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Abstract: Rapid progress in material science and nanotechnology has led to the development of the
shape memory alloys (SMA) and the shape memory polymers (SMP) based functional multilayered
structures that, due to their capability to achieve the properties not feasible by most natural ma-
terials, have attracted a significant attention from the scientific community. These shape memory
materials can sustain large deformations, which can be recovered once the appropriate value of an
external stimulus is applied. Moreover, the SMAs and SMPs can be reprogrammed to meet several
desired functional properties. As a result, SMAs and SMPs multilayered structures benefit from the
unprecedented physical and material properties such as the shape memory effect, superelasticity,
large displacement actuation, changeable mechanical properties, and the high energy density. They
hold promises in the design of advanced functional micro- and nano-electro-mechanical systems
(MEMS/NEMS). In this review, we discuss the recent understanding and progress in the fields of the
SMAs and SMPs. Particular attention will be given to the existing challenges, critical issues, limita-
tions, and achievements in the preparation and characterization of the SMPs and NiTi-based SMAs
thin films, and their heterostructures for MEMS/NEMS applications including both experimental
and computational approaches. Examples of the recent MEMS/NEMS devices utilizing the unique
properties of SMAs and SMPs such as micropumps, microsensors or tunable metamaterial resonators
are highlighted. In addition, we also introduce the prospective future research directions in the fields
of SMAs and SMPs for the nanotechnology applications.

Keywords: shape memory alloy; shape memory polymer; functional structures; thin film; NiMn2Ga;
phase transformation; MEMS; NEMS; functional devices; multilayered structures.

1. Introduction

Recent advances in material science and nanotechnology have enabled to develop the
micro and nanoscale structures for a variety of applications. For example, they are used
for the ultrasensitive identification of added mass [1,2], fluid viscosity [3], as well as for
the infrared sensors [4], non-destructive characterization of the material properties [5,6],
or implement in the 2D tunable resonators [7], solar cells with enhanced efficiency [8]
and the energy harvesting devices [9]. Recently, the investigation of the network behav-
ior by the non-linear oscillators has been also suggested [10]. To ensure these structures
can achieve the extraordinary functional properties (e.g., the ultrahigh sensitivity to the
given external stimulus), they are usually made of either the novel nanomaterials such
as the single-/multiwalled carbon nanotube [11], graphene [12] and the MoS2 [13] or the
multiple material layers, where at least one layer contains (or is made of) a functional
material [14–16]. Note that many functional materials like the piezoelectric [17], mag-
netostrictive [18], photo-sensitive [19] ones or the shape memory polymers (SMPs) [20]
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and the shape memory alloys (SMAs) [21] have been already discovered and extensively
studied. Each functional material has one or more particular modifiable properties (e.g.,
shape, volume, electric conductivity, the Young‘s modulus or Poison‘s ratio) that can be
altered by the different external stimuli like changes in light and temperature, or by apply-
ing external magnetic, mechanical or electrical fields. These functional properties make
them highly attractive in the design of advanced micro-/nano-electro-mechanical systems
(MEMS/NEMS) [22–24]. One of the most successful application of functional MEMS can
be found in energy harvesting devices. Up to date, the piezoelectric materials that are
capable of converting the mechanical energy into the electrical energy, have been the most
commonly used [25], although successful prototypes using other functional materials such
as SMAs have been already also conceived [26,27].

The fundamental characteristics of the SMAs are the capabilities to recover (“remem-
ber“) back to a pre-deformed shape once the appropriate value of an external stimulus is
applied [28–30] and to sustain a large reversible deformation usually ranging from 5% to
10% [31–34]. The former characteristic of the SMA is referred to as the “shape memory
effect”, while the latter one is known as the “superelasticity or pseudoelasticity”. Although
a large number of the SMAs such as the copper-based SMA (e.g., Cu-Zn-Al) [35] or the
iron-based SMA (e.g., Fe-Mn-Si) [36] has been found, the NiTi SMAs (Nitinol) are the most
studied [37] and preferred in the majority of recent applications [38]. This is mainly due to
the fact that the NiTi SMAs have many other excellent properties such as the biocompati-
bility, high corrosion and wear resistance, high power to weight ratio and the low energy
consumption. Moreover, the NiTi SMAs in the form of thin film can be easily prepared by
the standard deposition techniques such as the magnetron sputtering or the arc deposition
(for detailed discussion see Section 3.1), which have boosted their use in MEMS/NEMS
applications in the latest years. Among the NiTi-based MEMS/NEMS applications we
may find the microactuators and micropumps, as well as the mass, force, and temperature
sensors [39]. We note that problems with fatigue, a large hysteresis and a low actuation
speed are among the main remaining challenges in the SMAs-based thin films [40].

The shape memory effect has been also found in a specific class of the stimuli-
responsive polymers known as the SMPs [41]. In this case the memory effect utilizes the
polymer glass transition (melting/crystallization), as is discussed in detail in Section 2.2,
while for SMA the memory effect a result of the diffusionless martensitic transformation
(detailed discussion on SMA is given in Section 2.1). Furthermore, in contrast to the shape
changing polymers, where shape changes such as bending occur only under the action of
an appropriate external stimulus (i.e., the polymer returns to its original shape once the
acting stimulus is removed), the deformation in SMPs reminds even when the external
stimulus is discontinued. The SMPs return to their original shape only if the required value
of a new external stimulus is applied on them [42]. Importantly, SMPs can exhibit not only
the dual and triple-shape-memory behaviors that can be viewed to as the one-way and
two-way memory effects observed in SMAs, but also the quadruple (i.e., polymer chain can
remember three temporary shapes), quintuple (i.e., polymer chain can remember four tem-
porary shapes) or the even higher ones [43]. Despite the fast progress in preparation and
characterization of SMPs, many limitations and challenges like the coupling between the
heat generation and thermo-response or the structural and polymer network size problems
of SMPs for the nanotechnology applications are still not solved [44].

The purpose of this review is to provide an overview of recent understanding of
the growing field of the shape memory materials for MEMS/NEMS applications. We
would particularly focus on the progress and issues regarding the SMAs and SMPs thin
films and heterostructures preparations, characterization and application based on the
latest experimental and theoretical findings. This review article is organized as follows:
In Section 2 we briefly outline the underlying mechanisms of the shape memory effect,
superelasticity, and the other key features associated with the unique properties of the
shape memory materials (e.g., variable effective material properties). The preparation,
characterization, and modelling of SMAs, especially the NiTi-based ones in the form of
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thin film, and SMPs are given in Sections 3–5. Finally, in Section 6 we present the examples
of the SMAs- and SMPs-based micro-/nanodevices and discuss the future challenges and
possible research directions using both the experimental and theoretical approaches.

2. Fundamental Properties of Shape Memory Materials
2.1. Shape Memory Alloys

The shape memory effect and the superelastic behavior are the fundamental properties
of SMAs, which have been also exploited in several the commercial applications [45–47].
Both of these properties of SMAs are associated with a diffusionless martensitic trans-
formation [35]. In the case of the NiTi SMAs, the martensitic transformation allows the
reversible changes in the crystal structure of NiTi between the body-centered cubic (austen-
ite) structure and the martensite, which can be monoclinic, orthorhombic, rhombohedral, or
trigonal [48]. Moreover, the martensite can be also either twinned or detwinned; therefore,
it enables together with the austenite phase to achieve up to six different transformation
scenarios as also shown in Figure 1 [49]. Upon cooling, the temperature at which the
austenite starts transforming to the martensite in stress-free conditions is known as the
martensite start temperature Ms. Correspondingly, the martensite finished temperature
Mf refers to the temperature at which the austenite to martensite phase transformation is
completed. Then, during heating, the martensite starts transforming back to the austenite
at the austenite start temperature As and finishes at the austenite finish temperature Af.
Notice that these temperature driven transformations exhibit hysteresis, which depends on
the NiTi SMA preparation processes and the material composition [32,33].

Figure 1. The fundamental properties of the NiTi SMA with their basic principles: (a) Superelasticity, and (b) One-way and
two-way memory effects.

The martensitic transformation in the NiTi SMA can be also induced by external me-
chanical stresses acting on the austenite [50]. This stress-induced transformation does not
require any thermal actuation and can be realized in the temperature range from Af to Md,
where Md corresponds to the highest temperature at which the stress-induced martensitic
transformation can be realized. We emphasize that the stress-induced martensitic transfor-
mation allows the NiTi SMA to sustain a large recoverable deformation of several percent
(i.e., when the mechanical stress is removed, the NiTi returns to its original “undeformed”
shape) [51]. This unique property of the NiTi SMAs is referred to as the superelasticity and
is illustrated in Figure 1a.
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The one-way memory effect, which is associated with the temperature-induced marten-
sitic transformation, enables the significantly deformed martensite phase to be recovered
by heating to its original shape (i.e., austenite). We have to point out that, in some practical
situations, it is desirable that the NiTi SMA can be “trained” to remember its shape at
both high (austenite) and low (martensite) temperatures known as the two-way memory
effect [52,53]. Interestingly, the two-way memory effect can be also found in other types of
SMA such as Fe-Pd ones [54]. Differences between the one- and two-way shape memory
effect are depicted in Figure 1b.

