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Abstract: A shape memory material (shape memory alloy (SMA) or shape memory polymer (SMP))
can experience large deformation and recover its original shape when exposed to a specific external
stimulus. Shape memory materials have drawn significant attention due to their applications in
biomedical devices, which typically require appropriate mechanical biocompatibility, including
elastic modulus compatibility, adequate strength and fracture toughness, and superior fatigue
resistance. In this review, we provide an overview of mechanisms and biomedical applications of
some common SMAs and SMPs, experimental evidences on their mechanical biocompatibility, and
some key aspects of computational modeling. Challenges and progress in developing new shape
memory materials for biomedical applications are also presented.
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1. Introduction

Shape memory materials are known for their capability of programming their shape changing
behaviors [1]. Even after being forced to assume a temporary shape, the deformed configuration
can recover its original state under certain external stimulation, such as thermal [2], mechanical [3],
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electrical [4], electro-magnetic [5], or chemical [6]. Shape memory materials are ideal candidates
for developing reconfigurable structures and biomedical devices because of their good
stimuli-responsiveness and various shape changeability [7]. For example, medical implants made of
shape memory materials, such as stents and heart valves, can be deformed into relatively small size
before they are implanted into the human body during minimally invasive surgery (MIS), while
being able to expand and recover to a larger shape when exposed to body temperature [8].

Shape memory alloys (SMAs) and shape memory polymers (SMPs) are the most widely
studied shape memory materials [9—12]. The mechanism of SMAs is associated with the
diffusionless phase transformation by well-coordinated shear dominant atomic displacement
between austenite (the high temperature phase with a face-centered cubic structure) and
martensite (the low temperature phase with low crystallographic symmetry and a body-centered
tetragonal structure). The shape memory effect (SME) and superelasticity (SE), also called
pseudoelasticity (PE) are the two most frequently utilized behaviors for SMAs. Both behaviors can
recover the original shape, through heating of the SME and unloading of the SE, respectively.
Correspondingly, the reversible martensitic transformation is induced by temperature for SME but
by stress for SE [3,13,14]. Generally, SME of SMPs can be achieved by designing various polymers
with special molecular structure and different transition segments. The fixity segment determines the
permanent shape and switching segment is responsible for temporary shape [15]. Thermal-induced
SMPs as the most widely and successfully studied in the field of smart materials, have obtained
increasing attention. SMPs are easier to process and can exhibit up to 200% strain, which is much
larger compared to 10% strain for SMA [16].

In order to be incorporated into biomedical devices, shape memory materials need to be
biocompatible besides meeting physical and electrochemical requirements [17]. For example, the
basic requirement for achieving mechanical biocompatibility for an implant is to bear large stress, be
mechanically biocompatible for a long period, be functionally stable, and have an appropriate elastic
modulus [18]. Otherwise, plastic deformation can occur in the implant and cause failure or functional
degradation. There have been a number of excellent reviews on shape memory materials’ application
in biomedical field [3,19,20]. In comparison, here we particularly focus on the mechanical behaviors
of the SMAs and SMPs, particularly on the mechanical biocompatibility.

The goal of this review is to provide an overview of the shape memory mechanism of the most
common shape memory materials and address the governing factors that affect their mechanical
properties based on the results of experimental and computational modeling, which can aid in the
design and fabrication of advanced shape memory materials for biomedical applications. Here, we
review the physical mechanisms and biomedical applications of SMAs and SMPs, experimental
work on their mechanical biocompatibility, and identify various external and internal factors that
influence the mechanical behaviors. Computational modeling works on the kinetics and mechanical
behavior of SMAs and SMPs are also introduced. The challenges of designing and fabricating shape
memory materials for biomedical applications are further discussed.
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2. Mechanism and biomedical applications of shape memory materials
2.1. Shape memory alloys
2.1.1. Mechanism

As one of the most prominent functional metallic materials, SMAs are uniquely characterized
by their SME and SE/PE. In SME, a deformed alloy can recover its original shape simply by heating;
while in SE, the alloy can be deformed severely and recover its original shape once the load is
released. Martensitic transformation, as the common origin of SME and SE in SMAs, is a class of
diffusionless phase transformation and is characterized by well-coordinated shear dominant atomic
displacement. Martensitic transformation starts from austenite (a high temperature phase or parent
phase), which is typically a cubic phase such as a body centered cubic (bcc) or face centered
cubic (fcc) structure. The crystal structure is then cooled to below martensitic transformation
temperature and transforms into a product phase (martensite phase or martensite) with low
crystallographic symmetry. Four important transformation temperatures are used to describe the
temperature ranges: Martensite start temperature (M;), martensite finish temperature (Ms), austenite
start temperature (4s), and austenite finish temperature (4y) [3,13].

The general mechanism of SME and the corresponding changes in atomic structures model
during transformation is illustrated in Figure la. In this case, the martensitic transformation
temperature of the SMA is sufficiently above the room temperature. The sample can be easily
deformed by a mechanical load at a temperature lower than My, because the strain is accommodated
by the growth of single variant martensite favored by the stress at the expense of others, and the
residual deformation remains after unloading. When the deformed sample is heated to a temperature
above Ar subsequently, the single variant martensite transforms back to austenite and the original
shape recovers. This occurs because all the variants are originally formed from one single austenite
crystal. A sample in the martensite phase can be obtained when cooled to room temperature, however,
its shape does not change due to the self-accommodated multi-variant martensite structures.

It should be emphasized that only the austenite shape is memorized in the SME described above,
and this is referred to as one-way SME (OWSME). In addition, a two-way SMA (TWSMA) can
memorize its shape at both high (austenite shape) and low (martensite shape) temperatures. However,
TWSMA is less commercially used due to the additional “training” requirement, and it generally
produces less recovery strain than what is provided by OWSMA for the same material [21-24].
Meanwhile, TWSME tends to deteriorate quickly especially at high temperatures [13], so the
stability and repeatability are far from optimal [25]. Therefore, OWSME is still the most widely used
in practice to provide reliable performance [26].

