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Preface

The desire of scientists to fabricate next-generation functional materials with fas-
cinating properties has led to the development of one of the most exciting class of
materials called shape memory polymers (SMPs). In recent years, SMPs including
blends and composites have generated great interest among researchers on account
of the ease of manufacture and the tremendous potential for application. In this
technology, polymeric materials with desired polymer architecture can be designed,
and those with increasingly sophisticated properties can be fabricated too by tuning
the thermo-mechanical programming conditions. Moreover, these materials could
meet the needs of extremely demanding forms of application. Over the past several
years, academic and industrial research in this field is burgeoning and there is an
exponential upsurge in the number of patents, papers and reviews.

Although the research in this field is flourishing steadily at an extremely rapid
pace, only a few books have been published to provide a comprehensive account
of the whole field. Moreover, a book which encompasses an integrated and con-
temporary overview of the pertinent developments of current research in this field is
much desired. In the light of recent developments, we perceive that it is befitting to
judiciously edit the dedicated efforts of researchers all over the world to assemble a
reliable and accessible source of information for both beginners and practitioners in
academia and industry. The principal objective of the present book is not only to
provide an insight into the recent developments in this area of interest but also to
indicate the right directions of future research.

This book comprises 13 chapters that throw a great deal of light on the field of
SMPs, their blends and composites in a reasonably succinct way. Chapter
“Introduction to Shape-Memory Polymers, Polymer Blends and Composites: State
of the Art, Opportunities, New Challenges and Future Outlook”, an introductory
chapter on SMPs, provides a bird’s-eye view of the current state of research,
opportunities, new challenges and future prospects in this area. Chapter
“Classification of Shape-Memory Polymers, Polymer Blends, and Composites”
focuses on the classification of SMPs, their blends and composites based on
polymer type, structural variety and external stimulus. Further, this chapter presents
a compendious description of the chemical architecture requirements for the shape
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memory effects, the shape memory enabling mechanisms and the structure–prop-
erty correlations. Chapter “Novel Techniques for the Preparation of Shape-Memory
Polymers, Polymer Blends, and Composites at Micro and Nanoscales” outlines the
novel techniques including the design strategies for the preparation of SMPs, their
blends and composites, while Chapter “Rheology of Shape-Memory Polymers,
Polymer Blends, and Composites” zooms in on their rheological properties.

Chapter “Microscopy of Shape Memory Polymers, Polymer Blends, and
Composites” seeks to elucidate the micro- and nanostructures of different SMPs,
their blends and composites in terms of important microscopic techniques such as
SEM, TEM, cryo-TEM, AFM and LCAM. Chapters “Dynamical Mechanical
Thermal Analysis of Shape-Memory Polymers” and “Differential Scanning Thermal
Analysis of Shape-Memory Polymers, Polymer Blends, and Composites”,
respectively, discuss the relevance of dynamic mechanical analysis and differential
scanning calorimetry to understand the thermodynamic aspects, the molecular
mechanisms and the multi-shape memory effect of SMPs. Chapter “Thermal
Stability of Shape Memory Polymers, Polymer Blends, and Composites” throws
ample light on the thermal stability and degradation behaviour of SMPs. Chapter
“Mechanical Properties of Shape-Memory Polymers, Polymer Blends, and
Composites” is an overview of mechanical properties of SMPs, blends and com-
posites in terms of the conventional mechanical testing procedures, the cyclic
mechanical testing methods and the nanoindentation technique. Chapter
“Biodegradable Shape-Memory Polymers” summarizes the recent developments in
the design and fabrication of completely biocompatible and biodegradable SMPs,
and Chapter “Optical, Electrical, and Magnetic Properties of Shape-Memory
Polymers, Polymer Blends, and Composites” illuminates the optical, the electrical
and the magnetic properties of SMPs, blends and composites. Chapter “Scattering
and Other Miscellanies Techniques for the Characterization of Shape Memory
Polymers” reviews the applicability of X-ray scattering, light scattering and optical
microscopic techniques to investigate the molecular-level mechanism in SMPs.
Chapter “Applications of Shape-Memory Polymers, and Their Blends and
Composites”, the last chapter of this book, directs the readers right into the broad
spectrum of applications of SMPs, which range from domestic to engineering, from
automobiles to aerospace, from smart textiles to intelligent packaging and from
switches to sensors, and a wide range of biomedical applications.

Science is important not just to researchers, but to the public. This book is so
structured that each chapter is self-contained. We hope that all classes of readers
will enjoy using this book and will find it informative and instructive. Finally, we
express our deepest gratitude to our publisher and staff for their guidance,
encouragement and support at every stage of the project.

Bangkok, Thailand Dr. Jyotishkumar Parameswaranpillai
Bangkok, Thailand Dr. Suchart Siengchin
Kochi, India Dr. Jinu Jacob George
Kottayam, India Dr. Seno Jose
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Introduction to Shape-Memory
Polymers, Polymer Blends
and Composites: State of the Art,
Opportunities, New Challenges
and Future Outlook

Seno Jose, Jinu Jacob George, Suchart Siengchin
and Jyotishkumar Parameswaranpillai

Abstract This chapter provides an overview of shape-memory polymers and their
blends and composites. The history of shape-memory polymers, their advantages,
shape-memory cycles, classification and the molecular mechanism of the shape-
memory effect are briefly discussed. The characterisation techniques such as dynamic
mechanical thermal analysis (DMTA), differential scanning calorimetry (DSC), scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM), optical
and polarized optical microscopy (OM and POM), atomic force microscopy (AFM),
laser scanning confocal microscopy (LSCM), universal testing machine (UTM),
nanoindentation technique, etc., are powerful techniques to investigate the shape-
memorymechanismand shape-memoryperformance. Shape-memorypolymers have
myriad of potential applications in automobile, sports products and textile, aerospace
and medical fields.
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1 Introduction

The desire of scientists to fabricate next-generation functional materials with fas-
cinating properties has led to the development of one of the most exciting class of
materials called shape-memory polymers (SMPs). Recently, SMPs including blends
and composites have generated great interest among researchers due to the ease of
manufacture and the possibility of tremendous potential applications [1–5]. In this
technology, polymeric materials with desired polymer architecture can be designed
and by tuning the thermo-mechanical programming conditions, high-performance
polymeric materials with increasingly sophisticated properties suitable for demand-
ing applications can be fabricated. Over the past several years, academic and indus-
trial research in this field is burgeoning, and there is an exponential upsurge in the
number of patents, books, papers and reviews [6–18].

SMPs are active polymers that can transform from a temporary shape to their
original permanent shape upon exposure to an external stimulus. This dual-shape or
multi-shape capability—the shape-memory effect (SME)—makes them promising
materials in numerous demanding applications such as smart fabrics, self-assembling
mobile phones, intelligent medical devices, self-deployable space structures, drug
carriers, etc. The external stimulus may be direct heating or indirect heating (where
electric, magnetic, optical, acoustic or chemical energy can be converted to ther-
mal energy), light, change in PH or solvent exposure. SME is originated from a
combination of polymer morphology and careful thermo-mechanical programming.

2 A Brief History of Shape-Memory Materials

Chang and Read [19] discovered the first shape-memory material in 1951, when
they observed the SME in a gold–cadmium alloy. Even before that, in 1941, in a
United States Patent, L B Vernon mentioned a type of shape-memory effect in a
dental material made of methacrylic acid resin [20]. In 1963, Buehler et al. [21]
reported the shape-memory properties of nitinol, an equimolar mixture of nickel and
titanium. Thereafter, researchers observed the SME in a number of metallic alloys
and ceramics [22–24]. In metallic alloys, the alloy undergoes reversible thermal
transitions between the two crystalline phases: low-temperature martensitic phase
and high-temperature austenitic phase [24]. Although awide range of shape-memory
alloys (SMA’s) are available, NiTi, CuZnAl andCuAlNi are themost popular in terms
of their performance indexes [25].

Shape-memory polymers (SMPs) are superior to SMA’s in many respects. For
instance, they are easily processable, cost-effective and lighter, and possess greater
recoverable strain. Moreover, they are various stimuli-responsive and their mate-
rial properties can easily be tuned. In 1980s, covalently cross-linked polyethylene
(PE), a heat shrinkable material, was developed, which exhibits properties similar
to SME, where the permanent shape and the switching process are due to covalent
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cross-links and melting of PE crystallites, respectively [26]. In 1984, CDF Chimie
Company developed polynorbornene, shape-memory polymer [7, 27]. In this linear,
amorphous thermoplastic, the SME is due to the formation of a physically cross-
linked network resulting from the entanglements of the high molecular weight linear
chains on cooling, and the recovery of permanent shape on heating above the glass
transition temperature (Tg). Later, in 1990s researchers observed thermally induced
shape-memory effects in hydrogels of poly(vinyl alcohol) [28, 29] and in phase seg-
regated multiphase copolymers like polyurethanes [30–34]. In the former, temporary
shapes are fixed by deswelling and by the formation of physical cross-links while the
permanent shape could be achieved by immersing in boiling water. In the latter, the
phase showing the highest thermal transition fixes the permanent shape and the Tg

or Tm serves as molecular switch. An example of shape-memory effect in hydrogel
is shown in Fig. 1 [35].

3 The Shape-Memory Cycle

The SM cycle to evaluate the SM property of an SMP, in general, involves four
successive steps: deformation, cooling, fixing and recovery [3, 36–38]. In the first
step, the sample is deformed at a deformation temperature (Td), to a predetermined
stress or strain. Opening of molecular switches is realized in this step because the
material is heated to Td, which is above the transition temperature or ‘switching
temperature’, Ttrans, at which the shape can be deformed. It is followed by cooling
under pre-strain constraint from Td to a set temperature, Ts, below the Ttrans. During
cooling, which is a strain storage process, the deformation history is stored. This
step ensures the closing of ‘switches’ and fixation of a temporary shape. In the next
step, the initial deformation constraint is released at Ts and a stress-free condition is
achieved. In this state, the sample may be considered as a pre-deformed SMP. The
final step is the unconstrained recovery inwhich themolecular switches are opened by
heating back to a temperature above Ttrans, under stress-free condition, where the test
specimen regained its permanent shape. The SM cycle time, the overall time required
to carry out steps 1–4, depends on material properties, geometric consideration and
experimental condition. Figure 2 shows a typical stress–strain–temperature diagram
representing the SM cycle.

4 Molecular Mechanism of Shape-Memory Effect

SMPs may be considered as elastic networks that are equipped with suitable stimuli-
responsive molecular switches that fix the temporary shape by forming physical
cross-links below a certain critical temperature, and netpoints of either physical
(e.g. crystallites) or chemical (e.g. covalent bonds) nature that link chain segments
determine the permanent shape. The shape-memory effect may be considered as an
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Fig. 1 An example of shape-memory effect in hydrogel [35]. Reproduced with permission from
Springer Nature, License Number-4503380181682

entropic phenomenon [3, 37, 38]. The molecular chains of a shape-memory material,
in a permanent macroscopic shape, are in a thermodynamically stable state with
the highest entropy. When the material undergoes a macroscopic deformation the
molecular chain conformation changes to a less stable low entropic state. When the
material is cooled below the shape-memory transition temperature, at the molecular
level, this low entropic state is kinetically trapped due to the freezing of themolecular
chains and the deformed chain conformation is fixed. When the material is heated
above its Ttrans, at the molecular scale, heating activates the molecular mobility, and
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Fig. 2 A typical shape-memory cycle [3]. Reproduced with permission from Elsevier, License
Number- 4503380473895

Fig. 3 Schematic representation of a thermally induced shape-memory effect for a polymer network
with Ttrans = Tg [3]. Reproduced with permission from Elsevier, License Number- 4503380473895

the strain energy released acts as the driving force for the molecular chains to regain
the lowest energy (highest entropy) state, and thus recover the original shape (Fig. 3).
Thus, typically in an SMP, switch segments enable the fixation of temporary shape.

It is worth noting that the segmental switching alone is not sufficient for polymer
shape-memory effect. The complete interdiction of long-range chain slippage that
would lead to macroscopic deformation is a precondition for an ideal shape recovery
process. Therefore, complete recovery is not realized if the netpoints are not suf-
ficiently stable to withstand the thermo-mechanical conditions experienced by the
material. The netpoints can be made up of either covalent bonds (chemical cross-
links) or physical interactions (crystallites, glassy hard domains, hydrogen bonding,
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ionic clusters or chain entanglements). Although physical interactions ensure repro-
cessability, they are not strong enough to offer a complete recovery. In contrary,
chemical cross-links are robust enough to secure almost complete recovery, but repel
reprocessability.

5 Classification of Shape-Memory Polymers

SMPsmaybe classified in termsof structure, composition and type of stimulus.Based
on the polymer structure, there are four types of SMPs, viz. chemically cross-linked
amorphous SMPs (class I), chemically cross-linked semi-crystalline SMPs (class
II), physically cross-linked amorphous SMPs (class III) and physically cross-linked
semi-crystalline SMPs (class IV). Table 1 summarizes their important features.

6 Shape-Memory Trigger Methods Other Than Heating

Indirect heating, where thermal energy is generated from light or electric or mag-
netic energies, is extensively used as alternate methods for developing SMPs. For
instance, since the pioneering work by Lendlein et al. [106] to develop photorespon-
sive SMPs in which cinnamic acid type molecules when exposed to light undergo
photoreversible cycloaddition reactions, researchers use photoresponsive materials
that effectively absorb and convert light into heat to actualize shape-memory effect in
polymers [107–112]. Here, the temporary shape is achieved by thermo-mechanical
programming and the original shape is recovered by photoheating. Researchers also
showed that incorporation of conductive materials like carbon nanotubes (CNTs),
graphene, etc., into SMPs would act as an ideal heating source for stimulating SME.
This could be achieved by a number of approaches like the dispersion of conduc-
tive fillers in SMP matrix through the formation of double percolation conductive
network by confining the dispersion of conductive fillers in a co-continuous shape-
memory polymer blend, assembly of conductive channels in shape-memory polymer
composites, etc. [113–116]. Similarly, the incorporation of magnetic nanoparticles
in SMPs enables them to generate heat to induce shape recovery process [117–121].
Likewise, solvent-driven shape-memory effect in which solvent molecules disrupt
the secondary bonding in the SMP and depress the Tg below the operating condi-
tions has attracted many researchers to develop SMPs, especially for shape-memory
applications [122–126].
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Table 1 Classification of shape-memory polymers based on their structure

Type Important features Examples References

Class I Sharp Tg is the shape transition
temperature
Permanent shape is fixed by
chemical cross-linking while the
secondary shape by vitrification
Excellent degree of shape
recovery
Difficult to reprocess

Polynorbornene [39, 40]

Thermosetting PU [41–45]

Epoxy [46–50]

Styrene copolymers [51]

PET-PEG copolymer [52]

PMMA-PBMA copolymers [53]

Methacrylates [54]

Class II Tm is the shape transition
temperature
Permanent shape is fixed by
chemical cross-linking while
secondary shape by
crystallization
Fast shape recovery

PCL-BA copolymer [55]

Polycyclooctene [56, 57]

PE [58]

PE/PP blends [59]

Poly(ε-caprolactone) based
systems

[60–70]

Acrylates [71]

Poly(propylene sebacate) [72]

Class III Tg or Tm is the shape transition
temperature
Better processability
Rigid amorphous domains or
crystals or hydrogen bonding or
ionic clusters that serve as
physical cross-links fix the
permanent shape, while soft
segments with lower Tg or Tm fix
the secondary shape on cooling
Relatively low shape recovery

POSS-PN block [41]

[73, 74]

Copolymer [75–77]

Styrene block copolymer [78]

PET-co-PEO [79]

PE-co-nylon 6 [80]

PE-co-PMCP [81, 82]

PCL-b-ODX [83]

POSS telechelic [84–87]

PVDF/PMMA blend [88]

Polylactide-based systems
oligo(ε-caprolactone)

Class IV Tg or Tm is the shape transition
temperature
Physical cross-links (polar
interaction, hydrogen bonding or
crystallization with such
cross-links) fix permanent shape,
while the crystallization of soft
segments governs the secondary
shape

Styrene–trans-butadiene–styrene
TBCP

[89]

Polyurethane copolymers with
different soft segments

[90–99]

PCL-based systems [100–104

Copolyesters [105]
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7 Characterization of Shape-Memory Polymers

A macroscopic level and molecular level characterization is essential to explore a
comprehensive idea of shape-memory effect. Various sophisticated characterization
techniques can be used to explore the micro- and nano-level features of thermo-
mechanical programming and shape-memory characteristics, and visualize the shape
recovery mechanism. Characterization of molecular level hierarchal organization
of polymer structure and chemical net points in terms of cross-link density and
functionality can be investigated by nuclear magnetic spectroscopy [127–130].

Thermal characterization techniques such asDMTAandDSCare extensively used
to study the thermal properties including the crystallinity, phase transitions and glass
transition behaviour of SMPs [131–136]. Figure 4 shows the various types of shape-
memory properties exhibited by polymeric materials measured using differential
scanning calorimetry. The static mechanical properties of SMPs can be evaluated
by conventional mechanical testing [137, 138] while shape-memory parameters like
shape fixity, shape recovery, etc., can be investigated by dynamic mechanical testing
[107, 139, 140].High-temperature nanoindentation technique is a powerful technique
to analyse the shape-memory process at nanoscale dimensions [141, 142].

Microscopic techniques such as scanning electron microscopy (SEM) [143–151],
transmission electron microscopy (TEM) [152–154], optical and polarized opti-
cal microscopy (OM and POM) [134, 155, 156], atomic force microscopy (AFM)
[157–161], laser scanning confocal microscopy (LSCM) [162–164], etc., are widely
used to determine the morphological features of shape-memory polymers. SEM can
be made use to analyse micro-scale surface pattern, micro- and nano-level structural
features, evolution and population of nanowrinkles, dispersion of nanomaterials in
SMP matrix, etc. A better insight into the nano-level structural features could be
obtained from TEM investigation. The structural organization and morphology evo-
lution of SMPs can be visualized by OM and POM, while AFM, in addition to
surface topography, provides information about the shape recovery process. LSCM
is a powerful technique for the 3D visualization of structural features of biologi-
cal samples. X-ray scattering technique is another powerful method to investigate
the shape-memory behaviour through analysing the micro- and nano-state structural
features of the material [165–167]. This method has flexibility in terms of sample
preparation.

8 Applications of Shape-Memory Polymers

Researchers consider the field of SMPs as one of the most fascinating research
subjects, mainly because of the myriad of potential applications of these materials
in textile, space, electronic and medical fields. SMPs, due to the ease of designing
lightweight, cost-effective and reliable space structures, are potential materials for
developing deployable space structures such as panels, ground-based mirrors, solar
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Fig. 4 Various types of shape-memory properties exhibited by polymericmaterials measured using
differential scanning calorimetry [131]. Reproducedwith permission fromSpringer Nature, License
Number- 4552351325096

arrays, booms, reflectors, hinges and morphing wings [168–174]. Biocompatibility,
hydrolytic degradability, specific shape-memory functionality, low toxicity, etc.make
biodegradable SMPs potential candidates for several biomedical applications. These
include polymeric network systems for controlled drug delivery, microactuators for
clot removal, foam for aneurysmocclusion, filaments for sutures, intravascular stents,
tissue engineering scaffolds, dialysis needle adapters, annuloplasty rings, bone fillers
and bone fracture fixation devices, etc. [1, 91, 175–177].

Several automobile applications such as tunable automotive brackets, self-
repairing tyres, energy absorbing assemblies, automobile actuators, releasable fas-
tener systems, airflow control devices, morphable automotive body moulding, etc.,
are proposed for SMPs [178–184]. Smart textiles, clothing and relatedproducts canbe
developed using shape-memory fibres, shape-memory yarns and shape-memory fab-
rics [185–191]. Other potential applications of SMPs include shape-memory pack-
aging, food equipment, toys, sports products, etc. Since there is huge scope for the
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successful commercialization of SMPs in domestic, industrial, automobile, aerospace
and biomedical fields by making use of novel approaches such as 3D printing, SMPs
and their composites would become next-generation materials in near future.

Challenges and Prospects

The exponential explosion in the number of patents, papers and reviews authenticate
the glorious future of SMPs. Though extensive investigations on various aspects of
SMEs in SMPs have been done by researchers, quite a number of issues still remain
unresolved and unsettled. SMPs have unlimited application potential, but several fac-
tors restrict their practical applicability. As far as their end application is concerned, a
consensus is necessary among several factors such as thermo-mechanical properties,
multifunctionality, processability, durability, biocompatibility, etc. Compromise in
any of these aspects may limit the practical applicability of the product. The rel-
atively poor mechanical properties, low recovery stress, long response time, lower
cyclic life, weakmaterial stability, etc., of SMPs are some of the serious obstacles for
their broad application. Further, the reliability, durability, precise predictability, con-
trollable strain and deformation speed, etc., are prerequisites for utilizing SMPs for
the development of devices for advanced applications. The end application of high
molecular weight amorphous polymers is limited because of their intrinsic tendency
to flow and therefore, high precision in programming and recovery processes is a
precondition for the long-term storage of these materials in their temporary shape.
Another important area of concern is the control of SME in biological systems,
where simultaneous occurrences of several complex issues—flexible mechanical
constraints, metabolic activities, complex chemical environment, etc.—should be
properly addressed. Besides, stringent requirements and lengthy regulatory approval
procedures pause constraints for the commercialization of SMPs for biomedical
applications.

To realize the broad spectrum of end applications, development of new SMPswith
novel structure and diversified functionalities are essential. For example, there is great
interest amongmaterial researchers to fabricatemultifunctional,multi-sensitive, two-
way SMPs having multiple SMEs. Hence, the integration of several functions in a
single system is a fascinating area of future research. Design of SMPs by combin-
ing non-SMmaterials, development of conducting elastomeric SMPs, enhancing the
effectiveness of triggeringmechanisms, optimizing the triggering conditions, invent-
ing wireless and remote controllable shape-memory behaviour, implementing novel
programming protocol, solar and electrochemical energy harvesting, etc., may result
in the broadening and diversifying the commercialization and practical applications
of SMPs. Generalized and advanced numerical modelling by unifying various struc-
tural features of the material and other parameters like stress, strain, time, external
stimulus parameters, reinforcement content, etc., may contribute towards the accu-
rate engineering and practical design of devices and may play a prominent role in
future developments.

Completely non-thermal trigger mechanism such as photoisomerization of con-
stituent molecules or solvent induced plasticization is another attractive area of
research. Design of novel SMPs which utilize special molecular switches other than
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conventional glass transition and melting may result in fortuitous properties and
new functionalities. For example, acoustically or electrically sensitive non-thermal
switches with short, accurate and controlled responsiveness to stimulation can avoid
cold drawing and reversible plasticity of conventional SMPs.

Another promising area of interest is the fabrication of self-actuating biomedical
devices with material which satisfies multidimensional requirements such as trigger-
ing condition, stiffness, degree of fixing/recovery, biocompatibility/biodegradability,
etc. Shape-memory material could be effectively employed in minimally invasive
surgery. Shape-memory implant materials would have a decisive influence in design-
ing the medicinal products, in the future. Bio-inspired SMPs that mimic intelligent
nature materials is another potential area of future research.

Fabrication of lightweight deployable structures for spacecraft such as hinges
of satellite structure bearing photovoltaic arrays having stable and well-controlled
recovery property, trusses, reflectors, SMP skins used for morphing aircraft wings,
tuneable automotive brackets and automobile actuators, self-disassembling mobile
phones, smart textiles, etc., are of great technological interest and some of the impor-
tant prospective applications in this fascinating area of research. Finally, progress
by protecting the environment is of great importance, and it is the responsibility of
researchers to invent ‘green methods’ for the synthesis and fabrication of shape SM
materials for the sustainable development.
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Classification of Shape-Memory
Polymers, Polymer Blends,
and Composites

Krzysztof Strzelec, Natalia Sienkiewicz and Tomasz Szmechtyk

Abstract Since the last three decades, international research interest into the shape-
memory effect in polymers has been rapidly growing. The recent progresses made
in the synthesis of different types of shape-memory polymers (SMPs) significantly
expanded the practical potential of their applications in such fields like microelec-
tromechanical systems, medical and biomimetic devices, sensors, actuators, self-
healing systems, etc. The present chapter is focused on the classification of shape-
memory polymeric materials (SMPs), as well as the current developments and most
important concepts for these types of smart polymers. The recent progress in the
development of shape-memory polymer composites (SMPCs) and shape-memory
polymer blends (SMPBs) is also highlighted. In this chapter, different classifica-
tion criteria of SMPs with a view to polymer type and structure and external stim-
ulus are described. Particular emphasis is placed on the factors enabling shape-
memory effects, especially structure–property correlations that influence shape-
memory mechanisms.

1 Introduction

Shape-memory polymers (SMPs) are a kind of very important smart polymers that
have multiple shape capacities. They can be deformed and subsequently fixed into a
temporary shape, which would remain stable unless they are exposed to an appropri-
ate external stimulus such as temperature, light, pH, electric or magnetic field, and
specific ion or enzyme that triggers the polymers to recover to their original shape.
Usually, preparation of SMPs is conducted by conventional processingmethods, e.g.,
injectionmolding or extruding. During processing, the polymer is formed into its ini-
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Fig. 1 Schematic representation of shape-memory effect for thermally induced process

tial permanent shape B. Afterward, the polymer specimen is deformed and fixed into
the temporary shape A (Fig. 1). Polymer recovers its initial permanent shape B after
application of an external stimulus [1]. In comparison with metallic shape-memory
alloys, such cycle can be repeated several times in much shorter interval. Addition-
ally, SMPs allow a much higher deformation rate between shapes A and B [2]. Apart
from easy manufacturing and processing, for many applications, SMP materials are
attractive substitutes to metals because of their flexibility, biocompatibility, low cost,
and wide scope of modifications. Shape-memory polymer composites (SMPCs) and
shape-memory polymer blends (SMPBs) have considerably enhanced the range of
applications of shape-memory polymers.

The first shape-memory effect in polymers was described by Vernon et al. in the
US patent on dental materials (methacrylic ester resin) [3, 4]. The first application of
SMPs was heat-shrink tubing by Paul Cook at Raychem Company in the late 1950s
[5]. The next important step in the development of SMPs was reported by Rainer
et al. in [6], the utilization of heat-shrinkable polyethylenes [6]. This polymer was
able to memorize its initial shape after irradiation with gamma rays. Also, George
Odian with coworkers at Radiation Applications, Inc. in early 1960s, developed for
NASA deployable space structures from polyethylene with radiation-induced mem-
ory. Besides these, only a few other studies were performed in the 1960s; however,
industrial application was being widely explored as evidenced by patent literature on
“heat-shrinkable” or “heat-recoverable” materials used in electrical engineering and
packaging industry (Fig. 2) [5]. Starting in the mid-1990s, academic interest in the
field of shape-memory polymers dramatically grew. Since then the research in SMPs
has increased due to their possible and promising application in several fields such as
smart textiles and apparels,medical devices, sensors and actuators, flexible electronic
devices, high-performance water vapor permeability membranes, aerospace appli-
cations, and many others [7]. In recent years, a wide variety of polymers has been
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Fig. 2 a Heat-shrinkable plastic tubes used to insulate wires; b Packaging shrink-wrap foil

synthesized with shape-memory effects. A number of unique properties have been
developed in different types of polymers like thermoplastics, elastomers, thermosets,
polymeric blends and composites, hydrogels, and liquid crystals.

2 Classification of SMPs

With the emergence of new types of shape-memory polymers, the basic criteria for
their classification were defined. The most commonly used classification of SMPs
(discussed in this review) includes the three criteria: composition and structure of
polymers, the type of stimulus which triggers the shaping back to the permanent
phase, and the character of shape-memory function. Such integrated insight into the
classification of SMPs was proposed by Hu et al. [8]. Another division into physi-
cally and chemically cross-linked SMPs, according to the nature of their netpoints,
was introduced by Liu and coworkers [9]. The combined scheme of the two above
classifications is presented in Fig. 3. The chemical structure of SMPs and a type of
activation trigger were the main criteria for classification showed byMather [5]. This
division includes four categories. Category I and Category II are chemically cross-
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Fig. 3 Schematic view over classification criteria of shape-memory polymers

linked networks that utilize, respectively, a glass transition and melting transition
for their activation. Category III and Category IV represent physically cross-linked
polymers activated accordingly, with a glass transition and melting transitions.

2.1 Classification by Polymer Structure

Almost, all polymerization methods can be used to synthesize SMPs, including addi-
tion, condensation, free-radical and photochemical polymerization, and radiation
reaction [9]. The shape-memory effect of the polymer can be achieved through the
generation of strong interaction among the polymer chains. Usually, elastic entropic
forces result from the presence of physical or chemical netpoints, which can be
achieved by covalent bonds or intermolecular interactions. This kind of polymeric
materials must present an adequate morphology in order to show this behavior [10].
Taking into account the cross-linking characteristics, composition, structure, mor-
phology, and type of polymer materials, SMPs are often classified into four differ-
ent polymer structures: chemically cross-linked, physically cross-linked, polymer
blends, and polymer composites [11].
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Generally, the molecular structure of SMPs consists of two practical parts, cross-
links with chemical or physical nodes (hard segments), and switching segments. The
cross-linked elements of structure allow for the memorization of the original perma-
nent shape. The hard segments may be of physical or chemical nature, such as chemi-
cal cross-links, crystals, glassy domains, or chain entanglements [12]. The switching
segments are the polymer chains between network nodes that undergo the reversible
shape change (Fig. 4) [5]. The soft segments work as reversible molecular switch at
transition temperatures. These segments can be either amorphous or crystalline, and
therefore the transition temperature (Ttrans) is glass transition temperature (Tg) and a
melting point temperature (Tm), respectively. Chemically cross-linked SMPs can be
obtained by a suitable cross-linking chemistry, which are referred to as thermosets.
Physically cross-linked ones require a polymer morphology consisting of segregated
domains, which is typical for thermoplastics [10].

2.1.1 Chemically Cross-Linked Polymers

For the chemically cross-linked polymers (thermosets), the polymer network is
built from the polymer chains connected by covalent bonds, which are more sta-
ble than the physical cross-linking network and show an irreversible nature [13,
14]. When the covalent bonds are introduced into polymer matrix, the programmed
shape of polymer cannot be further changed. Covalent netpoints can be obtained
during polymerization by the cross-linking of linear or branched polymers as well
as (co)polymerization/(co)polycondensation of one or several monomers, in which
one has at least trifunctional. The other methods rely on postprocessing cross-linking
of polymer chains. The physicochemical properties of the network can be adjusted
by the choice of monomers, their ratio and functionality, and the cross-link content.
Additionally, these properties can be controlled by the curing conditions and cur-
ing time. Several types of SMPs are also synthesized by synthesis route, which
involve copolymerization of monofunctional monomers with oligomeric difunc-
tional cross-linkers [10]. Such AB copolymer networks possess increased tough-
ness and elasticity at room temperature. AB copolymer network with Ttrans based
on Tg was obtained by copolymerization of various acrylates with poly[(l-lactide-
ran-glycolide)]dimethacrylate [13]. Similar covalently SMPAB copolymer network
with melting transition Tm used as switching transition for the shape-memory effect
was prepared by copolymerization of n-butyl acrylate with semicrystalline oligo[(ε-
hydroxycaproate)-co-glycolate]dimethacrylates [15].

Typical examples of SMP networks prepared during polymerization processes are
styrene copolymers, thermosetting polyurethanes, polyacrylates and polymethacry-
lates, PE/poly(vinyl acetate) copolymer, and epoxides. The thermosetting SMPs,
like for example cross-linked styrene-based SMP and epoxy SMP, in contrast to
thermoplastic SMPs with poor thermal and mechanical properties, are generally
used for large-scale structural materials. Copolymerization of styrene with vari-
ous co-monomers is the key to obtaining shape-memory materials with enhanced
flexibility and a huge variety of network architectures [16]. For example, shape-
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Fig. 4 Molecular mechanism of thermally induced shape-memory effect for different types of
SMPs

memory effect has been reported for copolymer of styrene, corn oil and divinylben-
zene [17], and trans-poly(1,4-butadiene)-polystyrene copolymer [18]. Also, poly-
acrylates and polymethacrylates are of interest as shape-memory materials due to
their ease of preparation, their simple phase behavior, and the possibility of eas-
ily tuning their key characteristics. (Meth)acrylates with a wide variety of ester
functionalities are commercially available, and many of them can be copolymer-
ized by radical polymerization in bulk or in solution [13]. The acrylic monomers
which are predominantly used for synthesis of SMP networks may have (1) net-
work segments, (2) a switching segment, and (3) a cross-linker. For example, SMP
networks were synthesized from poly(methyl methacrylate-co-butyl methacrylate)
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copolymer cross-linked with tetra(ethylene glycol) dimethacrylate [19]. Apart from
being built up by the main chain of poly((meth)acrylates), the switching segment
can also be introduced as side chains or as long-chain cross-linkers by the use
of (meth)acrylic ester macromonomers based on oligo(ε-caprolactone), PEG, and
poly(lactide-co-glycolide) [13]. As cross-linkers, multifunctional (meth)acrylates
include (meth)acrylates of polyols (ethylene glycol, butylene glycol, glycerol),
trimethylolpropane, and acrylamides which are often employed. There are several
reports on the SMPs based on the polyethylene oxide (PEO), cross-linkedwithmaleic
anhydride, glycerin or dimethyl 5-isophthalates [17]. Also, interpenetrating poly-
mer network (IPN) of polyethylene oxide/poly(methyl methacrylate) (PMMA) was
reported [20]. PEO/PMMA IPN systems show shape-memory properties with two
transition temperatures: Tm of PEO and Tg of IPN.

Chemically cross-linked SMPs can be also synthesized by polyaddition and poly-
condensation reaction. Shape-memory behaviors were observed for thermosetting
polyurethanes. Hu et al. reported the influence of the molecular weight on shape-
memory behavior in polyurethane films [21]. Glycerin and 1,1,1-trimethylolpropane
were applied as cross-linker for polyurethanes [12, 22, 23]. A clear improvement in
creep and increase in recovery temperature have been observed due to the applica-
tion of cross-linking [24]. Hybrid polyurethanes, cross-linkedwith Si–O–Si linkages,
weremadebyXuand coworkers [25]. Thermosetting polyurethaneswere prepared by
grafting of polyacrylamides and polyacrylates or by introducing hydrophilic groups
into the cross-linked polyurethane backbone. Such networks showed both shape-
memory and hydrogel properties [17].

SMPs based on epoxy polymers are a high-performance thermosetting resin pos-
sessing a unique thermomechanical property together with excellent shape-memory
effect [10]. The epoxy SMPwas synthesized from an epoxy resin, hardener, and addi-
tional linear epoxy monomer, by Leng et al. [26]. With the increase of active linear
epoxy monomer, the Tg of such tailored network ranges from 37 to 96 °C. Shape-
memory network was enabled by reaction of 3-amino-1,2,4-triazole with epoxidized
natural rubber catalyzed by bisphenol-A [13]. The transition temperature of this net-
work is the Tg, which could be controlled by the 3-amino-1,2,4-triazole content in
the range between 29 and 64 °C [27]. The shape-memory IPN networks can be also
prepared through successive polyaddition and polymerization. The example of such
IPN is a system obtained from polyethyleneglycol dimethacrylate blended with star-
shaped poly[(rac-lactide)-co-glycolide], which is first photopolymerized and later,
the polyesterurethane network is formed using isophorone diisocyanate [13]. Ttrans

can be adjusted between −23 and 63 °C [28].
Another method of preparation of chemically cross-linked SMPs is a subsequent

cross-linking of a linear or a branched polymer [14, 17, 29]. The SMPs created
by postprocessing can be divided into two groups: cross-linked by means of cross-
linking agent and cross-linked by electromagnetic radiation. An example of the first
method is the application of peroxide to cross-link the linear polymers [11, 29–31].
Liu and coworkers used a dicumyl peroxide to cross-link semicrystalline polycy-
clooctene obtained by ring-opening metathesis polymerization containing unsatu-
rated carbon bonds [32, 33]. The electromagnetic radiation with different wave-
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lengths (γ-radiation, UV, neutrons, e-beam) is often used to cross-link polymers dur-
ing postprocessing processes. The abovementioned polyethylene cured with gamma
rays obtained by Rainer in 1964 was one of the first SMPs [6]. The γ-radiation has
been also used to generate SMPs based on poly(ε-caprolactone) and its blends with
poly(methyl vinyl siloxane) [11, 34]. Application of UV radiation to cross-linking
SMPs requires incorporation of photo-initiators or light-sensitive monomers. For
example, a covalent network with shape-memory properties was synthesized from
poly(lactide-co-glycolide) and polyhedral oligomeric silsesquioxanes (POSS) using
tetrathiol as cross-linking agent and 2,2-dimethoxy-2-phenylacetophenone as radical
photo-initiator [35]. The use of functional, light-sensitive monomers, for example,
monomers with acrylic groups, allows easy control of the initial shape and degree of
cross-linking of the network formed by photo-curing [36, 37].

2.1.2 Physically Cross-Linked Polymers

For the physically cross-linked SMPs, the formation of phase segregate morphology
is the fundamental mechanism behind the thermal-induced shape-memory behavior
of these thermoplastic materials [10]. The molecular switch and physical cross-link
are provided by separate phases of the polymer. A notable difference between physi-
cal and chemical cross-linking is that in the physically cross-linked polymers it is pos-
sible to remold the fixity phase after reaching the temperature at which the physical
bonds disappear [11]. Physically cross-linked polymers can be further classified into
linear polymers (block copolymers and high-molecular-weight polymers), branched
polymers, and polymer complex [10]. Another classification takes into account the
presence of the SMP amorphous or crystalline switching segments.

In glassySMPswith amorphous switching segments, the hard amorphous domains
act as physical cross-link via van der Waals forces, polar–polar interactions, hydro-
gen bonding, and other weak interactions. The Tg of the soft segments represents
the transition temperature Ttrans and is responsible for SME [38]. The shape-memory
behaviors of this type SMPs depend on the chain length, structure, and arrange-
ments of soft segment. Segmented amorphous shape-memory polyurethanes (PU)
are the most important class of this type of SMPs. The hard segments of linear PU
are formed either from a long-chain macro-diol with a higher thermal transition
temperature or from diisocyanates and chain extenders [13]. The Tg of thermo-
plastic polyurethanes can be controlled in a wide range by using different kinds of
monomers (aromatic or aliphatic diisocyanates) and chain extenders (low-molecular-
weight diols or diamines) and by adjusting their amounts [17]. Precise control of
PU composition and structure of soft and hard segments are necessary for effec-
tive shape-memory effect. The glassy hard segments, except physical cross-linking,
should maintain the shape of material through hydrogen bridges or polar interaction.
The soft segments could freely absorb external stress by unfolding and extending
PU chains in these domains. The synthetic route for long polymer polyurethane
chains (soft segments) and highly polar (hard) segments is based on the two-step
procedure. In the first step, a polymeric diol reacts with diisocyanate to form the
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prepolymer. Next, this prepolymer reacts with low-molecular-weight chain exten-
ders, like diols or diamines [39–42]. Another method of obtaining shape-memory
polyurethanes based on joining block copolymers was proposed by Lendlein et al.
[43]. He prepared SMPs with tunable Ttrans between 14 and 56 °C, from copoly-
mers of lactic acid with other monomers. Besides polyurethanes, many other SMPs
with amorphous switching segments have been reported. Both homopolymers and
their blends, like poly(methyl methacrylate), polynorbornene, poly(methylene-1,3-
cyclopentane), poly(vinyl chloride) [17], as well as, numerous block copolymers
like, for instance, poly(lactic-co-glycolic acid), allow to obtain separated phase sys-
tems [44, 45]. In the case of copolymer SMPs, the blocks from co-monomer with
the highest transition temperature act as the hard segments (fixity phase), while the
other ones are the soft segments (switching phase). In the case of SMPs prepared
by copolymerization, the appropriate selection of monomers allows improvement in
other properties like biodegradability, hydrophilicity, solvent absorption and diffu-
sion, toughness, transition temperature, or activation shape-memory time [11].

The second group of physically cross-linked SMPs comprises polymers with
crystalline switching segments. The temporary shape of these materials is fixed by
crystallization of the soft domains, which occurs below Tg. The transition tem-
perature region corresponding to Tm (melting of crystalline domains) is narrow,
in contrast to the SMPs, with amorphous switching segments, which often show
broad transition temperature range and usually requires difficult to achieve pre-
cise combination of soft segments [17]. Various physically cross-linked semicrys-
talline SMPs were reported. Typical examples are biodegradable poly(L-lactide-
co-ε-caprolactone) [46], poly(ethylene oxide-co-butylene terephthalate) [47], and
polystyrene-co-poly(butadiene) [38]. However, the largest group in this category
are the thermoplastic segmented shape-memory semicrystalline polyurethanes.
Polycaprolactone-diol (PCL-diol) has been extensively used for the synthesis of
PU with crystalline soft phase [48]. The hard segments were incorporated in 4,4′-
diphenylmethane diisocyanate (MDI)-based PU by application of such monomers
as 1,4-butanediol [49], 4,4′-bis(2-hydroxyethoxy)biphenyl (BEBP) or 4,4′-bis(2-
hydroxyhexoxy)biphenyl (BHPP) [50], and 1-octadecanol [51, 52].

2.1.3 Segmented Block Copolymers

Shape-memory effect in segmented block copolymers is based on different transition
temperatures (Tg or Tm) of co-monomers [11]. The transition temperatures deter-
mine, which co-monomer will be switching phase (lower temperature) and which
one will be fixity phase (higher temperature). Well-known example of switching
phase co-monomer is lactic acid as PLA, but it cannot provide optimal SME without
appropriate fixity phase. Only combined with ε-caprolactone as poly(l-lactide-co-
ε-caprolactone) (PCLA) [46] or with glycolic acid as poly(lactic-co-glycolic acid)
(PLGA) [44] shows superb SME. Similar relation between phases is also observed in
polyurethanes, where reaction between diisocyanate and diol allows to obtain fixity
phase with urethane groups and switching phase of oligoester [39–43]. Strong inter-
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actions between dipoles and hydrogen bonds ensure polarity of fixity phase, high
enough to use PLA, or even polycaprolactone (PCL) as switching phase. Another
example of segmented block copolymer with shape-memory effect is poly(ethylene
terephthalate) (PET) as fixity phase with poly(ethylene dioxide) (PEO) as switching
phase [47].

2.1.4 Cross-Linked Homopolymers

Shape-memory homopolymers have fixity phase and switching phase as block
copolymers, but the difference lies in the presence of both amorphous and crystalline
regions in one polymer. While crystals act as fixity phase and provide shape, phys-
ical bonds of amorphous chains (switching phase) react to appropriate temperature
and reshaping occurs. Example of shape-memory homopolymer is semicrystalline
PLA, which in addition to being SMP also is biocompatible and biodegradable [46,
53–55]. Unfortunately, shape-memory effect of PLA is limited to narrow temperature
range. Also compared with the performance of polymer blends, block copolymers,
and interpenetrating polymer networks, shape-memory effect of PLA homopolymer
is limited.

2.1.5 Polymer Blends, Polymer IPN/Semi-iPN

There are two types of polymer blends with shape-memory effect: miscible and
immiscible. Both of them are interesting for industrial applications, due to the fact
that blending is easily implementable and can provide enhancement of mechanical
and thermal properties. Miscible blends can be made from semicrystalline polymers
like PCL and polydioxanone [56] or from semicrystalline and amorphous polymers
like polyurethanes basedonPCLwith poly(vinyl chloride) [57] or phenolic resin [58].
Although miscibility theoretically causes one Tg of blend, different concentrations
of each polymer in various regions differentiate local Tg. Immiscible blends like PCL
matrix with poly(styrene-b-butadiene-b-styrene) (SBS) [59] or PLCA with PLGA
[25] also represent shape-memory polymers.

Specific blends of miscible polymers with interlaced networks are known as inter-
penetrating polymer networks (IPNs). They can also exhibit shape-memory proper-
ties if aforementionedTg issue is solved in similarway as for othermiscible polymers.
IPNs based on PLGA polyurethanes with poly(ethylene glycol) (PEG) dimethacry-
lates were proposed by Zhang et al. [28]. Other IPNs with acrylates were made of
PMMA with PEO, where shape-memory effect was based on melting of PEO crys-
tals, and poly(methyl methacrylate-N-vinyl-2-pyrrolidone) with PEG, where shape-
memory effect was provided by hydrogen bonds [60, 61].
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2.1.6 Supramolecular Polymer Networks, Hydrogels

SMPs obtained via supramolecular chemistry are based on non-covalent interactions
such as hydrogen bonds, dipole–dipole bonds, or van der Waals forces. Great num-
bers of these interactions can provide better stability of polymer structure and act as
fixity phase [62]. Despite this, thermal-induced dissociation of hydrogen bonds also
provides shape recovery of the structure [63]. Also, supramolecular SMPs have dis-
tinctive dynamics of shape change response. Most notable studies on supramolecular
SMPs include solutions with ureidopyrimidinone (UPy) in polyurethane elastomers
[64] or polyacrylate copolymers [63]; α-cyclodextrin (α-CD) and polyethylene gly-
col (PEG) in PEG-α-CD [65]; PEG and acrylates in PEG-PMMA-co-(N-vinyl-2-
pyrrolidone) [60, 61], PEG–PMMA-co-acrylic acid [66], and PEG–polymethyl acry-
late [20]; and pyridine in polyurethanes [21].

Hydrogels, as polymers with hydrophilic groups, are able to change their struc-
ture, thanks to ability of absorbing significant amounts of water. Temperature is a
stimulus, which has important role in mechanism of shape change. There are two
types of hydrogels behaving conversely: lower solution critical temperature (LSCT)
hydrogels and higher solution critical temperature (HSCT) hydrogels. While LSCT
hydrogels are swollen at temperatures lower than LSCT and shrunken at tempera-
tures higher than LSCT, HSCT hydrogels have inverted characteristic (swell above
HSCT and shrink below HSCT) (Fig. 5).

First shape-memoryhydrogelswere obtained fromstearyl acrylate [67], but shape-
memory effect was not obtained immediately in both states. After achieving SMP

Fig. 5 Swelling/shrinking mechanism of shape-memory hydrogels
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as swollen hydrogel, exchange of stearyl acrylate to methyl acrylate was necessary
to create hydrogel with shape-memory effect in both (shrunken and swollen) states
[68]. Other polymers common in hydrogel synthesis are polyacrylamide (PAAm)
and poly(vinyl alcohol) (PVA). While PAAm is very useful in drug delivery, shape-
memory effect of PVA is hindered by cleavage of hydrogen bond above 60 °C
and in consequence, unstable structure of PVA [69, 70]. Success of PAAm results
from its LSCT, which is close to temperature of human body, and from modulated
gel technology technique [53] using interpenetrating networks of PAAm with N-
isopropylacrylamide (NIPAAm), which provides shrinkage of hydrogel at elevated
temperature.

2.1.7 Composites/Nanocomposites

Shape-memory polymer composites (SMPCs) differ from other structures because
of fillers and nanofillers influence on shape-memory effect. SMPs have intrinsic
low mechanical strength and shape recovery stress, which have largely restricted
their applications [71]. A small amount of micro/nano-sized fillers can significantly
improve these properties of SMPs. SMPCs not only exhibit improved mechanical
properties and shape-memory properties but also possess novel properties like multi-
shape-memory effect, indirect SME, gradient SME, two-way SME, and complicated
movement SME, indirectly triggering SME [71]. SMPCs can also enable or enhance
thermal stimuli-active effects, include electroactive effect, magnetic-active effect,
water-active effect, andphotoactive effect. Zhenget al. [72] reportedpoly(l-lactic acid
fillers) (PLLA)matrix with shape-memory effect improved by β-tricalcium. Another
PLLA composites with hydroxyapatite [73] and chitosan [44] also exhibit better
shape-memory effect than PLLA homopolymer. Increased stiffness and decreased
recoverable strain were observed for SMPs reinforced with glass and Kevlar [17].
Conducting SMPCs were prepared by blending carbon black or a conducting poly-
mer with the SMP [74–76]. Incorporation of 3.3% of carbon nanofibers resulted in
200% increase in recovery stress of the SMPCs [77]. Application of carbon nan-
otubes or carbon black of similar size for reinforcement of polyurethanes gave the
nanocomposites with increased shape fixity [78]. SMPCs with shape-memory effect
triggered by magnetic field were obtained using magnetic nanofiller like Fe2O3 with
a shell of oligo(ε-caprolactone) or Ni–Zn ferrite particles [79, 126] .

2.2 Classification of Shape-Memory Function

Shape-memory polymersmayhave different kinds of shape-memory effect. Themost
common memory effects are the one-way and two-way shape-memory, multi-shape,
and multifunctionality.
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2.2.1 One-Way Shape-Memory Effect SMP

The procedures in one-way shape-memory effect (1W-SMPs) consist of program-
ming and recovery of a shape. Depending on chemical structure of polymer, its
behavior can differ significantly. In Fig. 6, the process of programming and recovery
of a shape is shown in a schematic way. In the beginning, a programming process is
carried out during which the shape-memory polymer is subjected to such action to
obtain its permanent shape. In the next stage, the SMP is distorted and the intentional
temporary shape is fixed. The whole this process is based on heating up the sample,
deforming, and cooling the sample, or as it is possible drawing the sample at a low
temperature. Shape-memory effect is inducted by heating up the sample above a
transition temperature (Ttrans), and the recovery of SMP is observed. Solidification
of the material is possible during cooling down the polymer below transition tem-
perature; however, no recovery of the temporary shape is observed—what is called
a one-way shape-memory effect. During next programming, including mechanical
deformation, the polymer can obtain a temporary shape again but this new tempo-
rary shape is not identical as the first temporary shape. The best example of materials
which have a thermo-responsive one-way shape-memory effect are hydrogels with
hydrophobic, crystallizable side chains, and cross-linked poly(vinyl alcohols) [80,
81]. Hydrogels prepared from copolymerized acrylic acid and stearyl acrylate cross-
linked with methylenebisacrylamide have a really strong temperature dependence
in their mechanical properties. Polymers obtained in this reaction behave like tough
polymers in temperature below 25 °C, but above 50 °C softening enables the mate-
rials to be extended up to 50%. 1W-SMPs behavior of poly(cyclooctene) that was
cross-linked through a free-radical reaction using dicumyl peroxidewas reported [32,
33]. What is important is the establishment of a provisional shape on cooling as well
as quick improvement to the basic form upon heating. Besides, it was also proposed
that cross-linked poly(cyclooctene) reveals crystallization-induced elongation and
melting-induced contraction onheating,which can be explained by thermo-reversible
actuation. The melting temperature of sample (Tm) can be customized by change of
the quantity of dicumyl peroxide used for the cross-linking stage. Poly(cyclooctene)
has a stable molten–rubbery plateau above the Tm, which provides effortless defor-
mation and reacts as the transition temperature for shape-memory step, as well as a
crystallization temperature (Tc) close to room temperature that lets fast crystallization
process and efficient fixing of a temporary shape [82].

2.2.2 Two-Way Shape-Memory Effect SMP

Recently, two-way convertible shape-memory polymer materials (2W-SMPs) are
greatly advisable for many applications [83–85]. Nowadays, some polymers have
been investigated for two-way shape-memory properties, such as liquid crystal elas-
tomers and photo-deformation polymers. Variety from the mechanism of 1W-SMPs,
the 2W-SMPs process in liquid crystal elastomers and photo-deformation materi-
als is imputed to the conversion of anisotropic polymer chain conformation and
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Fig. 6 Schematic picture of the thermally induced one-way shape-memory effect

light-stimulated phase transitions (Fig. 7) [86–89]. Shape change gel layer is one
of the samples with a thermally caused two-way shape-memory effect. Discussed
gels include two types of layers: a thermosensitive control layer and a substrate layer
which is not sensitive to changes in variables temperature. The first one consists of an
ionic gel prepared from theN-isopropylacrylamide and sodium acrylate cross-linked
with N, N′-methylenebisacrylamide. During the temperature exceed of 37 °C, the
control layer shrinks while the substrate layer does not change. For connecting both
varied layers, one part of the control layer includes cross-linked copolymer which is
exposed to an aqueous solution of acrylamide. Next, the acrylamide is polymerized
by the use of a radical initiator to form diffuse chains. The pronounced variation in
shape of gels is convertible, and the system can reverse between two defined shapes
depending on the reaction conditions (below or above the transition temperature)
[90] (Fig. 8).

Wang et al. reported the application of homopolymers and copolymers of ε-
caprolactone and ω-pentadecalactone with cocrystallizable monomeric units for the
composition of 2W-SMPs. The thiol–ene cross-linking system exposed two-way
reversible 2W-effects under stress-free and stress conditions. The propulsion tem-
perature of the two-way shape-memory effect under stress-free condition can be
adapted in an extensive scope using suggested prepolymers by photo-cross-linking
with a multifunctional cross-linker [91].

The shape-memory elastomer with a pre-stretched in stencil is checked. Designed
material shows 2W-SM effect in reply to alterations in temperature without the need
of an unchanged permanent exterior load [92]. Chen et al. prepared laminated com-
posites with SMPsmembrane and elastic polymers membrane. It is 2W-SM behavior
in which the mechanism of shape-memory is ascribed to the release of elastic strain
of SMP layer upon heating, and the recovery of elastic strain caused by the bending
force of substratum membrane upon cooling [93].
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Fig. 7 Schematic showing the difference between the one-way and two-way shape-memory effects

Fig. 8 Schematic of multi-shape-memory effect

2.2.3 Triple-Way Shape-Memory Effect SMP

Triple-way shape-memory polymers (3W-SMPs) can change forms twice and can
fix two shapes compared to its permanent and initial shape. The 3W-SMPs comprise
a cross-linking phase and two independent phases related to two different conver-
sions which contain programming and recovery cycles. The programming stage of
3W-SMPs commences with heating the sample above both transitions and inducing
distortion. Next, maintain the deformation while cooling the polymer to fix form at a
temperature between the two conversions.Ware et al. reported a novel 3W-SMsystem
contained both permanent covalent cross-links and supramolecular hydrogen bond-
ing cross-links. Thedescribed effect comes into being from the connectionof the glass
transition of methacrylate copolymers and the dissociation of self-complementary
hydrogen bonding moieties providing easy control of both glass transition temper-
ature (Tg) and cross-link density [94]. Bellin et al. have shown the 3W-SM effect
in systems containing two crystalline switching phases, while others have linked an
amorphous phase with a crystalline switching phase [95]. Recently, Xie and cowork-
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ers have shown quadruple shape-memory utilizing the broad transition of perfluoro-
sulfonic acid ionomers [96]. The composites capable of being the 3W-SMPs stand to
increase the complexity of appliances utilizing the shape-memory effect by enabling
multistage complex recovery profiles were prepared [97, 98]. Recently, the 3W-SM
epoxy composites consisting of two layers ofwell-separated glass transition tempera-
tures have been successfully synthesized. The various amounts of nanosilica particles
entered into the matrix are able to cause different glass transition temperatures of
the epoxy composites [99–101]. The application of 3-aminopropyltriethoxysilane
as a chemical modifier for graphene oxide into silanized polyurethanes gives two
different molecular weights and chemical compositions by sol–gel reactions. The
research has proven that the materials act as multifunctional cross-links as well as
supporting fillers and significantly enhanced the glassy and rubbery state moduli,
glass transition temperature, and 3W-SM properties [102].

2.2.4 Multi-Way Shape-Memory Effect SMP

In last time, it has been shown that polymers with a wide thermomechanical tran-
sition temperature range can have a multi-shape-memory effect what is related to a
shape recovery process with one or more intermediate shapes between the temporary
shape and permanent shape. Actually, such a condition for the multiple SME is not
necessary, the use only one single transition to gain that as well. It is possible because
one single transition should be considered as a combination of many small transition
steps, so in fact, the multi-SME is a common property of polymers [95, 96, 103,
104].

Prathumrat and coworkers prepared benzoxazine–urethane copolymers with mul-
tiple shape-memory behaviors. These polymers exhibited great shape fixity values of
70–96% for the first temporary shape and 83–99% for the second temporary shape.
Regarding shape recovery, synthesized copolymers also had significant values of
88%–96% for the first temporary shape and 97–99% for the original shape. What is
important is that the proper curing conversion influences the multiple shape-memory
behaviors of copolymers—curing conversion at roughly 70% was adequate for this
sample to demonstrate a multi-shape-memory effect [105].

Poly(l-lactide) (PLLA)/poly(methyl methacrylate) (PMMA) blends with wide
glass transitions are known as an optional matrix to design multiple shape-memory
polymers. The temperature range of the symmetric 50% PLLA/50% PMMA blend
softly moved from 70 to 90 °C for stretching temperatures increasing from 65 to 94
°C, and certify for ameaningful temperaturememory effect. In the case of asymmetric
compositionswith 30 and 80%PMMA, polymer also presented a “temperaturemem-
ory effect”; however, the symmetric blend greatly was revealed as the most effective
composition for multiple shape-memory applications. The symmetric blend can be
a really interesting material for future developments because its programming step
designed with two successive stretchings within the wide glass transition provided
high multi-shape-memory effect with tunable intermediate shapes [106].
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2.3 Classification of Shape-Memory Polymers by Type
of Stimulus

Shape-memory polymers (SMPs) as a type of significant stimuli-responsivematerials
can receive their original and initial shape upon exposure to external stimuli. The
SMPs are stimuli-sensitive polymers with the ability to transmit a large recoverable
deformation upon the application of external impulses. So far, known methods of
stimulus can be generally divided into heat, electricity, light, magnetism, moisture,
etc. Nowadays, SMPs are attracting increasing international research attention and
there is huge progress in developing stimuli-responsive shape-memory polymers
with potential applications in many fields such as biomedical devices, aerospace,
textiles, bionics engineering, and energy, electronic engineering.

2.3.1 Stimulation by Temperature

The characteristic thermo-responsive SMPs are really universal, frequent, and occur-
ring for polymers [32, 33, 107, 108, 109], in which vitrification or crystallization
of polymer chains is adapted as a momentary cross-link to stabilize the change in
the dimension of forms and the shape recovery is induced by heat [110]. Thermo-
responsive SMPs can gain their original and initial figure and form when they are
warmed above Tg for amorphous polymer and above Tm for crystalline polymers.
The characteristic thermomechanical cycle of SMPs is illustrated in the following
steps in Fig. 9 [60, 61, 111]. The whole process consists of formation of the SMPs
into an original shape, and next stage should be heating the SMPs above the thermal
transition temperature (Ttrans) (depending on the type of polymer it is a glass tran-
sition temperature (Tg), or a melting temperature (Tm)), and change of shape of the
SMPs using an external force and finally cooling under Ttrans.

