mechanical performance, they also
developed a mechanical pixel array, helical microstructure, and
4D printing techniques. The combination of 4D printing proved
the tunability, programmability, and reconstructions of the me-
chanical behavior of the metamaterials due to the significant
reliance of mechanical properties on geometric parameters. By
incorporating bending ribbons with multi-level microstructures
into metamaterials and combining this with 4D printing technol-
ogy, Li et al. were motivated by the idea of fractal geometry and
were able to create stretchable mechanical metamaterials with
adjustable, programmable, and reconfigurable mechanical prop-
erties, such as nonlinear stress-strain behavior and Poisson’s ra-
tio (Figure 16b).1”3] Using high-precision additive manufacturing
technology (stereolithography) for 4D printing, Yang et al. created
lightweight metamaterials with geometric reconfigurability, vari-
able functionality, and mechanically adjustable characteristics.!”*]
As a result, the metamaterial’s stiffness, geometrical make-up,
and functioning can be changed reversibly, adjusting to a vari-
ety of unpredictably occurring situations such as shifting exter-
nal stresses and complicated settings (Figure 16c). Additionally,
Li et al. created a thermally stimulated 4D printed tunable local
resonant elastic metamaterial, evaluating its adaptive bandgap
switching, and using it to create programmable and tunable elas-
tic wave transmission channels (Figure 16d).7>) This study ex-
pands the uses of 3D-printed thermoplastic SMPs by providing
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new prospects for the design and manufacture of smart devices
for elastic-wave control and vibration isolation.

Lv et al. used 3D printing, self-folding assembly, and ce-
ramics made from elastomers to create a silicone rubber-based
nanocomposite material that is simple to print, deform into in-
tricate elastic shapes, and then turn into mechanically durable ce-
ramics (Figure 172).7%1 4D printing technology was used to create
iconic porcelain origami constructions with intricate curves, like
the butterfly, Sydney Opera House, rose, and garment. Origami-
inspired mechanical metamaterials with a variety of topologi-
cal parameters were created by Zhao et al. and demonstrated
exceptional mechanical qualities, as shown in Figure 17b.l"7]
To track gait, achieve self-powering and self-sensing, and build
friction-electrified nanogenerators (MS-TENG) based on meta-
material structures. By using 4D-printed microstructures in place
of conventional high aspect-ratio structures, Gu et al. reported a
novel capillary-force-induced self-assembly technique, enabling
bidirectional (conventional self-assembly and 4D self-assembly)
and reversible self-assembly, as shown in Figure 17c.’8 The
crosslinking density within the photoresist microstructures can
be distributed asymmetrically by adjusting the distance between
the dual-photon scanning channels. The printed structures can
be made flexible and vertical thanks to the asymmetric crosslink-
ing density.

For independent continuous fiber-reinforced composite 3D
printing, Wong et al. suggested a 4D printing technique based
on direct ink writing, as shown in Figure 18a. The liquid crys-
tal elastomer composite’s imbedded continuous fibers are cru-
cial for improving mechanical characteristics and permitting
bending deformations. The ability of continuous fibers to sus-
tain different structures during printing improves the mechani-
cal performance and deformation capacity of 4D printed struc-
tures. Zeng et al. developed a dual-feed-channel 3D printer
based on fused deposition modeling (FDM) for the manufac-
ture of continuous carbon fiber-reinforced shape memory poly-
lactic acid-based composites (CFRSMPC).[”?! The electrically in-
duced shape memory effect of 4D printed CFRSMPC was ex-
plored by using electrical heating during form recovery investiga-
tions (Figure 18b). The specimens’ form recovery rate was greater
than 95%, demonstrating the durability and viability of the resis-
tance heating technique. In additional research, the quantitative
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Figure 16. a) Tensile torsional coupling mechanical metamaterials printed in four dimensions. Reproduced with permission.[”2] Copyright 2022, Wiley-
VCH. b) A multilayer flexible form memory sensor’s construction and shape memory cycle are shown schematically. Reproduced with permission.[73]
Copyright 2023, Elsevier. c) Stereolithography printing of lightweight metamaterialsReproduced with permission.[’4] Copyright 2019, Royal Society of
Chemistry. d) Crystal cells like snowflakes make up tunable elastic metamaterials. Reproduced with permission.l”>] Copyright 2021, Elsevier.

