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Chapter 5
Shape Memory Biomaterials and Their
Clinical Applications

Yufeng Zheng, Jianing Liu, Xili Lu, and Yibo Li

5.1 Introduction

Shape memory materials (SMMs) include shape memory alloys (SMAs), shape
memory polymers (SMPs), shape memory ceramics, and shape memory composites
(SMCs). They are regarded as smart materials with the capability of recovering its
permanent shape from a temporary shape under an external stimulus, such as heat,
light, pressure, electric field, magnetic field, pH, or solvent. The corresponding
shape memory recovering mechanisms are different under different external field.

Shape memory alloy was first discovered by Arne Olander in 1932, and the term
“shape-memory” was first described by Vernon in 1941 for his polymeric dental
material [1]. The importance of SMMs was not recognized until William Buehler
and Frederick Wang revealed the shape memory effect (SME) in nitinol [1]. Since
the orthodontic arch wires developed by George B. Andreasen in 1971, the medical
applications of SMAs have been increasing [1], and with the successful application
of superelastic nitinol in various mini-invasive surgical tools, and interventional/
implantable devices in the last 20 years, nitinol became a unique metallic biomate-
rial for the designing of medical devices.

The term SMP was first used in 1984 by CDF Chimie Company (France) [2].
However, interest was limited due to the lack of applications in the early days of
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SMPs. Many SMPs are naturally biocompatible and even biodegradable. Lendlein
and Langer reported that SMPs may be used as self-tightening sutures for mini-
mally invasive surgery in 2002 [2], raising much interest for SMPs in biomedical
applications consequently.

There is an international organization on Shape Memory and Superelastic
Technologies (SMST) found in 1992. In 2004, SMST became an Affiliate Society
of ASM International, the worldwide society for materials information. Over a
decade, the joint SMST-ASM association has produced many successful confer-
ences, launched a new journal Shape Memory and Superelasticity, and created the
SMST Graduate Fellowships.

Shape memory effect (SME) is a phenomenon, in which a material recovers its
original shape at the presence of the right external stimulus, such as light, electric,
temperature, moisture, and magnetic field. For SMAs, they have one-way, two-way,
and all-round SMEs, whereas for SMPs, they have multiple SME. Superelasticity
(SE in alloys) or viscoelasticity (in polymers) is another important phenomenon,
commonly observed under certain conditions. A SMA with superelasticity might be
regarded as realizing shape recovery immediately without temperature change, only
due to instability of their structure. The shape memory effect is very close to super-
elasticity phenomena (also named “pseudoelasticity”). The difference of these two
definitions might be interpreted in the following way: superelasticity (or pseudo-
elasticity, which is seemed better in terminological sense) shows us the type of
deformational behavior, traditionally relating to elastic one. On the other hand,
shape memory denotes the possibility of body made of SMA materials, return to the
old configuration. For all SMMs, in general, we need to fix the shape “being recov-
ered by SME or superelastic property” by a treatment/procedure, technically called
“shape setting” for SMAs and “programming procedure” for SMPs. Today, a wide
range of SMMs have been developed in bulk solid (plate, wire, tube), film, fiber, and
even foam shapes.

This chapter aims at providing readers with an overview into the biomedical
applications of shape memory materials. It would be divided into four main sec-
tions: Section 5.1 is a brief introduction. Section 5.2 provides a summary of the
technical background of shape memory alloys. Section 5.3 discusses typical shape
memory polymers for biomedical applications. Section 5.4 presents some major
conclusions and outlook on future research direction of shape memory materials.

5.2 Shape Memory Alloys (SMAs) and Their
Clinical Applications

5.2.1 Fundamental Features of SMAs

Shape memory alloys (SMAs) are a group of metallic alloys that can return to their
original form (shape or size) when subjected to a memorization process between
two transformation phases, which is temperature or magnetic field dependent. This
transformation phenomenon is known as the shape memory effect (SME).
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1. Shape memory effect (SME)

Figure 5.1 presents the mechanism of shape memory effect (SME). It can be seen
that the SMAs could exist in two different phases (martensite and austenite) with
three different conditions, that is, twinned martensite, detwinned martensite, and
austenite. The martensite and austenite phases are respectively stable at lower and
higher temperature. During heating process, the phase transformation of SMA
occurs from martensite to austenite phase. The austenite-start-temperature (A;) and
the austenite-finish-temperature (Ay) are respectively the temperature at which this
transformation starts and finishes. Inversely, during cooling process, the phase
transformation of SMA occurs from austenite to martensite phase. The starting and
finishing temperatures of this transformation are respectively martensite-start-
temperature (M) and martensite-finish-temperature (M;). Hysteresis is generally
defined as the difference between temperatures at which the materials are in 50%
transformed to austenite upon heating and in 50% transformed to martensite upon
cooling [3]. Generally, the transformation temperature hysteresis in SMAs is
between 10 and 50 °C.
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Fig. 5.1 A description of shape memory effect—one-way shape memory effect, two-way shape
memory effect, and pseudoelasticity [1]
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The SME of SMAs mainly includes one-way shape memory effect (1W-SME)
and two-way shape memory effect 2W-SME). As for one-way SMA (1W-SMA), it
could retain a deformed state after the external force is removed and recover back to
its original shape after heating. As for two-way shape memory effect (also called
“reversible SME”), the alloy could recover its shape at both high and low tempera-
tures. However, the strain deterioration of the two-way SMA (2W-SMA) is quick,
especially at high temperatures. Thus, the commercial use of 2W-SME is less than
the 1W-SME, which is more reliable and economical.

2. Superelasticity

Superelasticity (SE), or pseudoelasticity, is an elastic (reversible) response of
SMAs to an applied stress, caused by a phase transformation between the austenite
and martensite phases. Unlike the shape memory effect, SE occurs without a change
in temperature. In general, SE takes place at sufficiently high temperature where
stable austenite phase exists and the SMA is in its parent phase and original shape.
When a mechanical strain is imposed, it could stimulate the transformation of an
austenite phase to a stable detwinned martensite phase, sometimes called “stress-
induced martensitic transformation.” SE describes the nonlinear recoverable defor-
mation behavior of SMAs at temperatures above the Ay, including the stress-induced
martensitic (forward) transformation in loading and the spontaneously thermally
induced austenitic (reverse) transformation upon unloading. The SMA immediately
returns to its original austenite phase.

The pseudoelastic behavior of SMA could be significantly influenced by the heat
treatment methods. Taking Ti-50.9 at.% Ni alloy as example, Jiang et al. [4] inves-
tigated the pseudoelastic deformation behavior after aging treatment at different
temperature. It came out that with increasing aging temperature, the temperature
window for pseudoelasticity reduces, as shown in Fig. 5.2 [4]. Fundamentally, the
effect of aging treatment on pseudoelastic behavior of Ti-50.9 at.% Ni alloy is
attributed to its phase transformation behavior. According to Figs. 5.3 and 5.4 [5],
with different aging temperature and aging time, the microstructure of Ti-50.9 at.%
Ni alloy evolves, and mainly divides into five stages, each of which corresponds to
different transformation behaviors [5].

The stress—strain diagrams of three different materials are schematically com-
pared in Fig. 5.5 [1]. In the case of stainless steel, the recoverable strain is less than
0.5%. On the other hand, up to 8% of deformation is recoverable in TiNi
SMA. Similarly, bone exhibits more than 1% recoverable strain as well as hysteresis
in the loading—unloading cycles. This similarity between deformation behavior of
TiNi SMA and bone illustrates the biomimetic behavior of load bearing TiNi SMA
implants under loading—unloading conditions in the body. This property highlights
another aspect of the excellent biomechanical compatibility of TiNi SMA. Moreover,
TiNi SMA exhibits unique corrosion behavior after deformation in superelastic and
plastic regimes in different deformation modes [1].



5 Shape Memory Biomaterials and Their Clinical Applications 199

Testing Temperature (K)
e
]
=]

280

'y

Pseudoelasticity

A

Plastic deformation Solution
A ¢ & o ¢

L3

A

1 i

760 800 840 880 920
Agcing Tmeperature (K)

Fig. 5.2 Pseudoelastic deformation diagram of Ti-50.9 at.%Ni [4]

Fig. 5.3 “TTT” diagram
illustrating the effect of
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on the transformation
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5.2.2 TiNi SMAs and Their Clinical Applications

Titanium-nickel alloys, or nitinol (The term “NITINOL” was coined from its com-
position and its place of discovery: Nickel-Titanium-Naval Ordnance Laboratory.),
an equiatomic alloy of titanium and nickel with shape memory and superelastic
properties, was discovered in the early 1960s by Buehler and his coworkers [1]. It is
an attractive alloy for biomedical application due to its unique functional properties
including shape memory effect, superelasticity, biocompatibility, kink resistance,

MRI compatibility, and

SO on.
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Fig. 5.4 Mechanisms of the evolution of transformation behavior of NiTi during aging [5]

Fig. 5.5 Stress versus
strain relationship for
superelastic nitinol,
stainless steel, and bone
and tendon tissues [1]
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TiNi alloy can be readily deformed by applying an external force and would
recover to its original form when heated beyond a certain temperature either by
external or internal heating (Joule heating). The main composition range of the TiNi
SMA lies in the equiatomic range in Ti—Ni binary phase diagram, in which TiNi
alloy stays at intermetallic condition. During fabrication, especially the casting pro-
cedure, impurity elements carbon and oxygen are contaminants that must be elimi-
nated from the system. They can affect the mechanical properties and have an
impact on the transformation temperature. Thanks to its moderate solubility range,
the composition of the TiNi SMA can be changed, and it can be alloyed with other
elements to alter both mechanical and shape memory properties. The most general
way of modifying nitinol alloy is by including additional nickel up to an extra 1%.
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This process not only increases the yield strength of the austenitic phase but also
brings down the transformation temperature.

TiNi SMAs have been introduced into the medical implant field for their super-
elastic and shape memory properties, despite related drawbacks associated with
toxic Ni ionic release. TiNi SMA implantable devices such as stents, bone plates,
spinal rods, artificial dental roots, staples, clamps, springs, intramedullary rods,
heart valves, collapsible valves, artificial anal sphincters, spine rods, graspers, and
vena cava filters had been widely used in clinic [3, 6]. In addition to implants, the
medical applications of TiNi SMA include orthodontic wires, guide wires and cath-
eters, laparoscopy tools, needles, tissue ablation devices, suture passers, retractors,
scissors, and dental drills for root canal procedures [3, 6]. Shape memory effect is
advantageous for use in bone plates, staples and thermally activated archwire, while
the superelastic behavior is useful in all of the other abovementioned medical
devices. Superelastic behavior is becoming the most important property of TiNi
SMA with regard to implant devices. Here, the clinical applications of TiNi alloys,
mainly focusing on dentistry, orthopedics, and medical intervention, are introduced
in the following paragraphs.

5.2.2.1 Application of TiNi SMAs in Dentistry

With regard to dental application, TiNi alloys are always fabricated into orthodontic
archwire, root canal instrument, and dental abutment prostheses.