The martensitic transformation involved in SME is induced by temperature (thermally). In addition,
it can also be induced by stress (mechanically), associated with the SE [3,13,14]. Tsuchiya (2011)
illustrated the mechanism of SE in Figure 1b, which indicate that the SMA is deformed by a
mechanical load at a temperature above Ar. When the sample with the fully austenite phase is
subjected to a stress, it may deform by stress induced martensitic transformation. Upon unloading,
the martensite will completely transform back to austenite because it is not thermodynamically
stable at that temperature, so the original shape recovers.

AIMS Materials Science Volume 5, Issue 4, 559-590.
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Figure 1. Mechanism of (a) SME and (b) SE. The upper part of the figure shows a
typical superelastic stress (o)-strain (€) curve. P: Parent phase, M: Martensite phase. The
three lower figures schematically illustrate the atomic arrangements in the different states

of the sample marked as p, g, 1, s, A and B in the stress-strain curve. Reprinted from [14]
with permission.

For NiTi alloys, the typically used biomedical SMA, previous research indicated that the
precipitation of different second phases would influence the starting temperature of martensitic
transformation (M) and the type of martensitic transformation (R-phase or B19’ martensitic
transformation) [27-32]. For B19’ transformation, as the content of Ni increases, M; significantly
decreases; for R-phase transformation, the transformation is more likely to occur if there is higher
coherency of the NisTiz phase in the parent phase [30-32]. However, with increasing temperature
and time, the NisTi; phase would grow and decompose into Ni3Ti, and Ni;Ti phases. By studying
Ni-rich NiTi alloys at different heat treatments, Qin et al. [33] found that the lower the M,
temperature, the higher the hardness became. This can be ascribed to the difficulty in the occurrence
of stress-induced B19’ martensitic transformation at lower M; temperature.

Recently, Luo et al. [34] studied the effects of extrusion and re-extrusion on the microstructure
evolutions and textures of second phase precipitates in NiTi alloys using the high-resolution electron
backscatter diffraction (EBSD). Results indicated that extruding and re-extruding the as-received
NiTi shape memory alloy produced a (l1l)texture parallel to ED (extrusion direction)
and {110}(uvw)texture parallel to TD (transverse direction), and a more homogeneous
microstructure with a higher hardness. Using EBSD and TEM techniques, Luo et al. [35] also
studied that the non-deforming second phase precipitates resulted in inhomogeneous deformation
and the sharp increase in dislocation density in the surrounding matrix, leading to the recovery
and recrystallization of the surrounding matrix.

AIMS Materials Science Volume 5, Issue 4, 559-590.
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2.1.2. Biomedical applications

Because of the unique properties of SMAs, they have attracted a great deal of interest in
automotive, aerospace, robotic, and biomedical applications [36]. The three primary types of SMAs
used include: NiTi-based, Cu-based, and Fe-based SMAs. Among the three, NiTi-based alloys are
most-commonly used because of their excellent SME and SE [3]. Cu-based and Fe-based SMAs,
such as CuZnAl, CuAlINi, and FeMnSi, are low-cost and commercially available, but the usage is
limited due to their poor thermal cycle properties, low yield stress, so can hardly replace NiTi-based
alloys in prime position in the industrial market [37,38].

NiTi-based SMAs are significantly more expensive than other conventional biomedical metal
materials, such as stainless steel. However, they exhibit some excellent characteristics as ideal
candidates for biomedical applications, such as high corrosion resistance [40], good
biocompatibility [41—43], non-ferromagnetism [44], and unique mechanical behaviors close to those
of human tissues and bones [45]. After combining NiTi-based SMAs with minimally invasive
surgery (MIS), they have made significant breakthroughs and achieved great success in this area.
NiTi-based SMAs are used in medical devices for interventional radiology (e.g., guidewires, stents,
stents grafts, inferior vena cava filters), surgical devices for endoscopic and laproscopic surgery,
and orthopedics [3,45]. Other medical applications include implants [46,47], aneurism patches [48],
eyeglass frames [49], and active catheters [50,51]. Some of the typical biomedical applications of
NiTi based SMAs (e.g., orthodontic arch wire, guided wire, bone fixation, and stent) are shown in
Figure 2. The fatigue and fracture behavior of NiTi based SMAs have been a concern, so their

mechanical properties need to be improved to meet the emerging needs of designing smart
biomedical devices [45,52—54].

Figure 2. Biomedical applications of NiTi-based SMA. (a) Orthodontic arch wire; (b)
Guided wire; (c) Bone fixation; (d) Stent. Reprinted from [39] with permission.

AIMS Materials Science Volume 5, Issue 4, 559-590.
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2.2. Shape memory polymers
2.2.1.  Progress and mechanism

SMPs represent a class of smart polymeric materials that can be programmed to fix in a
deformed state and subsequently recover to the initial state when exposed to an external
stimulus [55], such as heat [56-59], moisture [60], pH [61,62], light [63], electricity [64],
alternating magnetic field [65], radiation [66] and laser heating [67], microwaves [68,69],
pressure [70], solvent or solvent vapors [71], and so forth.

From a mechanism standpoint, SMPs are different from SMAs that are based on the martensitic
transformation. SMPs possess special molecular structures that consist of a fixity phase and a
reversible phase, as shown in Figure 3, which can describe almost any SMPs system. Here, the fixity
phase (net-point) is responsible for the stabilization of the permanent shape, which is formed by
chemical or physical crosslinking or supramolecular bonding. Similarly, the reversible phase (switching
unit) is responsible for the shape fixity and shape recovery upon different stimuli. The reversible
phase contains crystallization, liquid crystallization, light reversible bonding, glass transition or
supramolecular hydrogen bonding.
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Figure 3. The overall structure of SMPs. Reprinted from [72] with permission.

SMPs typically consist of a net-point and a switching unit. Based on their distinctive nature of
net-point, SMPs can be divided into chemical crosslinking or physical crosslinking [73]. Furthermore,
per the methods of stimulation, SMPs can be classified into thermal-induced, electric-induced,
solvent-induced, or other types which have the ability to recover their shape under related stimuli.
Most SMPs can be subdivided into Te-type and Ty-type SMPs which are activated by T, (glass
transition temperature) and Ty, (melting temperature) transition, respectively. Various new shape
memory programming methods have emerged, including triple SME [74-76], multi-stimuli [77],
multi-functional SMPs [78], two-way SMP [79,80], and temperature memory polymer [81-83].

