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9.1 Introduction

Polyurethanes (PUs) are a group of polymer materials with long and tangled linear

polymer chains showing shape-memory effect (SME) (Kim et al., 1996; Huang

et al., 2010b; Leng and Du, 2010). Shape-memory polyurethane (SMPU) is basically

composed of soft and hard segments; thermodynamic immiscibility between these two

segments leads to phase separation, which makes SMPU an excellent candidate for a

shape-memory material (Huang et al., 2010b; Huang et al., 2012). In a relaxed state

after fabrication of the SMPU, partially separated soft and hard segments co-exist in

the polymer (Lendlein and Kelch, 2002, 2005; Behl and Lendlein, 2007; Huang et al.,

2012). Hard segments act as pivot points for shape recovery, whereas soft segments

are responsible for absorbing external stress applied on the SMPU. At temperatures

below glass transition temperature, Tg, the soft segments do not have enough kinetic

energy to achieve good mobility; thus, SMPUs are relatively difficult to be deformed

in the glass state. Above Tg, SMPU transforms from a glass state to a rubber state and

becomes easily deformed (see Figure 9.1, Yang, 2007). Under an external stress, the

soft and hard segments reorient themselves in the direction of external force, becom-

ing stretched (Lendlein and Kelch, 2002; Behl and Lendlein, 2007). By cooling

SMPUs below Tg while maintaining the deformed shape with applied force, the mobil-

ity of the soft segments is restricted so that the deformation is maintained after

removal of the constraints, as shown in Figure 9.1 (Yang, 2007). Upon re-heating

above Tg, the soft segments obtain enough mobility to return to their original

curled shape, resulting in the shape recovery of the SMPU.

Compared with other types of shape-memory polymers (SMPs), PU-based SMPs

have many advantages, including easy processing, low cost of materials and fabrica-

tion, large recovery strains up to 1000%, wide, adjustable shape-recovery temperature

range, excellent chemical properties, and biocompatibility for most SMPUs

(Liang et al., 1997; Wei et al., 1998; Zdrahala and Zdrahala, 1999; Metcalfe et al.,

2003; Leng and Du, 2010). The properties of SMPU, such as elasticity, crystallization

temperature range, melting point, and thermal and deformation behavior, can be
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Figure 9.1 Illustration of shape-memory effect (Zhao et al., 2011).
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easily tailored by changing the ratio of hard and soft segments (Leng and Du, 2010;

Zhao et al., 2011).

Based on the nature of cross-linking, SMPUs can be divided into two main cate-

gories (see Figure 9.2) (Monkman, 2000a; Leng and Du, 2010; Huang et al., 2012).

The first is physically cross-linked SMPUs, or thermoplastic SMPUs. Thermoplastic

SMPUs are flexible and can be reshaped, as their hard segment network structures

consist of long sequences of weak bonds (see Figure 9.2a). Due to their flexibility

and easy reshaping, thermoplastic SMPUs are the most commonly used SMPUs for

many applications (Jeong et al., 2000; Leng and Du, 2010). The second is chemically

cross-linked SMPUs, or thermoset SMPUs (see Figure 9.2b), which possess a higher

modulus in comparison with thermoplastic SMPUs. They lack thermal plasticity and

are difficult to process, thus making them difficult for recycling and reprocessing

(Huang et al., 2012).

The polyurethane SMP invented by Hayashi (1990) is currently the most studied

polyurethane SMP (Tobushi et al., 1996).Mitsubishi Heavy Industries (MHI) has done

extensive research on the SMPU since 1980s (Wei et al., 1998; Merlin, 2008). The Tg
values of the MHI SMPUs have a wide temperature range from �30 to 65 °C, which
can be applied in many commercial uses, including kitchen tools, textiles, automotive

components, biomedical devices, etc. Hu’s group has synthesized the SMPUs, which

are mainly for textile applications (Hu et al., 2003; Zhuo et al., 2008; Chen et al.,

2007a,b; Zhu et al., 2006). Work on the enhancement and triggering mechanisms of

the SMPUs PU foam has been proposed and investigated by Sokolowski et al.

(2007). Electrospun SMPU nanofibers have also been made (Zhuo et al., 2008).

To enhance the strength of polyurethane SMPU, various fillers, such as metals, silica



Figure 9.2 Physically (a) and chemically (b) cross-linked SMPUs.
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particles, clay, carbon nanofibers (CNFs), carbon nanoparticles (CNPs), carbon nano-

tubes (CNTs), and graphene, have been added to PU, forming the SMP composites

(Gunes et al., 2008; Cao and Jana, 2007). Although the shape recovery of SMPUs

is intrinsically a thermally induced process, it can also be triggered optically, electri-

cally, magnetically, or electromagnetically, with the addition of various functional

fillers or nanoparticles (Sahoo et al., 2010; Gunes et al., 2009; Cho et al., 2005;

Jung and Cho, 2010; Razzaq et al., 2007a,b).

SMPUs have been developed rapidly in recent years for medical device applica-

tions because they possess some unique properties: biocompatibility, easy to adjust

transition temperatures around human body temperature (Ahmad et al., 2011),

low cost, and easy synthesis procedures. Recently, reprocessability and reusability
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have been studied by Ahmad et al. (2012a). Various shape-memory stimuli methods

other than heat, such as water, electric, light, or magnetic actuation, and magnetic field

have broadened their potential medical applications significantly (Sokolowski et al.,

2007; Huang et al., 2012). Some successful biomedical applications include the vas-

cular stent (Baer et al., 2007), SMPwire for thrombus removal, deployable biomedical

devices, SMP wires for suture, etc. (Small et al., 2010).