1. Orthodontic archwire. As is known to us, orthodontic wires are used for the cor-
rection of arch-oral. During the therapy, forces are applied to teeth and the non-
aligned teeth would move slowly. Compared with the traditional stainless steel
wires, the TiNi wires would allow the movement of teeth under more constant
force over a long treatment with a larger displacement. In the early period,
Andreasen [7] investigated the feasibility of cobalt-substituted nitinol wire for
orthodontics. The results showed that the nitinol wire, which possessed good
elasticity and resistance to corrosion, is suitable for orthodontic use. Besides,
Torrisi et al. [8] carried out a series of experiments including dynamic mechani-
cal thermal analysis (DMTA), DSC, tensile test, morphological observation, and
microanalysis in order to evaluate the feasibility of TiNi alloy as orthodontic
wire. It came out that the orthodontic wire would get improved if the TiNi alloy
which provides a constant physiological force on the malocclusion correction of
teeth could be adopted instead of the traditional stainless steel. Nowadays, the
TiNi orthodontic wire has been developed into orthodontic wire (Fig. 5.6) and
used in dentistry. Moreover, orthodontic open spring and close spring made of
superelastic TiNi alloys are assistive devices.

2. Root canal instrument. Although the application of the TiNi alloy as a root canal
preparation instrument has been over 25 years, the manufacturing strategies
diversified only in recent years. For example, the tips of the root canal instrument
were previously divided into cutting, noncutting, and partially cutting, while the
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current file tips are rounded and noncutting, as is shown in Fig. 5.7 [9]. As for the
cross section, the design of which directly determines the cutting ability of a
rotary instrument, most current files have triangular or quadrangular cross sec-
tions and thus result in negative rake angle. For better innovations of TiNi root
canal instrument’s design, it is important to modify the basic properties of TiNi
alloys, which is greatly influenced by heat treatment methods. As for the clinical
outcomes of root canal therapy, Cheung et al. [10] compared the NiTi rotaries
with stainless steel file, and it came out that the former showed significantly bet-
ter periapical outcomes.

Dental abutment prostheses. It is reported that the TiNi alloy could be applied for
complete arch guided implant treatment [11, 12]. Since the screw- and cement-
based retention mechanisms which are used to attach prostheses to dental
implants could cause clinical complications (e.g., crown fracturing, peri-
implantitis, etc.), Shah et al. [12] proposed an innovative retention system on
posterior tooth restorations, as can be seen in Fig. 5.8. As for the abutment sys-
tem, nitinol was adopted as a shape memory sleeve, which could be activated by
temperature change and allow the reversible switch of the device between unlock
and lock states. When flaps set to locked position, the crown is retained by
sleeves and provides secure and stable retention of prosthesis on implant.
According to up to 6 months’ follow-up, it came out that the differences between
baseline and endpoint assessment of the plaque and gingival indices, probing
depth, and proximal and occlusal contacts were minimal. Therefore, it is believed
that such nitinol-based retention system is suitable for implant prosthodontics.

.2.2 Application of TiNi SMAs in Orthopedics

Compared with the traditional internal fixation materials used in orthopedics, the
TiNi shape memory alloys exhibit superelasticity, good bio-conformity, and high
fatigue resistance performance. Therefore, the TiNi alloys have been widely used in

Fig. 5.6 Orthodontic
wires made of TiNi alloy
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Fig. 5.7 Scanning electron micrographs of an innovative TiNi root canal preparation instrument.
(a) tip design (b) lateral aspect (c) cross-sectional design [9]

Fig. 5.8 Schematic
diagram of abutment
system [12]

orthopedics, such as the arthrodesis concentrator, embracing clamp, staple, bone
plate, and so on. Next, the application of TiNi alloys in orthopedics is introduced
in detail.

The usage of TiNi SMA as staple for orthopedics application has been reported.
Willmott et al. [13] adopted the TiNi SMA staples with different configurations
(Fig. 5.9) for the first metatarsophalangeal joint arthrodesis treatment. It came out
that the positioning oblique staples at 45—-135° were with improved stability and
were as strong as the crossed screw. Besides, Laravine et al. [14] used the shape
memory nitinol staple (Qual®) in radial shortening osteotomy. According to the
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clinical study of 30 cases, all of the fixation of staples at the osteotomy site was
strong enough to fulfill fusion. Schipper et al. [15] employed the nitinol compres-
sion staples in foot and ankle surgery. Taking the fixation of pseudo-Jones and Jones
fracture fixation as an example (Fig. 5.10), the fifth metatarsal fracture showed
healed base postoperatively. The TiNi SMA staple would be appealing for trauma
indications since by using such staple, minimal incisions and well-preserved perios-
teum could be achieved [15].

Porous TiNi alloys have also been applied as intervertebral fusion device and
bone tissue scaffold [16—18]. There are many advantages for the biomedical appli-
cation of porous TiNi alloy. Firstly, it possesses high strength, relatively low stiff-
ness, and high toughness, which are important to prevent deformation or fracture,
minimize stress-shielding effects, and avoid brittle fracture, respectively. Secondly,
its shape memory behavior could help implant insertion and ensure good mechani-
cal stability within the host tissue. Last but not least, the biocompatibility of TiNi
SMA is as good as the conventional porous stainless steel and pure Ti implant mate-
rials. The fabrication of porous TiNi SMA could be achieved by powder metallurgy
techniques, the commonly used methods of which include self-propagating high-
temperature synthesis (SHS), spark plasma sintering (SPS), hot isostatic pressing
(HIP) with argon expansion, capsule-free HIP (CF-HIP), and conventional sintering
(CS). Figure 5.11 [16] shows the porous NiTi produced by three different methods,
that is, (a) SHS, (b) CF-HIP with argon expansion, and (c) MIM and sintering with
NaCl space holder. Figure 5.11d shows a porous TiNi implant (Actipore™, Biothex,
Canada) produced by SHS process for intervertebral fusion application. Figure 5.12
[17] shows the product of Actipore™ PLFx and PNT, which has been implanted for
over 100 times worldwide. It should be noted that the chemical homogeneity of the
porous TiNi SMAs is important for biomedical application. The presence of second-
ary Ti- and Ni-rich phase is undesirable with regard to its biocompatibility. In order
to solve this problem, Bertheville et al. [18] used vapor phase calciothermic reduc-
tion process during the formation of NiTi compound. The sintered porous NiTi is
shown in Fig. 5.12d [18]. It came out that the single-phased NiTi with superior
chemical homogeneity is applicable for bone graft substitute.

Fig. 5.9 Shape memory
TiNi staples [13]
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Fig. 5.10 Preoperative (a) and postoperative (b) image of the fifth metatarsal fracture [15]

In addition, TiNi SMAs have been fabricated into arthrodesis concentrator
(Fig. 5.13), embracing clamp (Fig. 5.14), and bone plate (Fig. 5.15) for the treat-
ment of carpal collapse [19], complex femoral revision hip arthroplasty [20], and
noninvasive alteration of bending stiffness [21], respectively. As for fracture heal-
ing, the biomechanical stimulus is important. The alteration of fixation stiffness
during healing course, which could be achieved by TiNi SMAs, could accelerate
bone healing and prevent healing complications. On the whole, by careful consider-
ation of the interaction between design, materials properties, and manufacturing
processes, the TiNi SMAs with optimal properties are suitable for orthopedics
applications.

5.2.2.3 Application of TiNi SMAs in Interventional Therapy

As for interventional therapy, the TiNi SMAs have been widely used as stents
(including vascular stent and nonvascular stent) and other interventional devices
such occluders, filters, and retrieval tools, which will be introduced below.

1. Stents. As is known to us, the endovascular stents could be simply divided into
two major subtypes—balloon-expandable stent and self-expandable stent. In vir-
tue of the superelastic property, TiNi SMAs are widely used as self-expandable
stent, which could supply chronic outward force (COF) to expand the vessel and
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Fig. 5.11 SEM micrographs of porous NiTi produced by (a) SHS, (b) CF-HIP, and (¢) MIM. (d)
NiTi implant for intervertebral fusion application [16]

Fig. 5.12 (a—c) porous NiTi interbody fusion device Actipore™ produced by SHS [17]. (d)
Optical micrograph of porous NiTi [18]

elastically recoil after flattening. Unlike the releasing mechanism of balloon-
expandable stent, the self-expandable stent is completely compressed within a
delivery sheath and needs to be “unsheathed” for placement and delivery. Pre- or
post-dilation of self-expandable stent is necessary sometimes due to the lack of
stiffness and outward force. As a nitinol self-expandable stent shown in Fig. 5.16
[22], the Supera peripheral stent (Abbott Vascular, Santa Clara, CA) has received
the US Food and Drug Administration (FDA) approval. Among the femoropop-
liteal lesions, the 1- and 2-year primary patency rates were respectively 83—85%
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Fig. 5.13 Four-corner
arthrodesis concentrator
made of NiTi shape
memory alloy. (a) Apical
view, (b) lateral view [19]

Fig. 5.14 NiTi shape memory sawtooth-arm embracing clamp with a body, pairs of arms, and
sawteeth [20]

and 62-76%. No stent fractures occurred in approximately 200 patients accord-
ing to three independent retrospective studies [23]. Except for Supera stent, other
biomimetic nitinol stents are also in R&D stage, such as BioMimics 3D (Veryan
Medical Ltd., Horsham, UK), as is shown in Fig. 5.17 [22]

For better understanding the whole procedure of the working mechanism of self-
expandable TiNi SMA stent, the stent performance cycle is portrayed on a typical
superelastic stress—strain curve, as shown in Fig. 5.18 [6]. First, the TiNi SMA stent
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Fig. 5.15 General concept of a shape memory bone plate with alterable stiffness [21]
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Fig. 5.16 Illustration of Supera stent [22]

is manufactured in expanded diameter (A) and then compressed into a catheter (B).
It should be noted that the process from A to B would follow a different path since
the deformation process is unlikely to be achieved at body temperature. The TiNi
SMA stent would follow the unloading path from B to C after deploying in the body.
At point C, the TiNi SMA stent contacts the vessel wall and presents a biased stiff-
ness. The COF against a vessel wall follows the unloading plateau (C to E), while
the resistance of the TiNi SMA stent to further compression follows the loading
plateau (C to D). If the s TiNi SMA tent is re-expanded to a larger diameter, the
filled circle B would shift to the left, while the stiffness would remain unchanged.

Compared with the conventional surgery, the minimally invasive surgery is more
technically demanding, because the surgical intervention is within a confined space
and remotely controlled via two-dimensional imaging of the operative field. It is
known that the stent—graft failure is always induced by stent migration, device
fatigue, and the risk of endoleaks. Therefore, it is important to optimize the geo-
metrical structure of stents and evaluate its mechanical properties. Numerical study
with finite element analysis (FEA) is an effective way for simulation of mechanical
behaviors. By FEA, Zhou et al. [24, 25] developed a novel nitinol endovascular
stent—graft system and a new endovascular stent—graft system, respectively, for
abdominal aortic aneurysm and type B thoracic aortic dissection with experimental
verifications. The images for the former stent graft system and the postoperative
therapeutic effect of the latter one are respectively shown in Fig. 5.19 [24] and
Fig. 5.20 [25] for brief introduction. On the whole, both stent graft systems received
very positive clinical results and showed advantageous therapeutic efficacy.

With regard to nonvascular stent, the TiNi SMAs could be applied as esophageal
stent, intestinal stent, tracheal stent, biliary stent, urethral stent, and so on. Similar
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Fig. 5.17 3D modeling of
the BioMimics 3D helical
stent [22]
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Fig. 5.18 The stent performance cycle which is portrayed on a typical superelastic stress—strain
curve [6]



210 Y. Zheng et al.

to the endovascular stent, the nonvascular stent made of TiNi SMAs could be self-
expandable, in advantage of its SME. Taking the esophageal stent as an example,
there are many currently marketed self-expandable metal esophageal stents (SEMS)
and self-expandable plastic esophageal stents (SPMS) in the USA. Among those
SEMS, TiNi SMAs have become the dominant material, which is benefited from its
elasticity, bio-conformity, higher radial resistive forces, as well as SME [26]. It
should be noted that the esophageal SEMS were used to be uncovered, leading to
rapid tumor or granulation tissue ingrowth. Thus, the partially covered SEMS
(Fig. 5.21) have been developed [26]. Only a small portion of the stent is bare TiNi
SMAs, which is usually the proximal and distal ends, in order for the embedding of
stent into the esophageal wall. It came out that compared with the uncovered group,
reinterventions of the partially covered group at 6 months postoperatively are sig-
nificantly lower in a multicenter prospective randomized controlled trial (RCT) [27].