For Te-type SMP, the SME is from the reversible soft segment and the stationary hard segment,
which correspond to the crystal portion with bridging construction and the amorphous portion,
respectively. The amorphous portion exhibits rubber elasticity when heated above T, and is easy to
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be deformed into an arbitrary shape under an external force accompanied by micro-Brownian
motion (MBM) of the soft segment. By cooling below T, followed by unloading, the MBM was
frozen, and the distorted shape is largely maintained. Heated again to above its T,, the reversible
frozen segment relaxed, and the hard segment created a recovery force so that the polymer was
able to return to the original shape [18].

Compared to SMAs, SMPs have their own advantages, such as lower densities, larger strains,
bigger range of tailorable temperatures, easier processing, biocompatibility and biodegradation,
and lower cost, which enabled their applications in various areas such as textiles [84], aerospace
technologies [85], biomedical applications [86—89], smart actuators [90], etc. Very recently,
Zhang et al. [91] designed a radiopaque highly stiff and tough shape memory hydrogel with Young’s
modulus of 16 MPa and tensile strength of 10 MPa, and the hydrogel strip was successfully
transformed into the preprogrammed coil shape in the pigs’ renal arteries. This shape memory
hydrogel coil showed great promise in renovating traditional metal coils in treating aneurysm.

2.2.2. Biomedical applications

Thermal-induced SMPs have been the most extensively studied due to their promising
applications in biomedical devices. SMPs are an attractive candidate in minimally invasive
surgeries, smart actuators, drug delivery systems, as well as in special fields, such as orthopedics,
photodynamic light therapy, orthodontics, kidney dialysis, and in the therapy of aneurysms or
neuroprosthetics [10,26,92-95]. For instance, Lendlein and Langer [96] have prepared a biodegradable
thermal-induced SMP used as a suture for tightening and sealing a wound, as shown in Figure 4a.
The suture can induce a self-tightening effect under body temperature. Figure 4b shows a drug
releasing SMP device that can unfold in a specified location within the body upon the stimulus of
body temperature. In addition, the unfolding process will not affect the efficiency of the drug release [97].

20°C 37°C 41°C

(b) [ Implant formation
and drug loading

Physiological
environment

=777 4 Programmvg ol Shape recovery Drug release
\:_ —I — r\ ) ,_'
B PIAY

Permanent shape Temporary shape

N

Figure 4. Biomedical application using SMPs. (a) Degradable shape-memory suture for
wound closure. Reprinted from [96] with permission; (b) schematic diagram of SMP
device with drug releasing function. Reprinted from [97] with permission.

To date, many promising applications ranging from commercial industry to biomedical devices
to aerospace engineering have been studied in the field of SMPs. Recent efforts have demonstrated
improved capabilities and tunable properties that can eventually be incorporated into medical device

AIMS Materials Science Volume 5, Issue 4, 559-590.



566

prototypes [98—101]. There are still many challenges that need to be solved such as how to improve
stress recovery and cycle time.

3. Experimental studies on mechanical biocompatibility of shape memory materials

The importance of mechanical biocompatibility has been recognized in the development of
orthopedics, grafts, and prostheses [102]. To improve the mechanical biocompatibility of shape
memory materials, it is necessary to examine their mechanical properties such as elastic modulus,
tensile strength, recovery strain, and thermo-mechanical properties before any application.

3.1. Experimental studies on mechanical biocompatibility of SMAs
3.1.1.  Elastic modulus

Most biomedical devices are required to have a similar Young’s modulus to biological tissues
since large differences between the implant’s Young’s modulus and the surrounding bones can result
in the stress-shielding effect (harder implant can remove, or shield stress imposed on the bone and
the surrounding tissue, so that the bone materials are reabsorbed without enough stress and their
density will deteriorate). This stiffness incompatibility will deteriorate the implant-bone interface
and lead to implant failure [18]. To be more specific, the elastic modulus of bone is about 20 GPa [103].
In comparison, solutionized type Ti alloys are reported to have the closest elastic modulus
(about 60—80 GPa) among all implanted metallic materials. The elastic modulus of SMAs can be
further reduced by changing the material’s microstructure through cold working. For example,
Niinomi found that the 90% cold worked TNTZ (Ti-Nb-Ta-Zr) possessed a smaller Young’s
modulus (56 GPa) than a non-worked TNTZ sample (65 GPa) due to texture formation [104]. Thus,
the elastic modulus of TNTZ shows anisotropy and can be tuned by growing single crystals in a
preferred orientation. For example, the Young’s modulus measured at <100> direction E ;¢ is only
about 35 GPa, comparable to cortical bone as shown in Figure 5.
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Figure 5. Elastic modulus of a TNTZ single crystal measured in different directions.
Reprinted from [105] with permission.
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The elastic modulus can also be tuned by introducing porosity into the biomaterial
microstructure. For instance, Sadrnezhaad and Hosseini [106] reported that porous NiTi-SMAs
prepared by the THP-sintering method had an elastic modulus of 19.8 GPa. The porous NiTi-SMAs
also possess a high tensile strength of about 255 MPa, enabling them to bear load as hard-tissue
implants. Moreover, as shown in Table 1, Xiong et al. found that both the elastic modulus and
plateau stress can be adjusted by varying the porosity of the NiTi alloy foams, where a higher
amount of porosity can reduce the Young’s modulus and plateau stress [107]. With 30% porosity, the
Young’s modulus of titanium can be tuned to close to that of a cortical bone [108].

Table 1. Elastic modulus and Plateau stress TiNi alloy foam with different porosities.
Reprinted from [107] with permission.

Porosity (%) Elastic modulus (MPa) Plateau stress (MPa)
71 860 38.3

80 310 12.1

87 30 1.9

3.1.2.  Strength

The strength of a biomaterial also influences the fracture of the implant. If the bone-implant
interface fails, a soft tissue could grow at the interface, which will generate a large displacement between
the bone and the implant under loading, resulting in severe pain [18]. SMAs such as Ti-Nb-Sn, Ti-Ni
and Ti-Nb alloys typically exhibit a double yielding phenomenon in tensile testing as shown in
Figure 6. The first yield corresponds to the critical stress required to induce martensite
transformation and the reorientation of martensite variants. The second yield point is associated with
the critical stress required to induce martensite plastic deformation [109].
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Figure 6. Tensile stress strain curve of the NiTi alloys. Reprinted from [110] with permission.