impact of temperature and bending angle on the resistance of
the CFRSMPC throughout the programming and recovery pro-
cesses was examined.®! Lightweight honeycomb composites are
employed in energy absorbers, truss structures, laminates, and
other applications as low-density high-performance structural
materials. A lightweight honeycomb structure based on triangu-
lar infill was created by Dong et al. after path design, G-code gen-
eration, and sample printing (Figure 18c).18! To create new 4D-
printed honeycomb structures based on triangular infill, continu-
ous Kevlar strands were added to PLA filaments. The researchers
created a gel-like ink that can be 4D printed in one step at room
temperature using regular 3D printing nozzles (Figure 18d).[82]
An oscillating suspension of Cu, EGaln (eutectic gallium-indium
liquid metal), and water makes up the majority of the ink. A flat
metal construction that gradually assumes the shape of a spider
was printed to show off this effect.

Adv. Funct. Mater. 2024, 34, 2312036
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4.4.2. Shape Memory Foams

Shape memory polymer foam (SMPF) is a novel form of smart
polymer structure with holes constructed from SMPs. The advan-
tages of conventional foam’s light weight and excellent compres-
sion ratio are combined with SMPs’ distinctive shape memory
effect to create SMPF. Initially, SMPFs were made using conven-
tional chemical foaming and physical foaming techniques. How-
ever, as SMPF research has developed, many shaping techniques
for SMPF have been found. These procedures include microwave
foaming, phase separation foaming, composite foaming, particle
leaching, and supercritical carbon dioxide foaming.[®*! Recently,
the immersion method in addition to gas foaming and particle
leaching was used to create SMPU foam.[#*%5]

3D graphene foam (GrF) has shown promise as a practical
reinforcing material for SMP epoxy composites. Idowu et al.
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Figure 17. a) 4D printing of complex ceramic origami. Reproduced with permission.l”®! Copyright 2018, American Association for the Advance-
ment of Science. b) Functional application of Miura woven metamaterials with integrated frictional and piezoelectric sensing functions. Reproduced
with permission.[’””] Copyright 2023, Elesvier. c) Micro origami and packaging based on 4D printing microstructure self-assembly. Reproduced with

permission.l”8] Copyright 2021, Wiley-VCH.

found that when 0.13 wt% GrF was added to mold-injected
SMP epoxy resin, the Tg increased by 19%.5¢1 Zhao et al. de-
veloped liquid metal SMP foam (LM-SMF) by incorporating a
conductive and thermally conductive liquid metal (LM) into a
pliable foam structure (Figure 19a).18”) The foam skeleton can
Dbe reversibly compressed based on the thermoresponsive shape
memory phenomenon, allowing the transfer of LM between the
connected and unconnected states. Since the LM-SMF’s resis-
tance can be constantly adjusted from 0.8 (conductive) to 200 M
(insulator), and its thermal conductivity may vary by up to 4.71
times, it appears that it can regulate heat both electrically and
thermally. They also created a smart, controlled-shape, liquid-
permeable memory foam material (Figure 19b).[#8] While main-
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taining good wettability, the foam’s pore size can be changed
and self‘maintained in the range of 28 nm to 90 m. This prop-
erty enables exact control of the permeation flux of water or oil
and allows for precise control of the permeation phenomenon.
Therefore, there are several potential uses for this foam mate-
rial in sectors such as the exact control of small molecule release.
A straightforward method of producing smart electromagnetic
shielding materials based on EPA composite foam with shape
memory capabilities was put out by Wang et al. (Figure 19¢).3]
To create SMP foam, sacrificial templating, and chemical cross-
linking techniques were used. This allowed for the modifica-
tion of EMI shielding performance through self-fixing deforma-
tion without the inclusion of extra insulating polymers. For the
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Figure 18. a) Angle truss components made of continuous fiber reinforced liquid crystal elastomer composite materials using 4D printing. Repro-
duced with permission. Copyright 2023, Nature. b) Improved FDM-based preparation of CFRSMPC specimens made of continuous carbon fiber. Repro-
duced with permission.[”] Copyright 2020, Elsevier. c) Lightweight honeycomb CFRC 4D printed with continuous fiber reinforcement. Reproduced with
permission.[3'] Copyright 2021, Elsevier. d,e) 4D-printed Cu-EGaln structures with programmed curvatures. Reproduced with permission.[2] Copyright