In addition to the reversibility of large deformations, the diffusionless martensitic
transformation often induce changes in the multiple material properties of SMA. For ex-
ample, at low temperature, the NiTi SMA is in a relatively soft and deformable martensite
phase with the Young‘s modulus ranging from 25 to 40 GPa [55]. When heated, the marten-
site phase starts transforming to the austenite phase and, correspondingly, the Young‘s
modulus increases. The Young‘s modulus of the austenite can reach up to 83 GPa [55].
The Yield strength of the NiTi SMA is both the alloy preparation process and temperature
dependent, that is, for a particular alloy composition the Yield strength of the martensite
phase is of 117 MPa, while for the austenite phase this stress can reach 349 MPa [56]. In
general, many other physical properties of the NiTi SMA like the coefficient of thermal
expansion, thermal conductivity, electric resistivity, and the magnetic susceptibility are
lower (higher) for the martensite (austenite) phase [38,57]. For reader‘s convenience, the
fundamental mechanical and physical properties of the NiTi SMA in both the martensite
and austenite phases are summarized in Table 1.

Table 1. The fundamental mechanical and physical properties of NiTi shape memory alloys
(SMA) [35,55].

Property of NiTi Units Martensite Austenite

Density g/cm3 ~6.45
Poisson‘s ratio – ~0.33

Ultimate tensile strength MPa up to 1900
Young‘s modulus GPa 25–40 60–83

Yield strength MPa 70–140 195–690
Thermal conductivity W/(m·K) 8.6 18

Coefficient of thermal expansion K−1 6.6 11
Magnetic susceptibility emu/g 2.4 3.8

Electric resistivity Ω·cm 76 82

The performance of the prepared NiTi SMAs can be notably improved by the various
strategies such as aging [58] or post-deformation annealing [59]. However, these treatments
can often generate the intermediate rhombohedral phase (R-phase), which changes the
path of the martensitic transformation from the austenite↔ martensite to the austenite↔
R-phase↔martensite. Moreover, in contrast to the austenite↔martensite transformation,
the R-phase transformation (i.e., austenite↔ R-phase) evidences some interesting proper-
ties like the narrow thermal (stress) hysteresis and, consequently, the superior sensitivity
to the temperature (stress) changes [60], a relatively high stability during the thermome-
chanical cycling [61] and a high fatigue resistance [62]. Nevertheless, difficulties related to
the temperature domain separation of the martensite and R-phase, problems associated
with controlling the R-phase transformation temperatures and the small transformation
strain [63] are among the main issues that are still restricting the widespread use of the
R-phase in the recent nanotechnology applications [64].
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2.2. Shape Memory Polymers

In contrast to SMAs, where the memory effect is an intrinsic property, in SMPs the
memory effect is only possible after introducing the netpoints and molecular switches to
the polymer structure (i.e., the shape memory effect is not the SMPs intrinsic property) [65].
These netpoints, which can be either the molecular interactions or the chemical bounds,
connect different switching domains (i.e., the polymer chain segments) and define the
permanent shapes, while the switching domains (segments) are then responsible for the
temporary shape fixation [66]. This means that the temporary deformation of the polymer
network, which is determined by the chain segments sizes, lengths, and their orientations,
are fixed by the netpoints (e.g., reversible chemical bounds). In addition, the memory
effect in SMPs yields the controlled release and/or storage of the entropic energy, that is,
the polymer macroscopic deformation has to produce the entropic energy changes. The
SMPs can be also actuated by the various types of external stimuli like thermal, electrical or
acoustic ones, and based on the designed network structure, they can exhibit irreversible
or reversible memory effects [67–70].

In the case of the irreversible (one-way) memory effect, the necessary “programming”
can be performed by, for instance, deforming the SMP heated to a specific temperature
Treset (i.e., the temperature above the polymer thermal transition), holding it for a certain
period of time and, afterwards, cooling it down to the low temperature Tlow (i.e., the
temperature below either the polymer‘s glass or the crystallization temperature) and
removing the external stress. The original shape can be recovered upon heating the SMP
back to the temperature Treset [71]. The programming-recovery cycle can be, in general,
almost infinitely repeated, that is, the number of cycles is only limited by the degradation
of the SMP. Furthermore, the polymer network can be also designed to “remember” the
multiple temporary shapes (see Figure 2a) [72]. The main drawback of the one-way
memory effect is the irreversibility of the shape change, that is, when the original (or the
next temporary) shape is recovered then the (previous) temporary shape is “lost” and can
be obtained again only by a new programming.

In contrast, the reversible (two-way) memory effect enables the SMP to switch forward
and backward between two distinct shapes as depicted in Figure 2b [73]. This reversibility
is achieved by the crystallization(melting)-induced directional elongation (contraction) in
the anisotropic polymer network (chain) [74]. This behavior can be achieved in the similar
manner as for the irreversible SMP, that is, when the SMP is heated to the temperature
Treset, then, it is deformed by an external force, and finally, it is cooled to the temperature
Tlow. At this stage, the external force can be either removed (i.e., for polymers with the
stress induced within the network segments) or kept [75]. The new temporary shape can be
reached by heating the polymer to the separation temperature Ts, that is, the temperature
at which two different crystalline phases within the designed polymer network (different
chains) can be separated (see Figure 2b). It immediately implies that the original (or new)
temporary shape can be obtained from the new (original) shape just by cooling (heating)
the polymer to the temperature Tlow (Ts) and this reversible change between these two
temporary shapes can be indefinitely repeated (i.e., the number of shape cycles is only
limited by the possible degradation of the polymer) [76]. These temporary programmed
shapes can be “forgotten” by heating the polymer to the temperature Treset. Similarly, to
the irreversible (one-way) memory effect, the new programming is then required to obtain
a new set of the temporary shapes [77].

The main advantages of SMPs are their relatively low cost, high recovery shape
(deformation ability), low density, changeable mechanical properties, biocompatibility,
shape recovery by various external stimuli (e.g., heat, light, electrical, and magnetic) and
chemical stability. The fundamental properties of SMPs are, for the convenience of the
reader, presented in Table 2.
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Figure 2. Programming-recovery cycle of shape memory polymers (SMP): (a) irreversible memory effect, and (b) reversible
memory effect. Here [A] stands for first step and [B] for the second step of the programming.

Table 2. The fundamental mechanical and physical properties of SMPs [78].

Property of SMP Units Usual Value(s)

Density g/cm3 0.9–1.1
Young‘s modulus of temporary shape (T < Treset) GPa 0.01–3

Young‘s modulus of original shape (T > Treset) GPa 10−4–10−2

Stress (for deformation / from recovery) MPa 1–3
Thermal conductivity W/(m·K) 0.15–0.3

Recovery speed sec 1–600
Recovery deformation % <800
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3. Preparation of SMAs and SMPs Thin Films and Heterostructures
3.1. Shape Memory Alloys

The micro-/nanosized SMAs, usually in the form of thin films, have been extensively
studied for more than 30 years. One of the earliest studies on the SMAs-based thin films
was performed in 1990 by Busch et al. [79]. In their work, the shape memory effect in
NiTi SMAs films prepared by DC magnetron sputtering was successfully demonstrated.
During the past three decades, the memory effects and/or superelasticity have been also
observed in other types of the SMAs thin films including the NiMnGa [80] and Co-Fe(-Mn)-
Si Heusler alloys [81] or the CuZnAl based ones [82]. Nevertheless, the majority of studies
focus only on the NiTi and NiMnGa SMAs thin films and heterostructures intended for
design of the various functional MEMS/NEMS. These SMA films and heterostructures can
be prepared by physical/chemical vapor deposition techniques (PVD/CVD) such as the
arc deposition [83], magnetron sputtering [84], target ion beam deposition [85], or the focus
ion beam [86]. The choice of the particular deposition technique depends on the SMAs
film purposes.

The NiTi SMAs used for the cardiovascular and biomedical implants are designed
to operate in vivo [87,88]. Under the in vivo conditions, a lack of biocompatibility may
lead to serious health problems such as the restenosis formation in stents or the prosthetic
infection. Plenty of these health problems are closely connected with the release of toxic
Ni into the organism via defects in the TiOx layer formed on the surface of the NiTi SMA
film(s) [89,90]. The surface treatment, usually in the form of deposited ultrathin film, which
is necessary to prevent the release of the toxic Ni, can be performed using the arc deposition
technique shown in Figure 3a [91]. This technique can produce low porosity films with the
precisely-controlled chemical composition and good corrosion resistance. Moreover, it has
been demonstrated that the NiTi SMA thin films prepared by the arc deposition technique
have a good chemical homogeneity and composition identical to the target materials [92].
The main disadvantages of the arc deposition technique are (i) the possible generation of
the micro-droplets; (ii) the necessity of precisely controlling the physical properties of the
plasma and the vacuum arc; and (iii) difficulties with preparation of the multilayered and
multicomponent films [93].