In this chapter, an overview of the properties of PU will be presented, followed by

various shape-memory triggering methods. The medical applications of the SMPUs

will be discussed in detail.
9.2 Properties of shape-memory polyurethane (SMPU)

9.2.1 Microstructure

PUs are made of long tangled polymer chains consisting of two segments: flexible,

soft segments; and elastic and relatively hard segments. By selecting a proper

combination and/or ratio of soft segment to hard segment, various properties such

as elasticity, crystallization temperature range, and melting point can be obtained.

PUs are generally produced from the reaction of molecules containing two or more

isocyanate groups (dNCO) with polyol molecules containing two or more hydroxyl

groups (dOH) (Huang et al., 2012). A few examples are shown in Figure 9.3. The

most commonly used diisocyanates include 4,4¢-diphenylmethane diisocyanate

(MDI), phenylene diisocyanate (PDI), toluene diisocyanate, hexamethylene diisocya-

nate, and isophorone diisocyanate (IPDI) (Szycher, 1999; Bassi et al., 2003). A short

chain diol, referred to as a chain extender, is normally used to produce hard segments

by reacting with diisocyanate; for example, 1,4 butandiol (Ahmad et al., 2012a).

Catalysis also plays an important role in the preparation of SMPUs, since it influences

not only the chemical reaction rate but also the chain propagation, extension, and

cross-linking (Ahmad et al., 2012a). Some commonly used catalysts include tertiary

amines and organometallics. A few key factors influencing the shape-memory

behaviors of SMPUs are summarized below.

9.2.1.1 Hard segment structure

Dependence of shape-memory behavior on hard segment content has been extensively

studied (Yang et al., 2003). Lee et al. (2001) reported that SMPUs with 20 or 25 wt%

of hard segment did not show shape-recovery effect because they did not have strong

chemical interaction or physical cross-links due to the low content of hard segments.

SMPUs with 50 wt% of hard segment content showed strong interaction among the

hard segments, which resulted in a rigid structure and loss of shape-memory behavior.

However, 80�95% of shape recovery was obtained for this SMPU with 30�45 wt%

of hard segment content. Lowering the content of hard segments increases the

hysteresis in shape-memory behavior (Lee et al., 2001, 2004). Therefore, hard

segment percentage is critical in the synthesis of high-quality SMPUs. Increase in hard
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Figure 9.3 Structures of PU SMPs based on PTHF,MDI, PEG, and propanetriol with (a) linear,

(b) grafted, and (c) cross-linked structure.
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segment content can increase compatibility between the soft and hard segments

(Huang et al., 2012). The increase in the glass transition temperature of the SMPU

was also observed with the increase of hard segment content, which is attributed to

the enhanced hydrogen bonding and rigidity of molecular chains (Ahmad

et al., 2012b).

The effect of hard segment on the SMPU structures was studied by Yang et al.

(2003). They used two different diisocyanates with different molecular structures:

PDI and MDI. PDI has a planar shape, whereas MDI has a non-planar shape.

PDI-based SMPUs possess superior mechanical properties over MDI-based SMPUs

because of their higher crystallinity (Huang et al., 2012). The SMPUs with the PDI

as the hard segment show a better shape-recovery ratio than those with MDI-based

SMPUs (Yang et al., 2003). For the synthesis of medical-grade SMPUs, the MDI

is often selected because of its low toxicity. Although MDI is most commonly used

as the hard segment, IPDI has the advantage of producing polymers with high resis-

tance to UV-light-related degradation, good long-term stability, and high tensile

strength (Bassi et al., 2003). Hence, the combination of various diisocyanates is often

used to improve the overall properties of SMPUs. For example, MDI was used to
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synthesis medical-grade SMPUs, while IPDI was introduced to increase the stiffness

of SMPUs (Szycher, 1999; Ahmad et al., 2012a).

Addition of small monomer units in the hard segment can enhance thermo-

mechanical properties of the SMPUs (Chen et al., 2007b). For example, Ding et al.

(2006) found that introducing polyethylene glycol-200 (PEG-200) in hard segment

(10–15%) enhanced the mechanical properties of SMPUs. An addition of PEG-200

in the SMPUs can suppress the mobility of soft segments and decrease the crystallinity

of polyol and heat of fusion of SMPUs, thus enhancing the compatibility between soft

and hard segments (Ding et al., 2006; Merline et al., 2008).
9.2.1.2 Soft segment structure

The long-chain polyol segments in the SMPUs are responsible for the formation of

soft domains. At room temperature, the polyols can be liquid or solid, depending

on their molecular weight. Long-chain polyol molecules show good flexibility and

low transition temperature due to their aliphatic structure and intermolecular interac-

tions, particularly the abundant ether bonds (Ma et al., 1997; Ahmad et al., 2012b).

Consequently, the chemical structure of polyols, the reaction between the polyol

and diisocyanate, and the degree of phase separation are all important for shape-

memory properties of the SMPUs (Ahmad et al., 2012b). Polyols with different struc-

tures and reactivities can be used to tailor the thermo-mechanical and shape-memory

properties of SMPUs (Goethals et al., 1998). Adding different types of polyols pro-

vides the SMPUs with various properties. The polyols are generally divided into

two major types: polyether and polyester polyols (Chun et al., 2006). PUs based on

polyether polyols are more hydrolysis-resistant than those based on polyester polyols,

whereas SMPUs with polytetramethylene ether glycol have good hydrolysis and

microbial resistance as well as excellent dynamic properties (Ahmad et al., 2012b).