2. Medical devices used in the treatment of structural cardiac disease. TiNi SMAs
have also been applied in the treatment of structural cardiac disease, mainly
including the occluder, heart valves, and retrieval toolbox.

The nitinol occluder has been adopted for the treatment of atrial septal defect
(ASD), ventricular septal defect (VSD), left atrial appendage occlusion, etc. [28].
Taken the treatment for ASD as an example, it is the second most common congeni-
tal heart defect. As for the secundum ASD, transcatheter techniques could be
adopted. The Amplatzer septal occluder (Fig. 5.22), which is composed of a self-
expanding double disk made of TiNi SMAs with a short connecting waist, is the
most commonly used device for closure [28]. It is made of superelastic nitinol wire
mesh (0.004-0.008 inch) covering a polyester material for the reduction of blood
flow through the device. Since the risks of complications and implantation failure
are low [29], the application of the device is reliable.
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Fig. 5.19 Nitinol endovascular stent—graft and its components. (a) full stent graft (b) suprarenal
stent (¢) V type stent and (d) W type stent. [24]



5 Shape Memory Biomaterials and Their Clinical Applications 211

(@)

Before
surgery

After 365 | | /

After 180 1/
: days

days

Fig. 5.20 3D CT blood flow results of a patient’s thoracic aorta pre and post operation. (a) before
surgery. (b) 30 days (c¢) 180 days and (d) 365 days after surgery. [25]

As for the treatment of aortic stenosis, transcatheter aortic valve replacement
(TAVR) is one of the commonly used methods, especially for the high-risk patients
or those who are not qualified for surgery aortic valve replacement (SAVR). There
are many valves for TAVR available in the current market or in development; some
of them are based on the self-expanding nitinol frame, such as the CoreValve
(Medtronic, Minneapolis, MN, USA) (Fig. 5.23), Portico valve (St. Jude Medical),
and so on [28]. Thanks to the self-expanding releasing design, there is no need for
rapid pacing during deployment. It is noteworthy that the transcatheter structural
interventions might lead to device embolization (DE). As a rare complication of DE,
sometimes it would be life-threatening.

Percutaneous retrieval tools are necessary for the management of device emboli-
zation. They could be divided into the snare-based devices and non-snare-based
devices. As for the latter one, it could also be applied for myocardial biopsies, elec-
trophysiological applications, and interventional radiology procedures, as shown in
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Fig. 5.21 Partially
covered SEMS [26]

Fig. 5.22 Amplatzer
septal occluder [28]
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Fig. 5.24 [30]. In particular, Fig. 5.24c shows a stone extractor (NGage®, Cook
Urological Inc., Bloomington, IN, USA) made of nitinol, which could help the phy-
sician for the engagement, reposition, release, or extraction of stones in the kidney
or ureter.

Pulmonary embolism (PE) is a common and life-threatening disease, especially
for elder people. Inferior vena cava (IVC) filter is a kind of vascular filter which is
implanted into the inferior vena cava to prevent PE. Among the developed IVC fil-
ters, some of them are made of nitinol, such as the Option Elite (Argon Medical
Devices Inc., Plano, TX) (Fig. 5.25), Bard Denali (CR Bard, Murray Hill, NJ), and
Cordis OptEase (Cordis Corp, Hialeah, FL) filters [31]. All of them are retrievable
type filters and also MRI conditional. The OptEase and Denali filters were cleared
by FDA, respectively, in 2004 and 2013 [31].

5.2.2.4 Additive Manufacturing TiNi SMAs

In order to meet the need of individual patient, customized design of medical devices
is sometimes required, especially for the bone implants. This would be difficult for
the conventional manufacturing methods of TiNi SMAs such as machinery, while
additive manufacturing (AM) has shown its particular advantages, especially for the
combination of dense and porous structures in three dimensions. By AM, each layer
of material could be melted in accordance with the geometry defined by a three-
dimensional computer-aided design (3D CAD) model. The alteration of 3D CAD
models could satisfy the needs for different customized medical devices. Besides,
by adding successive layers of material, rather than removing it, the product could
be manufactured with little or no waste.

With regard to TiNi SMAs, the commonly used AM techniques are powder bed-
based technologies, including selective laser sintering (SLS), direct metal laser sin-
tering (DMLS), selective laser melting (SLM), and LaserCUSING [32]. SLM is a
commonly used method for the fabrication of 3D printing TiNi SMA implants. In
order to obtain the SLM TiNi alloy with excellent performance and minimal struc-
tural defects, it is important to choose optimal laser processing parameters. For

Fig. 5.23 Medtronic
CoreValve and delivery
sheath [28]
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Fig. 5.24 Non-snare-based retrieval systems. (a) biospy forceps (b) needle's eye retrieval system
(¢) NGage nitinol stone extractor (d) adjustable lasso catheters (e) captura three-prong graspers (f)
Indy retriever [30]

SINGLE CUT DESIGN
MINIMIZES RISK OF
JFILTER FRACTURE

Fig. 5.25 (a) Option Elite filters and (b) its design explanation. [31]

example, it is reported that a sharp-focused laser beam is more desirable than a
divergent focus. As can be seen from Fig. 5.26 [32], the levels of adherent particles
within pores decrease significantly by focused laser beam. In order to investigate the
feasibility of SLM-TiNi implants for biomedical application, Habijan et al. [33]
cultured human mesenchymal stem cells (h(MSC) for 8 days on the SLM-TiNi
implant and investigated its biocompatibility. It came out that both dense and porous
SLM-NiTi implants are suitable carriers for htMSC. The nickel ion releases of SLM-
TiNi implants in the cell culture medium were all below the threshold value to cause
cytotoxicity. Besides, it is noteworthy that by fabricating the interpenetrating phase
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composite, the mechanical performance of 3D printing TiNi implants could be
improved.

In 2020, Zhang et al. [34] developed a 3D printing Mg-NiTi interpenetrating
phase composite, the shape and strength of which could largely recover by heat
treatment. The improved strengths, excellent damage tolerance, satisfactory damp-
ing capacities, and exceptional energy absorption efficiency of this composite
enable its application in future biomedical fields.

5.2.3 Nickel-Free Ti-Based Shape Memory Alloy

To avoid the unnecessary problem of the toxic Ni ion released during using the TiNi
SMA for biomedical application, Ni-free Ti-based biomaterials for use in implant
devices are being developed. Unfortunately, the shape memory effect and superelas-
tic property of the developed Ni-free Ti-based biomaterials are not good as nitinol,

Fig. 5.26 SEM images of NiTi (a) porous (12.5%) by large hatch distance and (b) porous (34.5%)
by engineered porosity. The left images are NiTi fabricated by divergent laser beam, while the right
ones are by focused laser beam [32]
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and present studies are focusing on further improving their shape memory and
superelastic behaviors.

For the origin of the shape memory effect in nickel-free Ti-based SMAs, the
dominant mechanism should be the reversible f«<> o transformation. In order to
design the desired B-Ti alloys with good SME and SE, the d-electron alloy theory is
commonly used, the validity of which has been proved for approximate prediction
of the stability of different solid solution phases and the elastic modulus. There are
two primary parameters in this theory, that is, the bond order (B,) and the d-orbital
energy level (M,). For different alloying element, both of them are distinctly calcu-
lated. The B, and M, values of alloys are respectively denoted as I§0 and M ;- Based
on this two parameters, another parameter called bonding force (BF) using B, and
M , values through Coulomb’s law was derived, which represents the bond force
between titanium ions and alloying element’s ions. It is reported that the parameters
l_?o, M .» and BF correlate with the superelasticity of B-Ti alloys [35]. Figure 5.27
[35] presents the corresponding EO and M , values of the developed Ni-free super-
elastic Ti alloys. The average bond force (BF) for the groups is indicated by arrows.
According to Fig. 5.27, with increasing 1_30 and M , Vvalues along the twin boundary
on the map, the BF values decrease.

5.3 Shape Memory Polymers

Shape memory polymers (SMPs) possess the ability to recover their original shape
from their temporary shape under external stimulus. Compared with traditional
shape memory alloys, SMPs have many advantages, such as lightweight, low-cost,
tunable properties (e.g., shape recovery temperature), good shape change (up to
1000% recoverable deformation), and easy processing. Since the first SMP (shape
memory polynorbornene) was discovered and commercialized in 1984 [36], many
kinds of SMP with different structures have been explored and have been used in
different application fields, such as flexible electronic devices [37], sensor and actu-
ators [38], smart textiles and apparels [39], and so on. Furthermore, biodegradable
or biocompatible SMPs can be prepared, which enlarge their applications field to
clinical applications, for example, devices for minimally invasive surgery, tissue
engineering, drug delivery, surgical suture, and so on. Although, compared with
SMA, SMPs have outstanding performances in many aspects, they still have inher-
ent shortcomings of low mechanical strength and recovery stress. These problems
have largely limited the applications of SMPs. This part presents the general con-
cepts of SMPs and important progress and clinical applications related to SMPs.
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Fig. 5.27 EO -M , diagram and the average BF values of developed p-Ti alloys [35]

5.3.1 General Mechanism of Shape Memory Polymers

SMPs can be exploited in different polymer systems which have great differences in
molecular structure. Generally speaking, SMPs have two-phase structure, i.e., fixed
phase and reversible phase [40]. The fixed phase plays an important role in defining
the permanent shape and preventing flow deformation of polymer under the applica-
tion of stress. Both chemical cross-links and physical cross-links can serve as fixed
phase. The reversible phase is responsible for controlling the shape retention and
recovery under external stimulus. The amorphous, crystalline, supramolecular enti-
ties, etc. act as reversible phase in SMPs. Figure 5.28 presents the different molecu-
lar structure of the fixed phase and reversible phase. As shown in Fig. 5.28, the fixed
phase functions as netpoints, which can be formed by molecular entanglements,
crystalline phase, H-bonding, chemical cross-links, and interpenetrating or inter-
locked supramolecular network. The reversible phase acts as a switch which can be
crystallization/melting transition [41], glass transition [42, 43], liquid crystal aniso-
tropic/isotropic transition [44—46], supramolecular association/disassociation [47],
and light-reversible coupling groups [48, 49].