Thin films prepared by magnetron sputtering (see Figure 3b) have the uniform thick-
ness and are free of the micro-droplets [84]. In addition, this technique allows the fabrication
of the multicomponent films, particularly binary (e.g., NiTi SMAs films [94]), ternary (e.g.,
NiMnGa SMAs films [95]), the quaternary (e.g., TiNiHfCu SMAs films [96]). Hence, most
of the SMAs thin films and heterostructures are produced by the magnetron sputtering. For
the NiTi SMAs films, the sputtering can be performed from either the separate high purity
Ni and Ti targets [97] or only a single NiTi target of a given material composition [98]. Since
phase transformation temperatures depend strongly on the composition [38], the precise
control of the sputtering parameters is essential for the preparation of the NiTi-based
MEMS/NEMS.

The NiTi films sputtered at the high temperatures (~500 ◦C) are already the phase
transforming crystalline ones [98], whereas those prepared at the room (low) temperatures
are amorphous and, as such, they require the post-annealing to obtain the shape memory
properties and a good tribological behavior [99]. Notice that during preparation of the
NiTi film the interlayer stress ranging from a few of kPa to hundreds of MPa can be often
generated [100]. This stress, which can strongly affect the transformation temperatures of
NiTi, originates from a combination of the thermal stresses (i.e., the mismatch between
the coefficient of thermal expansion of NiTi and the substrate materials like silicon), phase
transformation stresses (i.e., stresses caused by the reversible phase transformation in NiTi)
and the intrinsic stresses (i.e., stress from the material deposition conditions) [101,102].
Furthermore, as discussed previously, on the surface of sputtered NiTi SMAs film the
uniform oxidative layer, independent of the film thickness, is naturally created. As such, for
the biomedical applications the required surface treatment of the sputtered NiTi SMAs films
can be fulfilled by, for example, the subsequent use of the arc deposition technique [91].
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Figure 3. Standard deposition techniques used to prepare the majority of SMAs thin films (a) arc deposition, (b) magnetron
sputtering, and (c) target ion beam deposition.

It is important to note that with a further decrease of the film thickness to the nanoscale
dimensions, the impact of the oxidative surface layer on the overall physical properties
of the film becomes more preponderant. For ultrathin films (i.e., below ~100 nm) the
transformation behavior of NiTi can significantly deviate from the one known for the
bulk materials [103]. Hence, to ensure the prepared ultrathin film can reach the desired
functional properties its composition during the film preparation process(es) must be
precisely controlled. The target ion beam deposition technique (see Figure 3c) that combines
the advantages of the sputtering and ion beam deposition, enables the fabrication of the
high quality NiTi SMAs ultrathin films of thickness below 100 nm [85]. In this technique, the
desired control of the NiTi SMA film composition uniformity at the nanoscale is achieved
by modulating, through the precise controlling of the pulse width and period, each target
bias. Interestingly, the fabrication of the NiTi SMAs nanowires by the target ion beam
deposition technique followed by the nanoskiving has been recently demonstrated [104].
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It is worth noting that to prevent the possible interdiffusion between the NiTi SMA film
and some types of the nanotechnology used substrate materials such as the silicon requires
deposition of a few nm thick Si3N4 film on the substrate prior the own sputtering of the
NiTi material [49].

3.2. Shape Memory Polymers

Shape memory polymers usually in the form of the heterostructures and/or thin films
can be fabricated by either standard molding techniques such as the injection, compression,
resin transfer and the extrusion [105] or also by the chemical vapor deposition (CVD) [106],
and more recently the 3D and 4D printing [107]. Plenty of review papers and books on the
SMPs prepared by the standard techniques have been already published (see for instance
Reference [108]); therefore, here we provide a brief description of the SMPs prepared just
by the CVD and 3D printing technologies.

The degree of cross-liking, which describes the number of bonds linking two polymer
chains, as well as the thickness of SMPs can be precisely controlled by using initiated
CVD [109]. In this technique (see Figure 4a), the initiator material(s) together with the
monomer(s) flows into the vacuum chamber, where they interact with the heated filaments.
Then, the initiator is broken into the radical enabling the free-radical polymerization at
the high deposition rates. As a result, this technique is highly suitable for deposition of
SMPs on the organic substrates [110], fabrication of free-standing films with high aspect
ratios [111] or ultrathin films with thickness of tens of nm [112]. We note that the depo-
sition of heating-responsive shape memory polytetrafluoroethylene (PFTE) considered
for the next generation of the organic electronics, by initiated CVD technique has been
already demonstrated [110].

The main advantage of 3D printing technology is in its capability to fabricate the
complex shapes with a precise microstructure architecture. Hence, the combination of 3D
printing and SMPs allows designing heterostructure(s) capable of achieving the complex
shape change(s) in response to the external stimulus [113]. The majority of the SMPs
can be fabricated by 3D printing technologies such as the fused deposition modelling,
digital light processing, stereolithography, or polyJet. Among them, the fused deposition
modelling is the most commercially successful 3D printing technology because of its simple
operation, low cost, and high reliability. This technology that utilizes the extraction of the
thermoplastic filaments to create layer-by-layer heterostructures (see Figure 4b), is primarily
used to fabricate the majority of thermal responsive SMPs [20,114]. In addition, the multi-
responsive SMPs based heterostructures consisting of the cross-linked polycyclooctene,
which is well-known for its capability to sustain an extraordinarily large deformation of
about 700%, with embedded thermal (functional) fillers can be also produced by the fused
deposition modelling [115]. They also demonstrated that the electro-response under a low
voltage can be easily achieved by adding the multi-walled carbon nanotubes to the 3D
printed polycyclooctene based heterostructure.

The digital light processing technique employs a digital light projector for the so-
lidification of a single layer of the liquid resin as also depicted in Figure 4c. The digital
light projector flashes the image of the single layer to a built platform submerged in a
tank with resin; therefore, this technique is relatively fast (i.e., the entire single layer is
created at once) and can be used to fabricate highly detailed structures. Recently, the
functionally graded materials with tunable mechanical properties for future application
in metamaterials or soft robotics have been prepared by combining the grayscale digital
light processing with the two-stage curing ink [116]. Importantly, this procedure allows the
preparation of the 3D structures with material properties (e.g., modulus, glass transition
temperature or the Poisson‘s ratio) that may vary within a single material layer. It has been
shown that the polymerization rates can be notably promoted by adding the nanosilica
particles into the SMPs resin [117]. The fabricated SMPs-nanosilica 3D structures evidence
good shape memory properties and the excellent mechanical strength, and capability to
reach high strains.
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Figure 4. Sketch of the (a) initiated CVD, (b) fused deposition modelling, (c) digital light processing, and (d) stereolithogra-
phy techniques used to prepare the SMPs.

Another liquid resin-based 3D printing technology used to fabricate SMPs is the
stereolithography (see Figure 4d). This technology shares many similarities with the digital
light processing, namely, it takes an advantage of the ultraviolet light (laser) that draws
the contour of the designed shape to the surface of the photopolymer vat to solidify the
photopolymer resin. High-resolution SMPs-based heterostructures (up to a few of µm)
can be fabricated by incorporating a high resolution digital micro-display as a dynamic
photo mask into the stereolithography [118]. The combination of 3D printing technol-
ogy with the shape-shifting materials (e.g., termadapt polymers), also known as the 4D
printing, have opened possibilities to fabricate the complex shape changeable heterostruc-
tures. Multiple 4D printing approaches including the direct ink writing [119] or digital
light modulation [107] have been recently proposed and their application potential has
been demonstrated.
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There is a current trend in nanotechnology to design the multifunctional smart het-
erostructures, which are expected to achieve the extraordinary functionalities not feasible
by natural materials. These structures can be prepared by combining 3D (4D) printed
SMPs with other functional materials such as SMAs or piezoelectric ones. We emphasize
that the multifunctional structure consisting of SMPs and piezoelectric materials in the
form of nanoparticles has been recently fabricated and its extraordinary functionality
demonstrated [120]. This design, which incorporates the nanoparticles made of functional
materials into the printed SMPs, may be applicable in flexible electronics, biomedical
sensors, or robotics.

4. Characterization of SMAs and SMPs Thin Films and Heterostructures

The shape memory effect (shape memory effect and superelasticity), and the change-
able mechanical and physical properties in SMPs (SMAs) thin films or heterostructures
depends on the prepared polymer network (material composition). As discussed previously
in Section 3, the shape memory effect in the NiTi SMAs arises from stress or temperature-
induced martensitic phase transformations of which the characteristic thermomechanical
behavior depends strongly on the weight percentage of the contained elements and on
the preparation of the alloy. Consequently, the adequate thermomechanical experiments
on the micro-/nanosized samples are necessary to ensure that the prepared SMA-based
MEMS/NEMS devices can reach the desired functional properties.