2023, Elsevier.

creation of shape memory materials with adjustable electromag-
netic shielding qualities, this finding has significant ramifica-
tions. SMPs can exhibit excellent strain-induced performance as
well as the ability to modulate electrical and thermal conductivity
thanks to a multiscale designed graphene foam that Zhou et al.
reported has an elastic 3D network structure and a microstruc-
ture primarily made of monolayer graphene (Figure 19d).°"!
Guo et al. used SMPCs based on cross-linked poly-cyclooctene
as a matrix and carbon nanotubes as fillers to develop a high-
performance, foldable, and salt-clogging monitoring flexible so-
lar steam generating system (Figure 19e).°!l Excellent shape
memory effects allow this interface evaporation system to fold
down to 1/9 of its original size and unfurl on its while in use. This
research illustrates the potential uses of SMPs in several indus-
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tries, including flexible solar steam generating systems, strain-
induced performance augmentation, and electromagnetic shield-
ing.

5. Application

SMPs have uses ranging from oil extraction and sealing to drug
distribution due to their considerable deformation, variable stiff-
ness, and huge shrinkage. As a result, in the aerospace sector, its
high compression ratio conserves storage space and acts as the
motor for artificial muscle in intelligent bionics. It is also exten-
sively utilized in the biomedical industry as well as other indus-
tries and has strong biocompatibility. It has become more and
more popular among scholars in recent years.
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Figure 19. a) LM creating open circuit/path in foam, self-feedback integrated electric/thermal switch schematicReproduced with permission.[#’] Copy-
right 2023, Wiley-VCH. b) Shape memory foam’s structure and hydrophilic On/Off characteristicsReproduced with permission.[®8] Copyright 2020,
American Chemical Society. ¢) Foam’s capacity to adapt to shape and to remember itReproduced with permission.[®] Copyright 2023, Elsevier.
d) Electrically triggered shape recovery method for the SLGF-SMP composite sampleReproduced with permission.I®?l Copyright 2022, Wiley-VCH.

e) Solar evaporator with shape memory. Reproduced with permission.l?!l Copyright 2021,American Chemical Society.

5.1. Aerospace Applications

The construction of new expandable structures now has a mate-
rial basis thanks to the introduction and extensive study of SM-
PCs. Expandable structures made of SMPCs provide answers to
several problems with conventional expandable structures, such
as complexity, weight, impact resistance, instability during ex-
pansion, and limited testability.