From the view of thermodynamics, the shape memory effect (SME) of polymer
is a change process from unstable state to stable state. Before deformation, the SMP
(in original shape) is in a thermodynamic stable system. After deformation, the
SMP (in temporary shape) is in a state of thermodynamic instability. The shape
recovery process is a thermodynamic spontaneous process, that is to say, the shape
recovery is initiated by entropic elastic force of the polymer network.
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Fig. 5.28 Various molecular structures of SMPs. Fixed phase and reversible phase are the essen-
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5 Shape Memory Biomaterials and Their Clinical Applications 219

5.3.2 Shape Memory Functions
5.3.2.1 One-Way Shape Memory Effect

One-way SME is the most simple and common SME, in which the polymer can
change from a temporary shape to a permanent shape under an external stimulus.
However, the temporary shape is not recoverable by applying a reverse stimulus. We
take the thermal-induced one-way SME as an example to clarify the shape memory
effect procedures. The programming procedures contain four steps: (1) SMP is
heated above transition temperature (Tj;,;) and held a certain time. Then, the sample
is stretched to a certain elongation €. During this process, the polymer segments
are stretched under external stress because the sample exhibits high elasticity at
Thigh. As a result, macroscopic deformation of the sample (temporary shape) is
obtained and the elastic energy is stored. (2) The sample is cooled to below the
transition temperature (T),,), while the stress is kept constant. The movement of
polymer segments is frozen at T},,. (3) The sample is then unloaded which results in
the retention strain €,, which means the temporary shape is fixed. (4) Raising the
temperature from T, to Ty, and maintaining a certain time, the stretched sample
can recover to its original shape since the segment mobility is activated and the
restoring force is generated because of the release of the stored elastic energy. The
recovery strain is recorded as g,. The shape fixity ratio (R) and shape recovery ratio
(R,) can be calculated according to the following equation:

Shape fixity ratio (%) =¢, x100/¢, (5.1
Shape recovery ratio = (sm - sp) x 100/¢,, (5.2)

Shape fixity ratio characterizes the ability of the sample to keep its deformation
after unloading, and the shape recovery ratio quantifies the ability of the sample to
recover its original shape. An additional parameter for evaluating the recovery
behavior is recovery stress, which can be recorded during the programming step (4).
One-way SME can be affected by different factors, including internal factors such
as the segment contents [50-52], the molecular weight, crystallinity of the polymers
[53, 54], ionic group contents [55], and external factors, for instance, the amount of
pre-deformation, the deformation temperature, and processing conditions [55, 56].

5.3.2.2 Two-Way Shape Memory Effect

Recently, two-way shape memory effect (2W-SME) has attracted wide attention of
researchers. Unlike common one-way shape memory effect (1W-SME), these poly-
mers can convert between permanent shape and temporary shape without subse-
quent programming procedure. 2W-SME was first reported for liquid crystal
elastomers [57] and then has been illustrated in different polymer systems. Generally,
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there are four molecular structures to prepare the SMPs with 2W-SME. They are
2W-liquid crystalline elastomers [58, 59], semicrystalline 2W-SMPs [60-62],
2W-shape memory composites or laminates [63—65], and 2W-interpenetrating net-
works [66, 67]. Zare made a comparison between the structures of the four kinds of
2W-SMPs as shown in Fig. 5.29 [68].

Basically, the structure of 2W-SMPs possesses netpoints that maintain a perma-
nent shape and the switching segments for producing a temporary shape. Compared
with 2W-SMPs, I W-SMPs lack the ability of driving the permanent shape to return
to the temporary shape. Introducing the internal stress through thermomechanical
training can produce 2W-SMP. Thermomechanical training is a physical operation
process. In each training cycle, a specific deformation path is selected to realize
2W-SME. By changing the training conditions, various temporary shapes can be
changed reversibly.

A typical thermomechanical training is described in Fig. 5.30a. The whole pro-
cess consists of four steps as shown in the green line (A-B-C-D-E) in the figure.
Firstly, the sample is heated above melting temperature of all segments (green line
A-B). In this state, the chain segments will undergo reversible high elastic deforma-
tion without any flowing. In the second step, the polymer network is deformed at the
constant temperature (green line B-C), resulting in a high elastic deformation.
Above the melting temperature, the strain recovery caused by the movement of
chain segment is consistent with the applied stress. After that, at the third step, cool-
ing down the sample to a low temperature (green line C-D), crystallization will
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Fig. 5.29 Schematic of the structures, mechanisms, advantages, and disadvantages of the four
kinds of 2W-SMPs [68]



5 Shape Memory Biomaterials and Their Clinical Applications 221

occur. Before crystallization, under the action of internal or external stress, the dis-
tance of cross-linking point is adjusted to orient the molecular chain. As a result, the
conformational entropy of the network decreases at the end of crystallization. The
applied stress is removed and the sample obtains a temporary shape. Lastly, in the
fourth step, the sample is reheated to high temperature, and it can be seen that the
sample returned to its permanent shape, owing to its entropic elasticity (green line
D-E). The 2W-SME is verified by the purple line, in which the sample is heated to
the melting temperature and then cooled down to low temperature. Figure 5.30b
shows the cyclic behavior of a 2W-SMP based on the temperature variation. The
TMA result indicates that the 2W-SME tends to be consistent after four cycles.

2W-SME is a necessary requirement for some applications such as sensors, actu-
ators, artificial muscles, and so on. However, the design and fabrication of 2W-SMPs
are still a challenge and require constant efforts. The focus of future research is still
on exploring new types of netpoints and switching segments. In addition, develop-
ing nonthermal-induced 2W-SMPs is an important research direction. 2W-SMPs
have wide application, and its biomedical applications are the main focus of current
research.

5.3.2.3 Triple Shape Memory Effect

Triple-shape memory effect (TSME) means that a polymer can be deformed into
two temporary shapes and then can recover to its permanent shape in steps under
stimulation. Compared with the traditional 1W-SME, TSME can achieve more
complex recovery actions.

TSME is based on the polymer with two separated transition temperatures or one
broad transition temperature. Two separated transition temperatures can be two
melting transitions [69, 70], one glass transition and one melting transition [71], two
glass transitions [72], and one glass transition and one liquid crystalline transition
[45, 73, 74]. Figure 5.31 shows the molecular mechanism of TSME for a
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Fig. 5.30 (a) A diagrammatic sketch of thermomechanical training of 2W-SMP. The green path
(A-E) is related to programming of 2W-SMPs and the purple path verifies the 2W-SME. (b) Cyclic
behavior and TMA analysis of 2W-SMP based on the temperature variation [66]
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conventional polymer with two separated transition temperatures. At first, the poly-
mer is heated to T; which is above the two transition temperatures (T s> Tians2) and
is deformed under external stress. And then the deformed sample is cooled to a
temperature T,, which is between Ty, and T, At temperature T,, the polymer
segments with Ty, are frozen, and the related entropy and elastic energy are stored
in the frozen phase. After unloading the external stress, the first temporary shape
(e1) is obtained. In the second step, the first temporary shape is further deformed by
external force, resulting in a further reduced entropy; thus, the recovery force is
formed. Cooling to temperature T, is below both two transition temperatures. At
temperature T,, the mobility of all polymer segments is frozen. Then, the second
temporary shape (€2) is obtained after unloading the external force. When the sam-
ple is heated from T, to T,, the movement of chain segment with Ttrans2 is reacti-
vated; thus, the sample returns to the first temporary shape (e1), which is attributed
to the releasing of the stored elastic energy. At last, the sample continues to be
heated to T}, and it recovers to its original shape because the remaining stored elas-
tic energy is released.

As mentioned above, the polymer with a broad transition range can produce
TSME. For instance, the polymer shows a broad glass transition range, which can
be found in two or more separated Tgs. Xie and coworkers reported an amorphous
polyurethane network with one broad Tg showing good TSME, as shown in
Fig. 5.32 [76]. The samples in original rectangular shape are changed into the
“SMP” letters shape by plastic deformation. Then, the permanent shapes are
deformed to temporary shape of “SIC” and “ZJU” according to the triple-shape
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Fig. 5.31 Schematic illustration and the molecular mechanism of a conventional TSME [75]
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memory programming procedures. During the shape recovery process, the samples
are first heated to 80 °C to recover to shape “SIC” and then further heated to 120 °C
to recover to the permanent shape “SMP.” In addition, miscible polymer blends and
random copolymers with broad Tg can satisfy the basic requirement of TSME [77-
79]. Except for the broad glass transition, a broad melting transition range may also
make polymers with TSME [80]. There is no specific value for the width of Tg to
make the polymer have TSME. However, a wider range of Tg can give the polymer
better shape retention and recovery ratios. Furthermore, a wider range of Tg can
achieve more recoverable shapes, which means the polymer can achieve four or
even multiple shape memory effects.

5.3.2.4 Multiple Shape Memory Effect

Multiple shape memory effect can be regarded as the extension of TSME, that is to
say, the polymer can present more than three shape changes during recovery pro-
cess. According to different mechanisms, multiple SME can be divided into two
categories: one is internal multiple SME and the other is external multiple SME
[55]. For intrinsic multiple SME, the molecular requirement is almost the same as
the traditional two-way SME (2W-SME). The netpoint structure is responsible for
maintaining the permanent shape, and the switching phase is responsible for fixing
temporary shape and shape recovery. In multiple SME, the netpoint structure plays
the same role, while the difference lies in the switching phase, which should be
more versatile. For example, the polymer with TSME requires two transition tem-
peratures undergoing two-step programming. It can be concluded that the TSME is
an extension of the two-way SME. Similarly, TSME can be further extended to
quadruple-SME (even multiple SME) following the same principle. This means that
the number of temporary shapes that can be fixed depends on the number of differ-
ent transitions in the polymer structure. Theoretically, to achieve multiple SME, the
polymer must have multiple distinct transitions, which is a challenge for polymer
synthesis. The more transitions are needed, the more difficult the polymer synthesis
will be.

In 2010, Xie first exploited multiple SME in commercial polyelectrolyte (PFSA)
with a broad Tg [81]. The PFSA possesses a broad glass transition temperature
range from 55 °C to 130 °C. They found that a quadruple-SME could be obtained
with this single transition when the polymer was deformed and fixed to temporary
shapes at different temperatures. This type of multiple SME is quite different from
the abovementioned type, which needs different distinct transitions. For PESA,
multiple temporary shapes can recover at the recovery temperatures which are cor-
responding to the deformed temperatures. PEFSA can memorize three temporary
shapes through the same programming procedure. Multiple SME of PFSA origi-
nates from its broad glass transition. This broad glass transition can be regarded as
a collection of numerous small transition units. For shape memory effect, these
transitions can be viewed as independent memory units based on deformation tem-
peratures, resulting in multiple shape memory effect. Chen and his collaborator
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fabricated a chemically cross-linked zwitterionic shape memory polyurethanes
(CZPU), which possesses a broad glass transition, as shown in Fig. 5.33a. The broad
glass transition makes CZPUs prohibit multiple SME, and the shape fixation and
recovery of CZPU are excellent due to the chemical cross-linking structure, as dis-
played in Fig. 5.33b [82].
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5.3.3 Other Stimuli-Responsive SMPs

At present, shape recovery process can be driven by several other stimulus methods,
which can be divided into two categories. One is inherent stimuli-induced SMPs
(without temperature change) such as solvent, pH, metal ion, etc. The other is indi-
rect heating-responsive SMPs (with temperature change), such as near-infrared
light, electricity, magnetic field, microwave, etc. Although body heat is the most
important actuation method for biomedical applications, the indirect heating method
has many advantages due to more convenient and noncontact remote control, which
can broaden its application in medical devices.