How to achieve a good combination of appropriate elastic modulus and strength of biomedical
materials is an important issue in the design of biomedical devices. The strength of titanium alloys
can be increased while keeping the Young’s modulus low by cold working after aging, as shown in
Figure 7. By varying the material composition, the strength of SMAs can also be tuned. For instance,
the yield stress of binary Ti-Nb alloys decreases with the increase of Nb. The yield stress reaches a

AIMS Materials Science Volume 5, Issue 4, 559-590.
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minimum when the Nb content is about 26.5%, then increases again as the Nb content increases [111].
The addition of ternary elements such as Ta, Zr, or O were also reported to increase the strength of
the SMA [112].
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Figure 7. Tensile strength, yield stress, and the Young’s modulus of Ti-29Nb-13Ta-4.6-Zr
as a function of cold work ratio. Reprinted from [113] with permission.

3.1.3.  Fracture toughness

The fracture toughness of SMAs is another important factor to consider when SMAs are applied
in biomedical devices. This measures the amount of energy that a material can absorb before it fails.
Many brittle materials have high strength but low toughness. For example, many NiTi-based SMAs
are prone to fracture. To assess their fracture toughness, macroscopic uniaxial tensile testing and
microscopic in situ tensile testing were employed by Chen J, Wang G and Sun W [110] to examine
the crack initiation and propagation process. Specimens with different notch acuities were tested.
The results showed that the main crack was always initiated at the notch root and propagated in line
with the maximum normal stress direction. While the microstructure has a negligible effect on the
crack propagation direction, coarser lamellar substructures exhibited worse resistance to crack
propagation.

The fracture behavior of superelastic Nitinol alloys was also studied under cyclic loading
conditions. Mckelvey and Ritchie [114] examined the cyclic tensile fatigue-crack growth behavior in
Nitinol as a function of temperature, microstructure (stable austenite, superelastic austenite,
martensite), and load ratio on an electro-servo-hydraulic testing machine. The crack propagation rate
was measured at a constant load ratio and the fatigue behavior of the various microstructures was
plotted in Figure 8. The fatigue-crack growth resistance of the martensite was found to be superior to
that of the stable austenite. The lowest resistance was seen in the superelastic austenite. Moreover,
as temperature decreased, the threshold stress intensity increased while the growth rates decreased.

For example, the x, thresholds for martensite were increased from about 3 MPa+/m at =65 °C

to 5 MPa~/m at—196 °C.
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Figure 8. Comparison of the fatigue-crack growth behavior in Nitinol as a
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martensite (—65 °C and —196 °C). Reprinted from [114] with permission.

The cyclic fracture behavior of superelasticity of nitinol was further studied by Robertson S,
Mehta A, Pelton A, et al. [115] by examining the in situ fatigue crack growth at the micro-scale. Pre-cracked
specimens were loaded on the beamline with a custom-designed in situ micro tensile loading device

to a stress intensity factor (SIF) of (7.5-15 MPa+/m ) with a loading ratio R of 0.5. Fatigue loads

were then applied in a displacement-control manner and the local strain at the crack tip was
measured with in sifu high-resolution imaging via X-ray micro-diffraction. This technique can
directly examine dynamic phase transformation at a growing crack tip. The local equivalent strain
was mapped from the fatigue unloading cycles, which showed the evolution of the transformation
zone in Figure 9. The strains in the austenite grains surrounding the crack tip were in the 0.5-1.0%
range (green), and the martensite grains were shown as black-colored regions. It is noticeable that the
microstructures in the wake of a growing crack transform back to the austenite phase when the stress
decreases. They also found that the grain orientation of the surrounding austenite influences the
transformation zone, local anisotropic orientation affects the direction of the fatigue crack growth.

AIMS Materials Science Volume 5, Issue 4, 559-590.
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unloading cycles 1, 2, 10 and 100 showing the evolution of the transformation zone.
Reprinted from [115] with permission.

3.1.4.  Fatigue property

In biomedical devices subjected to cyclic stress, fatigue is often the primary failure mechanism.
The implants in peripheral arteries, for instance, can undergo fatigue due to the cyclic loads from the
human cardiac rhythm. Cyclic loads can also come from the differences in systolic and diastolic
blood pressures. Cumulated fatigue damage can eventually lead to device failure and life threatening
scenarios. “Functional fatigue”, such as the loss of shape memory or superelasticity effect, can also
occur over a number of cycles. The Food and Drug Administration in the United States (FDA)
require an intravascular stent to undergo at least 400 million cycles (~10 years) before failure [116].
Hence, how these materials behave under cyclic stress is important to understand. Both classical
structural failure and functional fatigue leading to the degradation of shape memory are reviewed
in this subsection.

Fatigue properties of materials are often studied with strain-controlled (low cycle fatigue
behavior) and stress-controlled (high cycle fatigue behavior) cyclic tests. Fatigue properties are often
characterized by the fatigue life (N), resistance to ratcheting strain, fatigue limit, and stress strain
hysteresis loops [117,118]. A typical S-N (stress vs. fatigue life) curve can be seen in Figure 10; as
the stress amplitude decreases, the fatigue life increases. Thermal mechanical cycling deformation of
SMAs were also studied as they often undergo such deformation mode. Recently, a few researchers
performed thermal mechanical fatigue test on NiTi by imposing different amplitudes of temperature
cycles together with applied stress or strain [119,120]. It was shown that fatigue life of NiTi under
thermal mechanical cycling depends on the applied stress/strain and temperature amplitude. It also
shows that Martensite transformation becomes more difficult with thermal cycling; the
transformation starting temperature decrease with the number of cycles.

AIMS Materials Science Volume 5, Issue 4, 559-590.
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Figure 10. NiTi S-N compression fatigue curve. Reprinted from [121] with permission.