French CdF Chimie Company first developed polynorbornene with a Tg range
of 35–40 °C what next was introduced to the industry by the Japan Nippon Zeon
Company [13, 112]. Styrene-butadieneSMPswithTg of about 60–90 °Cwere synthe-
sized by the Asahi Company [113]. Furthermore, the Cornerstone Research Group
(CRG), Inc. has expanded some thermosetting SMPs [114], which comprising a
one-part epoxy SMP with a Tg of about 90 °C, a two-part epoxy SMP with a Tg

Fig. 9 Schematic of shape-memory effect during a typical thermomechanical cycle
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of about 104 °C, and also a cyanate ester SMP with a high Tg range from 135 to
230 °C. Moreover, Composite Technology Development (CTD), Inc. has proceeded
a thermosetting epoxy SMP with a Tg of about 113 °C. In addition, it is known that
a series of thermoplastic polyurethane SMPs is commercially available from Mit-
subishi Heavy Industry, with the Tg ranging from 40 to 55 °C. Lamm et al. prepared
sustainable epoxy resins derived from plant oils with thermo- and chemo-responsive
SM maintenance which were obtained using plant oils and cellulose nanocrystals
(CNCs). Epoxidized soybean polymers (PESBMA) were grafted from CNCs using
surface-initiated atom transfer radical polymerization (SI-ATRP) where the poly-
mer was combined with P(ESBMA-co-SBMA) copolymer. P(ESBMA-co-SBMA)
has a Tg of 13 °C, versus 20 °C for CNC-g-PESBMA [115]. Truong et al. [116]
prepared thermo-responsive SM poly(ε-caprolactone) (PCL) networks with multiple
pendant double chains at both link ends which are used to cross-link with multi-thiol
compounds via photo-initiated thiol–ene reactions. SM features can be also changed
throughmodification in the number of alkene side groups at the poly(ε-caprolactone)
and thiol cross-linker structure. The developed thermoset materials exhibit great
thermo-responsive shape-memory efficiency by changing the operating temperature
belowor above themelting temperature of crystalline poly(ε-caprolactone) segments,
which changes in the range of 34–40 °C, and the highest shape retention and recovery
factors can get 98–100% [117].

2.3.2 Stimulation by PH Changes

In this section, shape-memory material-stimulated pH change will be shown. The
change of polymer properties occurs when in present ionizable functional groups’
material gets ionized and obtains charge in certain pH. The shape-memory polymer
chains between like-charged groups lead to repulsion force and from here widen
their dimension and finally at the moment when the pH changed, the repulsion dis-
appears and the materials come to the original shape and position. The reversibil-
ity and changes to this material can be treated as a disadvantage that comes into
being with the use of pH-responsive materials because it commonly needs sol-
vent replacement, which is not good for the environment. Despite these restrictions,
pH-responsive polymers have shown promise in many areas such as drug deliv-
ery and microprocessing [82]. pH-sensitive SMPs were prepared by cross-linking
the β-cyclodextrin-modified alginate (β-CD-Alg) and diethylenetriamine-modified
alginate (DETA-Alg). The pH reversible β-CD-DETA inclusion complexes oper-
ate as a convertible phase, and the cross-linked alginate serves as a fixing phase.
It is shown that this material can be processed into temporary shape at pH 11.5
and recover to its initial shape at pH 7. The recovery relation and the fixity ratio
were accordingly 95.7 ± 0.9% and 94.8 ± 1.1% [118]. Han et al. proposed to use
pH as a stimulus for SMPs for its convenience and safety in medical applications
because the shape transition pH value is almost to that of our body fluid and this
pH-triggered shape-memory effect is convenient and safe to use. It is also indicated
a polyurethane with a pH-sensitive SM effect. First, a series of polyurethanes were



Classification of Shape-Memory Polymers … 39

successfully synthesized through solution polymerization of polyethylene glycol,
dimethylolpropionic acid (DMPA), and 4,4′-diphenylmethane diisocyanate (MDI).
These polymers PEG-i-MDI-DMPA (i = 20, 30, 40%) and i represent the weight
content of PEG in the polymers. The results of SM testing showed that the PEG-
30%-MDI-DMPA has both the 3-SM effects. In PEG-30%-MDI-DMPA, the glass
transition of PEG and the association and disassociation of carboxylic dimers act as
two switches to control the 3-SM conversion, while the carboxylic dimer is affected
by pH values to associate in acidic solutions (at pH 2) and dissociate in alkaline
solutions (at pH 9) to induce the pH-sensitive shape-memory [119], which developed
pH-responsive SMPs by blending poly(ethylene glycol)-poly(ε-caprolactone)-based
polyurethane (PECU) with functionalized cellulose nanocrystals (CNCs). CNCs
were functionalizedwith pyridine (CNC-C6H4NO2) through hydroxyl substitution of
CNCswith pyridine-4-carbonyl chloride andwith carboxyl groups (CNC-CO2H) via
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) conjunctived surface oxidation. At
a high pH, the CNC–C6H4NO2 had inviting interactions from the hydrogen bonding
between pyridine groups and hydroxyl moieties at a low pH, the interplays reduced,
or disappeared due to the protonation of pyridine groups, which are a Lewis base.
The shape-memory function of the nanocomposite network was only dependent on
the pH variation of the environment [99–101]. Xiao et al. reported novel multi-
responsive polyacrylamide-(PAAm)-based cross-linked copolymer (PAAm-TSMP)
hydrogel which is characterized by pH-sensitive and photo-sensitive at the same
time. pH-sensitive of hydrogel is possible by adding active group in the structure
(positively and negatively ionized). Polyacids and polybases are the only available
groups because the first ones accept protons at low pH, producing gel shrinkage,
while polybases donate protons at high pH (Fig. 10) [120].

2.3.3 Stimulation by Water/Solvent

Yang et al. discovered this particular effect. The glass transition temperature (equal
to 35 °C) of an ether-based polyurethane shape-memory polymer (SMP) has been
found to decrease significantly after immersion in water. The results reveal that the
hydrogen bonding between N–H and CO groups is weakened by the absorbed water.
Moreover, the H2O absorbed into the SMP can be in two forms (free water and the
boundwater). Boundwater notably reduces theTg in a linearway and has an influence
on the uniaxial tensile behavior,while the effect of freewater is negligible [121].Also,
Du and coworkers studied recovery time of poly(vinyl alcohol) in different solvents,
and the results presented that the best recovery time for water is immersed. This kind
of stimulation of shape-memory polymers is very interesting because it does not need
to apply heat to obtain shape-memory conversion [122]. Diffusion of water, acetone,
and ethanol into a polyether urethane matrix has been studied by Ghobadi et al. It
was revealed that even after 1 week, putting the samples in the corresponding solvent
baths, neither enthalpy relaxation nor monomer release could occur because of the
lack of hydrophilic groups. Dry and physically (hydrolytically) aged samples have
been conducted to different maximum strains and different holding times. It could be
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Fig. 10 Swelling and shrinkage properties in ionic-based hydrogel by change in pH

indicated that the shape fixation of physically (hydrolytically) aged polymers do not
differ from dry samples. However, physical (hydrolytic) aging resulted in an obvious
better and faster shape recovery ratio as a result of additional physical cross-links
[123].

2.3.4 Stimulation by Magnetic Field

Magnetic field-sensitive polymer can be achieved by preparing nanocomposites
loaded with specific magnetic nanoparticles. The magnetic nanofillers produce heat
when they are subjected to magnetic field. The shape of nanocomposites is obtained
in the same way as that in the thermally inducted one. Recovery of shape is fixed
by the Joule effect at a time when the sample is exposed to exterior magnetic field.
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Via magnetic fields can induce internal heating within SMP composites containing
magnetic nanoparticles (Fe2O3, Fe3O4, Ni, etc.) [47, 79, 124]which are known as fer-
romagnetic shape-memory polymers. This type of composites can actuate at higher
frequencies (up to 1 kHz) because the actuation energy is transmitted via magnetic
fields and is not hindered by the relatively slow heat transfer mechanism [125]. Iron
oxide (Fe3O4) particles are known as magnetic fillers which induce heating when
exposed to a magnetic field. Incorporating them into an SMP is a known practice to
fabricate a shape-memory composite for which the shape recovery can be actuated
remotely via magnetic field. Leng et al. analyzed that the micro-sized Ni powder
formed chains under a weak external magnetic field, which can strengthen signifi-
cantly the electrical conductivity in the chain direction. Schmidt et al. and Zrinyi et al.
added magnetite to poly(butyl acrylate), polylactide, and polycaprolactone matrixes
[126–128]. For instance, Fuhrer and coworkers used magnetosensitive particles in
shape-memory hydrogels [129]. One class of biodegradable polymer composite was
elaboratedwith an electrospinning process using poly(ε-caprolactone) (c-PCL) as the
basis and carbon nanotubes as the supplement coated with Fe3O4. The fibers showed
an excellent SM behavior stimuli by hot water and by an alternating magnetic field
[130].

2.3.5 Stimulation by Light

Light stimuli shape-memory polymer has meaningful advantage in comparison with
the thermal stimuli shape-memory polymer which results from the fact that photoac-
tivation does not produce tissue damage as could be produced by heat treatments.
Thanks to this behavior, light activation is very attractive for biomedical applica-
tion. Jiang et al. reported that there are three kinds of photoresponsive molecules
[131]. The division created by them is as follows: molecules which have ability to
change their configuration from trans to cis and contrariwise at the timewhen they are
exposed toUV light, andmolecules obtained by cationic inducted polymerization and
photoresponsive molecules. The configuration capable of producing shape-memory
effect with photo-reactive molecules is presented in Fig. 11. Black dots in Fig. 11
meanmolecules which are the switch phase and the covalent bonds between polymer
chains are the fixity phase. When the sample is in the presence of electromagnetic
radiation λ > λtrans, the photo-reactive molecules form dimers that are accountable
to fix the temporary shape and dimension. At the moment when the shape-memory
polymer is exposed to another radiation λ < λtrans, it can recover its original shape
(Fig. 12). Lu et al. developed a photoactive SMP by incorporating boron nitride and
carbon nanotube, which reportedly have a synergistic effect, into an epoxy-based
SMP. The use of these additives improves the thermal conductivity of the material
and its infrared light absorption, while the transferred nitrides aided in the heat trans-
fer to the SMP matrix, resulting in faster shape-memory recovery [132]. Inam and
coworkers reported that infrared light can be used to produce indirect shape-memory
polymer matrix with addition of carbon black or carbon nanotubes. These reinforced
nanofillers increase the thermal conductivity of the polymer. The behavior of these
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Fig. 11 Occurring processes in shape-memory polymer stimulated by magnetic field

Fig. 12 Molecular mechanism of photoinduced shape-memory effect at various states

polymers is analogous to the thermal-induced shape-memory mechanism but the
recovery appears when the polymer is irradiated with infrared light [133]. Shou et al.
also developed near-infrared (near-IR) light-responsive SMPs by incorporating gold
nanorods (AuNRs) into a poly(ε-caprolactone) matrix [134]. The second method, as
reported by Lendlein et al., involves the introduction of cinnamic groups, which can
be set in motion by ultraviolet light (UV). In research applied, two other configura-
tions of cinnamic acid in polymer matrix permitted obtained SM network stimulated
by light [135].

2.3.6 Stimulation by Oxidation/Reduction

SM effect in hydrogels is mostly stimulated with use of a redox reaction [136].
Aoki et al. prepared cellulose derivatives by esterification of cellulose acetate (CA)
with mercaptoacetic acid (MA). The CA-MA samples thus synthesized showed a
sol–gel transition in solution and a shape-memory behavior formed through adequate
redox treatments due to the reversible, cross-linking association and dissociation
between mercapto groups [137]. Studies showed that host (poly(acrylic acid) (pAA)
modified with beta-cyclodextrins (pAA-β-CDs))—guest (ferrocene (pAA-Fc)) are
complementarity and multipoint cross-links have cooperative roles in forming the
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supramolecular polymer hydrogel. The reversible gel–sol transitions were achieved
by adding an oxidant (NaClO aq.) and then a reductant (glutathione, GSH). What is
more interesting is that the self-healing property of the hydrogel can be controlled by
redox reactions. This study represents the first example of self-healing of supramolec-
ular polymeric materials based on host–guest interactions andwill further prompt the
applications of host–guest recognition motifs in advanced supramolecular polymeric
materials [138]. Moreover, redox-stimuli shape-memory matrix was obtained by
cross-linking β-cyclodextrin-modified chitosan (β-CD-CS) and ferrocene-modified
ethyleneimine polymer (Fc-PEI). The obtained β-CD-CS/Fc-PEI has two cross-
links: convertible redox-sensitive β-CD-Fc complexes and covalent cross-links as
fixing stages. The analyses showed that studied system can be processed into interim
forms as needed in the reduced state and recovers its initial shape after oxidation
reaction. In both cases, the recovery ratio and the fixity relation are more than 70%
[139].

2.3.7 Multifunctionality

Multifunctionality is a set of material properties, which contains shape-memory
effect and at least one other functionality (e.g., optical, permeable, thermal chromic,
biodegradable) non-linked with SME [140]. Combining SME with phase-changing
materials (PCM) can result in wrinkle-free textiles. Addition of active fillers like
carbon black or carbon nanotubes to SMP will provide actuation through electric
field [75, 76]. Similar actuation in magnetic field can be obtained with magnetically
active fillers like iron oxide [79, 107]. Also, drug delivery systems made of SMP and
drug are examples of multifunctionality. Radio-opacity of medical can be obtained
via adding barium sulfate or zirconium oxide [141]. All types of modifications can
provide attractive multifunctional SMP. The variety of multifunctional SMPs results
from unique requirements, which are designed for certain applications.

3 Main Applications of SMP

Shape-memory polymers possess great functionality in shape-memory effect, and
natural consequence is theirwide rangeof possible applications.Most notable of them
are in four fields: spacecraft, medical, textile, and engineering. Medical applications
benefit from functions of SMP such as deployment, fixation, and actuation.

Deployment function plays an important role in SMP foams, which can be useful
in treatment of aneurysms, especially embolic treatment [142]. Idea of SMP foam
usage as device is still in the test phase, but delivery of compressed foam and its size
increase after laser stimulation are still interesting solutions. Another application
of deployment function in medicine is SMPs as cardiovascular stents [143]. They
provide protection of small blood vessels from collapse, thanks to SME triggered by
temperature change or polymer’s hydration [144, 145].On the other hand, intracranial
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aneurysms can be treated with special SMP coils as blood flow reducers, which are
able to help in formation of thrombus [146].

Fixation function of SMPs is useful in SMPU-PCL orthodontic wires, which are
competitive alternative for traditional, metallic wires [147]. Their main advantage
is better aesthetic appearance in comparison with metallic ones. SMP wires also
provide low density, transparency, easy processing and, of course, high shape recov-
ery. Another application, which benefits from fixation function of SMPs, is medical
casts. Rousseau et al. proposed SMP medical cast with adjustable diameter and
ability to fit the shape to broken limbs. These casts also provide easy and low-cost
processing, recyclability, permeability, and lightweight [148]. Actuation function is
usually related to artificial muscles, which in case of SMPs can be used in endovascu-
lar thrombectomy. Takashima and coworkers [149] obtained nitinol-core/SMP-shell
artificial muscle with preprogrammed and thermally activated corkscrew form. This
kind of micro-actuator can be very promising for clot and thrombus removal. SMPs
with actuation function are versatile solutions, similarly attractive for spacecraft and
engineering fields. Harris et al. reported liquid crystal elastomers (LCE) with shape-
memory effect allowing to obtain mechanical energy from light energy [150]. These
SMP actuator devices are obtained from azobenzene units in twisted and densely
cross-linked structure, which results in high elastic modulus (≈1 GPa) at room
temperature. Other possible applications attractive for spacecraft and other engi-
neering fields are systems like micro-valves and micro-transducers [151, 152] which
aremicroelectromechanical systems (MEMS)providing temperature-adjustable flow
through the tube. Also, stimuli-responsive SMPs can be suitable in applications such
as antennas in spacecraft, morphing wing structures, or wrinkle-free fabrics [153].

Self-healing is another SMPs function, which can be widely applicable. Self-
healing mechanism of SMPs can be based on reverse plasticity [154] or combination
of different shape-memory effects in two-component blends called SMASH (shape-
memory assisted self-healing) [155].

Group of SMPs dedicated for textile industry is based on special fibers—shape-
memory fibers (SMFs). The SMFs can be obtained via different spinning methods
(melt, dry, and wet) and their uniqueness results from outstanding temperature-
response performance in their elastic modulus and recovery parameters [51, 52].
These properties allow to use SMFs in many textile applications, which are pre-
sented in Fig. 13.

4 Conclusion

Shape-memory polymers are one of the most intensively developing areas of materi-
als science and technology providing excellent opportunities for scientific discoveries
in the field of molecular design, polymer synthesis, functionalization and processing
of polymer blends, copolymers, composites, and nanocomposites. The properties
of SMPs, such as easy processing, large recoverable strains, tunability, low weight,
different types of external switching stimulus, easy to control a wide range of transi-
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Fig. 13 Classification of shape-memory fibers’ applications with examples

tion temperatures, switching at body temperature, biocompatibility, and biodegrad-
ability, makes them superior in comparison to shape-memory alloys. Due to these
excellent properties and the low-cost and commercial availability of most of the
polymers used as shape-memory materials, the applications of SMPs will increase
in near future, within the numerous, new fields, like, for example, biomedical smart
materials, advanced mechanical sectors, mechatronic, and power generation. How-
ever, great research efforts are still required to obtain SMPs with precisely controlled
response and better durability and reliability over those offered by currently available
technologies. In order to increase the versatility of SMPs, it is necessary to solve the
major drawbacks of SMPs, which are associated with their relatively lower recovery
stress/forces, long response time, lower cycle life, and weak material stability.

In this chapter, the literature reports on shape-memory polymers have been
reviewed highlighting the classification of shape-memory polymeric materials and
most important concepts for these types of smart materials. The main emphasis was
put on the development of many types of SMPs categorized by the different classifi-
cation criteria, with particular regard to polymer type and structure, shape-memory
function, and external stimulus.
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Novel Techniques for the Preparation
of Shape-Memory Polymers, Polymer
Blends and Composites at Micro
and Nanoscales

Xiao-dong Qi and Yong Wang

Abstract Shape-memory polymers (SMPs) are one type of smart materials that are
capable to recover from a “fixed” temporary shape to a “memorized” original shape
under external stimulus. This chapter provides a comprehensive overview about the
preparation methods of shape-memory polymers, polymer blends, and composites.
Following a brief introduction of SMPs, the strategies for the preparation of conven-
tional SMPs such as chemical cross-linking of thermoplastic polymers, single-step
polymerization of monomers/prepolymers with cross-linkers, one-step synthesis of
phase-segregated block copolymers are reviewed. Next, the notable recent progress
in SMP blends are systemically studied including direct blending of different poly-
mers, addition of a third component into blends, novel processingmethods, etc. Third,
the researches in SMP composites including reinforcement effect, indirect thermal
stimuli-responsive effects, novel shape-memory effect, and functional applications
are discussed. Finally, the current challenges and future advancements of SMPblends
and composites are proposed.

1 Introduction of Shape-Memory Polymers

Shape-memory polymers (SMPs) are one kind of intelligent materials that are capa-
ble to recover from a temporary shape to a permanent (original) shape under external
stimulus [1–3]. Due to their unique memory function, SMPs have attracted wide
attention of researchers, and show great application prospects in many fields such
as biomedical science and aerospace industry. Thermal-actuated SMPs are the most
widely studied SMPs. The glass transition temperature (Tg) or melting temperature
(Tm) is often used as the shape transition temperature (Ttrans) of SMPs [4]. The
conventional dual-shape-memory cycle mainly contains five steps. First (step 1), the
sample is heated above Ttrans and thus, the molecular chain mobility is activated.
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Fig. 1 The molecular mechanism of the polymeric shape-memory effect. Black dots: cross-linked
netpoints; blue lines: the frozen polymer chains below Ttrans ; red lines: the active polymer chains
above Ttrans [4]. Copyright 2011, Elsevier Science Ltd., UK

Then, an external force is applied (step 2), the chain conformations are changed,
resulting in the macroscopic shape deformation and entropy reduction. After cool-
ing below Ttrans and holding the deformation force, the chain mobility is frozen
(step 3) and the temporary shape is fixed after the removal of deformation force (step
4). Finally, upon reheating above Ttrans (step 5), the chain mobility is reactivated,
allowing the chains to return to its entropically favored state. As a result, the material
transforms from the temporary shape to the original shape under a stress-free condi-
tion. Therefore, the shape-memory effect (SME) of polymers is essentially regarded
as an entropic phenomenon. Figure 1 illustrates the typicalmacroscopic shape change
and molecular mechanism of SMPs.

From the point of molecular mechanism, the efficient prohibition of molecular
chain slippage during the deformation process is necessary for ideal SME. There-
fore, SMPs usually contain two structural components: the cross-linked netpoints and
the reversible switching phase. The chemically or physically cross-linked netpoints
that prohibit the chain slippage are responsible for the permanent (initial) shape.
The reversible switching phase that sets the shape-memory transition is responsible
for the fixing or unfixing of temporary shape. The glass–rubber transition and the
crystallization–melting transition are the two most commonly used shape-memory
transitions. According to the nature of the cross-linked netpoints and the shape-
memory transition, SMPs can be divided into four types: (1) chemically cross-linked
amorphous polymers, (2) chemically cross-linked semi-crystalline polymers, (3)
physically cross-linked amorphous polymers, and (4) physically cross-linked semi-
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Fig. 2 Four types of SMPs based on their dynamic mechanical behavior. (I) Chemically cross-
linked amorphous polymers, (II) chemically cross-linked semi-crystalline polymers, (III) physically
cross-linked amorphous polymers, and (IV) physically cross-linked semi-crystalline polymers [5].
Copyright 2007, The Royal Society of Chemistry, UK

crystalline polymers [5, 6].Comparedwith physically cross-linkedSMPs, chemically
cross-linked SMPs are considered to have better shape-memory properties and cyclic
stability. The illustration of four types of SMPs based on their dynamic mechanical
behavior is shown in Fig. 2.



56 X. Qi and Y. Wang

2 Strategies for the Preparation of Shape-Memory
Polymers

2.1 Chemical Cross-linking of Thermoplastic Polymers

In theory, the most direct method for the preparation of SMPs is chemical cross-
linkingof thermoplastic polymerwith highmolecularweight.Chemical cross-linking
will introduce a network that prohibits the chain slippage and determines the perma-
nent shape [7]. High energy radiation and addition of organic peroxides are the two
common methods to fabricate chemically cross-linked thermoplastic polymers. The
early application of SMPs, the “heat-shrinkable” films, were prepared through radi-
ation cross-linking of polyethylene (PE). For example, Mather et al. used dicumyl
peroxide (DCP) to prepare a chemically cross-linked SMP based on semi-crystalline
polycyclooctene (PCO) [8]. The chemically cross-linked PCO presented the rubbery
state above the Tm of PCO crystalline phase, and thus, the samplewas easily stretched
to a temporary shape. Figure 3a illustrates the microstructural transformations of
cross-linked PCO during a dual-shape-memory cycle. The crystallization–melting
transition of PCO crystals was used as the shape-memory transition. As shown in
Fig. 3b, when the sample was immersed in hot water, accompanying with the rapid
melting of PCO crystals, the temporary (“U” shape) was quickly transformed into
its permanent shape (linear shape) within 0.7 s.

This approach of chemical cross-linking of thermoplastic polymers is appropriate
for both amorphous and semi-crystalline polymers, and can be applied to conven-
tional processing techniques such as extrusion, hot pressing, and injection molding.
However, the chemical cross-linking would inevitably change the transition temper-
ature (either Tm or Tg) of bulk polymers [9].

2.2 Single-Step Polymerization of Monomers/Prepolymers
and Cross-linkers

The second strategy to prepare SMPs is the polymerization of monomers or prepoly-
mers with chemical cross-linking agents in one step. The most notable example is
epoxy, a common thermosetting resin. Xie et al. reported a shape-memory epoxywith
tunable thermal transition temperatures [10]. Figure 4a shows the chemical struc-
tures of the reactants used in this amine cured aromatic epoxy system. The epoxy
systemmainly included an aromatic diepoxide (EPON 826) and an aliphatic diamine
cross-linking agent (Jeffamine D230). Starting with the rigid aromatic diepoxide, a
flexible cross-linking agent was introduced to obtain a chemically cross-linked epoxy
system. This system would undergo a sol–gel transition which was similar to other
thermosetting resins. As shown in Fig. 4b, starting from the original rectangular
shape, the epoxy sample was deformed to various shapes by bending and twisting.
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Fig. 3 a Schematic depiction of the microstructural transformations during a dual-shape-memory
cycle of chemically cross-linked PCO. b Shape-memory behavior of cross-linked PCO following
rapid immersion in water at 70 °C [8]. Copyright 2002, American Chemical Society, USA

These deformed temporary shapes could be well fixed upon quenching under load.
When heating to 70 °C, within 6 s, these temporary shapes quickly transformed into
the original rectangular shapes. The excellent shape fixation and recovery perfor-
mance of the epoxy system were ascribed to its chemically cross-linked character.
In addition, the Tg of epoxy could be tailored by changing the cross-link density or
aliphatic chain flexibility, thus the Ttrans could be varied over a wide range.

Generally speaking, this strategy can realize the efficient control of shape-memory
properties by adjusting variables such as the concentration of cross-linking agent,
molecular weight of prepolymers, and monomer composition [11]. Because of the
thermoset nature (permanent network), the SMPsprepared by this strategy showgood
shape-memory performance and cycle stability [12]. Nevertheless, the constraints of
processing (high viscosity of thermosetting resin) and the narrow processing win-
dows (before the gel time) are two disadvantages of this strategy.
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Fig. 4 a Chemical structures of the epoxy components, b photographs of shape-memory behavior
(a: original shape, b: fixed temporary shape, c: recovered shape) [10]. Copyright 2009, Elsevier
Science Ltd., UK

2.3 One-Step Synthesis of Phase-Segregated Block
Copolymers

Different from the previous thermoset SMPs, the target of this strategy is to obtain a
thermoplastic polymer which can be processed via more conventional polymer pro-
cessing techniques. The SMPs prepared by this method are often phase-segregated
block copolymers, having two blocks showing different thermal transition tempera-
tures. Polyurethane (PU), having amulti-block structurewith hard and soft segments,
is the most extensively studied SMP fabricated by this method [13]. The hard seg-
ments play the role of physical cross-linkers that determine the permanent shape,
and the soft segments serve as the switching phases that realize the fixing or unfix-
ing of temporary shape [14]. Both type (3) and type (4) SMPs can be fabricated
based on the category of soft segment (glassy or semi-crystalline). For example,
Lendlein et al. prepared a multi-block co-polyesterurethane SMP containing poly(p-
dioxanone) (PPDO) hard segment and poly(ε-caprolactone) (PCL) soft segment [15].
The thermal properties of multi-block copolymers can be flexibly adjusted in a wide
range by varying the weight ratio of hard segments to soft segments. Moreover,
this biodegradable shape-memory PU has several biomedical applications. The fiber
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(elongated by 200%) can recover its original shape while temperature increases, thus
the SMP fiber is expected to be used as the degradable suture for wound closure.

In short, the above-discussedmethods are themostwidely usedmethods to prepare
SMPs. However, it should be noted that any new combination of materials in the
above methods require complicate chemical synthesis. An efficient method to tailor
the properties of SMPs is the blending two polymers through a physical process.

3 Shape-Memory Polymer Blends

3.1 Direct Blending of Different Polymers

Physical blending of two polymers provides an easier approach to prepare SMPs
because of its good processability and mass production [16]. As mentioned before,
many conventional polymers contain at least one thermal transition. An effective
network is necessary for them to prohibit the chain slippage when the temperature is
above Ttrans . Based on the structural concept, SMP blends usually contain one poly-
mer playing the role of permanent phase and the other polymer serving as switching
phase.

According to this approach, the first step is to blend one polymer with another
polymer which has a higher thermal transition temperature (Tg or Tm). In a pio-
neering work in this field, Mather et al. reported a thermal-actuated SMP blend
based on poly(vinyl acetate) (PVAc) and poly(lactic acid) (PLA) [17]. PVAc with
a relatively lower Tg (40 °C), acted as the switching phase and PLA with a higher
Tm (165 °C), played the role of physical cross-linker to form a deformable elastic
network. A well-defined rubbery plateau was observed when the temperature was
between the Tg of PVAc and the Tm of PLA. Therefore, the blend was able to be
deformed, and the deformed shape could bewell recoveredwhen the temperaturewas
increased. Similarly, Behl et al. prepared a binary immiscible SMP blend consisting
of poly(p-dioxanone) (PPDO) hard segment and poly(ε-caprolactone) (PCL) switch-
ing segment. In this approach, the complicate synthesis of SMPs can be avoided [18].

The structure of SMPsmainly contains two key components, one is the chemically
or physically cross-linked network determining the permanent shape, the other is the
switchingphase determining thefixationof temporary shape. For conventional SMPs,
the cross-linked network and switching phase are usually combined in one macro-
molecule. Li et al. prepared a miscible SMP blend composed of poly(vinylidene
fluoride) (PVDF) and acrylic copolymer (ACP) through melt blending [19]. In this
miscible crystalline/amorphous system, the tiny PVDF crystals bridge the adjacent
amorphous ACP molecular chains. As shown in Fig. 5, the tiny PVDF crystals could
act as the physical cross-linkers to efficiently prevent the ACP chains slippage during
the deformation process. These blends exhibited excellent shape fixing and recovery
performance when the composition ratio was well controlled. When the amount of
PVDF crystals was too low or too high, the slippage of the amorphous ACP chains or
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Fig. 5 Schematic diagrams for a molecular mechanism, b the shape-memory properties of
PVDF/ACP blends [19]. Copyright 2012, American Chemical Society, USA

the breakage of large fibrillar PVDF crystals occurred, resulting in the deteriorated
shape recovery property. The PVDF/ACP blend (50/50, wt%) showed the optimal
shape recovery performance. Furthermore, they found that the crystal morphologies
had a significant effect on the shape-memory properties [20]. The PVDF/ACP blend
(50/50, wt%) was annealed at different temperatures, inducing the crystallization of
PVDF from the miscible crystalline/amorphous blend. Large PVDF spherulites were
observed at higher annealing temperature, while tiny PVDF crystals were formed at
lower annealing temperature. The large PVDF spherulites were easily broken during
the deformation process, giving rise to the bad shape recovery property. However,
the tiny PVDF crystals could well act as the physical cross-linkers, prohibiting the
slippage of amorphous ACP chains. Therefore, the blends with tiny PVDF crystals
exhibited good shape fixing and recovery properties.

Miscible polymer blends also exhibit multi-SME. For example, Samuel et al.
designed a miscible PLLA/poly(methyl methacrylate) (PMMA) SMP blend, in
which the chain entanglements served as physical cross-linkers [21]. The miscible
PLLA/PMMA (50/50) blend showed a broad Tg ranging from 60 to 100 °C. More
interestingly, because of the broad Tg , the PLLA/PMMA blend not only exhibited
the dual SME, but also exhibited multiple SME, such as triple SME and temperature
memory effect.

The second method is to blend an amorphous or a crystalline plastic with an
elastomer. Elastomers usually contain cross-linked networks and have the ability to
remember their permanent shape by entropic elasticity.However, elastomers are often
in a rubbery state at room temperature, and they could not fix the deformed shape.
An efficient approach is blending an elastomer with another polymer of desired
Tg or Tm [22]. For example, Zhang et al. prepared an immiscible SMP blend of
styrene-butadiene-styrene (SBS) thermoplastic elastomer and PCL [23]. Kurahashi
et al. found that the PU/poly(oxyethylene) (POE) blend with co-continuous structure
exhibited good shape fixing and recovery behavior [24]. Similarly, Fu et al. designed
an optimal shape-memory thermoplastic polyurethane/polylactide (TPU/PLA) blend
through morphology control [25]. As shown in Fig. 6, the phase morphology was
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(a)

(b)

(c)

(d)

Fig. 6 Schematic images of the shape-memorymechanism of binary TPU/PLAblendswith various
composition ratios [25]. Copyright 2016, Elsevier Science Ltd., UK

changed with respect to varying the composition ratio. In this blend, the elastic TPU
served as the permanent phase which provided the recovery performance, and PLA
acted as the switching phase which was responsible for the fixing or unfixing of
temporary shape. When the TPU content was 50–60 wt%, the TPU/PLA blend with
the co-continuous phase morphology exhibited an optimal shape fixing and recovery
effect.

Apart from blending the elastomers with thermoplastics, Weiss et al. and Feng
et al.mixed elastomerswith small crystallinemolecules such as fatty acid and paraffin
respectively to fabricate SMP blends [26, 27]. For example, Feng et al. reported a
hydrogenated styrene-butadiene block copolymer (SEBS)/paraffin blend with a wide
melting transition, showing the triple and quadruple shape-memory effect [28].

From the perspective of stress transfer in SMP blends, the continuous degree
of each phase plays an important role in determining the shape fixing and recov-
ery performances. It is widely accepted that the elastomer/plastic blends with co-
continuous structure have balanced shape fixing and recovery properties. However,
the co-continuous structure is often achieved within a relatively narrow range of
composition. Besides, to obtain the co-continuous structure, high content of elas-
tomer is needed, resulting in the decline of the modulus and strength. Therefore,
the application of elastomer/plastic SMP blends is greatly limited. To address these
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problems, Chen et al. utilized peroxide-induced dynamic vulcanization to fabricate
SMP blends based on natural rubber (NR)/PLA thermoplastic vulcanizates (TPVs)
[29]. Differing from the conventional TPVs in which spherical rubber particles were
formed after dynamic vulcanization, the NR phase (40 wt%) was formed a continu-
ous structure in PLA matrix. This novel structure imparted the NR/PLA TPV with
excellent shape-memory performances (shape fixing ratio ∼100%, shape recovery
ratio >95%). In addition, the NR/PLA TPV showed balanced strength and tough-
ness. The impact strength of NR/PLA (40/60, wt%) TPV was 42.5 kJ/m2, which
was 15 times higher than that of pure PLA (2.75 kJ/m2). The NR/PLA TPV with
good shape-memory properties and stiffness–toughness balance exhibited exciting
perspective in intelligent devices.

3.2 Addition of a Third Component into Binary Polymer
Blends

Introducing a third component (such as cross-linking agent, compatibilizer, etc.)
into a polymer blend is also considered to be an efficient method to prepare SMP
blends. For example, Cuevas et al. prepared a chemically cross-linked polyethylene
(PE)/PCO blend by adding DCP [30]. As shown in Fig. 7, the cross-linked PE/PCO
blend showed two thermal transitions, originated from its two distinct crystalline
domains. By applying a two-step programming process, the cross-linked PE/PCO
blend with two switching domains could recover from one temporary shape (C) to
an intermediate shape (B), and to the original shape (A) on sequential reheating to
the Tm of PCO and PE. This chemically cross-linked strategy can be applied to other
binary immiscible blends. The triple SME is also found in the chemically cross-
linked poly(ethylene vinyl acetate) (EVA)/PCL blend and polypropylene (PP)/PE
blend with the addition of DCP [31, 32].

Addition of compatibilizer is an efficient method to improve the compatibility
and interfacial adhesions of polymer blends. The compatibilizers not only keep
each component’s characteristic, but also have a promoting effect in the shape-
memory properties. For example, Xu et al. observed shape-memory properties in
maleated-polyethylene (MA-PE)/nylon 6 (PA6) blend, where the in situ generated
PE-g-PA6 graft copolymers by the reaction between MA-PE and PA6 acted as com-
patibilizer [33]. In this system, the PE segments served as switching phase and
the nylon domains acted as physical cross-linkers. The reactive blending, which
enhanced the interfacial adhesions of two phases, was considered to be necessary
for the good shape-memory properties. Similarly, in situ compatibilized maleated-
polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (MA-SEBS) block copoly-
mer (MA-SEBS)/polybutylene succinate (PBS) blend showed triple SME based
on the Tm of poly(ethylene-co-butylene) (at 55–65 °C) and PBS (at 105–115
°C) [34]. Chen et al. introduced zinc dimethacrylate (ZDMA) to enhance the
interfacial adhesions and shape-memory properties of ethylenepropylenediene rub-
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Fig. 7 Comparison of the evolution of storagemodulus (E ′)with temperature for a PCOhomopoly-
mer and PCO/PE blend cross-linkedwithDCP. Photographs illustrate the triple SMEof cross-linked
PCO/PE blends for different temporary and permanent shapes [30]. Copyright 2012, The Royal
Society of Chemistry, UK

ber/polypropylene (EPDM/PP) TPVs [35, 36]. As shown in Fig. 8a, b, the ZDMA-
induced compatibilization greatly enhanced the interfacial adhesions betweenEPDM
and PP, promoting the deformation of rubber particles in temporary shape and storing
sufficient resilience to remember the permeant shape. However, the weak interfacial
adhesion could not hold the deformed EPDM particles, and caused the retraction
of prolonged EPDM particles (Fig. 8c). Both the shape fixing ratio and recovery
ratio of EPDM/PP/ZDMA TPVs were above 90%. These studies indicated that the
reactive processing induced by compatibilizers was a simple and promising strategy
to develop SMP blends with good shape-memory properties.
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Fig. 8 Schematic representation for the detailed structure of a EPDM/PP/ZDMA TPV with an
enhanced interface deformed a below and b above Tm . c EPDM/PP TPV with a poor interface
deformed below Tm [36]. Copyright 2016, American Chemical Society, USA

3.3 Novel Processing Methods to Prepare Shape-Memory
Polymer Blends

Recently, some novel processing methods were proposed to control the phase mor-
phology and shape-memory properties of blends. Baer et al. designed PU/PCLmulti-
layer SMP blends through forced assembly multilayer co-extrusion [37]. The elastic
TPU layer provided strong resilience and the rigid PCL layer played the role of
heat-control switch. PU layer and PCL layer maintained an alternatively arranged
layer structure, which could generate a synergistic effect, thus endowing the mul-
tilayer PU/PCL blends with balanced shape fixing and recovery performance. The
multilayer PU/PCL blends exhibited better shape-memory properties than conven-
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Fig. 9 Morphological observation, shape fixing and recovery ratios of TPU/PCL multilayer, and
blend samples through polarized light microscopy [38]. Copyright 2016, American Chemical Soci-
ety, USA

tional PU/PCL blends. At 75/25 and 25/75 compositions, these blends showed good
shape fixing and recovery properties, while the conventional PU/PCL blends with
sea-island structure showed deteriorated shape fixing or recovery properties. It can
be seen that the phase morphology has a significant effect on the shape-memory
properties of polymer blends. Similarly, Guo et al. prepared TPU/PCL SMP blends
containing alternating layers via layer-multiplying extrusion [38]. As shown in Fig. 9,
the well-defined layer spaces could be flexibly tailored by changing the layer num-
bers. The shape fixing and recovery ratios were increased with the increase of layer
numbers, and these ratios were remarkably higher than those of the conventional
TPU/PCL blend. The layer-multiplying extrusion opens a new window to adjust the
shape-memory properties of polymer blends over a broad composition range.

Mather et al. reported a novel approach to prepare SMP blends through elec-
trostatic spinning technology and vacuum impregnation [39]. As shown in Fig. 10,
PCL nonwoven fabrics were first prepared via electrostatic spinning technology, and
then they were vacuum infiltrated with silicone rubber. The blend exhibited a two-
phase morphology in which PCL microfibers were well distributed in the silicone
rubber matrix. The PCL phase acted as a Tm-based switching phase, and the sili-
cone rubber provided the elasticity to recover its original shape. As the PCL fiber
framework penetrated across the whole material, the blend showed excellent shape
fixing and recovery properties. Differing from direct blending, the PCL nonwoven
fabrics and silicone rubber were mixed below the Tm of PCL. Therefore, the blend



66 X. Qi and Y. Wang

Fig. 10 a Two-step fabrication of Sylgard/PCL SMP blend; b photographs showing the recovery
from a fixed temporary shape to its “memorized” permanent shape at 80 °C [39]. Copyright 2009,
American Chemical Society, USA

was not mixed in amelt or solution state. Themorphology was predetermined, which
was not affected by the factors such as blending conditions, polymer compatibility,
and thermal history. Furthermore, they replaced silicone rubber with an epoxy to
fabricate a triple SMP blend [40]. The PCL/epoxy blend exhibited two thermal tran-
sitions, namely the Tg of epoxymatrix and the Tm of PCL nonwoven fabrics, and thus
showed triple SME. The PCL/epoxy blend could well fix two temporary shapes and
recover sequentially to the permanent shape on reheating to the Tm of PCL and the
Tg of epoxy. This strategy makes the functional components (switching phase and
memory phase) manipulate independently, and impart controllable shape-memory
properties.

3.4 A Thermal Stimuli-Actuated Shape-Memory Polymer
Blends

Despite the remarkable development of SMP blends, there still exist some limitations
in their practical applications. TheSMPblends are usually in a rubbery state above the
Ttrans , and show low shape recovery force. Besides, most SMP blends are stimulated
by direct heating. It is necessary to increase the high-temperature recovery force and
develop other stimuli (such as electricity, light, magnetic, humidity, etc.) for SMP
blends. In order to solve these problems, some functional fillers are introduced to
SMP blends. For instance, the electro-actuated SMPs have attracted great attention
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because of their convenient operation and remote control [41]. Various conductive
fillers like carbon black (CB), carbon nanofibers (CNFs), carbon nanotubes (CNTs),
and graphene are added into SMP blends. According to Joule’s law, the conductive
fillers generate heat and transfer heat to trigger the shape recovery of SMP blends.
However, to realize the electro-actuated SME, high loading of fillers is often needed,
whichwill lead to the deterioration of shape recovery performance and is unfavorable
for practical processing.

Recently, Wang et al. fabricated a rapid electro-actuated shape-memory
EVA/PCL/CNT blend composites with low CNT loadings [42]. For the EVA/PCL
binary blend, the elastic EVA phase provided the recovery performance, and the PCL
phase was responsible for the fixing and removal of the temporary shape. When the
composition of EVA/PCL was 60/40, the blend formed a co-continuous structure,
exhibiting optimal shape fixing and recovery properties. Further addition CNTs into
EVA/PCL (60/40) blend resulted in the selective localization of CNT in EVA phase,
and thus formed the double percolation structure. The selective localization of CNTs
not only improved the high-temperature mechanical properties of the blends, but also
imparted excellent electrical conductivity. As shown in Fig. 11, The EVA/PCL/CNT
systemwith 5wt%CNTs could completely recover its permanent shape in 24 s under
a voltage of 20V. Similarly, Fu et al. also utilized the selective localization of CNTs in
the co-continuous TPU/PLA and PPC/PLA blends to prepare rapid electro-actuated
SMP blends [25, 43]. Based on the concept of double percolation, the selective local-
ization of CNTs in one phase of binary immiscible blend could provide a percolating
conductive network with low CNT content. Therefore, this strategy is significant in
terms of processing and cost, andwould be expected to achieve large-scale production
in industry.

Most SMP blends are dual SMPs that can only store one temporary shape and
remember one permanent shape. In contrast, the triple and multiple SMP blends
which can store two or more temporary shapes show great application prospects in
the intelligent devices. Dang et al. fabricated an electro-actuated triple SMmaterial of
chemically cross-linked PCO/PE/CNT blend composite [44]. To selectively localize
CNT in PCO phase, they first mixed CNTwith PCO and the resulting mixture is then
mixed with PE. The cross-linked PCO/PE/CNT blend composites with two thermal
transitions, namely the low-temperature Tm,PCO and high-temperature Tm,PE , form
ideal candidates for exhibiting triple SME. Under the electric actuation, the inter-
mediate and original shapes could sequentially recover when the temperature was
increased to 60 °C (Tm,PCO) and to 120 °C (Tm,PE ). This work indicated that the
rapid electro-actuated SME could be obtained by making CNTs selectively localize
in one component of binary immiscible blends.

Developing remote controlled multi-SMP blends with complex deformation is
also of great significance in industrial applications. Wang et al. fabricated an electro-
actuated and infrared-actuated SMP blend composites by introducing graphene
nanoplatelets (GNPs) into PCL/TPU blends [45]. Because of the good electrical
conductivity and photo-thermal effect of GNP, the PCL/TPU/GNP blend composites
exhibited excellent electro-actuated and infrared-actuated shape recovery behavior.
Meanwhile, it is interesting to observe the PCL/TPU/GNP blend composites with
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Fig. 11 a SEM images showing the phase morphologies of the EVA/PLA/CNT blend composites,
b variation of the shape recovery ratio of the EVA/PLA/CNT2 and EVA/PLA/CNT5 at different
triggering voltages, and c infrared photographs showing the shape recovery process and the tem-
perature change of the EVA/PLA/CNT5 operated at the voltage of 20 V [42]. Copyright 2016,
American Chemical Society, USA

oriented structure could show the complex shape-memory effect and self-driven
behavior, as shown in Fig. 12. The PCL/TPU/GNP blend composites with dual-
responsive (electric, infrared light) and self-driven properties exhibited enormous
application potentiality in the field of robot hands and smart switches.

Concerning the blending strategy, there are still some questions that require fur-
ther clarification. First, polymer blending provides an accessible route to realize the
commercial applications of SMPs. There are many factors influencing the phase
morphology of binary immiscible blends, such as mixing temperature, shear rate,
composition ratio and viscosity ratio of two phases. Therefore, by controlling the
processing parameters or with the aid of special processing equipment, we can inves-
tigate the evolution of phase morphology under different field (temperature, shear,
etc.) and study the structure–property relationship of SMP blends.

Second, most polymer pairs are thermodynamically incompatible, resulting in
the poor interfacial adhesion. Since the interfacial adhesion has an important effect
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Fig. 12 a Schematic illustration of the deformation mechanism of PCL/TPU/GNP blend com-
posites upon infrared light irradiation. b Typical images of the flexible anisotropic actuator upon
infrared light irradiation from the flat to folded shapes, and the original shape. c A simple apparatus
was designed to show the potential application of smart switch [45]. Copyright 2017, The Royal
Society of Chemistry, UK

on the stress transfer during the deformation process, attention should be paid to
improve the interfacial adhesion between the components of SMP blends.

Third, to prepare double percolated conductive polymer composites (CPCs), the
high critical content (50wt%) is usually needed to form the continuous filler-enriched
polymer phase, otherwise, the formation of dispersed phasemight bring about uncon-
nected filler networks. Therefore, only two times in the effective filler concentration
is obtained in the double percolated CPCs compared to single CPCs, giving rise to
a relatively modest increment of electrical conductivity. In order to obtain highly
conductive CPCs with a low CNT content, it’s important to broaden the composi-
tion range for the co-continuity of binary immiscible blends. For example, Fu et al.
introduced CB nanoparticles with self-networking ability to tailor the morphology
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Fig. 13 Schematic illustration of the shape-memory mechanism for a PLA70/TPU30 binary blend
and b PLA70/TPU30/CB5 ternary blend composites [46]. Copyright 2017, Elsevier Science Ltd.,
UK

of PLA/TPU (70/30, wt%) blend [46, 47]. As shown in Fig. 13, it was found that
the CB selectively distributed in the TPU phase, and the CB network induced the
TPU phase change from island structure to continuous structure. The continuous
degree of TPU phase was increased with the increase of CB content, deriving from
the self-networking ability of CB nanoparticles and the strong affinities between CB
nanoparticles and TPU phase. When CB nanoparticles were selectively localized
in the continuous TPU phase, a double percolated conductive network was formed,
enabling a remarkable improvement of electrical conductivity. The PLA/TPU/CB
blend composites could realize the good electro-actuated shape recovery perfor-
mance at a voltage of 30 V. This work proves that introducing nanoparticles with
self-networking ability into binary immiscible blends is an efficientmethod to control
the phase morphology and shape-memory properties over a much larger composition
range.

4 Shape-Memory Polymer Composites

SMPs have received extensive attention because of their memorizing property and
potential application prospects in many fields, such as the medical, aerospace, tex-
tile, packaging and electronic engineering industries. However, the development of
SMPs is greatly limited because of their poor mechanical properties (low recov-
ery force, low strength, etc.). Incorporation of functional fillers to generate SMP
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composite would be an efficient method to improve the mechanical properties and
shape-memory properties of SMPs [48–50]. Therefore, the SMPcomposite is another
important branch that needs more attention in the SMP’s family. The first topic of
SMP composites is about the reinforcement of SMPs. The incorporation of reinforc-
ing fillers is beneficial for enhancing the mechanical properties and shape recovery
forces of SMPs. Second, functional fillers could make SMP composites response
under a thermal stimuli, such as electricity, magnetic field, light, solvent, etc. In
addition to the reinforcement effect and a thermal stimuli, novel SME and functional
applications could be created by adding fillers.

4.1 Reinforcement Effect of Shape-Memory Polymer
Composites

Reinforcing fillers (such as glass fibers, carbon fibers, Kevlar fibers, CNTs, graphene,
etc.) are capable to enhance the mechanical properties and shape recovery forces of
SMPs by solution blending, melt blending, and in situ polymerization. Poulin et al.
prepared PVA/CNT SM composites containing 20 wt% CNTs [51]. The maximal
recovery stress of PVA/CNT fiber could reach nearly 150 MPa, which is about two
orders of magnitude higher than that of pure PVA. Interestingly, the high content of
CNTs (20wt%) significantly changed the thermodynamic behavior of PVAmolecular
chains, enabling PVA/CNT fiber to have a wide range of Tg . The PVA/CNT fiber
had the ability to remember the initial deformation temperature (Td) under free load
mode. That was a maximum instant recovery rate would occur near the initial Td
during the heating process.

It should be noted that the fillers that are physically blended with SMPs may
not simultaneously improve the mechanical properties and shape-memory proper-
ties. Fillers that chemically bonded with SMP chains are beneficial in satisfactorily
improving the shape-memory properties of SMPs. Wang et al. prepared PCL/SiO2

SMP composites through in situ polymerization (Fig. 14) [52]. Due to the addition of
SiO2, the tensile strength and elastic modulus of PCL/SiO2 composites could reach
up to 90 MPa and 500 MPa, respectively. Besides, both the shape fixing and recov-
ery ratio of PCL/SiO2 composites were greater than 95%. Similarly, Archer et al.
designed an inorganic–organic hybrid SMP with SiO2 nanoparticles as chemically
cross-linked points. SiO2 nanoparticles were first modified by sulfonic acid, then
connected with the polyethylene glycol (PEG) segments through static adsorption,
forming a core–shell structure in which SiO2 as the core and PEG as the shell [53].
The PEG/SiO2 composites not only showed rapid shape recovery effect, but also
exhibited high modulus (100 MPa) above the Ttrans .

Polyhedral oligomeric silsesquioxane (POSS) nanoparticles are another kind of
inorganic particles with well-defined cubic geometry and active functional groups,
which can be used as ideal cross-linked points for SMPs. Song et al. used POSS
with eight pendent organic groups to prepare a star-shaped POSS/PLA hybrid mate-
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Fig. 14 Schematic illustration of SiO2-SMP synthesis [52]. Copyright 2011, The Royal Society of
Chemistry, UK

rial [54]. The POSS nanoparticles could act as chemically cross-linked netpoints,
enabling the POSS/PLA hybrid material to recover its original shape in a very short
period of time. Mya et al. also prepared PCL/POSS SMP composites by in situ poly-
merization. The shape fixing and recovery ratio of PCL/POSS composites were up
to 98% [55].

For the SMP composites in which nanoparticles act as covalent cross-linkers, the
nanoparticles not only bring about enhanced mechanical properties, but also give
excellent shape-memory performance. The nanoparticles give rise to a remarkable
increase in rubbery modulus (100 MPa), which is higher than that of conventional
SMPs (1–10 MPa). These SMP composites with high mechanical strength have a
great application prospect in the aerospace field. However, to effectively restrict the
polymer chain relaxation in the deformation process, high content of nanoparticles
as well as strong interactions between nanoparticles and polymer chains are often
needed. Therefore, it’s an important consideration to efficiently control the interac-
tions among nanoparticles, and polymer matrix and nanoparticles.
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4.2 Electro-actuated Shape-Memory Polymer Composites

Like other polymers, most SMPs are insulators. To achieve the electro-actuated
SME, the conductive fillers such as CB, CF, CNTs, and graphene are usually added
to SMPs.When imposing a certain voltage on the SMP composites, these conductive
fillers can generate heat energy, making the temperature to increase [56]. Therefore,
the electro-actuated SME could be regarded as an indirect thermal-actuated SME.
Cho et al. introduced acidized CNTs into TPU matrix through solution blending,
and found that the TPU/CNT composite containing 5 wt% CNTs could recover its
original shape within 10 s at 40 V [57]. Tang et al. added carbon nanofibers (CNFs)
into polyester SMP, and observed that the composite with 11.6 vol% CNF recovered
its original shape within 90 s at 20 V [58]. Leng et al. made a series of achievements
in the field of electro-actuated SMPs [41]. They introduced nickel (Ni) powders and
CB nanoparticles which had a magnetic field response into PU [59]. By applying a
magnetic field during the curing process of PU, the Ni powders were oriented to form
Ni chains, so as to improve the electrical conductivity of composite and facilitate the
heat transfer in the matrix. The composite (a) with chained Ni powders recovered
faster than the composite (b) with randomly distributed Ni powders or the composite
(c) with only CB (Fig. 15).

Fig. 15 Infrared thermal images showing the temperature distribution and shape recovery. Sample
a with 10 vol% CB and 0.5 vol% chained Ni powders; sample b with 10 vol% CB and 0.5 vol%
randomly distributed Ni powders; sample cwith 10 vol%CB [59]. Copyright 2008, AIP Publishing,
USA



74 X. Qi and Y. Wang

There are some questions that need to be considered for electro-actuated SMP
composites. First, high content of conductive fillers is usually required to realize
electro-actuated SME, which may cause the aggregation of fillers and therefore is
unfavorable to the shape deformation. It is important to design SMP composites with
excellent conductivity at low concentration of conductive fillers. Second, during the
shape deformation process, the change of shape and temperature will have a certain
influence on the electrical conductivity of SMP composites, and this phenomenon is
rarely reported. Therefore, when preparing electro-actuated SMP composites, it is
necessary to consider factors such as filler type, filler content, deformation degree,
temperature, etc.

4.3 Magnetic-Actuated Shape-Memory Polymer Composites

Magnetic-actuated SMP composites also belong to one kind of indirect thermal-
actuated SMPs. The magnetic particles include Fe2O3, Fe3O4, and nickel (Ni) pow-
der, among which Fe3O4 is the most commonly used filler because of its strong
magnetism and low toxicity. Lendlein et al. reported that PU/Fe3O4 (10 wt%) com-
posite could recover from the spiral shape to the initial flat shape in 22 s under
the alternating magnetic field [60]. Zhou et al. prepared superparamagnetic Fe3O4

nanoparticles (with an average particle size of 10 nm) by chemical precipitation
and added Fe3O4 nanoparticles into cross-linked PCL matrix [61]. The PCL/Fe3O4

composites containing 15 wt% Fe3O4 could recover its original shape in 130 s. The
magnetic field frequency suitable for the human body is between 50 and 100 kHz.
Magnetic-actuated SMP composites have potential applications in biomedical field
due to their advantages of noncontact response and remote control. The thermal effi-
ciency produced by magnetic particles, on the one hand is related to the properties
of magnetic particles (such as particle size, magnetism, and surface properties), and
on the other hand is related to the dispersion of magnetic particles in SMP matrix.
Therefore, the preparation of superparamagnetic nanoparticles and the good dis-
persion of magnetic particles in SMPs are believed to be helpful in improving the
magnetic-actuated shape recovery performance.

4.4 Light-Actuated Shape-Memory Polymer Composites

Because of the advantages of noncontact control, selective regional control, and effi-
cient utilization of light, the light-actuated SMPs have received extensive attention of
the researchers [62]. The light-actuated SMPs are divided into photo-sensitive SMPs
and photo-thermal SMPs. Here, we mainly focus on the photo-thermal SMP com-
posites. Photo-thermal SMP composites refer to adding fillers which are capable of
photo-thermal conversion into SMPmatrix. The fillers include carbonmaterials (such
as CNTs, graphene), gold nanoparticles (AuNP), polydopamine (PDA), nanoparti-
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Fig. 16 Light-actuated shape-memory effect of the gold nanoparticles (AuNPs) filled SMP [65].
Copyright 2012, The Royal Society of Chemistry, UK

cles, etc. These fillers could absorb the light and convert it into heat, thus increasing
the temperature and realize the light-actuated SME. For example, Koerner et al.
introduced CNTs into TPU matrix [63]. The temporary shape could be fixed by the
crystallization during the tensile deformation. Under the irradiation of infrared light,
CNTs absorbed light and converted light energy into heat energy. When the temper-
ature was higher than the Tm of strain-induced polymer crystallites, the TPU/CNT
composite could quickly recover its original shape. Gold nanoparticle (AuNP) is
regarded as an efficient photo-thermal reagent due to its surface plasma resonance
[64]. Zhao et al. prepared a noncontacted light-actuated SMP composite by adding
AuNPs into cross-linked poly(ε-caprolactone) [65]. Under the laser irradiation of
532 nm, AuNPs transferred light energy into heat energy, and drove the composite
to recover to its original shape (Fig. 16). The shape recovery time could be well
regulated via changing the intensity of the light source. In addition, the spatially
controllable shape recovery behavior was achieved by irradiation to a specific area
of the composite.
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4.5 Solvent-Actuated Shape-Memory Polymer Composites

Thermal-actuated SMP is the most common used SMP, that is the shape recovery
occurs under the thermal stimulation.However, the thermal-actuated SMPhas certain
limitations in the biomedical field, because excess heat may damage the surrounding
biological tissues. The solvent-actuated SMP is able to solve this problem due to its
mild condition and easy operation. Weder et al. and Hu et al. introduced hydrophilic
cellulose nanowhisker (CNW) into PU matrix to achieve the water-actuated SME
[66–68]. The elastic PU is responsible for the shape recovery performance, and
the CNW network is responsible for the fixing and unfixing of temporary shape.
As shown in Fig. 17, when the PU/CNW composite was immersed in water, water
molecules decreased the hydrogen-bonding interactions of internal CNW network.
Consequently, the PU/CNW composite became soft, and the water-actuated shape
recovery behavior was then occurred. Fu et al. also reported a rapid water-actuated
SMP composite based on polyvinyl alcohol (PVA) and graphene oxide (GO) [69].
When the PVA/GO composite was immersed in water, a rapid shape recovery behav-
ior was observed at room temperature (25 °C), resulting from the decrease of Tg
and storage modulus of PVA. The swelling plasticizing effect and the weakened
hydrogen-bonding interactions between PVA and GO were the main reasons for the
decrease.

Fig. 17 Schematic illustration of water-actuated SME for PU/CNW nanocomposites containing a
CNW percolation network [68]. Copyright 2012, The Royal Society of Chemistry, UK
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4.6 Novel Shape-Memory Effect and Functional Applications

In addition to the reinforcing effect and a thermal stimuli, the strong confinement
induced by fillers can also greatly change the thermodynamical behavior of poly-
mers, thus imparting SMP composites with multi-SME (triple/quadrate/quintuple
SME) and temperature memory effect (TME). For example, Fu et al. reported
poly(propylene carbonate)/graphene oxide (PPC/GO) composites with multi-SME
and TME (Fig. 18) [70]. GO formed strong hydrogen-bonding interactions with PPC
chains, thus GO could be viewed as physical cross-linkers. As the content of GO
increased, the topological structure of GO changed from “dotted structure” to “net-
work structure” and “highly dense layered structure”. The different GO topological
structure induced different thermodynamical behavior of PPC. When the GO con-
tent was less than 10 wt%, the PPC/GO composite showed only one Tg , which was
defined as a slightly confined system. Interestingly, when the GO content was higher
than 10 wt%, two Tgs appeared in the PPC/GO composite, which was defined as a
highly confined system. The slightly confined composites exhibited dual SME, while
complex triple SME was observed in the highly confined composites. In addition,
because of the broad Tg , the PPC/GO composites exhibited good TME, namely the
composites could memory the initial deformation temperature. This work provides a
new idea to utilize the physical confinement effect of fillers to obtain versatile SMEs,
such as dual SME, triple SME and TME.