5.3.3.1 Electric-Induced Shape Memory Polymers

Electrical stimulation is very convenient and allows for a local stimulus response in
some cases. The use of electrical stimulation shape has produced a great increase in
the applications of shape memory polymers. In general, nano-fillers are good con-
ductive materials, such as conducting polymers, carbon black (CB), carbon nano-
tubes (CNTs), and carbon nanofibers, and when they are introduced into the
substrate of the polymer, electric resistivity is significantly reduced and joule heat-
ing occurred and enabled electrically conductive SMPs [83, 84]. In 2004, Goo
reported that the electrically stimulated shape memory polymers where CB and
CNTs act as nano-fillers endow the nanocomposites good electrical conductivity
[85]. When the content of CB is 30 wt%, the electrical conductivity of the nanocom-
posite can reach to 10 S/cm. However, the high loading content of CB significantly
decreases the shape memory effect of the nanocomposites. To overcome this short-
coming, Sh and workers [86] prepared nanocomposites comprising of PU/PLA and
surface-modified carbon nanotubes by melt mixing. The resistivity of nanocompos-
ites filled with 10 wt% of CNTs decreased to about 66.7% in comparison to pristine
CNT-filled polymer blend composites. Low concentrations of CNTs (~2 wt%) can
significantly enhance mechanical and thermal properties. In SME experiment,
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nanocomposites filled with CNTS can have a complete recovery of its original
structure by applying electrical impulses of 15 s and 40s. Leng [87] groups used
carbon nanofiber (CNF) and boron nitride (BN) nanopaper self-assembly to provide
conductive doping and then coated on the surface of SMP, which can achieved
96.7% shape recovery in 80 s at 4.8 V. CNF and BN in nanopaper have a synergistic
effect on the electrically induced shape recovery behavior of SMP nanocomposites.
They further reported epoxy-based shape memory (ER) composites doped with
reduced graphene oxide paper (rGOP) [88]. Compared to most previous reports,
rGOP/ER composites can recover to its permanent shape within 5 s at 6 V which is
more energy saving and more fast speed than the previously reported data, as shown
in Fig. 5.34. Fu et al. reported shape memory polymer nancomposites of PPC/PLA/
MWCNTS, which reached a shape recovery ratio of 97% within 30 s at 30 V [89].
Bai prepared CB-doped PLA/TUP/CB SMP, which show improved mechanical
properties and outstanding electrical conductivities with low filler content. The
nanocomposites exhibited a good electro-induced shape memory effect, which
could recover to their original shape within 80 s at 30 V [90].

5.3.3.2 Magnetic-Induced Shape Memory Polymers

Generally speaking, magnetic-induced shape memory effect can be obtained by
adding magnetic nanoparticles to the SMPs. Under alternating magnetic field, the
magnetic fillers play the role of transferring electromagnetic energy to thermal
energy, which leads to shape recovery at noncontact mode. This initiation method
has potential applications in biomedical fields. The typical fillers used to realize the
magnetic-induced SME contains iron(Ill) oxide particles, ferromagnetic particles,
NdFeB particles, and nickel powders [91]. Iron oxide (Fe;O,4) nanoparticles become
the most commonly used addition filler due to their high magnetism and good
biocompatibility.

To realize excellent magnetic-induced SME, uniform distribution of fillers in the
SMP matrix is required. For instance, Fe;O, nanoparticles were surface-modified
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Fig. 5.34 Shape recovery process photo of RGOP/ER under applied 6 V Dc [88]
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using PEG-10000 and then were dispersed in the PDLLA polymer matrix at differ-
ent compositions. The SMP composites exhibited improved mechanical properties
and magnetic-induced SME under alternating magnetic field, as shown in Fig. 5.35.
The shape recovery ratio is up to 98% and affected by the entanglements of molecu-
lar chains and the nanoparticles’ content [92]. Bai et al. explored a one-pot synthesis
of norbornene-capped Fe;O4 nanoparticles, and then the particles copolymerized
with norbornene through ring-opening polymerization to fabricate SMP compos-
ites. The Fe;O, nanoparticles dispersed very well in the polymer matrix [93]. In this
system, the Fe;O, nanoparticles act as not only the cross-links of molecular chains
but also the inductive heating elements.

Although magnetic-induced SME has many advantages in biomedical applica-
tion, there are still some challenges for clinical application. Above all, the frequency
of the magnetic field should be within safe range of clinical application. Moreover,
heat is generated to raise the temperature under an alternating magnetic field, which
should also be within the safe range of the human body to avoid harm to human tis-
sues. Further research is needed to develop more suitable structures of magnetic-
induced SMP, so that it can be used in practice.

5.3.3.3 Light-Induced Shape Memory Polymers

Light, the fastest growing renewable source, has proven to be the low loss, easy
access, and environment friendly source of energy. In some special areas, light can
be used to perform precise regulation and conversion of remote targets. Therefore,
light-response SMP has been developed rapidly in recent years. Generally, there are

magnetlc coil sample
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Fig. 5.35 Photographs showing shape recovery process of PDLLA/Fe;O, nanocomposites at a
weight ratio of 2:1 in a magnetic field taken by digital camera [58]
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Fig. 5.36 Schematic illustration of light-triggered shape memory polymers based on either the
photothermal effect or photochemical reactions

two recognized mechanisms for shape memory polymers. The first mechanism is
photothermal-induced SMP as shown in Fig. 5.36. The polymers were heated to
T > Ttran and the temporary shape is obtained, and then T was reduced to Ttran to
freeze the polymer chains. When the polymers were irradiated by UV-visible—near-
infrared (NIR) light, they absorb the NIR and convert it into heat energy, which is
transferred to the polymers through the photothermal conversion property. As a
result, the temperature on the surface of the polymers rises, and the shape of the
polymer is stimulated to recover. The second mechanism based on the photochemi-
cal reaction has a different principle. First of all, under the excitation of a specific
wavelength Al, the polymer will undergo a light-induced cross-linking reaction,
which will temporarily denature the polymer’s shape. After that, under the excita-
tion of a specific wavelength A2, the polymer can undergo a reversible photochemi-
cal reaction, resulting in shape recovery.

Light-response SMP according to the formation mechanism can be divided into
two categories. One category is incorporation of photothermal media into SMP,
such as conductive polymers, carbon materials, and metal nanoparticles [94-96].
Yin and coworkers reported a light-triggered SMP that is a nanocomposite material
based on thermoplastic polyurethane (TPU), poly(e-caprolactone) (PCL), and poly-
dopamine (PDA ~1-3 wt%) by simple solution blending. PDA nanospheres acting
as photothermal fillers can absorb NIR light which is converted into heat and then
transferred to the polymer substrate to activate the recovery of the permanent shape
[97]. The authors showed that NIR light-triggered shape recovery ratio of 100%
could be observed with a composite material containing 3 wt% of PDA. In the same
way as PDA, graphene oxide (GO) is a derivative of graphene which can also be
used as nano-fillers for the photothermal-activated shape memory effect. Yu et al.
investigated this by dispersing GO and azobenzene in PU. GO as photothermal fill-
ers exhibited a light-responsive shape memory effect when the composites were
irradiated by UV and NIR light [98]. Li formulated PU, epoxy, and epoxy-
functionalized graphene oxide (DGEBA-f-GO) nanocomposites. The mechanical
properties of the nanocomposite with 2 wt% of DGEBA-f-GO are 88.70% higher
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than those of pure PU. Moreover, the temperature of the nanocomposite increased
rapidly to 77.7 °C in 5 s due to the excellent photothermal conversion effect of GO,
which quickly drive the material for shape recovery, and the shape recovery ratio is
98% [99]. Another type of nano-fillers with photothermal ability for SMP is gold
nanoparticles. Gold nanoparticles can efficiently convert optical energy to heat.
Williams studied two shape memory epoxy systems doped with dispersed spherical
gold nanoparticles [100]. Firstly, Au NPs are stabilized with poly(ethylene oxide)
(Au@PEO) and dodecyl chains (Au@DD), and Au NPs then can be uniformly dis-
persed in epoxy matrix. With the used low concentration of Au@PEO (0.01 wt% as
metallic gold) and Au@DD (0.04 wt% as metallic gold) and an NIR (532 nm) inten-
sity of 2 W/cm2, a bended bar (1.4 mm thickness) can recover its initial shape in a
few seconds. In another report, Wang selected gold nanoparticles as nano-fillers to
prepare the PCL/Au-rGO composites. Gold nanoparticles not only significantly
enhanced the recovery stress but also have great potential in light energy harvesting
and remote-controlled actuators as shown in Fig. 5.37 [101].

Other category is using photochemical reactions to realize the fixation of the
temporary shape and the recovery of the permanent shape. The most typical exam-
ple is a report on nature in 2005. Lendlein [48] chose cinnamic acid (CA) and cin-
namylidene acetic acid (CAA) as photoresponsive switches to prepare two
amorphous polymers. One is CA-modified cross-linked methacrylic acid and the
other is CAA-terminated star-poly(ethylene glycol) interpenetrated into a cross-
linked poly(n-butyl acrylate). CA and CAA groups undergo photoinduced cross-
linking cycloaddition reaction at a certain UV wavelength (A > 260 nm) and then a
fixed temporary shape without cooling the polymer temperature. The permanent
shape can be recovered, and when the polymers were exposed to UV light
(A <260 nm), shape recovery process occurred for both moieties.

Fig. 5.37 (a) Infrared thermal imaging photographs showing the surface temperature changes of
the samples with increasing time irradiated by 808 nm laser. (b) Digital photographs showing the
shape recovery behavior of PCL composites under NIR light irradiation [101]
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5.3.3.4 Water-/Solvent-Induced Shape Memory Polymers

Water-/solvent-induced SMPs were first reported in 2005 by Huang [102]. Since
then, many SMPS with glass transition as switching transition have been found to
possess such shape memory effect. The mechanism can be considered as the plasti-
cizing effect of water or solvent on SMPs, which leads to an increase of the flexibil-
ity of macromolecules. Even if a small amount of water is added, the glass transition
temperature of the SMPs may decrease. When the glass transition temperature
drops close to the ambient temperature, the water-induced shape memory effect will
be realized. For example, Huang and coworkers found that the glass transition tem-
perature of the polyurethane SMP decreases obviously from 36 °C to 0 °C, when the
fraction of moisture in weight increase from 0 to 4.5%.

At present, one of the effective methods to obtain water-induced SME is to intro-
duce hydrophilic or water-soluble substances into SMPs. Cellulose (fiber, micro-
crystalline) is hydrophobic substance which is commonly used as filler to fabricate
water-induced SMPs. Zhou et al. [103] prepared water-induced shape memory com-
posites composed of microcrystalline cellulose (MCC) and poly(d,l-lactide)
(PDLLA) using solution casting method. They found that the PDLLA/MCC com-
posite shows excellent shape memory effect in water at 37 °C when the MCC con-
tent is 35%, as shown in Fig. 5.38.

Recently, water-induced SMPs are attracting more and more attention [104—
107]. Water-induced SMEs open a new way for further applications of SMPs, espe-
cially in biomedical applications because the shape recovery can occur in the
body fluid.

5.3.4 Clinical Applications of Shape Memory Polymers

Nowadays, SMP materials are emerging rapidly due to their superior properties.
The developing multi-stimulative methods have widen the usage of SMP in various
biomedical applications. These materials can be used in sutures, stents, tissue engi-
neering, drug delivery, and other biomedical applications, which can solve the key
problems of minimally invasive surgery. Meanwhile, relatively complex mechanical
deformation operations can be performed automatically rather than manually by
surgeons.