From a microstructural evolution point of view, the fatigue occurs because of the accumulated
plastic strains. The accumulated plastic strain typically becomes higher when the stress range
increases as shown in Figure 11 (Nayan N, Roy D, Buravalla V, et al. [122]). With the accumulation
of plastic strain, the stress required to induce martensitic transformation also decreases. Recently,
Kang and Song [123] studied the cyclic tension compression fatigue behavior of superelastic NiT1
SMA with constant stress amplitude. They found that the width of the stress-strain hysteresis loop
decreases with an increase in the number of cycles, as shown in Figure 12. Because the residual
martensite acts as obstacles to the movement of phase transformation front, the stress strain
hysteresis loop narrows with the increase in the number of cycles.
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amplitudes. Reprinted from [122] with permission.
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Reprinted from [123] with permission.

Not only do those external factors affect the fatigue behaviors, but the internal factors such as
the microstructure and composition can play important roles. For instance, the initial microstructure
of materials was reported to affect fatigue life under strain-controlled cycling for porous NiTi SMAs.
Pore morphology such as shape, size, and distribution can all affect the shape memory effect. The
decay of superelasticity in the porous NiTi SMA occurs at a relatively lower cyclic strain level
compared with the dense NiTi SMA [124]. Fatigue life was also shown to decrease with the increase
of Ni-content in binary NiTi alloys [119]. Ternary NiTi-X alloys have been studied to improve the
fatigue resistance and decrease the decay of superelasticity in the binary NiTi alloys. The addition of
copper, for example, improves the fatigue resistance during the loading and unloading cycles at a
high temperature for better medical applications.

From the studies reviewed above, it is seen that both internal material factors and external
loading factors affect SMAs’ mechanical properties. Microstructures such as grain size, porosity,
texture affect elastic modulus, strength, fracture toughness, and fatigue resistance.
Martensite/austenite phase compositions are another influencing internal factor as martensite was
reported to have superior fracture and fatigue resistance compared to austenite [20]. Addition of
other chemical elements such as Ta, Zr, O and the composition of them also affect mechanical
properties. External factors such as cold working, heat treatment, temperature, cyclic stress intensity
factor, stress/strain amplitude, mean stress/strain, stress ratio can all influence a SMA’s fracture
and fatigue resistance.

3.2. Experimental studies on mechanical biocompatibility of SMPs

SMPs possess some superior properties compared with SMAs, such as better flexibility, higher
shape recovery ratio, easier fabrication, and better biocompatibility. Hence they can be used as
vascular stents, sutures in microsurgery, ocular implants, etc. [73]. The shape memory properties and
mechanical properties of SMPs have been widely investigated in recent years. For instance, Fulcher J,
Lu Y, Tandon G, et al. [125] investigated the shape memory behavior of epoxy-based thermosetting
shape memory resin with a microheater equipped nanoindenter, as shown in Figure 13. Firstly, shape
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memory resin is activated at a deformation temperature, above the material’s T,. Then, the resin is
cooled to the storage temperature below T,. Finally, the resin is heated again to a temperature that
allows for shape recovery. Schmidt C, Sarwaruddin Chowdhury AM, Neuking K, et al. [126] found
that lower recovery ratios occurred in a thermoplastic SMP (Tecoflext) after higher numbers of
thermomechanical cycles. Di Prima M, Gall A, Mcdowell D, et al. [127] studied the thermo-mechanical
storage and recovery behavior of thermoset shape memory foams under cyclic compression test.
They found the existence of a threshold of strain to induce damages under cyclic compression testing
and the threshold strain can vary by changing the holding time between compression cycles.

Energv
stored
Heating Applving Cooling Heating
—_— —_— —_— _—
T Trans Force T=Tran T Toans
Original Shape Deformed Original
Shape Shape

Figure 13. Thermomechanical testing of shape memory polymers. Reprinted from [125]
with permission.

However, SMPs generally have lower modulus, strength, and recovery stress, which limit their
applications in practice. By changing their molecular weight, phase compositions, cross-linking
density, and adding fillers into the polymer network, mechanical properties can be improved.
However, shape recovery transition temperature and response might also be affected.

3.2.1.  Molecular weight and functional groups

Molecular weight and functional groups of the materials that form SMPs were reported to affect
mechanical properties of SMPs. Ahmad M, Xu B, Purnawali H, et al. [128] found that shape
memory polyurethane (SMPU) with poly (e-caprolactone) (PCL) as the soft segment have a higher
mechanical strength at room temperature than those of the SMPU with poly (ethylene glycol) as the soft
segment, because the former has short molecular chains, higher cross-link density, and lower crystallinity.

Kang et al. (2012) [129] synthesized SMPU foams containing polypropylene glycol (PPG) with
different molecular weights (Mw) and functionalities (f). It was found molecular weight is positive
correlated with the shape recovery. Lower molecular weight polyol resulted in higher glassy state
modulus and high shape fixity due to smaller cell size, higher foam density, strength and glass
modulus. Higher molecular weight of polyol resulted in the higher rubbery modulus and better shape
recovery due to the higher crosslink density of large molecular weight.

3.2.2.  Phase composition

The phase composition has also been found to affect the shape memory effect. Zhang et al. (2009) [130]
proposed an immiscible blend SMP system consisted of Styrene-Butadiene-Styrene copolymer (SBS)
and PCL composite. Results indicated that an ideal SMP system can be achieved with elastomer
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(SBS) being the major continuous phase and switch polymer (PCL) being the minor continuous
phase. In this way, the elastic matrix provides the good stretching and recovery performance, while
the continuous switch polymer phase affords the good fixing and unfixing performance.

3.2.3. Fiber-reinforced SMP

Guo et al. (2015) [131] found that the shape recovery ratio decreased with an increase in carbon
fiber weight fraction. This is due to the formation of composite structures of carbon fibers reinforced
SMP matrix. The resilience of composites was larger than that of SMP matrix, therefore, the
composites needed a stronger constrained force on their segments and required more energy or more
time to accomplish the shape recovery.

3.2.4.  Carbon nanotube (CNT)-reinforced SMP

Ni et al. [132] indicated that the reinforcement of a thermoset based SMP from CNT. The
reinforcement depended on the extent of CNT which stored the strain energy in the programming
procedure, followed by a recovery process where the strain energy would be released. Studies
indicated with increasing the weight fraction of vapor growth carbon fibers (VGCF), both the storage
elastic modulus and shape memory effect would be dramatically improved.