As seen in Figure 20a,b, ILC Dover developed a parabolic
space expansion reflector with a high compression ratio using
SMEP tubes and spring steel.’?! Leng et al. developed SMEP
which is thermosetting and investigated the effectiveness of the
polymer and its composites in harsh space settings.[7>9394 Af.
ter completing the material-level in-orbit verification of SMPC
in 2016, the ground-based validation of rigid solar arrays based
on SMPC hinges was completed in 2018. Additionally, in 2020,
SMPC-based flexible solar arrays were validated in space,!®! as
shown in Figure 20c,d. They also created a structure for SM-
PCs that can be folded and unfolded in the style of a papyrus
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scroll (Figure 20e).[%] On-Mars qualification was ultimately ac-
complished with China’s Tianwen-1 mission, which commu-
nicated photos of the deployed five-star red flag through the
Zhurong rover. It is the first validation in deep space of a self-
deployable approach based on SMPCs, and more applications
are anticipated to follow. As the first SMPC structure in Mars
exploration engineering to be used internationally, it flew 475
million kilometers and completed the first controllable dynamic
deployment of the Chinese national flag on Mars, as shown in
Figure 20g,h.[96297]

5.2. Robotics

Soft robots that utilize SMPs can be employed for tasks such as
grabbing, walking, swimming, flying, and sensing control. Re-
cently, the actuators of SMPs with options for deterioration and
self-healing have been presented for use in robotics. Their driving
geometry and switch temperature can be reprogrammed through
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Figure 20. a,b) Lightweight hinge based on carbon fiber-reinforced SMPC. Reproduced with permission.[®?] Copyright 2021,Amercian Institute of Aero-
nautics and Astronautics. c) Diagram of the recovery process. Reproduced with permission.[®>] Copyright 2019, Elsevier. d) Rigid solar wing based on
shape memory hinge. Reproduced with permission.[?>¢l Copyright 2021,Amercian Institute of Aeronautics and Astronautics. e) Recovery process of the
LCCT. Reproduced with permission.[®®] Copyright 2020,Science press. f) On-orbit verification of SMEPC. Reproduced with permission.!®*?! Copyright
2019, IOP Publishing Ltd. g) On-Mars qualification with the deployed Chinese national flag in a red frame. Reproduced with permission.[*’] Copyright
2023, Elsevier.h) The space-deployable device was applied to the Tianwen-1 probe. Reproduced with permission.[*62] Copyright 2022,IOP Publishing Ltd.

physical manufacturing technologies. A double-layer film made
of the carboxylic acid epoxy system was used by Lu et al. to con-
struct a light-operated LCP crane with a high lifting capacity.
Figure 21a depicts the telescopic arm returning to its extended
position after turning off the NIR and UV light separately.®®!
The direct manufacture of smart soft robots via 4D printing
still confronts various hurdles, the key one being material and
device compatibility. Jessica and colleagues inserted marketed
iron-based magnetic micro-particles (MMP) within a unidirec-
tional thermally activated SMP, resulting in a reconfigurable and
remotely actuated soft robot.*”) The manufactured PU sheet re-
sponded to magnetic fields as well as light (Figure 21b). The au-

Adv. Funct. Mater. 2024, 34, 2312036

2312036 (22 of 32)

thors thoroughly evaluated the magnetic field and photothermal
response characteristics of the constructed shape memory can-
tilevers, flowers, and grippers, as well as their capacity to grasp
small items. Feng et al. created a robot that can autonomously
change from a rectangular shape to a helical structure and ac-
complish “wireless” self-propulsion when heated to 160 °C.[1%!
The 10 cm long soft robot displayed climbing abilities on slopes
of about 20° and reached a top speed of 48 cm per minute
on a horizontal surface (Figure 21c). By changing its propor-
tions, the soft robot’s pace may be altered. Figure 21d illus-
trates the universal approach Lv et al. suggested for incorporating
multifunctional and programmable soft robots with conductive
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Figure 21. a) Caterpillar-inspired walker crawls forward during UV light cycles. Reproduced with permission.[?8] Copyright 2018, Wiley-VCH. b) Grabbers
can grab, transmit, and release SMP. Reproduced with permission.[®® Copyright 2019,American Association for the Advancement of Science. c) Thermal
deformation of the sample and rolling process. Reproduced with permission.['%1 Copyright 2021, Elsevier. d) NIR light-driven shape-programmable soft
actuators. Reproduced with permission.l'%"] Copyright 2021, Royal Society of Chemistry. e) Artificial muscle activity induced by UV at 365 nm and NIR