The fundamental information needed during the thermomechanical characterization
of the SMAs films is their phase transformation temperatures under the stress-free condi-
tions [49]. Knowledge of these temperatures allows determining whether the prepared film
(heterostructure) can, in a certain temperature range, potentially behave superelastically
or show the shape memory behavior. The phase transformation temperatures in SMAs
are characterized by the release/absorption of energy in the form of the latent heat, which
can be detected by the Differential Scanning Calorimetry (DSC) technique [121]. Figure 5a
shows an example of the DSC curve obtained on the NiTi free-standing film of thickness
1.69 ± 0.2 µm prepared by DC magnetron sputtering technique [122]. Here, the positive
heat power peaks observed upon cooling represent the exothermic reactions associated
with the transformation of NiTi from the austenite to R-phase and, subsequently, into the
martensite phase. Upon heating, the single endothermic heat power peak in Figure 5a
corresponds to the transformation from the martensite to the austenite. The starts and ends
of these heat power peaks are then correlated to the transformation temperatures of the
NiTi SMA.

The phase transformation temperatures of the micro-/nanosized SMAs samples can
be also obtained by the four-point electrical resistometry [123]. This method utilizes
measurement of DC voltage drop across a sample caused by the electrical resistance.
Because the contribution of the sample deformation to the electrical resistance is small, it
is possible to associate the evolution of electrical resistance with the changes of electrical
resistivity of the material [124]. We remind the reader that the electrical resistivity is an
intrinsic material property, which for metals is strongly the atomic organization dependent
and, as such, it is affected by the crystal phase transformations. Figure 5b shows the
electrical resistance evolution in the NiTi/PZT/TiOx heterostructure, where the reversible
austenite-to-martensite transformation temperatures of 2.1 µm thick NiTi layer are depicted
at the inflection points of the curve [123].
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Figure 5. Results of different methods used to evaluate the phase transformation temperatures in SMA films. (a) Differ-
ential Scanning Calorimetry of NiTi film reproduced from [122]; (b) Electrical resistance evolution of NiTi/PZT/TiOx
heterostructure reproduced from [123] with permission from Elsevier 2011; (c) Evolution of the resonant spectra of the NiTi
film sputtered on Si substrate reproduced from [125] with permission from Elsevier 2015; (d) Surface X-Ray diffraction
evolution of NiTi film reproduced from [122]; (e) In-situ surface roughness measurement upon heating/cooling of NiTi film
sputtered on Si substrate reproduced from [39] with permission from Elsevier 2004.

Both the DSC and electrical resistometry methods can be applied to the free-standing
and constrained thin films. However, for the constrained films (e.g., SMA film sputtered
on the elastic substrate), the particular attention must be paid to the possible temperature
dependent physical properties of the substrate material(s) and their interactions with the
SMA film. For DSC, the substrate must evidence a constant heat capacity within the
tested temperature range, ensuring that the heat peaks correspond exclusively to the phase
transformation of the SMA film. For electrical resistometry, the substrate and the sample
must be electrically isolated to avoid the division of the input current (e.g., for commonly
used silicon substrates, the electrical isolation can be realized by adding thin interlayer
made of silicon dioxide) [126].

The resonant ultrasound spectrometry (RUS) allows, based on measurement of the
normal modes of the prepared sample, the characterization of the elastic constants of SMA
thin film sputtered on the elastic substrate [127]. Since the elastic properties of SMA and the
transformation temperatures are interrelated with each other, therefore the transformation
temperatures can be easily deduced from the observed dependency of the normal modes
on temperature [98,125]. Figure 5c presents the normal modes obtained by RUS for 3 µm
thick NiTi SMA film sputtered on 100 mm thick silicon substrate [125].
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The high- and low-temperature surface X-ray diffraction (SXRD) enables the direct
identification of the crystallographic phases in the micro-/nanosized SMAs samples at
given temperatures [122]. Thus, within the considered temperature range, SXRD can
quantify the local volume fractions of the crystallographic phases for each of the considered
temperature as shown in Figure 5d. It is important to note that this “discrete technique” is
usually combined with the continuous technique such as DSC to ensure the correspondence
of the physical response of the material with its microstructure evolution. It is worth noting
that Figure 5a,c present a DSC response and SXRD for the identical NiTi SMA film [122].

The surface roughness at different temperatures using the Atomic force microscopy
(AFM) has been also suggested as an alternative discrete technique for evaluation of the
transformation temperatures of constrained SMA films [39]. This technique relies on
the fact that the stress-free martensitic phase transformation produces lattice shear and
twinning, which creates the local surface deformations as illustrated for the NiTi SMA film
sputtered on the silicon substrate in Figure 5e. The surface roughness that shows hysteretic
behavior upon a cooling-heating cycle, can be linked to the phase transformations in
NiTi. It means that the low-temperature phase (twinned martensite) evidences the higher
roughness than the high-temperature phase (cubic austenite).

Determination of the phase transformation temperatures of the nanoscale samples
(e.g., the NiTi SMA ultrathin films) is still challenging task that may require usage of the
sophisticated devices such as the nanocalorimeters [128]. These devices combine thermal
and electrical measurements to track changes in the heat capacity of materials upon heating
and cooling. The basic nanocalorimeters are sharing many similarities with the electrical
resistometry devices, that is, they use a four-point measurement setup with the tested
sample deposited directly on the measurement device. However, for nanocalorimeter,
shorter and more intense pulses of the direct current (I) are applied to the sample to heat
it at high rates, reaching up to 106 K/s. The nanocalorimeters achieve the heat capacity
measurements with the resolution of at least 1 nJ/K. Note that the identification of the phase
transformation temperatures of the SMA-based ultrathin films such as Ti-Ni-Hf [129,130]
and NiTiZr SMAs [131] by nanocalorimeters has been already demonstrated.

It is important to note that the characterization of the shape memory (and superelastic)
behavior of the micro-/nanosized SMA and SMP samples is still challenging. It often
requires the accurate measurements of forces and displacements in these samples subjected
to thermal and/or mechanical loadings. Many testing devices calculate the stresses and/or
strains from the experimentally obtained force-displacement data. In bulk materials, the
uniaxial tension and compression devices are commonly used for characterizing the shape
memory (shape memory and superelasticity) of SMPs (SMAs). In the case of thin films, free-
standing samples intended for the uniaxial tensile tests must be carefully peeled off from the
substrate to keep their shape straight (i.e., without significant bending). Unfortunately, the
internal stress induced during the sample preparation (i.e., sputtering and heat treatment
that are discussed in Section 3.1) can cause bending of the free-standing samples. These
bent samples can not only alter the test result but also can be easily damaged upon the
clamping in the tensile test device. Secondly, the clamping system of standard uniaxial
testing equipment is usually not well adapted for the miniature samples.

One of the possible approaches for overcoming difficulties related to the tensile testing
of film utilizes an increase of the sample volume by enlarging its width and length, while the
sample thickness reminds unchanged. For example, Meng et al. [132] used this approach
for evaluation of the superelastic response of 4.0 mm × 15 mm × 5 µm Ti-Nb samples.
This approach has been also used by Ossmer et al. [133] for testing of the superelastic
20 µm-thick NiTi samples of 1.75 mm width and 35 mm length. In this particular case,
the glass plates were bonded to both ends of the investigated sample and, afterwards,
this structure was fixed by screws to the tensile machine. This work demonstrated that
larger-width samples allow the implementation of in-situ full-field measurements like
infrared thermography or digital image correlation. Another approach to perform the
clamping of thin films in the uniaxial tensile testing machines was proposed by Namazu
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et al. [134]. Their 4 µm-thick NiTi samples were designed with hooking holes for clamping
them into their in-house-developed tensile machine as also shown in Figure 6a. Noticing
that the geometry of their samples was produced directly upon the deposition process. The
compression test enables obtaining the key information for understanding the deformation
mechanisms in SMA and SMP materials. San Juan et al. [103] proposed a procedure for
carrying out micro-compression tests of pillars fabricated using Focused Ion Beam (FIB)
(see Figure 6b). They tested superelastic Cu-Al-Ni micropillars using a nanoindentation
device and a sphere-conical diamond indenter tip of 0.6 µm radius.

Figure 6. Uniaxial testing of miniaturized SMA samples: (a) Tensile test of a 4 µm-thick NiTi film-shaped sample geometry
facilitating the clamping on a tensile machine reproduced from [134] with permission from Elsevier 2007. (b) Compression
tests of Cu-Al-Ni micropillars using nanoindentation reproduced from [103] with permission from Wiley 2008.