Xie et al. proposed that the utilization two different stimuli response of fillers
was a flexible strategy to achieve triple SME, because the recovery of two temporary
shapes would not affect each other [71]. They prepared epoxy-CNT/epoxy/epoxy-
Fe3O4 multicomponent composites through layer by layer casting. CNTs and Fe3O4

could selectively generate heat at two different radiofrequency ranges (296 kHz and
13.56MHz frequency). When the epoxy-CNT/epoxy/epoxy-Fe3O4 multicomponent
composites were placed under two different radiofrequency fields, themultiple shape
recovery behavior could be realized. This selective stimulationmethod enables SMPs
with only a single transition temperature realize triple or multiple SME, fundamen-
tally unshackles the dependence on multiphase structures that provide multiple tran-
sition temperatures. This approach of selective stimulation is widely applicable to
other SMPs.

SMP composites with novel functions can also expand the applications of SMPs.
Shape-memory-assisted self-healing is one of the functional applications of SMPs.
Fu et al. reported a biodegradable SMPcompositewith self-healing property based on
PPC/microfibrillated cellulose (MFC) [72, 73]. MFC could be viewed as reinforcing
fillers, physical cross-linkers, and relaxation retarders, thus greatly improving the
mechanical properties and shape-memory properties of PPC. Besides, the PPC/MFC
composites showed excellent water-actuated SME upon exposure to water at 30
°C because of the hydrophilic MFC. More importantly, as shown in Fig. 19, the
PPC/MFC composites exhibited much enhanced scratch resistance and scratch self-
healing behavior, resulting from the reinforcement of MFC fibers and the assistance
of shape-memory behavior. This composite approach opens a new way to adjust
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Fig. 18 Proposed hydrogen-bonding interactions between GO and PPC chains. Multi-shape-
memory and temperature memory effects via strong physical confinement in PPC/GO composites
[70]. Copyright 2016, American Chemical Society, USA

the shape-memory properties and promote the applications of SMPs in intelligent
materials field.

5 Conclusions and Outlook

In general, SMP materials including SMP blends and composites are a kind of
very significant smart materials, which not only show remarkably improved shape-
memoryproperties, but also havenovel properties such as indirect heatingSME,multi
(triple/quadrate/quintuple)-SME, TME, and complicated movement SME. These
SMP materials show promising potential prospects in many applications includ-
ing deployable space devices, remote control biomedical instruments, intelligent
switches, and robot hands.

Although many studies have been done, more in-depth work still needs to be
conducted. (1) First, the shape recovery force of SMPs is relatively low above Ttrans .
Though the recovery force can be increased by adding reinforcing fillers, the prob-
lems of low deformable strain and low shape recovery ratio are caused at the same
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Fig. 19 a Polarizing optical microscopy (POM) images showing the evolution of the scratch on the
surface of PPC and PPC/MFC5 (PPC5) after heating. Scale bar is 200 μm. b Schematic illustration
of the shape-memory-assisted self-healing concept [72]. Copyright 2014, The Royal Society of
Chemistry, UK

time. Thus, the mechanical properties, especially the shape recovery force of SMPs
should be further improved without reducing other shape-memory properties. (2)
Second, the structure–property relationship is needed to be extensively investigated.
For instance, the interfacial adhesion strength of elastomer/plastic blend is important
during the shape deformation and recovery process. Improving the compatibility and
the interfacial adhesion strength is beneficial in improving the shape-memory prop-
erties of SMP blends. Nevertheless, little attention has been paid to this aspect at
present. (3) Third, SMPs with controllable shape recovery properties (such as recov-
ery temperature, recovery speed, recovery ratio, etc.) and complex shape-memory
effect (such as multiple SME, two-way reversible SME, temperature memory effect,
etc.) are preferred in more complicated applications. (4) Finally, most of the shape
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recovery behaviors RE actuated through direct or indirect heating (electricity, mag-
netic field, light, solvent, etc.). Further studies are needed to design multi-sensitive
SMPs, which can simultaneously respond to different stimuli.
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Rheology of Shape-Memory Polymers,
Polymer Blends, and Composites

Sanjay Mavinkere Rangappa, Suchart Siengchin
and Jyotishkumar Parameswaranpillai

Abstract Shape-memory polymers (SMPs) have attracted considerable attention
in recent decades due to the characteristics of switching from permanent shape to
temporary shape and vice versa by the application of an external stimulus. The
significance and diverse applications of SMPs in the scientific and commercial scope
generate researchers to have keen knowledge in the manufacturing of new shape-
memory polymers and their blends and compositeswith improved thermomechanical
and other desired properties. This chapter will provide a generalized view on the
rheology of SMPs and their blends and composites that would give a holistic picture
of this promising area of research.

1 Introduction

Shape-memory polymers (SMPs) are smart polymeric materials capable of returning
from a deformed state to their original shape and vice versa induced by an external
stimulus such as temperature, electricity, magnetic field, UV light, change in pH, etc.
[1–5]. SMPs are materials with great potential for the use in intelligent materials and
structures [6–9]. The advantages of SMPs over shape-memory alloy and ceramics are
excellent elastic deformation, greater recoverable strain, low cost, and lightweight
[10, 11]. Polynorbornene, epoxy resin, polyurethane, poly(ε-caprolactone), etc. are
the generally used SMPs [12–17]. Owing to this, SMPs have found promising appli-
cations in fields as diverse as medicine (e.g., vascular stents and surgical sutures)
[18], flexible electronics, actuators, deployable space structures, and transport (e.g.,
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automobiles fenders, wings morphing), aerospace applications [19–22], and new
application areas such as repair of cracks and scratches in coatings [5, 23].

Polymers blends and composites are smart and economicalmaterials for the devel-
opment of new and improved polymeric materials that are difficult to obtain by direct
polymerization process [24–27]. The advantages of manufacturing shape-memory
polymer blends and composites are better shape recovery stress, simple technol-
ogy, tuning of shape-memory transition temperature, and also SMPs sensitive to
electricity, magnetic field, UV light, solvent, etc., could be developed [28, 29]. Sev-
eral shape-memory polymer blends have been reported by several authors including
polyethylene/nylon 6 [30], PVDF/PMMA [31], poly(D,L-lactide)/hydroxyapatite
[32], etc. The SMP composites containing nanofillers, such as carbon black [33],
carbon nanotube (CNTs) [34], carbon nanofiber (CNF)/SMP [35], etc., have been
reported.

2 Rheology of Shape-Memory Polymers

Rheology studies of SMPs enable the understanding of the processing of the poly-
mers. Since the rheological performance of polymers depends on a large extent on
the molar mass, processing temperature, and shear rate [36], the parameters obtained
from the rheological experiments are storage modulus, loss modulus, tan delta, com-
plex viscosity, shear stress, etc. The variations of above-said parameters with respect
to time, temperature, frequency, shear strain, etc., give an overview of the morphol-
ogy, polymer structure, phase separation, progress in curing, gelation (crossover
point), verification (the final plateau region in the rheological profile), etc. In ther-
mosetting SMP’s systems like epoxy, phenol formaldehyde, polyurethanes, etc., the
rheology can be used to study the curing of thermosets (either by isothermal curing
or by dynamic curing), the phase separation process, changes in phase morphology,
extend of phase separation, etc. [37–41]. Figure 1 shows the rheological profile of
neat epoxy and 10 wt% ABS-modified epoxy blends. For neat epoxy system, a typi-
cal rheological profile is observed (Fig. 1a). But for the 10 wt%ABS-modified epoxy
blend system, the phase separation took place at ca 600 s, and this is confirmed by
the drop in tan δ and the rise in G′ and G′′ [37].

In thermoplastic SMPs, the rheology enables the understanding of polymer struc-
ture, molecular weight, branching in polymers, processing parameters, etc. [42]. In
thermoplastic polymer blends, the phase separation, changes in phase morphology,
extend of phase separation, etc. can be easily studied by rheological studies [43,
44]. For polymer composites, the filler dispersion, interactions between the filler and
polymer, polymer–polymer interactions, and filler–filler interactions can be carefully
analyzed using rheological studies [45–48].

The different stages of shape-memory cycles are the deformation of the permanent
shape above Tg or Tm by the application of external stress, and this is followed by
slow cooling to room temperature with the applied external stress for shape fixing.
Once the stress is released, the temporary shape is fixed. Upon heating again, the
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Fig. 1 Rheology of a neat
epoxy, b 10 wt% ABS
different ABS-modified
epoxy blends at 180 °C [37]
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SMPs regain its original permanent shape. The breaking of the cross-linking chains
and their reforming during the shape-memory process are shown in Fig. 2 [10].

Different rheological models were introduced by the scientists for the study of
the shape-memory process in SMPs. Some of the interesting works are mentioned as
follows. Bhattacharyya et al. [49] derived the mechanical response of a four-element
rheological model for shape-memory polyurethane under the conditions of constant
stress (creep), constant strain (stress relaxation), constant stress rate, constant strain
rate, and periodic strain for the better understanding of the performance of shape-
memory polyurethane. They found that the shape-memory strain/damping could be
considerably reduced by the application of frequency higher than the threshold fre-
quency. The damping or shape-memory strain is maximum at the glass transition
temperature. Recently, Hosseini et al. [50] introduced a rheological model for the
understanding of the change in the size of the SMPs with respect to temperature.
The developed nonlinear viscoelastic model allows the better understanding of the
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Fig. 2 Breaking of the cross-linking chains and reforming during the shape-memory process [10].
(Reproduced with permission from Elsevier, License Number-4502761431416)

production of heat-shrinkable SMPs. In another work, Liu et al. [51] developed
a small-scale constitutive model for SMPs to study the strain and stress recovery
at the molecular level during the shape-memory cycle. Inomata et al. [52] studied
the shape-memory effect of poly (methyl methacrylate)-graft-poly (ethylene gly-
col) copolymers. Interestingly, the copolymer shows excellent shape-memory effect
because of the physical cross-links formed due to the entanglements of the copolymer
chains, confirmed by the stress relaxation studies of the SMPs.

3 Rheology of Polymer Blends and Composites

García-Huete et al. [5] studied the rheologyof polycyclooctene (PCO)/poly(ethylene-
co-methacrylic acid) (EMAA) zinc ionomer (Surlyn 9520) shape-memory blend for
the study of self-healing. They observe a crossover for Surlyn 9520 in the range of
0.01–0.1 Hz, suitable for good healing, but PCO is a poor healing agent and shows
a crossover at ca. 20 Hz. Three different blend systems were prepared 30/70, 50/50,
and 70/30 with 3 wt% DCP. The authors claim that only 30/70 (PCO/Surlyn 9520)
blend is suitable for self-healing, which shows a crossover at a lower frequency
range. Ping et al. [53] prepared poly(ε-caprolactone)-segmented polyurethane-based
shape-memory polymers. The phase separation of the hard segments in the PCL
matrix was carefully analyzed by rheological measurements. The hard segments
and the PCL crystals impart shape-memory properties for the PCL-segmented PU
system. Sungsanit et al. [54] investigated the rheological properties of linear PLA (L-
PLA) plasticized with varying content of poly(ethylene glycol) (PEG). The authors
observed reduced viscosity and modulus with increasing PEG content. Feng et al.
[55] successfully synthesizedPLA/poly(ethyleneglycol)-succinate copolymer (PES)
and PLA/poly(ethylene glycol)-succinate-l-lactide copolymer (PESL) blends. They
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observed a shear thinning behavior for both the blends and also the blends showed
reduced viscosity and modulus with an increasing amount of PES and PESL. The
rheological behaviors of PLA/PES and PLA/PESL are shown in Fig. 3.

Wei et al. [56] prepared hybrid composites containing both carbon black (CB)
and carbon nanotubes (CNTs) in a 70/30 blend of polylactide (PLA)/thermoplastic
poly(ether)urethane (TPU) for the making of an electrically actuated shape-memory
polymer composites. The concentrations of the CB and CNTs used for making the
composites are CB (3 phr, 5 phr) and CNTs (0, 0.25 phr, 0.5 phr, 0.75 phr, 1.0 phr,
2.0 phr). The rheology of the polymer composites was studied for the understanding
of the filler–filler interaction and polymer–filler interaction. The authors observed a
percolation threshold (filler network formation) for all the composites prepared. Sim-
ilarly, the percolation threshold in multiwalled carbon nanotube/polycarbonate and
multiwalled carbon nanotube/poly(methyl methacrylate) composites was reported
by Pötschke et al. [57, 58].

In a more recent work, Chen et al. [59] studied the network formation of CNTs
in thermoplastic polyurethane (TPU) by rheological measurements. From the rhe-
ological results, 2 wt% CNT provides a moderate level of network formation in
the polymer matrix. On the other hand, a dense network of nanofillers is formed
in the polymer composites at higher concentrations. The network formation by the
CNTs affects the stress/strain curve (stress increases considerably at higher filler
content). Similarly, storage modulus increases and the Tg shifted to higher temper-
atures due to the reduced mobility of the polymer chains because of the network
formation with increasing filler content. The strain sensitivity and shape-memory
performance of the composites can also be tuned with increasing filler content. In
another work, Haghayegh et al. [60] studied the network formation in shape-memory
polyurethane/clay nanocomposites using rheology. The best shape-memory proper-
ties were obtained for the composites containing 1 wt% clay.

Kim et al. [61] used rheology for the study of filler (Na-MMT intercalated with a
PEG) dispersion and role of Na-MMT intercalated with a PEG as a physical cross-
link in poly(ethyl methacrylate) (PEMA) nanocomposites. The authors observed a
pseudo-solid behavior of the composites from the rheological results. This pseudo-
solid behavior is due to the better dispersion of the Na-MMT fillers within the poly-
mer matrix, also the nanofillers intercalated with a PEG acts as effective physical
cross-links for the polymer composites even at 1.2 wt% filler content. In an inter-
esting work, Meng et al. [62] developed shape-memory polyurethane/multiwalled
carbon nanotube fibers. The fibers were spun by a single screw extruder. The authors
observed that the spinnability is significantly reduced with increasing MWCNTs.
In fact, at 8 wt% MWCNTs the spinnability of the composites is completely lost
due to its poor rheological properties. Gelfer et al. [63] introduced organoclay in
polystyrene (PS), poly(methyl methacrylate) (PMMA), and PS/PMMA blends by
the melt blending process. The authors studied the rheology of the polymer compos-
ites for the understanding of the interactions of the filler with the polymer matrix.
They found that the organoclay has no effect on the rheological properties of the
polymers, which means the fillers have no interaction/weak interaction with the neat
polymers or polymer blends.
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Fig. 3 The rheological behavior of PLA/PES and PLA/PESL blends [55]. (Reproduced with per-
mission from Elsevier, License Number-4502771066270)



Rheology of Shape Memory Polymers … 91

4 Conclusion

Rheological studies of polymers, polymer blends, and composites give an overview
of polymer structure, phase morphology, phase separation, polymer–polymer inter-
action, polymer filler interactions, filler dispersion, etc. The processing and shape-
memory performance of the polymer depends on all the above-said parameters,
underlining the importance of rheological measurements of SMPs for advanced
applications.
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Microscopy of Shape Memory Polymers,
Polymer Blends, and Composites

Jinlian Hu and Shanshan Zhu

Abstract Contemporary microscopes can magnify almost everything that is invisi-
ble to the naked eye, down to the atomic level. Current classifications include optical
microscopy, electron microscopy, and scanning probe microscopy, in which opti-
cal one focuses on microscale while electron and scanning probe ones focus on
the nanoscale. Microscopy is an indispensable technique of characterization for
shape memory polymers (SMPs), including optical microscopy (OM), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), atomic force
microscopy (AFM), infrared microscopy, fluorescence microscopy, and laser scan-
ning confocal microscopy (LSCM). In this chapter, the micro- and nanostructures of
different shape memory polymers, blends, and composites will be discussed. The
applications of these microscopical techniques will be outlined. A brief account of
various types of morphologies and their impact on shape memory effects will be
provided.

1 Introduction

Shape-memory polymermaterials and their derivatives are one of themost promising
smart materials available today. They are the kind of materials that can change shape
with the sensitivity of temperature, light, electricity, humidity, and other stimuli,
thus affecting performance. This characteristic makes them ideal materials for dif-
ferent application fields, such as biomedicine and aviation. Sometimes, pure SMPs
cannot perform well in practical application especially where the high modulus,
high recovery stress, or good electrical conductivity are needed. As a result, the
shape memory composites (SMPC) filled with particles, fibers, nanotubes have been
explored for various fields. The change in shape and other properties are closely
related to the microstructure of the materials. Choosing proper microscopy methods
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should depend on the specific structure inside SMPs or composites. For instance,
spherulites in crystal polymer domains should be determined by POM due to its
characteristic cross-extinction phenomenon. Surface phase-segregated morphology
with nanometer- or micrometer-scale and their distribution can be characterized by
means of both SEM and TEM. And LSCM is always the best choice for investi-
gating polymeric materials and cells growth in organisms. The specific applications
of these microscopes are classified according to research objects. It is expected that
this chapter can provide more inspirations to readers in the aspect of microscopy for
study on SMPs.

2 Optical Microscopy (OM)

Optical microscopy (OM) is widely used in polymer materials because it is inex-
pensive, easy to operate, and can be used to study the structural morphology of both
transparent and opaque materials. It is the most general and available microscopy in
the laboratory using visible light and a system of lenses to visualize the microstruc-
tural features of polymeric materials, reflecting physical or chemical information.

From the aspect of phase structure, the morphology of soft and hard segments
in SMPs is quite different under OM, making it is an easy way to follow degree
of synthesis and phase separation. Figure 5.1 presents the microscopic image of
PU/PCL solution at 25 °C in three conditions. Then two segments start to separate
from each other with time as shown in Fig. 5.1c.

From the aspect of local or microscale shape memory effect (SME), OM becomes
an easy method to investigate the recovery process of objects with small size which
cannot be clearly distinguished by eyes. During processing, necking is a common
phenomenon in stretching, especially in cold drawing. A direct proof of shape recov-
ery process of the shoulder region in the fully necked specimen can be captured [66].
The thermally activated shape memory behavior of hydrogel was acquired by OM

Fig. 5.1 PU/PCL solution at room temperature of 25 °C. a solution after 1 h (homogenous), b solu-
tion after a week (nonhomogeneous), c solution after three weeks (nonhomogeneous). Copyright
© 2018 Elsevier Ltd. [1]
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combined with a heating unit. It has been clearly observed that during heating scans
through a lower critical solution temperature, the hydrogel will collapse with the
increase of temperature. However, the shape and size have large recovery in the
cooling process, indicating the memory behaviors [62].

From the aspect of SMP composites, the morphologies and properties are largely
influenced by fillers. Carbon fiber reinforced SMP matrix composites appeared
and became one of the most popular SMP composites. Microstructural deforma-
tion must occur accompanying with macro-deformation of samples. So, the detailed
exploration of inner structural variation during the shape memory process is highly
required. Optical micrographs of the evolution of local out-of-plane buckling during
bending of the satin weave composites were explored [24]. It was observed that buck-
leswould occur and grow in satinweave composite during the bending process,which
can lead to early delamination and subsequent damage on the inner surface. Although
the buckles recover during heating, the optimum fabrication and processing methods
or the weave architecture should also be explored. Another work on microbuckling
in SMPC from a side view was also conducted through OM, where no failure or
delamination appears before deformation, then the fiber microbuckling comes into
sight together with large delamination gap. During heating, a large recovery of fiber
microbuckling and a small recovery of delamination can be observed. It was pro-
posed that the microbuckling is the primary mechanism in the bending deformation
of SMPC, which provides a higher bending strain than that in a traditional structural
composite [40]. These studies of microstructure provide guidance in designing the
structure of SMPC and further developing better mechanical performance in bending
or stretching.

3 Polarized Light Optical Microscopy (POM)

POM is specifically targeted at crystalline polymeric materials containing spherulite
morphology, oriented crystals, etc. The characteristics of polarized light microscopy
are to change an ordinary light to a polarized one formicroscopic examination to iden-
tify whether a substance is monorefractive (isotropic) or birefringent (anisotropic).
To yield polarized light, the ordinary light should go through a polarizing device
which can filter all directions of light vibration except the regulated direction. The
bulk morphology of the thin films can be studied with the help of POM.

3.1 Domains in SMP Structure

SMPs consists of at least two segregated domains, where one is in charge of tempo-
rary shape and the other is in charge of permanent shape [5, 34]. Crystalline domains
appear responsible for either physical cross-linkers or reversible phase with specific
transition temperature. By means of POM, two or more domains in structure can be
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separated, the effect of each segment on the crystal structure as well as crystalline
morphologies with characteristic cross-extinction patterns can be directly visualized,
and crystallization capabilities can be judged [23, 92]. The overall process of crys-
tallization can be well tracked if POM is equipped with a heating stage [23]. Luo
et al. used POM to investigate ethylene oxide and ethylene terephthalate (EOET)
SMP, where the crystal states of both soft and hard domains can be observed after
annealing at 120 °C for 6 h and at 35 °C for 12 h. Themicrograph captured from 70 °C
illustrates the distinguishable cross-extinction of hard segments [52].

3.2 SME of Polymeric System with Small Scales

Polymeric particle has large potential in biomedical application due to its small scale,
round shape, and large surface area that meet the requirements of interaction between
materials and biological surfaces [84]. As a result, particles with shapememory func-
tions and stimuli-responsive abilities have attracted a lot of attention. Guo et al. pro-
posed a kind of thermoplastic shape memory polymeric particles through a modified
film-stretching processing method, where SME is controlled by entropy elasticity of
polymer chains through coil and alignment aswell as entanglements [29]. First, chain
alignment and existence of entanglementswere characterized through POMdue to its
anisotropic shape and birefringence as shown in Fig. 5.2. Themicroparticle stretched
at 65 °C illustrates strong birefringence under crossed polarizers at 40°, 135°, 315°,
and 225°, respectively, indicating chain alignment exists inside the particles, that can
serve as driving force to trigger SME. However, the microparticle stretched at 90 °C
does not show a little sign of birefringence, demonstrating the random stated of
molecular chains inside and disappearance of entanglement at high temperature.
The prerequisite in achieving SME of microparticles was identified clearly through
this technique.

In addition to this,morphology evolutionwithSMEandarrangement of nanofillers
should also be carefully examinedwhere POMcan provide such a chance and choice.
For instance, fabrication steps of polydiolcitrate elastomer with cellulose nanocrys-
tals (CNCs), known as hydroxyl-dominant poly(dodecanediol-co-citrate) (PDDC-
HD), were well characterized by POM [19]. It was proved that CNCs can signifi-
cantly affect the physical properties of SMP as well as improve the shape fixity and
recovery ratio.

4 Scanning Electron Microscopy (SEM)

SEM is generally used to evaluate the morphology, microarchitectures of different
regions, and composition of nanomaterials with magnification ranges from 20 to
100,000. Different from normal OM, SEM can control magnifying power through
the size of scanning area but not lens, and it can produce an imagewith a depth of field
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Fig. 5.2 a Poly(D,L-lactic acid) particles were fabricated encapsulating hydrophobic lipid stabi-
lized gold nanoparticles. b Polymer alignment was observed in POM images of 65 °C stretched
particles to a higher degree as opposed to 90 °C stretched particles. Copyright © 2018 American
Chemical Society [29]

that is 300–600 times better than that of OM [67]. For SMPs whose microstructure
and composition are of vital importance for their smart properties, SEM contributes
a lot in investigation relationships between structure and function. In terms of natural
materials, such as the collagen skin recently proposed by Hu et al., a water-sensitive
SME exists because of its interlaced flexuous fiber bundles constructed a fibrous
network with some interspace between the large fiber bundles which were observed
by SEM, porosity allowing rapid permeation of vapors and solvents [31]. Another
example is the shape memory performance of natural hairs [75, 77, 78]. In terms
of composite materials, a kind of composite nanofibrous mats was fabricated with
chitosan, gelatin, and shape memory polyurethane for smart wound healing [68, 70].
Or fabric coated with shape memory polyurethane has a water-resistant property
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with good water vapor transmitting ability [36]. The specific application of SEM on
shape memory polymeric materials can be divided into the following aspects.

4.1 Microscale Shape Memory Behaviors

Macroscopic shape memory phenomena must be accompanied by changes in micro-
scopic properties. For instance, shapememory ability can facilitate recoveryofmicro-
scopic damages such as scratch, of which the recovery and healing process can be
easily followed by SEM [47, 76]. SMPs also appear a lot in the form of micro-
sphere [44], micro-, nanoscale particles [12, 13], or nanofibers [93], which have
the advantage of small size and high surface area, enabling microlevel SMP with
broader application. For shape memory fibers (SMFs), the diameters of fibers can be
directly measured and the cross-sectional area can be calculated accordingly [37].
Huang et al. characterized a cross-linked poly(St-DVB-BA) (Styrene (St), butylacry-
late (BA), and divinylbenzene (DVB)) polymeric microsphere with size in the range
of 30–100 μm [35]. Using SEM, the influence of DVB content on the surface rough-
ness, the shape as well as the size of microsphere can be easily followed. Further, the
shape memory ability including integrate shape deformation, fixation, and recovery
with stimuli of thermal were visualized.

4.2 Microscale Surface Modification and Surface Pattern

In most cases, surface modification can help SMPs to be used in broader practi-
cal applications. It is well known that cell behaviors depend a lot on tissue scaf-
folds [41]. Therefore, the adjustable micropatterned surface stemmed from SMP has
good potential in biomedical application. Plasma immersion ion implantation (PIII)
uses energetic ions to yield radicals on the surfaces of SMP, improving the bioac-
tivity of SMPs which can fit into the permanent implantable biomedical devices
[10]. Zhou et al. proposed a thermal-induced SMP with adjustable surface topogra-
phy where mechanical force can be produced spatiotemporally with surface shape
change to effectively control cell morphology. The whole shape memory process
with the relationship of temperature of the micropatterned surface with concentric
circular microgrooves are observed by SEM [7]. Another common surface pattern is
nanowrinkles on the surface of the polymer. As shown in Fig. 5.3, tunable nanowrin-
kles are successfully produced by spreading a metal layer on a pre-strained shape
memory substrate through simple metal deposition and subsequent heating. Shape
recovery of the substrate occurs during heating, inducing non-shrinkable metal to
buckle. Doubtlessly, for study of nanowrinkles on SMP, SEM is one of the most
appropriate techniques. For Fig. 5.3b, c with evenly distributed biaxial and uniax-
ial nanowrinkles, information of distribution, winkle wavelength, and dimension
obtained by SEM can be the imperative indicators for a specific application such



Microscopy of Shape Memory Polymers … 101

Fig. 5.3 Fabrication of
nanowrinkles. a Scheme of
fabrication of biaxial (left)
and uniaxial (right) wrinkles.
SEM images of biaxial
(b) and uniaxial (c) wrinkles
on shrunk polystyrene sheets
covered with a 10 nm thick
layer of gold. d SEM image
of biaxial wrinkles with
10 nm thick gold. Copyright
© 1999–2018 John Wiley &
Sons, Inc. [22]

as sensors. Also, from the SEM analyses, the evolution, population, and states of
wrinkles such as their durability, can be followed with the change in parameters.
Take advantage of SMPs and proposed methods, wrinkles can be easily patterned
even to a beautiful “wrinkled flowers” in their work [22].

4.3 Free Spaces/Microporous Structure

Free spaces or porous structure commonly appear in polymeric materials, espe-
cially in the condition of deformation. Structures like these provide more possibili-
ties to polymers with broader applications even though sometimes they affect their
physical properties. As a result, the porous polymer structures are preferred in spe-
cific applications such as absorbing, filtration, thermal management. For SMPs, it
was newly demonstrated by SEM that the appearance of free spaces in lead zir-
conate titanate/SMPC could weaken the piezoelectric effect [8]. However, SMPs
like poly(N-isopropylacrylamide) (PNIPAM) cryogel with microporous structure
presents a lot of excellent properties, which could allow the gel to take in or release
water speedily, improving the response rate with an external stimulus. The pore
sized characterized by SEM is about 150–350 μm, which is of importance in smart
responses [15]. The pore size ranges, information of pore distribution, and whether
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Fig. 5.4 Shape memory characteristics of the SMP foam. SEM micrographs of a original, b tem-
porary and c recovery shape; and d shape memory cycles detected by DMA. 0304-4165/© 2018
Elsevier B.V. [79]

it is an interconnected porous network in SMPs or composites can all be investigated
by SEM [20, 39] which are critical in analyze the smart function, overall stiffness,
degree of crosslinking, etc. For shape memory foam, the pore architecture as well
as size affected by SME can be effortlessly characterized by SEM. As shown in
Fig. 5.4, the pore transfer between mean-size shape and collapsed ones during the
shape recovery process [79].

4.4 Fillers in SMPC

Compared with shape memory alloy (SMA), the advantages of SMP such as easy
fabrication, low costs, or conveniently controllable properties through common pro-
cessing techniques are well known to us. Nevertheless, some instinctive obstacles of
SMPs still exist such as low recovery stress or low thermal conductivity in inhibiting
their application in more fields. Therefore, incorporation of nano fillers into SMPs
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becomes necessary, first strengthening the mechanical properties and second enlarg-
ing the practical application fields. In general, the categories and characteristics of
each nanofillers are listed below acquired from SEM studies [25, 86].

• Cellulose nanofiber (NFC): NFCs exhibit a highly entangled, web-like structure
with diameters ranging from 50 to 200 nm

• Cellulose nanocrystal (CNC):CNCspresent a needle-like structurewith an average
length of 150 nm and a diameter of 12 nm,

• Carbon nanotube (CNT), single-walled CNTs (SWCNTs), multi-walled CNTs
(MWCNTs): The structure of SWCNTs is a cylindrical tube with a 3D structure
and the diameters are about 0.7–2.0 nm. While MWCNTs contains several tubes
in concentric cylinders with diameters of about 10–30 nm.

• Carbon nanofiber (CNF): CNF with rod-shaped structure and 150–200 nm in
diameter. The length for both CNT and CNF is too long to characterize, including
the effect of entanglement on measurement.

• Cup-stacked carbon nanotubes (CSCNT): CSCNTs have novel structural char-
acteristics such as a larger hollow core and a larger portion of open ends than
other CNTs, featuring with an average outer diameter of 100 nm, an average inner
diameter of 70 nm, and an average aspect ratio of 50 [86].

• Nanolayered graphene (NLG): NLG with less than 10 layers of graphene single
sheets stacked together and with a total thickness less than 5 nm [76]. The incor-
poration of NLG into SMP matrix imparts the composites both excellent in-plane
fracture strength, scratch resistance as well as a thermal healing capability.

• Metal: Metal incorporated into SMP matrix mainly for electroactive SME.

The nanostructures and instinctive properties of fillers are of vital importance
in affecting the function of the matrix. Figure 5.5 compared the basic structure of
nanomaterials including natural ones CNC and NFC, as well as synthetic ones CNF
and CNT through both SEM and TEM [25].

4.4.1 Carbon Fillers

Ordinary SMP materials are insulators, limiting their use in conductive applications.
Carbon nanomaterials have high electrical conductivity, high tensile strength as well
as low density, giving them high potential when they are incorporated into SMP
matrix [11, 81]. MWCNTs are one of the most popular fillers appearing in SMPC,
especially for electroactive shape memory effect [55, 57, 73]. The homogeneous
dispersion of MWCNTs throughout the whole materials and the interfacial adhesion
between fillers and the SMP matrix was investigated through SEM. It was proved
that the situation of filler’s distribution can be well observed through direction of
cross section. However, the globular structure from the agglomerates formed by
polypyrrole-coated MWCNTs will affect the mechanical capability of whole mate-
rials [63]. It was also proved from the same work that the SMP with 2.5% MWCNT
presented better mechanical and thermal properties, illustrating that thermal conduc-
tivity should also be seriously considered. Heat transfer efficiency will undoubtedly
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Fig. 5.5 SEM/TEM images of a CNC, b NFC, c CNF, and d CNT. © The Author(s). 2018 [25]

affect the response rate of these smart materials. Yu et al. found from SEM that,
CSCNT can be better dispersed in SMP matrix compared with CNF [86] and it can
remarkably improve themechanical behaviors, rate of thermal–mechanical responses
as well as thermal conductivity in styrene-based SMPs.

The use of hybrid fillers can make up for the defects of single fillers in nature,
such as the combination of carbon nanotubes and short carbon fibers. In conductive
SMPC where a styrene-based SMP is selected as the matrix resin, the separated car-
bon nanotubes (CNTs) aggregations can be bridged by short carbon fibers (SCFs)
[85]. SEM study in Yu et al.’s work illustrated the existence of interpenetrated SCFs
through the whole SMPC network, that can improve electrical conductivity with the
implantation of separated conductive channels into the matrix. At the same time,
CNTs aggregate as a cluster and act as conductive nodes among SCFs, facilitat-
ing the local conductive capability. The synergistic effect between SCFs and CNTs
effectively increase the electric conductivity.

A another clever method utilized in incorporating CNT into SMPs was presented
by Song et al. [65]. In their work, a helical composite yarn was fabricated by infil-
trating CNT fiber with polyurethane resin. Then the composite was over-twisted as
shown in Fig. 5.6. Figure 5.6a, c illustrates the hierarchical coil structure of CNT
yarn and CNT/TPU composite yarn which is expected to offer high actuation. After
infiltrating by TPU, the bundles in (c) and (d) are larger than the pristine ones. The
cross-sectional surface of composite in (f) seems smoother than that in (e), and the
holes almost disappear in composites yarn, demonstrating more uniform structure
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Fig. 5.6 a, b SEM images of coiled CNT yarns before the annealing treatment and contraction
training, at differentmagnifications. c,d SEM images of coiledCNT/TPUcomposite yarn before the
annealing treatment and contraction training, at different magnifications. The surface morphology
has changed after TPU infiltration. e Cross-sectional view of the coiled CNT yarn. f Cross-sectional
view of the coiled CNT/TPU composite yarn. © The Royal Society of Chemistry 2018 [66]

formed and more spaces in CNT are filled by TPU. As a result, coil composite yarn
can perform better compared with pristine CNT yarn, with the combination of both
SME of TPU and high actuation capability of CNT.

4.4.2 Cellulose Nanocrystal/Nano Fiber

Cellulose nanocrystals or nanofibers have been developed to be a perfect nanofiller
in enhancing the mechanical properties of SMPs. In many cases, they are used in
SMP to produce water-induced shape memory effect [51, 69, 92]. However, the
degree of binding or the interaction between fillers and matrix decides the suc-
cess rate. Well-dispersion of CNC can be characterized by SEM [12] representing
a good compatibility between CNC and SMP matrix, which was explained by the
covalent bonding between CNC and molecular chains of matrix [48]. Similarly,
in a thermo-responsive photonic film with the combination of CNC and a SMP,
hydroxyl-dominant poly(dodecanediol-co-citrate) (PDDC-HD), the cross section of
hybrid materials was visualized by SEM as shown in Fig. 5.7 [19]. The architec-
ture, distribution, and thickness of each layer can be straightforwardly acquired. It
is shown that the CNC layer locates in the middle of two thick layers of PDDC-
HD. The thickness of CNC layer increases from about 4.5 μm in a pristine state to
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Fig. 5.7 Representative SEM cross-section images of a cellulose nanocrystals/hydroxyl-dominant
poly(dodecanediol-co-citrate) (CNC/PDDC-HD) hybridmaterial after impregnation of the prepoly-
mer and curing. aThe elastomer layers surrounding both sides of theCNCfilm (the scale bar is 2μm;
interfaces are indicated by yellow arrows). b The arrangement of the cellulose nanocrystals into a
chiral nematic structure (the scale bar is 200 nm). c The layered structure of the CNC/PDDC-HD
hybrid material. Copyright © 2016 American Chemical Society [19]

about 6.5μm in composite, illustrating the infiltration of PDDC-HD into CNC layer.
Moreover, SEM with high magnification is able to distinguish the Bouligand arches,
representing the cholesteric architecture in the cellulose film. The pattern period-
icity of cholesteric pitch obtained from SEM increased in composites, illustrating
the hybrid composites can be further stabilized by the formation of the ester bonds
between prepolymer and CNC.

4.4.3 Metal

Deformable electronic devices are anticipated in many advanced applications. Com-
pared with traditional filler single-walled nanotubes, silver nanowires (AgNW) have
better performance due to lower sheet resistance. SMP with silver nanowire elec-
trodes possess the ability in the application of organic light-emitting diodes (OLEDs).
As obtained from the SEM image, AgNWs have an average diameter of approxi-



Microscopy of Shape Memory Polymers … 107

mately 60 nm and an average length of approximately 6 μm [87] and they can facil-
itate self-healing ability [50]. Ge et al. reported another conductive fillers composed
of antimony-doped tin oxide (ATO) and TiO2 whiskers in shape memory matrix.
The specimens for morphology analysis in SEM were prepared by brittle fractur-
ing in liquid nitrogen. Results show that the whiskers overlap with each other in a
homogenous distribution without heavy aggregation and defected interface, which
is of great importance for mechanical properties and SME of composites [45]. Metal
nanoparticles or powder introduced to SMP matrix are also used to improve light or
electric-sensitive responseswithout limiting the tension strain ofmaterials, where the
dispersion and morphologies of nanoparticles should be strictly characterized [74].
Figure 5.8 shows a kind of thermo-responsive SMP with embedded micron-sized Ni
powder chains. SEM can be used to observe the details of Ni chains in shape memory
condition. Figure 5.8a reveals that Ni chain can be developed and the bundles can be
resulted with an increase of Ni content. (left column). After shape recovery cycles
with five times stretching as presented in right column, Ni chains have not been
destroyed, indicating the feasibility of Ni chains in SMP to produce electroactive
SME [42].

5 Transmission Electron Microscopy (TEM)

Different from the raster scanning across the specimen surface in SEM, the electron
beam in TEM is transmitted through the specimen. As a result, samples for TEM
characterization should be thin enough (50–100 nm thick) to permit the electron
beam to penetrate. The chiaroscuro on micrograph indicates the differences in the
density of materials. In regular, denser packing of atoms or crystal orientation will
lead to the darker areas where the electrons are limited to go through the sample
[43]. Compared with SEM, the magnifications and resolution of TEM is higher,
50,000,000 × and below 0.5 Å, respectively. TEM has been used maturely for the
study in the morphology of polymeric materials. For shape memory polymer, the
crystal structure, composition or the information of fillers including nanoparticles,
fibers, or graphene [76] can be well characterized. For example, the influence of
morphology, dispersion of organoclay platelets in SMPU and the agglomerates of
SiC particles on the properties of SMPU were analyzed by Jana et al. using TEM.
It was found that SME was strongly and directly affected by nanofillers due to
their interference on crystallization in soft segment [28]. TEM was also applied to
observe cellulose whiskers and their relative uniform distribution in nanoscale after
the hydrolysis treatment [30], or their dimensions with average length of 272 ±
87 nm and diameter of 18.5± 5.9 nm (average values± one standard deviation) [89,
91].

The incorporation of nanoparticles into SMP matrix will bring new functions to
them. For electromagnetic-responsive SMP, the magnetite nanoparticles which are
able to transform electromagnetic energy to heat are always introduced into SMP
matrix as nanofillers.Nanoparticles are always in core–shell structure for better incor-
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Fig. 5.8 Typical SEM images before (left column) and after (right column) five stretching (at 50%
strain)-shape recovery cycles. © 2018 AIP Publishing LLC [42]
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Fig. 5.9 Transmission electron microscopy pictures of TFX100 with 10 wt% particle contents.
(Scale bars: a 2 m; b 200 nm.) Copyright (2006) National Academy of Sciences, U.S.A. [59]

porationwith SMPmatrix, like Fe3O4 nanoparticleswarped by oligo(e-caprolactone)
[64]. Another example is that the addition of nanoparticles consisting of an iron(iii)
oxide core in a silica matrix into a polyetherurethane (TFX) makes the SMP become
magnetic responsive. The homogenous distribution of nanoparticle inTFX100matrix
was firstly confirmed by TEM as shown in Fig. 5.9a. Then, the special structure of
nanoparticle was well characterized with various scale. Both the mechanical prop-
erties and the shape memory function of composites are closely influenced by the
distribution and the structure of nanoparticles [59].

In addition to nanoparticles, multi-walled carbon nanotubes (MWCNTs) modi-
fied by polypyrrole (PPy) as nanofillers were mixed in SMP matrix to enhance the
conductivity of SMP composites. TEM was used to explore the structural evolution
of carbon nanotubes after treatment. Figure 5.10a illustrates the tubular morphol-
ogy of MWCNTs imaged by TEM. It was intuitive that the surface of MWCNTs
are coated by PPy, of which the electroactive shape recovery is good due to the
highest conductivity among other composites [63]. Acid-functionalized MWCNTs
was also proposed in polylactic acid/epoxidized soybean oil (PLA/ESO) matrix with
optimum mechanical and thermal performance and electroactive SME [61]. TEM
is critical in qualitatively analyzing the distribution of MWCNTs and its interaction
between matrix through carboxylic acid functionalization. An uncommon filler, bac-
terial cellulose whiskers (BCWs), proposed recently by Yin et al. were incorporated
into natural rubber to produce water-induced modulus change nanocomposites, fab-
ricating a new kind of SMP for biomedical application [83]. Figure 5.10b illustrates
the slender rod-like shape of BCWs and their tendency to connect with each other
due to the strong hydrogen bonds between hydroxyl groups.
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Fig. 5.10 a TEMphotographs of polyurethane–polypyrrole-coatedmulti-walled carbon nanotubes
[63]; b Morphological characterization of BCWs by TEM. Copyright © Taylor & Francis Group,
LLC. © 2018 Elsevier B.V. [83]

6 Atomic Force Microscopy (AFM)

AFM is widely used in polymeric materials. It fixes one end of a micro-cantilever
that is sensitive to force and has a tiny tip at the other end. A weak repulsive force
between tip atom and surface of the sample can be sensed through optical detection or
tunnel current detection. Three-dimensional information on the surface topography
of samples can be obtained. In this way, the morphology in nanometer scale of SMP
could be pictured using AFM.

6.1 Morphology and Nanofiller Characterization

A mature use of AFM in polymer materials is to observe the morphology and phase
separation of surface [32, 56, 60, 90]. The micro-phase-separation morphology and
phase size in a novel type SMP of styrene–butadiene–styrene triblock copolymer
(SBS) and poly(3-caprolactone) (PCL) blend were characterized by AFM through
observing the cross sections of samples those were fractured in liquid nitrogen.
Combined with stress–strain test, SMP blend was confirmed with two-phase mor-
phology [88]. In SMPC, AFM was generally carried out to identify the dispersion
and nanoscale of liquid crystal and nanowhisker fillers as presented in Fig. 5.11 [9,
54, 83]. The comparison of AFM topographies of PU-MWCNTs composites with
different preparation method provides direct proof on choosing the best composites
preparation route [38].
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Fig. 5.11 a AFM image of typical PSMPU-Azom composites. (PCL-based SMPs matrix with a
trans–cis photo-isomer of azobenzene mesogen (coded as Azo11) as the Liquid Crystal fillers)
[9]. b AFM of cellulose nanowhiskers isolated from cotton on a mica surface (area = 3 * 3 μm).
Copyright © 2011 American Chemical Society [54]

6.2 Adhesive Force

The reversible nature of SMP with external conditions makes it possible to develop
into different fields. Dry adhesion belongs to one of them. Dry adhesives typically
utilize non-covalent intermolecular forces to bond, where flexible adhesive materials
are always preferred. However, compliant materials are vulnerable to failure under
external force, leading to adhesive peeling in turn. Then Eisenhaure et al. proposed an
SMPwithmicrotip surface design throughAFMthat achieves an extremely reversible
and strong dry adhesion to a glass substrate [18]. The SMP surface visualized by
AFM during adhesion testing is shown in Fig. 5.12a. Using the data collected from
AFM testing, the work of adhesion is estimated to be 46 mJ/m2.

6.3 Nanoscale Indentation

Burnham et al. first proposed to directlymeasure the nanoscalemechanical properties
of materials by AFM using nanoindentation technique in 1989 [6]. In studies of
polymer materials, nanoindentation testing is becoming popular to a greater extent.
It can not only quantify mechanical properties, but also allow researchers to observe
morphologies of materials after indentation. For SMPs, understanding the variation
ofmaterial surface information, small-scale deformation and thermally induced SME
are of great significance for comprehensively investigating the performance of SMP.
The surface of materials can be characterized by means of penetrating by an indenter
tip of AFM with a penetration depth of the tip into the surface. The tapping mode
in AFM topographic scans of the indents can follow the shape recovery process
in heating [72]. As shown in Fig. 5.13, the nanoscale responses was investigated by
AFM through the formation of nanoscale indentations using a heatedAFMcantilever
at the temperature above the transition temperature of SMP. The thermomechanical
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Fig. 5.12 a AFM measurement of SMP surface roughness, cured against polished silicon (root
mean square roughness = 4.7 Å). b AFM adhesive force histogram of 256 individual tests in a
grid pattern at 30 °C with a Gaussian curve-fit and mean of 108.7 nN. Copyright © 2013 American
Chemical Society [18]

Fig. 5.13 AFM images of
nanoscale indents made at
different cantilever
temperatures and heating
durations of contact on a
10% DEGDMA polymer
surface at a fixed load force
of 0.11 μN. The length of
the scale bars in the figures
represents 200 nm. © 2007
IOP Publishing Ltd. [72]

behavior of nanoindentation can be directly studied, which will provide valuable
information for the design of polymer actuators at small scales [82].
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6.4 SME of Micro/Nanoscale Materials (Micro/Nanowires)

As mentioned earlier, if the function of SME is zoomed out to micro- or nanoscale,
a great potential will appear in the application such as biomedical [16, 17] or
microstructure [53]. OM, SEM have played a big role in characterizing microscale
SME effect. However, Fang et al. not only used AFM to characterize SMP but also
performed programming, which greatly improved the control effect and accuracy.
Figure 5.14 illustrates shape memory effect and stress recovery of single polymeric
micro/nanowires quantitatively on a structured silicon substrate [21].

7 Infrared Microscopy

Infrared thermal imager can quickly determine the temperature distribution of an
object. The temperature of a coiled carbon nanotube SMC yarn is characterized by

Fig. 5.14 a, bAFM height images of single, free-suspended amicro and b nanowires taken before
the programming procedures at Tdeform = 40 °C and 30 °C, respectively. c Micro and d nanowire
in their temporary shape taken at Tlow = 10 °C. e Micro and f nanowire after shape recovery. The
scale bars for a, c, e microwire (b, d, f) nanowire are 8 and 1.2 mm, respectively. Copyright ©
1999–2018 John Wiley & Sons, Inc. [21]
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Fig. 5.15 Temperature distribution of coiled CNT/TPU composite yarn with the length of 3.5 cm
after passing current (0.095A–0.175A) through the yarn for 5 s,measuredby an infraredmicroscope.
© The Royal Society of Chemistry 2018. [66]

an infrared microscope with a current of 0.095 A to 0.175 A as shown in Fig. 5.15.
It is visualized that the increase of current results in a brighter image because of the
increase of temperature.

8 Fluorescence Microscopy

Only a few polymers can exhibit autofluorescence effect on excitation with visible
light (488 nm), but polyurethanes will [33]. Other polymers should be strained by
fluorescence dye such as Neocarmine, or Lumogen red 300, that can interact with
objected materials. Fluorescence can improve the visibility of materials in blood and
tissues, which can greatly enhance the application value of SMPs in areas such as
biology and medicine.
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8.1 Dynamic Memory Process—Molecular/Bond Switch

Dynamic memory process with breakage and recombination of molecular or bond
switches have abilities to provide more information and opportunities on molecular
design in novel memory polymers and enable more advanced as well as broader
applications. However, this kind of dynamic memory process is not easy to follow
and explore using the same method as used in common SMPs. For example, shape
memory hydrogels (SMHs) have successfully found a large number of applications
in smart soft materials like textiles and soft robotics. However, the detailed and
in-depth exploration of the molecular-level dynamic change such as transition of
cross-links is not easy enough. As a result, the fluorescence-assisted characterization
method shows a great potential. As illustrated in Fig. 5.16, SME of chemically cross-
linked poly- (dimethyl acrylamide) (PDMAA) network (permanent hard segment)
−Alg hydrogel was directly visualized using Eu3+ ion solutions, where Eu3+ can
spontaneously diffuse into the hydrogel and bind to alginate to fix the temporary
shape. It is convenient that Eu3+−Alg complexes have the ability to emit red light,
at the same time, a quantitative study can be conducted [50].

Fig. 5.16 a Demonstration of shape memory and recovery for PDMAA −Alg-17% hydrogel.
b Recorded fluorescence spectra of original, temporary, and recovered shapes. c 1D → 2D shape
memory and recovery. d 2D → 2D shape memory and recovery. e, f 2D → 3D shape memory and
recovery. Copyright © 2018 American Chemical Society [49]
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8.2 Biomaterial System

Polyurethane-based SMPs are well recognized as minimally invasive medical mate-
rials in the application of peripheral occlusion, vascular grafts, regenerated bones,
tissue scaffolds, etc. However, due to the lack of visibility under clinical imaging,
some of applications are limited. Therefore, fluorescent dyes are utilized to make
SMP visible in clinical imaging and valuable in biomaterial system [71].

8.2.1 Cell/Bone Repair(Nanofiber/Foam)

Zhang’s laboratory investigated the shape memory copolymer nanofibers, which are
well capable of proliferating osteoblast as a scaffold for bone regeneration and pos-
sess good shape fixity and recovery effect. The morphology and proliferation of
osteoblasts cultured onto the SMP scaffolds were directly observed by fluorescence
microscopy [3]. In another research of bone generation, the cytotoxicity was eval-
uated through a live/dead viability assay qualitatively. As illustrated in Fig. 5.17,
preosteoblast viability was not affected by addition and different contents of imHA
into SMPU foams where the cell viability exhibited above 95%, illustrating no cyto-
toxicity of SMPU/imHA foams [80].

Fig. 5.17 Fluorescence images of the cells stainedwith calceinAM/PI. 0272-8842/©2016Elsevier
Ltd. and Techna Group S.r.l. [80]
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8.2.2 Carrier for Cell

Dynamically tunable surface microgrooves with SME were designed to regulate the
differentiation of rat bone marrow mesenchymal stem cell (rBMSC). Figure 5.18
presents the cell arrangement in different surface microgrooves condition including
non-patterned surface (Static-NP), 3-μm-wide microgroove surface (Static-3), and
dynamic ones including compressed and stretched microgroove surfaces. The shape
and arrangement of cells were better affected by dynamic surfaces compared with
static ones. The cells distribute randomly on the surface of static non-patterned ones.
This study proposed by Zhou et al. provided a facile strategy in mimicking nat-
ural cellular environment through a thermal-controlled surface microgrooves with
memory effect to exactly regulate the cell differentiation [26, 27].

8.2.3 Carrier for Drug

SME of materials like particles which can change and recovery their shape with
the stimuli of the environment have potential in drug carriers. The reversible shape
switch of polymer particles was achieved through the tension of modified polyvinyl
alcohol (PVA) film, of which the morphologies were directly observed by confocal
laser scanning microscopy. Figure 5.19 shows spherical micrometer-sized particles
with an average size of 5 μm. The particles can exist in a well-spherical shape
and become a prolate ellipsoid when they are stretched and fixed. The microscopic

Fig. 5.18 Fluorescence images of rBMSCs stained with calcein AM (Scale bar: 20 μm) Copyright
© 1999–2018 John Wiley & Sons, Inc. [26, 27]
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Fig. 5.19 Fluorescence images showing the deformation and fixation of the micro-sized particles
(the stretching strain of PVA film is 200%) and microscopically reversible shape memory recovery
process of the particles. The inset images are obtained by confocal laser scanning microscopy.
(Scale bar: 10 mm). © The Royal Society of Chemistry 2014 [26, 27]

reversible SME from the shape of sphere to spheroidicity can be clearly observed in
cyclic heating and cooling process.

9 Laser Scanning Confocal Microscopy (LSCM)

Materials with larger thickness than about 50μm cannot be well recognized by com-
monmicroscopies, especially the inner structure. As a modern technique, LSCM can
achieve 3D imagingwith high resolutionwithout destroying the specimen. It has been
used to investigate the structural information directly through the thickness of films,
the biological cells or semiconductor devices. For conductive SMPs with conductive
fillers, structural change of conductive fillers during tension can be monitored by an
LSCM using carbon nanotube composite/natural rubber as a model compound [45,
46].

9.1 SMP Foam Structure

Owing to the existence of a large number of micropores, the polymeric foam has
the characteristics of small density, shock absorption, insulation, etc., and thus has
a wide range of uses. SMP foam has these advantages plus the ability to respond to
external stimuli, expanding its application field to larger areas especially biomedi-
cal ones such as endovascular interventions [58], aneurysm treatment [2]. However,
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Fig. 5.20 a 0.01% fluorescent dyes (phloxine B (PhB) foam struts, taken by confocal microscopy
through 0.5 cm of porcine blood. b Emission spectra taken at the arrow in A, using 515 nm light
for excitation. © The Royal Society of Chemistry [71]

their invisibility under the clinic imaging limits these advantages. Consequently, the
influence of fluorescent dyes (phloxine B (PhB) on SMP was studied systematically
from thermomechanical behaviors to SME. Results show that the foam structure of
SMP were clearly imaged by an Olympus Fluoview 1000 LSCM and were excited
at 543 nm utilizing <1%maximum intensity as illustrated in Fig. 5.20. The homoge-
nous emission from the foam struts can be distinctively visualized via blood. The
fluorescent dyes (phloxine B (PhB) make SMP a promising materials in biomedical
materials system [71].

9.2 SMP Foam as Carrier for Cell

The porous nature of the foam is well suited for use in cell scaffolds. In biological
research, if the distribution of cells in a thick material is expected to be investigated,
confocal micro scanning microscopy is the best choice. It is capable of providing 3D
views of cells location in each depth of materials that cannot be achieved by common
microscopy which can only focus on one layer. For example, before observing the
MC3T3-E1 preosteoblasts infiltrating inside SMP foam through LSCM, the samples
were firstly stained by calcein AM [79]. Figure 5.21 presents that labeled cells with
green color could infiltrate deeper with an increase of cultivation period, illustrating
the excellent biocompatibility of SMP foam for bone generation.
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Fig. 5.21 In vitro cell infiltration and viability. a Reconstructed 3D confocal microscopic images
of preosteoblasts infiltrating into the SMP foam (field of view, 653 × 653 μm) 0304-4165/© 2018
Elsevier B.V. [79]

9.3 SMP Substrates for Cell Activity

SMP have been proved to have a significant impact on macrophage activity. Usually,
macrophages take hours to complete transformation from elliptical shape to circular
one, soGuo et al. proposed a kind of photothermal actuation to influencemacrophage
where a laser was utilized to activate the light-induced shape recovery of shapemem-
ory microparticles [29]. They measured that the aspect ratio reversion was detected
only within the 5 mm diameter of the laser spot, where the aspect ratio of the par-
ticle is almost 1, indicating a spherical form with irradiation. It was visualized that
SME can be effectively triggered by laser in biocompatible temperature range and
is restricted to the irradiated area. They also presented Macrophage Phagocytosis
influenced by shape memory response of differentially stretched particles triggered
by laser. It was proved that low temperature stretched particles (blue) can recovery to
spherical form during heating compared to the high temperature stretched particles
(magenta). As a result, low-temperature-stretched particles are easier to be phago-
cytosed, indicating the large influence of SME from nanoparticles on Macrophage
Phagocytosis.

SMPwas also used as actin cell culture substrates where substrate topographywas
studied to control cell behaviors as illustrated in Fig. 5.22 [14]. The SMEof substrates
were triggered after plating cells on it. As shown in Fig. 5.22a, cell actin cytoskele-
ton microfilaments align with groove direction in temporary shape before transition,
while they begin to rearrange and become randomly oriented when substrate recov-
ers to flat. Figure 5.22b presents randomly oriented microfilaments before and after
transition in flat control. Figure 5.22c shows microfilaments align with groove direc-
tion in grooved control before and after temperature increase. It was also proved that
SME of substrates has a comparable effect on cells.
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Fig. 5.22 Cell actin cytoskeleton rearranges following topographic transition. a Confocal images
of cells stainedwith phalloidin on a temporary grooved topography.bCells on flat control substrates.
c Cells on grooved control substrates. Scale bar is 100 mm. Copyright © 2010 Elsevier Ltd. [14]
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9.4 SMP Particles as Carrier for Drug

In biological research like drug delivery, the shape of particle has large influence
on phagocytic internalization. It is shown in Fig. 5.23 that the spherical particle
has been all taken up after 15 min while the ellipsoidal particle still stays on the
surface. However, once the ellipsoidal particles enter the target cells, the shape can
recover to spherical ones with mild stimulus as shown in Figure B. The advantage of
this characteristic shape change of particles as drug carriers can prolong the blood
circulation and enlarge the effectiveness of drug by escaping premature phagocytosis
[26, 27].

10 Conclusions and Outlook

SMPs have great potential due to their structural characteristics. They can respond
to different forms of external stimuli, possess flexible structural design and perfor-
mance as well as large extensibility and volume-to-mass ratio. Research on shape
memory polymeric materials including SMPC or blends has been greatly developed.

Fig. 5.23 Phagocytosis and intracellular shape memory recovery of the shape-switching particles.
a The association process of both spherical and ellipsoidal particles with macrophages, observed
with CLSM at 5, 15, 30, and 60 min. These particles are stained with a fluorescent dye, Nile red.
b Intracellularly reversible shape memory recovery of the particles. (Scale bar: 10 mm). © The
Royal Society of Chemistry 2014 [26, 27]
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Most microscopy applications provide a characterization on the basic structure of
materials in current research. For example, phase identification and separation can be
characterized by OM, POM, SEM, TEM, and AFM. The size of the fillers in SMPC,
the degree of fusion with the matrix, and their effect on the matrix are mostly charac-
terized by SEM, TEM,AFM. SEMandAFMare the best tools for the investigation of
surface treatment and surface pattern on SMP substrates. Fluorescence microscopy
and LSCM are useful for studying SMP in biomedical fields, such as the effect of
materials on cellular activity, or in drug delivery. There is also a class of SMEs that
specialize in microlevel or nanolevel, where SEM, TEM, and AFM are good choices.
However, there are more applications for SMP combined with microscopes waiting
for us to dig. For example, cryo-electron microscopy is very rare in SMP studies.
The cryo-electron microscope usually mounts a device for freezing the sample on a
normal-temperature electron microscope. Freezing the sample can reduce the unex-
pected deformation of the sample due to electron beam, which is of great significance
for protein research with flexible structures in biology [4]. The 2017 Nobel Prize in
Chemistry was awarded to Dr. Jacques Dubochet, Dr. Joachim Frank and Richard
Henderson who promoted the development of cryo-electron microscopy, which we
should develop in area of SMPs. Besides, infrared microscopy with high time resolu-
tion is also expected in many thermal-induced SMPs, where the temperature change
and distribution of materials can be precisely captured and evidently visualized.
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Dynamical Mechanical Thermal Analysis
of Shape-Memory Polymers

Pauline Butaud, Morvan Ouisse, Kévin Jaboviste, Vincent Placet
and Emmanuel Foltête

Abstract This chapter is dedicated to the dynamical mechanical thermal analysis of
shape-memorypolymers. Temperature obviously plays amajor role in themechanical
properties of these materials; hence, the understanding of the physical phenomena
driving the shape-memory effect is of first importance for the design of practical
applications in which shape-memory polymers are used. The shape-memory effect
being closely related to the viscoelastic behavior of the polymer, it is important to
properly describe it with appropriate tools. The objective of this chapter is to describe
characterization methods, models, and parameters identification techniques that can
be easily used for the description of the thermomechanical behavior of SMPs. The
associated models can easily be implemented in finite element codes for time- or
frequency-domain simulations. The experimental results and all numerical values of
the models are provided for three shape-memory polymers: the tBA/PEGDMA and
a vitrimer, which can easily be manufactured according to the data provided in open
literature, and a shape-memory polymer filament for 3D printing, which is available
on the shelf.