UV high

LRI

T

at 900 nm. Reproduced with permission.['92] Copyright 2021,

liquid metal (LM) and shape-transforming liquid crystal network
(LCN)."% The shape-programmable LM-LCN actuator combines
the reversible shape deformation properties of LCN and the
excellent thermal/electrical conductivity of LM, enabling both
electrothermal and near-infrared (NIR) driving mechanisms. An
innovative multifunctional programmable artificial muscle that
combines the benefits of self-contained polymers and LCE by
stacking azobenzene units together in a patch-sewn structure.[1%]
This muscle can deform when exposed to UV light and heal
when exposed to infrared light in less than 30s (Figure 21e). The
general principles of light-induced responses in elastomers were
captured, validating the photoactuation by the related finite ele-
ment analysis. Innovative nano-composite materials have poten-
tial uses in artificial muscles, soft robots, and smart skins, among
other things.

5.3. Biomedical
Smart composite materials with 4D printing technology enable

the quick production of intricate geometric tissue engineering
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scaffolds such as vascular stents, tracheal stents, cardiac occlud-
ers, bone tissue scaffolds, smart drug delivery systems, and surgi-
cal orthopedic devices (Figure 22). These discoveries reveal exten-
sive application prospects in the realm of biomedicine. The dy-
namic and changing properties of 4D printed materials, in partic-
ular, have a high value in the minimally invasive implantation of
tissue engineering scaffolds. They are conveniently kept in vitro
in a compact temporary shape for minimally invasive surgery and
interventional delivery. The scaffold can adjust and unfold in a
regulated manner once it reaches the sick spot and is stimulated
by external influences.

Li et al. organized the main achievements of 4D printing
in the field of biomedicine. This article provides an overview
of the progress of 4D printing, including its applications in
vascular stents, tracheal stents, cardiac stents, and bone tissue
stents.[1%3] Wei et al. created self-expanding vascular stents that
can be driven without physical touch by incorporating magnetic
Fe,0, nanoparticles as functional particles into PLA. Vascular
stents can be created specifically for each patient using direct-
writing printing (Figure 23a).[1% According to Figure 23b, Lin
et al. created a programmable 4D printed shape memory heart
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Figure 22. Application of 4D printing and Al to cardiovascular devices.

occluder, and after implanting it in rats, tissue slices showed the
presence of degradation particles, demonstrating the occlude’s
biodegradability.l'®] SMPU is used as a thermal responsive ma-
trix and Mg is used as a photothermal and bioactive compo-
nent to prepare near-infrared responsive scaffolds using low-
temperature rapid prototyping (LT-RP) 3D printing technology
(Figure 23c).11%] The scaffold exhibits a sustained photothermal
effect, a strong mechanical structure, and uniform pores. Ad-
ditionally, several in vitro and in vivo investigations have sup-
ported the bone repair-promoting effects of this scaffold, and it
is anticipated that it will become a clinically useful bone regen-
eration method. For use in fused deposition modeling (FDM)
printing, Zhang et al. synthesized PLA and PLA/Fe, O, filaments
(Figure 23d). These filaments were used to create porous struc-
tures for the healing of bone deformities. The porous struc-
tures can change from a temporary shape to their original
shape when subjected to a magnetic field, enabling remote and
contactless actuation.'””] Kim et al. proposed a novel 4D bio-
printing strategy utilizing digital light processing (DLP) tech-
nology to print cell-laden hydrogel bilayer structures. The dif-
ferential deformations of the bilayer hydrogel were utilized to
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construct complex trachea-like structures.'®! These structures

were implanted into damaged rabbit trachea models to evalu-
ate their applicability for tracheal regeneration and repair in vivo
(Figure 23e)). Deng et al. created a SMPU for orbital support
with CT visibility in ophthalmic treatment utilizing 4D printing.
4D printed orbital support with a honeycomb-like porous struc-
ture and a shape matching the orbital defect was created using
biomimetic concepts and CT reconstruction techniques to offer
precise and robust support for the orbital tissues, as shown in
Figure 23£.1%