Polycaprolactone polyols have the inherent toughness and resistance of polyester

and can improve the low-temperature performance of the SMPUs.
9.2.1.3 Phase separation

SMPUs typically present a micro-phase separated structure due to the thermodynamic

incompatibility between the hard segment and soft segment. The micro-phase sepa-

ration is thus essential for the shape-memory properties as well as for the mechanical

performance, as it results in the formation of regions rich in hard segment (domains)

that act as cross-linking points for the soft/switching segments (Ahmad et al., 2012b;

Chen et al., 2006). Flexibility, strength, and toughness of thermoplastic PUs are

dependent on the degree of phase separation of hard and soft segment domains, apart

from the structure of polyols, choice of chain extenders, ratio of the hard and soft seg-

ment, the reaction process and conditions, etc. (Hu et al., 2003). Phase distribution and

separation, phase composition, and micro domain size have a significant impact on the

mechanical performance and shape-memory properties of SMPUs.
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9.2.2 Thermo-mechanical behavior SMPU

To evaluate the mechanical and thermo-mechanical properties of SMPUs, various

methods have commonly applied, including tensile tests, dynamic mechanical/

thermal analysis, shape-recovery test, stability tests, etc. (Huang et al., 2006).

Uniaxial tensile tests are the mostly frequently used method to investigate the

behavior of the polyurethane SMP under uniaxial tension.
9.2.2.1 Stress–strain–temperature relationship

The stress–strain–temperature (s–d–T) relationship of SMPUs has been widely stud-

ied (Lendlein and Kelch, 2002; Huang et al., 2012). There are four steps for testing

the thermo-mechanical properties of the PU-based SMPs (Tobushi et al., 1992, 2001).

(1) At a high temperature Th (>Tg), the SMP specimen is loaded to a pre-determined maximum

strain (em) at a constant strain rate.

(2) The SMP sample is held at em and cooled to a low temperature Tl (<Tg).
(3) After full unloading, only a very small amount of elastic strain is recovered.

(4) The free-standing sample is heated from Tl to Th at a constant heating rate. The pre-strain is
almost fully recovered with only a very small amount of strain left at Th.

A typical stress–strain curve of the SMPU at room temperature is illustrated in

Figure 9.4a; et, eh, and ei denote the elastic strain, total instant recovery strain upon

unloading, free recovery strain during holding (without any external load), and final

residual strain, respectively (Yang, 2007). In the deformation of the SMPU, the max-

imum strain em can be defined as:
em ¼ et + eh + ei (9.1)

re 9.4b presents one example of the strain vs. stress relationships of the SMPU upon
Figu

loading to different maximum strains, em, namely, 20%, 50%, and 100%, followed by

unloading to zero stress with a loading strain rate of 10�3/s (Yang et al., 2004, 2005;

Yang, 2007). Upon unloading, recovery is largely attributed to elastic recovery, in

particular at the early unloading stages in the small maximum strain cases.

Tensile tests were also carried out at four different strain rates at Tg+15 °C following

the above procedure, as shown in Figure 9.5 (Yang, 2007; Huang et al., 2012). The resid-

ual strain (ei) is a very small portion of maximum strain (em) and decreases continuously
upon further holding of the loads. Result reveals that a higher strain rate results in

more instant recovery strain. It is known that, if loading time is short, the strain energy

in a polymer can be stored by quick mechanical deformation at a temperature above Tg.
A significant amount of strain may be recovered, but only gradually with the elapse of

time. Clearly, the strain recovery is highly dependent on the strain rate. With

the increase of strain rate, the elastic strain et becomes smaller while eh increases. Since
ei is mainly ascribed to the viscous flow of a material that is highly dependent on the

strain rate, ei increases with the strain rate (Huang et al., 2012).



U
nl

oa
di

ng

Loading

Strain
e i eh et

ee em

S
tr

es
s

(a)

Strain (%)(b)
0 20 40 60 80 100 120

0

10

20

30

40

50

Loading

S
tr

es
s 

(M
P

a)

U
nl

oa
di

ng

Figure 9.4 (a) Example of loading/unloading uniaxial tensile test; (b) strain versus stress

relationships of SMP in loading/unloading to different maximum strains, namely, 20%, 50%, and

100%, followed by unloading to zero stress with a loading rate of 10�3 s (Yang et al., 2007).
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The dependence of strain recovery upon the maximum pre-strain was investigated

using standard tensile tests (Huang et al., 2012). The samples were loaded to different

maximum strains and then unloaded to zero stress at a strain rate of 10�2/s and at

Tg+5 °C. The maximum pre-strains were from 50% to 600% at a 50% interval; the

relationships of stress versus strain are plotted in Figure 9.6 (Yang, 2007; Huang

et al., 2012). The SMP samples experienced obvious “creeping” in the strain range

from 100% to 300%, followed by hardening due to reorientation and crystallization.

Generally speaking, the recovery ratio decreases with the increase of maximum strain,

whereas the decrease rate is more significant at a maximum strain above 200% and

negligible at a maximum strain range from 100% to 200% (Huang et al., 2012).
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The decrease in the total instant recovery ratio can be attributed to reorientation and

crystallization of the SMPUs, and the sudden decrease in the recovery ratio may be a

result of decoupling in the imperfect crystalline part of the polymer in the first a few

cycles (Tobushi et al., 1996).