1 Introduction

Asall polymers, shape-memorypolymers (SMPs) exhibit a strongviscoelastic behav-
ior. The stable rubbery and glassy states play amajor role in the shape-memory effect,
which is associated with fast transitions between these states with a large elasticity
gap, inducing high loss factor values at glass transition [1, 2]. The typical values
of the loss factor which are reported in SMP-related open literature typically vary
between 0.5 [3] and more than 2.5 [4, 5], most of them being between 1 and 2 [6–
9]. These qualitatively high values of loss factor must be considered for practical
applications since they can have a strong impact on the efficiency and the behav-
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ior of the SMP-based devices. For applications in which only static phenomena are
involved, the intrinsic losses may be neglected but as soon as dynamical phenom-
ena contribute to the mechanical response, viscoelastic effects must be considered.
This has been highlighted for years now, and numerous works can be found in the
literature that present models of the shape-memory effect based on rate-dependent
viscoelastic models [10–16]. Recently, these materials have been identified as able
to play a major role in damping-related applications, thanks to the high damping
capacities associated with the glass transition [17]. In these applications, the shape-
memory material acts as a classical passive damping treatment, which is known to be
a reliable, low cost, and robust solution for vibration control [18, 19], whose damp-
ing and stiffness can be tuned by a temperature control [20]. The polymer layer is
classically used as a core in a multilayered composite, in order to enhance the shear
effects in the material, leading to high damping performance. Many articles have
been published on composite structures embedding viscoelastic materials to damp
vibrations [21, 22]. The design optimization ofmultilayers structures has particularly
been investigated [23–26] by varying the thickness of the viscoelastic layer, the fiber
orientation, or the aspect ratio of the structure. When dealing with these materials, it
is important to precisely describe the behavior of interest with adequatemodels based
on confident parameters. The most usual way to obtain the viscoelastic mechanical
properties of a polymer is the Dynamic Mechanical Analysis (DMA), also called
Dynamical Mechanical Thermal Analysis (DMTA), which consists in conducting
mechanical tests on a small frequency band and a large temperature range [27–29].
Using laws such as Williams–Landel–Ferry (WLF) law [30] or Arrhenius law [31],
in a Time–Temperature Superposition (TTS) model, DMA measurements are used
in order to obtain the mechanical behavior of the polymer on a large band of fre-
quencies and temperatures. The extrapolated properties obtained can then be used
to design composite structures. Even if some limitations of this apparatus have been
reported (effect of the instrument compliance [32], of the specimen dimensions [33]
or even of the chosen TTSmodel [6]), and despite the fact that viscoelastic properties
are often obtained only for a specific loading mode, DMA remains a confident way
to obtain a description of the behavior which is valid for different loading modes,
for different scales, on wide temperature, and frequency ranges, even for shape-
memory polymers [4]. Among others, these materials are very good candidates for
temperature-controlled damping devices [20, 34].

In this chapter, original results are presented for three shape-memory polymers:
the tBA/PEGDMA and the vitrimer, which can easily be manufactured according
to the data provided in the open literature, and a shape-memory polymer filament
for 3D printer, which is available on the shelf. For each of these materials, DMA
results are performed by varying frequency and temperature, the TTS is checked,
and a corresponding model is described. Finally, a viscoelastic model (Generalized
Maxwell model) is identified in order to describe the behavior of the material on
a wide frequency and temperature ranges. All numerical values of the models are
provided in order that readers can use the data in their work.
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The chapter is organized as follows: Sect. 2 describes the three materials used in
this work, Sect. 3 presents the DMA apparatus and protocol, Sect. 4 describes the
viscoelastic and TTS models, and Sect. 5 provides all the results.

2 Materials

In this section, the three materials considered in this chapter are presented.

2.1 tBA/PEGDMA

Srivastava et al. [35] introduced the tBA/PEGDMA as shape-memory polymer in
2010. This material is used here, following the procedure described in Yakacki et
al. [36] to elaborate the samples. The chemical components were obtained from
Sigma-Aldrich and used as received. The SMP is obtained by mixing 95 wt% of tert-
butyl acrylate (tBA)with 5wt%of poly(ethylene glycol) dimethacrylate (PEGDMA)
which is a cross-linking agent with a molecular weight of Mn = 550g/mol. 2.2-
dimethoxy-2-phenylacetophenone (DMPA), and is added to the solution as photo-
initiator (0.5 wt%). A mold constituted by two glass plates is used for the curing:
10 min UV exposure followed by 1h heating (90 ◦C). The plates are machined for
obtaining the shapes required for the mechanical tests.

The tBA/PEGDMA is thermo-rheologically simple [4], thermoset amorphous
polymer. No crystallite and full cross-linking of the polymer was observed fromDSC
analysis. The density of the material is ρ = 1000 kg/m3. The Poisson’s ratio of the
tBA/PEGDMA, determined during quasi-static tests (10−4 Hz) at room temperature
[4], has been measured at ν = 0.37.

2.2 SMP Filament

The shape-memory polymer filament is provided from SMP Technologies Inc. This
polymer is available on the shelf for 3D printing. The filament is used as received and
without any printing to avoid structural aspects in the evaluation of the mechanical
properties. TheSMPfilament is a thermoplastic polymerwith a density of 1260 kg/m3

(determined bymeasuring the sample’smass and volume). Thismaterial may be used
in most of FDM-based 3D printers to obtain the shapes of interest.
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2.3 Vitrimer

The third shape-memory polymer studied in this paper is a vitrimer. It has been
proposed by Ludwik Leibler [37]. In this work, the hard network of vitrimer is
considered. It has been elaborated at FEMTO-ST Institute following the procedure
described by Montarnal et al. [38]. The components were obtained from Sigma-
Aldrich and used as received. The reaction of the diglycidyl ether of bisphenol A
(DGEBA)with glutaric anhydridewith epoxy/acyl 1:1 in the presence of 5mol%zinc
acetylacetonate [Zn(acac)2] provides the mixture, which is homogenized at 140 ◦C
until phase miscibility. A mold is then used to cure the plates (210×300×20 mm3)
at 140 ◦C during 12h. The produced plates were machined whenever necessary. The
density of this polymer is 1290 kg/m3.

3 Dynamical Mechanical Thermal Analysis

3.1 tBA/PEGDMA

A Metravib DMA50 apparatus is used with 29 × 6 × 3 mm samples. The temper-
atures are changed by 5 ◦C or 10 ◦C steps between 30 ◦C and 90 ◦C with a heating
rate of 2 ◦C/min. A sinusoidal tensile displacement varying from 0.1Hz to 180Hz is
applied to the sample with an amplitude of 10 µm.

3.2 SMP Filament

A Metravib DMA300+ apparatus is used at temperatures varying by 5 ◦C steps at
heating rate of 2 ◦C/min, between 33 ◦C and 83 ◦C. The temperature is stabilized
for 1min before each measurement to ensure a homogeneous temperature inside
the specimen. Specimen’s shape is cylindrical, with a diameter of 1.75 mm. The
length is cut to 6 mm between the jaws. The frequency of the excitation varies from
0.1Hz to 180 Hz. A sinusoidal tensile displacement is applied to the sample with a
peak-to-peak amplitude of 5 µm allowing to ensure a linear viscoelastic behavior.

3.3 Vitrimer

ABose Electroforce 3200 apparatus is used with 80 × 2 × 2mm samples, at temper-
atures varying by 5 ◦C steps at heating rate of 3 ◦C/min, between 36 ◦C and 102 ◦C.
In order to ensure a homogeneous temperature inside the specimen, the temperature
is stabilized for 2min before each measurement. Inside the heating chamber, a ref-
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erence sample including a thermocouple is used to measure the temperature. The
range of frequencies is from 0.01 Hz to 10 Hz, with a mean amplitude of 4 N and a
peak-to-peak amplitude of 6 N.

4 Models for Linear Viscoelasticity

Linear viscoelasticity has been studied by many authors in the context of continuous
mechanics. Historically, Caputo [39] proposed in 1971 a linear modeling of the
dissipation taking into account the history of the solicitations applied to the material.
Later, Ferry [18] and Lakes [40] proposed a framework on the basics of modeling
viscoelastic behavior. This work has been enhanced by many contributions such
as that of Lesieutre [41] in which the constitutive equations of viscoelasticity are
formulated in the time domain based on a method called “Anelastic Displacement
Fields” (ADF). A general objective of these works was to understand and model
the physical phenomena before adapting the formulations to numerical simulation
tools. Among others, Salençon [42] and Chevalier [43] propose some syntheses of
the mechanical phenomena linked to viscoelasticity.

A viscoelastic material has a response that varies over time even if the loading it
undergoes is constant over time. If the loading is carried out in stress and the response
is observed in strain, one speaks of creep test. The reciprocal is called as relaxation
test. In addition, if a succession of loadings (in stress or strain) is applied to the
material, then its final state corresponds to the sum of the modifications brought by
each loading. The history of the loads applied to the viscoelastic material over time
plays a major role in the behavior of the material, and hence on the associated models
required to describe it. The following constitutive law, which relates the stress tensor
σi j to the strain tensor εkl , includes this dependency:

σi j (t) = C∞
i jklεkl(t) +

∫ t

0
C∗
i jkl(t − τ)ε̇kl(τ )dτ + Ci jkl(t)εkl(0), (1)

where σi j (t) = C∞
i jklεkl(t) corresponds to the elastic part of the constitutive law,C

∞
i jkl

being the long-term elasticity tensor. The tensor C∗
i jkl(t) is called relaxation function

and can be determined by measuring the evolution of the stress as a function of time
when the material is subjected to a constant displacement. The rheological models
used in viscoelasticity are typically built according to the assumptions made on the
kernel of the relaxation function C∗

i jkl . The Fourier transform of this viscoelastic law
is

σ̂i j (ω) = C∞
i jkl ε̂kl(ω) + jωĈ∗

i jkl(ω)ε̂kl(ω), (2)

where ·̂ corresponds to the Fourier transform and ω is the circular frequency. In
order to simplify the writing for the introduction of the rheological models, in the
following, we restrict equations to the mono-dimensional case, when the sample is
subjected to a stress in tension. The constitutive law can then be written as
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σ̂ (ω) = E∞ε̂(ω) + jωÊ∗(ω)ε̂(ω), (3)

where E∞ represents the long-term elasticity modulus of the material for t → +∞
or ω → 0. This is classically written as

σ̂ (ω) = E∗(ω)ε̂(ω), (4)

where E∗(ω) is called complex elastic modulus: in the frequency domain, linear vis-
coelastic problems can be solved as linear elastic problems with a complex modulus
that depends on frequency. The real part of E∗(ω) is usually called storage modulus,
its imaginary part being the loss modulus and the loss factor η(ω) being equal to the
ratio between the imaginary and the real parts of the complex modulus:

η(ω) = Im(E∗(ω))

Re(E∗(ω))
. (5)

4.1 Standard Rheological Models

Rheological models are classically used to define the frequency dependency of the
complex modulus E∗(ω). The simplest model corresponds to constant values, which
is called structural or hysteretic damping model:

E∗ = E(1 + jη). (6)

This corresponds to a very simple representation of the average viscoelastic behavior
of the material. It is therefore generally used for lightly damped materials, such as
metallic materials, that present a dissipated energy per cycle independent of the
frequency when subjected to cyclic loading. The main drawback of this model is
that it is noncausal which limits its use to the frequency domain [44]. Nevertheless,
there is a way to make this model causal so that it can be used both in the frequency
and time domains. The work carried out on the subject by Makris [45] leads to the
formulation of a causal hysteretic model where the imaginary part is the same as that
of the ideal hysteretic model:

E∗(ω) = E(1 + jηsgn(ω)) (7)

andwhere the real part is defined in order tomake themodel causal.Note that the ideal
hysteretic model is equivalent to that expressed in Eq. (6) for positive frequencies.

In order to define a frequency dependency, rheological models have been his-
torically built by combining simple mechanical elements like elastic springs and
dampers. Figure1 presents four standard rheological models commonly used in the
literature.
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Fig. 1 Viscoelastic standard rheological models: a Kelvin–Voigt bMaxwell c Zener

The Kelvin–Voigt model (Fig. 1a) is a simple model composed of a spring (with
a stiffness Ee) and a damper (with a viscous damping constant Ev) in parallel. Its
complex modulus is written as

E∗(ω) = Ee + jωEv. (8)

It can be used as the first approximation to represent a viscoelastic behavior, even if
the applicability is generally restricted to a narrow frequency band. In addition, this
model is only suitable for low frequencies since the damping force tends to infinity
when the frequency increases.

The Maxwell model (Fig. 1b) is composed of a spring and a damper in series and
the associated complex modulus can be expressed as

E∗(ω) = Ee
jωτ

1 + jωτ
, (9)

where τ = Ev/Ee is the relaxation time. This model can be used to describe the
viscoelastic behavior but it is only applicable for a reduced frequency range as for
the Kelvin–Voigt model and is not realistic at low frequency since it does not include
a pure elastic component.

The Zener model, also named Standard Linear Solid model (Fig. 1c), represents
a first realistic approximation of the viscoelastic behavior. Its complex modulus can
be written as

E∗(ω) = E∞ + E0 jωτ

1 + jωτ
, (10)
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Fig. 2 Generalized Maxwell
model

E∞
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E2 2
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En n
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where E0 corresponds to the instantaneous modulus of thematerial (i.e., when t → 0
or ω → +∞) and E∞ corresponds to the long-term modulus (i.e., when t → +∞
or ω → 0).

The three parameters of the Zener model may, however, be insufficient to describe
the complexity of the frequency dependency of the viscoelastic properties for some
materials. In this case, higher degreemodel may be used. Figure2 illustrates the Gen-
eralized Maxwell Model (GMM) which is able to generate more complex evolutions
of the viscoelastic behavior of materials. By combining N Maxwell cells in parallel,
it is possible to accurately represent the experimental viscoelastic behavior over a
wide band of frequency in dynamics, thanks to a distribution of rational fractions
shifted in frequency. The complex modulus associated with this model is written as

E∗(ω) = E∞ +
N∑
i=1

Ei
jωτi

1 + jωτi
= E∞

(
1 +

N∑
i=1

αi
jωτi

1 + jωτi

)
, (11)

where Ei and τi represent the dynamic stiffness and the relaxation time of cell i . Up
to the end of this chapter, the stiffening (or the dynamic stiffness ratio) is referred as
αi = Ei/E∞. In addition, it may be noted that E0 = E∞ + ∑N

i=1 Ei .
At the price of an increase in the number of parameters that need to be identified,

increasing the number of cells provides the ability of the model to describe more
complex frequency dependencies (materials exhibiting several glass transitions for
example).

The GMM may also be interpreted as a modeling strategy based on internal
variables, where the relaxation function C∗

i jkl(t) is approximated by a Prony series
development [46]. Numerous commercial software packages propose to take into
account the viscoelastic behavior of amaterial using Prony series: in the time domain,
one has

σ(t) =
∫ t

−∞
E(t − s)ε̇(s)ds, (12)

with

E(t) = E∞ +
N∑
i=1

Eie
−t/τi , (13)
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which is sometimes written as

E(t) = E0

(
1 −

N∑
i=1

α′
i (1 − e−t/τi )

)
, (14)

where α′
i = αi/(1 + αi ), with αi = Ei/E∞ and E0 = E∞ + ∑N

i=1 Ei .
These one-dimensional rheologicalmodels are not sufficient to serve for 3D imple-

mentation, because of the couplings existing between the directions. However, the
materials studied in this chapter being isotropic, the properties of the material are
identical in the three directions of space. In this case, the tensor of the 3D viscoelastic
constitutive law can be fully described with only two material characteristics. If we
call this operator C∗

i jkl , such that

σ̂i j (ω) = C∗
i jkl(ω)ε̂kl(ω) (15)

then, C∗
i jkl may be written as

Ĉ∗
i jkl = E∗(ω)

(1 − 2ν)(1 + ν)

⎡
⎢⎢⎢⎢⎢⎢⎣

1 − ν ν ν 0 0 0
ν 1 − ν ν 0 0 0
ν ν 1 − ν 0 0 0
0 0 0 1−2ν

2 0 0
0 0 0 0 1−2ν

2 0
0 0 0 0 0 1−2ν

2

⎤
⎥⎥⎥⎥⎥⎥⎦

, (16)

where ν is the Poisson’s ratio, which may also be frequency-dependent, even if its
variation is of second order compared to the evolution of the modulus. Nevertheless,
for somematerials, it may be important to access to the frequency evolution of ν. The
viscoelastic behavior of the shape-memory polymers characterized in this chapter
will be modeled by generalized Maxwell models.

4.2 Time–Temperature Superposition

As indicated above, the behavior of polymers is highly dependent on frequency but
is also highly dependent on temperature; this is particularly true for shape-memory
polymers. A lot of polymers behave, on specific temperature and frequency ranges,
according to the time–temperature superposition principle [18], in particular, in the
glassy and rubbery states, together with the glass transition. This comes from the
observation that temperature plays a role which is the opposite of frequency: an
increase in frequency has the same effect as a decrease in temperature. This principle
has been shown to be valid for a wide variety of polymers but is not justified for
polymer blends or composites. It can be interpreted as follows: considering a refer-
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ence frequency evolution of the complex modulus E∗(ω, T0) at a given temperature
T0, the frequency evolution of the complex modulus at another temperature T is

E∗(ω, T ) = E∗(aT (T )ω, T0). (17)

E∗(ω, T0) is called the master curves. Hence, from a reduced set of measurements
in frequency and temperature, the behavior of the materials can be described on
larger ranges. Only the knowledge of the master curves and the shift factor aT (T )

are required for this purpose. aT (T )ω is usually called reduced frequency, and it
is identified by shifting in frequency the curves measured at temperature T to the
onesmeasured at reference temperature T0.Manual shifting is possible but automatic
procedures are preferred [47, 48]. Several parametric models are available in litera-
ture to fit the temperature evolution of the shift factor. The Williams–Landel–Ferry
(WLF) law [30], based on empirical data, is one of the most popular techniques. It
consists of writing the shift factor as

log(aT (T )) = −C0
1 (T − T0)

C0
2 + (T − T0)

, (18)

where C0
1 and C0

2 are two constants.
Another popular way to interpolate the value of the shift factor is the Arrhenius

law [49]:

log(aT (T )) = Ea

R

(
1

T
− 1

T0

)
, (19)

where Ea is the activation energy, R = 8.314 × 103 kJ.mol1.K1 is the constant of
perfect gas, and T should be expressed in degree Kelvin. For a given material, the
evolution of the shift factor may be fitted by one of these two equations (but may
also be such that none of these models fits the experimental data).

In the following, the explicit dependency of the complex modulus to the temper-
ature will be omitted (i.e., E∗(ω, T ) will be identified to E∗(ω)). The identification
of the model parameters will be directly done on the master curves.

4.3 Identification of the Parameters of the Generalized
Maxwell Models

In this section, a method to identify the parameters of a Generalized Maxwell Model
(GMM) representing the evolution of the mechanical behavior of the shape-memory
polymers is proposed. A hypothesis concerning the location of the 1/τi poles of the
GMM is formulated to facilitate its integration into computational routines in the
frequency and time domains.
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The identification of the parameters of a viscoelasticmodel requires theminimiza-
tion of the difference between the measured and calculated storage and loss moduli,
which is classically done using a least squares method. The real and imaginary part
of the GMM can be separated by expressing, respectively, the storage module E ′ and
the loss module E ′′:

E∗(ω) = E ′(ω) + j E ′′(ω) (20)

with E ′(ω) = E∞ +
N∑
i=1

Ei
ω2τ 2

i

1 + ω2τ 2
i

(21)

and E ′′(ω) =
N∑
i=1

Ei
ωτi

1 + ω2τ 2
i

(22)

A total of 2N + 1 parameters is to be identified from the master curves.
The identification of the parameters of a GMM can be conducted by an algorithm

based on graphical methods such as those proposed by Dion [50]. These methods
are based on a pole-zero formulation of the rheological model and make it possible
to determine the number and the value of the pole-zero pairs which will be used for
the construction of this model. Renaud [51] proposes to use these methods as initial-
ization step and then to add an optimization step in order to locate more accurately
these couples and thus obtain a model which has a minimal number of cells.

In this chapter, another approach, used in [52], is used. Indeed, the poles of the
GMM,which are 1/τi , are fixedby the user a priori. Such a constraint tends to increase
the number of Maxwell cells needed to correctly represent the viscoelastic behavior
but makes the identification problem easier to implement. On this basis, only the
long-term modulus E∞ and the dynamic moduli Ei have to be found, corresponding
to only N + 1 unknowns. There is no precise rule to define the number of poles to use,
but it seems that a distribution of three poles per decade with, at least, an additional
decade beyond and above the frequency range of interest leads to confident results,
and helps to stabilize the procedure at the same time. This approach is preferred here
since it is very easy to implement and provides good results in a very short time, at
the price of a model order which is most of the time larger than the “optimal” one.
Readers who are interested in finding lower order models can refer to [51].

The identification procedure consists in estimating the unknown parameters by
solving in a least square sense the linear system

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 τ 2
1 ω2

1

1+τ 2
1 ω2

1
· · · τ 2

Nω2
1

1+τ 2
Nω2

1

0 τ1ω1

1+τ 2
1 ω2

1
· · · τNω1

1+τ 2
Nω2

1

...
... · · · ...

1 τ 2
1 ω2

M

1+τ 2
1 ω2

M
· · · τ 2

1 ω2
M

1+τ 2
Nω2

M

0 τ1ωM

1+τ 2
1 ω2

M
· · · τNωM

1+τ 2
Nω2

M

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

E∞
E1
...

EN

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎣

E ′
exp(ω1)

E"exp(ω1)
...

E ′
exp(ωM)

E"exp(ωM)

⎤
⎥⎥⎥⎥⎥⎦

, (23)
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where ω1,…, ωM are the M measured frequency points. The pseudo-inverse of the
above matrix (whose size is [2M, (N + 1)]) is required to obtain the values of E∞
and Ei (i = 1,…, N ). It should be noted that in specific cases, some Ei parameters
may be computed as negative values. In this kind of situation, it is necessary either
to add new cells in the GMM, or to use a constrained minimization algorithm [53]
to solve the following problem:

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

min
E ′, E ′′

∑M
i=1

(|E ′ − E ′
exp(ωi )|2 + |E ′′ − E ′′

exp(ωi )|2
)

with
E∞ � 0
Ei � 0, i = 1, . . . , N

(24)

All the results presented hereafter use this strategy for the GMM identification.

5 Results

5.1 tBA/PEGDMA

Some mechanical characterizations of the tBA/PEGDMA are available in literature.
In particular, the shape-memory effect has been described in [54], the recovery has
been reported in [36], and nano-indentation tests have been presented in [55], while
DMA tests at 1Hz have been reported in [5]. It should be emphasized that all these
tests are not performed for the same wt% components. The material used in this
analysis has been deeply investigated in [4], the analysis covering large frequency
and temperature ranges, but also several scales of characterization and several loading
modes.

Figure3 shows the whole set of measurements performed on the tBA/PEGDMA.
The storage modulus E ′ varies from 0.7 MPa at low frequency in the rubbery state,
to 2200 MPa at high frequency, in the glassy state. This huge change in the storage
modulus at the glass transition corresponds to a very large value of the loss factor:
over 1.5 in a wide frequency range with a maximal value of 2.4. These values are
particularly high, and this material has been used as a composite core which provides
an extremely damped structure when the environmental conditions are close to the
glass temperature [20].

Figure4 shows themaster curves. Except at very high temperature, the TTSworks
quite well. The shift factors are very well captured by theWLF law with C1 = 10.87
and C2 = 32.57 K, for a reference temperature T0 = 40 ◦C.

The results of the identification of the GMMmodel is shown in figure 5. The plots
show the storage and loss moduli, and the loss factor. The crosses on the pictures
correspond to the measured points coming from the DMA, after TTS according to
WLF law. The GMM captures very well the behavior of the material on more than 12
decades, including the glassy and rubbery states, together with the glass transition.
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Fig. 3 DMA results on the tBA/PEGDMA
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Fig. 4 Master curves of the storage modulus E ′ and the loss factor η according to the reduced
frequency f.aT for a reference temperature T0 = 40 ◦C
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Fig. 5 Identification of the Generalized Maxwell Model for the tBA/PEGDMA for a reference
temperature T0 = 40 ◦C (solid lines: identified GMM; dots: measurement points)

The numerical values of the cells components are provided in Appendix. In order
to cover the 12 decades, a total of 42 cells have been used in the GMM. The total
number of parameters is quite high compared tomodels like the 2S2P1D [56] already
used for this material in [4], which requires only 7 parameters. The two models have
almost the same precision in the frequency domain, however the GMM can be used
for time computations, which is not the case of the 2S2P1D.

5.2 SMP Filament

Figure6 shows the whole set of measurements performed on the SMP filament. The
glass transition has beenmeasured, and themaximum value of the loss factor is about
1.5. Storage modulus has been measured around 4–5 MPa in the rubbery state, and
around 1.5 GPa in the glassy state. The measurements at high temperature show a
slight increase in the loss factor.

The TTS is also well verified on this material on the frequency and temperature
ranges of interest. The master curves are shown in Fig. 10. Some discrepancies can
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Fig. 6 DMA results on the SMP filament

be observed in the lower temperature range. The shift factors are well fitted by the
WLF law with C0

1 = 9.66, C0
2 = 55.9 K, and T0 = 58 ◦C (Fig. 7).

As shown in Fig. 8, the GMM appears to be quite representative of the behavior of
the SMPfilament. Themodel fitswell on the 13 decades of reduced frequencies. Only
the loss factor at the glass transition is a little bit underestimated by the model. The
increase of loss factor at higher temperatures is alsowell captured by theGMM.Users
of the model should be aware that the loss factor at very low frequency or very high
temperature ( f.aT < 2.7 × 10−4) may be erroneous since no measurements have
been done in this range where another physical phenomenon occurs. The numerical
values of the model are provided in appendix.

5.3 Vitrimer

Figure9 shows the whole set of measurements performed on the hard network of
vitrimer. The glass transition has been measured, and the maximum value of the loss
factor is about 0.72.

The TTS works quite well on this material on the frequency and temperature
ranges of interest. The master curves are shown in Fig. 10. Some discrepancies can,
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Fig. 7 Master curves of the SMP filament (reference temperature T0 = 58 ◦C)

however, be observed in the lower temperature range. The shift factors are well fitted
by Arrhenius law with an activation energy Ea = 1.70 × 105 J.mol−1.K−1 and T0 =
46 ◦C.

The GMM appears to be quite representative of the behavior of the vitrimer. As in
the master curves, some difficulties appear in the zone corresponding to the lowest
temperatures analyzed during the DMA tests. The GMM has some difficulties to fit
the experimental data because in the glassy state, where the storage modulus remains
constant, it corresponds to a loss factor which is not converging to zero as expected by
themodel: it seems that the vitrimer has a constant loss factor at low temperature. The
numerical values of the model are provided in appendix, and users should be aware
that the data provided should not be used for values outside the reduced frequency
band 10−11 < f.aT < 10 Hz (Fig. 11).

6 Conclusion

The viscoelastic properties of shape-memory polymers have been described and
discussed in this chapter. An easy procedure for model identification has been pre-
sented and applied to the three materials which have been benchmarked. Starting



Dynamical Mechanical Thermal Analysis of Shape-Memory Polymers 145

10 -4 10 -2 10 0 10 2 10 4 10 6 10 8 10 10
100

102

104
E

' [
M

P
a]

10 -4 10 -2 10 0 10 2 10 4 10 6 10 8 10 10
100

E
'' 

[M
P

a]

10 -4 10 -2 10 0 10 2 10 4 10 6 10 8 10 10

f.a
T

 [Hz]

0

0.5

1

1.5

 [-
]

Fig. 8 Identification of the generalized Maxwell model for the SMP filament for a reference
temperature T0 = 58 ◦C (solid lines: identified GMM; dots: measurement points)

from dynamical mechanical thermal analysis performed on reduced sets of frequen-
cies and temperatures, the storage modulus and loss factor are measured. Then, the
time–temperature superposition has been used to identify the master curves. For the
three materials, this principle is found to be representative of the measured behav-
ior. The shift factors are then fitted using either WLF or Arrhenius laws. Finally, a
generalized Maxwell model has been used to describe the master curve, using a very
simple identification procedure, which provides a model with three cells by decade.
The complexity of the model is higher than the optimal one, but still representative of
the behavior of the material on wide frequency and temperature ranges. For the three
materials, the model is found to be effective on more than 11 decades. All numerical
values are provided to the readers; hence, anyone can use these models which are
in accordance with the measurements performed on the three materials of interest.
Among others, these models may be used to describe the shape-memory effect in the
time domain [12] or to describe the mechanical properties of composite structures
embedding shape-memory polymers for vibration control in the frequency domain
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Fig. 9 DMA results on the hard network of vitrimer
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Fig. 11 Identification of the generalized Maxwell model for the hard network of vitrimer for a
reference temperature T0 = 46 ◦C (solid lines: identified GMM; dots: measurement points)

[20]. Users should be aware that the identified models should only be used in the
reduced frequency range which has been considered for the fitting: out of this range,
they could no longer be representative of the physical behavior. Typical illustrations
are the behavior of the vitrimer, which keeps a high loss factor at low temperature,
or the SMP filament, having an increase of the loss factor at high temperatures.
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Appendix - Numerical Values of the GMM for the Master
Curve of tBA/PEGDMA

Cell Id (i) ∞ 1 2 3 4 5

τi [s
−1] 0 6.3559 × 10−8 1.0593 × 10−7 3.1780 × 10−7 7.2089 × 10−7 1.6353 × 10−6

Ei [MPa] 0.97769 47.494 12.824 36.857 25.597 38.480

6 7 8 9 10 11 12

3.7094 × 10−6 8.4144 × 10−6 1.9087 × 10−5 4.3297 × 10−5 9.8215 × 10−5 0.00022279 0.00050538

35.509 44.348 45.331 51.465 54.857 60.001 63.611

13 14 15 16 17 18 19

0.0011464 0.0026005 0.0058989 0.013381 0.030354 0.068854 0.15619

68.674 72.789 77.466 82.927 90.182 100.64 117.60

20 21 22 23 24 25 26

0.35430 0.80368 1.8231 4.1354 9.3808 21.279 48.270

147.41 195.49 236.00 181.53 88.156 38.936 17.638

27 28 29 30 31 32 33

109.50 248.38 563.42 1278.1 3149.0 7758.6 19116

8.4675 4.2157 2.0917 1.1444 0.59268 0.28032 0.13926

34 35 36 37 38 39 40

47100 1.1605 × 105 2.8593 × 105 7.0448 × 105 1.7357 × 106 4.2766 × 106 1.2830 × 107

0.067803 0.032689 0.017485 0.0050210 0.0028528 0.0049602 0.013080

41

2.1383 × 107

0.021141

Appendix - Numerical Values of the GMM for the Master
Curve of SMP Filament

Cell Id (i) ∞ 1 2 3 4 5

τi [s−1] 0 1.3656 × 10−10 6.8280 × 10−10 1.5076 × 10−9 3.3288 × 10−9 7.3499 × 10−9

Ei [MPa] 0.00041175 122.25 27.421 46.242 31.513 57.238
6 7 8 9 10 11 12

1.6228 × 10−8 3.5832 × 10−8 7.9117 × 10−8 1.7469 × 10−7 3.8571 × 10−7 8.5164 × 10−7 1.8804 × 10−6

46.875 62.971 58.318 66.349 68.579 73.597 81.764
13 14 15 16 17 18 19

4.1519 × 10−6 9.1673 × 10−6 2.0241 × 10−5 4.4693 × 10−5 9.8681 × 10−5 0.00021789 0.00048109
91.310 100.64 121.28 127.62 153.02 151.15 152.60
20 21 22 23 24 25 26

0.0010622 0.0023454 0.0051786 0.011434 0.025247 0.055744 0.12308
123.22 90.911 58.486 35.484 20.420 11.493 6.0686
27 28 29 30 31 32 33

0.27176 0.60005 1.3249 2.9254 6.4592 14.262 31.490
3.2138 1.3316 0.87233 0.46338 0.63790 0.32339 0.65854
34 35 36 37 38 39 40

69.529 153.52 338.97 748.43 1652.5 3648.8 18244
0.24972 0.86167 0.87394 0.00047364 2.6729 0.66321 0.00059484
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Appendix - Numerical Values of the GMM for the Master
Curve of Vitrimer

Cell Id (i) ∞ 1 2 3 4 5

τi [s
−1] 0 0.012689 0.063445 0.14123 0.31438 0.69983

Ei [MPa] 10.806 1517.2 9.9502 790.00 0.049548 500.70

6 7 8 9 10 11 12

1.5579 3.4678 7.7195 17.184 38.252 85.151 189.55

203.33 345.30 251.11 289.77 249.72 254.53 229.18

13 14 15 16 17 18 19

421.94 939.26 2090.8 4654.3 10361. 23063. 51339.

217.72 193.13 171.00 142.87 115.73 88.780 65.993

20 21 22 23 24 25 26

1.1428 × 105 2.5440 × 105 5.6630 × 105 1.2606 × 106 2.8062 × 106 6.2466 × 106 1.3905 × 107

47.155 33.193 22.616 15.297 9.7769 6.3134 3.8148

27 28 29 30 31 32 33

3.0954 × 107 6.8904 × 107 1.5338 × 108 3.4144 × 108 7.6005 × 108 1.6919 × 109 3.7662 × 109

2.6396 1.6391 1.3584 0.83093 0.87719 0.46957 0.69845

34 35 36 37 38

8.3838 × 109 1.8663 × 1010 4.1544 × 1010 9.2478 × 1010 4.6239 × 1011

0.41526 0.00059210 0.0012208 0.0050371 14.355
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Differential Scanning Thermal Analysis
of Shape-Memory Polymers, Polymer
Blends and Composites

Giuliano Siniscalchi Martins

Abstract Calorimetry is the primary technique for measuring the thermal proper-
ties of materials. From calorimetric methods, it is possible to perform a correlation
between temperature, structure, and the physicochemical properties of the materials.
The differential scanning calorimeter (DSC) is one of the most common methods
used to determine the thermal properties in polymeric materials. To determine the
thermal properties of thermally activated polymeric materials is fundamental for the
development of the programming cycle of these materials. This chapter presents a
brief discussion about the application of the DSC in determining the thermal transi-
tions of the materials and its correlation with the structure and memory effect.

1 Differential Thermal Analysis of Shape-Memory
Polymers

Shape-memory polymers (SMP) are materials that can recover an original shape
with a specific stimulus after programming steps. The shape-memory process is
intrinsically related to a specific stimulus applied to the material (light, heat, electric
field, magnetic field, pH, enzymes, ions, etc.) [1–3]. In this way, when a shape-
memory polymer is developed, the behavior as a function of a specific stimulus must
be studied to determine the future working conditions of this material.

Nowadays, most of the shape-memory polymers developed are based on thermal
stimulus (thermally activated memory effect). The thermal transitions temperatures
(melting temperature, glass transition temperature, for example) of specific segments
in the polymer chain are the start parameters to the development and programming
of the shape-memory cycle [4].

In this way, the polymer chain structural organization must be considered to study
the shape-memory effects on polymers. The shape-memory programming process is

G. S. Martins (B)
Federal Institute of Minas Gerais (IFMG), Av. Professor Mário Werneck, 2590, Buritis, Belo
Horizonte, MG 30575-180, Brazil
e-mail: giuliano.martins@ifmg.edu.br

© Springer Nature Singapore Pte Ltd. 2020
J. Parameswaranpillai et al. (eds.), Shape Memory Polymers,
Blends and Composites, Advanced Structured Materials 115,
https://doi.org/10.1007/978-981-13-8574-2_7

153

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8574-2_7&domain=pdf
mailto:giuliano.martins@ifmg.edu.br
https://doi.org/10.1007/978-981-13-8574-2_7


154 G. S. Martins

Fig. 1 Schematic representation of the hard and soft segments in shape-memory polymers [9]

performed from structures responsible for the “permanent shape” and the “temporary
shape” generally denoted as “hard domains/hard segments” and “soft domains/soft
segments” with different thermal transitions (Fig. 1). These structures determine the
initial thermal parameters in the development of the polymer. The hard domains are
generally formed by regions with high cross-linking density, entanglement between
the polymer chains and groups, or chemical functions that hinder the mobility of the
chain. These domains are responsible for the permanent shape and have normally the
higher thermal transition temperatures. By the other side, the soft domains are formed
by chemical groups with high molecular mobility and the structures build during the
mechanical deformation [5]. These domains are responsible for the temporary shape.
The soft domains are rigid below the temperature of transition, when heated above
this temperature they turn flexible and can be deformedwhen subjected tomechanical
stress. The shape can be maintained during the cooling process if the deformation
is maintained. The polymer restores the original shape when heated again above the
transition temperature of soft domains [6–8]. The material returns to the original
shape due to structural tension stored in the hard segments.

Liu et al. [7] stated that the mechanisms of memory are based on the intrinsic
elasticity of the polymer networks. This model is based on the structural crystallinity
of the polymer. Shape-memory polymers are constituted of covalent or physical
cross-links. They are flexible when subjected to high stresses at temperatures above
the glass transition temperature (Tg, amorphous case) or the melt temperature (Tm,
crystalline case) [3, 7].

At temperatures higher than the thermal transition temperatures, the polymer
networks exhibit superelasticity. In these conditions, the chain segments between the
bonding points are able to freely deform and can be twisted randomly, via rotations
over the bonds, maintaining a maximum entropy and minimum internal energy [7].

Macroscopically, the shape-memory effect on polymers can be graphically
described in the form of the temperature × stress × strain measurement (Fig. 2).
Initially, polymer is heated above the transition temperature of the soft segments.
The material is then deformed from the application of stress (step 1). Subsequently,
the applied stress is maintained and the material is cooled at temperatures below the
thermal transition of the soft segments (step 2). After cooling, the stress is withdrawn.
At this stage, the deformation is frozen. Finally, the material is reheated and returns
the original shape (step 3).

Shape-memory polyurethanes (SMPU), by the example, are structurally formed
by block copolymers with alternating segments having different properties called
“segmented polyurethanes” (Fig. 3) [10, 11]. These polymers are formed by differ-
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Fig. 2 Shape-memory effect in polymers: temperature × stress × strain [10]. Reproduced with
permission

Fig. 3 Structure of an SMPU repeat unit [10]. Reproduced with permission

ent alternating polymeric monomers linked by covalent bonds and polymer chains
bonded by reversible secondary bonds. Such bonds are weak andmay include hydro-
gen bonds and ionic bonds [9]. Usually, SMPU are formed of two phases: one perma-
nent and one reversible. The permanent shape consists of hard segments that can be
formed via hydrogen bonding and crystallization below themelting temperature. The
reversible phase consists of soft segments and is mainly responsible for the memory
effect and to the temporary shape [12].

The segments can bemanipulated to have different transition temperatures to build
a shape-memory polymer thermally activated. The memory effect can be controlled
via themolarmass of the soft segment that affects directly the thermal transitionof this
segment and the molar ratio of the rigid and soft segments [13]. In polyurethanes, the
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rigid segments are formed of diisocyanates and chain extenders, and are responsible
for the permanent shape. The soft segments are formed by polyols and are responsible
for the temporary shape (reversible phase). Normally, this transition is associated
with the glass transition temperature or other transition of the soft segment. In this
type of polymer, it is possible to change the shape-memory properties by modifying
the thermal transitions. This process is carried out by manipulating the composition
of the polymer by the ratio of the rigid and soft segments to obtain different glass
transition temperatures (−30 °C to 70 °C) [13, 14].

Typically, the shape-shifting activity of memory polymers is identified by a one-
way behavior, in which the material has a permanent initial shape, can be deformed
and fixed in a temporary shape, and recovers the permanent shape through a stimulus
[15].

Some polymers have multiple memory effects, i.e., there is more than one tem-
perature at which temporary shapes can be programmed, allowing these polymers
to memorize many shapes that are produced during the cooling of the material and
restored during the heating process [15]. The property of polymers to memorize
many shapes comes from the ability to stretch the chains during heating and fix them
during cooling [16, 17]. The maximum number of temporary shapes that a polymer
can memorize correlates directly with the number of discrete reversible phase transi-
tions (shape-memory transitions) [2, 18]. Xie [16], for example, developed a polymer
with quadruple shape-memory (Fig. 4a, b). This effect is produced by introducing an
additional reversible phase transition. However, synthesizing a polymer with more
than two distinct and tightly bound reversible phases is extremely difficult [16, 18].

The determination of the thermal transitions in shape-memory materials is essen-
tial to the development of the shape programming process. The main method for
measuring the thermal properties of materials is calorimetry. Calorimetrically, it is
possible to establish a correlation between the physicochemical properties of the
substances and the temperature. It is also the main method for direct determina-
tion of the enthalpy associated with the process of interest [19]. The most employed
calorimetric technique is the differential scanning calorimeter (DSC). This technique
measures the change in thermal properties as a function of temperature alongwith the
time (heat flow). The thermal transitions and parameters detected in DSC (melting
temperature, crystallization temperature, glass transition temperature, crystallization
enthalpy, melting enthalpy, etc.) are associated with alteration in the microstructure
of the polymeric material.

The use of DSC has many advantages, such as the low cost of the test, use of small
amounts of sample, control of the time test and precision in the results. However,
DSC is a destructive calorimetric method. During measurement on the DSC, the
sample is degraded and cannot be recovered.

DSC analysis is performed using the sample and a reference material. The refer-
encematerial is inert (does not undergo thermal transitions or structuralmodifications
during the analysis), usually alumina (Al2O3) or platinum (Pt). During the test, the
sample temperature (Ts) and the temperature of the referencematerial aremaintained
equal (Fig. 5). The energy difference to keep the sample and the reference at the same
temperature are quantified to determine the thermal transitions in the sample.
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Fig. 4 Quadruple-shape-memory properties of perfluorosulphonic acid ionomer (PFSA): a Visual
demonstration. S0: permanent shape; S1: first temporary shape (Td1: 140 °C); S2: second temporary
shape (Td2: 107 °C); S3: third temporary shape (Td3: 68 °C); S2rec: recovered second temporary
shape (Tr1: 68 °C); S1rec: recovered first temporary shape (Tr2: 107 °C); S0rec: recovered permanent
shape (Tr3: 140 °C). b Quantitative thermal mechanical cycle (Td1 = Tr3 = 140 °C, Td2 = Tr2 =
90 °C, Td3 = Tr1 = 53 °C). Shape fixity, Rf, (S0 → S1): 58.7%, Rf(S1 → S2): 57.1%, Rf(S2 →
S3): 96.1%, shape recovery, Rr(S3 → S2): 100.0%, Rr(S2 → S1): 99.6%, Rr(S1 → S0): 93.0%
[16]. Reproduced with permission

Fig. 5 Schematic representation of the DSC
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Fig. 6 DSC thermal transitions of first and second order

Many thermal events can be quantified from the energy used to maintain the same
temperatures between thematerials (reference and sample). These thermal events are
usually transitions of second and first order (Fig. 6). First-order transitions can absorb
energy (melting, loss of mass, desorption, or reactions of reduction, etc.) giving rise
to endothermic peaks or releasing energy (crystallization, polymerization reactions,
cure, oxidation, oxidative degradation, adsorption, etc.) giving rise to exothermic
peaks. By another side, the second-order transitions do not modify the enthalpy and
do not give origin to events endothermic or exothermic. The second-order transitions
(glass transition and relaxations of thermal stresses of the polymer chain, for example)
only provoke alterations in calorific capacity alternating the position of the baseline.

Shape-memory polymers may be amorphous or semicrystalline materials. Amor-
phous polymers showed a disordered structure throughout the length of the polymer
chain. The absence of organization in the polymer structure results in the absence of
marked thermal events in the DSC readings. By other side, semicrystalline polymers
have partially ordered regions (short-range organization) accompanied by disordered
structures in the chain extension. During the heating process, the crystalline segments
absorb thermal energy and melt. The melting process is responsible for the origin
of the endothermic peaks (Fig. 6). The melting event can occur at a given temper-
ature resulting in high amplitude peaks when the material is highly crystalline or
in a range of temperatures in the material that have a large size distribution of the
crystalline regions in polymer chains. In the endothermic melting event, the region
correspondent to central peak showed in the curves is associated with the melting
point. Conversely, the cooling process, responsible for the formation of crystals, gives
origin to exothermic peaks (opposite to the previous ones). Figure 7 shows the first
heating obtained from shape-memory polyurethane samples synthesized in aqueous
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Fig. 7 DSC assay performed with shape-memory polyurethane sample

dispersion. The heating behavior is typical of semicrystallinematerials. Thismaterial
has in its structure polycaprolactone diol (PCL) which are crystalline at temperatures
below 40 °C (melting point) showing an endothermic event near to this temperature
[10].

The experimental parameters can be modified considering the result to be
obtained. Some procedures can be performed to get more accurate results. Typically,
the DSC assay is performed using a complete heating and cooling thermal cycle to
determine the major thermal transitions related to heating and cooling. However, for
the readings relating to the crystallization process to be respected, it is necessary that
the cooling rate allows crystal formation and rearrangement of the polymer chains.
The relationship between temperature and time variation (heat flow) is extremely
important to understand the kinetics of crystallization. Figure 8 shows a DSC assay
performed with shape-memory polyurethane samples from a complete cycle (heat-
ing and cooling) followed by a heating step. Note that the heating process has an
endothermic peak related to the melting of the soft domains. For the cooling, we
would expect the appearance of an exothermic peak related to the crystallization
process; however, the same is not detected. This phenomenon occurs due to the heat
flux applied. When the applied rate is high, the segments that have undergone fusion
cannot organize during the cooling process to form crystals.

The endothermic peak related to the melting process of the crystalline segments,
besides allowing the determination of the melting temperature of these segments, is
an important tool to study the degree of crystallization of the polymer. The calculation
of the area belonging to the exothermic peak is a measure of the melting enthalpy
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Fig. 8 DSC assay with shape-memory polyurethanes: the samples were submitted to a complete
cycle of heating and cooling followed by second heating

of the material (Fig. 9). By this process, we can determine the energy used to melt
the crystalline segments of the material. The higher the enthalpy value obtained, the
more crystalline the polymer is; in this way, it is possible to estimate the degree of
crystallinity present in the polymer structure. The same process can be applied in the
exothermic peaks of the cooling, considering in this case that the calculated enthalpy
and the respective degree of crystallinity determine the proportion of crystallized
segments during the cooling. The difference of the areas between the endothermic
peak of the melting process and the exothermic peak of the crystallization process
can help to determine the ideal heat flow rate for the experiment.

2 Blends

Polymers blends are a physical mixture of two ormore homopolymers or copolymers
[1, 20]. The polymers are combined to produce a new material with desirable from
the combination of known polymers.

Thermal analysis is an important tool to aid in the development of polymer blends.
The amorphous polymericmolecule exhibits a glassy state at low temperatures where
the molecular motion is frozen. The molecular motion of the polymeric start with
the increase of temperature in the glass transition temperature (Tg) [20]. The glass
transition temperature (Tg) is a relevant thermal criterion for the blends miscibility
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Fig. 9 DSC enthalpy: the enthalpy of melting/crystallization is determined from the area relative
to the endothermic/exothermic peak

evaluation [6]. Following this criterion, the blend is considered to be “miscible” if it
exhibits only a single Tg lying in a temperature range intermediate to the Tg of the
original components of the blend. The condition for the application of this criterion
is that there is a difference of at least 20 °C between the Tg of the components of the
phases of the polymer mixture. When a blend exhibits two or more Tg corresponding
to the different phases displaced relative to the Tg of the pure components is consid-
ered to be “partially miscible.” In this case, each phase consists of a miscible mixture
containing different compositions. Finally, “immiscible mixtures” exhibit the same
glass transition temperatures of pure raw materials.

The melting temperature of the crystallization and the melting enthalpy may also
be employed to study the miscibility of the components of the phases of the blend
[21]. The information about the polymeric structure and its correlation to the physical
and thermal properties could be provided in the melting temperature.

The following figure (Fig. 10), for example, shows the DSC (first heating) curves
of polystyrene and the shape-memory polyurethane (PS/SMPU) blends produced by
thermomechanical mixing [21]. Note that the curves show two thermal transitions
correlated with the melt temperature of the soft segments (approximately 45 °C) of
the SMPU and the glass transition temperature of the polystyrene phase (approxi-
mately 90 °C) [10]. Note that the glass transition temperature of the polystyrene was
slightly reduced when the SMPU concentration was increased. At the same time, the
enthalpy of fusion becomes higher. Modifications in the parameters occur because
the interaction between the PS and SMPU chains in the mixing interfaces restricts



162 G. S. Martins

Fig. 10 DSC curves of the non-compatibilized blends (Polystyrene—PS/shape-memory
polyurethane—SMPU). The curves show blends of composition of 5% wt% (5%PU/95%PS), 10%
wt% (10%PU/90%PS), 25% wt% (25%PU/75%PS), and 50% wt% (50%PU/50%PS). Reproduced
with permission [21]

the crystallization in the SMPU phases and contributes to the reduction of the glass
transition temperature of the PS.

The addition of compatibilizer is an alternative to increase the dispersion and
adhesion between the phases of a blend formed by immiscible polymers. The compat-
ibilizers are usually blocked or graft copolymers, which act at the interface, reducing
interfacial tension [22]. According to Bellin et al. [18], compatibilizers act as emul-
sifiers by reducing phase interfacial energy and domain size. According to Araújo
et al. [23], another alternative is to generate this copolymer in situ during the prepa-
ration of the mixture through grafting reactions using functionalized polymers. In
this case, the compatibilizing copolymer would migrate to the interfacial region of
the dispersed phase, increasing interfacial adhesion and reducing the size of the dis-
persed phase [24]. When the compatibilization process is effective, it can modify the
thermal transitions in the material, causing a reduction of the melting temperature of
the crystallized phases.

The glass transition temperature and themelt temperaturemay be used as a param-
eter for studying the miscibility of the blends with the addition of compatibilizer.
Figure 11 shows the effect of the addition of compatibilizer (maleic polystyrene
anhydride) on the thermal transitions of the blends of shape-memory polyurethane
and polystyrene. In Fig. 11a, the compatibilization was performed using a pre-
compatibilized shape-memory polyurethane (shape-memory polyurethane exerted



Differential Scanning Thermal Analysis of Shape-Memory … 163

Fig. 11 DSC curves of the compatibilized blends (Polystyrene/Shape-Memory
Polyurethane/Polystyrene co-anhydride maleic). The curves show blends of composition of
5% wt% (5%PU/95%PS), 10% wt% (10%PU/90%PS), 25% wt% (25%PU/75%PS), and 50%
wt% (50%PU/50%PS): a the compatibilization was performed using a pre-compatibilized shape-
memory polyurethane; b the compatibilizer was added during the thermomechanical cycle.
Reproduced with permission [21]

with maleic polystyrene anhydride) blended with polystyrene. In Fig. 11b, the
compatibilizer was added during the thermomechanical cycle (thermomechanical
mixture of polystyrene/shape-memory polyurethane/maleic polystyrene anhydride).
Note that the melt transition is reduced (temperature close to 40 °C). This reduction
occurred because the degrees of phase mixing in these systems restrict the crystal-
lization of soft segments. The presence of PS units in the SMPU and SMA chains
hinders the crystallization of the soft segments [25].

According to Song and Liao [25], the study of heat capacity differential, dCp/dT,
with temperature signal is an important resource to study the miscibility between
two components of a blend. This is because the differential is sensitive to change the
components of blend [26].

The analysis is performed from the study of derivative (dCp/dT) as a function of
temperature. For a fully miscible blend of two-component polymers, the differential
as a function of temperature is a single Gaussian curve. For a mixture of fully immis-
cible two-component polymers, it is a two-separate Gaussian. For partially miscible
two-component polymer blends, the signal is a sum of multiple Gaussian [25, 26].
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3 Composites

Composites are materials constructed of two or more components with different
physical or chemical properties. These components are combined to produce a mate-
rial having different properties than the individual components. There is no chemical
interaction. The individual components remain separate and distinct within the final
structure. The materials are combined for the purpose of obtaining better properties
than the source materials for specific technological applications.

The studies of the thermal transitions of the materials’ constituents of the com-
posite are fundamental to obtain materials with satisfactory properties. Many works
showed the importance of the thermal characterization for the development and the
study of composites materials. The parameters are strictly related to the structure.
The principal parameters are melting point, glass transition temperature, and heat
capacity.

Song and Liao [25], by example, has been developed modulated differential scan-
ning calorimetric (MDSC) method combining transmission electron microscopy
(TEM) for characterizing the morphology of composite latex particles. The polymer
composites’ properties are strictly related to the degree of crystallization, crystalline
structure, and morphology [27].

The possibilities of thermal analysis applications for composite materials depend
on the composition and number of materials used to produce them. However, the
basic principles used in the analysis of a constituent phase can be used to analyze
the properties of the materials. Thermal transitions are used to determine composite
morphology. Melting transitions, for example, are employed to study the degree
of crystallization of the phases of the composite material and possible structural
changes in the polymers after the production of the composite material. From this
transition, the properties directly related to the crystallization of the polymers can be
determined. Basically, the same thermal parameters (melting point, glass transition,
melting enthalpy, melting crystallization, etc.) can be used to determine or predict the
properties of a composite material. The changes existing in these parameters before
and after the production of the composite material are taken as reference for study in
the structural changes and in the degree of interaction between the constituent phases
of the composite material.

4 Conclusion

The characterization ofmaterial properties during the design steps is essential for cost
and time reduction. The characterization of a material during development allows to
partially predict the behavior during its useful life.

Considering this point of view, DSC is an essential tool for the development
and characterization of shape-memory polymers, polymer blends, and composites.
This is because the thermal transitions from the constituent structures of the polymer



Differential Scanning Thermal Analysis of Shape-Memory … 165

chain determine the behavior of these materials. In shape-memory polymers, thermal
transitions are responsible for determining how programming processes can occur.
The glass transition and the melt temperature are intrinsically associated with the
mobility of the polymer, structural, and morphological characteristics. High thermal
transition temperatures are generally associated with high molar mass, crystallinity,
and high entanglement.

On the other hand, in composites and mixtures, the thermal transitions are an
important parameter to study the affinity between the constituents of the polymer
phases, interfacial adhesion, and degree of mixtures between the constituents of the
polymers forming a blend or composite.
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Thermal Stability of Shape Memory
Polymers, Polymer Blends,
and Composites

Sunan Tiptipakorn and Sarawut Rimdusit

Abstract This chapter will focus on the thermal analysis and interesting related
properties of high performance shape memory polymers (SMPs), shape memory
polymer blends (SMPBs), and shape memory polymer composites (SMPCs) in dif-
ferent length scales. In general, thermal behaviors of shapememorymaterials are very
relevant to the potential uses in many demanding applications. In order to develop
durable industrial products, it is necessary to investigate the thermal stability of these
polymers. The polybenzoxazine (PBZ)-based shape memory materials are mainly
mentioned in this chapter due to the outstanding properties and high thermal stability
of the novel phenolic polymers. This kind of thermoset can be alloyed with other
polymers such as epoxy and polyurethane suitable to be used to produce SMPCs in
high temperature applications with synergistic behaviors. Therefore, the PBZ/epoxy
alloy-based systems and PBZ/polyurethane alloys-based systems are mentioned as
well.

Keywords Shape memory polymer · Thermal stability · Blends · Composites ·
Benzoxazine

1 Introduction

Shape memory materials (SMMs) have been well known for a long time as stimuli-
responsive materials having recoverability of their original shape. Generally, various
kinds of external stimulus such as temperature change [1–4], light induction [5],
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Table 1 Comparison on characteristics between typical SMAs and SMPs [1, 14]

Characteristic SMAs SMPs

Density (g/cm3) Approximately
6.5

Approximately 0.9–1.1

Transformation strain (%) 8% at max. Up to 800%

Thermal conductivity (W m−1 K−1) As high as 20
for NiTi

0.15–0.30

Processing condition Over 1000
°C/high pressure

Lower than 200 °C/low pressure

Cost High Low

electrical current [6], solvents [7], ions [8], magnetic field [9], pH variation [10]
or even irradiation [11] are applicable. The temperature is typically the most com-
mon stimuli [12–15]. Recently, shape memory polymers (SMPs) and shape memory
metallic alloys (SMAs) as two main types of SMMs that are widely used in many
applications such as smart medical devices, smart actuators and sensors, deployable
structure, smart fabrics etc. [16–19]. The characteristics of typical SMPs and SMAs
are compared in Table 1.

It could be seen that SMPs provided comparatively greater advantages than shape
memory alloys (SMAs) in aspects of lower density, higher elastic deformation,
greater processability, and lower cost [19–22]. Moreover, the strain of SMP was
reported to be up to 800% (for some polymers) [11]. That is higher than the max-
imum values of SMA, shape memory ceramics, shape memory glasses (10, 1, and
0.1%, respectively) [23, 24]. The shape memory behaviors of SMP could be demon-
strated as shown in Fig. 1. It could be seen that the shape of SMP can be deformed
when applying external force and heating above switching temperature or transition
temperature (Ttrans) of the polymer component, i.e., melting temperature (Tm) or glass
transition temperature (Tg) [19, 25]. The deformed shape can be kept after cooling
to temporary shape. At this state, the energy was stored. When further heated, the
kept energy is released. The shape can automatically recover to its original shape.

Typically, SMPs are categorized into two types, i.e., thermoset-shape memory
polymers (TS-SMPs) and thermoplastic-shape memory polymers (TP-SMPs). The
TS-SMPs are more preferable for some severe applications such as light weight
deployable spacecraft structures, and smart actuators [26, 27]. Although both TS-
SMPs and TP-SMPs possess more interesting intrinsic advantages than SMA, some
major shortcomings of SMP are their lower modulus [28–35] and longer response
time [36, 37]. Recently, most researches relevant to SMP have been mainly focused
on some areas, e.g., searching for the new applications, modification of molecular
structure to meet the usage requirement, and exploration of the new shape memory
effects [19]. In order to develop the thermomechanical properties of the SMPs tomeet
the requirement of applications, there are many approaches, i.e., blending or alloying
with other polymeric components as shape-memory polymer blends (SMPBs) and
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Fig. 1 SMP behaviors upon heating and applying force [25]

Table 2 Selected analytical techniques for decomposition investigation of polymers [42]

Scale of decomposition Observed aspect Analytical technique

Macroscopic scale Reduction of mechanical properties Mechanical test

Microscopic scale Progress of Micro-cracking Optical microscope

Supramolecular scale Morphology change TEM, DSC

Macromolecular scale Molecular weight distribution change GPC

Chemical structure scale Generated degradation products FTIR, Raman, NMR

the addition of functional fillers as shape memory polymer composites (SMPCs)
[38–41].