5.3.4.1 Applications in Endovascular Tissue Engineering

Vascular stent is a kind of tubular stent which can reopen the occluded and narrow
vessels and restore the smooth flow of blood. At present, metals can be applied in
the manufacture of stents as the main skeleton, but due to their high rigidity, they
cannot be applied to winding blood vessels. Compared with metal bracket, the
improvement of flexibility and compliance of SMP can solve this problem.
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Fig. 5.38 (a) The photos show the shape memory effect of the pure PDLLA and PDLLA/MCC
composites (a) in the dry state at 37 °C, (b) in the wet state at 37 °C, (¢) shape recovery ratio as a
function of time for the PDLLA/MCC composites in the wet state at 37 °C, (d) water-induced
shape-memory mechanism of the PDLLA/MCC composites. Scale bars is 10 mm [103]

The incorporation of time dimension into 3D printing to form 4D printing has
significant application prospects in artificial organs or tissues. Leng et al. [108]
proposed two types of 4D printed shape memory stents with a remarkable shape
recovery ratio and a negative Poisson’s ratio structure. The experimental data mani-
fested that the narrow blood vessel was dilated within 5 s. Huang and coworkers
[109] obtained a water-induced programmable shape memory polymer device
which is a promising candidate for minimally invasive surgery. It is a SMP film
consisting of polyurethane, which can be folded into a preset shape and then trans-
ported to a designated position through a catheter and trigger shape recovery by
absorbing body fluid. Sun et al. [110] reported a stent that was fabricated on the
basis of the triple SMP, which held function of prompt retraction. Taking into
account various unpredictable factors during the operation, the immediate removal
of the stent makes the surgical operation more flexible and fault-tolerant. The block
copolymer PCTBV-25 with thermal switching as rapid self-expandable stent was
fabricated by Liang et al., as presented in Fig. 5.39 [111]. It consists of two parts:
hyperbranched three-arm PCL and microbial polyester PHBV. Venkatraman et al.
[112] developed a kind of Bi-layered SMP with elastic memory. It alleviated the
elastic recoil that often occurs during the balloon expansion of polymeric stents.
Through finite element analysis, Yu et al. [113] found that the shape memory poly-
urethane (SMPU) braided stent showed a gradual expansion (unfolded) characteris-
tic with increasing body temperature, preventing sudden overpressure in the blood
vessel wall during the process of blood vessel deployment.
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Stroke is a grievous disease, which is attributed to blood clots clogged in blood
vessels like stones. Thus, blood flow is interrupted, which prevents oxygen from
being transported to the brain, causing the limbs to be useless. At present, the only
approved treatment for acute ischemic stroke is intravenous injection of recombi-
nant tissue plasminogen activator (tPA). The effectiveness of tPA restricts the time
window of revascularization to 3 h after the onset of symptoms. Therefore, after 3 h,
tPA is ineffective in dissolving blood clots. The endovascular device with shape
memory function may be a promising tool for the treatment of ischemic stroke with-
out the need for infusion of thrombolytic drugs. Maitland et al. [114] introduced that
one way to treat ischemic stroke is through mechanical removal of the blood clots
using a novel micro-actuator device. This characteristic polyurethane-based mate-
rial can maintain a stable secondary shape and will return to its primal shape after
controlled heating. The device is composed of an injection-molded SMP micro-
actuator, which can be turned into a coil shape by optical heating, so as to grab
blood clots from blood vessels and restore blood flow. In addition, they also made
an umbrella device. The folded umbrella was pushed pass the thrombus, enabled to
expand with a laser pulse of 0.25 W for 5 s, and triumphantly captured the thrombus.

Aneurysm is a balloon-like swelling of an artery wall. The swollen blood vessel
wall becomes thin and easily ruptured, which is life-threatening. Transcatheter arte-
rial embolization (TAE) is generally regarded as an efficacious way to treat aneu-
rysm. TAE with metal microcoils is tended to recanalization as is known to all. They
have low filling ratio, and it cannot be stacked tightly in the blood vessel because of
their extreme rigidity. In the up-to-date research, SMP was proposed for the treat-
ment of aneurysms. Zhang et al. [115] reported a radiopaque body temperature-
induced shape memory (SM) hydrogel with high hardness. This gel network
contains the dipole—dipole interaction of polyacrylonitrile/hydrogen bond physical
interaction of polyacrylamide and chemical cross-linking of a long flexible
PEG-3kDMA. The team gave gel X-ray imaging capabilities by direct BaSO,

Fig. 5.39 Shape recovery
of scaffold in water bath at
37°C[l111]
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precipitation. In order to explore the effect of in vivo embolization, the team suc-
cessfully reversed the method of pre-forming the gel with imaging function into a
microcoil, which was heated and straightened and fixed at a low temperature into a
straight strip. Under the protection of low-temperature physiological saline, it was
delivered to the porcine renal artery through an interventional catheter. After con-
tacting with “warm blood,” the straight gel strip quickly transformed into a coil, and
several coils were continuously delivered to successfully embolize the renal artery.
The experiment findings reveal that 3 months after the operation, the kidneys
showed obvious atrophy, indicating that there was no recanalization of the blood
vessels. Kashyap et al. [116] reported a radiopaque and porous tungsten shape
memory polyurethane (SMPU) with predominant shape holding and shape recovery
of up to 100%. Moreover, the radiopacity and storage modulus of the SMPU are
increased due to the addition of tungsten, which is expected to be used in the inter-
ventional treatment of aneurysms. But tungsten has a long-term genotoxicity in the
physiological environment [117]. Oppositely, sulfate (BaSO,) nanoparticles have
antimicrobial characteristics [118], and HaP nanoparticles possess prominent
hemostatic characteristics [119]. In subsequent research [120], the team proposed to
add sulfate (BaSO,) nanoparticles and hydroxyapatite (HaP) nanoparticles to the
SMPU, which also makes the material to have radiopacity.

SMP foam is implanted into aneurysm after compaction. Because of the shape
memory effect, aneurysm can be mildly filled during the expansion of aneurysm.
Metcalfe et al. [121] proposed that cold hibernated elastic memory (CHEM)
polyurethane-based foam was used for the treatment of carotid aneurysm as pre-
sented in Fig. 5.40. The results showed that the angiography score was good at
3 weeks. Neointima grew thicker on the foam of the neck of the aneurysm, and foam
properties facilitate in the growth of cells during the formation of neointima.
However, in some special cases, CHEM embolization of aneurysms may lead the
blood to resume flowing smoothly, because the existing formula does not allow the
cavity of the treated aneurysm to be completely filled. Small et al. [122] obtained a
neoteric device for the therapy of fusiform (non-necked) aneurysms. This device
consists of two main parts: SMP scaffold and SMP embolic foam. The experimental
phenomenon manifested that the embolic foam accomplished embolization of the
aneurysm lumen, while the stent kept an open-flow lumen in the parent artery.

In addition, a series of aliphatic urethane-based SMP were proposed by Kunkel
et al. [123] that have shown potential applications in the treatment of intracranial
aneurysms such as endovascular embolization devices.

5.3.4.2 Applications in Tissue Engineering

The tissue-engineered bone is one of the predominant curative methods for cranio-
maxillofacial (CMF) bone defects. For critical-sized craniomaxillofacial bone
defects, match bone defects with irregular borders are precisely considerable. In
some current studies, SMPs obtain extensive attention for irregular bone defect dis-
ease. Their shape memory behavior enables them to be delivered in a compressed
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Fig. 5.40 Macroscopic and microscopic appearance of aneurysms embolized with CHEM
sponges. (a), (d), (g) Macrophotographs of aneurysmnecks “en face”. (b), (e), (h) Macrophotographs
of axial sections of aneurysms. (c¢), (f), (i) microscopic views of axial sections. [121]

form during minimally invasive surgery, and they can be restored to complex final
shapes in vivo. Melissa A. Grunlan et al. [124] in their research used a SMP stent
via photo-cross-linking of polycaprolactone. Good ductility allowed the cylindrical
scaffold to be processed into various irregular shapes with the PCL heated. As the
temperature decreased, the shape was fixed within the defect. In addition, it has
osteoconductive and bioactive characteristics by coating bioactive polydopamine on
the surface of the pore walls. The self-fitting actions of it were presented in Fig. 5.41.

In the repair of bone defects, it is a challenging task to implant large-volume
porous scaffolds in a concise and reliable manner. Liu et al. [125] presented a porous
smart nanocomposite scaffold. The scaffold was composed of chemically cross-
linked poly(e-caprolactone) (c-PCL) and hydroxyapatite nanoparticles. It not only
has shape memory function but also controls the delivery of growth factors by coat-
ing the calcium alginate layer and BMP-2 on the surface of the pore wall. The
diameter of the deformed pores after compression is 33 pm, and the diameter after
restoration to the porous shape is 160 pm. The scaffold was implanted in the rabbit
mandibular defect for bone tissue regeneration and ingrowth.

Richard M et al. [126] developed two special devices: expanded porous SMP
grafts (acrylate-based) and compressed porous SMP sleeves (thermoplastic
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Fig. 5.41 Self-fitting scaffold was processed into irregular shapes [124]

polyurethane, TPU). In this research, they have exhibited the effect of intraoperative
delivery and load bearing of SMP for transplanting and stabilizing complex bone
defects. In addition, fibrous SMP scaffolds have been reported for use in bone
regeneration. Bao et al. [127] reported an electrospun fibrous poly(D,L-lactide-co-
trimethylene carbonate) scaffold. The scaffold availed the adhesion and prolifera-
tion of osteoblasts and facilitated mineral deposition.

Some unexpected disasters can cause damage to the peripheral nervous system.
Nerve repair and regeneration are major clinical challenges. Many shortcomings of
nerve autografts or artificial nerve elongation limit their therapeutic development.
Therefore, the use of artificial nerve is an alternative treatment. A smart nerve con-
duit (SNC) is obtained by Chen et al. [128] that can markedly cut short the surgery
procedure and attain predominant peripheral nerve regeneration (PNR) by auto-
matic gradual lengthening. When the SMP nerve conduit is sutured with the tension-
free end, the nerve damaged in body fluids exhibits self-healing behavior, which can
induce the orientated growth of the cell and obtain a complete homologous nerve.
Based on this material, a prototype of smart trigeminal conduit is developed and
reveals prolonged gradual recovery function.

In Dan Kai et al.’s [129] research, using poly(PCL/PDMS urethane) as the skel-
eton, a battery of electrically conductive nanofibers with shape memory properties
applied in smart four-dimensional (4D) stents for nerve tissue regeneration were
fabricated by annexing different amounts of carbon black. Poly(PCL/PDMS ure-
thane) shows superfast response and could be restored to its preset shape within 2 s
[130]. The addition of carbon black does not affect its shape memory effect. This
biomimetic nanofibrous scaffold displayed prominent electrical conductivity,
remarkable shape memory properties, and good biocompatibility. It has been
reported that the electrically conductive scaffold as an interchange venue for cell
interaction can extend the length of neurites and facilitate the differentiation of neu-
rons as presented in Fig. 5.42 [129]. Castillo-Cruz et al. [131] synthesized seg-
mented polyurethanes based on L-lysine that would become promising candidate
for large diameter vascular grafts where the arrangement of cells could be manipu-
lated by their shape memory potential. And their team [132] proved that the
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L-arginine-based SPUs promote the growth of endothelial cells which is suitable for
small-diameter vascular grafts.