9.2.2.2 Shape recovery tests

Recovery stress and recoverable strain are all essential in engineering applications of

the SMPUs. The shape recovery of the SMPUs at different conditions was systemat-

ically studied (Huang et al., 2012). The SMPU wires were uniaxially stretched at

50 °C with a 100 N load cell to three different maximum strains, 10%, 20%, and

50%. The wires were then rapidly cooled to room temperature in 3 min with their max-

imum strain held, followed by unloading to zero stress. Subsequently, the pre-strained

wires were heated at a constant rate of 2 °C/min. For all the pre-strained wires in the

free recovery test, the recovery ratio (ratio of measured recovery strain to pre-strain;

10%, 20%, or 50%) was applied as a measure of the recovery. Figure 9.7 presents the

evolution of the recovery stress and recovery ratio against temperature (Yang, 2007;

Huang et al., 2012). In Figure 9.7a, the recovery stress reaches a peak at �30 °C and

then falls continuously upon further heating, in particular, at temperatures over 40 °C.
The recovery stress almost vanishes at 60 °C. A larger pre-strain results in a larger

recovery stress. Upon heating to 60 °C, the recovery (without constraint) was

�100%, as shown in Figure 9.7b (Yang, 2007; Huang et al., 2012).

The shape recovery ability of the SMPU is highly dependent on strain rate, tem-

perature, and maximum strain (Huang et al., 2012). For a higher strain recovery, a

higher strain rate is preferred during loading. Furthermore, it is reported that the

SMPU is needed to deform at a temperature ranging from Tg+5 °C to Tg+10 °C
for more recoverable strain, especially for a larger recoverable strain rate. Since severe

hardening at over 200% strain results in some irreversible strain, the polyurethane

SMP should be used at a strain below 200% (Huang et al., 2012). The stability of

shape-recovery properties of SMP is also highly dependent on the cycle number. Upon

cycling, the total instant recoverable strain deteriorates, and the stress corresponding

to the maximum strain decreases (Huang et al., 2012).

9.2.2.3 Multi-shape-memory effect and temperature-memory
effect

Traditionally, shape recovery of the SMPUs means its shape changes from a tempo-

rary shape directly to the original shape. Under special processing of the SMPUs or

some special SMPs, shape recovery can be achieved in a step-by-step manner through

one or a few intermediate shapes, which is often called multi-SME (Bellin et al., 2006,

2007; Xie et al., 2009; Pretsch, 2010). For example, by immersing different parts of

polyurethane SMP wire into water for different durations, a gradient transition

temperature can be achieved because of the significant influence of moisture on

the glass transition temperature in the SMPU (Yang et al., 2007; Huang et al.,

2005); an example is shown in Figure 9.8. If two types of soft segments inside the
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SMPU are sensitive to different types of stimuli, the triple-SME can be achieved by

using different stimuli independently (Behl and Lendlein, 2010; Xie, 2010; Huang

et al., 2011). Theoretically, it is possible to use only one soft-segment for the

triple-SME by utilizing the glass transition and melting of these two commonly

observed transitions in thermoplastic polymers (Huang et al., 2010b). Unlike most

metals and their alloys, the multiple SME transition of some polymers occurs over

a wide temperature range (Miaudet et al., 2007; Xie, 2010) that serves as a series

of sub-transitions to achieve the multi-SME (Xie, 2010).



Figure 9.8 The multi-SME in thermo/moisture-responsive PU SMP upon immersing into room

temperature water (moisture-responsive).

Reproduced from Huang et al. (2005), with permission.
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Temperature memory effect (TME) is another related phenomenon in SMPs occur-

ring during thermal cycling or mechanical cycling (Liu et al., 2005). The previous

temperature of interruption is memorized and utilized in a later heating process.

Miaudet et al. (2007) reported that in the constrained recovery test of a shape-memory

nanocomposite with a broad glass transition temperature range, the maximum recov-

ery stress occurred at the temperature at which the material was pre-deformed to the

temporary shape. Huang et al. (2012) systematically studied the TME in SMPs and

concluded that the TME is actually not a surprising phenomenon, but a natural

response from polymers (Sun and Huang, 2010a,b; Sun et al., 2010).
9.3 Techniques for activating SME

Shape recovery of SMPUs is normally a thermally induced process; however, they can

also be triggered optically, electrically, magnetically, or electromagnetically, and so

on, with/without adding various functional fillers (Miaudet et al., 2007; Monkman,

2000b; Zhao et al., 2011).
9.3.1 Thermal triggering

The most common method for shape recovery in SMPUs is thermally induced (e.g.,

Behl and Lendlein, 2007). The SMPUs can be subjected to large deformations at an

elevated temperature above their glass transition temperature Tg. Cooling the

deformed sample to a temperature below Tg under constraints fixes the deformed

shape of the sample. The original shape of the SMPUs will be recovered if the material

is heated back to a temperature above Tg without constraints (Xu et al., 2009, 2010;

Kim et al., 2010; Huang et al., 2010b).
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For SMPU, the SME originates from either a glass transition temperature or

melting temperature. Therefore, thermally actuated SMPs must be heated above their

characteristic transition temperatures to induce the shape changes. For the SMPUs

with transition temperatures close to body temperature, actuation can be accomplished

simply by placing the SMP into the body and allowing heat transfer from the adjacent

fluid or tissue to induce actuation. However, in some cases, a higher transition

temperature would be desired, thus more mechanical rigidity can be maintained in

the SMPU (i.e., higher elastic modulus) at body temperature for a precise control

of actuation (Leng and Du, 2010).
9.3.2 Electric triggering

SMPU is normally considered as a non-conductive material because of its extremely

low electrical conductivity (in the order of 10�10–10�15 S/m) (Sahoo et al., 2005). Con-

ductive SMPU can be made by dispersing conductive particles into the non-conductive

SMP matrix (Leng et al., 2007; Liu et al., 2009). The fillers used for the conducting

SMPs include CNTs (Cho et al., 2005; Paik et al., 2006), CNPs (Yang et al., 2005),

conductive fiber (Leng et al., 2007), and metal particles, such as Au or Ni (Schmidt,

2006; Leng et al., 2007, 2008b). At a low concentration of conducting particles, con-

duction is mainly dominated by hopping conduction among the fillers; thus, its conduc-

tivity appears close to those of the bulk PUs, namely insulators (Xu et al., 2010). The

SMP composite becomes conductive when the filler concentration is increased to a crit-

ical value, or the percolation threshold, which forms the electron bridge within the sub-

strate by the filler and its dispersion state.