The thermal stability of the SMPs, SMPBs, and SMPCs is a key parameter, indi-
cating the limitation for the usage of the materials. In general, many methodologies
for decomposition investigation of polymers in various scales have been proposed
as shown in Table 2.

Although many techniques have been developed as previously mentioned, the
most commonly used methodology to determine the thermal stability of shape mem-
orymaterials are carried out via thermogravimetric analysis (TGA) [43], which could
provide the information in terms of thermal decomposition temperature, and char
yield. In the degradation process, the change in thermal decomposition of the poly-
mers is from the chemical reaction bymeans of chain scission of themacromolecules.
Many steps are composed in the thermal degradation pathway, i.e., (a) initiation, (b)
propagation, and (c) termination steps. In the composite system, the thermal stability
of the multicomponent materials not only rely on the individual thermal stability of
the polymeric matrix and the functional filler, but also the degree of filler dispersion
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in the matrix, and interfacial adhesion [42, 44, 45]. In aspects of char formation,
the residual solid remained upon the decomposition process generally occurs from
crosslink reactions. The char residues are able to act as a physical barrier for heat
and oxygen diffusion, and prevent the component from further decomposition [42].

Though some reviews on SMPs, SMPBs, and SMPCs have been reported. A
review focusing on the thermal stability and related thermal properties has been
rarely mentioned. This chapter focuses on the shape memory polymer and associated
systems derived from high temperature polymers such as polybenzoxazine-based
SMPs and other polymeric materials with high stability SMP systems.

2 SMPs and SMPBs and Their Thermal Characteristics

2.1 A Brief Overview of SMPs and SMPBs

In general, SMPs and SMPBs are composed of two portions, i.e., (i) hard portion
having a function to keep the structure stable, (ii) soft portion having a function
to recover the shape of the materials [17]. The hard portion can be derived from
the stable network segment from chemical or physical linkage; while the soft por-
tion is acted as a reversible switching transition segment. In the soft portion, the
melting/crystallization transition and glassy/rubbery transition exhibit a reversible
phase transition at Tm and Tg, of the polymeric domain, respectively [46, 47]. The
SMPs and SMPBs can be categorized into four classes based on types of polymeric
components and type of linkage in the materials as presented below [48].

(a) Chemically linkaged thermoset polymers (Class I)
The elasticity of Class I SMPBs is attributed to the covalent bonds. The advan-
tage of this class is its high shape recovery (as close as 100%) from strong
chemical bonds. This class possesses the difficulty to recover the original shape
more than one time. The examples of the materials in this class are polynor-
bonene (Ttrans = 40 °C) [29], and dehydrochorinated crosslinked PVC (Ttrans =
80 °C) [49].

(b) Chemically linkaged semi-crystalline polymers (Class II)
The deformed shape of the materials in this class can be recovered when heating
beyond the melting temperature of the crystalline domain. The shape recovery
is in the range of 30–95% [50]. The examples of the materials in this class are
gamma radiated polycaprolactone (Ttrans = ca. 55 °C) [51], and ethylene vinyl
acetate (EVA) blended with nitrile rubber (Ttrans = 85 °C) [52].

(c) Physically linkaged amorphous thermoplastics (Class III)
In this class, physical bonds (such as Van derWaals forces and hydrogen bonds)
exist in a blend of two thermoplastic components. The Tg value of hard portion
in this material is higher than that of the soft one. The modulus of the material
in this class is greater than that of two former classes [53, 54]. The examples of
the materials in this class are polypropylene (PP)—poly(1-hexadecene) (PHD)
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Fig. 2 Triple-shape memory polymers [23]

(Ttrans = ca. 65 °C) [53], and polyhedral oligomeric silsesquioxane (POSS)-
poly(ethylene glycol) (PEG) (Ttrans = 55 °C) [54].

(d) Physically linkaged semi-crystalline block copolymers (Class IV)
This class is similar to Class III; but, the melting temperature (Tm) of the
soft portion exhibits as Ttrans.. The examples of the materials in this class are
polyurethane (PU)- poly(tetramethylene glycol) (PTMG) with 1,4 butanediol
(Ttrans = 0–46 °C) [55], and polyurethane (PU)-PCL diol with 1,4 butanediol
(Ttrans = ca. 60 °C) [56].

Based on the number of temporary shape of the materials, shape memory poly-
mericmaterials can be categorized into twomain types. In case of dual shapememory
polymers as shown in Fig. 1, only one temporary shape is presented; the triple-shape
and multi-shape memory polymers have more than one temporary shape as shown
in Fig. 2 [57–59].

2.2 Benzoxazine-Based Shape Memory Polymers/Blends

Benzoxazine resins (BA-a) has beenwell known as a novel kind of thermosetting phe-
nolic resin. Themonomer ofBA-a can polymerize by heatingwithout any need of cat-
alyst or curing agent. Polybenzoxazine (PBZ) exhibits many outstanding characteris-
tics such as high thermal stability and high mechanical properties with good process-
ability from low viscosity before curing; this noble polymerwith high glass transition
temperature (Tg) provides great potential for many usage areas [60]. Polybenzox-
azine can be used as shape memory materials due to its chemical crosslink structure
related to permanent shape for SMPs [61]. Recently, two siloxane-containing PBZ
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types (i.e., poly(TMDSBPDP-a) and poly(TMDSBPDP-m)) were synthesized from
the reaction between a siloxane-containing ortho-substituted diphenol, formalde-
hyde, and either aniline or methylamine [62]. Both of them show one-way dual
shape memory behavior with excellent shape fixity ratios (ca. 100%) in tensile and
bending modes. The Tg values of poly(TMDSBPDP-a) and poly(TMDSBPDP-m)
are 53 and 39 °C, respectively. In the recent year, shape memory polybenzoxazines
were developed from polyetheramine (PEA), formaldehyde and one of five different
compounds, i.e., phenol, o-allylphenol, o-cresol, p-cresol, and m-cresol [61]. All
five PBZ-based materials exhibit one-way dual shape memory behaviors. From the
dynamic mechanical analysis, the glassy moduli of PBZ synthesized from p-cresol
and o-cresol are close and lower than the other three types of PBZ. The Tg values
are ranged from 40 to 97 °C. The difference in the chemical structure affects shape
memory behaviors. From the three thermomechanical cycles in a tensile mode, the
two PBZ based on the ortho-substituted phenols could exhibit better shape mem-
ory effect than those based on para- and meta-substituted phenol and unsubstituted
phenol. The PBZ based on o-cresol provides the greatest values of shape fixity ratio.

2.2.1 Polybenzoxazine/Epoxy Alloy-Based SMP

One of the intriguing characteristics of polybenzoxazine is its wide molecular
design flexibility and ability to be alloyed with other polymers such as epoxy and
polyurethane. Moreover, the novel phenolic thermoset has been reported to act as a
curing agent with epoxy [63]. That could be attributed to the fact that the phenolic
products generated from the thermal polymerization of benzoxazine monomer could
have a function as a hardener of the curing process of epoxy [64]. Also, the synergistic
behaviors for some properties of copolymers between benzoxazine and epoxy were
reported [65, 66]. Epoxy resins are thermosetting polymers containing more than
one epoxide functional groups per molecule [67]. Typically, the epoxy resins pos-
sess preferable characteristics, such as low viscosity, low shrinkage, good chemical
resistance, high adhesive strengths, great mechanical properties, and high electrically
insulative properties. In a pioneering work, Rimdusit and Ishida [64] reported the
synergistic behaviors of the Tg of ternary systems based on benzoxazine, epoxy, and
phenolic resins. The maximum of Tg was presented at approximately 180 °C in the
mass ratio of benzoxazine/epoxy/phenolic at 5/4/1. The Tg of neat polybenzoxazine
was reported at ca. 160–170 °C, and that of phenolic Novolac was at ca. 170 °C.
The Tg of EPON825 epoxy resin was in the range of 100–170 °C. Because syner-
gistic behavior was observed in both the binary of benzoxazine and epoxy resins
[68]. The effects of benzoxazine resin and Jeffamine D230 mol ratios on thermal
stability, mechanical and shape memory properties were investigated later by Rim-
dusit et al. [69]. From Table 3, the notation of E, N, D, and B stands for EPON 826
(aromatic epoxy), NGDE (alphatic epoxy), Jeffamine D230 (curing agent) and BA-a,
respectively. The researchers reported that the increase of BA-a content leads to the
increase in storage modulus, crosslink density, and Tg. They also reported that the
recovery time was shortened with increasing epoxy contents. At high temperature,
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Table 3 Storage modulus, crosslink density, and glass transition temperature (Tg) of benzoxazine-
modified epoxy SMP [69]

Molar ratio of
E:N:D:B

Storage modulus at
35 °C (GPa)

Crosslink density
(mol/cm3)

Tg from DMA
analysis (°C)

1:1:0:1 4.70 4.29 × 10−3 120

1:1:0.2:0.8 4.62 3.81 × 10−3 92

1:1:0.4:0.6 4.44 3.79 × 10−3 85

1:1:0.6:0.4 4.34 3.62 × 10−3 80

1:1:0.8:0.2 3.90 3.25 × 10−3 72

1:1:1:0 3.18 2.90 × 10−3 47

the movement of chain segments was accelerated with heat, leading to increase the
recovery force on the samples [69].

In general, the aromatic epoxy was used in the epoxy-based SMPs. How-
ever, Tanpitaksit et al. [70] recently fabricated SMP derived from polybenzoxazine
(PBZ)/NGDE epoxy alloys without the use of aromatic epoxy. Benzoxazine resin
(BA-a) was used as the curing agent and a stable network segment in the system [67].
FromFTIR spectra, the network formation betweenBA-a andNGDE aliphatic epoxy
after thermal cure were observed [70]. The breakage of a C–O bond in the oxazine
ring of BA-a resinwas observed, and then a network structure generated. The epoxide
functional group could form ether linkage with phenolic hydroxyl group. The chem-
ical structure rings of both benzoxazine resin and aliphatic epoxy can be opened, and
the curing process was conducted without other curing agents [71, 72]. These results
were corresponding to the previous works of Rimdusit et al. [64] and Kimura et al.
[73] using the different epoxy types. The polymerization of BA-a monomers and
the chemical reaction between benzoxazine monomer (BA-a) and aliphatic epoxy
(NGDE) were proposed in Fig. 3, respectively.

For the DMA thermogram [67], the storage moduli at room temperature (at glassy
region) were observed ranging from approximately 2.8 to 4.5 GPa at BA-a contents
ranging from 30 to 50 mol%. The values tended to increase with increasing BA-a
content in the alloys because of the addition of the more rigid molecular segment
of PBZ in the alloy SMPs [74]. The addition of BA-a resin from 30 to 50 mol%
could also systematically increase the modulus in rubbery plateau region in the
range from 40 to 172 MPa due to significant improvement of crosslink density of
the alloy. The crosslink density can be predicted from the storage modulus curve
at high rubbery plateau over 107 Pa according to the equation proposed by Nielsen
[75]. From the calculation, the crossslink density of the alloys was increased with
increasing BA-a content ranging from 3.8 × 10−3 to 6.0 × 10−3 mol/cm3. The
enhancement of crosslink density could lead to an increase in char formation upon
thermal decomposition [44, 45]. Furthermore, the great value of crosslink density
leads to the high values of storagemodulus andTg. That is attributed to higher rigidity
in themolecular structure of PBZ component [76].Moreover, the increase in Tg value
directly reflected that the segmental mobility of polymer chains was decreased, and
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Fig. 3 Proposed synthesis reaction of BA-a/epoxy copolymer [73]

the stiffness of the alloys was increased with increasing crosslinked density upon
increasing benzoxazine component in the alloy. Additionally, the peak height of
the loss tangent curve was reported to decrease with increasing the benzoxazine
content, indicating that the elastic behavior of the alloys was increased with the
benzoxazine component. It could be noticed that the width at half height of the
curves was increased, when increasing the amount of benzoxazine. That implied
more network heterogeneity was observed when benzoxazine was added in the resin
mixtures. The single broad switching transition region in some ratios when alloying
epoxywith benzoxazine could have some benefits to providemultiple-shapememory
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effects [77], which are highly beneficial for various applications, e.g., packaging
and robotic uses. For the SMPBs derived from the NGDE/PBZ alloys, the shape
recovery time of the SMPs was ranged from 75 s at Tg (of 51 °C for 30 mol% BA-
a) to 145 s at Tg, (of 140 °C for 50 mol% BA-a), and ranged from 64 to 120 s at
Tg + 20 °C [70]. That means shape recovery time was shortened with increasing
the active temperature. That was attributed to the fact that the activated molecular
chain segments intensely moved with increasing temperature. In addition, the shape
recovery time was increased with increasing BA-a content because the molecular
chain segment of the alloys could be impeded with increasing crosslink density.
Comparatively, the recovery times of the SMPBs derived from benzoxazine alloyed
with aliphatic epoxy were less than that of the SMPs of neat epoxy resin E-51 (WSR
618) cured by aromatic amine as reported by Liu et al. [78]. In the alloy system,
the addition of BA-a component into SMP was able to adjust the shape recovery
time, and broaden the applications of the resulting alloy SMPs. The shape fixity of
NGDE/PBZ alloys-based SMPBs was reported to be almost 100%. Moreover, their
flexural strength and flexural modulus were increased with the increase of BA-a
content. From the study, the NGDE/PBZ SMPs possess flexural strength ranging
from 52 MPa (for 30 mol% BA-a) to 132 MPa (for 50 mol% BA-a), and flexural
modulus ranging from 1.6 GPa (for 30 mol% BA-a) to 4.0 GPa (for 50 mol% BA-a).
That was attributed to the fact that flexural strength and flexural modulus of pure
PBZ are as high as approximately 126–139 MPa and 4.5–5.8 GPa, respectively. In
addition, it was due to an enhanced crosslink density of the obtained polymer network
as previously described.

2.2.2 Shape Memory Epoxy Polymers

For many years ago, Wu et al. [79] prepared shape memory epoxy polymers by
mixing epoxy resin at varied hardeners contents, i.e., 27–41 wt%. The Tg values of
the fabricated SMP sheet were in the range of 75–114 °C and increased with the
hardener content. The decomposition temperature at 10% weight loss from TGA
thermograms were reported to be over 300 °C for all SMPs. The obtained epoxy
SMP possesses a high thermal stability possibly due to the component of the network
structure. Later, Lu et al. [80] prepared the epoxy SMPs based on diglycidyl ether
of bisphenol A (DGEBA) and tricarballylic acid. The SMP system obtained the
modulus of 1.3 GPa at room temperature and was thermally stable up to 380 °C.
From the thermomechanical cycle test for the epoxy SMPs, the compressive stress
was 2.3MPawhen the strain was 10% at elevated temperature. Recently, Kuang et al.
[81] prepared a series of tripe-shape memory epoxy materials through the reaction
of a conventional epoxy oligomer, an aliphatic diamine and a diamine Dielse–Alder
(DA) adduct cross-linker via a one-pot approach with varying the molar ratio of the
diamine adduct cross-linker from 33 to 67. The thermal resistance of epoxy polymers
was reported as the degradation temperature at 2%weight loss (Td2). Thevalues for all
epoxy-based SMPs were greater than 280 °C. The char yield at 600 °C was increased
with increasing the DA adduct content. One stage of weight loss was found in the
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Fig. 4 Initial decomposition
temperature and maximum
decomposition temperature
at various triblock
copolymer contents [84]
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range of 393–411 °C. The service temperature of this system could be less than 160
°C [81, 82]. In the recent year, Parameswaranpillai et al. [81] prepared the SMPB
system of poly(propylene glycol)-block poly(ethylene glycol)-block-poly(propylene
glycol) (PPO-PEO-PPO) triblock copolymer blended with DGEBA epoxy. They
reported that the blends possessed UV resistance and high thermal stability. The
glass transition temperature of the blends could be tunable as the composition ratio
of the components. In addition, the parameters from TGA analysis were reported
as shown in Fig. 4. It could be observed that the initial decomposition temperatures
of the SMPBs was decreased with the addition of the triblock copolymer. However,
it was reported that there was no significant difference between the temperatures at
maximum decomposition rate of the blends at all triblock copolymer contents [81].
In the recent time, Wei et al. [83] reported that the hydrogenated bisphenol A epoxy
resin with different curing agents provided better shape memory properties than
bisphenol A epoxy resin. The hydrogenated bisphenol A possesses lower Tg, greater
toughness, and much higher shape recovery rate because of its rigidity cyclohexane
rings in the chemical structure.

2.2.3 SMPBs from Bio-Based Polybenzoxazine/Bio-Based Epoxy
Copolymer

As previously mentioned, Tanpitaksit et al. [70] fabricated SMPs from aliphatic
epoxy modified with benzoxazine resin. They reported that benzoxazine resin was
acted as a curing agent and a stable network segment which has the ability to enhance
the properties of SMPBs, such as outstanding shape fixity, and short recovery time.
However, these kinds of rendered products are petroleum-based materials. Due to
environmental concern, there has been an idea to develop renewable natural mate-
rials as an alternative choice to reduce the consumption of petroleum-based prod-
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ucts. These bio-based resins have attracted increasing attention due to low cost and
biodegradability of the products [82] In the recent time, bio-based polybenzoxazine
was synthesized by using natural compounds such as cardanol [85, 86], vanillin [87,
88], furfurylamine [89], stearylamine [89], and eugenol [89], Recently, Sini et al.
[87] prepared monofunctional benzoxazine based on vanillin and furfurylamine. The
obtained bio-based benzoxazine with highly crosslinked structure showed a lower
curing temperature, extremely higher Tg and higher char yield than petroleum-based
benzoxazines. Thirukumaran et al. [89] synthesized and investigated the proper-
ties of bio-based benzoxazine monomer systems based on eugenol, furfurylamine
and stearylamine.They successfully synthesized bio-based benzoxazine monomers
(F-BZ and S-BZ) via a solventless method. Both the F-BZ based polybenzoxazine
(PF-BZ) and the S-BZ based polymer (PS-BZ) exhibited excellent flame retardant
properties. However, PF-BZ possessed much higher thermal stability than PS-BZ.

Not long ago, Hombunma et al. [90] prepared two bio-based alloys, i.e., the
eugenol and furfurylamine-based polybenzoxazine/NGDE epoxy. The related char-
acteristics of bio-based shape memory polymer such as shape fixity, shape recovery,
thermal and mechanical were determined. Eugenol-based benzoxazine resin (E-fa)
was synthesized from eugenol, furfurylamine and formaldehyde at the mole ratio of

Fig. 5 Synthesis reaction of E-fa monomer [90]
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Fig. 6 Proposed chemical reaction between E-fa monomer and NGDE epoxy resin [90]

1:1:2 as shown in Fig. 5. Then, the mixture was heated and stirred until a homo-
geneous mixture was obtained. The chemical reaction between E-fa monomer and
NGDE epoxy resin are presented in Fig. 6. The obtained E-fa monomer was pale
yellow. The copolymers were prepared by mixing E-fa monomer with NGDE.The
thermally cured films of the mixture were obtained. The IR spectra of E-fa based
benzoxazine monomer displayed the peak at 1226 cm−1 from the aromatic ether
C–O–C stretching mode of an oxazine ring. The peak at 919 cm−1 confirmed the
presence of a benzene ring attached with an oxazine ring. The spectrum showed a
peak at 1151 cm−1 from the C−N−C symmetric stretching vibrations. The peaks
observed at 1001 and 738 cm−1 might be attributed to the vibrations of the furan ring
[89].

From the analysis of the thermomechanical properties of E-fa based polybenzox-
azine alloyed with NGDE, the modulus of the alloys was increased with increasing
E-fa content because of the high rigidity of E-fa. The glass transition temperature
(Tg) observed from the peak of loss tangent as exhibit in Fig. 7. It could be noticed
that the Tg values were added from 26 to 51 °C when E-fa was increased from 30
to 50 wt%. That was because the greater rigidity segment of E-fa hindered chain
mobility of the polymer [91]. The thermal degradation, char yield and shape fixity of
the E-fa based polybenzoxazine (poly(E-fa)) alloyed with NGDE was summarized
in Table 4. It could be noticed that the increase of E-fa content led to the increase of
thermal stability, while the shape fixity of the obtained alloys was ca. 98–99%.
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Fig. 7 Loss tangent of
NGDE alloys at various E-fa
contents: (▲) 30 wt%, (▼)
40 wt%, and (�) 50 wt%
[91]
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Table 4 thermal stability and
shape fixity properties of
poly(E-fa/NGDE) alloys [91]

E-fa
content

Td,5 (°C) Residual weight
(%)

Shape fixity (%)

0 196 5 –

30 269 18 98.0

40 271 22 98.7

50 279 28 98.7

100 310 43 –

In the recent year, Rimdusit et al. [92] successfully prepared the shape memory
polymer from vanillin-based polybenzoxazine alloyed with castor oil-based epoxy
copolymer. Vanillin-based benzoxazine resin (V-fa) was synthesized from vanillin,
furfurylamine and formaldehyde at a mole ratio of 1:1:2 according to the patented
solventless method as shown in Fig. 8. The copolymer was prepared by mixing V-fa
monomer with epoxidized castor oil (ECO) at various contents ranging from 30 to
50 wt%. The thermal curing was conducted without other chemicals needed. The
reaction between two polymeric components was proposed as shown in Fig. 9. The
thermal stability of the V-fa/ECO copolymer can be exhibited as shown in Table 5. It
could be noticed that the thermal degradation at 5% weight loss (Td5) was decreased
from 318 to 314 °C at the ECO content ranging from 30 to 50 wt%. In addition, the
char yield at 800 °C was decreased with increasing ECO. In this system, the shape
fixity at 25 °C decreased with increasing ECO content ranging from 93 to 86%.
While the shape recovery at Tg + 20 °C was increased ranging from 87 to 96%.
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Fig. 8 Proposed synthesis reaction of E-fa monomer [92]

Table 5 Thermal properties
of V-fa/ECO copolymer at
various ECO contents [92]

ECO content (wt%) Td,5 (°C) Char yield (%)

30 318 48

40 317 35

50 314 34

2.2.4 Polybenzoxazine/PU Alloy-Based SMP

In the recent year, Erden and Jana prepared the SMP from polybenzoxazine (BA-a)
compounded with polyurethane. They reported the ability of polybenzoxazine to act
as an additional hard portion of SMP because of its high glass transition temper-
ature and much higher storage modulus than the soft portion of SMP [93]. It has
been reported that the alloys between bifunctional BA-a monomer and urethane pre-
polymer exhibited only one glass transition temperature (Tg), indicating no phase
segregation between two components. Moreover, only small amount of added ben-
zoxazine could enhance the thermal stability of the polyurethane [76]. The hydroxyl
group of benzoxazine resin generates ether linkage with the isocyanate group of
urethane prepolymer as demonstrated in Fig. 10. In the alloy system, the synergistic
behaviors of Tg value was observed. For instance, the alloy at PU content of 30 wt%
showed the Tg at ca. 220 °C, which was greater than −70°C of neat PU and 165 °C
of pure polybenzoxazine [94, 95].
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Fig. 9 Proposed chemical reactions between V-fa and epoxidized castor oil [92]

The properties of shape memory polymer from polyurethane (PU) has been inves-
tigated and reported for a long period of time. Lee et al. [55] studied the thermome-
chanical properties of shapememory polyurethane (PU) block copolymers composed
of 4,4-methylenebis-(phenylisocyanate), and poly(tetramethylene glycol). The 1,4-
butanediol was used as a chain extender. The maximum stress, tensile modulus,
elongation at break, and highest loss tangent was observed at 30 wt% of hard seg-
ment content. It has been reported that the type of chain extender has an effect
on the properties of SMP. In some studies, the pyridine rings in the chemicals
such as 2,6-pyridinedicaroxamide was used as a chain extender to synthesize lin-
ear and crosslinked polyurethane. The thermal stability from TGA analysis was
significantly enhanced [96]. Recently, Weng et al. [97] prepared 2,6-diaminoyridine
and 4-hydroxybenaldehyde to provide the pyridine-containing chain extender N,
N’-bis(4-hydroxybenylidene)-2,6-diaminopyridine (BHBP). The hydrogen bonding
was generated between nitrogen atoms of pyridyl and imine functional groups and
N-H functional group of polyurethane. This could improve the thermal stability and
mechanical properties of the obtained polymers. In their system, polytetramethy-
lene glycol (PTMG) and 4,4′-diphenylmethane diisocyanate (MDI) were used as
reactants to synthesize PU prepolymer. Then, the reaction between BHBP and the
prepolymer was proceeded as shown in Fig. 11. In the study, the greater content of
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Table 6 Thermal decomposition onset temperature, temperature at maximum decomposition rate,
and char yield at various amounts of chain extender [97]

MDI (mol) PTMG
(mol)

BHBP (mol) Td, onset (°C) Td, max (°C) Char Yield at
700 °C (%)

4 3.50 0.50 334 403 3.5

4 3.25 0.75 338 408 8.5

4 3.00 1.00 342 413 9.2

BHBP could provide higher value of molecular weight and the greater percentage of
hard segment in the obtained polymer. From TGA analysis, the thermal properties
of the polyurethane at different BHBP contents were presented in Table 6.
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Fig. 11 Proposed chemical reaction between BHBP and PU prepolymer [97]

2.2.5 Multiple-Shape Memory Polymers

As previously mentioned, multiple-SMPs possess more than one temporary states.
Two procedures are proposed for the design of multiple-SMPs, i.e., (i) a very wide
range of thermal transition temperature, and (ii) multiphase design which each of
them provides independent transition and correspond to shape memory effect [98].
Recently, manymultiple-SMP systems have been studied. Xie [99] presented that the
perfluorosulphonic acid ionomer (PFSA), possessing only one wide glass transition
temperature region starting from 55 to 130 °C, revealed multi-shape memory effects
without any adjustment of the material composition. Hoeher et al. [100] prepared the
crosslinked polyethylene blends composed of ethylene-1-octene copolymers (EOC),
low density polyethylene (LDPE), and high density polyethylene (HDPE). The mass
ratio of EOC: LDPE: HDPE in the blends was 80:15:5. The results reveal that the
programmedmaterial exhibits an excellent recovery ratio of 99.7± 0.3%. In addition,
a wide transition temperature region of triple-shape memory starting from 35 to 150
°C. In the recent year, Samuel et al. [101] prepared SMPs from the miscible polymer
blends between poly-L-lacticAcid (PLLA) and poly(methylmethacrylate) (PMMA).
Themass blending ratio of PLLA: PMMAat 50:50 could provide the broadest region
of glass transitions temperature starting from 60 to 100 °C. Lee et al. [55] synthesized
shape memory polyurethane (PU) block copolymers composed of 4,4-methylenebis-
(phenylisocyanate), and poly(tetramethylene glycol) via a two-step process. The
1,4-butanediol was used as a chain extender. The obtained SMPs exhibited multiple-
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Table 7 Glass transition
temperature of BA-a/PU
copolymers at various
contents [94]

BA-a:PU mass
ratio

Tg (°C) Tg range (°C) �Tg (oC)

55:45 130 120–220 100

60:40 135 100–214 114

70:30 157 90–180 90

80:20 180 80–180 100

100:0 170 130–190 60

shape memory effect. When the hard segment of PU was increased from 30 to
45%, the Tg and shape fixity were reported to be increased in the range of −3.6 to
0.3 °C and 89 to 92%, respectively. Moreover, the shape recovery of 80–95% was
obtained. Erden and Jana [93] examined the properties of SMPs from polyurethane-
polybenzoxazine copolymer synthesized form 4,4′-methylenebis phenyl isocyanate
(MDI), polytetramethylene glycol (PTMG), and benzoxazine (BA-a) monomer. The
1,4-butanediol was applied as a chain extender.WhenMDI and PTMGwere kept at 5
and 1 mol, respectively, it was reported that the hard segment of SMPs was increased
with BA-a contents. A single peak of loss tangent from the dynamic mechanical
analysis (DMA) revealed an increase in Tg (51, 65, and 91 °C) with increasing BA-a
content (at 0, 0.5, and 1 mol, respectively).

From the work of Rimdusit et al. [94], not only the synergism of glass transi-
tion temperature was observed in the benzoxazine-urethane copolymers, the broad
region of glass transition temperature was shown in the range of 90–110 °C at PU
content of 0 to 40 wt%. This characteristic was important for the determination of
the number of temporary shapes for the multiple-shape memory system. Recently,
Prathumrat et al. [102] determined the feasibility of benzoxazine-urethane copoly-
mers as multiple-shape memory polymers. The thermal stability of the copolymers
was shown as Fig. 12. It could be noticed that the addition of BA-a content could
lead to an increase in both degradation temperature at 5% weight loss (Td5) and char
yield at 800 °C of the alloys. For instance, the Td5 value and char yield of the alloy at
BA-a/PU weight ratio of 55:45 were reported to be 268 °C and 16.2%, respectively.
While those of the alloy at 80:20 were presented at 333 °C and 24.6%, respectively.
They reported that the suitable curing conversion of the alloymixture could affect the
shape memory behaviors. From the testing result of the flexural strength and flexural
modulus at various temperature of the alloys, themechanical properties are increased
with increasing BA-a content. The glass transition temperature range observed from
loss tangent of DMA for pure polybenzoxazine and BA-a/PU copolymers are pre-
sented in Table 7. The broadest range of glass transition temperature was reported at
suitable composition.

Recently, Zhuo et al. [103] prepared the novel multiple-SMPs from the copoly-
mer of 2-methoxyethyl acrylate and N-methylol acrylamide with different molar
fractions of acrylate component. The physical crosslinks generated by entanglement
and hydrogen boding between the polymeric chains.With increasing acrylamide con-
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Fig. 12 Thermal
degradation temperature at
5% weight loss (Td5) and
char yield at 800 °C of
benzoxazine-urethane
multiple-SMPs at various PU
contents [102]
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tent, the Tg values were increased in the range of 7.5–55.2 °C, and the tensile strength
enhanced from10.7 to 71.5MPa. They also reported that the obtainedmultiple-SMPs
presented superior multiple-shape memory effect in a broad range of temperature.
The recovery ratio was reported at greater than 93%, and the fixing efficiencies was
closed to 100%. The obtained multiple-SMPs could be a good candidate for the
uses in potential deployable structure. At a recent time, Zheng et al. [104] prepared
the multiple-SMPs by means of the multilayer between thermoplastic polyurethane
(TPU) and co-continuous poly(bytylene succinate) (PBS)/polycaprolactone (PCL)
blends. The shape fixity and recovery ratio of obtained dual- and triple-SMPs were
increasedwith increasing the number of layers, and reported at 95% and 85%, respec-
tively at the number of layers of 128. They also reported that the multilayer systems
could have greater shape fixity and recovery ratio than those of the blending system
at the same components.

2.2.6 Polyimide-Based SMP

Polyimide is a kind of engineering polymers possessing high thermal stability and
mechanical properties. In the recent years, Xiao et al. [105] synthesized shape
memory polymer based on polyimide with tunable glass transition temperature in
the range of 299–322 °C. In their study, the thermoplastic polyimide-based SMPs
were prepared by polycondensation reaction between 4,4′-(hexafluorisoproylidene)
diphthalic anhydride (6FDA) and 4,4′-diaminodiphenyl ether (ODA). Other sys-
tems of the polyimide-based SMPS from bisphenol A dianhydride (BPADA) and
4,4′-diaminodiphenyl ether (ODA) were also prepared [106]. The ether bonds
within the backbone were acted as recovery phase of shape memory effect, while
the high molecular weight of polyimide could generate physical crosslinking as
fixed phase. They also prepared the thermoset polyimide-based SMPs by using
tris(4-aminophenyl)amine (TAP) cross-linker. From their report, the thermosetting
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Table 8 Glass transition temperature and degradation temperature of SMPs based on ODA/6FDA
polyimide and ODA/BPADA polyimide [105, 106]

ODA/6FDA Shape memory polyimide

Molar ratio of ODA/6FDA 0.9250 0.9400 0.9625 0.9825

Thermoplastic ODA/6FDA Tg (°C) 299 304 311 304

Td5 (°C) 510 510 515 522

Thermoset ODA/6FDA Tg (°C) 322 323 322 321

Td5 (°C) 519 520 517 518

ODA/BPADA shape memory polyimide

Molar ratio of ODA/BPADA 0.9100 0.9250 0.9550 0.9850

Thermoplastic ODA/BPADA Tg (°C) 229 231 234 236

Td5 (°C) 486 488 490 491

Thermoset ODA/BPADA Tg (°C) 240 241 243 242

Td5 (°C) 495 497 501 499

polyimide-based SMP rendered higher storage modulus and greater shape memory
effect than the thermoplastic polyimide-basedSMPbecause of its chemical crosslink-
ing and high crosslink density. As shown in Table 8, the degradation temperatures
at 5 wt% loss (Td5) for all polyimide-based SMPs were over 500 °C. Compara-
tively, the glass transition temperature values of thermoset polyimide-based SMPs
were over 320 °C, being higher than those of thermoplastic ones. Moreover, it was
reported that the residual weights for both polyimide systems were over 50% due
to the remained aromatic group. Another interesting polyimide-based SMPB system
was prepared from 4,4′-(1,1’-biphenyl-4,4′-diyldioxy)-dianiline (BAPB)/bisphenol
A dianhydride (BPADA) in dimehtylformide (DMF) by Kong and Xiao [107]. The
researchers reported that the obtained polyimide could keep high shape fixity and
shape recovery after over 1000 thermomechanical bending cycles. In an aspect of
thermal stability, the degradation temperature at 5 wt% loss was reported at 505 °C,
and the temperature atmaximumweight losswas found at ca. 536 °C. That confirmed
that the obtained polyimide-based SMPB possessed greater thermal stability.

3 Shape Memory Polymer Composites and Their Thermal
Characteristics

3.1 A Brief Overview of SMPCs

As previouslymentioned, shapememory polymers generally had some shortcomings
on their low recovery stress and low mechanical performance. These drawbacks are
able to limit the applications of smart materials. The addition of reinforcing fillers in
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the polymeric matrix to form shape memory polymer composite (SMPC) is able to
enhance recovery stress and mechanical characteristics [74]. Currently, SMPCs have
been developed to gain potentials for a broad range of usage areas such as deployable
components in aerospace, smart textiles, automobiles, actuators, andmedical devices
[2]. Moreover, many patents related to the uses of SMPCs (such as intravascular
delivery system, hood/seat assembly, and tunable automotive brackets in vehicles)
have been issued [108, 109]. Generally, two main types of SMPC can be categorized
as particle-filled SMPC and fiber-filled SMPC [2].

3.1.1 Particle-Filled SMPCs

The particle-filled SMPC are developed with many types of reinforcing elements
in forms of particulate matter, such as carbon black, carbon nanotubes, carbon
nanofibers, silicon carbide, nickel powder, ferromagnetic (Fe3O4), and clay in order
to meet various requirements for practical applications [30, 110–112]. The particle-
filled SMPCs typically are developed for certain specific functions, e.g., great elec-
trically conductive characteristic, magneto-responsive properties, etc. Therefore, the
smart materials with multifunctional properties have been developed with particle-
filled SMPCs [2]. Generally, this type of SMPCs is not applied for structural mate-
rials, but it is for some specific characteristics. The examples of the particle fillers
possessing particular functions for SMPCs are electrically conductive carbon black,
carbon nanotubes, and nickel powders, which are incorporated for fabricating elec-
troactive SMPs. While Fe3O4 filler is added to generate magnetism induced SMPs
[2]. Additionally, silicon carbide (SiC) with dielectric properties is composited with
SMPs to develop microwave-induced SMPs [113].

3.1.2 Fiber-Filled SMPCs

Asmentioned above, SMPCs embedded with particles or short fibers are not suitable
for using as structural materials. On the other hand, significant improvement in
stiffness, strength, and resistance against relaxation and creep can be obtained in the
SMPCs reinforced with continuous fiber. The fiber-filled SMPCs have high potential
for many advanced applications such as the use in deployable structures including
antennas and solar arrays [2].

3.2 Epoxy-Based SMPCs

Epoxy resin is thermoset polymers used inmany industrial fields, e.g., adhesive, coat-
ing, and sealant due to its high adhesive properties, good thermal and mechanical
properties [114]. The recent researches had focused on the properties modification of
SMP. Nowadays, shape memory epoxies have gained much attention from industrial
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researches. This kind of SMP provides higher properties than other shape memory
polymers (such as polyurethane, and styrene rubber systems) due to great thermal,
thermo-physical and mechanical characteristics with its easiness for fabrication. For
instance, the systems of SMP based on aromatic epoxy, aliphatic epoxy and curing
agent (Jeffamine D230) have been reported to exhibit good shape fixity and, the com-
plete shape recovery [115]. Although many types of epoxy resins have been known,
diglycidyl ether of bisphenol A (DGEBA) is the most common type for fabrication
of SMPs [116].The systems of thermoset epoxy filled with functional filler have been
studied for a long period of time. Gall et al. [117] successfully prepared the epoxy-
based SMPs nanocomposites filled with silicon carbide nano-filler. They reported
that the increase in SiC content led to the improvement of elastic modulus and
bending recovery force in the composites. In the later year, Athimoolam and Moor-
thy [116] successfully prepared the SMPCs from epoxy blended with polyurethane
filled with amine treated nanoclay. They reported that the thermal stability of the
composite was improved with the addition of nanoclay filler. Recently, Liu et al.
[118] prepared a series of SMPC based on polymeric mixture between DGEBA
and metylhexahydrophthalic anhydride (MHHPA) filled with multi-walled carbon
nanotube (MWCNT). The molar ratios of DGEBA/MHHPA were varied from 0.5
to 1.2, while the MWCNT nano-filler contents were in the range of 0.25 to 0.75
wt%, respectively. The Tg values of the obtained nanocomposite SMPCs were in the
broad range from approximately 65 to 140 °C. From the thermogravimetric analysis,
the starting degradation temperature (at approximately 2 wt% loss) of the blends
at the DGEBA/MHHPA ratio of 0.5 (ca. 243 °C), which was less than that of the
blends at the ratio of 1.0 (ca. 335 °C). This could be due to the amount of uncured
epoxy providing less thermal stability. The temperature at the high decomposition
rate for all studied samples was found at ca. 412 °C. Furthermore, the increase of
nano-filler content in the studied range could lead to a slight improvement in decom-
position temperature [118]. Later, Chen et al. [119] prepared the nanocomposites
of shape memory polymer based on epoxy filled with thermally reduced graphite
oxide (TGO). They reported that added TGO nano-filler could provide the 41–71%
enhancement of the modulus and 44–64% improvement of tensile strength with 1–3
wt% TGO. The thermal stability of the obtained SMPCs was significantly improved
when applying 1–2 wt% of TGO. This could be due to barrier effects of TGO filler
[120]. The nano-filler, which possesses high surface area, could act as a barrier to
prevent the displacement of broken polymeric chains, and impede the diffusion of
volatile products and generate the char [121]. However, the amount of 3wt% TGO
could lower the thermal stability of the SMPCs. The possible reasons could be due to
the partial aggregation of the nano-filler. Furthermore, the high loading of TGO filler
could provide higher thermal conductivity than polymeric matrix. That could sup-
port the thermal degradation of the SMPCs [122]. In the recent year, the electroactive
shapememory polymers composites from epoxy/cyanate ester nanocomposites filled
with graphene were prepared by Wang et al. [123]. The graphene was dispersed in
N,N- dimethylformamide and then the mixture was fed into the polymeric mixture
to fabricate the SMPC. They reported that the incorporation of graphene could lead
to the enhancement of the shape memory behavior. In addition, the degradation tem-
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perature of the nanocomposite-based SMP was improved with the nano-filler. The
reason for the improvement of thermal stability was related to the tortuous path effect
of the nano-filler, which could be able to form the char and impede the diffusion of
volatile degradation products [123, 124].

Not long ago, Biju and Nair [125] fabricated the SMPCs from the reaction
between DGEBA epoxy and pyromellitic dianhydride (PMDA). Carboxyl telechelic
poly(tetramethylene oxide) (PTAC)was used as the polymer precursor. They reported
that the SMPCs for all composition was stable at least 300 °C. In the later year,
the polycaprolactone (PCL)/epoxy-based SMPC microfiber has been developed by
Zhang et al. [126]. In this system, the core layer of epoxy and the shell layer of
PCL were fabricated via coaxial electrospinning. They reported that the entire shape
memory was recovered by only approximately 6 s at 70 °C. From the TGA analysis,
two decomposition steps were observed, i.e., at the range of 300–350 °C exhibiting
the decomposition range of epoxy, and the range of 350–450 °C relating to the PCL
degradation range.

3.2.1 Benzoxazine-Epoxy Alloy-Based SMPCs

As previously mentioned, Tanpitaksit et al. [70] developed SMPs from the alloys
between BA-a and aliphatic epoxy (neopentyl glycol diglycidyl ether, NGDE). In the
system, BA-a was acted as a latent curing agent for epoxy resin. The rendered SMPs
provided high thermo-mechanical characteristic and great shape memory properties.
Recently, Likitaporn et al. [124] studied the characteristics of slicon-carbide whisker
(SiCw)-filled in benzoxazine-epoxy SMPC. The reported that the Tg value from loss
tangent was increased with SiCw contents, i.e., 154 °C (at 0 wt%) to 170 °C (at 20
wt%). Moreover, at Tg + 20 °C and room temperature, the increase in SiCw contents
could lead to an increase of flexural strength and flexural modulus. In addition,
the degradation temperature at 5 wt% loss (Td5) and char yield of the SMPC from
benzoxazine-epoxy alloys were increased with increasing SiCw content as shown in
Fig. 13. The degradation temperature at 5 wt% (Td5) was systematically increased
from 293 to 303 °C when SiCw filler was increased from 0 to 20 wt%. This is
attributed to the physical barrier effect of SiCw, which could prevent the thermal
transmission, and reduce the escaping rate of pyrolysis products. Moreover, it could
impede the further degradation of the polymeric matrix [42]. For the amount of char
residue at 800 °C, the value was found to increase with increasing SiCw contents, i.e.,
ranging from 28.1 to 43.0% when the filler content varying from 0 to 20wt%. This
phenomenon well corresponded to the rule of mixture. Interestingly, in this system,
the increase of SiCw contents led to shorten the recovery time, i.e., the recovery time
when microwave-induction and conventional heating induction were in the range
of approximately 3.5 to 5 min and ca. 8.5 to 18 min, respectively. Moreover, the
addition of SiCw could drastically enhance the recovery stress from 3.4 MPa (for
neat benzoxazine/epoxy alloy) to 11.2 MPa (at 20 wt% SiCw). That was attributed to
the intrinsically great elastic modulus of the filler. In addition, the outstanding shape
fixity of approximately 99% was reported in the system.
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Fig. 13 TGA results of
SMPCs at various filler
contents: (●) Degradation
temperature at 5% weight
loss, and (�) Char Yield
[124]
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Table 9 Thermal stability of the BA-a/epoxy alloys reinforced with woven carbon fiber at various
filler contents [127]

Woven carbon fiber content
(vol.%)

Degradation temperature at 5
wt% loss (°C)

Char Yield at 800 °C (%)

0 306 24.6

23 289 45.6

47 314 63.5

57 323 73.7

100 850 95.4

In recent times, benzoxazine-epoxy alloys filled with carbon fiber has been pre-
pared by Plylaharn et al. [127]. They revealed that the BA-a/epoxy systems could
be reinforced with woven carbon fiber. The shape recovery was reported to be close
to 100%. In their work, the recovery stress of the SMPCs has been enhanced from
3.4 MPa (without reinforcing fiber) to 28.9 MPa (at the filler content of 47 vol.%).
The thermogravimetric analysis of the SMPCs was presented in Table 9. It could be
noticed that the values of Td5 and char yield were increased with the woven carbon
fiber content. This could be due to the thermal properties of carbon fiber.

3.2.2 Polyurethane-Based SMPCs

Polyurethane (PU) is one of the polymeric materials commonly used for fabrication
of SMPCs because of its high strain recovery and good physical properties. More-
over, its versatility can be extended through compositing with other functional fillers.
In recent time, Deka et al. [128] prepared hyperbranched polyurethane (HPU) rein-
forced with multi-walled carbon nanotube (MWCNT). The tensile strength of the
SMPCwas 300% higher than that of neat HPU. The notable improvement of thermal



Thermal Stability of Shape Memory Polymers … 191

Table 10 Decomposition temperature of TPU/ABS/MWCNT composites at various compositions
[130]

TPU (wt%) ABS (wt%) MWCNT
(wt%)

Td max (°C) Td offset (°C) Char Yield
(%)

80 20 0 407 515 4.5

79 20 1 412 544 6.5

77 20 3 413 555 7.4

75 20 5 410 573 10.0

stability, i.e., onset Td of 275 °C for 1 wt% of MWCNT higher than that of 215 °C
for neat HPU. They reported that one degradation step was observed for all SMPC
samples, exhibiting great interactions between nano-filler and HPU matrix. Later,
Mahapatra et al. [129] prepared SMPCs from functionalized HPU reinforced with
graphene oxide (GO) sheet. The GO sheet was functionalized by adding aliphatic
hydroxyl groups on its surface. In general, the reduction of GO could lead to high
thermal stability because of the elimination of the oxygen-containing functional
groups. The addition of GO into the HPUmatrix led to the increase of initial decom-
position temperature. The given reason for the enhancement of thermal stability is
the barrier effect that could prevent the permeation of oxygen and the emission of
volatile decomposition products. Moreover, the surface of nano-filler could serve as
a radical remover, leading to the delay of onset Td. In the recent year, Memarian
et al. [130] SMPCs derived from thermoplastic polyurethane (TPU) compositing
with acrylonitrile-butadiene-styrene (ABS) and MWCNT by melt blending process.
The addition of MWCNT into SMPCs could increase the tensile strength and mod-
ulus but decrease the elongation at break. The TGA analysis revealed the thermal
stability as shown in Table 10. It could be noticed that the improvement of the thermal
decomposition temperature was observed because of great thermal stability and high
thermal conductivity of MWCNT.

4 Conclusions

The thermal stability is one of the crucial parameters that can indicate the limitation
for the usage of the shape memory materials (i.e., SMPs, SMPBs, and SMPCs). In
general, the thermal stability could be identified in terms of thermal degradation tem-
peratures, and char yield. For SMP and SMPB system, the chemical structures of the
materials have an effect on the thermal stability, i.e., the aromatic structures and/or
the network structure could provide high thermal degradation and char yield to the
materials. The degradation process is composed of many steps such as initiation,
propagation, and termination steps. For SMPC systems, the thermal stability does
not depend on the individual thermal stability of each component. Some of the phe-
nomena are relevant, e.g., the barrier effect to prevent the oxygen emission, and the
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char formation. This chapter provides the information related to the thermal stability
of high-temperature shape memory materials, i.e., shape memory materials based on
polybenzoxazine, epoxy, polyurethane, and polyimide. Polybenzoxazine is an inter-
esting novel thermosetting resin that could be alloyed with other polymeric such as
epoxy and urethane. Its alloy systems provide high degradation temperature and char
yield. For example, the SMPS based on V-fa/ECO copolymer, the degradation was
over ca. 300 °Cwith high char yield over 30%. Furthermore, the synergistic behaviors
of Tg for the systems of benzoxazine/epoxy alloys and benzoxazine/urethane alloys
were reported. The SMPs based on polyimide are generally fabricated in forms of
films. It could provide a high decomposition temperature over 400 °C and char yield
over 50%.
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Mechanical Properties of Shape-Memory
Polymers, Polymer Blends,
and Composites

P. Poornima Vijayan

Abstract Shape-memory polymers (SMPs) are widely employed in aerospace,
biomedical, portable electronic devices, etc., where their multiple-shape capabili-
ties are considered. In order to avoid the failure of the SMPs before shape change, it
is critical to possess excellent mechanical properties along with their inherent shape-
memory ability. Recent research reports highlight the importance of SMPs with high
strength and toughness. Conventional mechanical testing procedures such as tensile,
bending, and fracture toughness are used to outline the staticmechanical performance
of SMPs. The cyclic mechanical testing facilitates the evaluation of shape-memory
parameters such as shape fixity (Rf) and shape recovery (Rr) ratio. In a recent devel-
opment, nanoindentation technique is used to probe the shape-memory process at
nanolevel. SMPs based on epoxy, polyurethane, PCL, etc., were investigated for
their both static and cyclic mechanical performance. Well-balanced mechanical and
shape-memoryperformance canbe tailored inSMPsby careful tuning of crystallinity,
cross-link density, and fiber/filler reinforcement.

1 Introduction

Shape-memory polymers (SMPs) aremechanically activematerials whichmemorize
a permanent shape that is substantially differ from their initial temporary shape.
SMPs are important category of stimuli responsive polymers, which can recover their
original or permanent shape upon exposure to external stimuli such as heat [1–3],
light [4], moisture [5], pH [6], etc. Among them, thermo-initiated shape-memory
polymers are more common and widely studied. SMPs consists of two segments, of
which the hard segment to determine the permanent shape and the switching (soft)
segments to fix the temporary shape. The polymer chains in switching segment are
able to fix a given deformation by cooling below a transition temperature (Ttrans).
Ttrans can be the glass transition (Tg) or the melting point (Tm) of the polymer. When
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reheating above Ttrans, the oriented or crystalline chains in the polymer network,
restore their random coil conformation to recover its original shape.

Shape-memory polymers are getting popular than their alloys and ceramic coun-
terparts, as they are cheap, lightweight, and easily processable. Above all, the shape-
memory polymers have the mechanical advantage of higher percentage of strain
recovery than shape-memory alloys (SMA) [7, 8]. While SMA can store strains on
the order of 10%, the shape-memory polymers can recover strains on the order of
several 100%. However, shape-memory polymers have low stiffness and strength
which limits their wider application. Both strength and stiffness of SMPs could be
dramatically improved by reinforcement with fillers [9].

For SMPs, both static and cyclic mechanical tests are used to determine the
mechanical and shape-memory properties, respectively. The strain fixity rate Rf and
strain recovery rate Rr are important characteristics of SMPs for describing their
shape-memory properties. The strain recovery rate quantifies the ability of the mate-
rial to memorize its permanent shape, whereas strain fixity rate describes the ability
of the switching segment to fix the mechanical deformation and are expressed as
below

Rr (N ) = εu − εp(N )

εm − εp(N − 1)
× 100% (1)

R f = εu

εm
× 100% (2)

Strain recovery rate is a measure of the strain that was applied in the course of the
programming εm −εp(N−1) is recovered in the following shape-memory transition.
By definition, the strain fixity ratio (Rf) is the ratio of the strain in the stress-free state
after the retraction of the stress in the N-th cycle εu and the maximum strain εm .

Usually, the shape-memory properties were quantified using cyclic thermome-
chanical tests,which allows simultaneous control over stress or strain and temperature
during programming and recovery [10]. Apart from dynamic mechanical analyzer,
mechanical testing devices equipped with a thermochamber are used to estimate the
shape recovery of thermally initiated SMPs. The cyclic mechanical test can be done
in tensile, bending, and compression modes. The current chapter gives an overview
of these test methods, which is used to predict the shape recovery in SMPs. In addi-
tion to cyclic mechanical tests, the current chapter also discusses the static tensile
and three-point bending, nanoindentation, toughness, fracture toughness of SMPs,
their composites, and blends.

2 Static Tensile Tests

For a shape-memory polymer, it is essential to possess enhanced static mechanical
strength before shape changing. Static tensile tests are performed at a fixed temper-
ature and allow the variation of the applied strain or stress as well as the strain rate.
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Fig. 1 Stress–strain curves
in static tensile tests for four
materials—SMP bulk, 1.7,
3.3 and 5.0 wt% at testing
temperatures of 25 °C [12]

The resulted stress–strain curve is used to evaluate tensile properties such as Young’s
modulus, the yield point as well as elongation at break, and stress at break.

Similar to reinforcing of polymers, the researcher made attempts to reinforce the
shape-memory polymers. Static tensile tests were used to evaluate the reinforcing
ability of fillers on SMP-based composite [11, 12]. Ni et al. [12] used vapor growth
carbon fibers (VGCFs) to enhance the mechanical properties of the SMP based on
polyurethane with excellent ductility similar to unmodified SMP (Fig. 1). The yield
region became long as the VGCFs weight fraction increased.

Static tensile tests were also used to evaluate the mechanical performance of
SMPs at above and below glass transition temperature. In polyurethane reinforced
with VGCNF, a significant difference in tensile properties (Young’s modulus and
tensile strength) above and below glass transition temperature were noticed [12].
Below Tg, the deformation resistance is large due to frozen micro-Brownian motion
of the soft segment at low temperature. However, above Tg, the soft segment becomes
free to move to facilitate easy deformation.

Cho et al. [13] studied the role of arrangement of soft segment in SMPs by
using tensile testing. Different types of soft-segment arrangement in shape-memory
polyurethane (PU) was achieved where two poly(tetramethylene glycol) (PTMGs)
is randomly arranged to get random co-polymer and block distribution of PTMGs
to give a block copolymer. Polyurethane copolymers with a random or block soft-
segment arrangement were found to have higher stresses at break and elongations at
break than those with only one kind of soft segment. Physical interactions include
hydrogen bonding, dipole–dipole, and induced dipole–dipole interactions can occur
among copolymer. The presence of two PTMGs together in the soft segment reduced
the interactions among the hard segments, and this made the copolymers easily
elongated. Random copolymers showed higher elongation than block copolymers
as disturbance in uniform distribution of soft segments resulted in reduction in this
effective interaction.

Poly( 2-caprolactone) (PCL) and poly(ω-pentadecalactone) (PPDL) are suitable
shape transition component for SMPs, while the earlier is used in low transition
temperature SPMs and later is used in high transition temperature SPMs. PCL and
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Fig. 2 Mean value of
stress–strain curves of the
partially crystalline and
shape fixed SMP 70/30 and
SMP 75/25 measured after
polymerization and one
weak at 20 °C [14]

Fig. 3 Tensile strength
(black) and strain at break
(gray) for both epoxy-based
polymers containing PPDL
and PCL [15]

PPDL are used to develop interesting cationically polymerized epoxy-based SMPs.
The blend ratio in PCL/epoxy SMPs are critically important as the physical cross-
linking due to the crystalline interactions leads to less flexible but stiff PCL segments
[14]. This leads to brittleness in PCL/epoxy-based SMPs with low epoxy content.
Figure 2 shows the tensile behavior of PCL/epoxy SMPs with varying blend ratio.
SMP containing 75 wt% PCL and 25 wt% epoxy showed an adequate crystallinity
and shape fixity time with good material cohesion under mechanical load.

Arnebold et al. [15] studied the tensile behavior of epoxy-based SMPwith poly(ω-
pentadecalactone) (PPDL) as soft segment. Under certain polymerization conditions,
PPDL/epoxy SMPs generated a high degree of crystallinity compared to the respec-
tive poly( 2-caprolactone) (PCL) counterpart. SMPs containing PPDL instead of PCL
exhibit distinctly higher tensile strength due to increased crystalline macrophase for-
mation (Fig. 3).

POSS–PCL network, another excellent PCL-based SMP, were investigated for
their mechanical performance [16]. Star-shaped POSS–PCL SMPs with different
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Fig. 4 Tensile stress–strain
curves of POSS–PCL
networks with different PCL
arm lengths at room
temperature and at elevated
temperature; where 2000,
4000, 5000, and 6000 stands
for molecular weight of PCL
diol used to fabricate
network; C stands for room
temperature, and H stands
for elevated temperature [16]

PCL arm lengths were synthesized via. ring opening polymerization of epoxy group
by PCL diol. Tensile behavior of POSS–PCL networks with different PCL arm
lengths is shown in Fig. 4. It was found that with shorter PCL arm lengths, lower
crystallinity reduced the tensile strength and higher cross-links density resulted in
brittle fracture of POSS-N2000 and POSS-N4000 samples. At the same time, more
dangling ends with longer PCL chain generated high level of crystallinity in POSS-
N5000 and POSS-N6000. The energy generated by stretching during tensile test
stored in the crystalline domain. Above Tm, all POSS–PCL samples behave like
elastomers, with sharply declining tensile strength.

3 Physical Bending Test

Physical bending test is used to characterize cycle-life of the shape-memory poly-
mers. Various approach was adopted by researchers and some of them are illustrated
in this chapter. Kong et al. [17] studied the cycle life of a shape-memory poly-
imide, which is synthesized by two-step polycondensation of 4,4′-(1,1′-biphenyl-
4,4′-diyldioxy)-dianiline and bis phenol A dianhydride, by physical bending test.
The schematic illustration of shape-memory bending cycle adopted in their study is
shown in Fig. 5a. The corresponding performance of polyimide is shown in Fig. 5b.

Rf and Rr of bending deformation are calculated with Eqs. 3 and 4, respectively.

R f = 180◦ − θ f

180◦ × 100% (3)

Rr = 180◦ − θr

180◦ × 100% (4)
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Fig. 5 a Schematic illustration of the shape fixity and shape recovery test in bending deformation
b overview of shape-memory performances of the polyimide during the bending cycles [17]

where θf and θr represent the released angle after cooling and the recovered angle,
respectively. This procedurewas used to determineRf andRr of polyimide possessing
large content of aromatic groups and highly twistedmolecular chains. This polyimide
maintained both high Rf and Rr of about 100% during the more than 1000 shape-
memory cycles tested.

In another study, Lin et al. [18] performed the physical bending using cylinder-
shaped polyvinyl alcohol (PVA) hydrogel specimens, which were bent to a “L” shape
at a temperature equivalent to Tg of the SMP. The deformed shapes were fixed by
quickly cooling them at room temperature and maintaining them at a deformation
load. The shape recoverywas recorded by a digital camera after putting the specimens
back to 85 °C. The angle of the specimen after cooling was recorded as θf and the
final angle of the specimen after recovery was recorded as θr . The shape fixity ratio,
Rf , and shape recovery ratio, Rr , were determined using Eqs. (5) and (6) below
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R f = θ f

90
× 100% (5)

Rr = θ f − θr

θ f
× 100% (6)

Physical bending studies on polyvinyl alcohol (PVA) hydrogel chemically cross-
linked with glutaraldehyde (GA) revealed that an increase in the content of GA
in PVA hydrogel reduces the recovery force and increase the recovery time. PVA
hydrogel with 5 wt% GA showed best shape recoverability and one with above 7
wt%GA content limited the movement of the PVA soft chain resulting in a relatively
lower recovery rate and longer recovery time.