For the design of many microactuators the characterization of the two-way (reversible)
shape memory effect is essential. In this case, the evolution of stain is obtained by samples
that are subjected to heating-cooling cycles under isobaric conditions. The dynamic me-
chanical analysis (DMA) has been proven to be suited for this kind of measurement [135].
In this study, the DMA was successfully used to study the 18 µm-thick NiTi ribbons pre-
pared by melt-spinning. Due to the difficulties associated with sample preparation during
the uniaxial testing, the bending tests are preferable for characterization of the functional
properties of micro-/nanosized samples. For instance, the Wafer bow testing, which allows
the evaluation of the shape memory effect in prepared SMA thin films. This evaluation
utilizes measurement of the curvature deformation (bow) in film-substrate assemblies
upon heating and cooling and then calculate the in-plane stresses in the film using Stoney’s
equation [136]. The application of the classical Stoney’s equation requires the film to be
deposited on the relatively thick substrate and the film must deform under plane stress
conditions. The wafer bow testing was applied to characterize: (i) the recoverable stresses
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in NiTi thin films through laser actuation [137] (see Figure 7a); (ii) the actuation stresses
associated with the transformation of austenite into r-phase in NiTi submicron films [138],
and finally (iii) the effect of thickness and substrate on the stress recoverability in NiTi
thin films [102].

Cantilever beam deflection tests, where the modified Stoney‘s equation is used, are an
alternative method for characterization of the shape memory effect in SMA/SMP films [139].
The cantilever beam deflection is usually evaluated by digital image processing during
heating or cooling. For instance, Fu et al. [140] used a hot plate in an environment-controlled
chamber to change the temperature of a 15 µm- thick Si cantilever beam with 5 µm NiTi
film. In this case, the deflection was evaluated using images recording by a CCD camera.
Similarly, Lambrecht et al. [141] evaluated the deflection of the NiMnGa/Si cantilever
beams heated by Joule heating using images recorded by SEM, which allowed them to
determine the deflection vs input power of the beams (see Figure 7b). It is noteworthy that
in these two examples, it was not possible to calculate the work capacity of the samples since
the deflection was induced under unconstrained conditions. Nanoindentation is another
experimental technique that is widely employed to assess the mechanical properties of
SMP and SMA. Specifically, it allows determining the hardness and elastic modulus of
materials [142]. In order for the load vs. depth curves to be converted into the equivalent
stress-strain curves, the specific selection of the indentation rate, indenter geometry, and
indentation load level is necessary [143].

Figure 7. Bending tests of miniaturized SMA samples: (a) Wafer bow tests reproduced from [137] with permission from
Elsevier 2019; (b) Nano cantilever beam deflection test reproduced from [141] with permission from Springer 2016.

The recent development of the nanotechnology and nano-mechanical analysis enabled
the development of the strategies combining multiple methods that can be potentially used
to characterize the material properties and the phase transformations in the SMP and/or
SMA thin films including the phase transformation temperatures [144]. Among them
the resonant methods combined with nanoindentation hold promises for non-destructive
characterization of even the ultrathin films made of SMAs and SMPs with thickness of
tens of nm [145–154]. It is just the extraordinary force sensing capacity and the high
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spatial resolution that make AFM suitable for characterization of the material properties
and shape memory (and/or superelastic) behavior of the micro-/nanosized SMAs and
SMPs [150–152]. The manipulation of the single fiber can be realized through the force
induced on the tip of AFM. Combination of the AFM with heated stage enables to perform
the cyclic thermomechanical test on the micro-/nanosized samples [153]. We note that some
of these methods have been proposed for measurement of the biological samples [155,156].

5. Modelling of SMAs and SMPs Thin Films and Heterostructures

The understanding of the SMAs and SMPs films and heterostructures in response to a
given stimulus is of a great importance in guiding the research and development towards
the design of the functional MEMS/NEMS devices. During past decades, many different
computational approaches capable to predict the thermomechanical behavior of the SMAs
and SMPs components have been developed. These approaches can be classified in terms
of the length scale used to describe the deformation phenomena in the material, that is, the
macroscopic, mesoscopic, and the atomic ones [157]. The macroscopic or phenomenological
approaches are relatively easy to be implemented and do not require high computation
power, therefore they are considered in the majority of studies. A drawback of these
models is that they do not describe the deformation within the individual grains (crystals),
as such, some features of the deformation of the material cannot be reproduced. The
mesoscopic (grain) and microscopic (atomic) scale models enable a detailed description of
the deformation processes in the investigated material. However, these models (grain and
atomic) require essentially a notably higher computation power than the macroscopic ones.

The macroscopic approaches are based on the calculation of the average thermome-
chanical variables in an elementary volume, in which the properties of the studied material
are assumed to be homogeneous. In this case, a set of the internal variables must be chosen
to describe the evolving physical phenomena upon thermal and/or mechanical loadings.
The number and type of the internal variables vary according to the level of the required
complexity, which depends basically on the type of thermomechanical loading and the
characteristics of the material-related to the alloying and/or polymer composition and
thermomechanical heat-treatment.

The simplest phenomenological models for SMAs assume the volume fraction of
martensite and a tensorial deformation variable as internal variables [158,159]. These
models allow reproducing the superelastic and shape memory behaviors of SMAs under
proportional loadings. Extended variants of these models have been developed to dis-
tinguish between the twinned martensite and detwinned martensite [160], to include the
viscoplastic and plastic deformations [161–164], and to reproduce the intermediate R-phase
transformation occurring in a large number of the commercial NiTi alloys [165].

A large number of the constitutive models [166–170] has been developed to predict the
shape memory behavior and/or thermomechanical properties in SMPs during the past two
decades. For example, by incorporating the friction elements into the standard viscoelastic
model the thermomechanical properties of polyurethane can be determined [166]. It
has been demonstrated that the recovery time of the SMPs can be accurately predicted
by Kevin-Voigt model combined with the Transient Stress Dip Test [171]. In their work
the recovery half time, which can be viewed as the relaxation time, predicts more than
90% of the shape recovery in SMPs. The qualitative description of the shape memory
behavior at the microsized samples under the multi-axial loadings by a 3D constitutive
model has been proposed by Baghani et al. [172]. Time and temperature dependencies
of the shape recovery can be also evaluated by using a generalized Maxwell model and
time-temperature superposition principle in FEM simulations [173]. Note that the semi-
analytical model describing the mechanical response in the thermo-viscoelastic SMPs has
been also developed [174].
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The fast progress in characterization methods allows obtaining the full-field infor-
mation such as strain [175], temperature [176], and the crystallographic changes [31] in
material samples subjected to the uniaxial and multiaxial loading. As a result, researchers
have developed advance computation models capable to accurately predict and/or de-
scribe the observed changes in the material samples not only in terms of the global force-
displacement-temperature responses but also in terms of the distribution of the internal
variables in material structures. For instance, the simulation of the temperature field in
heat exchange scenarios can be performed by implementing the thermomechanical cou-
pling, which characterizes the martensitic transformations in SMAs, into the macroscopic
models [31,177,178]. Other models have addressed the particular aspects in SMAs such as
the localization in NiTi alloys [179–183], the description of their tension-compression asym-
metry [184,185], the martensitic transformation anisotropy [186,187] or even the particular
coupling between the martensitic transformation and plasticity [188,189]. It is important
to note that the choice of a suitable phenomenological model depends on the operating
conditions of the designed MEMS/NEMS, that is, (i) the SMA elements subjected to the
non-proportional and multiaxial loadings may require models including the martensitic
transformations anisotropy and tension-compression asymmetry; (ii) elements subjected
to cyclic loadings may require models capable of reproducing the evolution of plastic
deformation; while elements subjected to high strain rates or changing temperature condi-
tions may need models including thermomechanical couplings. Phenomenological models
have been successfully used in design of various SMA/SMP-based MEMS devices such
as the micropumps [190], micro-dampers [191], high-speed micro-actuators [192] or the
micro-manipulators [193].

Mesoscopic models allow describing the deformation phenomena in the material
sample at the grain scale [194]. The integration of the grain behavior into the finite element
simulations, which is needed to reproduce the global response of the SMA structures, can be
realized by introducing the additional homogenization schemes (e.g., the Mori-Tanaka [195]
method). Recently, using this approach, the effects of the grain size on the macroscopic
response of the SMA elements have been studied in detail [194–196]. Tessellation method
has been also proposed to simulate the “real” polycrystalline structures [197]. The polymer
crystallization and the morphology of the phase segregation can be also studied by the
mesoscopic models [198,199]. These models usually utilize the mapping of the atomic con-
figuration onto the course one to achieve longer length scales. For example, the mesoscopic
models are capable to simulate the transition behavior in SMPs [200]. Thermomechanical
behavior and shape memory effect in polyurethane with due account for the hard-segment
content has been realized by the multi-scale course grained simulations [201]. In these
simulations, the hard and soft segments are represented though different beads, which also
take into account the physical crosslinks and the anisotropy in the SMP.