Nanosized carbon black (CB) or CNPs have been widely used for electrically con-

ductive nanocomposites (Yang et al., 2005; Leng et al., 2008a; Meng and Hu, 2009;

Koerner et al., 2004). The electrical conductivity of shape-memory PU filled with

30% CB is about 1–10�1 S/cm (Liu et al., 2009). However, Paik et al. (2006) found

that CB is not so effective in improving the mechanical strength and shape-recovery

stress of SMPs. Gunes and Jana (2008) prepared PU/CB composites by melt mixing

and found that the crystallinity soft segment decreased due to the constraining effect of

CBs on the mobility of the soft segment during crystallization. Figure 9.9 shows one

example of electric actuation of CNP doped SMPU (Yang, 2007; Huang et al., 2012).

The SMP composite was hot-pressed into a plate shape with a thickness of 2.0 mm and

then cut into a “n” shape for demonstrating the SME upon heating by passing an elec-

trical current through it. The sample can be easily bent at 60 °C, which is above Tg.
Figure 9.9a shows the infrared images of the sample heated by an electrical current for

45 s (Yang, 2007; Huang et al., 2012). After switching off the electrical power and

cooling back to 22 °C room temperature with the deformed shape held still, the bent

shape was formed. When reheated above Tg by passing an electrical current, the sam-

ple recovered its original shape, as shown in Figure 9.9b (Yang, 2007; Huang

et al., 2012).

CNFs are not only commonly used for reinforcement applications, but also as

electrical conductive fillers as well as catalyst support (Gall et al., 2000, 2004).

The temperature and strain have significant influences on the electrical resistivity
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of the CNF-filled SMPs. Gunes et al. (2009) studied the relationship between electri-

cal resistivity and sample temperature of SMPUs filled with CNFs, oxidized-CNFs,

and CBs. It was found that CNF- and CB-filled SMPUs showed a positive temperature

coefficient of resistivity (Gunes et al., 2009).

CNTs have been extensively studied in recent years as a replacement for the CNPs

(Koerner et al., 2004). A SMPU composite incorporating 5 wt% CNTs can have an

electrical conductivity of 10�3 S/cm (Cho et al., 2005). Paik et al. (2006) prepared

PU with CNTs, and the electrical conductivity was about 2.5�10�3S/cm. Because

CNTs have tremendously large aspect ratios (100–10,000), many researchers have

observed exceptionally low electrical percolation thresholds for CNT-based

nanocomposites (Sandler et al., 2003; Bryning et al., 2005). Depending on the matrix,

processing technique, and nanotube type, percolation thresholds ranging from

0.001 wt% to more than 10 wt% have been reported (Sandler et al., 2003; Choi

et al., 2006). The large dispersion of the percolation threshold for electrical conductive

SMPU-CNT nanocomposites is believed to be caused by processing methods used,

which may result in different status of disentanglement of CNT agglomerates, uniform

spatial distribution of individual CNTs, degree of alignment, dispersion, alignment,

aspect ratio, and degree of surface modification of CNTs (Sahoo et al., 2010).
9.3.3 Magnetic triggering

SMPUs doped with ferromagnetic and ferrite particles, such as Ni, or Fe, FeOx,

MgZnOx, and NiZnFeOx, can be inductively heated by magnetic field (Kumar

et al., 2010; Small et al., 2009). The electromagnetic energy from the external high

frequency electromagnetic field can be transformed to heat if these ferromagnetic

particles have been added inside the SMPUs (Spinks et al., 2006; Ahir and

Terentjev, 2005; Ahir et al., 2006). Schmidt (2006) and Yakacki et al. (2009) used

magnetic fields to remotely actuate SMP composites by incorporating iron (II,III)

oxide nanoparticles into thermoplastics and thermoset SMPs (Schmidt, 2006;

Razzaq et al., 2007a,b). To improve the particle dispersion in the matrix, the iron

(III) oxide nanoparticles were coated with silica (Weigel et al., 2009). By selecting

a ferromagnetic particle material with a Curie temperature within a safe medical limit,

overheating can be avoided. Selective heating of specific device areas is also possible,

and remote actuation can be realized by an externally applied magnetic field (Meng

and Hu, 2009; Zhang et al., 2007). Medical devices, such as expandable stents and

intravascular microactuators of SMP nanocomposites, have been demonstrated with

magnetic field actuation (Buckley et al., 2006).
9.3.4 Water and solution triggering

Shape recovery of the SMPU can be induced by moisture or water that has a signif-

icant effect on the glass transition (Haung et al., 2010a; Huang, 2010). When

immersed in water, water molecules diffuse into the SMPU samples and act as a

plasticizer, leading to the reduction of transition temperature and resulting in shape



Figure 9.10 Water-driven recovery of an SMPU wire.

Reprinted from Huang et al. (2005), with permission.
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recovery, as shown in Figure 9.10 (Huang et al., 2005). In the SMPUs and their com-

posites, Tg is decreased from transition temperature to or below ambient temperature

after immersion into water. The decrease of the Tg depends on the moisture uptake,

which indirectly depends on the immersion time (Huang et al., 2005; Yang et al.,

2004, 2006).