4 Cyclic Tensile Test

Conventional tensile testing machine equipped with a thermochamber is used to
carry out cyclic thermomechanical tests for shape-memory polymers [10]. The ther-
mochamber enables an accurate temperature control during mechanical deformation
and recovery process. The temperature (Ts) selected to carry out the cyclic tensile
test is generally an intermediate temperature between the melting temperature of the
soft segments (Tm,s) and the melting temperature of the hard segments (Tm,h). Once
the shape-memory polymer is deformed at T s and subsequently cooled below Tm,s,
the deformed shape is fixed to a large extent because of the frozen micro-Brownian
movement of polymer chains.When the sample is reheated at Ts, the original shape is
recovered due to the elastic energy stored during the deformation process. The result
obtained from such measurement is usually presented in a stress–strain curve. The
shape recovery and shape fixity ratios are calculated from the obtained stress–strain
curve using Eqs. (1) and (2).

Cyclic tensile testing is also used to study the cyclic photomechanical behavior of
light-induced shape-memory polymers [4]. The cyclic photomechanical experiment
is similar to cyclic thermomechanical experiments. Lendlein et al. [4] studied the
cyclic photomechanical behavior of polymer containing cinnamic groups, which
can deformed and fixed into predetermined shapes by ultraviolet light illumination.
Figure 6a gives elongation–time diagram of the grafted polymer in which cinnamic
acid (CA) molecules are grafted onto the permanent polymer network, which was
obtained during a cyclic photomechanical test under stress controlled conditions
using tensile tester equipped with a thermochamber. Initially, the elongated sample
is kept at constant stress and during the first cycle, the elongation stayed constant
in the stretched state, indicating no relaxation of the polymer. Upon removing the
stress and switching off the UV light (λ > 260 nm), a temporarily fixed elongation
(εu) was observed. The fixed temporary shape is maintained till the sample is exposed
to UV light of λ < 260 nm, activating the shape recovery of the temporarily fixed
shape to nearly its original length characterized by a remaining elongation εp. This
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Fig. 6 a Cyclic photomechanical experiment on a grafted polymer under stress-controlled con-
ditions and b molecular mechanism of shape-memory effect of the grafted polymer network: the
chromophores (open triangles) are covalently grafted onto the permanent polymer network (filled
circles, permanent cross-links), forming photoreversible cross-links (filled diamonds); fixation and
recovery of the temporary shape are realized by UV light irradiation of suitable wavelengths [4]

cycle of experiment is repeated twice to find out Rf and Rr. When compared with
thermoresponsive shape-memory polymers, similar strain recovery rate and much
lower strain fixity rate is observed for photoresponsive shape-memory polymers
due to the change in shape recovery mechanism. While, segments having a thermal
transition at Ttrans act as molecular switches in thermoresponsive SMPs, reversible
photoreactive entities serve asmolecular switches in photoresponsive shape-memory
polymers. The molecular mechanism in photoresponsive shape memory is depicted
in Fig. 6b.

Cyclic tensile properties both at constant strain and constant stress loading
are evaluated for fiber-reinforced SMPs [19]. The stress–strain curves at constant
stress for non-reinforced and reinforced SMPs were studied. The yield phenomenon
occurred in the non-reinforced specimen before reaching the prescribed cycle num-
ber. In SMP with 10 wt% fiber, the residual strain increased with cycle number,
whereas in SMP with 20 and 30 wt% fiber, there was no obvious increment in resid-
ual strain with the cycle number. Similarly, the stress–strain curves at constant strain
cycle were also studied. At the first cycle, a large hysteresis loop was observed for
fiber-reinforced SMPs with different fiber loadings and is mainly contributed by
matrix deformation and failures around fibers. There was no hysteresis following the
first cycle. This is called training effect, where stable strain recovery ability can be
achieved after several cycles of training. This makes this SMPs for several cycle use
in daily life.

Auad et al. [20] studied the shape-memory behavior of nanocellulose reinforced
PU using cyclic tensile test. It was found that the presence of nanocellulose doesn’t
have any significant effect on shape fixity or recovery of the material. The shape-
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Fig. 7 Uniaxial stress–strain
curves at 55 °C for SMP
based on epoxy with both
chemical and physical
cross-links during the four
cycles are used to determine
shape-memory properties
[22]

memory behavior of nanocellulose reinforced PU is controlled by the polymer prop-
erties rather than polymer–filler interaction.

The influence of loading rate, loading levels, preconditioning loading–unload-
ing treatment, and temperature on the shape recovery behavior of styrene SMP are
studied using cyclic tensile testing [21]. It was observed that loading level and load-
ing rate have little effect on the shape recovery behavior of styrene SMP. A prior
cyclic loading–unloading treatment will make styrene SMP to obtain a better shape
recovery property due to the formation of super-molecular structure. A cyclic load-
ing–unloading test will make styrene SMP enter into rubbery state at low temperature
and show a better shape recovery behavior.

An epoxy polymer designed with both chemical and physical cross-links were
analyzed with cyclic tensile testing to estimate their shape fixity and shape recovery
[22]. These polymers showed excellent shape-memory behavior with a combination
of relatively high tensile strains (75%) and recovery stresses (3 MPa) without shape
hysteresis between the first and subsequent cycles (Fig. 7). Very good values of shape
fixity (98%) and shape recovery (96%) were obtained and no shape hysteresis was
observed between the first and subsequent cycles. This was assigned to the presence
of physical associations among pendant alkyl chains.

Cyclic tensile test was used to compare the shape recovery and shape fixity ratio
of POSS–PCL network as a function of PCL arm length (Table 1) [16]. Shape fixity
ratio has a slightly higher value for POSS–PCLnetworkwith shorter PCL arm length.
As the cross-link density reduces with increase in PCL arm length, the shape fixity
ratio decreased from POSS-N2000 to POSS-N6000. Shape recovery (Rr) ratio also
decreased with increase in PCL arm length as the shorter PCL chain tended to return
to its initial shape more easily. These phenomena may be attributed to the plastic
deformation of PCL chain and the cumulative breakage of covalent bonds.
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Table 1 Shape-memory properties of POSS–PCL networks at 60 °C [16]

Sample Rf (N = 1) (%) Rf (N = 2, 3) (%) Rr (N = 1) (%) Rr (N = 2, 3) (%)

POSS-N2000 97.3 ± 0.2 97.3 ± 0.2 99.8 ± 0.2 99.6 ± 0.2

POSS-N4000 95.5 ± 0.2 95.2 ± 0.2 99.1 ± 0.2 98.7 ± 0.3

POSS-N5000 94.2 ± 0.2 94.0 ± 0.2 98.6 ± 0.2 98.1 ± 0.2

POSS-N6000 93.6 ± 0.2 93.3 ± 0.2 97.5 ± 0.2 97.0 ± 0.3

Fig. 8 Schematic of the
cyclic compression test [23]

5 Cyclic Compression Test

In addition to tensile mode, compression mode has also been used to study the
cyclic thermomechanical behavior of shape-memory polymer especially for foams
and gels. For instance, one such experimental procedure for cyclic compression test
is schematically shown in Fig. 8. Compressive strain is applied to a maximum level,
emax, then the sample is unloaded by moving the cross-head, until the preload force
is reached; for nonzero hold times, the cross-head is further raised to completely
unload the sample. The sample is held in this unloaded state for a hold time, thold,
and then reloaded to the same emax level, taking note of the residual strain, eresidual,
on the sample after the cycle, including the hold time.

Cyclic compressive behavior of epoxy shape-memory polymer foamwere studied
by Di Prima et al. [23, 24]. Their studies revealed the correlation between the strain
to failure as a function of temperature and the cyclic damage accumulation in epoxy
shape-memory foams (Fig. 9). As the deformation temperature approached corre-
sponding to the peak of the strain-to-failure behavior in such materials, there was
significantly less cyclic damage. Hence, the damage under compression in epoxy
shape-memory foams can be greatly minimized by lowering the maximum strain
or changing the deformation temperature to a temperature where tensile ductility is
maximized.
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Fig. 9 Temperature dependence on permanent strain during cyclic loading with varying strain
endpoints: a 40% compressed, b 60% compressed, and c 80% compressed [24]

The effects of pre-strain and hold period between compressive cycles on cyclic
behavior on epoxy shape-memory polymer foam with varying relative density were
also investigated [24]. Cyclic compression behavior of epoxy SMP foams with 20%
and 30% relative density (RD) is shown in Figs. 10 and 11. The maximum strain is
a driving factor in the cyclic behavior of epoxy SMP foam across relative densities
and there is a strain threshold for damage. Upon increasing the relative density of
the foam, the strain threshold for damage gets decreased. Moreover, the addition
of a hold time between compression cycles was found to extend the strain damage
threshold.

6 Toughness of SPMs

The understanding of strain-to-failure behavior and corresponding toughness of
SMPs is crucial as it governs the available work capacity in the materials. Especially,
SMPs used in medical implant and space structure materials need to meet specific
load-bearing capability. Toughness is defined as the amount of energy required to
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Fig. 10 Cyclic behavior of 20% RD foam for 100 cycles with a maximum strain of 80% with hold
times of 0, 40, and 300 s. Both the residual strain (a) and the maximum stress normalized to the first
cycle (b) were tracked. For residual strain (a), the * marks the onset of macroscopic failure [23]

Fig. 11 Cyclic behavior of 30% RD foam for 100 cycles with a maximum strain of 50% with hold
times of 0, 40, and 300 s. Both the residual strain (a) and the maximum stress normalized to the first
cycle (b) were tracked. For residual strain (a), the * marks the onset of macroscopic failure [23]

break a material. Toughness also relates to the ability of a material to resist frac-
ture under acute loading due to geometric flaws and is known as fracture toughness.
Fracture toughness reveals resistance of a material to crack propagation. In order to
estimate the inherent toughness, a strain-to-failure test performed in either tension
or compression mode is usually used. On the other hand, fracture toughness, can be
measured by determining the failure of a specimen containing a crack, like a com-
pact tension specimen or center cracked plate. The parameter called “critical stress
intensity factor” (KIC), a measure of fracture toughness is determined from ultimate
failure stress using the following equation:

KIC =
(
Fmax

BW

)
a

1
2 f

( a

w

)
(7)
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Fig. 12 Tensile stress–strain
curves of the PAE/PLA
blends with varying
compositions [27]

where Fmax is a maximum force from the load–elongation curve, B is the thickness
of the specimen, W is the width of the specimen, and a is the total notch length.

f
(
a
w

)
is the geometry correction factor, expressed as

f
a

w
= 1.99 − 0.41

( a

w

)
+ 18.7

( a

w

)2 − 38.48
( a

w

)3 + 53.85
( a

w

)4
(8)

The toughness of brittle polymers could be drastically increased by blending with
another polymer [25, 26]. Similarly, in SMPs, the combination of two polymers
mostly resulted in a toughness enhancement along with shape-memory effect. The
intrinsic brittleness of PLA (polylactic acid) limited the shape-memory effect as it
breaks up above 5% of deformation ratio. Melt blending of PLA and biodegradable
polyamide elastomer (PAE) has generated an efficient SMP for biomedical applica-
tion with high toughness performance [27]. An elongation of 194.6% was recorded
for PAE/PLA blend with 10% of PAE content (Fig. 12). The shape recovery pro-
cess in PAE/PLA blends is different from the traditional shape-memory polymers.
In PAE/PLA blend, the temporary shape is formed at room temperature. While the
amorphous PAE region deforms upon elongation, the crystalline PLA region act as
the cross-link points to keep the original structure. The entire recovery process is
shown in Fig. 13.

Polyurethane (PU)-based SMP with tunable toughness suitable for biomedical
applications was developed by a post-polymerization cross-linking method [28].
Post-polymerization cross-linking was achieved by solution blending of PU with
polythiol cross-linking agents and photoinitiator and subsequent UV irradiation.
Stress to failure behavior of PUbased SMPwith different cross-link densitywas stud-
ied. They exhibit high toughness, especially the low cross-link density PU, for which
toughness exceeds 90MJ/m3 at select straining temperatures. Similarly, polymer net-
works based on (meth) acrylate monomers are strong candidate for shape-memory
polymers. Stress–strain response of (meth) acrylate-based SMPs systematically var-



212 P. Poornima Vijayan

Fig. 13 Illustration of cyclic
stretch-recovery process in
PLA/PAE blend with 10%
PAE contents [27]

ied with monomer functionalities, concentrations, and chemistries [29]. By varying
chemistry and cross-linking density, a divergence point in network toughness was
revealed.

The inherent brittleness of epoxy-based SMP due to their high cross-link den-
sity limit their applications as smart engineering and structural materials. Different
strategies were adopted by researchers to improve the toughness of epoxy-based
SMPs. Introduction of partial crystallinity into the epoxy network, by cationic poly-
merization with PCL and PPDL effectively increased the toughness of SMP [15].
Figure 14 represents the variation of fracture energies with epoxy content. As the
concentration of PCL or PPDL increased, the toughness of SMP increased but the
effect of PCL is more significant. This difference in toughness is due to the higher
degree of crystalline macrophase formation due to strong segregation of PPDL in
PPDL/epoxy-based SMPs when compared to PCL-based system.

7 High-Temperature Nanoindentation Technique

The shape-memory effect in homogenous bulk materials are well studied using
dynamic mechanical analysis (DMA), while nanoindentation provides information
on shape-memory process at the nanoscale. Understanding of shape recovery at
nanoscalewill be applicable in the design of small-scale actuators for various biomed-
ical and microsystems [30]. Nanoindentation is a depth-sensing technique, conven-
tionally used to study the mechanical properties of nanometer-scaled volumes of
materials. In an advanced attempt, high-temperature nanoindentation test is used for
the characterization of thermally induced shape-memory property. For this purpose,



Mechanical Properties of Shape-Memory Polymers, Polymer … 213

Fig. 14 Fracture energy of
epoxy/PPDL-based SMPs
(black) and
epoxy/PCL-based SMPs
(gray) [15]

the nanoindenter is integrated with a microheater and a temperature control and
monitoring system. So that, the SMP specimen to be activated at elevated tempera-
tures enable proper implementation of the thermomechanical cycle. The load–depth
curves of the SMPare obtained at various temperatures, fromwhich the instantaneous
moduli are calculated using the following equation:

E = 1 − ν2

1
Er

− 1−ν2
i

Ei

(9)

where Er =
(√

π

2 · (1.034)
)
(S/

√
πa2), S is the elastic contact stiffness and a is the

indenter-sample contact radius. Ei and νi are the elastic modulus and Poisson’s ratio
of the indenter.

The temperature dependent modulus of the SMP has a similar trend as that from
dynamic mechanical analysis, which makes nanoindentation as a promising tech-
nique for characterizing the shape-memory cycle.

Fulcher et al. [31] used nanoindentation technique to study the shape-memory
properties of epoxy-based SMPs. Nanoindentation test enables to follow up the
shape-memory process by analyzing the load–depth curve and surface profile below
and above Tg of the SMPs. The load–depth curve becomes less stiff with an increase
in temperature, since the material changes its state from a rigid plastic to a soft rub-
ber as shown in Fig. 15a. When SMPs is activated at high temperatures, they can
undergo larger deformation as shown in Fig. 15a, which is favorable for applications
involving morphing deployable structures. When activated at elevated temperatures,
the SMP surface has a large amount of “sink-in” which indicates large-strain elastic
deformation (Fig. 15b).

Wornyo et al. [32] studied the effect of cross-link density on thermally induced
shape-memory properties of copolymer based on diethylene glycol dimethacry-
late and polyethylene glycol dimethacrylate using nanoindentation technique. They
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Fig. 15 a Indentation load–depth responses at various temperatures, b surface profiles of obtained
at various recovery temperatures for epoxy-based SMP [31]

observed the temperature-induced shape recovery of the nanoindentations using
atomic force microscopy (AFM). AFM images, which monitor the recovery pro-
cess in acrylate monomer and acrylate monomer/cross-linker combinations is given
in Fig. 16. The indents was found to shrink as increasing temperature. The indents
eventually diminished in the vicinity of Tg. For impressions placed at ambient tem-
perature, the indent shape recovery profile shifts to higher temperatures as cross-link
density and glass transition temperature increase.

8 Conclusions

As emerging smart materials, shape-memory polymers are capable to make key
changes in biomedical, automobile, electronic, textile, and aerospace industries.
Evaluation of both static and cyclic mechanical properties of these shape-memory
polymers are critical to assess their suitability for the abovementioned applications.
The current chapter outlined the fundamentals of both static and cyclic mechanical
properties used to characterize the shape-memory polymers. The factors influencing
the static mechanical strength, toughness, and shape-memory parameters are dis-
cussed by citing the examples of epoxy, polyurethane, and PCL-based SMPs, their
blends, and composites.

Various factors affecting the strength and toughness were discussed. In fiber-
reinforced SMP composites, the fiber content has a significant role in enhancing the
mechanical properties including the strength, modulus, and toughness. At the same
time, reinforcing fillers have little effect on shape-memory properties as it mainly
depends on polymer chain interactions rather than polymer–filler interaction. While
cyclic compression tests were effectively used to study the shape-memory behavior
of SMP foams and gels, physical bending tests are found suitable for high cycle
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Fig. 16 Tapping mode AFM images show the evolution of shape recovery from room temperature
to the recovery temperature for a tert-butyl acrylate monomer (l00tBA) and b diethylene glycol
dimethacrylate (DEGDMA) cross-linker/tert-butyl acrylate monomer (50DEG50tBA) [32]
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life determination in SMPs. The role of crystallinity, cross-link density, and rein-
forcement on mechanical and shape-memory performance are well studied using
the mechanical testing procedures. The cyclic mechanical tests have been proved
as efficient shape-memory probing tools, which contributes in developing potential
SMPs for various future applications ranging from portable electronic devices to
aerospace. The efficiency of nanoindentation to follow up the shape-memory prop-
erties in nanoscale dimension has been well discussed in this chapter. It has been
proved as a promising technique in designing small-scale actuators for biomedical
and microsystems.
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Biodegradable Shape-Memory Polymers

Leire Ruiz-Rubio, Leyre Pérez-Álvarez and José Luis Vilas-Vilela

Abstract Biodegradable shape-memory polymers (BSMP) have arisen as highly
promising materials for biomedical applications due to their valuable properties.
Their chemical and structural diversities, low toxicity, biodegradation, and resorption
added to their capability to adapt their shape due to their shape-memory property
make themexcellentmaterials formany implantable devices. In this chapter, themain
characteristics of these materials and their applications in biomedicine are described.

1 Introduction

Biomaterials need to fulfill complex requirements, which are determined by a specific
application. As such requirements can differ significantly from case to case,materials
should be adjusted for any specific application [1, 2]. The choice of a suitablematerial
in order to get the desired functions is crucial and will be only possible when the
characteristics on the molecular level can be tailored to obtain the desired properties
in the finalmaterial.Multifunctional biopolymers that combine two functions such as
shape-memory effect and biodegradability [3, 4] are of special interest, specifically
in uses into the human body.

On the other hand, growing environmental concerns of the necessity of sustain-
able growth promote the production and use of biodegradable polymers, especially
those which are obtained from renewable resources. The major part of biodegradable
polymers are polyesters, and in particular, aliphatic polyesters. Even more, to obtain
aliphatic polyesters practically all monomers can be synthesized from renewable
resources [5], although biodegradable polymers can be produced from petrochemi-
cal sources as well.
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Fig. 1 Schematic representation of an SMP. a, b temporary shape by deformation of the network,
b, c fixation of temporary shape, and c, b recovery of permanent shape

Shape-memory polymers (SMPs) are emerging as advanced materials for many
demanding applications, such as biomedical or engineering. This kind of materi-
als can be described as dual, triple, or even multi-shape memory depending on the
number of temporal/permanent shape transitions that the material could have under-
gone as a response to an external stimulus. The main stimuli capable of triggering
the response of the material are temperature, pH, light irradiation [6–8], and redox
condition, among others [9]. However, the most reported shape-memory polymers
respond to a thermal variation, being the temperature in which the shape change
induced defined as “switching” or transformation temperature (Ttrans). At this tem-
perature, the shape of the materials changes from temporary to permanent shape.
The transition temperature of the shape memory is related to the main transitions of
the polymers, that is, to the glass transition (Tg) or the melting temperature (Tm),
being often the SMPs subcategorized as Tg- or Tm-based SMPs [10].

The permanent shape could be fixed by physical interactions (physical bonds,
forming interpenetrating networks or/and similar structures) or chemical interactions
(covalent bonds). These interactions form the network capable to establish the shape
memory and the bonded sites are commonly termed as netpoints. Although both
interactions could successfully formSMP, chemical cross-linkedSMPestablishmore
stable permanent shape. A general shape-memory transition scheme is depictured in
Fig. 1. It is important to notice that every SMP presents two key components that
could define the permanent shape and the triggering zones, these are the netpoints and
switching domains [11, 12]. The switching domains could be fixed by crystallization
and vitrification of the SM polymer depending on the main thermal transition, Tg or
Tm [9].

Among all the polymeric materials used to fabricate SMPs, biodegradable poly-
mers have emerged as interestingmaterials. Their biodegradabilitymade them highly
suitable materials to develop temporal biomedical devices (i.e., sutures, catheters,
and stents) that could be absorbed in the human body avoiding the necessity of being
removed then after their implantation. The other, not less important, aspect is that
an adequate synthesis of these BSMP could allow obtaining a transition temperature
close to body temperature.
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2 Biodegradable Shape-Memory Polymers (BSMP)

The use of biodegradable polymers has arisen due to the growing environmen-
tal concerns. The environmental issues are derived from the disposable polymers.
Biodegradable polymers are promising materials capable of replacing the most com-
monly used petroleum-based polymers. The bio-based materials have been syn-
thesized from microorganisms (polyhydroxyalkanoates, (PHAs)), by diverse poly-
merizations (polylactic acid (PLA)) or from biomass (starch). In addition, some
widely used biodegradable polymers have petroleum-based origin, such as poly(ε-
caprolactone) (PCL) and several aliphatic polyesters, among others [13–15]. In gen-
eral, these polymers present in their structure hydrolytically or enzymatically break-
able groups, including esters, amides, carbamates, or similar groups.

The degradability of biodegradable polymers is considered essential in some
biomedical applications. The biodegradability added to the shape-memory properties
has given rise to the interest on biodegradable shape-memory polymers (BSMP). The
main advantages of BSMP are the capacity of adapting their shape, due to the shape
memory, and the possibility to avoid a second surgery to remove the device since
they are biodegraded in the body. The exposition to biological fluid and/or tissues
allows the biodegradation of these polymers.

2.1 Poly(Lactide) and Its Derivatives

Poly(lactide) (PLA) and their derivatives are one of the most widely used class of
BSMP. Poly(L-lactide) (PLLA) presents good mechanical strength, biocompatibil-
ity, and biodegradability, making it highly desirable for biomedical applications.
However, PLLA presents some limitations such as reduced hydrophilicity and pro-
cessability, and high crystallinity and rigidity [16]. In addition, significant varia-
tions on its properties have been described depending on its microstructure. That is,
poly(L-lactide) (PLLA) is semicrystalline whereas poly(D, L-lactide) (PDLLA) is
amorphous. PLLA presents a Tg between 60 and 65 °C and a Tm of 175 °C, besides
PDLLA a Tg of 55–60 °C [14, 17].

The crystalline region of PLLA has been used as a permanent physical net-
work, being the shape-memory drive its Tg [18–20]. In addition, some authors have
described shape-memory effect based on physical cross-links in its copolymers [21,
22]. Among the PLA-based copolymers, poly(lactide-co-glycolide) has emerged as
very important materials in biomedicine and several studies have reported the shape-
memory effect on materials based on this polymer [23–25].
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2.2 Poly(caprolactone)

Poly(ε-caprolactone) is a semicrystalline polymer prepared by ring-opening poly-
merization from ε-caprolactone, a seven-membered cyclic monomer. It has a Tg

around −60 °C and Tm between 59 and 64 °C. But it degrades more slowly than
PLLA [26, 27]. Salvekar et al. [28] have reported the shape-memory effect (SME) of
unmodified PCL at low temperatures. Both copolymerization process and/or cross-
linking make PCL with tailored mechanical and shape-memory properties. Since
the Tg is below zero, the shape memory is triggered by Tm. So the modification of
the Tm, by blending, by copolymerization of PCL, or by adding a covalent network
modulates the shape-memory effect of PCL [29–33]. As an example, some authors
[33–35] have described PCL-based semicrystalline polymers with SME prepared by
Diels–Alder reaction.

2.3 Other Polymers

There are limited examples of BSMP non-related with PLA and PCL, being
polyurethane-based materials the most used after these main groups [36, 37].
Wang and co-workers [38] have reported the polyurethane-based poly(lactide-co-
p-dioxane) BSMP synthesized by diosiisocyanate and butanediamine.

Less used but also present are natural polysaccharide-based BSMPs. Starch-based
shape-memory polymers have good SME comparedwith some synthetic SMP aswas
reported by Véchambre et al. [39, 40]. In addition, chitosan has been used in several
BSMP formulations with epoxy compounds to develop biodegradablematerials [41].

3 Applications of Shape-Memory Polymers

There are numerous applications in which shape-memory polymers could be used
such as intelligent packaging, sensors, self-repairing bodies of cars, or electrodomes-
tics [42]. However, shape-memory polymers have emerged in the last decades as an
important class of materials mainly for biomedical applications. One of the first
attempts to apply this kind of materials was described by Echigo and co-workers in
1990 [43]. In their study, an occlusion device for a percutaneous ductus arteriosus
occlusion technique was described based on the shape-memory effect of polynor-
bornene. In addition, the use of biodegradable polymers for biomedical applications
has significantly improved their applicability. Lendlein and Langer were pioneers
in the use of biodegradable shape-memory polymers in biomedical applications,
describing temperature-responsive shape-memory self-tightening sutures fabricated
with caprolactone oligomers [3].
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Biodegradable shape-memory polymers usually present low toxicity, excellent
biocompatibility, and tunable properties which, added to their shape-memory capa-
bility, make them a highly interesting type of multifunctional materials. This multi-
functionality could be essential to develop advanced medical devices used for mini-
mally invasive surgery. The main applications of these materials in biomedicine are
in implantable devices, drug delivery, tissue engineering, stents, and wound closure.

3.1 Tissue Engineering

Injuries, traumas, and several diseases could produce tissue degeneration in the
human body. Since conventional tissue transplantation from the same or another
patient is not always available, the need to regenerate these damaged tissues has
given rise to the so-called tissue engineering. The shape-memory capacity of the
BSMP added to the biodegradability allows the facile implantation of the device
and the biodegradation of the scaffold once the tissue has been regenerated [44, 45].
BSMP-based scaffolds have been developed for different tissue regenerations such
as skeletal muscle [46–48], nerve [25, 49, 50], or vascular tissue [51]; however, the
main application of these materials is bone tissue regeneration [52–56].

The pioneering studies in this area had focused on the development of 2D scaf-
folds. Neuss et al. [57] studied the influence of the shape-memory effect on the
cell adhesion onto poly(ε-caprolactone)dimethacrylate (PCLDMA) scaffolds and the
biocompatibility of this material. Oligo(ε-caprolactone)dimethacrylate (PCLDMA)
networks were obtained by photocuring of the DMA into a mold above the Tm of
the material (52 °C). Cylindrical samples 12 mm in diameter and sample weight
approx. 100 mg were used as scaffolds for biological tests. They reported the cyto-
compatibility of PCLDMAwith three primary cell types (Human mesenchymal stem
cells (hMSC), Human omentum majus cells (HOMC), and Rat omentum majus cells
(ROMC)). The direct influence of thermally activated shape memory on the adhered
cells was evaluated for the first time. After activation of the shape-memory effect, the
cell monolayer was disconnected, the shears forces induced by the shape variation
reduced the cells present in the surface (some cells underwent apoptosis), although
no necrotic cells were observed by the authors. In addition, this study revealed that
temperature elevation that triggers the shape memory did not affect the cell survival,
being the mechanical stimulation responsible for the cell monolayer disruption. It is
worthy to notice that 3D cell culture by using 3D scaffolds has arisen as a highly
interesting method. Several advantages have been described for this method. Among
others, it could promote levels of cell differentiation and tissue organization that the
2D culture systems are not capable to reach [58].

BSMP-based 3D scaffolds have also been developed for tissue regeneration. Sev-
eral strategies have been used to fabricate this kind of structures, such as casting, [59,
60] electrospinning [56], or 3D printing [61, 62]. As an example, Bao and co-workers
[56] studied the osteoblast adhesion and growth on poly(D,L-lactide-co-trimethylene
carbonate) (PDLLA-co-TMC) scaffolds fabricated by electrospinning technique.
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Fig. 2 Simulation of the implantation of biodegradable shape-memory scaffold adapted to an irreg-
ular bone defect. Reproduced from Woodard et al. [63] with permission. Copyright 2017. ACS

They reported the excellent biocompatibility of these materials and the good adhe-
sion and proliferation of the osteoblast. The results of biomineralization, including
alkaline phosphatase (ALP) expression andmineral deposition, were reported. These
results give information about the effectiveness of the bone formation in PDLLA-
co-TMC scaffolds. The studies revealed that the biomineralization-relevant alkaline
phosphatase expression and mineral deposition in vitro were promoted, that is, the
material presents good bone-forming ability.

Another possible application of biodegradable shape-memory polymer scaffolds
is to repair bone defects. The capability of BSMP to adapt their shape makes them
highly interesting materials to repair irregular bone defects. In this context, Woodard
et al. [60] reported the use of shape-memory scaffolds fabricated by solvent casting.
They used poly(ε-caprolactane)-poly(L-lactic acid) semi-interpenetrating networks
to repair irregular cranial bone defects. These biodegradable structures were capable
to successfully fit in irregular cranial defects and to improve the osteointegration. In
Fig. 2, a simulation of the designed device is shown.

Shape-memory capability of these materials could modify the surface topography
allowing the control over cell orientation, growth, and differentiation. Several authors
have reported that the microgrooves present on BSMP surfaces could induce aligned
cell culture. When the shape recovery is triggered, anisotropic topographies change
to flat featureless surface, this loss of the topography decreases the cell alignment
without losing their viability. The control over the cell orientation allows the control of
cellular function/differentiation [64–68]. An excellent example of this behavior was
described by Mengsteab and co-workers [65]. The fabricated PCL-based surfaces
patterned with nanogrooves are capable to switch their orientation at 32–37 °C;
this reorganization allows the regulation of cellular differentiation, maturation, and
function. In this case, the shape transition is thermally triggered, and induces a
variation of 90º on the nanogroove pattern. This variation produces a modification on
the contractile direction and structural organization of cardiomyocyte sheets (Fig. 3).
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Fig. 3 Contraction analysis of cardiac cell monolayer reorganization culture on PCL-based SMP
before and after its shape transition. a and b indicate the direction of contraction at each location in
the heat map and the semicircular histograms indicate the directionality of contracting cardiac cells
before and after shape transition, respectively. Pictures d and e are examples of images of NRVM
alignment on surfaces before and after the transition, respectively. Reproduced from Mengsteab
and co-workers [65] with permission. Copyright 2016 Elsevier

3.2 Wound Closure Devices

In endoscopic surgeries, one real challenge is tying a knot which is able to press
wound lips together with the adequate stress to close the wound. When the force is
too strong, necrosis of the surrounding tissue can occur, whereas for a force tooweak,
scar tissue has poorer mechanical properties, and hernias formation could be induced
[3]. As a response to this, biodegradable shape-memory polymers have a special
importance to solve this problem since thesematerials are capable to tying themselves
and their removal is not necessary, because they degrade within a controlled time
interval. These sutures could be loosely applied in their temporary shape and then
heated above the critical temperature (Ttrans) to trigger the shape recovery and tighten
the knot, applying the optimum force [3, 69–71]. An opposite behavior was described
by Huang et al. in their study and they have reported self-untying properties [72].

First, BSMP-based sutures were prepared by Lendlein and Langer. BSMP fibers
used as sutures were fabricated from multi-block copolymers by ring-opening poly-
merization of oligo(ε-caprolactone)diol and oligo(p-dioxane)diol and linked by
2,2(4)-trimethylhexanediisocyanate [3]. These materials were successfully used in a
rat belly, the BSMP-based suture is first stretched to an elongation ratio of 200% and
then the temporary shape is fixed. The wound was closed loosely with the shape-
memory fiber at 20 °C. Then, by increasing the temperature, the shape-memory effect
is activated and as the result, the wound is perfectly closed [3, 9, 22, 27, 73].
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3.3 Stents

The treatment of coronary arterial stenosis (vascular obstruction diseases) can be
performed by the implantation of stents during percutaneous transluminal coronary
angioplasty. The use of balloon-expandable coronary stents was approved in 1994
by the Food and Drug Administration (FDA). However, the first clinical application
of a metallic stent was carried out in 1986. Since then, many advances have been
made in the field of stent engineering, improving both the design and the materials
used in their development. Metal stents can produce a re-narrowing of the artery after
6 months, increasing the possibility of being blocked again. These first-generation
stents, also, needed to overcome some limitations such as low flexibility, stiffness
and compliancemismatches, or thrombogenicity, among others.Manymaterials have
been used in the improvement of these devices, being biodegradable shape-memory
polymers are the most attractive candidates [74–77].

One of the first stents developed with BSMP was the so-called Igaki-Tamai stent.
This self-expansible stent is fabricated with PLLA and is capable to recover its shape
at 37 °C in 20 min [78]. Another example of PLLA-based biodegradable stent is a
bi-layered poly-l-lactic acid (PLLA) and polyglycolic acid (PLGA) device, which is
fully degradable at biological conditions [79].

Several other BSMPs have been used for stent fabrication such as PCL, PLGA,
PHBV, and chitosan, among others. PCL-based stents have been extensively studied.
Nagata et al. have developed photocurable and biodegradable PCL/PEG copolymers
with Ttrans that could be tailored in the 37–60 °C temperature range [80]. Block
copolymers of PCL and PHBV were studied by Xue and co-workers reporting a
complete self-expansion at body temperaturewithin 25 s,much faster shape transition
than most of these devices [81].

Some studies have reported the successful use of chitosan as a main material for
biodegradable shape-memory stents [82]. Nonthermal stimuli-responsive biodegrad-
able stent was developed by Chen et al. Chitosan was cross-linked with an epoxy
compound to obtain the biodegradablematerial used for the stent. The shape-memory
effect was trigged by a hydration of chitosan segments, obtaining a rapid transition
(∼150 s), which is advantageous because it avoids the migration of the device during
its in vivo use [41].

Recently, Zheng and co-workers [13] have reported a biocompatible shape-
memory stents of poly(propylene carbonate) (PPC)/polycaprolactone (PCL) blends,
which showed a fast response and self-expansion at 37 °C (Fig. 4). These devices
present adequate blood biocompatibility, biodegradation, and drug release capability.

Moreover, triple-shape-memory stents have been described by Bellin et al.
[83]. They developed two triple-shape-memory systems, one based on PCL and
poly(cyclohexyl methacylate) (PCHMA) and other based on PCL and PEG. These
materials could allow the fabrication of removable stents that could be inserted in
a compressed shape (A). Once they are adequately placed, they can be expanded,
shape (B), and contracted to shape (C) when they are going to be removed.
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Fig. 4 Images of shape-memory stents based on poly(propylene carbonate)/polycaprolactone
blends designed by Zheng et al. [13]. Reproduced from Zheng et al. with permission. Copyright
2017. ACS

Finally, drug-eluting stents (DESs) are one of the most recent developed
approaches to prevent in-stent restenosis (ISR). It has been demonstrated that the
local drug delivery reduces restenosis rate.Mainly, the drugs used in this kind of stent
have antibacterial properties, and some devices have also incorporated antiplatelet
drugs [84–90]. An example of BSMP-based drug-eluting stents has been reported
by Yang and co-workers [91]. They fabricated a stent by cross-linking PEG-PCL
copolymer loaded with a mitomycin C and curcumin. The stent is capable to recover
a spiral shape (permanent) from a linear shape (temporal) with a transition tempera-
ture around body temperature (Fig. 5). The biological results reveal that the release of
mitomycin C and curcumin reduces platelet adhesion in the early stages and inhibits
smooth muscle cell hyperproliferation.

3.4 Embolization

Sub-arachnoid hemorrhage from aneurysm rupture could severely debilitate a patient
or even cause death [92, 93]. Most common treatment method of this disease since is
minimally invasive for the patients which is based on occlusionGuglielmi detachable
coils (GDCs) and derivative devices. However, even if these platinum devices require
a small incision for their collocation, there are several complications associated to
this procedure, such as a low endothelial cell attachment, low fill volume (of coils
in the aneurysm) and coil compaction, shifting, or migration. The use of BSMP in
this kind of devices has been focused in two strategies: (a) coating platinum devices
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Fig. 5 Shape-memory effect of a cross-linked PEG-PCL reported by Yang et al. a permanent
shape of the stent, b temporary shape, and c permanent shape recovery after the thermal stimulus.
Reproduced from Yang et al. [91], with permission. Copyright 2013. ACS

(coils) with a polyurethane-based foam [94–96] and (b) design devices constructed
entirely by shape-memory polymers [97–99].

BSMPs-based polyurethanes present low thrombogenicity and biocompatibility
being widely used in the construction of hematology-related devices. The shape-
memory effect of these materials combined with the elastic recovery of foams could
present useful properties for an occlusivematerial for embolization [100]. In addition,
the possible risk associated with using a coil design has increased the interest on this
type of BSMP foams for aneurysm occlusion. In these devices, a compacted foam
is delivered to the aneurysm, and a change in the temperature activates the shape-
memory effect leading to the expansion of the foam and filling of the cavity (Fig. 6).

A great effort has been made in the last years in the development of embolization
devices based on biodegradable SMP. In this context, it is interesting to notice the
preliminary in vivo studies of BSMP foams reported by Rodriguez et al. showing
promising results. This work reported a complete vessel wall formation in a porcine
aneurysm [94]. Similarly, recent studies have also reported the use of biodegradable
SMP based on polyurethane foams as peripheral occlusion devices in order to control
abnormal blood flow through vessels. Peripheral occlusion devices could success-
fully block or reduce the direct blood flow reducing pain, dysfunction, and potential
hemorrhage associated with venous insufficiency [101, 102].
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Fig. 6 Schematic diagram of endovascular occlusion device based on BSMP foam: a the device
is pushed near catheter tip by the guidewire, b the guidewire pushes the device out of the catheter,
and c then fills the vessel lumen. d–f In vitro demonstration of developed occlusion device in
37 °C. Reproduced from Rodriguez et al. [98], with permission. Copyright 2014. Elsevier

3.5 Drug release

Biodegradable shape-memory polymers, in contrast with classic SMP, are multi-
functional materials capable of having at least two functions; however, there are few
examples of materials that present not only shape-memory effect and biodegradation
but also a drug releasing capability [4, 103]. The biodegradability of these kinds of
drug delivery systems (DDS) is crucial, since it could avoid the surgical removal of
the implant or device. In contrast with hydrogels, in which their drug release is based
on the swelling capability, SMPs present low swell, so their diffusion coefficients are
low. This low diffusion, added to their toughness, makes fabricating devices capable
of releasing the embedded drugs over long periods of time.

In this context, the drug delivery based on shape-memory polymers could be
divided into two types: (a) drug release induced or enhanced by shape-memory effect
or (b) drug release independent from shape memory [103, 104]. In addition to the
shape-memory effect, the biodegradability of BSMP could have influence on drug
releasing process, since drug diffusion could be increased due to the degradation
of the polymer matrix, increasing the release rate as the degradation advances. It
is important to notice that this delivery based on a degradation process is slower
than processes of the common DDS, such as hydrogels and nanoparticles, being the
release prolonged along the lifetime of the BSMP.
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Only a few examples in which shape memory and drug release are related have
been reported until now. These drug delivery systems described a polymer matrix
with cavities filled with drug and covered with polymer without shape memory that
after a deformation breaks the non-shape-memory cover releasing the drug. Bao
et al. [23] fabricated a drug delivery system based on PLGA microspheres with a
shape-memory effect triggered by ultrasound that is capable to successfully release
lysozyme when the shape memory is activated.

However, the most developed drug carriers are based on systems in which release
and shape memory are independent [22, 103, 105–107]. The key requirements for
designing a device in this kind of delivery systems are (1) shape-memory effect
and degradation behavior should not be modified by drugs, (2) diffusion controlled
release should be enabled, which is independent of the SMP biodegradation, and
(3) the shape programming and recovery processes, which a device should undergo
during its implantation should not change the drug release kinetics [4]. The presence
of the drug could vary the Tg and Tm of the polymer matrix. This could change the
shape-memory behavior of the materials. This variation has been reported in many
developed systems in which the presence of drugs loaded in the polymer matrix
reduces shape-memory behavior [105–107], being in some cases responsible for a
complete loss of the shape-memory effect [108].

4 Conclusion and Future Perspectives

The versatility of biodegradable shape-memory polymers allows their adaptation
to the different requirements demanded by biomedical applications. In addition, the
capability to tailor some of the properties such as chemical stability, biocompatibility,
flexibility, and biodegradability, alongwith their ability as drug carrier,will potentiate
the research based in the development of SMPs.

Such a combination of functions, biodegradability, shapememory, and drug deliv-
ery capability is demanded by biomaterial-assisted therapies, scaffold materials for
reconstructive or aesthetic surgery, and in tissue engineering applications. Multi-
material systems presently applied in these areas cannot fulfill the demands, so
materials that combine the three functions will receive a high interest.

Even more, the use of biodegradable materials not only allows the use as a drug
carrier and avoids the necessity of being removed after their use in the body, but also
is highly used to reduce environmental problems derived from plastic waste.
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Optical, Electrical, and Magnetic
Properties of Shape-Memory Polymers,
Polymer Blends, and Composites

Yu Zheng, Jiabin Shen and Shaoyun Guo

Abstract The polymeric shape-memory materials, which generally trigger the
shape-memory effect (SME) via direct heating, have been the rising star in the field of
smart materials. Recently, numerous efforts have been paid to explore the alternative
methods for realizing SME by indirect actuation, for further extending the practical
application. Incorporation of functional groups or/and fillers is the most convenient
route to endow the shape-memorymatrix with enhanced properties of inductive heat-
ing, which has been rapidly developed to achieve new stimulus-responsive behavior.
Herein, the novel functions of the shape-memory polymers, polymer blends, and
composites including optical, electrical, and magnetic properties will be introduced.
Moreover, the operative mechanism and optimizationmethod of the different proper-
ties will be substantially discussed considering the composition change, morphology
control, and structure design as well as the filler type, concentration, and dispersion.
Finally, an outlook is presented describing the future challenges of this promising
field.

1 Introduction

Shape-memory polymers (SMPs), as a kind of intelligentmaterials, can afford capac-
ity to recover from the temporary shape to the initial state upon an external stimulus
[1–3]. Commonly, the shape-memory effect (SME) is realized based on a reversible
thermal reaction. As the SMPs are heated above the switching temperature (Ts), the
molecular chain would be activated to trigger the shape recovery progress. However,
the thermo-responsive SMPs can onlywork by direct heating, which extremely limits
their applications in some specific environments, such as in body and aerospace.

For further extending the capacity of SMPs, a great deal of work has been con-
ducted to explore the alternative methods for triggering SME by indirect actuation
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[4–8]. With respect to the SMPs relying on thermal effect, the key point is to heat the
materials to a temperature above Ts. Hence, the stimuli which can induce tempera-
ture rise are all theoretically feasible to be applied. Inspired by that, different kinds
of functional groups or/and fillers are introduced into SMPs to achieve the enhanced
properties of inductive heating. By so far, various original triggeringmeans have been
demonstrated in literatures, in which the photoirradiation, application of electrical
or magnetic field are the most frequently investigated [7, 8].

With incorporation of light-sensitive fillers or/and groups, such as the carbon
nanoparticles, cinnamic acid, and azobenzene groups, SMPs can obtain optical prop-
erties of photothermal effect (PTE) and reversible photochemical reaction under light
irradiation [9]. The former one can convert the light energy into heat and induce tem-
perature rise to trigger SME, which is similar to the thermal effect. In contrast, the
latter one acting as the shape-memory switch can achieve SME by using light of
alternative wavelength (λ) instead of increasing the sample’s temperature. Since
light can travel a long distance, it is easy to realize remote activation of molecular
motion insidematerials.Moreover, the spatially controlled recovery is achievable via
micro-localized light stimulation. Particularly, the light-responsive processes can be
halted and resumed “on-demand” by turning the light off and on. With these advan-
tages, the light-responsive SMPs (LSMPs) provide a great potential to be applied as
biomedical instruments, photonics, and photo-driven actuators [10–12].

As another typical heating source, Joule heating created by passing the electricity
through the conductive network is the most convenient one of all kinds of indirect
stimulation. On the basis of the Joule’s law, the heat generated in unit time at a cer-
tain voltage is governed by the electrical property of the SMP composites (SMPCs).
Hence, the challenge for realizing fast electrical response is optimizing the conduc-
tivity. With this regard, many chemical and physical methods, including ultrasonic
treatment, surface modification, hybrid fillers, and assembly of conductive channels
and layers, have been carried out to improve the distribution of conductive fillers
(e.g., carbon nanotubes (CNTs), carbon black (CB), and graphene), for ensuring the
efficient transfer of their electrical property to the SMPmatrix [4]. On the other hand,
fillers can usually promote themechanical properties of SMPs, resulting in a stronger
recovery stress to execute some mechanical works. These superior performances
develop the electro-responsive SMPCs (ESMPCs) to be used as smart actuators,
which are important in extensive applications such as self-deployable instruments
for aerospace environment valuation and related testing [13].

Besides, the inductive heating can be also achieved by the creation of magnetic-
responsive SMPCs (MSMPCs). In an alternatingmagnetic field (AMF), themagnetic
nanoparticles can generate heat through eddy current loss, hysteresis loss, or/and
additional mechanisms dominated by the sizes of the particles [14, 15]. When a
deformed MSMPC is heated by the fillers to a temperature exceeded Ts, shape
recovery would be observed. Numerous types of magnetic nanoparticles, such as
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Ni, Fe, Fe2O3, and Fe3O4, have been used to fabricate MSMPCs. In addition, dif-
ferent methods have been employed to enhance the dispersion of fillers, including
solution mixing, in situ polymerization, and surface modification, for better spread-
ing of the magnetic-induced heat into the SMP matrix [16]. With the advantages of
remote and spatial control provided bymagnetic stimulus,MSMPCs can be designed
and tailored to meet potential applications such as biomedical devices, drug release,
sensors, etc. [17, 18].

In this chapter, the above three different functions resulting from adding groups
or/and fillers to shape-memory matrix will be sufficiently discussed: optical prop-
erty (Sect. 2), electrical property (Sect. 3), and magnetic property (Sect. 4). The new
stimulationways developed by these properties will be highlighted.Moreover, differ-
ent methods to tailor and optimize the corresponding property are comprehensively
introduced. Finally, an outlook on the future research trends of this promising field
will be presented.

2 Optical Properties

2.1 Optical Response

After incorporating with light-sensitive groups or/and fillers, SMPs would be
endowed with light-responsive property to realize SME through light irradiation. As
schematically shown in Fig. 1, two common routes are known in the literature. The
first method is based on the reversible photochemical reaction, such as the reversible
photocross-linking. In this case, light plays a role in both processes of the temporary
shape fixation and permanent shape recovery, thus the stimulation has no relation
with the temperature effect. In contrast, the second strategy is to heat the SMPs to T
> Ts by PTE, and light is used only for triggering the shape recovery progress but is
not involved in the formation of temporary shape.

Fig. 1 Schematic illustration of the light-responsive shape-memory progress based on either the
reversible photochemical reactions or PTE
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2.1.1 Photochemical Reaction

The LSMPs containing photosensitive groups can undergo the desired photochem-
ical reaction via absorption of photons. Instead of directly heating the materials,
light is applied to trigger the shape fixation and shape recovery stages. This kind
of LSMP was first reported by Lendlein et al. at [19]. In their work, cinnamic acid
(CA) and cinnamylidene acetic acid (CAA), which enable efficient reversible [2+ 2]
cycloaddition reactions when irradiated with alternating λ, were used as the molecu-
lar switches to prepare the amorphous LSMPs. Figure 2 exhibited the light-triggered
shape-memory cycle, together with schematic diagram showing the operative mech-
anism. When the polymer film was deformed by external stretching stress and then
was exposed to UV light of λ > 260 nm while maintaining the stress, the new cross-
links would be formed through dimerization of CA (Fig. 2A) or CAA (Fig. 2B)
groups so that the elongated chain segments could be partially fixed in their uncoiled
conformation. After removing the external force, a temporary shape could be fixed
without cooling. Upon exposure to UV light of λ < 260 nm, the cross-links were
reversibly cleaved and the permanent shape was recovered. By comparison, the sam-
ple with CA groups exhibited a better shape recovery performance. However, the
efficiency of the temporary shape fixation was rather limited because that the light-
induced cross-linking network failed to completely restrain the recovering tendency

Fig. 2 Light-responsive shape-memory performances: the shape-memory progress of A the poly-
mer containing CA side groups upon irradiation of UV light, and B the interpenetrating polymer
network containing CCA groups exposed to UV light, and C the feasible molecular mechanism
(photos a, b, and c in each figure are the permanent, temporary, and recovered shapes, respectively).
Adapted and reproduced from [19] with permission from Nature Publishing Group
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of the deformed sample. Moreover, it was hard to realize a full recovery due to the
incomplete photocleavage of the new cross-links [19].

On the basis of the same mechanism, a light-responsive polyesterurethane com-
prising poly(L-lactide) (PLA) and poly(ε-caprolactone) (PCL) bearing photosen-
sitive cinnamamide pendant groups (CPG) were synthesized. When the deformed
sample was exposed to UV light ofλ > 260 nm, the PCL chains would be photocross-
linked through the dimerization of CPG, affording ability to fix the temporary shape
to some extent after removing the external force. However, the fixity ratio (Rf) of
the sample with 20 wt% content of CPG was only 50%. Under the stimulation of
UV light of λ < 260 nm, shape recovery was triggered by photoinduced breakup
of cyclobutane bridges between the PCL chains. Moreover, the recovery ratio (Rr)
could be optimized to 95% via tailoring the composition of PLA and PCL [20].
In a more recent study, the light-responsive monomer N,N-bis(2-hydroxyethyl)-9-
anthracene-methanamine was embedded into poly(ethylene glycol) (PEG), and then
this anthracene-functionalized PEG precursor was coupled with PLA to produce a
novel LSMP. By applying UV light of alternating λ (365 and 254 nm), this material
exhibited SME because of the reversibility of [4+ 4] cycloaddition reaction between
pendant anthracene groups [21].

Another typical class of light-responsive material is the azobenzene-containing
liquid crystalline network (azo-LCN) possessing ability to realize reversible trans–cis
photoisomerization. A light-driven film containing azo-LCN was prepared by ther-
mal cross-linking the liquid-crystal monomer (4′-ethoxy-azobenzyl-4-(6-oxyhexyl-
1-alcohol) acrylate, molecular 1) with a diacrylate cross-linker (4,4′-Azo-bis[6′-
(phenoxy)hexyl acrylate], molecular 2), both of which have azobenzene moieties
(see Fig. 3). The film could be bent upon exposure to 366 nm light at T > Tg and the
deformation direction kept parallel to the direction of light polarization.When visible
light of λ > 540 nm was applied to the curly film, it reverted to the initial flat form.
As irradiated with the linearly polarized light, the conversion of trans isomer into cis
isomer of the azobenzene moieties would induce reduction in microscopic size and
ordering of the liquid-crystal components, leading to surface contraction along the
direction of light. Subsequently, the bending deformation of the film was recovered
through visible light irradiation which triggered the configurational change from cis
form to trans form [22]. Besides, the bending direction could also be changed to
be away from light through aligning the azobenzene mesogens perpendicular to the
film surface. This fantastic performance developed the potential application of novel
photomechanical devices, such as the light-driven plastic motor [23].

Instead of using light of alternating λ to control the isomerization of azobenzene
mesogens, the 442 nm visible light which can simultaneously trigger trans–cis and
reverse cis–trans transition was applied to realize SME of azo-LCN at room temper-
ature. As shown in Fig. 4, a bended shape was obtained by irradiation with the linear
polarization light (E) whose direction is parallel to the long axis (x) of the sample.
Subsequently, the temporary shape was maintained by removing E, and then recov-
ered to the straight form by using circularly polarized light (CPL). Particularly, the
fixed shape after exposure with 442 nm light could be maintained for a long time. It
was speculated that the stimulation directly changed the entanglement and configu-



242 Y. Zheng et al.

Fig. 3 Chemical structures of the liquid-crystal monomer (molecule 1) and cross-linker (molecule
2), and the photographs of the film bending in different directions as irradiated by linearly polarized
light of different polarized angels at 366 nm, and then being recovered to the flat form again by
visible light longer than 540 nm. Adapted and reproduced from [22] with permission from Nature
Publishing Group

ration of the polymer chains, resulting in the similar effect of thermal fixing of glassy
SMP. As exposed with CPL, the reconfigured polymer network was randomized and
recovered to its original state [24]. Furthermore, Fig. 5 exhibited that the visible light
with tunable oscillation angle could make azobenzene mesogens undergo repeated
isomerization back and forth, inducing polarization-controlled bidirectional bending
of azo-LCN. Inspired by that, the light-driven cantilevers composed of azo-LCN
were produced, and the frequency and amplitude of the oscillations could be tuned
by adjusting the sample length, laser beam power density, and air pressure [25–27].

2.1.2 Photothermal Effect

Considering that the shape-memory switch is usually controlled by Ts, the additives
or fillers which can induce PTE by strong absorption of light and efficient conversion
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Fig. 4 a Chemical structures of the cross-linking monomers and azo-LCN. b The bend state of a
cantilever formed by exposure to the paralleled E (i), fixation of the bent form after turning off E (ii),
recovery to the flat shape upon CPL irradiation (iii), and after turning off the excitation light (iv).
c Light-responsive shape-memory progress of a freestanding film: the initial shape (i), mechanical
bending (ii), fixation by light irradiation (iii), the temporary shape retention after removing the light
(iv), shape recovery by exposure to CPL (v), and the recovered shape (vi). Adapted and reproduced
from [24] with permission from Royal Society of Chemistry

of light into heat have been used to realize light actuation, such as ligands, CNTs, CB,
graphene, and gold particles, among others. Unlike the SME achieved by reversible
photochemical reaction, the temporary shape of the photothermal-triggeredmaterials
is formed through thermal–mechanical programming and then recovered to the initial
form via photoheating.

The organic ligands can be incorporated into the molecular structure to ensure a
homogeneousmaterial. Kumpfer and coworkers prepared a light-responsivemetallo-
supramolecular polymer by adding the metal salts into the covalently cross-linked
polybutadiene (PB) end-capped with a metal chelating ligand, 4-oxr-2,6-bis(N-
methylbenzimidazolyl). The dynamic metal–ligand complexes separated by the
cross-linkable PB core played the key role in determining the fixation and release of
the temporary shape. As shown in Fig. 6, the absorbance of 320–390 nm UV light
by the ligands would induce PTE and dissociate the metal–ligand complex, allow-
ing the material to be deformed. After removing the light at the temporary shape
stage, the new metal–ligand complexes were formed and acted as the cross-links to
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Fig. 5 a The optical setup for azo-LCN cantilever: argon-ion (Ar+) laser, spherical lens, and polar-
ization rotator. b The azo-LCN cantilever placed with the nematic director (n) parallel to the x (i),
bending 42° as exposed to E polarized orthogonal to n (E⊥n) (ii), bending to almost 90° as exposed
to E polarized parallel to n (E//n) (iii), and recovering to its original position upon blocking the laser
at any point (iv). Reprinted from [25] with permission from Royal Society of Chemistry

fix the deformation. Upon irradiation with the UV light again, the PTE dissociated
the physical cross-links and actuated the shape recovery [28]. In another example, a
light-responsive liquid crystalline elastomer was further fabricated via incorporating
a mesogenic derivative of the 2,6-bisbenzimidazolylpyridine ligand. As the ligand
absorbed UV light, the sample was heated above the liquid crystal transition through
PTE, which in turn triggered the shape recovery back to the permanent shape [29].

Unlike the ligands that can be designed as a part of the polymer, the other fillers
need to be homogeneously dispersed in the SMP matrix so as to fabricate efficient
light-responsiveSMPCs (LSMPCs).As early as in 2004, the light-driven recoveryhas
been achieved based on thermoplastic polyurethane (TPU) elastomer incorporating
with well-dispersed multiwalled CNTs (MWCNTs). Stretching the material at room
temperature induced crystallization of TPU and the newly formed crystals could
act as physical cross-links to fix the temporary shape. On exposure to near-infrared
(NIR) irradiation, the nanocomposite with only 1 wt% MWCNTs could be heated
to the temperature above Tm of the TPU crystals (~48 °C), indirectly triggering the
shape recovery progress [30]. In another work, the sulfonated graphene sheets were
introduced into TPU to fabricate light-driven actuator with excellent mechanical
properties by distribution control. The sample with 1 wt% graphene showed striking
contraction from the stretched shape to the permanent state on exposure to NIR light,
accompanied by the release of strain energy with energy density of 0.33 J g−1 [31].
Additionally, CB with PTE can act as the heating agent to activate shape recovery.
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Fig. 6 The shape-memory cycle combiningUV light irradiation: a dissociation of themetal–ligand
complex via UV light irradiation, b deforming the sample by manual stretching while irradiated
with UV light, c removing force and UV light to achieve temporary shape fixation, and d shape
recovery via UV light irradiation again. Adapted and reproduced from [28] with permission from
American Chemical Society

However, the CB filled LSMPCs usually require a higher addition attribute to its
relatively lower efficiency in converting the light into heat [32].

Besides, using the hybrid fillers is another ideal strategy for producing LSMPCs.
Feng et al. observed the infrared (IR)-responsive SME of TPU incorporated by 1
wt% sulfonated reduced graphene oxide (SRGO)/sulfonated CNT (SCNT) hybrid
fillers. When the weight ratio of SRGO to SCNT was 3:1, the TPU nanocomposite
showed an outstanding IR-actuated recovery with a high energy density of 0.63 J g−1

and recovery stress up to 1.2 MPa, which could lift a 107.6 g weight up to 4.7 cm
in only 18 s [33]. Additionally, the hybrid filler network composed of CNTs and
boron nitride (BN) was constructed in the epoxy-based SMP to realize IR-induced
SME. In the nanocomposite, CNTs were employed to absorb light and convert it
into heat and BNs enhanced the heat transfer from CNTs to the polymer matrix,
thus synergistically optimizing the shape recovery performance. The sample with
4 wt% BNs and 4 wt% CNTs could finish 100% recovery under IR irradiation
within 60 s [34]. In a more recent work, a hyperbranched polyurethane (HPU)-based
SMPC incorporating hybrid filler of TiO2 and RGO was presented. The nanocom-
posite system could self-deploy under sunlight stimulation and demonstrate excel-
lent Rr of 91–95% [35]. Moreover, Yu et al. designed a multicomponent LSMPC
consisting of three typical segments, neat epoxy, and the p-aminodiphenylimide (p-
Ap)/epoxy and MWCNTs/epoxy composites. The p-AP and MWCNTs featuring
wavelength-selective and micro-localized light-responsive behavior not only acted
as photoabsorbers to induce SME but also as functional components to accurately
control the quantity of temporary shapes and the shape recovery process. With the
segmental structure and multifunctional property, the LSMPC could exhibit multi-
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Fig. 7 Pictures exhibiting the micro-localized and photo-manipulatable shape recovery processes
of a wavelength-selective multicomposite: a multi-shape-memory effect achieved by irradiation
with light of λ2 = 808 nm and λ1 = 365 nm, b triple-shape-memory effect achieved by only
irradiation with light of λ1 = 365 nm, and c photo-manipulation of shape recovery processes
by micro-localized light irradiation. Reprinted from [36] with permission from Royal Society of
Chemistry

shape-memory behavior through the designed shape programming process combined
with photo-manipulation procedure, as exhibited in Fig. 7 [36].