The experimental investigations of the shape memory effect and superelasticity in
SMA/SMP at the nanoscale are still highly challenging. For example, it is difficult to
observe the grain evolution/changes within individual grains during the phase transfor-
mation. The atomic simulations offer an alternative way for studying the processes in
SMA and SMP at the nanoscale. It is important to note that the appropriate potentials that
are necessary to describe the investigated system have been already developed. Among
them the embedded-atom method potential [202] and the modified embedded-atom po-
tentials [203] are mainly used for SMAs. In case of SMPs, the fully atomistic simulations
are primarily considered to account for the time-dependent nature of the glass transition,
which is required to achieve the memory effect [204]. The atomic simulations have been
successfully employed to investigate the twinning and detwinning mechanisms in the
nanocrystalline SMA undergo the shock wave [205,206], the effect of cyclic loading on
deformation and pseudo-plastic behavior of the nanopillars made of NiTi SMA [207,208],
dependency of the deformation in SMA on the grain size and grain boundaries [209,210],
the mechanism of the transformation ratchetting in the nanocrystalline NiTi SMA [211], the
effect of porosity on the shape memory effect and superelasticity of NiTi [212], the energy
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storage properties of SMP [213], or the glass transition temperature and memory effect in
amorphous SMP [214].

6. Existing Nanotechnology Applications of SMAs and SMPs, and Future Outlook

Over the years, the application of SMAs usually in the form of thin films has been
successfully demonstrated in a large number of MEMS devices such as micropumps [215],
microactuators [216], or physical sensors [217]. In the case of micropumps, the fluid
pumping (actuation) is realized through the periodically oscillating diaphragm acting upon
the chamber with fluid. As such, the micropump performance depends strongly on the
achievable deflection of the diaphragm, that is, the higher deflection leads to the larger flow
rate. Diaphragms that utilize the shape memory effect in the NiTi SMA have a high force to
volume ratio, large strain recovery, and are biocompatible [218]. It is noteworthy that the
actuation of NiTi SMA micropumps still requires an external energy input via the electrical
wires complicating their integration into lap-on-chip devices. It has been demonstrated
that the thermally driven micropumps based on the reversible memory effect in SMPs can
be actuated without an external energy input making them suitable for the microfluidic
application including the lab-on-chip [219].

Both the one-way and two-way memory effects are applied in the design of the SMA
microactuators. The former effect enables the microactuator, which is deformed at the low
temperature (i.e., martensite phase) by an external force, to return to its original shape (i.e.,
austenite phase) upon heating. This actuation principle main advantages are the capability
to achieve an extraordinarily large displacement and output force (e.g., for microactuator
that consists of the freestanding SMA film connected with a series of the springs made of
silicon, the actuation strain of 4.5% and stress of ~200 MPa have been demonstrated [220]).
AbuZaiter et al. [221] have shown that the application of an external force can be easily
avoided by depositing the NiTi SMA film on the prestressed substrate. In their design, the
interplay between the prestressed substrate and changes in the NiTi SMA film material
properties (and stress) during the cooling yields the desired deformation of the microactu-
ator. The two-way actuation is an alternative approach, which also does not require the
application of an external force. It is noteworthy that the amorphous-crystalline composite
TiNiCu SMA exhibits two-way memory effect even without the necessary thermome-
chanical training making this type of SMA microactuator suitable for MEMS/NEMS and
micro-robotics [222]. The two-way memory effect in the NiTi SMA films and microstruc-
tures can be also induced by the laser-shock imprinting technology [223]. The drawback
of thermally-induced SMA-based microactuators is a relatively low achievable actuation
speed ranging from tens of Hz [224] to a few of kHz [216] restricting their application in
the high frequency devices such as the RF filters or the resonant sensors. Recently, the high-
frequency nanomechanical resonators (kHz to MHz) that combine the SMA in the form of
thin film sputtered on the “active” elastic substrate, has been proposed [96,225]. In these
resonators, the high resonant frequencies (hundreds of kHz to MHz) are obtained by the
elastic substrate (e.g., substrate consisting of the piezo-material layers), whereas the phase
transforming NiTi SMA enables the up-/downward frequency tuning. These hybrid high
frequency resonators can be directly used for the nanoscale material characterization [55]
or as the nanomechanical resonator-based mass spectrometers [55,139].

During the past decade, significant progress in magnetic SMAs has enabled the de-
sign of a new class of microactuators [226]. The magnetic field actuation enables the
designed magnetic SMAs-based microactuators to achieve the high actuation speeds and,
as such, to overcome a low actuation speed of thermally actuated SMA resonators [227]. A
drawback of the magnetic SMAs-based microactuators is in the difficulties with precise
control of their position originating from a large effect of the hysteresis nonlinearity. Re-
cently, the fuzzy neural network models have been developed and considered to predict
and optimize the performance of the magnetic SMAs-based actuators [228,229]. These
fuzzy logic models may open a doorway for application of magnetic SMAs in various
nanotechnology applications.
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It is the biocompatibility, low cost, large deformation, light weight, the capability to
adjust the shape memory effect(s) and the changeable materials properties according to the
considered device purpose(s) that have made the SMPs highly attractive for the biomedical
applications [230]. A versatile method to fabricate the programable liquid-crystalline
microactuator has been recently proposed by Liu et al. [231]. They have demonstrated that
the necessary changes in the shape and material properties of the designed microactuator
can be easily achieved by changing the temperature of the surrounding medium. As such,
this kind of actuation has a large application potential in the microfluidic devices, where
the external energy input through the wires can be only hardly realized. The wireless
SMP microactuator driven by the external radio frequency magnetic field for drug delivery
devices has been also reported [232]. This microactuator consists of the thermally actuated
SMP material layer and the passive inductor-capacitor resonant circuit. When the external
magnetic field is applied, the resonant circuit is heated and subsequently, the bond SMP
material layer is deformed. Hence, the radio frequency driven SMP microactuators are of
great importance in the design of the drug delivery systems, where the release of a given
amount of drug into the blood stream in a specific time is often required. The wireless SMP
microactuators can be also used as the building elements in the soft-robotics [233,234]. In
many robotic applications, it can be desirable that when needed the actuator movement
can be paused in a given pre-defined shape. By combining the crosslinked blends of
two-crystalline polymers the expected non-continuous movement can be obtained even
without adding an external trigger [235].

There is a current trend in the nanotechnology, materials science, and chemistry to
design the multifunctional complex structures that can exhibit properties not feasible
by the standard materials. It is expected that these novel structures could perform the
multiple-functions (more than one) simultaneously [236]. We envisage that these complex
structures would consist of the multiple SMA and/or SMP functional material layers that
could be probably prepared by combining the 3D (4D) printing technology with other
deposition techniques such as PVD/CVD. As a result, the successful application of these
multifunctional materials would require their material-interface-function relationships
to be known. The appropriate theoretical models, probably based on the multi-scale
modelling, might help to gain the understanding the physics behind these structures. It is
generally expected that these smart structures could find an application in the wearable
and flexible electronics, energy materials, medical materials, and robotics. For example,
the self-healing materials capable of regenerating themselves by applying an appropriate
external stimulus or trigger can be used in the artificial arteries or biomedical implants.

7. Conclusions Remarks

In this review, we have presented the recent progress in the field of SMAs and SMPs for
nanotechnology applications including a brief background of their underlying mechanisms.
The main feature of these materials is in their capability to remember the pre-deformed
shape. There are many different techniques to prepare micro-nanosized SMAs and SMPs
samples usually in the form of thin film. The key technologies used to prepare the micro-
/nanosized samples have been discussed in detail in Section 3 of this review. The recent
achievement in characterization and modelling of the micro-/nanosized SMAs and SMPs
samples have been also presented and the prospective future directions have been proposed.
In addition, the promising future of the 3D printing technology and preparation of SMP for
nanotechnology applications have been also included in this review. Finally, the successful
application of SMAs- and SMPs-based MEMS/NEMS devices such as micropumps and
microactuators have been provided. We emphasize here that the field of SMAs/SMPs for
nanotechnology application is still growing exponentially and the earliest results shows
enormous potential of these shape memory materials in nanotechnology. Overall, present
results are of great importance in a future research in the area of the multifunctional smart
structures, where combination of multiple SMA and/or SMP elements are considered.
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transformation and plasticity in NiTi: Experiments and continuum based modelling. Prog. Mater. Sci. 2018, 98, 249–298.
[CrossRef]

189. Oliveira, S.D.A.; Dornelas, V.M.; Savi, M.A.; Pacheco, P.M.C.L.; Paiva, A. A phenomenological description of shape memory alloy
transformation induced plasticity. Meccanica 2018, 53, 2503–2523. [CrossRef]