5.4. Smart Textile

The surface tension, roughness, fiber form, twist, yarn fuzz,
pore geometry, elasticity, and fabric morphology of textile sub-
strates have a direct impact on the design, size, and print qual-
ity. Leist et al. created smart textiles by printing PLA (polylac-
tic acid) and using FDM (fused deposition modeling) to incor-
porate shape memory characteristics into a mesh nylon fabric.
According to Figure 24a, this fabric changes shape at 70 °C and
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Figure 23. a) DW printing of a 4D scaffold ink and its potential biomedical application. Reproduced with permission.l'%4] Copyright 2017,American
Chemical Society. b) The implantation process of shape memory occluder. Reproduced with permission.[1%1 Copyright 2019, Wiley-VCH. c) 4D printing
of biomimetic tracheal stent. Reproduced with permission.!'%] Copyright 2022, Elsevier. d) The magnetic drive shape of the 4D printing tracheal bracket

is restored. Reproduced with permission.['%7] Copyright 2019, Elsevier. €) 4D printing hydrogel like trachea structure. Reproduced with permissio

n.[108]

Copyright 2020, Elsevier. f) Procedure of the AHP stent implantation between the superior orbital wall and the eyeball in experimental rabbits. Reproduced

with permission.[1%] Copyright 2022, Elsevier.

returns to its original shape after 60 s.['1% It was also discussed
how PLA and nylon fabric could be used to create smart tex-
tiles. When coupled with nylon fabric, PLA can maintain its ther-
mal shape memory properties. The nylon fabric may be trained
thermomechanically to take on a temporary shape and return to
its permanent shape when heated. Smart textiles may be made
by weaving traditional cotton fibers with soft robots using tra-
ditional weaving processes, successfully solving difficulties with

Adv. Funct. Mater. 2024, 34, 2312036
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drivability and durability. Figure 24b illustrates how DIW print-
ing may be used to create long, flexible, and reversible LCE
fibers.""] The LCE fibers shrink when the fabric is heated to
80 °C, which causes voids to appear throughout the fabric. The
resulting fibers’ potential uses are shown by their 2 MPa mod-
ulus, 51% driving strain, and failure strain considerably above
100%. As seen in Figure 24c, Jang et al. created a hierarchically
organized system based on keratin, which exhibits long-range
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Figure 24. a)An example of using smart textiles for encapsulation applications. Reproduced with permission.l"'% Copyright 2017, Taylor & Francis
Ltd. b) Exercise-improved heat transfer and perspiration evaporation are demonstrated using the LCE smart shirt. Reproduced with permission.['"!]
Copyright 2019,American Chemical Society. c) WTSM effect in 3D architectures, which is illustrated with a star-shaped origami model. Reproduced with
permission.!2] Copyright 2021, Royal Society of Chemistry. d) Design of an IR- and water-gating SMP textile. Reproduced with permission.l"3] Copyright
2022, American Chemical Society. e) Photographs of the macroscale form fixation and shape recovery of the PU/PEG70 microporous membraneRepro-
duced with permission.[”%l Copyright 2021, Elsevier. f) The temperature of certain points on the infrared target with or without mask. Reproduced with

permission."] Copyright 2021, Wiley-VCH.

molecular order and shape memory capabilities in response to
hydration. High-strength SMPs with biocompatibility have been
created through the investigation of substoichiometric reconsti-
tution of keratin secondary structures, specifically the change
from -helices to -sheets triggered by hydration.""?] In recent
years, smart textile materials such as smart temperature regula-
tion, shape memory, intelligent color change, and electronic in-