Except the carbon fillers, gold nanorods (AuNRs) and gold nanoparticles (AuNPs)
can also convert light into heat through the surface plasmon resonance. Hribar
et al. investigated the PTE of an SMPC produced by cross-linking the amorphous
poly(tertbutyl acrylate) with poly(β-amino ester) and AuNRs.With an extremely low
content of AuNRs (<1 vol%), the composite could be heated to above its Tg by apply-
ing the NIR light with intensity of 0.3 w and then finish a full shape recovery [37].
More recently, some further developments in using AuNRs or AuNPs for LSMPCs
have been reported [38–40]. As a representative work, the chemically cross-linked
poly(ethylene oxide) (PEO) loaded with only 0.5 wt% AuNPs could exhibit pho-
toinduced temperature gradient effect to control polymer chain relaxation and strain
energy release. Based on that, the material realized sophisticated and controllable
motions upon exposure to 532 nm light, which could be applied to execute mechan-
ical work [40] (Fig. 8).
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Fig. 8 The light-driven lifting progress of a piece of metal attached to the AuNP-loaded cross-
linked PEO. Reprinted from [40] with permission from American Chemical Society

2.2 Optical Reversibility

Generally, the optical properties are significantly influenced by the surficial and
internal macrostructures of the materials [41–43]. Since the molecular chains could
be deformed and recovered in the shape-memory progress, SMPs are potential
to gain reversible optical property. Zheng et al. prepared LSMPs by introducing
0.1–0.2 mol% AuNRs into the SMP composed of bisphenol A diglycidyl ether, and
then shaped them into micropillar arrays by pouring the AuNRs-filled LSMP solu-
tion into the poly(dimethylsiloxane) (PDMS) mold (10 μm in diameter, 40 μm in
height and 20 μm pillar-to-pillar distance), followed by curing at 100 °C for 1.5 h
and at 130 °C for 1 h, respectively. A bent form of pillars was obtained through
thermal deforming and fixing, and then recovered to the straight form as exposed
to visible light. By locally inducing shape recovery with light, switchable optical
properties of the film from opaque (bent pillar) to transparent (straight pillar) were
realized in the confined region, as shown in Fig. 9 [44]. Similarly, the lightly cross-
linked azo-LCN has been used to fabricate light-responsive microstructured surfaces
which were covered with micropillar arrays. The SME of azo-LCN actuated by UV
light irradiation would induce contraction and recovery of the surfaces, resulting in
tunable light transmittance [45].

In addition to LSMPs, the directly thermal-induced SME has also been employed
to explore reversible optical properties. Xu et al. prepared some micro-optic com-
ponents using the cross-linked poly(ethylene-co-vinyl acetate) with thermal SME.
The surface features of the micro-optics could be easily tailored in a single step via
compression molding. After that, a hot stretching or pressing deformation would
reform their surface features to manipulate the corresponding optical property. The
opaque thin film could become transparent by compressing the uneven surface into
flat form, and regained opacity through heat-induced shape recovery [46]. With
the same method of surface structure control, the multilayer shape-memory mate-
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Fig. 9 a Schematic illustration of the setup for light exposure. b–d Images of the SMP/AuNR
micropillars at different stages: b pristine pillars, c the right half of the sample became opaque by
deformation, and d the selected domain of the sample regained transparency after laser exposure.
Reprinted from [44] with permission from Royal Society of Chemistry

rials containing alternating layers of polyvinyl acetate (PVAc) and PU also real-
ized switchable optical property in the thermal–mechanical cycling progress [47].
In another work, tunable diffractive optical elements (DOEs) were produced based
on a transparent TPU SMP. The material could be easily structured with diverse
diffractive microstructures by hot embossing, and its diffractive capacity could be
further adjusted via thermal–mechanical deformation. Upon exposure to the stimu-
lus heat, the deformed DOE was gradually recovered back to the original state in a
predefined way, displaying the morphing diffractive pattern of a height-tunable or a
period-tunable structure [48] (Fig. 10).

3 Electrical Properties

Joule heating, which is induced by passing the current through the conductive net-
work, is an ideal heating source for actuating SME.With incorporation of conductive
fillers, such as metal particles, CB, CNTs, carbon nanofibers (CNFs), and graphene,
SMPs are endowed with electrical property and able to generate heat at an electrical
field [4–6]. When the ESMPCs are heated to temperature above Ts, the shape recov-
ery would be triggered, as schematically shown in Fig. 11. According to the Joule’s
law, the heat generated in unit time at a certain voltage is governed by the conductivity
of the composite. Thus, optimizing the electrical property governed by the dispersion
of particles is critical for achieving excellent shape-memory performance.
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Fig. 10 a Schematic of the setup applied to visualize the recovery of the SMP-basedDOE. b–d The
change of diffraction pattern on the screen following the recovery progress of the different tem-
porarily diffractive microstructure: b recovery from the temporarily flattened macrostructure to the
structure with full height resulted in the change from a blurry spot to the European Union flag;
c recovery from the temporary 2D phase grating to the complex microstructure resulted in the
change from a grid of dots into a grid of lines; and d recovery from the stretched sample to the orig-
inal shape with the smaller grating period resulted in the increasing distance between the maxima
of the diffraction pattern. Reprinted from [48] with permission from American Chemical Society

Fig. 11 Schematic
illustration of ESMPCs
containing diverse fillers as a
nanoscale heater upon
stimulation of electrical field
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3.1 Electrical Property via Improved Dispersion
of Conductive Fillers

With the advantages of superior mechanical and electrical properties, CNTs are the
efficient agents for improving the conductivity of SMPs.However, CNTs often aggre-
gate into bundles because of their high aspect ratio and van der Waals interactions,
limiting the efficient transfer of their conductive property to the SMP matrix [49].
For addressing that issue, both physical and chemical methods have been conducted
to improve the dispersion of CNTs. As an example, the ultrasound-assisted in situ
polymerization, which can promote the dispersion of CNTs and the formation of
conductive networks has been applied to fabricate ESMPCs with enhanced electrical
conductivity and responsive speed. By selecting the placewhere the electrical voltage
is applied, the produced composites could even present localized electro-responsive
SME (ESME) [50]. Besides, using polymer or surfactant to functionalize the surface
of fillers prior to mixing with SMPs is another feasible route to mitigate the aggre-
gation. With incorporation of 5 wt% acid surface-modifiedMWCNTs, the PU-based
ESMPCs could obtain improved mechanical properties and quick electro-induced
recovery attributed to the strong interfacial-bonding strength between the polymers
and fillers [51]. Appling the same strategy, the efficient ESMEwas realized via bond-
ing the modified MWCNTs with PU/PLA shape-memory blend (SMPB) as well as
PU/poly (vinylidene difluoride) (PVDF) SMPB [52, 53]. In addition, homogeneous
dispersion of fillers could also be achieved through polymer-assisted effect with-
out any surface modification. Mahapatra et al. developed an ESMPC by introducing
MWCNTs into the synthesized PCL-based hyperbranched PU through solvent cast-
ing. It was demonstrated that the branched structure with numerous cavities and
surface groups could significantly improve the dispersion of MWCNTs, resulting in
improved mechanical properties. As shown in Fig. 12, the hyperbranched PU with
5 wt% MWCNTs finished 98% recovery within only 9 s at 40 V [54].

3.2 Electrical Property via Formation of Double-Percolation
Conductive Network

Double-percolation conductive network, which is formed by confined dispersion
of conductive fillers in a co-continuous SMPB, can dramatically reduce the per-
colation threshold, thus giving a promising strategy for fabricating ESMPCs [55].
Wang et al. prepared anESMPCbychemically cross-linking polycyclooctene (PCO)-
MWCNTs/polyethylene (PE) with co-continuous structure and selective distribution
of fillers in the PCO phase. The content of MWCNTs in PCO is 15 vol% and the
composition ratio of MWCNTs-filled PCO and PE is 70/30 vol%. With the well-
separated Tm’s, respectively, afforded by PCO and PE, the prepared composites
exhibited pronounced triple-shape-memory effect (TSME) on the visual observation
by electrical heating at a voltage of 150 V for 2 min, see Fig. 13 [56]. In recent years,
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Fig. 12 a The hyperbranched PU/MWCNT film showing DC conductivity at 9 V. b Forward-
looking infrared radar (FLIR) images of nanocomposites. c The photograph of FLIR testing sample.
dEvolution of the surface temperaturewith conducting time. eDimensions of ESME testing sample.
f Pictures exhibiting the electro-responsive recovery progress. Reprinted from [54] with permission
from Elsevier

Qi and coworkers reported some developments of realizing ESME based on double-
percolation effect. They blended PLA with poly(propylene carbonate) (PPC) and
tailored the phase structure to be co-continuous via composition control. After that,
the MWCNTs were selectively introduced into the PPC phase, and the composite
with only three phr MWCNTs could reach Rr of 97% within 30 s at 30 V [57]. The
same routewas also applied to produceTPU-MWCNTs/PLAandpoly(ethylene vinyl
acetate) (EVA)-MWCNTs/PCL ESMPCs [58, 59]. Moreover, they transformed the
phasemorphology of TPU/PLA (70/30 byweight) blend from sea–island structure to
co-continuous structure by the self-networking capability of CB nanoparticles. The
composites could recover back to their original shape within 80 s at 30 V because
of the stronger recovery driving force provided by the high phase continuity and
excellent electrical conductivity induced by the double-percolation effect [60].

3.3 Electrical Property via Assembly of Conductive Channels

At an external electric or magnetic field, the electronic polarized CNTs would tend
to assemble into conductive chains with electrode distance in micrometer or even
nanometer ranges, which can significantly reduce the electrical resistivity of the com-
posites [61, 62]. Inspired by this, Leng et al. conductedmany researches on preparing
ESMPCs via assembling of conductive channels. A simple waywas employed to sig-
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Fig. 13 a SEM image of the cryo-fractured surface of the PCO-MWCNT (15 vol%)/PE 70/30 vol%
nanocomposite.bThe visual TSMEof the PCO-MWCNT (15 vol%)/PE 70/30 vol%nanocomposite
inducedby electrical heating.Reprinted from [56]with permission fromAmericanChemical Society

Fig. 14 SEM image of the SMP/CB composite with chained CNTs (insets: zoom-in views of one
CNTs chain) and pictures exhibiting the shape recovery progress and the temperature distributions
(sample A: SMP/CB, sample B: SMP/CB/random CNTs, and sample C: SMP/CB/chained CNTs).
Adapted and reproduced from [65] with permission from American Institute of Physics

nificantly improve the electrical conductivity of SMPCs by constructing conductive
Ni chains under a weak magnetic field (0.03 T), which made it more efficient for
ESME [63]. Then, they aligned the Ni macroparticles into chains in an SMPC filled
with CB with the same strategy, resulting in reduction of the electrical resistivity by
over ten times as compared to the same sample with randomly distributed fillers. The
composite with 10 vol% CB and 0.5 vol% chained Ni could realize shape recovery
at 30 V [64]. In addition, the SMP/CB composites with embedded CNTs chains
were fabricated by applying an alternating current electric field. Compared with the
conventional SMP/CB/CNTs composite, the electrical resistivity of those containing
chained CNTs was reduced by over 100 times. Figure 14 exhibited that the sample
with 1 wt% chained CNTs and 15 wt% CB could complete a full recovery within
75 s at 25 V [65].
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3.4 Electrical Property via Incorporation of Conductive
Layers

3.4.1 Coating of Conductive Nanopaper

By assembling the conductive fillers into nanopapers and then coating them as heat-
ing source on the surface of the shape-memory matrix, it would be much easier to
pass current and generate Joule heating. Lu et al. coated a self-supporting network-
CNT nanopaper on the surface of the epoxy-based SMP/CNFs composite to achieve
ESME. The CNFs embedded in the SMP resin could improve the thermal conductiv-
ity to efficiently transfer the heat created by the nanopaper to the underlying compos-
ite, thus could accelerate the electro-stimulus response. At a relatively low voltage
of 16.2 V, the prepared composite realized 98% recovery within 330 s [66]. Then,
the same group presented a work of synthesizing three-dimensional self-assembled
MWCNT nanopaper on the PCL-based shape-memory membrane. With the syner-
getic effect of the electrical property of nanopaper and the shape recovery behavior
of SMP, the developed composites were integrated with sensing and actuating perfor-
mances. Moreover, the electro-driven shape recovery was used to drive up a 5 g mass
from 0 to 30 mm in height [67]. In their another work, the ESMPCs were fabricated
by coating the RGO paper onto the surface of the epoxy-based shape-memory sheets
through resin transfer molding. The RGO paper acted as conductive layer to generate
Joule heating and trigger the shape recovery progress. As shown in Fig. 15, the com-
posite demonstrated adequate electric heating performance and possessed uniform
surface temperature distribution. Besides, the Rr approximated 100%within only 5 s
at a much lower voltage of 6 V [68].

3.4.2 Fabrication of Bilayer Structures

The digitally controlled spin-coating and spraying-evaporation deposition technolo-
gies, which can produce functional membranes with arbitrary thickness and patterns,
are very convenient to fabricate conductive layers. Luo et al. first prepared the silver
nanowire (AgNW) percolating network on a glass substrate by spin coating, and
then added the shape-memory PU solution onto AgNWs, forming a bilayer com-
posite comprising an AgNWs layer inlaid in the surface SMP layer. As a result, the
composite showed superior conductivity and good ESME with Rr more than 80%
within 5 s at 5 V. Particularly, the composite also possessed good flexibility and
could maintain most of the conductivity as the elongation of 12%, demonstrating a
great potential to be applied as sensors [69]. Furthermore, the bilayer ESMPCs were
also prepared by depositing the printed CNT layers on defined locations of the SMP
films. As shown in Fig. 16A, the thicknesses and patterns of the CNT layers could be
easily tuned and designed through spraying-evaporation deposition molding. Thus,
it was simple to adjust the maximum surface temperature and the even temperature
distribution or gradient. The results revealed that the composite with 50 CNT layers
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Fig. 15 a Infrared thermal images of the shape recovery process of the epoxy-based shape-memory
sheet coated with the RGO paper at the voltage of 6 V. b 3D surface temperature distribution photo
after conducting for 5 s. c Visual shape recovery process of the epoxy-based shape-memory sheet
coated with the RGO paper at the voltage of 6 V. Adapted and reproduced from [68] with permission
from Elsevier

exhibited the best electrical property and approximately 100% shape recovery within
30 s at 40 V, Fig. 16B [70].

3.4.3 Construction of Multilayer Structures

The multilayer structure, as a special co-continuous morphology, has extensively
existed in the nature world [71, 72]. Particularly, the property of individual layer in
that architecture can be tailored independently, thus providing an easy method for
preparing functional composites by integrating the capacity of each layer. Lu et al.
formed self-assembled CNF and BN nanopapers through the means of deposition on
carbon fibers at a high pressure. The nanopapers were then coated on the surface of
SMP to fabricate a three-layer composite for enabling electrical actuation via passing
an electrical current through CNFs and carbon fiber. Moreover, the BN nanopaper
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Fig. 16 A Schematical illustration of the fabrication process of CNT/SMPbilayer nanocomposites.
B ESME of the CNT/SMP bilayer nanocomposites: (a) the schematics of the specimen and the
testing setup, (b) shape recovery process of the composites with (I) 50 and (II) 30 CNT layers at
40 V, (c) Rr over the conducting time, and (d) photos of temperature distribution of the composite
with 50 CNT layers during the shape recovery process. Adapted and reproduced from [70] with
permission from Elsevier



256 Y. Zheng et al.

Fig. 17 A Structural morphology of the multilayered nanopaper/SMP nanocomposite. B The tem-
perature distribution and shape recovery progress of the multilayered nanocomposites: (a, b) the
sample incorporated with two-layered CNF nanopaper and (c, d) the sample incorporated with
four-layered CNF nanopaper. Adapted and reproduced from [74] with permission from American
Institute of Physics

could enhance the thermal conductivity of the composite so that the Joule heating
could be more efficiently transferred from the nanopapers into SMP, resulting in
full shape recovery within 80 s at a low voltage of 4.8 V [73]. They also reported
an interesting work in using multilayer structure to realize ESME. As shown in
Fig. 17, a multilayered composite comprising alternating layers of self-assembled
CNFnanopaper andSMPwas fabricated.Byvarying the layer number, the synergistic
effect of the conductive nanopaper and the multilayered interface on the electrical
property and recovery performancewas researched. The results demonstrated that the
CNF nanopaper could not only significantly enhance the bonding strength between
the nanopaper and SMP via van der Waals force but also promote the electrical
conductivity and temperature distribution in the composites. By comparison, the
sample with four-layered nanopaper achieved the best EMSE of full shape recovery
within 80 s at 30 V [74].

4 Magnetic Properties

Commonly, the straight way for SMPs to obtain magnetic properties is incorporat-
ing magnetic nanoparticles, such as iron, iron oxide, nickel, and cobalt, which can
generate heat in an AMF through eddy current loss, hysteresis loss, and/or rotational
loss [14, 15]. When theMSMPCwith a temporary shape is heated to the temperature
above Ts, the recovery progress would be induced. Moreover, the heating efficiency
produced in an AMF was significantly influenced by the particle size. For the parti-
cles in the nanoscale, enough amount of heat required for triggering SME could be
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Fig. 18 Schematic of the
setup for testing the
magnetic-responsive SME in
an AMF. Reprinted from
[75] with permission from
Springer

induced only at high frequency. On the contrary, the micro-sized particles generated
heat via hysteresis and eddy current losses under relatively low f. Figure 18 showed
the typical equipment for exploring the magnetic-induced SME consisting of a high-
frequency (HF) generator, a water-cooled coil, and an IR pyrometer for temperature
measurement [75].

4.1 Magnetic Properties for Shape-Memory Effect

4.1.1 Dual-Shape-Memory Effect

Considering that the magnetic medium has distinct boundaries with the polymer
matrix, surface modification of the particle or cross-linking it to form network are
usually employed to induce dual-shape-memory effect (DSME), which can memo-
rize only one temporary shape in a shape-memory cycle. Back to 2006, MSMPCs
have been fabricated by introducing the nanoparticles composed of Fe2O3 core in
silica matrix into a shape-memory multi-block copolymer with poly (p-dioxanone)
as hard segment and PCL as soft segment. The silica could dramatically improve
the compatibility between the fillers and the SMP matrix, leading to a homogeneous
distribution of nanoparticles. Since the mean domain size of the nanoparticle was
slightly higher than 20 nm, hysteresis and/or relaxational losses were regarded to be
responsible for heating. As an AMF (f = 258 kHz, strength (H) = 30 kA m−1) was
switched on, the nanocompositewith 10wt%surface-modifiedFe2O3 recovered back
to the initial shape by inductive heating, see Fig. 19. Moreover, the final Rr’s were
close to those obtained by directly heating, further demonstrating that MSMPC was
comparable to thermal-responsive SMP [76]. In other work, PEG-10000 was used
as the dispersing surfactant to synthesize Fe3O4 nanoparticles with a diameter of
20 nm by co-precipitation of divalent and trivalent iron salts. After that, PLA/Fe3O4
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composites were produced through hot compression molding, which possessed a
uniform structure because of the weak hydrogen bonding between the Fe–OH group
of nano-Fe3O4 and the C=O of the PLA matrix. The enhanced interfacial interac-
tion endowed the optimization of tensile properties and DSME of the nanocompos-
ites [77]. Besides, polymerization of reactive monomer was employed to give rise
to MSMPCs. With the incorporation of Fe3O4 through in situ polymerization, the
mechanical properties and DSME of the cross-linking PCL-based nanocomposites
were synergistically enhanced [78].

4.1.2 Triple-Shape-Memory Effect

By incorporation of magnetic-sensitive particles in a multiphase shape-memory net-
work (MSMN), the magnetically switchable TSME could be achieved for memo-
rizing two temporary shapes. An example of the triple MSMPC was reported by
a series of nanocomposites which were synthesized through dispersing the silica-
coated Fe2O3 nanoparticles into an MSMN containing PCL and poly(cyclohexyl
methacrylate) (PCHMA) segments. Different bending procedures were applied to
create temporary shapes, as shown in Fig. 20A. By increasing the H of AMF at the
f of 258 kHz, the material could be heated to unfreeze PCL and PCHMA step by
step, thus enabling two-step recovery. Figure 20B exhibited that the sample with 40
wt% PCL could present an excellent TSME of different temporary shapes through
step-wise enhancing of the magnetic field strength [79]. In addition to that, another
MSMPC with two crystallizable switches was fabricated by the incorporation of
silica-coated magnetite nanoparticles into an MSMN comprising PEG side chains
and PCL cross-links. It was demonstrated that the nanocomposites with high PEG
weight fraction could achieve efficient TSME by applying two-step programming
procedures [80]. Instead of MSMN, the polymer with a broad transition temperature
range could also act as the matrix to realize magnetic-responsive TSME. The elec-
trospun Nafion membranes, which possess a broad Tg transition from 60 to 170 °C,

Fig. 19 Photographs showing the magnetic-induced SME of the sample with 10 wt% surface-
modified Fe3O4 in an AMF of f = 258 kHz and H = 30 kA m−1. Reprinted from [76] with
permission from National Academy of Sciences
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have been proved to exhibit thermal-induced multiple SME [81]. Based on that,
Nafion nonwoven nanofiber fabrics embedded with Fe3O4 were produced through
electrospinning,which could realizemagnetic-responsive triple- and quadruple-SME
remotely by controlling the intensities of AMF [82].

4.1.3 Two-Way Shape-Memory Effect

Recently, the SMPs with two-way SME were used as the matrix to create unique
magnetic-responsive behaviors.Du et al. investigated the SMEof the hybrid networks
formed by metal coordination interaction between Fe3O4 and catechol-telechelic
PCL. The strong netpoints acted by Fe3O4 allowed the materials with two-way shape
fixation and recovery because of the crystallization-induced elongation and melting-
induced contraction of the PCL segments by turning off/on AMF. This fantastic
performance of thematerial could be applied to fabricatemagnetic-triggered actuator,
as schematically shown in Fig. 21 [83].

4.2 Magnetic Properties for Temperature Control

As another outstanding advantage, some ferromagnetic particles with an appropriate
scale enabled the innate thermoregulation because of Curie temperature (TC) effect
[84, 85].When the temperature is increased toTC, themagnetic particleswhich cause
heating via only hysteresis lossmechanism instead of eddy currentmechanismwould

Fig. 20 A Schematic of the different triple-shape creation procedures: (a), (b) type-I and type-
II two-step triple-shape creation procedure (TCP-2s-I and TCP-2s-II), (c) one-step triple-shape
creation procedure (TCP-1s). B Images showing the shape recovery progress of the sample with 40
wt%PCL in anAMF ofH= 0, 14.6 and 29.4 kAm−1. (a)–(c): TCP-2s-I; (d)–(f): TCP-2s-II; (g)–(i):
TCP-1s. Adapted and reproduced from [79] with permission from Royal Society of Chemistry
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Fig. 21 a The preparation route of catechol-telechelic PCL and b the model of magnetic-triggered
two-way shape-memory actuator used to realize on/off control in a circuit. Reprinted from [83] with
permission from American Chemical Society

become paramagnetic, losing the capacity to further heat. This effect can be applied
to limit the maximum achievable temperature and avoid overheating in biomedical
applications. Buckley et al. fabricated MSMPCs by dispersing nickel zinc ferrite
ferromagnetic particles in an amorphous shape-memory PU with Tg of 55 °C for
the switching domains. Because of the negligible contribution of eddy current heat,
the particles with an average size of approximately 50 μm mainly were heated by
hysteresis loss mechanism. As a result, the composites exhibited a TC which could
be further adjusted to be clinically acceptable via tailoring the composition of filler
material. Moreover, the MSMPC with 10 vol% fillers could be inductively heated to
realize self-deployment in an AMF (f = 12.2 MHz, H = 545 kA m−1), providing a
great potential to be applied as the endovascular thrombectomy device [86].

Besides limiting the maximum achievable temperature, another strategy for
adjusting the application relevant temperature is controlling the apparent switching
temperature (Ts,a). Generally, Ts,a is determined as the environmental temperature
(Te) at which the shape recovery occurs. For an MSMPC without stimulation of
magnetic field, Te should be suitably higher than its Tm or Tg. However, as located
in an AMF, the internal heating generated by the interaction with the magnetic field,
in certain degree, would induce temperature rise of MSMPC. Thus, the heat flow
from the environment required for triggering SME can be decreased, affording a
feasible route to reversibly adjust Ts,a. The synergetic influence of the environmental
and magnetic heating has been explored based on the different SMP matrixes with
DSME and TSME. The dual-MSMPC named as CLC05 was prepared by cross-
linking PCL diisocyanatoethyl methacrylate (PCLDIMA) in the presence of 5 wt%
silica-coated magnetite nanoparticles. The triple-MSMPCs named CLEGC05 and
CLEGC10 were fabricated by copolymerization of PCLDIMA with 60 wt% of PEG
monomethyl ether monomethacrylate (PEGMA) in the presence of 5 and 10 wt%
silica-coated magnetite nanoparticles, respectively. It was found that the bulk tem-
perature (Tb) of each sample demonstrated a correlation to H by the power of two
at a constant Te. On the other hand, the environmental heating tests were conducted
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at various fixed H of AMF and a linear correlation between Tb and Te was observed
for all samples. Tb was initially identical with Te, whereas application of a constant
H led to an increase in Tb attributed to the contribution of magnetic-induced induc-
tive heating. As a result, Ts,a of CLC05 could be decreased up to 13 °C and Ts,a of
CLEGC05 and CLEGC10 at the different shape-memory stages could be lowered
by up to 9 °C and 19 °C, respectively [87].

5 Outlook

The optical property of reversible photochemical reaction provides an innovative
mechanism for achieving SME without temperature effect, which can be used to
fabricate remote shape-memory materials due to the long travel distance of light. On
the other hand, the optical, electrical, and magnetic properties which may induce the
rise of temperature upon the external stimuli (light, electrical field, or AMF) can also
be the choice for designing smart materials triggering SME via indirect actuation.
Although the underlying mechanism is also thermal effect that heats the sample to
T > Ts, the none-contact stimulation ways enable remote activation of the shape
recovery process and spatial control of the shape recovery behavior. Moreover, the
SME induced by inductive heating resides in the fact that the recovery temperature,
speed, and level can be tailored by choosing an appropriate filler combined with
varying the intensity of stimulation, e.g., the λ of light, voltage of electrical field,
and f as well as H of AMF. This feature is crucial for some applications, such as that
the light-responsive biomedical devices limited by the physiological environment
generally prefer the lower energy NIR light rather than UV or visible light, while the
higher energy electrical or magnetic fields are favorable for ESMPCs and MSMPCs
to realize quick recovery.

Although the remote and spatial activation as well as tunable performance of SME
have been achieved, there are still some issues to be solved.

(1) The tailored distribution of functional nanoparticles can induce uniform induc-
tion heating andoptimize the shape recovery performance (seeSect. 3.4.1 “Coat-
ing of Conductive Nanopaper”). However, for the conventional composites, the
micro-localized aggregation of nanoparticles seems inevitable, which usually
results in local overheating and unstable SME. Thus, the advanced methods
should be further developed to realize completely homogenous dispersion of
nanoparticles. On the other hand, the SME is not promoted constantly with
increasing the efficiency of inductive heating. For example, the ESMPCs with
high electrical conductivity would generate dramatic temperature rise at a rela-
tively high voltage, which may cause the melting of the memorize component
acted by a thermoplastic polymer (such as rubber or elastomer) and finally lead
to the failure of SME. Nevertheless, that issue is conventionally ignored in liter-
atures. Accordingly, an effective range of the stimulus intensity should be given
in future researches, for better controlling the shape recovery performance.
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(2) The enhanced property of inductive heating is generally achieved by forming
a filler network in the shape-memory matrix. As a result, the SMPCs fail to
complete the stretching or other complex deformations which may destroy the
functional network. Similarly, it is difficult for SMPCs to undergo repeat appli-
cation through running consecutive shape-memory cycles. Moreover, most of
the SMPCs are limited by the great shortcoming of one-way deformation. These
imperfections lead to that the SMPCs are commonly trapped in a small applica-
tion area, such as the self-deployable instruments. Hence, stretchable SMPCs
with stable property should be explored and SME needs to be extended to two-
way (see Sect. 4.1.3 “Two-Way Shape-Memory Effect”) or other deformation
principles (see Sect. 4.1.2 “Triple-Shape-Memory Effect”) in future studies,
which can provide the more greater freedom in practical applications.

(3) Despite the indirect actuation methods have been abundantly researched, most
of the shape recovery progress can only be triggered by one kind of specific stim-
ulation. In order to further broaden the application field, the multi-responsive
materials which can trigger SME via two or more stimulation ways should be
developed to meet the requirement of different application environments. How-
ever, it is still challenging for a material to obtain multi-responsive properties
because of the difficulties in simultaneously achieving well dispersion of hybrid
fillers and efficiently integrating their functions. By so far, some related works
have been successfully accomplished [88], but the fabrication technologies still
need improvement and development.

Apart from these arduous challenges, the research opportunities and promising strate-
gies which may promote the development of shape-memory field are also worth
noticing. For instance, the multilayer structure as a special co-continuous morphol-
ogy which holds a great promise in optimizing DSME and TSME [89, 90] has been
applied to produce ESMPCs through incorporating conductive layers (see Sect. 3.4.3
“Construction of Multilayer Structures”). On the basis of the same mechanism, it is
believed to be feasible to fabricate light- andmagnetic-responsivematerials by incor-
porating the corresponding function layers. Moreover, the multilayer composites can
easily obtain multifunctional properties by selectively or alternatively layered dis-
tribution of different particles [91, 92], providing a conceivable route to produce
multi-responsive materials. However, to the best of our knowledge, there are few
reports on using that architecture to prepare multi-responsive shape-memory mate-
rials. Accordingly, this promising method is worthy to be explored and applied for
creation of multi-responsive materials in future studies.

6 Summary

In this chapter, a comprehensive overview has been presented introducing the recent
developments and progress in the optical, electrical, and magnetic properties of
SMPs, SMPBs, and SMPCs. Functional groups or/and fillers are introduced into
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the shape-memory materials to serve as switches or heaters as well as functional
components, which finally induce SME via indirect actuation and simultaneously
improve the overall material properties. The triggering methods of light, electrical
field, and AMF developed by these properties can achieve remote and spatial control
to meet the requirement of the specific applications.

The optical property of photochemical reaction created by incorporation of photo-
sensitive groups (e.g., cinnamic acid, anthracene, and azobenzene), such as reversible
photocross-linking and reverse cis–trans transition which can act as the shape-
memory switch, enables the materials to present light-responsive SME without any
relation with the temperature effects. On the other hand, the PTE induced by the
groups or fillers (such as ligands, CNTs, CB, graphene, and gold particles) possess-
ing the ability to absorb light and convert it into heat can increase the temperature of
the matrix to trigger SME in thermal form. Because of the none-contact and micro-
localized advantages of light irradiation, the materials with optical response are able
to achieve remote and spatial control in the shape recovery progress, demonstrat-
ing the great potential to be applied as light-driven actuator, biomedical devices, etc.
Besides, the shape-memorymaterials can achieve reversible optical property because
they could be shaped into a tailored optical structure and then recovered back to the
original state in the shape-memory cycling progress.

For the electrical property which is generally obtained by incorporating the con-
ductive particles, including metal particles, CB, CNTs, CNFs, and graphene, the
optimization of the particle dispersion is of importance to enhance the performance.
Numerous methods including the use of ultrasonic treatment, surface modification,
hybrid fillers, and assembly of conductive channels and layers combined with mor-
phological control and structural design have been used to tailor the conductive
network in the shape-memory matrix, for achieving superior mechanical properties
and shape recovery performance. The higher conductivity can generatemore efficient
Joule heating by passing the current through the conductive particles, resulting in fast
temperature rise and recovery speed at the given voltage. Moreover, the dramatically
increased recovery stress of the ESMPCs can be applied to complete mechanical
works of mini lifts, self-deployable instruments, and actuators.

Similarly, the magnetic particles embedded in the polymer matrix can produce
magnetic property and act as heaters to actuate SME by inductive heating in an
AMF. The methods of improving the particle dispersion proposed in ESMPCs are
also applied to optimize magnetic property. Particularly, the heating efficiency is
significantly influenced by the type and size of the magnetic particles. The maxi-
mum achievable temperature can be adjusted by choosing the particles with a proper
size based on the fantastic phenomenon of TC, which was favorable in biomedical
applications. In addition, the application relevant temperature can also be tailored by
combining the contributions from magnetic-induced heating and the environmental
heating.

Apart from the reversible photochemical reaction, the optical, electrical, andmag-
netic properties of inducing SMEupon inductive heating rely on the samemechanism
of thermal effect that heats the sample to T >Ts. These none-contact stimulationways
can remotely tailor the recovery temperature, speed, and level by choosing an appro-
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priate filler and varying the intensity of stimulation, e.g., the λ of light, voltage of
electrical field, and f as well as H of AMF. In addition, versatile shape-memory
behaviors of DSME, TSME, and two-way SME can be realized by using the corre-
sponding shape-memorymatrix. Based on the developed studies, it is prospected that
SME triggered by indirect actuations instead of environmental heating would signif-
icantly expand the applications of shape-memory materials ranging from biomedical
devices to aerospace equipment.
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Scattering and Other Miscellanies
Techniques for the Characterization
of Shape Memory Polymers

Angel Romo-Uribe

Abstract Shape memory polymers experience stress-induced macromolecular
reorganization like alignment, crystallization, isotropic-to-smectic order, and
temperature-induced melting (disorder), crystallization (ordering). The molecular
processes involve short and/or long-range order. Hence, there is a need to apply suit-
able multi-scale characterization techniques to assess the molecular changes occur-
ring during shape memory events. Ideally, the spatial resolution ranges from Å to
nm- to μm-scale. This chapter focuses on the application of wide-angle and small-
angle X-ray scattering (WAXS and SAXS, respectively), small-angle light scattering
(SALS) and optical microscopy techniques which are ideal to get insights into the
molecular mechanisms associated to shape memory in polymers. These techniques
are ideally suited to enable in situ and time-resolved studies. It is the author’s view
that understanding the molecular mechanisms is at the heart of shape memory effects
and novel in situ techniques and simultaneousmonitoring of microstructure and bulk
extensional properties during shape memory cycles need to be implemented. The
main body of the chapter focused on fundamentals of X-ray scattering, recording
techniques, and applications to the study of shape memory polymers using con-
ventional X-ray sources and synchrotron radiation. WAXS and SAXS enable Å-
and nm-scale structure analysis and synchrotron sources enable time-resolved res-
olution. On the other hand, in situ and time-resolved studies of microstructure at
μm-scale are enabled by optical microscopy and SALS. These techniques combined
with temperature or uniaxial testing are also a powerful tool to understand molecular
mechanisms associated to shape memory behavior.
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Glossary of Terms

d Bragg spacing
f Orientational distribution function (ODF)
D Detector-specimen distance
I Intensity of scattered radiation
n̂ Molecular director
P̂n Weighted Legendre polynomials
〈Pn〉 Orientational order parameters
r Radial spatial coordinate in cylindrical coordinates or radial coordinate in

flat-plate camera
Rg Radius of gyration
|q| Magnitude of scattering vector

(= 4π
λ
Sin θ

)

Q Invariant
λ Radiation wavelength
2θ Scattering angle
φ Azimuthal angle

1 Shape Memory Polymers

Shape memory polymers (SMPs) are a new generation of polymeric materials with
the ability to keep memory of a permanent shape. Therefore, they fall into the clas-
sification of “smart” polymers. SMPs can be programmed into a nonequilibrium
temporary shape and return to their permanent shape at will by only applying an
appropriate external stimulus. The external stimulus may be temperature, pH, or
electric field among various possibilities [26, 30]. Many SMPs are copolymers con-
taining a “switchable” soft phase, many based on poly-ε-caprolactone (PCL), as PCL
is biodegradable and biocompatible. PCL-based copolymers may be endowed with
shape memory activated by heat and designed into molecular networks with tun-
able transition/activation temperature, quite close to body temperature. Hence, these
materials have focused on biomedical applications [26]. Triple shapememory behav-
ior features one shape change (from temporary shape A to second temporary shape
B) followed by a second shape change from shape B to the permanent shape, shape
C. A combination of physical and chemical cross-linking is involved into producing
triple SMPs [6, 23]. Amorphous biodegradable shape memory polymer networks
were observed to be transparent and to undergo bulk degradation and could be good
candidate for minimally invasive surgery in areas like ophthalmology [26]. A novel
biodegradable multifunctional shape memory copolymer combines in one material
shape memory, biodegradability and controlled release of drugs [9, 30]. Other appli-
cations envisioned are self-healable coatings [24, 25], and smart fabrics where smart
textiles can enable reversible heat and mass transport properties required to achieve
next-generation sports and leisure apparel, and Braille. A soft 2W-SMP membrane
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will be coated onto a substrate with embedded heaters and constant pressure backing
at discrete locations. For a Braille dimple to form, the local area is cooled so that the
backing pressure easily deforms the coating. Upon heating, the dimple is erased.

An example of a SMP programmed to hold a capsule at room temperature and
then release the cargo at a given temperature above the activation temperature Ta for
shape memory effect is shown here [2]. In this case, Ta = 30 °C corresponds to the
melting transition of the hybrid phase, POSS, covalently attached to PCL. The PCL-
POSS SMP network is amorphous, optically transparent, and it has flat permanent
shape, as shown in Fig. 1.

Then, the POSS-PCL is heated up at T > Ta, wrapped around a capsule and cooled
down to T < Ta to fix the shape. The capsule will remain wrapped by the SMP as
long as the temperature is below Ta. The release of the capsule is achieved by heating
up to T = 38 °C > Ta. Figure 2 shows the shape memory effect, where the SMP
unwraps and releases the capsule within 10 s.

Fig. 1 POSS-PCL shape memory UV crosslinked network with activation temperature Ta =
Tm,POSS = 30 °C and flat permanent shape (see [2] for more details on sample preparation)

23°C 38°C, 0 s 38°C, 2 s

38°C, 4 s 38°C, 6 s 38°C, 8 s

Fig. 2 One-way shape memory behavior of POSS-PCL crosslinked network with activation tem-
perature Ta = 30 °C. In order to return to its permanent (flat) shape the SMP unwrapped and released
the capsule (Romo-Uribe and Mather, to be published)
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1.1 Shape Memory Cycles

The typical thermo-mechanical processes associated to shape memory phenomena
are shown in Fig. 3. These are graphical depictions of the distinct types of ther-
moelasticity observed for (a) one-way (1W-SMPs) and (b) two-way shape memory
polymers (2W-SMPs). 1W-SMPs are those polymers with the ability to “memorize”
a macroscopic (permanent) shape, be manipulated and “fixed” to a temporary or
dormant shape under specific conditions of temperature and stress, and then later
relax to the original, stress-free, condition under thermal, electrical, or environmen-
tal command. This relaxation is associated with elastic deformation stored during
prior manipulation. Moreover, the return of the SMP toward its equilibrium shape
can be accompanied by a large force, useful for the deployment of structures, and/or
macroscopic shape change. Figures-of-merit for shape memory includes the fixing
percentage, Rf , the shape recovery percentage, Rs, and the fully-constrained stress
(σc)—the stress generated when no shape change is permitted. Because external
stress application is required for the elongation step, applications of 1W-SMPs are
restricted to one-time actuation or deployment events, such as coronary stent deploy-
ments, and the example shown in Fig. 2.

In contrast, 2W-SMPs reversibly contract (heating) and expand (cooling) under
the application of a small applied load. So far, several groups have demonstrated
such reversible actuation [12, 32, 44, 59].

Strain (%
)

Temperature (oC)

Stre
ss

 (k
Pa)*

Strain (%
)

Temperature (oC)
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ss
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Pa)

(a) (b)

Fig. 3 a Shape memory cycle behavior of a high-quality 1W-SMP. Beginning the cycle at the
asterix, the material is elongated by increasing stress in the compliant state. Cooling and removing
load yields a temporary “fixed” strain that is recovered (more or less) upon heating. b 2W-SMP
behavior. Heating induces contraction, while cooling induces expansion. This behavior requires
small applied stress (3D plots courtesy of Prof. P. T. Mather, Bucknell University)
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1.2 Shape Memory and Macromolecular Reorganization

There are undoubtedly molecular mechanisms associated to the production of shape
memory phenomena. Figure 4 summarizes the type of polymer architectures utilized
and the differentiation between SMPs produced by physical crosslinks or chemical
(covalent) crosslinks. There is now much research on designing polymeric materials
with shape memory properties including molecular networks [6, 59, 62], nanos-
tructured molecular networks [2–3], epoxy systems [61], polyurethanes [9, 17],
hyperbranched polymers/epoxy blends [51], liquid crystalline elastomers [44], smart
hydrogels [38, 53], and thermoplastic/epoxy blends [23, 57].

Inducing a given, recoverable, shape comprises: (a) stress-induced macromolecu-
lar changes like alignment, crystallization, isotropic-to-smectic order and so on, and
(b) temperature-inducedmelting, crystallization, alignment. These processes involve
short and/or long-range order [1, 10, 54]. Hence, there is a need to apply suitable
multi-scale characterization techniques to assess the degree of order attained under
shape memory events, the spatial resolution ranging from Å to nm- to μm-scale.
This chapter will focus on a set of techniques ideal to get insights into the molecu-
lar mechanisms associated to the shape memory in polymers, including in situ and
time-resolved techniques. These are X-ray scattering, and optical microscopy.

In particular, X-ray scattering, wide-angle (WAXS) and small-angle (SAXS),
are well-suited techniques for this purpose as the material preparation is relatively
simple, most materials are transparent to X-ray radiation, 1D and 2D patterns can be
recorded, and in situ, time-resolved studies can be enabled due to developments in
instrumentation and high flux facilities [10, 18, 39, 40, 48, 60].

Fig. 4 Molecular architectures involved in shape memory behavior
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Conventional physical characterization techniques are not only adequate but a
minimum requirement to characterize SMPs. However, it is the author’s view that
to understand the molecular mechanisms at the heart of shape memory effects novel
in situ techniques for simultaneousmonitoring ofmicrostructure and bulk extensional
properties during shape memory cycles need to be implemented.

2 Å and nm-Scale Structure by X-ray Scattering

The special usefulness of X-ray scattering in the study of materials lies in its ability
to distinguish ordered from disordered states [1, 58]. Liquids or glasses (so-called
amorphous materials) produce X-ray patterns of a diffuse nature consisting of one or
more halos, whereas well-crystallized substances yield patterns of numerous sharp
circles or spots, Fig. 5 [1]. It may be difficult to select the optimum X-ray diffrac-
tion procedure for polymer analysis in advance since the choice rests on so many
factors. For example, the stereochemistry of the polymer molecule, the thermal and
mechanical pretreatment, the amount of material available, the method of preparing
the material for X-ray analysis, and the presence or absence of preferred orientation
[1, 58].

2.1 Properties of X-rays

The X-rays of importance in diffraction studies are generated when high-energy
electrons impinge on a metal target, the more useful being iron (Fe), copper (Cu)
and molybdenum (Mo). At a sufficiently high X-ray-tube voltage, the X-ray beam
is found to possess a continuous spectrum of wavelengths (the continuous, or white,
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Fig. 5 a Bragg’s condition, and b Ewald’s sphere of reflection (for details see [1])
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Table 1 Most popular X-ray
targets, and wavelengths and
filters

Targeta λKα

(Å)
Filter K-absorption edge (Å)

Fe 1.94 Mn 1.896

Cu 1.54 Ni 1.488

Mo 0.71 Zr 0.689

aAlexander [1]

radiation) with a broad maximum in the neighborhood of 0.5 Å and a characteristic
spectrum superposed on it consisting of two lines, Kα and Kβ, the Kα line being the
more intense (the Kα line is itself a doublet, but in studies of polymers, the separation
of the Kα doublet is seldom seen) [1].

It is not possible to get a monochromatic X-ray beam, but it can pass through an
appropriate absorbing material to reduce the Kβ line to a negligible level at the cost
of depressing the Kα line only moderately, this kind of materials are called “filters”.
For a given X-ray target the proper β-filter will be evidently the element whose K-
absorption edge falls between the wavelengths of the Kα and the Kβ lines of the
target. Some of the most common targets and respective filters are listed in Table 1.

When a β-filter is employed, only the KαX-rays produce sharp diffraction effects,
while the residual continuous spectrum has the effect of generating diffuse back-
ground. The thickness of the filter is a compromise between reduction of the Kβ

component at the cost of attenuation of the Kα intensity. For Cu target the Ni filter
is usually chosen about 15–20 μm thick, hence producing the ratio Kα/Kβ of 25–50
[1, 58].

Radiation that is nearly monochromatic can be obtained by inserting a crystal
monochromator in the direct X-ray beam and reflecting the Kα line from a set of
planes of the monochromator on the specimen to be studied; graphite is utilized as a
monochromator for a Cu target [1].

2.2 Bragg’s Condition

Fine-scale structure scatters short wavelength radiation into a pattern which when
analyzed gives a substantial amount of information about the structure. X-ray, elec-
tron and neutron radiation is scattered by the atoms in a crystal to give a well-defined
diffraction pattern. The interaction of the incident waves with the standing waves we
call crystal planes (Fig. 5a, with spacing d) can be handled in terms of the addition
of wave vectors which are normal to the wavefronts (direction of incident radiation
and normal to the crystal planes) and have magnitudes of (wavelength)−1. The sum
of these two vectors, which closes the triangle in Fig. 5b, would represent the scat-
tered radiation except that it is unequal in length to the incident vector and cannot,
therefore, represent elastic scattering. We can see that the vector sum can only give
elastically scattered radiation when, for given values of 1/λ and 1/d, there is a partic-
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ular angle θ between the incident beam and the normal to the planes. This is shown in
Fig. 5b; note that both ends of the 1/λ vector lie on a sphere, the sphere of reflection,
which has both incident and diffracted vectors as radii, the 1/d vector being of course
a chord. Simple geometry gives Bragg’s Law, with θ being the Bragg angle. Hence,
a given set of “planes” will only diffract when Bragg’s condition is fulfilled [1, 58].

Sin θhkl = 1/dhkl
2/λ

(1)

2.3 Scattering by Polymers

Some of the features encountered in polymer diffraction are as follows:

a. the polymer samples are usually uniaxially oriented and give fiber diagrams
that correspond to the rotation photographs of single crystals. Accordingly, it
is difficult to get three-dimensional reflection data uniquely. Three-dimensional
data can be obtained only for doubly oriented samples (Tadokoro 1979) and for
solid-state polymerization products;

b. the diffraction spots are broad and diminish rapidly with increasing diffraction
angle since the crystalline regions coexist with the amorphous ones and, further-
more, the former regions contain a considerable number of irregularities; the size
of the crystallites is of the order of several hundred Angstroms;

c. Incomplete orientation of the crystallites results in broadening of the spots along
the arcs at a constant diffraction angle;

d. The number of independent observable reflections is small (at most 200, usually
40–100) compared to that of single crystals (usually more than 1000) [1].

2.4 Random Microcrystalline Versus Oriented Specimens

In bulk and molded polymer specimens the orientations of the crystalline regions,
whichmay be designated crystallites, tend to be statistically random. This is a natural
consequence of the mechanisms of nucleation and crystal growth in the melt or
concentrated solutions.Because of theminuteness of the crystallites,with dimensions
typically about 50 nm, even a sample amounting to a few milligrams contains a vast
number of crystallites, which results in all orientations being represented in equal
proportions. Hence, a monochromatic X-ray beam will generate a typical powder-
diffraction pattern, which consists of a number of relatively sharp concentric circles
superposed on a background of diffuse X-ray scatter, Fig. 6a, b. These are called
Debye-Scherrer patterns after their discoverers.

Natural and synthetic fibers exhibit various degrees of axial orientation. Small-
and wide-angle photographs are most commonly prepared with the fiber axis normal
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Fig. 6 a A set of crystallographic planes (h, k, l) assumes all orientations with equal probability
P is dispersed over all positions on the surface of a sphere of radius 1/dhkl . The sphere intersects
the sphere of reflection in a circular zone. b In the same way, another reciprocal lattice node with
different indices (h′, k′, l′) will generate a diffraction cone at a different angle, and so on thus
producing a so-called Debye-Scherrer pattern (for more details see [1]). c Debye-Scherrer pattern
of polypropylene (PP), Ni-filtered CuKα radiation
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Fig. 7 a The figure illustrates a fiber diffraction pattern, where the fiber axis c is vertical. The
position of any reflection on the pattern is defined by a radial coordinate r and the azimuthal
angle, φ. b Fiber pattern of polyether-ether ketone (PEEK). Flat-plate camera, CuKα and graphite
monochromator

to the incident X-ray beam, the direction of the film parallel to the fiber axis being
designated themeridian, and the direction at right angles the equator. A location on
the film can be designated by a radial distance r from the undeviated beam and an
azimuth φ with respect to the equator. These conventions are illustrated in Fig. 7.
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Fig. 8 WAXS resolves intra- and interchain distances; it discerns oriented versus unoriented struc-
tures, amorphous and semicrystalline phases, and structure of organic, inorganic, and hybrid com-
pounds

2.5 Methods in X-ray Scattering

In appropriate circumstances, practically all X-ray diffraction equipment useful in
the study of solid materials is also applicable to polymers. The apparatus that is
best suited to obtain a specific kind of information (e.g., presence or absence of
crystallinity, size of crystalline regions, degree of crystallinity, mode of preferred
orientation, crystal structure, etc.) may be quite different from that suited to another
goal.

Figures 8 and 9 summarize the spatial resolution achievedwithWAXS and SAXS,
with emphasis on 2D recording. The 2D patterns were obtained using photographic
film, CCD cameras, and area detectors, and exemplifies the usefulness of X-ray
scattering when analyzing a variety of materials, i.e., natural, synthetic, metallic,
and in solid and liquid phases, over a broad range of spatial resolution.

2.5.1 Recording Instrumentation and Diffraction Geometries

X-ray diffraction patterns are nowadays recorded only with electronic detectors,
namely counter diffractometers, position sensitive detectors (PSDs), image plates,
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Fig. 9 SAXS resolves nanostructures; it discerns oriented versus unoriented state, spatial period-
icity, fractal dimension, and particle/void size in gas, solid, and liquid state

area detectors or CCD cameras. The original and rather powerful photographic
recording first applied by von Laue in 1912 has been abandoned (Ewald 1962).
1D intensity traces are recorded with counter diffractometers and PSDs, whereas 2D
patterns are obtained with image plates, area detectors, and CCD cameras. 1D traces
obtained with counter diffractometers can take minutes to hours and requires stable
X-ray sources. Relatively fast, nearly time-resolved 1D traces can be obtained with
PSDs and conventional sealed tube and rotating anode X-ray generators (an entire
trace can be obtained within few seconds, as shown in examples in the next section).

There are several well-standardized diffraction techniques, which serve very satis-
factorily for the great majority of polymer analysis, and the choice is mainly based on
the instrumentation available. Some of the most common techniques are as follows:

(a) symmetrical transmission with flat-plate camera, Fig. 10a;
(b) symmetrical fiber diffraction with a cylindrical camera, Fig. 11a;
(c) small-angle scattering technique with (i) pin-hole (Fig. 10a), or (ii) slit collima-

tors.

In the case of flat-plate camera the relationship between film-specimen distance D,
radial distance of a given reflection r, and the Bragg angle θ is given by

r = D tan 2θ (2)

In cylindrical or Debye-Scherrer cameras the scattering angle θ is proportional to
the arc length L and the radius of the camera R,
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Fig. 10 a Symmetrical transmission mode with pin-hole collimation. b The parafocusing effect in
the symmetrical reflection diffractometer. R = source–specimen distance = specimen–parafocus
distance; r = radius of focusing circle
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Fig. 11 WAXS patterns of same copolyester fiber, recorded with: a cylindrical camera and pho-
tographic film, 30 min exposure; b area detector, 5 min exposure; and c scintillation counter,
symmetrical reflection mode, step scans varying radial and azimuthal angles, 360 min recording
time (φ = 0° meridional, and φ = 90° equatorial axes). CuKα radiation

θ = L

4R
(3)

In the case of counter diffractometry, the symmetrical reflection geometry is the
most popular arrangement. A great advantage is the high X-ray intensity which can
be achieved, due to the “parafocusing” effect which is shown in detail in Fig. 10b. The
problemof low scatteredX-ray intensity arises from the non-infinitesimal dimensions
of a typical sample; each volume element within a real sample produces a cone
of diffracted rays at the appropriate Bragg angle, which leads to an overall diffuse
pattern. However, if a circle (radiusR) is drawn through the focal spot and at a tangent
to the specimen surface, all “reflected” rays originating from this circle would unite
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at the parafocus, as shown in Fig. 10b. In practice, the specimen surface does not
deviate greatly from the focusing circle, and thus a good degree of focusing of the
X-rays is achieved, with the consequent improvement in the scattered intensity.

2.5.2 Wide-Angle X-ray Scattering, WAXS

WAXS is the most utilized technique in polymer structure investigation due to
its apparent simplicity. Information like degree of crystallinity, quantification of
macromolecular alignment, interchain spacing, and crystal structure can be readily
obtained.As stated above, theX-ray generator power coupled to the recordingmethod
and geometry defines the exposure time, and the choice will depend on specific con-
ditions and information sought. For instance, Fig. 11 shows WAXS fiber patterns
of the same polymeric fiber recorded with three different devices and geometries,
namely (a) photographic recording and cylindrical camera, (b) area detector, and (c)
scintillation counter. The collection time varied from 5 min to 360 min (an increase
>70-fold!). Note that the cylindrical camera provides a broad angular range along
the meridian (°2θ) and the complete azimuthal range (°φ) than an area detector. On
the other hand, the scintillation counter provides accurate intensity measurements in
one quadrant only (2θ = 5 → 50° and φ = 0 → 90°) as it is quite time-consuming.

Hot-Stage WAXS

Fast recording using a PSD enables time-resolved studies of, for instance,
temperature-induced phase transitions in polymers. The temperature of the tran-
sition and the phase obtained can be determined by WAXS. Therefore, hot-stage
WAXS results complement those obtained with a thermal analyzer, e.g., differential
scanning calorimetry (DSC). Figure 12a shows a series ofWAXS traces of a polymer
during heating at constant rate of 10 °C/min, and each trace recorded every 20 s. The
traces clearly show the sharpening of the intermolecular reflection at 150 °C (>Tg

= 110 °C) denoting an increase of degree of crystallinity. Eventually, at 290 °C, the
polymer melted and the WAXS trace shows a broad amorphous halo.

Utilization of scintillation counters can also provide information on phase tran-
sitions in polymers. The experiments, however, cannot be carried out in continuous
mode, but the temperature is increased in steps, and holding isothermally during the
X-ray measurements. Figure 12b shows a series of WAXS traces as a function of
temperature, scanning at 2°2θ/min. Hence, each trace required 750 s collection time.

The results are shown in Fig. 12 also enable to determine the thermal expansion
of the unit cell in the polymer. Figure 13 shows the results obtained from a temper-
ature scan, where the main interchain distance (extracted from the 110 equatorial
reflection) and the chain dimension (extracted from the 002 meridional reflection)
are plotted as a function of temperature. The results show that temperature induced
an increase of interchain distance and, most intriguingly, an increase of the length
along the chain axis, i.e., chain straightening. This last result is not obvious, espe-
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cially for flexible chain polymers where random coil conformation is favored. The
polymer, however, is a stiff chain aromatic thermotropic polymer. The lines in Fig. 13
are linear fits, hence, the hot-stage WAXS results also enable to determine the linear
thermal expansion of the unit cell from the slope of the linear fits.

Degree of Crystallinity

The degree of crystallinity, χ , can be quantified utilizing Ruland’s method [1, 47],
where
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Fig. 14 aWAXS trace obtainedwith a θ/2θ diffractometer andNi-filteredCuKα radiation. The blue
line denotes the amorphous background contribution, which is subtracted from the total intensity
to determine the crystalline contribution and the degree of crystallinity χ . b Degree of crystallinity
as a function of heat treatment time of thermotropic copolyesters B-N ( ) and COTBP ( )

χ =
∫ ∞
0 Ic(q) · q2 · dq

∫ ∞
0 I (q) · q2 · dq (4)

where Ic is the intensity contribution from the crystalline phase, I is the total diffracted
intensity, and q is the magnitude of the scattering vector defined as

|�q| = q = 4 · π · sin θ

λ
(5)

Figure 14a shows a typical intensity trace used for the calculation of χ , and the
separation of amorphous and crystalline components in the intensity traces can be
carried out using commercially available software (e.g., PowderX or Polar v2.6).
After numerical integration, the plot of degree of crystallinity as a function of time
for two different polymers is shown in Fig. 14b. These results enable to compare the
response of each polymer to thermal annealing.

Macromolecular Orientation and Order Parameter

Polymers subjected to shear and/or extensional flow, or tensile deformation exhibit
some degree of macromolecular alignment along the applied field. The degree of
macromolecular alignment is quantified from the integrated intensities, I(φ), of the
main equatorial maximum as a function of the azimuthal angle φ, shown in Fig. 7a.
Note that the azimuth φ = 0° corresponds to the equatorial axis and φ = 90° cor-
responds to the meridional (molecular) axis. The order parameter can be quantified
by the orientational distribution function, f (β), of the molecular axis relative to the
molecular director, n̂, as shown in Fig. 15a. The order parameters P̄n are defined as
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P̄2 as a function of shear rate of nematic polymer in the molten state (T = 310 °C) (for more details
see [43] and [35])

P̄n =
π/2∫

0

Pn(Cos β) f (β)d(Cos β) (6)

where f (β) denotes the finite probability for a given molecule to have its axis at an
angle β to the director n̂, and Pn(x) is the Legendre polynomial [28]. Leadbetter and
Norris [22] showed that the intensity I(φ) around the equatorial reflection is utilized
to determine the orientational distribution function using

I (φ) =
π/2∫

φ

f (β)Sec2 φ(Tan2 β − Tan2 φ)Sin βdβ (7)

where φ is the azimuthal angle. From the analytical solution of Eq. (7), as derived
by Deutsch [13], the order parameter P̄2 is determined. The results are

f1(β) = − 1

NCos3 β

π/2∫

β

{
d[I (φ)Cos2 φ]

dφ

}
dφ

(Tan2 φ − Tan2 β)1/2
(8)

f2(β) = − 1

NSin β

d

dβ

⎧
⎪⎨

⎪⎩

π/2∫

β

I (φ)Tan φdφ

(Tan2 φ − Tan2 β)1/2

⎫
⎪⎬

⎪⎭
(9)

where N is a normalizing constant given by
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N =
π/2∫

0

f (β)Sin βdβ =
π/2∫

0

I (φ)dφ (10)

where a factor of (2/π) common to Eqs. (8) and (9) was eliminated. The Eqs. 8 and 9
are the requested analytic solutions of the integral equation, Eq. (7). Deutsch [13] also
showed that it is possible to calculate orientational distribution functions-averaged
quantities directly from themeasured intensity I (φ)without having to calculate f (β)

first. This is particularly advantageous in cases when error amplification proves to be
a serious problem in calculating f (β), due to large experimental errors in, or scarcity
of, the intensity data. The two lowest and most important order parameters are

〈P2〉 = 1 − 3

2N

π/2∫

0

I (φ)

{
Sin2φ + SinφCos2φ ln

[
1 + Sinφ

Cosφ

]}
dφ (11)

〈P4〉 = 1 − 1

N

π/2∫

0

I (φ)

{
Sin2φ

(
105

16
Cos2φ + 15

24

)}
dφ

+ 1

N

π/2∫

0

I (φ)

{
Sinφ ln

[
1 + Sinφ

Cosφ

](
105

16
Cos4φ − 15

4
Cos2φ

)}
dφ (12)

In these expressions, the order parameters are obtained from an integral over the
measured intensity I (φ). The accuracy achievable in calculating the various quanti-
ties discussed above is limited only by the quality and density of the measured data,
assuming, of course, that sufficiently accurate numerical methods of integration and
interpolation are employed. Figure 15b shows a series of azimuthal intensity traces
obtained from uniaxially oriented polymer with varying degree of orientation. The
azimuthal broadness and amount of amorphous background determine the degree of
macromolecular alignment P̄2. An application of this formalism is shown in Fig. 15c,
where the order parameter P̄2 is plotted as a function of shear rate for a nematicmolten
polymer.