The SMPUs can also respond to the solution (such as solvent) by a mechanism in

which the solution molecule has a plasticizing effect on polymeric materials, thus

increasing the flexibility of the macromolecule chains of the SMPU (Lv et al.,

2008a). These two effects reduce the transition temperature of materials until shape

recovery occurs (Lv et al., 2008b). There is an interaction between the polymeric

macromolecule and the micromolecule of absorbed solution, and the hydrogen

bonding enlarges the flexibility of polymeric chains. In brief, water, moisture, and

solution-driven SMP provide alternative triggering approaches for SMEs, and so

thermo-heating becomes unnecessary (Leng and Du, 2010).
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9.3.5 Light triggering

Visible or infrared (IR) light-induced SME in SMPUs can be realized by incorporating

reversible photoreactive molecule switches into the SMPUs (Jiang et al., 2006); for

example, cinnamic acid or cinnamylidene acetic acid moieties (Lendlein et al.,

2005). Upon irradiation with light, a (2+2) cycloaddition reaction occurs between

two of these light-sensitive moieties, and in sequence, a cyclobutane-ring and in

this way covalent cross-links form. Irradiation with a different wavelength results

in cleavage of the newly formed bonds, which causes the light induced actuation

effects.

Doping with 6 wt% chemical functionalized multi-walled carbon nanotubes by

grafting dodecylamine chains, the photosensitivity of oxotitanium phthalocyanine

(TiOPc) is fivefold higher than that of un-doped TiOPc when exposed to 570 nm

wavelength (Huang et al., 2012). The idea of resonant absorption of light by nanopar-

ticles has been applied to other systems for biomedical applications, such as drug

release. The resonant frequency could shift from deep UV-light to near IR-light; smal-

ler nanoparticles can absorb shorter wavelength light, whereas larger nanoparticles

can absorb longer wavelength light (Huang et al., 2012). Au–Au2S nanoparticles of

�20 nm consisting of Au2S dielectric core encapsulated by a thin gold shell are

reported to have absorption peak near-IR light and demonstrated a controlled drug

release (Ren and Chow, 2003). The light absorption efficiency is strongly dependent

on the size, shape, and concentration of the nanoparticles.

Irradiation using infrared light with wide emission spectra causes unique heating

effect to the SMPU, which can be noncontact. The capability of absorbing infrared

light is determined by molecule (or atom) constitution of materials, as infrared light

is absorbed in the form of molecule (or atom) resonance vibration (Leng andDu, 2010;

Huang et al., 2012). SMP/CB nanocomposites have showed strong (above 6%)

continuum absorption in the range from 400 to 4000 cm�1 (Leng and Du, 2010).

The existence of CB particles increases the capability to absorb infrared light for

the SMP/CB composite remarkably (Leng and Du, 2010). When SMP and SMP/CB

nanocomposites are exposed to infrared light, most of the emitted energy is transmit-

ted by the SMP, which is semi-transparent, whereas most of the emitted infrared light

is absorbed by the CB, since it is black and opaque, thus causing the heating effect

(Leng and Du, 2010; Huang et al., 2012).
9.4 Medical applications of SMPU

PU-based SMPs have excellent biocompatibility, verified from standard cytotoxicity

and mutagenicity tests (Gall et al., 2004; Small et al., 2009). The Tg of the SMPUs can

be tailored for shape restoration/self-deployment of various clinical devices. Various

shape-memory stimuli methods other than heat, such as alternating magnetic field or

light, have broadened their applications substantially and extended their applications

to noncontact operations (Huang et al., 2012).
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Because of their good biocompatibility, there are many potential medical applica-

tions using the SMPUs (Fare et al., 2005; Sokolowski et al., 2007; Metcalfe et al.,

2003). Key examples proposed for medical applications include:

l Thermoset SMPU actuators for treating ischemic stroke (Metzger et al., 2002)
l SMP microfluidic reservoirs (Gall et al., 2004)
l Intravascular thrombectomy to remove blood clots; infrared diode laser activated (Metzger

et al., 2005)
l Thrombus removal activated by laser light (Small et al., 2005)
l Self-deployable SMP neuronal electrodes (Sharp et al., 2006)
l Vascular stent deployed in vitro by laser heating (Baer et al., 2007)
l SMP dialysis needle adapters for reducing hemodynamic stress in arteriovenous grafts

(Ortega et al., 2007)
l Deployable biomedical devices for minimally invasive surgery (MIS) (Baer et al., 2007)
l SMPUs in cardiovascular implants (Sokolowski et al., 2007; Jung et al., 2010a,b)
l SMPs for bondages (Ahmad et al., 2012a,b,c)
l SMPs for ocular implants (Huang et al., 2012)
l SMPs for cell manipulation (Huang et al., 2012)

MIS is regarded as one of the most important achievements in modern medicine.

The benefits compared to traditional methods include reduced operative trauma, fewer

wound complications, shorter hospital stays, and accelerated recoveries (Huang et al.,

2012). However, MIS is more technically demanding than conventional surgery

because the surgical intervention is executed remotely via two-dimensional imaging

of the operative field. As a result, a surgeon faces the loss of tactile feedback, restricted

maneuverability, and less efficient control of major bleeding. Shape-memory

materials provide good solutions to many problems in the MIS arena (Yahia, 2000;

Yoneyama and Miyazaki, 2009; Huang et al., 2012). Stainless steel and shape-

memory alloys have been the dominant materials for these applications; however,

there are several drawbacks associated with the use of metallic stents: stiffness,

compliance mismatch with the arterial wall, and the high cost of fabrication

(Miyazaki et al., 2009). Therefore, SMPs, especially SMPUs, have more potential

applications to replace the SMAs.
9.4.1 Sutures

A challenge in endoscopic surgery is to tie a knot with instruments and sutures to close

an incision or open lumen, and sutures are commonly used during medical operations.