5.3.4.3 Applications in Surgical Suture

Traditional surgical sutures may give rise to wound infection and necrosis of sur-
rounding tissue. Tiny forces can also leave scars during the stitching process. And
some sutures need to be removed by a second operation. Langer et al. [133] devel-
oped a group of biodegradable shape memory polymer suture made by oligo(e-
caprolactone) diol (OCL). When the temperature rises to normal body temperature,
it shrinks to tighten the wound. Especially, its degradable function avoids removing
surgical sutures after surgery. Based on FDM printing, SMPs can be programmed in
the gradient mode of the expected function during the manufacturing process, and
M. Bodaghi et al. [134] proposed a new method to fabricate adaptive metamaterials.
It is experimentally shown that the activation of the adaptive metamaterial triggers
the shape to recover so that the two cloths are tightly connected. Using ethyl cellu-
lose (EC) and polycaprolactone (PCL) as raw materials, a shape memory polymer
with decent mechanical strength was prepared by Wang et al. [135]. The tensile
modulus ranged from 104.9 to 373.4 MPa. The tensile strength varied from 155.4 to

Fig. 5.42 Morphology of PC12 cells on electrospun, extending neurites to connect with the neigh-
bour cell on different nanofibers with carbon black coded as (a) P5 (b) P5CO05 (¢) P5C1
(d) P5C2 [129]
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Fig. 5.43 Illustration of shape recovery process of 30%PU/PCL blend in a hot water bath [136]

323.6 MPa. The elongation at break was more than 621%. This biological friendly
SMP is expected to be a hottest candidate for surgical sutures. Gong et al. [136]
designed a biocompatible SMP composed of polyurethane (PU) and polycaprolac-
tone (PCL) to be applied in smart suture applications. When the proportion of PU
reached 30%, the polymer possessed the best shape memory effect and self-knotted
in a hot water bath as presented in Fig. 5.43. In addition, some research developed
a group of hardblock-free multiblock thermoplastic polyurethanes (TPUs) consist-
ing of poly(e-caprolactone) (PCL) and poly(ethylene glycol) (PEG) which are also
the candidates for surgical sutures [S1, 137].

5.3.4.4 Applications in Pharmaceutical Controlled Release System

The purpose of controlled drug release system is to regulate the speed, position, and
dosage of drug release to suit the requirements of specific therapeutic applications.
Lendlein et al. [138] applied a kind of biodegradable SMP based on the copolyester
urethane network to drug delivery system. After the drugs were implanted in the
surface of the SMP, the incorporated drugs form drug particles which were wrapped
completely by the deformation of SMP. After the drug delivery system enters the
body, by manipulating the shape recovery speed, the drug can appear in a specific
position with a controllable speed and dose. The operation is fundamental of drug
delivery system as presented in Fig. 5.44.
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Drug-eluting stents have proven to be an excellent percutaneous strategy for
patients with coronary disease [139]. Sung et al. [140] reported on a biodegradable
sirolimus-eluting SMP stent that inhibits the formation of neointima, made from
chitosan-based strips fixed by an epoxy compound. This SMP stent can operate the
controlled release of sirolimus in a sustained manner and may be used to treat in-
stent restenosis due to neointimal hyperplasia. Monika et al. [141] proposed a ter-
polymer with shape memory property consisting of L-lactide, glycolide, and
trimethylene carbonate (TMC) as drug-free matrix for a long-term paclitaxel deliv-
ery. Yan et al. [142] proposed a hydrogel complex with ultrahigh porosities (>95%)
and decent water-sensitive shape memory property that can be used to control insu-
lin delivery. The shape memory properties of this hydrogel composed of chitosan
(CHIT) and agarose (Agar) are erasable and pH-dependent that can be altered by
attached pH cues.

In addition to the above effects, controlled release preparations can also restrain
drug degradation, alleviate side effects, or increase patient compliance with treat-
ment. Moreover, self-anchoring implant rods [143] for a sustained drug release and
different SMP storage systems for rapid stimuli-induced drug release have been
proposed.

5.3.4.5 Applications in Hemostatic Agent

Rapid and effective hemostasis is an essential basic function for wound dressings.
The use of compression bandages or gauze is the current conventional method of
hemostasis treatment, but it is often ineffective for irregularly shaped and deep
wounds. In addition, preventing bacterial infections is also an indispensable indica-
tor of optimal wound dressings. Landsman et al. [144] designed a kind of fresh
hydrogel-coated SMP foam with shape memory effect, hemostatic ability, and
excellent antibacterial properties as a wound dressing. It consists of two parts: (1)
polyurethane SMP foams for volume filling and rapid hemostasis and (2) iodine-
doped (PEG-PVP) hydrogels for fluid uptake and bactericidal action. Compared
with traditional wound dressings, this new material can absorb more liquid and has
marvelous antibacterial ability. Liu et al. [145] reported on robust 3D porous
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Fig. 5.44 Operating principle shape memory polymer drug-loaded devices [138]
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Fig. 5.45 Using the wound on rat liver as non-compressible wound model

sponges synthesized by chitin that had two blades: antibacterial and hemostatic.
Ultrafast water/blood-triggered shape recovery performance (less than 1 s) allowed
it to promptly expand to fill wounds when it touched blood. The results show that
the multifunctional sponge is ideal for hemostatic dressings on incompressible
wounds as presented in Fig. 5.45. Tan et al. [146] reported that the treatment of the
blend of chitosan, gelatin and shape memory polyurethane (SMPU) with silver
nitrate could impart SMP with antibacterial properties and further develop its poten-
tial in wound dressing.

5.3.4.6 Other Biomedical Applications

In addition to medical applications with several described examples of potential
SMP medical devices as discussed above, other reports cover applications in several
different parts of the body; e.g., Yakacki et al. [147] designed a shape memory poly-
mer network customized by photopolymerization that can be used for soft tissue
fixation in anterior cruciate ligament tear. Moreover, two bioinspired tracheal scaf-
folds are manufactured through 4D printing of magnetic-triggered shape memory
PLA/Fe;0, composite by Zhao et al. [148]

High intraocular pressure is mainly caused by the high pressure of aqueous
humor on the eyeball. The aqueous humor is produced in the ciliary body, passes
through the aqueous humor circulation path, and eventually returns to the vein. If
the circulation of the aqueous humor is blocked, it can cause high intraocular pres-
sure. The problem of blocked aqueous circulation can be ameliorated with implants.
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Various SMP implants have been developed to reduce intraocular pressure [149].
The implant can open up a new path for circulation inside (stents) or ameliorate the
blocked physiological channel and its surrounding tissues. Epiphora is a typical
manifestation of nasolacrimal duct occlusion [150]. Park et al. [151] developed a
shape memory polymer (SMP) with self-expanding elasticity that can be used as an
alternative to traditional silicone intubation (stenting) to physically open drainage
channels and ensure liquid flow. SMPs (94%PCL, 6%PGMA) possess more pre-
dominant drainage ability and decent resistance to bacterial infection. Due to the
recovery from a thinner threadlike shape to a custom-fit tube, the difficulty of surgi-
cal operation would be reduced. SMPs may be used as a substitute for traditional
materials to remedy dental malocclusion. Compared with traditional dental braces,
SMP possesses more aesthetic attraction. It is easy to mount and tailor shape.
Lightweight and more comfy experience is also its highlight. Jung et al. [152] devel-
oped a shape memory polyurethane with high shape retention, and shape recovery
can achieve tooth alignment in orthodontic treatment. In the in vitro model, the
shape of the SMP wire gradually recovers as the temperature rises, and the powerful
restoring force causes the irregular teeth to be calibrated. Thermomechanical testing
indicated that the stable shape recovery force can keep the SMP wire in a fixed
shape for up to 3 months. Furthermore, this new type of orthodontic appliance
looked more aesthetically appealing.

The stomach of obese people is usually oversize, which causes them to want to
eat more food to fill it. In a report [153], a SMP device was mentioned, which can
enter the stomach in a small volume and expand in the stomach after stimulation,
thereby reducing the volume of the stomach. Decreased stomach volume can lead to
faster satiety during ingestion. And this device can be mechanically fixed in the
stomach without affecting the food passing through the pylorus. Bowel anastomosis
is a common surgical operation to connect two stumps to restore the opening of the
lumen patency. The entero-entero anastomosis (EEA) ring stapler with only one nail
line is prone to local inflammation and fluid leakage [154]. Paonessa et al. [155]
proposed a bioartificial hydrogel with a ring memory shape composed of polyvinyl
alcohol (PVA) and gelatin. The addition of acetylsalicylic acid reduces postopera-
tive inflammation. Fisher et al. [156] designed a radially expanding shape memory
polymer based on the acrylic SMP to elongate the intestine and grow a new tissue.

Arteriovenous fistula is a commonly used vascular access for maintenance hemo-
dialysis patients. Under the effect of the needle flow, arteriovenous fistula suffered
a high level of hemodynamic pressure, which may lead to occlusion of vascular
access. Ortega et al. [157] studied the application of SMP on renal dialysis needle.
This SMP adapter is installed on the needle, and when it is thermally stimulated, it
will expand into a tubular shape with a larger cross-sectional area than the needle
tube. This morphology can adjust the hydrodynamics of the needle flow to lessen
the hemodynamic stress of the arteriovenous graft. The blood flow has changed
after installing the SMP adapter as presented in Fig. 5.46. In a few literature reports
[158], SMP has also been proposed to apply to female contraception. SMP implants
are inserted into the fallopian tubes temporarily or permanently through catheters
during routine procedures such as transcervical surgery. The implant will expand
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Fig. 5.46 Changes in blood flow before and after deploying SMP adapter

into a specific shape within the body temperature range, forming a blockage in the
fallopian tube, and the ovum in the fallopian cannot successfully migrate to
the uterus.

In addition to the abovementioned applications, many unanticipated SMPs are
being developed and used in the biomedical field. Proteins and DNA are essentially
polymers. A recently reported document proposes an artificial nail, which is fabri-
cated of translucent keratin [159]. Studies have found that this material has a mar-
velous thermo-/moisture-inductive shape memory effect. These devices made of
autologous protein/DNA may alleviate immunological rejection caused by alloge-
neic implants. The shape memory role in protein/DNA will have many potential
applications waiting to be discovered. Miao et al. [160] designed a 4D printing ink
with shape memory effect. Polymerized soybean oil-epoxidized acrylate as a kind
of bio-link for 4D printed scaffold has extremely high shape recovery rate and
hMSC adhesion and proliferation.

Although SMPs have many medical applications as described above, they still
have challenges in sterilization, biodegradation, and cytotoxicity for further bio-
medical applications. For example, some existing sterilization methods may change
their physical or chemical structures, as a result of changing their thermal-induced
shape memory effect. In addition, from the perspective of medical application, all
the selected shape memory polymers have good biocompatibility; however, inflam-
matory reaction due to implanted devices is widespread. All the abovementioned
problems need to be solved by further research work.

5.4 Concluding Remarks

SMMs had been successfully used in the field of biomedical application. The future
trends in shape memory biomaterials (SMBs) can be expected at different aspects:
(1) research and development of new kinds of SMBs, (2) combination of the func-
tional properties of SMBs with the structural properties of other biomaterials to
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form shape memory hybrids (SMHs) or shape memory composites (SMCs), and (3)
new technology applied to shape SMBs.

5.4.1 R&D on New SMBs

As is mentioned above, the TiNi SMAs have been fabricated into medical devices
and widely used in the clinic, including dentistry, orthopedics, vascular surgery, and
so on. However, after implantation of the traditional TiNi SMAs, these devices
would exist in the human body for a lifetime unless it is removed by the second
surgery. This problem could be solved by biodegradable SMAs, which could
degrade as implantation time prolongs. It is generally accepted that the biodegrad-
able metals include Mg-, Fe-, and Zn-based alloys with proper alloying elements. It
should be noticed that a new kind of Mg-based shape memory alloys has been
reported [161] in 2016, and the alloy system is Mg—Sc alloy system. Both thermal-
and stress-induced martensites have been verified in this work. The p-type Mg—Sc
alloy with a body-centered cubic (bcc) structure could transform into martensite
phase with orthorhombic structure. The martensite phase was detected by XRD
analysis of Mg-19.2 at.% Sc when the ambient temperature decreased from 20 °C
to —190 °C, whereas no phase transformation was detected on Mg-20.5 at.% Sc at
the same experimental condition. This phenomenon illustrated that the martensitic
transformation-starting temperature, M, is strongly dependent on Sc content, which
would increase with decreasing Sc content. The stress-induced martensitic transfor-
mation was verified by cyclic tensile test. It came out that the maximum superelas-
ticity of Mg-20.5 at.% Sc alloy was 4.4%, which is obtained at —150 °C. By
comparing the superelasticity and specific weight of the Mg—Sc alloys with other
polycrystalline SMAs, it is found that the B-type Mg—Sc alloy system exhibits com-
parable superelasticity with B-type Ti alloys but much lower specific weight [161].