3.2.5. Iron and ferrite-induced SMP

Mohr et al. [133] incorporated magnetite nanoparticles (iron(Ill)oxide) in thermoplastic
shape-memory biodegradable multiblock copolymer (PDC) and polyetherurethane (TFX), and in
this way, the shape recovery was induced magnetically when the programmed samples were
exposed to an alternating magnetic field. This noncontact triggering of shape recovery is important
for polymers that cannot be warmed up by heat transfer using a heat medium. Results indicated that
the shape recovery from magnetic triggering was comparable to that obtained from thermally
induced ones; and the amorphous switching phase in nanoparticles of TFX improved the elastic
properties even at increased temperature.

3.2.6.  Nano-filler (alumina, silica and clay) reinforced SMP

Xu et al. (2010) [134] studied the reinforcing effects from different nanofiller (alumina, silica
and clay) on the mechanical behavior of the polystyrene-based shape memory nanocomposites. They
found that 1 wt % of nanofillers with rod-like structures (such as clay composites) had the highest
storage modulus and energy absorption capacity than spherical nanofillers (such as alumina, silica).
This increased reinforcement for rod-like fillers was related to the increased load transfer from the
high aspect ratio and specific geometry of the dispersed rod-like fillers to the matrix. For the
spherical nanofillers, the composite modulus was more depended on the intrinsic characterizations of
nanofillers. For example, the modulus and density of alumina is much larger than that of silica,
therefore the enhancement effect for the alumina/PS is more significant than silica.
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3.2.7.  Nano-filler (hydroxyapatite) reinforced SMP

In addition, Zheng et al. (2006) [135] tested that at the compositional ratio of 1.0—4.0, the shape
recovery ratios of PDLLA (Poly(D,L-lactide)) can be improved from 80.6% to 95% with additions of
HA (Hydroxyapatite); and the peak shape recovery ratio occurred at 2.0-2.5. This is because in this
range, the stationary phase HA particles could best prevent the irreversible strain (€3), given by the
deformation of amorphous PDLLA polymer. If there are too many HA particles, the movements of
chain segments of amorphous PDLLA polymer would be greatly restricted during shape recovery.
As for thickness-shape recovery relations, Zhang et al. proved that the thicker composites required
more recovery time as they needed more energy to get rid of molecular interactions.

3.2.8.  Nano-filler (chitosan) reinforced SMP

Wei et al. (2015) [136] studied shape-memory behaviors of electrospun CS (chitosan)/PEO
(poly(ethylene oxide)) composite nanofibrous membranes. The authors found that increasing of PEO
would provide superior shape-recovery properties. This is because the more active molecule
segments would lead to material with better deformability and recovery capacity.

In short, the mechanical property of SMPs is governed by internal factors such as molecular
weight and functional group of the materials and cross-linking density of the polymers. SMP-based
composites can show different mechanical properties with the incorporation of various filler and
phase compositions. Similarly, external factors such as stress/strain conditions and temperatures
also influence their mechanical response. Therefore, understanding the intricate relationships
between its various controlling factors is the key to design and choose appropriate SMPs to later for
specific biomedical applications.

4. Computational modeling on Kinetics mechanism and mechanical behavior of shape
memory materials

Because of the attractive features of shape memory materials and important applications in
biomedical fields, considerable efforts have been made in developing mathematical models on the
kinetics mechanism and mechanical behaviors. The deformation behavior of shape memory materials
is inherently nonlinear, which requires the development of appropriate constitutive models to
characterize the material response. The macroscopic behavior can be predicted by numerical
approaches, including finite element methods [137], finite difference methods [36,138,139], molecular
dynamics simulations (MDS) [140,141], and phase field modeling [142] (Zhong and Zhu, 2014). For
example, the mechanical behavior of SMAs can be driven by a complex stress-induced or
thermomechanical solid phase transition, which can be described by some macroscale models.
Computational models can also serve as an effective tool for investigating the physical mechanisms
underlying the shape-memory response of SMPs and for design optimizations of shape-memory
performance under a specific environmental stimulus [143].
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4.1. Modeling SMAs

With the broad applications of SMAs in aerospace and medical industries, more interest has
been brought up on predicting their responses to certain thermomechanical loadings and many
theories have been developed to tackle these challenges. Mechanical analyses on SMA-based devices
are often simulated with macroscale models that neglect microscopic details, called phenomenological
models. They choose several internal and external variables to describe macroscopic features of
SMAs based on continuum thermodynamics [144]. These models can be incorporated into existing
numerical methods such as the finite element method. Here, we focus on a series of phenomenological
models describing SMAs’ properties. The development of macroscale models typically follows a
standard procedure: The first step is to select a set of internal variables as macroscopic consequences
of the micro-structural changes; the second step is to derive the evolution equations (or flow rules) of
these internal variables, which are related to the microscopic transformation mechanisms and should
be treated with careful physical considerations; the last step is to carry out numerical simulations to
provide some testable predictions, and when possible, compare them with experiments. The
modeling of more complex behaviors of SMAs beyond SME and PE (so-called “secondary effects™)
can be found in a recent review by Cisse, Zaki and Zineb [137].

4.1.1. Macroscale models with no internal variables

Although the selection of internal variables is essential to model construction, there are models
which neglect internal variables and only take external variables such as macro-strain or temperature
into consideration. A classic example is the polynomial model proposed by Falk [145]. It adopts the
expression of the free energy of SMAs in the form of a sixth-order polynomial equation, which
involves only two variables, i.e., strain (¢) and temperature (7). The minimal or maximal points of
the free energy represent stability or instability of each phase of the SMAs. At a high temperature,
the free energy only has one minimal point when the strain equals to zero, denoting the stable
austenite phase. At a low temperature, the polynomial has two minimal points with non-zero strains,
which means two detwinned martensite phases (stress-induced martensite) exist. At an intermediate
temperature, it has three minimal points which represent the stable austenite and two detwinned
martensite variants (Figure 14). The polynomial is shown in Eq 1.