MIS procedures generally allow only limited space for tying knots to secure sutures in

place, and surgeons must tie knots remotely through very small holes. SMP has been

applied in wound closure, and the suture can be applied loosely in its temporary shape

under elongated stress (Huang et al., 2012). When the temperature is raised above Tg,
the suture will shrink and then tighten the knot, in which case it will apply an optimum

force. Since its maximum recovery stress is safe for human body tissues, damage

caused by over-tightening is no longer a serious issue. Figure 9.11 reveals that upon



Figure 9.11 Self-tightening of two knots of SMP wires (MM3520) by immersion in

room temperature water. The left piece was pre-immersed in water to reduce its Tg
(Sun and Huang, 2010b).
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immersion into room temperature water (about 22 °C), a polyurethane SMP knot

tightens gradually (Sun and Huang, 2010a,b; Huang et al., 2012). Similarly, without

heating, a knot can self-unravel and a suture can automatically tighten upon immersion

into room temperature water. The sutures can also be biodegradable and show gradual

mass loss during degradation (Lendlein and Kelch, 2005). For example, the hydrolyz-

able ester bonds are introduced into the polymers so that they would cleave under phys-

iological conditions (Behl and Lendlein, 2007). If the SMP is biodegradable, sutures

will self-degrade and disappear after time and even in a controllable manner

(Lendlein and Kelch, 2005).
9.4.2 Stents

Vascular stents are small tubular scaffolds widely used in the treatment of arterial ste-

nosis (narrowing of the vessel) to prevent acute vessel closure and late restenosis in a

variety of vessels such as coronary arteries (Chen et al., 2007a, 2009). The increased

flexibility, compliance, and relatively simple drug-embedding capability of SMPUs

could overcome the problems encountered with current metallic vascular stents

(Baer et al., 2007); for example, braided stents (Kim et al., 2010), solid-tube stents

(Wache et al., 2003; Chen et al., 2007a,b; Yakacki et al., 2007), and even foam stents

(Sokolowski et al., 2007). Other recent developments include drug-eluting stents and

biodegradable stents (Chen et al., 2009; Wischke et al., 2010; Jung et al., 2010a,b;

Wischke and Lendlein, 2010). The triggering mechanisms for the stents can be Joule

heating or local laser heating (Maitland et al., 2002; Metzger et al., 2005; Baer et al.,

2007; Huang et al., 2010a,b, 2012; Sun and Huang, 2010a,b).

Wache et al. (2003) conducted a feasibility study and a preliminary development on a

polymer vascular stent with SMPs as a drug-delivery system. The use of the SMP stent



Figure 9.12 Retraction of a PU SMP stent in water. (a) After pre-stretching; (b) after folding;

(c) after deployment in water; (d) after retraction in water.

Reproduced with permission from Yang et al. (2006).
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as a drug-delivery system leads to significant reduction of restenosis and thrombosis.

In bladder and prostate cancer treatments, retractable stents are preferred, but current

conventional methods are mechanical dilations, endoscopic incision, or laser vaporiza-

tion. Their success rates are low, and patients must undergo repeated treatments.

A removable stent is a better option because it does not require a highly specialized

reconstructive bladder neck repair procedure and is replaced annually. A retractable

stents have been proposed to utilize the thermo- and moisture-responsive qualities of

SMPUs (Huang et al., 2007). As shown in Figure 9.12, a SMP thin-wall tube was

pre-expanded at high temperatures and then cooled back to room temperature (Yang

et al., 2006). Subsequently, it was mechanically deformed into a star shape. After

immersion into room temperature water, it mechanically expanded back into its circular

shape. Since this SMP is alsomoisture-responsive, it shrinks after a time. As its diameter

reduces, the stent can be easily removed (Huang et al., 2010a,b, 2012).
9.4.3 Cell and drug manipulation

Targeted drug release to specified cells at molecular level is currently an attractive

topic in medical research (Han et al., 2010; Hartl and Hayer-Hartl, 2009). The

thermo/moisture-responsiveness in polyurethane SMP sheds light on the possibility

of realizing micro/nanodevices for surgery/operation at the cell level. As illustrated

in Figure 9.13 (Sun and Huang, 2010b), a micro vehicle made of SMP is stretched

and then inserted into a living cell. Upon absorbing moisture inside the cell, the



Figure 9.13 Delivery of a micro vehicle into a living cell for inside operation under a laser beam

(illustration). (a) The original shape of a micro vehicle; (b) the shape of vehicle after reshaping;

(c) inserting the deformed vehicle into a cell; (d) the vehicle fully inside the cell; (e) shape

recovery of the vehicle; (f) in operation of the vehicle powered by a laser beam from outside.

Reproduced from Sun and Huang (2010b).
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SMP recovers its original shape. As the recovery strain in solid or porous SMPs is on

an order of hundred percent, it becomes achievable to make cell- or sub-cell-sized

machines using the thermo/moisture-responsive SMP and then deliver the machines

into living cells for operation controlled by an outside laser beam (Johnson et al.,

2007; Huang et al., 2010b).
9.4.4 Bandages

A venous leg ulcer is a common illness in developed countries (Fletcher et al., 1997).

In this disease, the lower leg deteriorates because of reduced physical activity and poor

blood circulation; the illness often affects the elderly. For patients with venous dis-

ease, application of gradient external compression can help minimize or reverse vas-

cular change by forcing blood from the interstitial spaces back into the vascular and

lymphatic compartments, hence leading to effective treatment (Ahmad et al., 2012c).

Although there are various types of commercial bandages available for venous ulcer

treatment, most have good elasticity but produce low compression forces.

Because pre-stretched thermal-responsive SMP strips will generate various shrink-

ing forces upon heat stimulation, bandages made up of a number of SMP strips may

generate distributed pressure and can be used for venous leg treatment (Ahmad et al.,

2012a,b,c). An SMP actuator-based bandage has been proposed by Ahmad et al.