2.5.3 Small-Angle X-ray Scattering, SAXS

SAXS allows the characterization of any long-range order, in the order of 1–100 nm.
SAXS from an inhomogeneous system may consist of either diffuse or discrete
scattering [4]. The properties that can be extracted from SAXS measurements in
polymers consist of (a) long-range molecular order; (b) size of crystallites (e.g.,
semicrystalline polymers); (c) size and type of nanophases (e.g., block copolymers);
(d) morphology; (e) particle size in dilute solutions and colloidal dispersions, i.e.,
radius of gyration; (f) microvoid/micropore size; and (g) fractal dimension.
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Diffuse SAXS Scattering

Such scattering is essentially particulate in origin but modulated to some extent
by interparticle interferences. This is the basis for the concept of a dilute system,
which produces pure particulate scattering [4]. The angular limit within which the
scattering occurs is inversely proportional to the size of the inhomogeneities in the
electron density distribution within the specimen. Hence, the diffuse scattering from
a loose aggregate of oriented particles will have its largest extension in the direction
of the smaller particle dimension and its smaller extension in the direction of the
larger dimension. Therefore, the shape of the diffuse scattering depicts the particle
shape in reverse (i.e., reciprocal space).

It is important to realize that a diffuse scattering pattern is never subject to an
unequivocal structural interpretation on the basis of the X-ray data alone. Moreover,
specimens that yield identical scattering patterns may be designated as scattering-
equivalent systems. The interpretation of diffuse small-angle scattering always carries
the following types of ambiguities [1]:

(a) It is not possible to distinguish the scattering by a system of particles in space
from the scattering by a complementary system of micropores in a solid contin-
uum. The choice between these alternatives is usuallymade on evidence bearing
on the nature of the system concerned.

(b) It is not possible to differentiate, without some degree of uncertainty, the effects
due to particle shape from those due to polydispersity. Hence, scattering equiv-
alence may result from a special particulate shape and a certain distribution of
particle sizes.

(c) In dense systems interparticle scattering cannot be neglected. Thus, it is difficult
to discern towhat extent the scattering data is determinedby the isolated particles
and to what extent by interparticle interferences.

Examples of nanostructured materials that exhibit small-angle diffuse scattering are
colloidal and polymer solutions, equatorial scattering from polymer fibers, layered
polymer nanocomposites, and catalysts. Figure 9d and e shows polymers exhibiting
diffuse scattering, anisotropic and isotropic, respectively.

When the concentration of the particles is sufficiently dilute, the positions of
individual particles, far apart from each other, are uncorrelated. Under these condi-
tions, the waves scattered from different particles are incoherent among them, and
the observed intensity simply becomes the sum of the individual scattering. If the
particles are of irregular or unknown shape, the data may be analyzed according to
the Guinier Law to determine the radius of gyration characterizing the size of the
particles [19]. Thus, in the limit of small scattering vector q,

I (q) = ρ2
ov

2 · exp
(

−1

3
q2R2

g

)
(13)

where I(q) is the intensity of independent scattering by a particle, q = (4π /λ)sinθ ,
and 2θ is the scattering angle. Equation (13) is called the Guinier Law, and allows for
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the determination of the radius of gyration Rg of a particle or void from small-angle
scattering by plotting ln I versus q2. The Guinier Law is valid provided that:

(1) q �1/Rg,
(2) the system is dilute so that the particles in the system scatter independently of

each other,
(3) the system is isotropic, i.e., the particles assume random orientations
(4) the matrix (or the solvent) in which the particles are dispersed is of constant

density and devoid of any internal structure that can by itself give scattering in
the q-range of interest.

Diffuse Scattering from Nanopores

As far as SAXS is concerned a catalyst can be considered a dilute particle system
where the particles are dispersed in a uniform matrix of a second material. In a
catalyst, the “particles” consist of nanovoids and these are continuously dispersed
throughout the material, the “matrix”.

The SAXS measurements of Fig. 16 were carried out using the Dmax2500®

rotating anode X-ray generator (Rigaku Inc.), in the scattering range 0.08°2θ to
2.5°2θ (using step scan mode, in steps of 0.005°2θ). Ni-filtered CuKα radiation was
used, λ = 1.54 Å. Scattered intensities were corrected for background contribution
by carrying out a scan without a sample. 1D scan took approximately 60 min to
complete. The Guinier plot produced a straight line and the radius of gyration of the
porous structure was determined from the slope, Rg = 100 Å = 10 nm.
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Fig. 16 a Typical SAXS intensity trace of a catalyst. b Corresponding Guinier plot in the limit of
small q. Radius of gyration was determined from the slope and using Eq. 13, Rg = 100 Å = 10 nm.
CuKα radiation
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Diffuse Scattering from Fibrous Structure

The SAXS pattern of extruded and heat treated polymeric film is shown in Fig. 17a;
it exhibits diamond-shaped intensity streaks along the equatorials axis, typically
observed in highly oriented polymers, e.g., fibers. The equatorial diamond-shaped
scattering corresponds to scattering objects extended along the extrusion (macro-
molecular) axis. Note that scattering and real space are reciprocal Hsiao and Chu
[10].

Structural information can be extracted from the equatorial SAXS intensity trace
shown in Fig. 17a. The trace corresponds to diffuse scattering, i.e., intensity decay-
ing monotonically as a function of scattering vector q. The equatorial streaks can be
associated with nanovoid morphology or microfibrillar structure in highly aligned
semicrystalline and liquid crystalline polymers [1, 16, 40]. X-ray scattering arises
from electron density differences, and therefore microfibrils and nanovoids are scat-
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Fig. 17 a SAXS pattern and equatorial intensity trace. b Nanovoid length and misorientation angle
extracted from azimuthal spread of equatorial streak as a function of 1/q2. c Porod-Debye plot from
equatorial intensity (for more details see [40])
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tering equivalents. Hence, a complementary technique is needed to assess the exact
identity of the structure giving rise to SAXS scattering.

Nevertheless, the diamond-like scattering indicates that the scattering objects are
of elongated ellipsoidal shape. Analysis of the equatorial intensity distribution is
carried out according to a method proposed by Ruland and described in detail by
Ran et al. [33] to determine the average length, lf , and misorientation angle Bφ , from
the extrusion axis of the scattering object. This is because the size distribution and
the misorientation of the scattering objects contribute to the equatorial streak profile.
For this, the angular spread Bobs of each azimuthal trace as a function of q must be
determined. From the angular spread, the length (lf ) and the misorientation width
Bφ of the scattering object can be determined using the following Gaussian fit,

B2
obs =

(
1

l f q

)2

+ B2
∅ (14)

A Gaussian or Lorentzian function should be tested and choose the model that better
fits the experimental data. The average length lf is determined from the slope of
the plot B2

obs versus 1/q2, and the square root of the intercept gives the angular
misorientation width Bφ . The angular spread is the full width at half maximum
(FWHM) of the azimuthal intensity trace, and the plot is shown in Fig. 17b.

Additional information can be extracted from the equatorial intensity. The lateral
size and distribution of the oriented scattering objects control the distribution of
intensity in the equatorial plane [10]. Porod-Debye plots, q4 · I(q) versus q4, are
utilized to estimate the density of interfaces whose normal lie in the equatorial plane.
If the scattering objects are approximately cylindrical, with volume fraction ϕ, then
the mean diameter of the scattering object can be determined using the equation
proposed by Grubb et al. [15], and Kumar et al. [20]:

D̄ = 1

2π3(1 − ϕ)

(
Q

K

)
(15)

where

K = lim
q→∞

[
q4 I (q)dq

]
(16)

and the invariant Q is defined as

Q =
∞∫

0

q2 I (q)dq (17)

The Porod-Debye plots are shown in Fig. 17c, the data show excellent linear behavior.
If ϕ is taken as the degree of crystallinity (determined byWAXS), then the scattering
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objects correspond to crystalline fibrils and the averagewidth of the scattering objects
is 6.6 nm. If the scattering objects are nanovoids, then the average width is 3.2 nm.

Discrete SAXS Scattering

Among polymeric and biological materials there are many examples of ordered
structures having a period of the order of 1–100 nm, and such structures are suitable
to study by small-angle scattering. However, the degree of periodic order in these
systems is usually much poorer than in crystals and dealing with the effects of such
“imperfections” constitutes a significant part of the effort in the analysis [1].

The periodic systems that are subjected to small-angle scattering studies are
mostly of lamellarmorphology, as in folded-chain lamellar crystals, membrane struc-
tures, core-shell structures (e.g., latex particles), and block copolymers with lamellar
ordering, as shown in Fig. 9a, c [10]. Figure 18a, b shows the SAXS patterns and
radial intensity trace due to an ordered lamellar nanostructure in a block copoly-
mer. The pattern exemplifies discrete small-angle scattering. The average separation
between nanodomains is determined from the position of the intensity maximum,
qm, using Bragg’s law [1]:

L̄ = 2π

qm
(18)

In oriented semicrystalline polymers (i.e., films and fibers) and natural fibers, the
discrete scattering interferences appear in only one direction, most commonly along
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Fig. 18 Examples of discrete and diffuse small-angle scattering. a SAXS pattern of a block copoly-
mer. b Radial intensity trace of pattern in (a). The inset corresponds to inner region of pattern in
(a) obtained by reducing exposure time by 50% to enhance the first order maximum. The intensity
trace shows that the maxima positions are integer multiples of the 1st order reflection and therefore
the nanostructure is lamellar (for more details see [37])
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the orientation axis, denoted the Meridian [39]. Meridional reflections denote some
degree of large-scale periodic character in the structure parallel to the fiber axis.
Analysis of these diffraction patterns enable, for instance, the determination of the
lamellar or domain size in semicrystalline polymers and block copolymers, and the
type of nanophase exhibited by narrow molecular weight distribution block copoly-
mers [10, 37].

3 Structure Evolution and Shape Memory by X-ray
Scattering

3.1 PCL-POSS Chemical–Physical Networks

WAXS and SAXS have been applied to study in detail the micro and nanostructure
in POSS-PCL hybrid nanocomposites and their macromeric precursors. These net-
works feature two PCL chains tethered to a single POSS moiety, thus resembling an
asymmetric block copolymer with crystallizable blocks, as shown in Fig. 19a [2].
These nanocomposites exhibited shape memory behavior as shown in Fig. 19b, with
the molecular architecture enabling dynamic coupling between crystallization and
microphase separation. Strikingly, such a system showed a highly ordered nanoscale
superstructure not only in the precursors but also in the covalently crosslinked net-
works [2].

Analysis of the influence of stress applied during shape memory cycles by simul-
taneousWAXS/SAXS experiments showed that not only stress-induced crystalliza-
tion of POSS and PCL, but a strikingly highly ordered nanostructure featuring POSS
clusters coexisting with lamellar PCL nanodomains.

Fig. 19 a Idealized structure of POSS-PCL chemical/physical double molecular networks with a
single POSS tethered to PCL, b three one-way shape memory cycles (for more details see [3])
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Fig. 20 Uniaxial stretched POSS-PCL 2.6 networks with diacrylate:tetrathiol molar ratio of 1:1.
a 2D pattern, b 3D pattern, c 2D SAXS pattern. Arrow indicates the stretching direction. Room
temperature and Ni-filtered CuKα radiation (more details in [3])

Simultaneous WAXS/SAXS patterns were acquired at room temperature after
stretching at 80 °C to 82% strain, and the 2D and 3D WAXS patterns are shown in
Fig. 20a, b. The WAXS pattern was recorded using an image plate, and the SAXS
pattern was recorded using an area detector; pin-hole collimation and a rotating
anode X-ray generator were utilized [3]. The patterns are anisotropic, indicating
stress-induced molecular orientation. Moreover, the WAXS pattern exhibits 110 and
200 reflections for PCL crystalline phase, and 101 and 110 crystalline reflections
corresponding to POSS phase. These results show that: (a) in the molecular network
the POSS crystals are biaxially oriented (see the four internal reflections in the
3D pattern), and (b) under the restricted mobility afforded by the high degree of
cross-linking of POSS-PCL2.6-net-2:1, the PCL chains are still able to orient and
crystallize.

The nanoscale structure of the stretched macromolecular networks was also
investigated by collecting the SAXS pattern, as shown in Fig. 20c. The pattern
is anisotropic, and the stretched network exhibits strikingly ordered nanostructure.
Analysis of the intensity traces along equatorial and meridional axes revealed spatial
periodicity associated to PCL lamellar morphology with long-distance of 63.6 nm.
This morphology coexisting with POSS oriented nanostructure [3].

The WAXS and SAXS analysis enable a schematic representation suggested for
the crystalline arrangement of POSS and PCL after straining the molecular net-
works, this is shown in Fig. 21. The scheme depicts the crystallization of initially
amorphous PCL chains upon the applied stress field and the biaxial reorientation of
POSS rhombohedral crystals.

3.2 PCL-POSS Chemical Networks

Here simultaneousWAXS and SAXS experiments were carried out to study in detail
the micro and nanostructure in randomly crosslinked POSS-PCL molecular net-
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Stretch

Fig. 21 Stylized sketch of phase behavior of POSS crystals and amorphous PCL network in a
POSS-PCL crosslinked network (adapted from [3])
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Fig. 22 a Idealized structure of POSS-PCL chemical molecular networks, b three thermally acti-
vated one-way shapememory cycles of PCL3kT70-POSS30 crosslinked network (Romo-Uribe and
Mather, to be published)

works, with POSS end capping the network, as shown schematically in Fig. 22a.
The topology of the molecular network thus obtained is distinctly different from
the physical–chemical networks discussed in Sect. 3.1. These networks also exhibit
one-way shape memory behavior, with shape recovery as high as 99% and high
reproducibility after three cycles, as shown in Fig. 22b.

Figure 23 shows (a)WAXS and (c) SAXS patterns of POSS-PCL network exhibit-
ing crystalline order (WAXS), and long-range spatial periodicity (SAXS). The pat-
ternswere acquired simultaneously. TheWAXS intensity trace of Fig. 23b enables the
identification of PCL crystalline structure and a weak crystalline reflection of POSS.
These results show that PCL crystallizes by chain folding (110 and 200 reflections)
whereas POSS crystalline aggregates are small giving rise to a weak 101 reflec-
tion. The limited crystallization of POSS undoubtedly arises from being covalently
attached to PCL chains. On the other hand, the SAXS intensity maximum of Fig. 23d
shows a lamellar superstructure with periodicity of 17.9 nm. These results enable to
postulate a microstructure depicted in the scheme of Fig. 23 and demonstrates the
value of acquiring WAXS and SAXS patterns of a specimen.

The SAXS data was further analyzed by determining the pair-distance distribution
function, and the results are shown in Fig. 24a. These results enable to postulate a
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Fig. 23 PCL3k(T70-POSS30) crosslinked network. a WAXS pattern and b azimuthally averaged
intensity trace. c SAXS pattern and d azimuthally averaged intensity trace. Patterns were obtained
simultaneously using a Rigaku S3000 system; CuKα radiation (Romo-Uribe and Mather, to be
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Fig. 24 a Pair-distance distribution function of PCL3k(T70-POSS30) network calculated from
SAXS data. b SAXS andWAXSmodels for particle shape nanostructure, c atomic forcemicroscopy
(AFM) image exhibiting lamellarmorphology consistent withX-ray scattering results (Romo-Uribe
and Mather, to be published)

dumbbell shape superstructure, as shown in Fig. 24b. The lamellar superstructure of
POSS-PCL networks was confirmed by atomic force microscopy, Fig. 24c.

3.3 PCO Two-Way SMP Networks

A series of poly (cyclooctene) (PCO) films with different cross-linking density
were prepared through controlling the amount of thermal initiator, dicumyl peroxide
(DCP), giving rise to a novel two-way shapememory effect. The cross-linking density
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Fig. 25 Two-way shape memory behavior of PCOs cured with different DCP contents. a Two-way
shape memory behavior for PCO-D20 at different stresses. The length of the elongated sample
indicates the initial length (Li), meaning 0% in strain. The deformation step is followed by cooling
and heating process (2 °C/min) under the constant stress, respectively; b the samples were elongated
at high temperature (100 °C) under a constant stress of 600 kPa. The deformation step is followed
by a cooling process (2 °C/min), inducing an increase in strain. Then, the increased strain decreases
by a heating process (2 °C/min) to high temperature (adapted from [12])

influenced the thermal and mechanical properties, and these were closely associated
with the shapememory effect of the PCOnetwork [12].Dynamicmechanical analysis
(DMA) showed that the crosslinked PCOs exhibited a thermally reversible deforma-
tion behavior, that is, there is a crystallization-induced expansion on cooling and
melting-induced shrinkage on heating under a constant load, as shown in Fig. 25a.
Note that the degree of stretching was a function of crosslinker concentration, as
shown in Fig. 25b, i.e., higher crosslink density less extensibility.

Two-dimensional WAXS patterns of the PCO-D15 specimen were obtained to
investigate the microstructure and the molecular mechanisms responsible for the
two-way shape memory behavior. The WAXS patterns under different degrees of
stretching are shown in Fig. 26; the stretching direction is vertical. PCO crystallizes
in a triclinic or monoclinic unit cell, or the mixture, depending on the conditions
of crystallization. The unstretched PCO sample (Fig. 26a) shows two sharp Debye-
Scherrer (crystalline) reflections. The uniform intensity around the azimuth denotes
isotropic chain orientation. The reflections are located at 2θ = 20.0° (4.43 Å), and 2θ
= 23.0° (3.85 Å), indexed as 010, and 1̄00/100 according to a triclinic unit cell. The
amorphous ring close to the beam stop is an artifact produced by the tail of white
radiation that cannot be eliminated by the Nickel filter [12].

Applying deformation at 400 kPa (Fig. 26b), the diffraction pattern becomes
anisotropic, the 010 reflection splits into four off-equatorial reflections whereas the
reflections are azimuthally spread. The equatorial axis is horizontal and the merid-
ional axis is vertical. The anisotropy in the diffraction pattern Fig. 26b denotes
molecular alignment. However, the four off-equatorial 010 reflections show that the
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Fig. 26 Flat plate 2D WAXS patterns and corresponding 3D plots of PCO-D1.5 after stretching
and cooling to room temperature. The applied stress was: a 0, b 400, and c 700 kPa. Stretching
direction is vertical. Ni-filtered CuKα radiation (adapted from [12])

molecular orientation is neither along the stretching (vertical) axis nor uniaxial, but
rather bimodal. That is, under these stretched conditions there coexist twopopulations
of oriented crystallites. There is a distribution of orientations of the crystallites as
deduced from the azimuthal spread of the 010 reflections. Furthermore, the increase
of intensity on the 010 reflections indicate a stress-induced increase in crystallinity
and corroborated independently by differential scanning calorimetry (DSC) [12].

Increasing the strain by increasing the applied stress showed that the 010 reflection
gradually rotated towards the equatorial axis, hence forcing the macromolecules to
gradually orient along the stretching axis. Eventually, at the highest load applied
(700 kPa) theWAXS pattern in Fig. 26c shows fiber-like morphology. There are only
a pair of010 reflections located on the equatorial axis indicative of crystalline uniaxial
orientation along the stretching axis. The 010 reflection appears more concentrated
in °2θ but azimuthally spread. The azimuthal spread of intensity shows that there is
still a distribution of orientations along the stretching axis. Furthermore, the intensity
of the reflections further increased, became azimuthally concentrated, and formed
the 1st layer along the meridional axis.

Higher stretching loads promoted an increase in strain upon cooling (see Fig. 25a,
b). TheWAXS results of Fig. 26 showed that the increase in strain is due to the reori-
entation of crystalline structure towards the stretching direction. As the crystalline
structure evolves from bimodal (low stress) to uniaxial (high stress) the recrystal-
lization occurs along a single preferred orientation thus inducing greater expansion
along the stretching direction [12].
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3.4 Time-Resolved Synchrotron Scattering

3.4.1 Smectic C Elastomer, Two-Way SMP Networks

Elastomers, i.e., crosslinkedmolecular networks endowedwith smart, compliant, and
biocompatible properties can respond to applied stimuli allowing for fast, possibly
reversible, and high strain–amplitude response. Controlling the crosslink density can
tune the mechanical properties, closely matching those of biological tissues [46, 45,
56]. Rousseau andMather [44] designed, synthesized, and investigated the actuation
behavior of liquid crystalline elastomers (LCEs) capable of forming a smectic C
phase upon melting. The LCE can combine composition-dependent phase behavior
with low modulus [14]. Note that careful design of LCE chemistry can produce
shape memory properties arising from (a) the glass transition temperature and (b)
spontaneous reversible actuation at the smectic–isotropic transition temperature. By
adequately choosing the chemical composition, the latter could be switched “on” or
“off”, leading to pure shape memory response. Figure 27 shows a schematic of the
chemical structure of side-chain liquid crystal (SCLC). Once crosslinked, the SCLC
can produce a LCE, the X-ray scattering pattern of the LCE is also shown in Fig. 27.

The structural changes occurring during the stretching process was monitored by
time-resolved synchrotron scattering, and typical patterns as a function of per cent
of stretching are shown in Fig. 28. The patterns were recorded using a MAR area
detector at the Advanced Photon Source, Argonne National Laboratory (APS, ANL).

The unstretched specimen exhibits three concentric amorphous halos typical of
unoriented glassy material. Note that the inner crystalline ring corresponds to the
Kapton window of the MAR detector. Interestingly, gradual stretching of the speci-
men (along the vertical axis as indicated by the double headed arrow) produced two
structural changes: (a) a split of four sharp reflections typical of smectic C phase, and
(b) equatorial intensity concentration associated to molecular chains being oriented
along the stretching axis. These structural changes are clearly visualized in the cor-
responding 3D plots shown in Fig. 28. The elastic energy stored during the structural

LC Elastomers

Fig. 27 Side-chain liquid crystals (LC) are crosslinked to give a LC elastomer (LCE). Scheme of
μm-scale of local alignment of mesogens in the LC phase. X-ray scattering pattern of an LCE
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Smectic
order

Main-chain
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Fig. 28 Middle-angle X-ray scattering of LCE under uniaxial deformation. Structure evolution
as a function of strain, indicated in each pattern. Double exposure was utilized for the pattern at
200% stretching. Synchrotron radiation, using 10 s exposure time per pattern; stretching direction is
vertical. Note that the inner crystalline ring corresponds to the Kapton window of theMAR detector
(Romo-Uribe and Mather, to be published)

rearrangement (i.e., smectic C order and macromolecular alignment) is thought to
be responsible for the double shape memory effect exhibited by the LCEs.

Information regarding the smectic C layer spacing dSmC , molecular alignment
relative to the normal to the layer β, and interchain distance dm, can be extracted
from the diffraction patterns analyzing the equatorial intensity trace, the intensity
trace through the smectic C reflections, and the azimuthal intensity trace around the
smectic C reflections [21]. These intensity traces are shown in Fig. 29. The intensity
traces show that the smectic C layer spacing is dSmC = 32.4 Å, the interchain distance
is dm = 6.81 Å, and the tilting angle is β = 90 − 44 = 46°.

4 Optical Microscopy and µm-Scale Structure

As described in the previous sections, the innovation and technology development
of new generation of shape memory materials requires analytical techniques which
may involve the combination of two or more techniques. In situ and time-resolved
monitoring of mechanical behavior and the microstructural changes associated to
deformation, and fracture is ideal to better characterize and innovate these com-
plex materials. Furthermore, these techniques are applicable to a broader range of
polymeric materials in other fields and technologies.
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Fig. 29 Intensity traces extracted fromMAXS pattern of LCE uniaxially deformed 200%. a Equa-
torial trace,b intensity through smectic reflection, c azimuthal intensity trace around the four smectic
C reflections (at constant q = 1.94 nm−1), and d scheme of molecular arrangement in a smectic C
mesophase and parameters extracted by X-ray scattering (Romo-Uribe andMather, to be published)

4.1 Hot-Stage Optical Microscopy

The excellent temperature control of current commercial hot-stage systems in com-
bination with a (polarized) optical microscope enables, for instance, the accurate
determination of thermal melting transitions of multilayer films typically used in
packaging applications. The melting transitions of semicrystalline polymers under
polarized light are characterized by changes in birefringence followed by total extinc-
tion (darkness) when melting is completed. The molten polymers are amorphous and
therefore there is no birefringence to be detected under crossed polarizers [52].

Figure 30 shows a DSC trace (first heating) and a series of polarized optical
microscopy (POM) micrographs of a multilayer polymeric film 106 μm thick used
in packaging. The results correlate thermal endothermic transitions corresponding
to the melting of polymers with POM micrographs. Furthermore, POM microscopy
not only confirmed the temperature of the melting transitions but also enabled to
establish the location of each polymer layer within the multilayer composite.

Hot-stage optical microscopy also enables recrystallization studies under either
isothermal or non-isothermal conditions of semicrystalline polymers mimicking, for
instance, processing conditions of polymers.

An application of hot-stage microscopy pertaining to thermally responsive shape
memory polymers is shown in Fig. 31 [38]. Figure 31a shows a series of optical
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Fig. 30 DSC heating trace and in situ POM micrographs of a multilayer polymer film composed
of EVA, LLDPE, PVOH and PET. Film total thickness = 106 μm

micrographs of a thermally responsive physically crosslinked hydrogel PNIPAm-
POSS3.4 during a heating scan a 2 °C/min. The micrographs show the collapsing
of the hydrogel as heating through the lower critical solution temperature (LCST).
Then, the cooling cycle of Fig. 31b shows that the shape (and size) is largely recov-
ered, demonstrating the shape memory behavior. However, the images also revealed
a hysteresis effect, probably associated to solvent diffusion. The 2D change ΔL, rel-
ative to the equilibrated hydrogel, is plotted as a function of temperature in Fig. 31c
(ΔL = 0 means the size of the de-swelled copolymer, at 45 °C). The LCST of the
shape memory hydrogel can be determined from onset of shape change as a function
of temperature. These results showed a LCST = 26 °C. The results obtained from
hot-stage optical microscopy are complemented with shear moduli measurements,
as shown in Fig. 31c. The results from both techniques during the heating scan, ΔL
and shear moduli, are in agreement. As water was expelled from the hydrogel the
elastic modulus decreased (the gap in the rheometer was kept constant). Note that the
onset of the elastic shear modulus G′ corresponds to the onset in �L and determines
the LCST.
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Fig. 31 Thermally-activated shape memory behavior of PNIPAm-POSS3.4 physically crosslinked
hydrogel. Micrographs acquired a heating, and b cooling at 2 °C/min. c Size change ΔL and
dynamic shear moduli (G′, G′′) as a function of temperature. Shear rheometry data also measured
at 2 °C/min (adapted from [38])
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4.2 Time-Resolved Optical Microscopy/Uniaxial Deformation

The mechanical behavior during uniaxial deformation of polymeric materials deter-
mines performance, applications, and limits of use and failure among other important
properties. Polymeric materials are able to experience elastic (recoverable) deforma-
tion, yield stress, plastic (permanent) deformation, cold drawing, and strain hardening
prior to fracture. The type of deformation will depend on the morphology and physi-
cal state of the polymeric material. Shapememory elastomers, crosslinked polymers,
and hydrogels will exhibit elastic deformation and some, limited, plastic deforma-
tion followed by strain hardening prior to fracture. The mechanical properties like
tensile strength and Young’s modulus are relevant to the product’s performance in
handling and resistance to tear, and long-term durability. The mechanical modulus
also impacts performance and it, therefore, can also be associated to comfort in
many applications envisioned for shape memory polymers (e.g., biomedical applica-
tions). Mechanical properties and microstructure can be probed simultaneously by
implementation of simultaneous stress–strain–microstructure studies by combining
a mini tensile tester and an optical microscope with long working objectives (for
high-temperature studies), as shown in Fig. 32.

The stress–strain traces of a linear low-density polyethylene (LLDPE) film of
three tests are shown in Fig. 32c; a fresh specimen was used each time. The results
show excellent reproducibility. The Young’s modulus is determined from the elastic
region of the stress–strain traces; the traces also provide the yield stress.

Figure 33 shows a series of optical micrographs acquired during the tensile test
at the strains indicated in each micrograph. The micrographs were obtained at 50×
magnification, but magnifications up to 500× are possible with current instrumen-
tation. The instrumentation enables symmetrical displacement of the clamps during
the specimen’s stretching, hence the point of microscopic observation (rectangular,
illuminated region in Fig. 32b) is always the same.
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Fig. 32 a Tensile stress testing system TST350 mounted on optical microscope. Video recording
is performed with a digital camera Quicam coupled to tensile tester controller. b Polymeric film
clamped in tensile tester. c Stress–strain curves polymeric film at room temperature, straining at
5 mm/min
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40%

Fig. 33 In situ bright field optical micrographs of LLDPE film obtained simultaneously to stress–s-
train trace (test 1) shown in Fig. 32, while straining at 5 mm/min, room temperature. The corre-
sponding strains are indicated in each micrograph. Tensile axis is horizontal

5 Small-Angle Light Scattering, SALS

Small-angle light scattering (SALS) is another ideal technique for in situ and time-
resolved studies of polymers under deformation/temperature cycles. SALS was ini-
tially developed to characterize polymeric solutions and colloidal suspensions [34].
The usefulness of SALS is well established and the technique is routinely utilized to
investigate soft condensed matter as well as complex fluids. Commercial instrumen-
tation is scarce, however, building in-house SALS instrumentation is relatively easy
and inexpensive [8, 31]. SALS is being applied to study the spherulitic microstruc-
ture of partially crystalline polymers, the microstructure in deformed polyethylene
samples, and the influence of thermal annealing on polymer’s crystalline microstruc-
ture [50, 55], phase separation kinetics in polymeric blends [49], and thermotropic
polymers under shear [27, 42]. There are also applications to biological systems [7,
29]. In this section, we show applications of this technique to investigate the corre-
lation of microstructure with deformation in polymer films subjected to controlled
uniaxial tensile deformation.

Figure 34a shows the polarized optical micrograph (POM) and HV SALS pattern
of a polyamide 66 film (PA66). The POM micrograph exhibits a spherulitic struc-
ture whereas the SALS pattern shows a “four-leaf clover” with intensity maxima at
azimuthal angle of φ = 45° with respect to the extrusion direction (vertical). The
SALS pattern is typical of spherulitic microstructure in semicrystalline polymers
[34].

Stein [55] developed a theory for small-angle scattering from spherulitic polymers
by assuming that scattering arises from a homogeneous anisotropic sphere embedded
in an isotropic medium. The equation derived by Stein et al. for HV scattering is

IHV = AV 2
o

(
3

U3

)
·
[
(αt − αr ) · cos2 θ · sin φ cosφ(4 · sinU −U cosU − 3 · SiU )

]2
(19)



304 A. Romo-Uribe

Fig. 34 a Polarized optical microscopy (POM) micrograph and b SALS pattern of extruded PA66
film. The extrusion direction is vertical. Room temperature and HV polarization condition

where Vo is the volume of the sphere, U = (4πR/λ)sinθ , where R is the radius of
the sphere, λ the wavelength of the light (in the medium), and 2θ is the scattering
angle. αt and αr are the tangential and radial polarizabilities of the sphere, and φ is
the azimuthal scattering angle. The maxima of the “four-leaf clover” HV patterns
occur, according to Eq. (19), when

4πR

λ
sin θmax = 3.9 (20)

thus

R = 3.9λ

4π · sin θmax
(21)

enabling the calculation of the spherulite size from the position of the intensity
maximum. Equation (21) is easily rewritten in terms of the scattering vector

R = 3.9

qmax
(22)

Applying Eq. (22) we obtained a spherulite radius for the PA66 film of R= 10.1μm,
in agreement with the size determined by POM.

After uniaxially stretching the film by 60%, the POM micrograph, SALS and
WAXS patterns were acquired, these are shown in Fig. 35. The POM micrograph
of Fig. 35a shows nearly total extinction and a weak crisscross morphology with
elongated stripes. The inset in Fig. 35a was obtained by rotating the specimen to
reveal the oriented morphology.

Figure 35b shows the SALS pattern of PA66 after 60% uniaxial stretching. The
SALS pattern shows a rotation of the intensity maxima towards the equatorial (hor-



Scattering and Other Miscellanies Techniques … 305

(a) (b) (c)

Fig. 35 a POMmicrograph,bSALSand cWAXSpatterns of PA66filmunder uniaxial deformation
along the extrusion (vertical) direction. Film stretched 60% as indicated by the arrow. Inset in
(a) shows the specimen rotated 45° to reveal the oriented morphology. WAXS: CuKα radiation;
SALS: HV polarization condition

izontal) axis as well as a shifting towards the beam stop. This pattern indicates that
the spherulites have been deformed and stretched along the tensile axis. There is
additionally a weak streak along the equatorial axis. This streak arises from an elon-
gated microstructure along the tensile axis (shown in the inset of Fig. 35a). Note
the presence of the four-lobe morphology indicating that the spherulitic morphology
is preserved under the uniaxial elongation. However, the lobes have significantly
shifted towards the beam stop, a consequence of a size increase of the spherulites.
Finally, Fig. 35c shows the corresponding WAXS pattern exhibiting sharp reflec-
tions, concentrated intensity on the equatorial axis and off meridional reflections.
The sharp reflections are associated to crystallinity in the specimen, whereas the
azimuthal spread of the equatorial reflections denote the degree of macromolecular
alignment along the stretching axis.

Another example of the utilization of SALS to probe microstructure under defor-
mation conditions is shown in Fig. 36, it shows a series of SALS patterns obtained
in situ, shearing a thermotropic polymer at 180 °C, above the nematic-to-isotropic
temperature. The SALS patterns revealed shear-induced isotropic-to-nematic tran-
sition, where the nematic phase was highly oriented along the shearing axis and
spatially correlated (up to seven intensity maxima were detected along the merid-
ional axis) [27].

6 Conclusions

The development and innovation of smart, shape memory polymers require fun-
damental understanding of the molecular mechanisms associated to the memory
effect. This chapter focused largely on the author’s experience, own research results,
and research interests. The chapter provided an overview of the utilization of scat-
tering and optical probes, with spatial resolution from Å-scale to μm-scale. Since
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(a) (b) (c) (d)

Fig. 36 SALS patterns of thermotropic polymer under shear flow, as indicated by the arrow. a Qui-
escent state. b and c Increasing shear rate. d Enlargement of c exhibiting a spatially correlated
structure. HV polarization condition (for more details see [27])

its discovery in 1912, X-ray scattering, WAXS first and SAXS few years later, has
proved to be a particularly powerful technique to probe structure. Furthermore, X-ray
scattering does not require special sample preparation and optically opaque mate-
rials are transparent to X radiation. Moreover, modern instrumentation and syn-
chrotron sources enable in situ and time-resolved studies. On the other hand, SALS
and optical microscopy are suitable techniques to resolve microstructure at sub-
μm and μm-scale, respectively. These techniques can also be adapted with stretch-
ing/shearing devices for simultaneous, time-resolved microstructure analysis. Each
technique relies on contrast, either electron density or index of refraction, and suitable
dimensions, and the choice of a particular technique or the combination of several
techniques relies on specific materials under study.
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Applications of Shape-Memory Polymers,
and Their Blends and Composites

L. Santo, F. Quadrini, D. Bellisario and L. Iorio

Abstract In this chapter, applications of Shape-Memory Polymers (SMPs), and
their blends and composites (SMPCs) are discussed. SMPs and SMPCs are a new
class of stimuli-responsive smart materials that change their configuration reacting
to specific external stimulus and remember the original shape. They are expected to
have interesting applications in many engineering fields such as aerospace (e.g., in
deployable structures and morphing wings), microelectronics (e.g., in flexible bio-
electronics and active disassembly systems), automotive (e.g., automobile actuators
and self-healing composite systems), and biomedical one (e.g., in stents and filters).
This is mainly due to their lightweight, high shape reconfiguration, recovery force,
good manufacturability, easily tailorable glass transition temperature, and low cost.
After a brief description of SMPs, blends and their composites behavior, this chapter
highlights the most attractive current and future applications.

Keywords Smart materials · Shape-memory polymer (SMP) · Shape-memory
polymer composites (SMPC) · Shape-memory blends · Biomedical applications ·
Aerospace applications

1 Introduction

1.1 What Are SMP/SMPC Materials?

The SMPs\SMPCs are stimuli-responsive smart materials that can undergo a large
recoverable deformation by application of an external stimulus (e.g., heat, electricity,
light, magnetic field, water, and solvent) [1–6]. The heat-induced and electricity-
induced SMPs and SMPCs are most typical. In the case of heat-induced, the shape-
memory effect can be observed by performing a typical thermomechanical cycle,
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Fig. 1 Schematic representation of the typical thermomechanical cycle of an SMP/SMPC under
compression testing [2]. Copyright 2016. Reproduced with permission from Elsevier

as shown in Fig. 1, in compression test. The possibility to change the configuration
mainly depends on the material state that becomes from glassy to rubbery state.
This occurs when the temperature reaches a characteristic value labeled transition
temperature (Ttrans) (i.e., the glass transition temperature (Tg) or melting transition
temperature (Tm) depending on the nature of the polymer) [1, 2]. The chemical nature
of the material, the morphology and the applied processing and programming influ-
ence the shape-memory properties and the related behavior [3]. The initial geometry
can be varied. Figure 2 shows a schematic representation of some conceptual geome-
tries for reliable actuators. In some cases, the memorizing cycle allows deformation
of up to 400%.

Among the polymers developed with remarkable shape-memory properties, the
most important are epoxy resin, polyurethane resin, cross-linked polyethylene,
diverse styrene-butadiene copolymers, and other formulation.

The preparation of SMP composites and blends is mainly performed to improve
some material properties and to make easier the process of memorizing and shape
recovery. In particular, they are fabricated to improve shape recovery stress and
mechanical properties, and to decrease shape recovery time by increasing thermal
conductivity. Moreover, it is possible to create new polymer/polymer blends with
shape-memory effect (SME), to set properly switch temperature, mechanical proper-
ties and biomedical properties of SMPs, and tomanufacture shape-memorymaterials
sensitive to various stimuli [7, 8].

Many studies deal with the fabrication methods and characterization of this class
of emerging smart materials [1–17].
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Fig. 2 Schematic representation of some conceptual geometries for reliable actuators based on
shape-memory polymers

2 Applications

SMPs, blends, and their composites can be used in many areas ranging from outer
space to automobiles.

Recently, the most attractive applications are in aerospace for deployable compo-
nents and structures, including hinges, trusses, booms, antennas, optical reflectors,
solar sails, and morphing skins [1, 2, 11, 18–23]. In addition, there are further inter-
esting applications in areas of biomedicine (scaffolds for tissue engineering, implants
for minimally invasive surgery procedures, self-tightening sutures, self-retractable
and removable stents, drug delivery systems) [24–27], microelectronics (flexible bio-
electronics and active disassembly systems), automotive (automobile actuators and
self-healing composite systems, seat and adaptive lens assemblies, reconfigurable
storage bins, airflow control devices), food packaging for thermal and light-sensitive
products, deployable structures (reflectors, ground-based deployable mirrors), smart
textile (life jacket, floating wheels), and others [11].

At present, some applications are already utilized and others are an object of
research for future development. Some remarkable applications are described in the
following sections.
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3 Applications for Aerospace

Nowadays, many researches are devoted to the SMP/SMPC applications in
aerospace. In particular, SMPs/SMPCs are of great interest for building low-cost
self-deployable structures, e.g., solar sails, solar arrays, sunshields, radar antennas,
systems for space debris capture, morphing wings [1, 11, 18–23, 28].

Figure 3 shows some prototypes made of shape-memory materials from epoxy
matrix composites for space applications; in particular, prototypes of solar sail, de-
orbiting sail, solar panel, and a self-deploying cross [19].

Commercial materials are generally used for the fabrication of such prototypes
of SMC with a bulk SMP interlayer. The composite layers are carbon/epoxy prepreg
(HexPly® M49/42%/200T2X2/CHS-3K, nominal epoxy resin content of 42 wt%,
nominal area weight of 200 g/m2, thickness of 0.35 mm), while the SMP interlayer
is an epoxy resin 3M Scotchkote 206 N [18–20].

Figure 4 shows the configuration of the prototypes of Fig. 3 after the memorizing
step, in stored configuration. Figures 5 and 6 report the details of the recovery tests.
A hot gun is used for heating but in future applications embedded heaters or solar
radiation could be used.

Other SMPC prototypes from epoxy matrix were manufactured to study two
example of self-deployable devices for de-orbiting systems: a composite cross with-
out sail and a dual sail structure with composite frames and kapton sails [19, 20].
The dual sail system was made by two symmetrical sails that deploy on the opposite

Fig. 3 Manufactured composite structures a prototype of solar sail; b self-deploying cross; c pro-
totype of de-orbiting sail; d prototype of solar panel [19]. Copyright 2017. Reproduced with per-
mission from Springer Nature
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Fig. 4 Configuration of the composite structures after memorizing step: a solar sail, b self-
deploying cross, c de-orbiting sail, d solar panel [19]. Copyright 2017. Reproduced with permission
from Springer Nature

Fig. 5 Details of the prototype of the SMC frame recovery stage [19]. Copyright 2017. Reproduced
with permission from Springer Nature

Fig. 6 Details of the recovery tests of a the panel, b the cross, c the cross with the sail [19].
Copyright 2017. Reproduced with permission from Springer Nature
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Fig. 7 Composite structures
before and after the memory
step [20]. Copyright 2016.
Reproduced with permission
from ASME

sides of a microsatellite. The results of the shape-memory tests are shown in Figs. 7
and 8.

The memory and recovery cycle results are very interesting, showing that such
structures can successfully self-deploy. They follow the desired design constraints
and are able to recover the original flatness without noticeable defects. The mate-
rial, heating source, and configuration influence the time of deployment that can be
tailored depending on the application.

A very innovative application of such SMPCs could be composite hands for space
debris capture [19–21]. They could be manufactured in the closed-hand configura-
tion, and subsequently opened in the phase of memorizing. In this case, composite
hands recover the initial closed configuration by heating, and allow grabbing small
objects. Figure 9 shows an example of composite hands during recovery stage in two
different configurations (cubic and cylindrical).

The material used for the described prototypes has already tested in microgravity
during the Russian BION-M1 mission of the Soyuz spacecraft (April 20, 2013). In
that mission, for the first time, a shape-memory polymer composite (SMC) sheet
was also tested together with prototypes of actuators made of SMP foams [29, 30].
Figure 10 shows the samples of the experiment, namely Ribes_Foam2. The view of
one of them, the prototype of actuator, before and after the test in microgravity is
also shown. The experiment has highlighted that the SMP and SMPC samples are
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Fig. 8 Details of the shape
recovery tests of the dual sail
configuration [20].
Copyright 2016. Reproduced
with permission from ASME

able to recover their shape in microgravity. In the case of small and lightweight parts,
the effect of microgravity is surely negligible if compared with recovery forces but
it influences the performances of heating devices. For this reason, it has to be taken
into account for designing actuators or self-deployable structures for future space
applications.

Furthermore, a low actuation rate of about 0.2 mm/min can be achieved by using
such SMPs, and the resultant loading speed is about 0.1 N/mm, by using an SMP
foam, size 14 × 8 × 8 mm3. These characteristics are very promising to design
small-size actuators for self-deployable structures where other shape-memory mate-
rials (e.g., shape-memory alloys, SMA) cannot be used because they permit only
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Fig. 9 Details of the
shape-memory tests of the
composite hands in
cylindrical and cubic
configuration [21].
Copyright 2016. Reproduced
with permission from ASME

high actuation rate. Another possible application could be the fine regulation of the
position of shields, mirrors, and other structures of satellites.

The SMP material used for the actuator has already tested in microgravity in a
previous space mission in 2011 (experiment I-foam, NASA STS-134 mission) [31].

Currently, the other two new samples in SMPC are on orbit, outside the Interna-
tional Space Station. The NASA experiment is the MISSE-9 Polymers and Compos-
ites Experiment being flown on the MISSE-Flight Facility (Launch April 2, 2018).
The duration of the mission is 1 year. The aim is to investigate the material behavior
in the harsh space environment. High vacuum, ultra-high- or low-temperature cycle
effect, ultraviolet (UV) radiation, atomic oxygen, cosmic ray are important factors
to be considered when selecting structure materials for space.
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Fig. 10 On the left, the samples of the Ribes_Foam2 experiment; on the right, the prototype of
actuator: a before and b after the microgravity experiment [29]

Therefore, the results of these experiments will be very useful for future applica-
tions of SMPCs in outer space.

However, there are some challenges to the applications of SMPC in aerospace,
such as the limited types of high-temperature SMPC suitable for the harsh space
environment.

Further applications of SMPs/SMPCs for aerospace are hinges, ground-based
deployable mirrors, reflectors, and antennas [1, 11, 22]. For aerospace deployable
devices, the change of structural configuration in-orbit is obtained through the use of
a mechanical hinge, stored energy devices, or motor-driven tools. Complex assem-
bling process, massive mechanisms, large volumes, and undesired effects during
deployments are some drawbacks for such traditional deployments systems. On the
contrary, using SMPs and their composites some of the abovementioned disadvan-
tages can be overcome. Lan et al. investigated a carbon fiber-reinforced SMP for this
application. The flexural deformation was the main mode of the deformation in the
structures. The results are promising [32, 33].

SMPs are also suitable for the fabrication of ground-based mirrors. Such mirrors
are generally thin, lightweight, and deployable. They can be manufactured by an
SMP composite substrate and a coated reflective side of the composite reflector. The
reflective surfaces are mainly composed of electroplated nickel (less than 30 μm
thick) that provides high-quality reflectance. The substrate of the mirror can be
deformed for packaging and then activated by an external power supply, for the
shape recovery [1, 11].

Recently, SMPC have been conceived for the fabrication of the central part of
large-aperture inflatable antenna, enabling a large deformation [1, 34]. Large aper-
tures in space have applications for telecommunication, earth observation, and sci-
entific missions. Shape adjustment and control of surfaces by the implementation
of shape-memory materials and piezoelectric polymers has been evaluated. It has
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been paid attention to the matching to the surface structural configurations and ther-
moelastic stability [34]. For example, in the case of precision system, to reduce
manufacturing shape errors, compensation devices based on shape-memory poly-
mers attached to the structure at proper positions could be used.

Expandable lunar habitat is another possible application. If space exploration is led
for a long time, a special shelter or habitat is needed to maintain basic life and avoid
damage from ultraviolet radiation [1]. SMP/SMPC is one of the advanced materials
that can be packaged and stowed in a smaller volume and deployed using some stimuli
when in space. For example, the ILC Dover Company has developed together with
NASA Langley Research Center a kind of inflatable expandable lunar habitat; the
framework of the structure is made of SMPCs, and the structure is self-deployable
and has a high extensive area. In addition, the model was fabricated and the process
for deploying of the structure was studied in on-ground experiment. The results show
that the materials have good recovery properties. In addition, Cornerstone Research
Group (CRG) has developed a self-constructing infrastructure for future missions to
moon and Mars.

SMP and SMPC are also interesting for the future development ofmorphing struc-
tures [11, 28, 35]. Such structures have attracted the attention of many researchers
and much effort in the aircraft technology development. In fact, they are very advan-
tageous in lift-to-drag ratio and flight performance.Missionmorphing requires large-
scale shape change for adapting to different flight conditions.

As above mentioned, the interest in SMPs and SMPCs is mainly due to their
lightweight, high strength–weight ratio, low density, low part count, simple design,
good manufacturability, high shape deformability, easily tailorable glass transition
temperature, and low cost.

An example of morphing concept of a variable camber wing was developed [11].
It consists of a flexible SMP skin, a metal sheet, and a honeycomb structure. Metal
sheet is used to keep the surface smooth during the curvature changing, honeycomb
provides distributed support to the flexible skin, and the flexible skin made of SPM
is covered to create the smooth aerodynamic surface, as shown in [11].

4 Biomedical Applications

Recently, SMPs have generated great interest for biomedical applications like self-
retractable and removable stents, drug delivery carriers, self-tightening sutures, fas-
teners, scaffolds for tissue engineering, self-expansion stents, endovascular clot
removal, and orthodontic appliances.

Figure 11 shows the shape recovery test of a prototype of tracheal stent made of
two-component polyurethane resin (MP3510, SMP technologies Inc.).

The main interest of SMPs is in their potential in minimally invasive surgery. In
fact, a compacted device can be inserted into the body through a smaller incision,
and subsequently deployed to its full shape once inside. Moreover, SMPs/SMPCs
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Fig. 11 Shape recovery test of prototype of tracheal stent

can provide structural support, exert stabilizing forces, elute therapeutic agents, and
biodegrade [24].

Nevertheless, it is essential to consider the potentially harmful effects that these
newmaterials could have when implanted in the body. For this reason, in vivo testing
must be performed to evaluate the interaction of the smart material with the tissue
[24].

Among different SMPmaterials, polyurethane (PU) SMP performs excellent bio-
compatibility, and can be used for different clinical devices when implanted in the
human body.

In [36], biocompatible poly (propylene carbonate) (PPC)/polycaprolactone (PCL)
shape-memory blends containing different components were fabricated throughmelt
blending. These blends show distinct component-dependent shape-memory perfor-
mance. The material had good blood compatibility, in vitro degradation, and drug
release behavior, demonstrating its great potential for biomedical applications.

However, materials used in permanent biomedical products have to be also non-
biodegradable in order to resist degradation by the body. They have to ensure that an
extended period of functional use can be achieved. On the other hand, for products
that are only required to serve a temporary function, the property of biodegradability
is very useful. Biodegradable materials permit a temporary presence that eliminates
the need for surgical removal after their functional time [37].

Biocompatibility and biodegradability are thus desirable properties of SMPs for
biomedical applications. Biodegradable and bio-based polymers can meet this need
and may replace the conventional SMPs [38, 39].

The rate at which biodegradation will occur should also be tailored to the best
use of the product. The field of tissue engineering, for example, promotes the use of
materials with controllable degradation rates in scaffold construction as this could
permit the synchronization between scaffold degradation and natural tissue growth
and replacement. Regulating the rate of biodegradation can also give better control
in other SMP applications such as in drug delivery systems.
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The biodegradable SMPs, reported so far are based on polyglycolide (PGA),
poly(L-lactide) (PLLA), and polycaprolactone (PCL), which are well-known
biodegradable polymers mostly used in the medical field [8]. The choice of shape-
memory material will depend on the specific application.

The effectiveness of biodegradable SMP in wound closure has been recently
investigated [8, 40]. A temporary shape is achieved by elongating the fiber under
controlled stress. This suture can be applied on its temporary shape and when the
temperature is above Tg, the suture shrink and then tighten the knot. Such sutures
should be degradable and show gradual mass loss during degradation.

SMPs could also be useful for biodegradable stent with self-expandability [41].
In addition to biocompatibility and biodegradability, the texture of the material

surface is of great interest for medical devices. Surface modification techniques for
next-generation SMP stent devices was proposed [42]. These modification methods
make the surfaces of these materials more compatible, depending on the application.
In particular, the hemocompatibility of stent materials can be improved. Surface
modification techniques include roughening, patterning, chemical modification, and
surface modification for biomolecule and drug delivery.

Further interesting applications of SMPs/SMPCS in the biomedical field are the
following.

The use of shape-memory polyurethane in orthodontic is investigated [43]. Shape-
memory PU wire has shown strong potential as a novel orthodontic appliance with
esthetically appealing appearance. In fact, the shape recovery force exerted by the
wire is sufficient to correct misaligned teeth in orthodontic test.

The use of shape-memory effect in polymers is also proposed for cardiovascular
stent intervention [8, 44]. This is proposed to reduce the catheter size for delivery and
offers highly controlled and tailored deployment. The stent can be preprogrammed
for activating at body temperature. The deployment is obtained without auxiliary
devices.

The shape-memory properties of thermoplastic polyurethane allow designing new
fully polymeric self-expandable stents used in constricted coronary blood vessel
with the function of drug delivery. This can contribute to a significant reduction of
restenosis and thrombosis. The use is not restricted to the cardial area, but may be
applied in other organs too, e.g., trachea, esophagus, urethra, etc., when troubled by
stenosis or tumors [45].

The combination of computer-aided design, computer-aided engineering, and
additive manufacturing technologies can be studied and profitably applied to the
development of interesting shape-memory polymer-based actuators. In this way,
there is a special impact on the design and implementation stages [46].

An example of such an approach is reported in Fig. 12 for a “smart” annuloplasty
ring based on shape-memory polymers oriented to the potential treatment of mitral
valve insufficiency.

Finally, SMPsare also ideal candidatematerials for devices to beused inminimally
invasive procedures such as diagnostic devices, or sensors, tissue scaffolds for cell
growth, artificial skin, or even as materials for 3D printing of biomedical devices.
The development of new SMPs may affect more and more the biomedical field and
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Fig. 12 Summary of the development process, supported by computer-aided engineering and addi-
tive manufacturing approaches, for a “smart” annuloplasty ring based on shape-memory polymers
oriented to the potential treatment of mitral valve insufficiency [46]. Reproduced with permission
from the author

open up new scenarios for designing novel bio-devices [37]. Further applications in
the biomedical field can be found in [24–27].

5 Other Applications

The application of smart materials and SMP technology to the active disas-
sembly of modern mobile phones is another interesting application. SMP made
of PU was employed for this purpose [47, 48]. One of the most successful
results in active disassembly times were the SME-SMP screws. They allow the most
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successful self-disassembly of the Nokia 6110 mobile within 1.5 s. The mean time
in disassembly of these devices was just over 8 s. By using these new smart material
devices, it is possible to disassemble products at end of life (EoL). The disassembly
is made at specific triggering temperatures. The technique is named as Active Dis-
assembly using Smart Materials (ADSM), and has been successfully demonstrated
on different mobile phones.

Another use of SMP in electronics is green electrophosphorescent organic light-
emitting diodes (OLEDs) with inverted top-emitting structures. They are tested on
biocompatible shape-memory polymer (SMP) substrates for wearable electronic
applications [49], and combine the unique properties of SMP substrates with the
light-emitting properties of OLEDs. For this reason, they are very interesting for new
applications, including conformable smart skin devices, minimally invasive biomed-
ical devices, and flexible lighting/display technologies.

SMPs have been also used in automobile engineering. Some interesting applica-
tions of SMPs include seat assemblies, reconfigurable storage bins, energy absorbing
assemblies, tunable vehicle structures, hood assemblies, releasable fastener systems,
airflow control devices, adaptive lens assemblies, and morphable automotive body
molding [11]. The success for using SMPs are due to their shape-memory behavior,
easy manufacturing, high-deformed strain, and low cost.

New interesting applications could come by shape-morphing composites with
designed microarchitectures [35]. Lightweight, micro-architected composite SMPs
may overcome the limitation in relatively small form factors of SMPs due to their
low recovery stresses. Furthermore, they could combine functional properties (e.g.,
electrical conductivity) with shape-memory behavior. This is very challenging. Bio-
based thermoset SMP composite inks are investigated. Figure 13 reports ink devel-
opment and fabrication process for complex 3D architectures, 3d printed and origami
structures.

Figure 14 shows an example of programmed stent and recovered stent in thermoset
composite ink filled with carbon nanofibers CNF (5.6 vol% CNF).

This new approach has been named as “4D printing” because of the extra dimen-
sion of time (or shape change) that such programmable materials add to conventional
3D printing and origami process.

6 New Perspectives and Challenges

New perspectives and main challenges in using SMPs/SMPCs are summarized as
follows.

In aerospace applications, the development of SMPs/SMPCs may be an enabling
technology for building future spacecrafts components for long-term space flight,
light actuators, and self-deployable structures. This could open new frontiers for
space exploration. The challenge is mainly related to the manufacturing and testing
in space of such structures and devices.
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Fig. 13 Ink development and fabrication process for complex 3D architectures [35]

In biomedical applications, the main challenges concern the materials rate of
degradation (enzymatic or hydrolytic), their degree of toxicity, mechanical strength,
etc. Experimental tests in vitro and vivo will be fundamental for testing and subse-
quent applications.

Another attractive field is smart materials and structures obtained by three-
dimensionalmanufacturing (3Dprinting). Some technological and design limitations
remain unsolved such as limitation in the choice of usable polymers, multi-material
components manufacturing, occurrence of microstructural defects, and material’s
real-time adapting. Therefore, a development in such an area is compulsory.
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Fig. 14 Programmed stent and recovered stent (5.6 vol% CNF) [35]

The fabrication of nanocomposites with multistep responsive self-based capabil-
ities and improved durability will further improve the performance in the field. The
development of new polymers and polymer blends becomes necessary in order to
make this. However, no polymer systems are commercially available at present.

The design and fabrication of self-cleaning, self-healing, and self-adapting SMPs
materials is another interesting future challenge. In the last years, the interest in this
topic is remarkable. These materials are suitable for the fabrication of load-bearing
aircraft components, self-cleaning and light-guided windows, flexible solar modules
(polymer solar cells), smart textiles, bionic robot, etc.

However, the direct transfer of results from the laboratory to the industrial scale
is very difficult. The main problems are related to the complexity of the final shape-
memory effect. This is affected bymany factors such as the programming step and the
triggering process parameters. In addition, a fast and flexible manufacturing process
is needed.

7 Conclusions

SMPs and their blends and composites are new smart materials with many possible
applications. Research works are focusing on design, evaluation, and manufacturing
of SMP/SMPC components that can be used in different fields. More degrees-of-the
freedom is available in handling such smart materials tomeet the needs of a particular
application. Their use is, therefore, challenging in the field of aerospace, biological
medicine, automobile, microelectronics, smart textiles, and fabrics. The study and
development of new higher performances materials, and the choice and optimization
of manufacturing processes are surely the key to the success for future applications.
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Joint research between different branches of science and engineering is surely
required to obtain further advancements in SMP/SMPC technology. By using this
approach, the transfer of research progress from laboratory to industry, and daily life
will be possible.
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