Adv. Funct. Mater. 2024, 34, 2312036

2312036 (26 of 32)

formation have been developing from wearing to wearing and
in a wider range of fields, playing an important role in improv-
ing quality of life, improving labor conditions, and meeting the
needs of special industries. The high concentration of proteins in
the spinning fluid gives the fibers strength, making the spinning
process flexible and trustworthy, and capable of producing con-
tinuous and uniform fibers (Figure 24d). The innovative material
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Figure 25. a) SMEPCs deformation and wind speed testing process. Reproduced with permission.[>8] Copyright 2019,C. b) SMEP as an intelligent
information carrier. Reproduced with permission.!"'>] Copyright 2017, American Chemical Society. c) Advanced double information encoding, encryption,
and decryption of fluorescent organic hydrogels with shape memory properties. Reproduced with permission.['1] Copyright 2022, Wiley-VCH. d) By
controlling the type and proportion of sliding sample droplets, the gradient concentration of the sample in the microporous plate hole is achieved.
Reproduced with permission.["1] Copyright 2017, American Association for the Advancement of Science. e) Reconfigurable shape memory behavior
and mechanism, as well as fire alarm driving function. Reproduced with permission.[''8] Copyright 2022, Elsevier. f) The multifunctional characteristics
of self-cleaning electronic control dual-mode intelligent windows and potential applications of films. Reproduced with permission.["1°] Copyright 2023,

Wiley-VCH.

allows for the sustainable sourcing of materials, enabling the de-
velopment of biodegradable smart textiles. Stimulus-responsive
smart textiles can efficiently safeguard human skin temperature
from changing environmental conditions. A smart textile made
of SMP fibers that can regulate water and IR transmission on hu-
man skin in an adaptable manner. An SMP fabric on a hot plate
had its surface temperature successfully controlled by infrared
images.!'"®! Additionally, the SMP fiber’s structure, which can be
employed to absorb perspiration from human skin, can open or
close the directional transit of droplets. Figure 24e illustrates how
an IR and water-gated smart textile offers a workable method
for shielding human skin from alterations in the external envi-
ronment. PU and polyethylene glycol (PEG) were used to make
coaxial electrospun ultrafine fibers, with the PU serving as a sup-
porting shell and the PEG serving as an energy storage core. Us-
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ing coaxial electrospinning, PEG can create a “core-shell” struc-
ture inside microfibers.”%! PU/PEG membranes have outstand-
ing cooling and drying performance due to their capacity to regu-
late temperature as well as their temperature-sensitive moisture
permeability (Figure 24f). To improve wearer comfort in hot en-
vironments, they present a new approach to building smart tex-
tiles with dynamic thermal and moisture management functions.
PVA solution was used to create continuous PVA aerogel fibers
with aligned porosity morphology using freeze-thaw treatment
and freeze-spinning procedures. The aerogel fiber spinning so-
lution’s spinnability is significantly enhanced by the freeze-thaw
process, leading to the creation of continuous fibers. The link be-
tween PVA molecular chains and the aligned porosity structure
gives the aerogel fibers ultrasoft and ultrastrong characteristics,
resulting in superior weaving ability and appealing mechanical
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Figure 26. Future trends of shape memory polymers and their composites.

qualities.'" As demonstrated in Figure 24g, textiles made from
this unique porous structured aerogel fibers perform remarkably
well in terms of insulation.