(2012a,b,c) for leg ulcer treatments, as shown in Figure 9.14; they are made of a num-

ber of SMP strips with different strains with gradient pressure distribution. SMPUs

have a suitable transition temperature range of 40–50 °C, have a low recovery stress

(0.05–0.1 MPa), and are flexible. Therefore, these SMPUs are potentially useful in the

proposed bandages. Thermal-responsive SMP strips are attached to fabrics that will be

part of the underlay padding of the bandage, and the SMP strips are pre-stretched to

fixed lengths or strains. In its fully developed form, the SMP bandage can be wrapped

on the venous leg and held in position by Velcro fasteners or other similar means.



3

1 2

Figure 9.14 Design of the

proposed SMP bandages, which

can be applied/removed from a

limb like a normal bandage once

activated. 1, SMP strips;

2, Fabric; 3, Fasteners.
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Upon application of an external heat using a normal hair dryer or a hot towel, the SMP

stripes will shrink and partially return to their original shapes, providing a predefined

force or pressure distribution acting on the venous leg for treatment. If the pressure

drops during use, pressure readjustment can be easily achieved by using a hair dryer

or a hot towel to warm up the SMP bandage, locally or as a whole. This can be done by

the patient at home; without the need for a trained nurse/doctor, treatment is signif-

icantly simplified (Ahmad et al., 2012a,b,c).
9.4.5 Other applications

PU-based SMPs have potential as artificial muscles for a prosthesis if they can develop

relatively large forces (1–3 MPa) and are able to shrink or elongate (Yahia, 2000;

Metzger et al., 2002, 2005). SMP materials can be used to manufacture catheters that

remain stiff externally for accurate manipulation by the physician, but become softer

and more comfortable inside the human body. With a soft catheter, there will be fewer

arterial wall injuries than with the conventional rigid catheter. They will also be easier

to manipulate and apply into tortuous vessels.

A blood clot may cause an ischemic stroke, depriving the brain of oxygen and often

resulting in permanent disability. As an alternative to conventional clot-dissolving

drug treatment, a laser-activated device for the mechanical removal of blood clots

has been proposed (Small et al., 2005). The deformed SMPU straight rods could be

inserted by MIS into the vascular occlusion. The microactuator, which is mounted

on the end of an optical fiber, is then transformed into its pre-deformed corkscrew

shape by laser heating. Once deployed into the corkscrew shape, the microactuator

is retracted from the captured thrombus, enabling the mechanical removal of the

thrombus (Small et al., 2009).

Maitland et al. (2002) reported thermally activated SMP-based mechanical clot

extraction devices to treat ischemic stroke. These devices were designed to be deliv-

ered through a catheter and penetrate the clot in a narrow form and then actuate into a
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clot-grabbing form for extraction. After doping the SMP with dye, laser-absorbing

photothermal actuation of corkscrew-shaped and umbrella-shaped devices have been

demonstrated, which can be actuated using a diode laser operating at a wavelength of

810 nm into the SMP device. Metzger et al. (2002, 2005) further demonstrated that the

SMP corkscrew device could hold a blood clot against vascular physiological forces.

Mitral valve insufficiency occurs when the mitral valve does not close properly,

resulting in the regurgitation of blood from the left ventricle to the left atrium (flow

reversal). Valve repair, as opposed to replacement, is the preferred method of treat-

ment; SMPU would be a good candidate (Enriquez-Sarano et al., 1995). SMPs can

also be applied for minimally invasive tissue engineering. Tissues can be grown on

SMP scaffolds and potentially delivered into the body using minimally invasive

techniques and implanted to initiate repair or reconstruction of tissues or organs

(Small et al., 2009). Biodegradable SMPs could be applied in pharyngeal mucosa

reconstruction, bone regeneration, and organ repair (Small et al., 2009).
9.5 Summary and future trends

PU-based SMPs are smart materials with the unique characteristic of remembering

their original shapes upon stimulation. They have been widely used in engineering,

space exploration, and particularly in medical devices. Although SMPUs possess

low mechanical strength and recovery stress compared to shape-memory alloys, their

unique properties, such as high-shape recovery ratio, low recover stress, and flexibil-

ity, make them significant for various applications. SMPUs have many excellent prop-

erties: they are easy to manufacture, have a strong resistance to organic solvents and

aqueous solutions, offer good, long-term stability against sunlight exposure, and have

excellent and consistent elastic properties as well as biocompatibility. The multiple-

responsive shape-memory feature of SMPUs further enables them to be used as a

potential candidate for many biomedical devices, in particular MIS.

Properties of SMPUs can be tailored by varying the molecular weight of polyol,

hard segment content, chain extender, or even moisture. Low recovery stress, modu-

lus, and stiffness in SMPs are the main obstacles for their wide application. Incorpo-

ration of metals, nanofillers, clays, and tubes into PU matrices not only enhance the

mechanical properties and recovery stress of SMPs, but also produce multifunctional

composites. Shape recovery of SMPUs is normally a thermally induced process;

however, they can also be triggered optically, electrically, magnetically, or electro-

magnetically, or by water or moisture, by adding various functional fillers. Various

shape-memory stimuli methods other than heat, such as alternating magnetic field

or light, have broadened their applications substantially and extended their

applications to noncontact operations. The SMPUs have been proposed for many bio-

medical applications, including thermoset SMPU actuators for treating ischemic

stroke, thrombus removal activated by laser light, self-deployable SMP neuronal

electrodes, vascular stent, suture in microsurgery, ocular implants, bondages, cell

manipulation, and cell therapy.
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