190. Merzouki, T.; Duval, A.; Ben Zineb, T. Finite Element analysis of a shape memory alloy actuator for a micropump. Simul. Model.
Pr. Theory 2012, 27, 112–126. [CrossRef]

191. Pan, Q.; Cho, C. The Investigation of a Shape Memory Alloy Micro–Damper for MEMS Applications. Sensors 2007, 7, 1887–1900.
[CrossRef] [PubMed]

192. Lee, H.-T.; Kim, M.-S.; Lee, G.-Y.; Kim, C.-S.; Ahn, S.-H. Shape Memory Alloy (SMA)–Based Microscale Actuators with 60%
Deformation Rate and 1.6 kHz Actuation Speed. Small 2018, 14, e1801023. [CrossRef] [PubMed]

193. AbuZaiter, A.; Nafea, M.; Ali, M.S.S.M. Development of a shape-memory-alloy micromanipulator based on integrated bimorph
microactuators. Mechatronics 2016, 38, 16–28. [CrossRef]

http://doi.org/10.1177/1045389X9700800808
http://doi.org/10.1016/j.ijplas.2005.03.004
http://doi.org/10.1016/j.ijsolstr.2017.06.039
http://doi.org/10.1016/j.polymer.2018.04.026
http://doi.org/10.1088/1361-665X/ab9236
http://doi.org/10.1016/j.polymer.2010.01.058
http://doi.org/10.1016/j.ijplas.2012.01.007
http://doi.org/10.1016/j.ijsolstr.2011.11.019
http://doi.org/10.1016/j.ijmecsci.2020.105742
http://doi.org/10.1016/j.actamat.2016.01.015
http://doi.org/10.1016/j.matdes.2020.109406
http://doi.org/10.1016/j.jallcom.2019.05.041
http://doi.org/10.1016/j.ijsolstr.2020.02.021
http://doi.org/10.1016/S0749-6419(99)00075-3
http://doi.org/10.1016/j.actamat.2017.06.044
http://doi.org/10.1016/j.ijsolstr.2011.02.019
http://doi.org/10.1016/j.ijsolstr.2020.08.012
http://doi.org/10.1016/j.ijsolstr.2017.06.032
http://doi.org/10.1016/j.ijsolstr.2017.12.004
http://doi.org/10.1080/15376494.2011.605016
http://doi.org/10.1016/j.eml.2016.02.018
http://doi.org/10.1016/j.mechmat.2017.05.012
http://doi.org/10.1016/j.pmatsci.2018.07.003
http://doi.org/10.1007/s11012-018-0836-0
http://doi.org/10.1016/j.simpat.2012.05.006
http://doi.org/10.3390/s7091887
http://www.ncbi.nlm.nih.gov/pubmed/28903203
http://doi.org/10.1002/smll.201801023
http://www.ncbi.nlm.nih.gov/pubmed/29717811
http://doi.org/10.1016/j.mechatronics.2016.05.009


Metals 2021, 11, 415 27 of 28

194. Jiang, D.; Xiao, Y. Modelling on grain size dependent thermomechanical response of superelastic NiTi shape memory alloy. Int. J.
Solids Struct. 2021, 210–211, 170–182. [CrossRef]

195. Yu, C.; Kang, G.; Xie, X.; Rao, W. A micromechanical model for the grain size dependent super–elasticity degeneration of NiTi
shape memory alloys. Mech. Mater. 2018, 125, 35–51. [CrossRef]

196. Li, M.; Sun, Q. Nanoscale phase transition behavior of shape memory alloys–closed form solution of 1D effective modelling. J.
Mech. Phys. Solids 2018, 110, 21–37. [CrossRef]

197. Heller, L.; Karafítov, I.; Petrich, L.; Pawlas, Z.; Shayanfard, P.; Benes, V.; Schmidt, V.; Sittner, P.; Karafiatova, I. Numerical
microstructure model of NiTi wire reconstructed from 3D–XRD data. Model. Simul. Mater. Sci. Eng. 2020, 28, 055007. [CrossRef]

198. Kafka, V. Shape memory polymers: A mesoscale model of the internal mechanism leading to the SM phenomena. Int. J. Plast.
2008, 24, 1533–1548. [CrossRef]

199. Maurel, G.; Schnell, B.; Goujon, F.; Couty, M.; Malfreyt, P. Multiscale Modeling Approach toward the Prediction of Viscoelastic
Properties of Polymers. J. Chem. Theory Comput. 2012, 8, 4570–4579. [CrossRef]

200. Uddin, S.; Ju, J. Enhanced Coarse-Graining of Thermoplastic Polyurethane Elastomer for Multiscale Modeling. J. Eng. Mater.
Technol. 2016, 139, 011001. [CrossRef]

201. Park, S.; Moon, J.; Kim, B.; Cho, M. Multi–scale coarse–grained molecular dynamics simulation to investigate the thermo–
mechanical behavior of shape–memory polyurethane copolymers. Polymer 2021, 213, 123228. [CrossRef]

202. Zhong, Y.; Gall, K.; Zhu, T. Atomistic characterization of pseudoelasticity and shape memory in NiTi nanopillars. Acta Mater.
2012, 60, 6301–6311. [CrossRef]

203. Ko, W.-S.; Grabowski, B.; Neugebauer, J. Development and application of a Ni–Ti interatomic potential with high predictive
accuracy of the martensitic phase transition. Phys. Rev. B 2015, 92, 134107. [CrossRef]

204. Diani, J.; Gall, K. Molecular dynamics simulations of the shape-memory behaviour of polyisoprene. Smart Mater. Struct. 2007, 16,
1575–1583. [CrossRef]

205. Wang, M.; Jiang, S.; Zhang, Y. Phase Transformation, Twinning, and Detwinning of NiTi Shape–Memory Alloy Subject to a Shock
Wave Based on Molecular–Dynamics Simulation. Materials 2018, 11, 2334. [CrossRef] [PubMed]

206. Lv, C.; Zhang, X.P.; Wang, G.J.; Zhao, F.; Luo, N.; Bland, S.N.; Tan, F.L.; Zhao, J.H.; Liu, C.L.; Sun, C.W. Twinning and rotational
deformation of nanocrystalline NiTi under shock loading. Phys. Rev. Mater. 2020, 4, 093607. [CrossRef]

207. Wang, B.; Kang, G.; Kan, Q.; Zhou, K.; Yu, C. Molecular dynamics simulations to the pseudo-elasticity of NiTi shape memory
alloy nano–pillar subjected to cyclic compression. Comput. Mater. Sci. 2017, 131, 132–138. [CrossRef]

208. Chen, X.; Chen, W.; Ma, Y.; Zhao, Y.; Deng, C.; Peng, X.; Fu, T. Tension-Compression asymmetry of single–crystalline and
nanocrystalline NiTi shape memory alloy: An atomic scale study. Mech. Mater. 2020, 145, 103402. [CrossRef]

209. Sun, Y.; Luo, J.; Zhu, J. Phase field study of the microstructure evolution and thermomechanical properties of polycrystalline
shape memory alloys: Grain size effect and rate effect. Comput. Mater. Sci. 2018, 145, 252–262. [CrossRef]

210. Ko, W.-S.; Choi, W.S.; Xu, G.; Choi, P.-P.; Ikeda, Y.; Grabowski, B. Dissecting functional degradation in NiTi shape memory alloys
containing amorphous regions via atomistic simulations. Acta Mater. 2021, 202, 331–349. [CrossRef]

211. Wang, B.; Kang, G.; Wu, W.; Zhou, K.; Kan, Q.; Yu, C. Molecular dynamics simulations on nanocrystalline super–elastic NiTi shape
memory alloy by addressing transformation ratchetting and its atomic mechanism. Int. J. Plast. 2020, 125, 374–394. [CrossRef]

212. Gur, S.; Frantziskonis, G.N.; Muralidharan, K. Atomistic simulation of shape memory effect (SME) and superelasticity (SE) in
nano–porous NiTi shape memory alloy (SMA). Comput. Mater. Sci. 2018, 152, 28–37. [CrossRef]

213. Wick, C.D.; Peters, A.J.; Li, G. Quantifying the contributions of energy storage in a thermoset shape memory polymer with high
stress recovery: A molecular dynamics study. Polymer 2021, 213, 123319. [CrossRef]

214. Zhang, X.-J.; Yang, Q.-S.; Liu, X.; Shang, J.-J.; Leng, J.-S. Atomistic investigation of the shape–memory effect of amorphous
poly(L–lactide) with different molecular weights. Smart Mater. Struct. 2019, 29, 015040. [CrossRef]

215. Shu, Y.-C. Shape–Memory Micropumps. Mater. Trans. 2002, 43, 1037–1044. [CrossRef]
216. Knick, C.R.; Sharar, D.J.; A Wilson, A.; Smith, G.L.; Morris, C.J.; A Bruck, H. High frequency, low power, electrically actuated

shape memory alloy MEMS bimorph thermal actuators. J. Micromech. Microeng. 2019, 29, 075005. [CrossRef]
217. Singh, S.; Subramaniam, K.; Chittora, N.; Brolin, A.; Palani, I. Studies on development of NiTi–integrated optical fiber sensor and

its life cycle behavior. J. Intell. Mater. Syst. Struct. 2020, 31, 869–881. [CrossRef]
218. Askari-Naeini, F.G.; Taghizadeh, M.; Mohri, M.; Nili-Ahmadabadi, M. On the microstructure and mechanical properties of a

two–way shape memory NiTi/NiTiCu bi–layer diaphragm. Mater. Des. 2020, 188, 108464. [CrossRef]
219. Robertson, J.M.; Rodriguez, R.X.; Holmes, L.R.; Mather, P.T.; Wetzel, E.D. Thermally driven microfluidic pumping via reversible

shape memory polymers. Smart Mater. Struct. 2016, 25, 085043. [CrossRef]
220. Kabla, M.; Ben-David, E.; Shilo, D. A novel shape memory alloy microactuator for large in–plane strokes and forces. Smart Mater.