5.5. Other Applications

SMPs offer a wide range of potential applications outside of
aerospace, intelligent robots, and the medicinal sector. SMPs
will expand prospects for innovation and development in these
domains with further study and technological advance-
ment, advancing future developments and applications.
For example, fan motor blades can change shape au-
tomatically in reaction to environmental changes, and
the shape of the blade will also affect how efficiently ki-
netic energy is converted, as shown in Figure 25a.%%
New anti-counterfeiting technologies, such as barcodes, QR
codes, holograms, luminous materials, etc., have been the
focus of many scientists in recent years. Due to its reactivity to
UV light, variety of vivid hues, and various emission modes,
luminescent materials have emerged as one of the top options
for anticounterfeiting. Through the physical compounding of
various response materials, Li et al. created four physically com-
patible function blocks based on SMEP, as seen in Figure 25b.
As a system for intelligent information carriers, multiple codes
can be lithographically created to disguise the initial code in
response to new information under diverse stimuli.l!’®! Chen
et al. disclosed a dual information encryption optical anti-
counterfeiting fluorescent oil/hydrogel with shape memory
capabilities. The researchers developed an organic hydrogel by
interpenetrating hydrophilic and hydrophobic polymers within
a hydrogel network.[''®) The anthracene unit can transition
optically (Figure 25c). The monomer-dimer transition, which
is initiated by 365 nm ultraviolet light, causes the fluorescent
color of the organic hydrogel to change from blue to light yellow.
This luminous organic hydrogel provides a new perspective
on developing smart materials with encryption and decryption
capabilities, which is critical for data security. Recently, numer-
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ous very smooth surfaces have been developed by infiltrating
lubricating fluid into porous substrates, inspired by the unique
smoothness of Nepenthes pitcher (Figure 25d).['"7] Zhao et al.
originally suggested a surface state control technique based on
material SME, ultimately achieving intelligent control of droplets
sliding on the surface. Transparent wood (TW) is made up of
dignified skeletons submerged in transparent polymers (with a
refractive index matching cellulose), which have drawn a lot of
interest due to their high anisotropy, distinctive optical features,
outstanding thermal insulation, superior mechanical strength,
and potential, as shown in Figure 25e.1118] Shape reconfigurable
TW has been constructed by integrating a poly thiocarbamate
covalent adaptive network (PTU CAN) into a dignified wood
(DW) scaffold. Due to its adjustable shape memory perfor-
mance, it may be used as an intelligent driver for developing
fire alarm systems. By giving conventional intelligent windows
exceptional liquid-repellent and deicing features, Chen et al.
created a Joule thermal sensitive, long-life, superhydrophobic,
all solid-state, dimming, and temperature-controlled intelligent
window (Figure 25f). This device exhibits versatility while also
possessing anti-peep film characteristics.[']

6. Summary and Outlook

SMPs enablethem to sense changes in the environment,
process and analyze information, and achieve mate-
rial/structure/function integration with self-sensing, self-
deforming, self-healing, and self-learning functions. SMPs have
vast potential in various fields like intelligent robotics, flexible
electronics, intelligent sensors, and medical devices, and as
technology continues to advance and deepen, the performance
and application prospects of this material are expected to further
improve and expand (Figure 26).

1) With the continuous development of both SMPs and artifi-
cial intelligence technology, their collaboration is poised to
unleash astonishing potential in the future, as Al algorithms
can optimize the manufacturing process of SMPs to predict
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and adaptively adjust material properties, resulting in higher
performance and adaptability. This will promote the progress
of materials science and pave the way for product innovation.

2) Smart materials have become the cornerstone of contempo-
rary industrial progress, finding use in critical domains in-
cluding biomedicine, robotics, flexible electronics, artificial
intelligence, and intelligent manufacturing. The use of SMPs
will improve convenience and innovation in many businesses
and people’s lives, advancing both social progress and techno-
logical advancement. It is anticipated that these materials will
have more viable application scenarios in the future due to the
ongoing advancements in science and technology. The future
intelligent society will profit greatly from the extensive study
of smart materials on both an economic and social level.

3) By adjusting the crosslinking level crystal structure and
adding various functional additives, the microstructure of
SMPs can be optimized to realize multi-level deformation
and multimode response functions, giving the substance
the ability to respond to a variety of external stimuli like
temperature, humidity, and light. This offers new opportu-
nities for using SMPs in industries like flexible electronics
and intelligent sensors, providing enormous potential for
creating innovative materials.
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