The above report on shape memory magnesium alloy makes the application of
biodegradable SMAs promising. In order to evaluate the potential usage of such
shape memory magnesium alloy in the clinic, Liu et al. [162] fabricated the Mg—Sc
alloy with similar Sc content and carried out the in vitro and in vivo studies. It came
out that f-phased Mg—Sc alloy exhibited excellent mechanical performance. The
presence of Sc could effectively incorporate into the corrosion product and fill the
corrosion pits. The degradation rate of p-phased Mg-Sc alloy is only 0.06 mm-y~!
in vivo, which would not lead to the continuous accumulation of Sc in animals’
main organs. On the whole, it is believed that the orthopedics application of shape
memory Mg—Sc alloy would be promising.

However, until now, the study on biodegradable SMAs is still scarce. There are
still many problems needing to be solved. As for the reported Mg—Sc shape memory
alloy, the martensitic transformation temperature is essential to be elevated to near-
body temperature. Besides, because of the expensive price of Sc, it would be better
to reduce Sc content or find alternative elements without deteriorating its shape
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memory effect. Last but not least, it is necessary to explore the SME of other biode-
gradable alloy systems.

5.4.2 Shape Memory Hybrids (SMHs)

At present, shape memory hybrid (SMH) is emerging as a new member of the SMM
family. The concept of SMH is featured by its easy accessibility so that even a non-
professional person can design and fabricate his/her own SMM to meet the particu-
lar requirements of an application. Fundamentally speaking, in terms of working
mechanism, SMHs share many similarities as that of SMPs, in which there are at
least two components (segments or domains), one is always elastic (elastic compo-
nent, including chain entanglement in some glassy SMPs) and the other is able to
significantly alter its stiffness (transition component, may be also called switch seg-
ments sometimes) if the right stimulus is applied. The key difference between SMH
and shape memory composite is that the materials available for both components’
selection of SMH are virtually without any limit. In other words, as for SMH, none
of the components is required to have the SME as an individual. In shape memory
composite, which is fabricated by the addition of the conductive particles, magnetic
particles, and laser dyes into SMM, at least one conventional SMM (most likely,
either SMA or SMP) is included. In fact, the components’ types of SMH are vari-
ous, including not only organics and inorganics but also metals. All of them could
be selected as the elastic component or as the transition component. Therefore, the
design of SMH is highly flexible for desired performance. With the components’
ratio altered, both the structure and properties of the hybrid would change corre-
spondingly, which further makes the acquisition of SMH with desired performance
easier. The performance of SMH could be superior to all of its single components.

Ma et al. [163] prepared the EVA/PLA blends with different composition ratios.
Due to the sufficient supply of PVAc group by EVA for the interaction with PLA,
the elongation and impact properties of PLA/EVA improved 28 times and 2 times,
respectively. Based on the above advantages, more and more attention has been paid
on the development of SMH. Since some SMHs are of good biocompatibility and
some of their components have already been applied in biomedical field, the bio-
medical application of SMHs is promising.

Xiao et al. [164] prepared the PNB/PLA hybrids with different composition
ratios and evaluate its shape memory effect. Both dual and triple shape memory
effects have been verified. It came out that the PNB/PLA hybrids with the propor-
tion of 80/20 exhibit excellent shape recovery and shape fixed rates. The entangled
macromolecular chains in PNB act as the physical cross-linking points and limit its
movement and therefore promote the shape recovery properties of the hybrids.
Because of the good biocompatibility and biodegradability of PLA, it is believed
that the shape memory PNB/PLA hybrid is promising in the clinic.

Espinha et al. [165] reported a shape memory cellulose-based photonic reflector
which could be a good candidate for biomedical application. The hybrid was
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fabricated by impregnating and embedding colored cellulose nanocrystal (CNC)
films with hydroxyl-dominant poly(dodecanediol-co-citrate) (PDDC-HD). The
film’s structural coloration and its high mechanical cohesion are achieved by the
CNCs, while the SME is attributed to the PDDC-HD. In order to evaluate the shape
recovery process of the CNC/PDDC-HD hybrid, the sample was preheated above
the melting transition temperature (~30 °C), rolled up and maintained for a while.
Then, the sample was cooled to room temperature, and its shape was mechanically
held until complete solidification. Afterward, by applying a mild heat stress, the
sample’s shape recovered, regardless of gravity bias, as is presented in Fig. 5.47
[165]. Since such functional and responsive material could perform from room to
body temperature, it is hopeful to be used in biomedical field.

As is mentioned in Sect. 5.3.3.4, when hydrophilic or water-soluble substances
are introduced into SMPs, the shape memory effect might be triggered by water/
solvent. It is found that the SMHs feasible for biomedical application also possess
similar effect. Fan et al. [166] proposed two approaches for the fabrication of water-
responsive SMHs, the temporary shape of which are respectively achieved by the
recrystallization of the inclusion material inside the deformed porous matrix as well
as deforming after heating the hybrid to the inclusion’s melting temperature and
cooling back. The polymer sponge/cupric sulfate pentahydrate hybrid was fabri-
cated according to the former approach. And according to the latter one, the sili-
cone/sodium acetate trihydrate hybrid was prepared. This kind of hybrid could
recover to its original shape within different time, which is dependent on water
temperature. Since the inclusion materials’ type of the water-responsive SMH is
versatile, its applications are extensive. Taken its application of retractable eluting

Fig. 5.47 Shape recovery process of CNC/PDDC-HD hybrid at different times. The top row is in
favor of gravity while the bottom one is against it [165]
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shape memory stent as an example, medicines could act as the inclusion of SMH
and be released gradually. The shape memory stent could shrink to a small size for
easy removal.

Furthermore, in order to avoid the overheating problem of SMM in biomedical
field, Wang et al. [167] proposed a cooling-/water-responsive SMH whose transition
temperature is near-body temperature. The hybrid could recover to its original shape
within shorter times at lower water temperature. It is made of a plastic sponge filled
with Poloxamer 407 (P407). The former acts as the elastic component, while the
latter acts as the transition component. As for biomedical application, the plastic
sponge could be replaced by other biocompatible and biodegradable materials (e.g.,
PLA). Such SMH could be adopted as suture with adjustable stiffness, the delivery
system via minimally invasive surgery, and so on.

Although SMPs have many medical applications as mentioned above, there are
still challenges in sterilization, biodegradability, and cytotoxicity for further appli-
cations. For example, some sterilization methods may change their physical or
chemical structures, as a result of changing the thermal-induced SME. The degrada-
tion of materials will have an impact on SME, and how to match the degradation of
materials with the use situation is still a research direction. In addition, from the
perspective of medical application, all the selected materials have good biocompat-
ibility; however, there are inflammatory responses induced by implantable devices.
All the problems need to be solved by further research work.

5.4.3 New Technology Applied to SMBs
5.4.3.1 4D Printing

Additive manufacturing (AM), that is, three-dimensional (3D) printing, has become
a popular method for complex objects manufacturing by joining or layering materi-
als. In virtue of computer-aided design (CAD), the 3D objects could be printed. On
the basis of 3D printing, the concept of 4D printing was put forward, which high-
lights time as the fourth dimension. The 4D printing objects could be regarded as
the stimuli-responsive 3D printed objects. Under specific external environmental
stimuli (e.g., heat, humidity, pH, light, etc.), its physical properties and performance
would change with time. Especially, smart materials with SME are able to recover
their shapes with environmental changes. Among them, SMPs are concerned as
good candidates for 4D printing. The methods for 4D printing SMPs mainly include
fused deposition modeling (FDM), stereolithography apparatus (SLA), PolyJet, and
direct-writing (DW). By 4D printing, the structure of SMPs could be designed
according to the specific application. Besides, the objects could be pre-deformed to
their minimum volume and recover back to their original shapes when they are in
service. These advantages promote the biomedical application of 4D printing SMPs,
which has been introduced in detail in Sect. 5.3.4. However, there are still some
limitations. With regard to biocompatibility, the FDA-approved materials (e.g.,
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PCL, PLA, etc.) with high resolution cannot be printed by SLA process. On the
other hand, the glass transition temperatures of 4D printing objects are always too
high for the human body, which could be improved by copolymerization for chang-
ing the length of cross-link polymers.

5.4.3.2 Thin Film

As is known to us, nitinol has been successfully used in many endovascular applica-
tions. However, when nitinol is used with synthetic graft materials (e.g., expanded
ePTFE, Dacron polyester), it is relatively bulky and is difficult to deliver in many
trauma situations. TiNi SMA thin film is a new material which could help solve this
problem.

Until now, by sputter deposition method, the high-quality nitinol thin film could
be successfully fabricated. The compositional ratio and uniformity of nickel and
titanium through its thickness could be controlled properly. After proper heat treat-
ment, the nitinol thin film could possess similar desired properties (e.g., superelas-
ticity, SE) as bulk nitinol. The microstructure of thin films would influence both
transformation temperature and thin film stress, which are two primary parameters
for the determination of shape memory effect and superelasticity. As for the micro-
structure, the grain size of the crystals and the types and distributions of precipitates
are two primary aspects. By suitable compositional control and post-heat treatment,
the desired properties of films could be achieved.

To improve the biocompatibility of TiNi SMA thin film, new surface treatment
method has been developed. It came out that TiNi SMA thin film demonstrated an
excellent hemocompatibility according to the in vitro and in vivo tests when com-
pared with the commercially available endovascular graft materials (e.g., ePTFE,
Dacron polyester) [168]. Therefore, TiNi SMA thin film has been further developed
into novel endovascular devices, including stent grafts, neurovascular flow divert-
ers, heart valves, etc. [168]. Here, a hyperelastic thin film nitinol-covered flow
diverter for the treatment of cerebral aneurysms is taken as an example [168].
Figure 5.48a and b shows two hyperelastic thin film nitinol with different axis
lengths, porosities, and pore densities. Figure 5.48 (c) shows the flow diverter device
with TiNi SMA thin film covering around the commercially available stent [168].

Fig. 5.48 Hyperelastic thin film nitinol with different axis length (a) 300 pm, (b) 500 pm, and
(¢) a model of hyperelastic thin film nitinol-covered stent [168]
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Chun et al. [169] implanted the TiNi SMA thin film flow diverter into swine and
verified its efficacy and safety. The occlusion time of aneurysm sac for the devices
was only 10 to 68 min, while the control bare metal stent was up to 4 h. According
to the histopathology results, healthy neointima layer covered the aneurysmal neck,
and its sac was resorbed by the surrounding tissue.

5.4.4 Shape Memory Ceramics

On the whole, the shape memory biomaterials, mainly including shape memory
alloys, shape memory polymers, shape memory composites, and shape memory
hybrids, as well as their clinical application have been reviewed in this chapter.
However, as for shape memory ceramics, including viscoelastic, martensitic, ferro-
electric, and ferromagnetic shape memory ceramics, the biomedical application of
them is still lacking. Although a few bioinert ceramics used in dentistry and ortho-
pedics [170], that is, zirconia (ZrO,) and alumina (Al,O3), belong to shape memory
ceramics, their shape recovery characteristics have not been employed in biomedi-
cal field since their recoverable strains are very limited (< 0.1%). We do expect that
there will be a breakthrough in the coming future.
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