Struct. 2016, 25, 75020. [CrossRef]
221. AbuZaiter, A.; Nafea, M.; Faudzi, A.A.M.; Kazi, S.; Ali, M.S.M. Thermomechanical behavior of bulk NiTi shape-memory–alloy

microactuators based on bimorph actuation. Microsyst. Technol. 2015, 22, 2125–2131. [CrossRef]
222. Shelyakov, A.; Sitnikov, N.; Borodako, K.; Koledov, V.; Khabibullina, I.; Von Gratowski, S. Design of microgrippers based on

amorphous–crystalline TiNiCu alloy with two-way shape memory. J. Micro-Bio Robot. 2020, 16, 43–51. [CrossRef]
223. Xiong, F.; Yang, H.; Liu, K.; Man, J.; Chen, H. Forming and two-way shape memory effect of NiTi alloy induced by laser shock

imprinting. Opt. Laser Technol. 2019, 120, 105762. [CrossRef]

http://doi.org/10.1016/j.ijsolstr.2020.11.036
http://doi.org/10.1016/j.mechmat.2018.07.008
http://doi.org/10.1016/j.jmps.2017.09.008
http://doi.org/10.1088/1361-651X/ab89c1
http://doi.org/10.1016/j.ijplas.2007.11.001
http://doi.org/10.1021/ct300582y
http://doi.org/10.1115/1.4034328
http://doi.org/10.1016/j.polymer.2020.123228
http://doi.org/10.1016/j.actamat.2012.08.004
http://doi.org/10.1103/PhysRevB.92.134107
http://doi.org/10.1088/0964-1726/16/5/011
http://doi.org/10.3390/ma11112334
http://www.ncbi.nlm.nih.gov/pubmed/30469359
http://doi.org/10.1103/PhysRevMaterials.4.093607
http://doi.org/10.1016/j.commatsci.2017.01.045
http://doi.org/10.1016/j.mechmat.2020.103402
http://doi.org/10.1016/j.commatsci.2018.01.014
http://doi.org/10.1016/j.actamat.2020.10.070
http://doi.org/10.1016/j.ijplas.2019.10.009
http://doi.org/10.1016/j.commatsci.2018.05.031
http://doi.org/10.1016/j.polymer.2020.123319
http://doi.org/10.1088/1361-665X/ab471c
http://doi.org/10.2320/matertrans.43.1037
http://doi.org/10.1088/1361-6439/ab1633
http://doi.org/10.1177/1045389X20905969
http://doi.org/10.1016/j.matdes.2019.108464
http://doi.org/10.1088/0964-1726/25/8/085043
http://doi.org/10.1088/0964-1726/25/7/075020
http://doi.org/10.1007/s00542-015-2641-1
http://doi.org/10.1007/s12213-020-00126-3
http://doi.org/10.1016/j.optlastec.2019.105762


Metals 2021, 11, 415 28 of 28

224. Song, S.-H.; Lee, J.-Y.; Rodrigue, H.; Choi, I.-S.; Kang, Y.J.; Ahn, S.-H. 35 Hz shape memory alloy actuator with bending–twisting
mode. Sci. Rep. 2016, 6, 21118. [CrossRef]

225. Stachiv, I.; Sittner, P.; Jeng, Y.R.; Vokoun, D. Active frequency tuning of the cantilever nanoresonator utilizing a phase transforma-
tion of NiTi thin film. J. Vibroeng. 2017, 19, 5161–5169. [CrossRef]

226. Kohl, M.; Gueltig, M.; Pinneker, V.; Yin, R.; Wendler, F.; Krevet, B. Magnetic Shape Memory Microactuators. Micromachines 2014, 5,
1135–1160. [CrossRef]

227. Qingxin, Z.; Qihang, F.; Luping, W.; Yunhong, G. Research and Experimental Analysis of Damping Characteristics of Magnetic
Shape Memory Alloy. Trans. Electr. Electron. Mater. 2018, 19, 272–278. [CrossRef]

228. Yu, Y.; Zhang, C.; Zhou, M. NARMAX Model–Based Hysteresis Modeling of Magnetic Shape Memory Alloy Actuators. IEEE
Trans. Nanotechnol. 2020, 19, 1–4. [CrossRef]

229. Zhang, C.; Yu, Y.; Wang, Y.; Zhou, M. Takagi–Sugeno Fuzzy Neural Network Hysteresis Modeling for Magnetic Shape Memory
Alloy Actuator Based on Modified Bacteria Foraging Algorithm. Int. J. Fuzzy Syst. 2020, 22, 1314–1329. [CrossRef]

230. Zhao, W.; Liu, L.; Zhang, F.; Leng, J.; Liu, Y. Shape memory polymers and their composites in biomedical applications. Mater. Sci.
Eng. C 2019, 97, 864–883. [CrossRef] [PubMed]

231. Liu, X.; Pan, X.; Debije, M.G.; Heuts, J.P.A.; Mulder, D.-J.; Schenning, A.P.H.J. Programmable liquid crystal elastomer microactua-
tors prepared via thiol–ene dispersion polymerization. Soft Matter 2020, 16, 4908–4911. [CrossRef] [PubMed]

232. Zainal, M.A.; Ahmad, A.; Ali, M.S.M. Frequency-controlled wireless shape memory polymer microactuator for drug delivery
application. Biomed. Microdevices. 2017, 19, 8. [CrossRef]

233. De Marco, C.; Alcântara, C.C.J.; Kim, S.; Briatico, F.; Kadioglu, A.; De Bernardis, G.; Chen, X.; Marano, C.; Nelson, B.J.; Pané, S.
Indirect 3D and 4D Printing of Soft Robotic Microstructures. Adv. Mater. Technol. 2019, 4. [CrossRef]

234. Georgopoulou, A.; Michel, S.; VanderBorght, B.; Clemens, F. Piezoresistive sensor fiber composites based on silicone elastomers
for the monitoring of the position of a robot arm. Sens. Actuators A Phys. 2021, 318, 112433. [CrossRef]

235. Farhan, M.; Rudolph, T.; Nöchel, U.; Yan, W.; Kratz, K.; Lendlein, A. Noncontinuously Responding Polymeric Actuators. ACS
Appl. Mater. Interfaces 2017, 9, 33559–33564. [CrossRef]

236. Alian, A.; Meguid, S. Multiscale modeling of the coupled electromechanical behavior of multifunctional nanocomposites. Compos.
Struct. 2019, 208, 826–835. [CrossRef]

http://doi.org/10.1038/srep21118
http://doi.org/10.21595/jve.2017.18887
http://doi.org/10.3390/mi5041135
http://doi.org/10.1007/s42341-018-0047-3
http://doi.org/10.1109/TNANO.2019.2953933
http://doi.org/10.1007/s40815-020-00826-9
http://doi.org/10.1016/j.msec.2018.12.054
http://www.ncbi.nlm.nih.gov/pubmed/30678978
http://doi.org/10.1039/D0SM00817F
http://www.ncbi.nlm.nih.gov/pubmed/32452499
http://doi.org/10.1007/s10544-017-0148-5
http://doi.org/10.1002/admt.201900332
http://doi.org/10.1016/j.sna.2020.112433
http://doi.org/10.1021/acsami.7b11316
http://doi.org/10.1016/j.compstruct.2018.10.066

	Introduction 
	Fundamental Properties of Shape Memory Materials 
	Shape Memory Alloys 
	Shape Memory Polymers 

	Preparation of SMAs and SMPs Thin Films and Heterostructures 
	Shape Memory Alloys 
	Shape Memory Polymers 

	Characterization of SMAs and SMPs Thin Films and Heterostructures 
	Modelling of SMAs and SMPs Thin Films and Heterostructures 
	Existing Nanotechnology Applications of SMAs and SMPs, and Future Outlook 
	Conclusions Remarks 
	References