W(g,T):%(T—TM)gZ—ég4+
(1)

Where a and b are material constants which are positive. Austenite is stable above 7, and
martensite is stable below 7). The constitutive equation is then written as Eq 2.

4
o€

2
=a(T—TM)5—bg3+b—gs ()

7 4a(T,-T,))

The advantage of Falk’s model lies within its simplicity and it can also quantitatively reproduce
the pseudoelasticity. However, the twinned martensite phase (temperature-induced martensite) is not
considered in this model, which suggests that no stable phase exists for 7' < Tj, in a stress-free state.
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Figure 14. Free energy at different temperatures in Falk’s model. Reprinted from [146]
with permission.

4.1.2. Macroscale models with phase transformation kinetics

If appropriate internal variables are introduced, the macroscale model can be more robust. It is
natural to consider phase transformation kinetics and introduce the martensitic volumetric fraction as
internal variables since the martensitic transition is mainly responsible for SME and PE. As the
martensitic transformation is non-diffusive in nature, the volumetric fraction of martensite phase can
be written as a function of the stress and temperature [146]. Tanaka and Nagaki [147] proposed an
exponential function which was shown to be a proper model. For the forward transformation
(austenite transforming into martensite), the following function is chosen:

ﬂzl—exp[—aM (M, —T)—bMO']+ﬁO (3)
For the reverse transformation (martensite to austenite), it is replaced by:
b= ﬁo eXp I:_aA (T_ A ) _bAG] 4)

Where ay, by, a4 and b, are positive parameters of material properties. M denotes the start
temperature of martensite formation and A; is the start temperature of austenite formation.

Later, Liang and Rogers [148] used cosine functions instead of exponential functions to
describe the evolution laws. The predictions agreed well with experimental data when this model was
applied to study acoustic vibration controls. Another approach has been presented by Brinson [149], in
which the martensitic volumetric fraction was split into two parts: Temperature-induced martensite and
stress-induced martensite. By categorization of different martensite variants during the
transformation process, it became possible to investigate the evolution of twinned martensite, which
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went beyond the scopes of other models mentioned above. Numerical simulations for these models
were conducted and the results are shown in Figure 15. All these models can reproduce
pseudoelasticity. However, this type of models has obvious drawbacks. For example, they all
assumed a fixed critical stress for the forward or reverse transformation, in contrast with experiments
showing that the critical stress can be altered under cyclic loadings.
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Figure 15. Stress-strain curves for models with assumed transformation kinetics.
Reprinted from [146] with permission.

4.1.3. Macroscale models with internal constraints

The evolution equations of internal variables from the models above seemed to be mathematically
suitable although no specific physical background was attached. Another class of models derived the
evolution equations based on thermodynamics by applying Clausius-Duhem inequality to obtain
constraints for internal variables. Panico and Brinson [150] created a three-dimensional (3D)
phenomenological model for SMAs to account for the martensite reorientation process under
multiaxial loading and non-proportional loading histories. They introduced a tensorial internal
variable which represents the inelastic strain in the stress-induced phase transformation process and
is divided into two parts, parent phase transformation and martensite variant reorientation, each
governed by its own evolution law. The second law of thermodynamic is used to derive the evolution
equations of internal variables. Numerical results show that this model can capture several main
features of SMAs such as pseudoelasticity or coupling of the axial and the shear inelastic responses
under uniaxial or multiaxial tests (Figure 16). Drawbacks of this model, however, lies in the fact that
it could not reproduce the asymmetry process in uniaxial tension and compression [151].
Moreover, irreversible plastic strain was not taken into consideration.
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Figure 16. Stress-strain curves under tension-compression uniaxial loading at constant
temperature. Reprinted from [150] with permission.

Inspired by Panico’s work, Arghavani J, Auricchio F, Naghdabadi R, et al. [152] proposed a 3D
phenomenological constitutive model for SMAs by choosing two decoupled internal variables: A
scalar variable denoting the amount of stress-induced martensite and a tensorial internal variable
representing the average orientation of different variants. Compared to models with only one
tensorial internal variable, this decoupling approach gave more freedom to the model and made it
possible to characterize the martensite variant reorientation process and its effect on the pure phase
transformation in a non-proportional loading process. Flow laws for these two internal variables are
obtained by considering Clausius-Duhen inequality in thermodynamics. Further, they developed a
time-discrete framework with a backward-Euler integration scheme for numerical implementation.
Moumni Z, Zaki W and Maitournam H [153] also proposed a macroscopic model to describe the
responses of SMAs under cyclic loadings based on experimental observations. In this model, three
state variables are used to represent the residual strain induced by cyclic loading, the internal stress
induced by repeated phase changes, and the cumulated martensite volume fraction, respectively. The
dissipated energy of the stabilized cycle is simulated and used as a relevant parameter for predicting
the number of fatigue life of the materials, which is like the low-cycle fatigue criterion in usual
elastoplastic materials. Although they proposed a 3D model for multiaxial loading, their model was
only validated in uniaxial loading. Hence, further investigation will be needed for practical
applications in 3D shape memory materials.

4.2. Key aspects on modeling SMPs

The shape memory behavior of SMPs involves a variety of shape storage and triggering
mechanisms, but for a given environmental stimulus they may share some common mechanisms.
For example, amorphous SMPs under thermally induced or photo-induced deformation will
experience the glass transition, the crystallization and melt transition mechanism and/or photo-induced
network rearrangements [143]. The constitutive models for thermal-sensitive shape memory
polymers were comprehensively reviewed by Zhang and Yang [154].

Recently, there has been a growing interest in developing theoretical and numerical frameworks
for shape memory behavior of SMPs under large deformation, as well as the computational
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simulations for biomedical devices [155]. The thermomechanics model developed by [156] can
capture the nonlinear response from the entropic-driven chain rearrangement at high temperatures to
study micromechanics and physics underlying the glass transition. Diani J, Liu Y and Gall K [157]
then developed a 3D thermoviscoelastic model to simulate the stress-strain-temperature evolution of
SMPs in a thermomechanical loading cycle. Furthermore, Li and Xu [158] proposed a thermoviscoelastic
model based on the finite deformation theory to examine the shape memory behavior of a thermoset
SMP made through cold-compression programming. The model included both structural evolution
and pseudo-plasticity, so it was capable of simulating the shape memory effect in this SMP
processed by cold compression.

Specifically, the deformation gradient in the model is expressed as the product of a mechanical
deformation gradient and a thermal deformation gradient, i.e., ' = FyFr. The thermal deformation
gradient is determined using a fictive temperature T.

Fr =331 (5)

Jr=1+a. (T —T,) + ay(T — Tf) (6)

Where a, and a, represent the thermal expansion coefficient of material in the rubber state and
glassy state, respectively.

The mechanical behavior is represented by decomposing the stress into a time-dependent
component which refers to the viscoplastic behavior F, and a time independent component F,
related to rubber-like behavior.

Fy = F,F, (7)

This model is able to capture the characteristics of polymer behaviors including yielding, strain
softening, and hardening.

To improve the mechanical properties of SMPs such as the strength and stiffness, hard
particles are embedded in the matrices of shape memory polymers. Baghani M, Naghdabadi R,
Arghavani J, et al. [159] proposed a phenomenologically constitutive model for thermoset SMPs, in
which hard particles are dispersed to strengthen the matrix and modeled using the rule of mixture.
The model incorporated three tensorial internal variables to account for the three phases, the rubbery,
glassy, and hard phases, during the time evolution of microstructures. By small strains, the strain in
this model is decomposed into six components including the strain in hard particles, rubbery phase of
polymers, in glassy phase of polymers, thermal strain, irreversible strain, and storage strain.

5. Challenges in designing and fabricating shape memory materials for biomedical applications

Mechanical biocompatibility is an important issue for biomedical applications of SMAs and
SMPs, and some challenges in designing and fabricating the shape memory materials remain to
be tackled. As the most important kind of SMAs, NiTi-based SMAs show excellent SME, SE, and
special biocompatibility; and thus have been widely used in biomedical devices. However,
NiTi-based SMAs still have several unfavorable clinical shortcomings that prevent them from being
an ideal material for stent devices. One concern with NiTi-based SMAs is related to the release of
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nickel ions into body tissues and fluids which can induce toxic and allergic responses [160]. Also,
thrombotic complications frequently occur when NiTi-based SMAs are used for vascular implants in
small arteries [161]. Therefore, it is necessary to improve the biocompatibility, wear resistance, and
corrosion resistance of NiTi-based SMAs. To this end, various surface treatment methods have been
developed, each with its own merits and limitations [162—-168]. Biodegradability and sterilization are
other concerns when designing SMP-based medical devices [101].

The mechanical properties of shape memory materials are influenced by many factors. Grain
size and chain length of polymers affects the strength and toughness of materials. Fine grain size
leads to high strength and better crack resistance. Long chain polymers tend to decrease chain
mobility and result in higher strength and toughness. Heat treatment can refine grains and relieve
internal stress due to the cold and hot working of metals. Curation time, cross-link density, and
external temperature also affect materials’ mechanical properties. Higher temperatures tend to
decrease elastic modulus, strength, and fracture toughness. Different types of mechanical properties
can be correlated: A high strength often comes with high elastic modulus and fracture toughness can
be negatively correlated with strength. A balance of these properties is needed, and so a material’s
design reduces to a constrained optimization problem. To identify these factors and understand the
weight of each factor and their correlations can be challenging. Extensive experimental work and
carefully designed computational models are needed.

Even if materials are designed, whether they can be fabricated is another question. The
composition of nickel and titanium is critical in defining the transformation temperature of Nitinol
alloys. One weight percent of Ni deviation can cause a 100 °C change in its transformation
temperature. Tight chemistry control is required in nitinol alloy fabrication, which poses a significant
challenge during the melting process. Nitinol product fabrication, especially complex nitinol parts,
is even more challenging because of its high work-hardening rate and high titanium content. The
alloys’ shape recovery capability makes the formation step difficult at ambient temperatures.
Recently, additive manufacturing has been used in the fabrication of NiTi parts. Walker J,
Andani MT, Haberland C, et al. [169] produced nitinol parts directly from CAD models by
selective laser melting of pre-alloyed powder. Complicated design in the microstructure such as
porosity, designed holes, and other intricate features can be realized. Additive manufacturing has
also been used in the fabrication of SMPs. Ge Q, Sakhaei AH, Lee H, et al. [170] reported high
resolution multimaterial architecture of SMP using 4D printing. This makes controlled shape
memory properties achievable with designed constituents and compositions.

Combining geometrical shape-change with material shape-change is an emerging research
direction, which is involved in studying mechanical instabilities of many kinds such as buckling,
snapping, wrinkling, and creasing [171]. Thus, the bistability and multistability of SMAs and SMPs
are achievable, and more advanced functions could be obtained for developing next generation
biomedical devices for sensing and drug delivery. Applications such as these also pose the practical
challenge of how to effectively scale down the system to the micro- and nanoscale. Last but not least,
current SMAs and SMPs based devices still need external stimuli to trigger shape changes.
Intelligent medical devices that have pre-programmed temporal shape evolution in absence of
external stimuli or that can be triggered with dynamic material properties such as the presence of
biomarkers point to future research directions [101].
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6. Summary

SMAs and SMPs are the primary shape memory materials used in the biomedical field. They
both demonstrate the capability of remembering multiple shapes and can change from one state to
another under external stimulus. This review highlights key contributions in the past and recent
studies on shape memory mechanisms and their biomedical applications. We discuss the mechanical
biocompatibility of these materials under various deformation modes towards biomedical
applications. Mechanical properties, such as elastic modulus, strength, fracture toughness, and
fatigue need to be carefully evaluated prior to actual practice. Previous experimental studies have
shown that the mechanical properties of shape memory materials are influenced by internal
microstructures, such as grain size and cross link density, fracture toughness, fatigue, and
environmental factors such as temperature and loading. Computational modeling has been used as a
supplemental tool to assist in the design of shape memory materials and can reduce the complexity of
experimental studies. Complex design of shape memory materials can be challenging with traditional
fabrication methods, and thus the use of additive manufacturing methods is the future of making
complex shape memory materials and biomedical devices.
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