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Abstract Shape memory polymers (SMPs) belong to a
class of smart polymers, which have drawn considerable
research interest in last few years because of their appli-
cations in microelectromechanical systems, actuators, for
self healing and health monitoring purposes, and in bio-
medical devices. Like in other fields of applications, SMP
materials have been proved to be suitable substitutes to
metallic ones because of their flexibility, biocompatibility
and wide scope of modifications. The shape memory
properties of SMPs polymers might surpass those of shape
memory metallic alloys (SMAs). In addition to block
copolymers, polymers blends and interpenetrating network
structured SMP systems have been developed. The present
review mainly highlights the recent progress in synthesis,
characterization, evaluation, and proposed applications of
SMPs and related composites.
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Introduction

The discovery of shape memory effect by Chang and Read
in 1932 [1] is one of the revolutionary steps in the field of
active materials research. Materials are said to show shape
memory effect if they can be deformed and fixed into a
temporary shape and recover their original permanent
shape only on exposure of external stimuli like heat, light,
etc. Thermally induced shape memory effect is more
common where the recovery takes place with respect to a
certain critical temperature. The most widely used shape
memory material is Ni-Ti alloy (Nitinol) [2]. Shape
memory alloys (SMA) exhibit outstanding properties such
as small size, high strength and have found wide technical
applications [3-8]. However, they have obvious disad-
vantages, such as high manufacturing cost, limited
recoverable deformation and appreciable toxicity [9, 10].
Therefore, ceramic-based [11-13] and polymer-based
[14-18] shape memory materials have been explored.

The shape memory polymers (SMPs) have drawn
increasing attention because of their scientific and tech-
nological significance [16—18]. They offer deformation to a
much higher degree and a wider scope of varying
mechanical properties compared to SMAs or ceramics, in
addition to their inherent advantages of being cheap, light
weight, and easy processability. Polymers offer extra
advantages due to the fact that they may be biocompatible,
nontoxic, and can be made biodegradable.

Shape memory polymer was first developed by CDF
Chimie Company (France) in 1984 under the trade name of
Polynorbornene [19]. After that lot of works have been
done and various kinds of SMPs have been reported and
developed which will be reviewed shortly. SMP can be
designed by taking a polymer material, in which the
polymer chains are able to fix a given deformation by
cooling below a certain transition temperature (7). The
transition temperature (7;) can be the glass transition or the
melting point of the polymer. Melting point is preferred
over the glass transition as melting is comparatively a
sharper transition. Upon reheating to above 7, the oriented,
or crystalline chains in the network, restore the random coil
conformation resulting in a macroscopic recovery of the
original shape. The process is shown schematically in

Fig. 1 Schematic
representation of a macroscopic
shape memory effect

Fig. 1. Such polymer systems consist of two segments/
phases; one of them is a fixed phase and the another is a
reversible or switching one. The permanent shape is given
either by physical or chemical crosslinks. A schematic
representation of the micromechanisms describing shape
memory action is shown in Fig. 2. On the basis of the
nature of crosslinks, SMPs are subdivided into two cate-
gories: physically crosslinked SMP and chemically
crosslinked SMP. On the basis of nature of switching
segments, SMPs are subdivided into two categories: SMP
with amorphous switching segment (75 = T, ) and SMP
with crystalline switching segment (T = T,).

Shape memory is usually a thermally induced process,
though it can be triggered electrically [20], magnetically
[21] or electromagnetically [22] provided that the corre-
sponding polymer contains a suitable active filler. For the
filled composites, the fillers are activated by electric,
magnetic or electromagnetic stimuli and thereby thermal
effect is generated, which induces the recovery process.
Finkelmann and coworker [23, 24] reported shape memory
liquid crystalline (LC) elastomer, which can be stimulated
by photo-illumination by incorporating azo groups into the
LC mesogens. Upon UV-radiation, the azo groups isom-
erized from the trans to the cis configuration and sharply
bent the mesogens, hampering the nematic ordering. Cor-
respondingly, the material underwent a photo-induced
nematic-isotropic transition, accompanied with a large
shape change. Recently, Lendlein et al. [25] reported a
novel light-induced SMP by introducing molecular
switches such as cinnamic acid [26] and cinnamylidene
acetic acid [27]. The latter compounds are able to undergo
efficient photoreversible [2 + 2] cycloaddition reactions
when exposed to alternating wavelengths (4 > 260 nm or
A < 260 nm)]. The temporary shape is fixed owing to the
formation of new photo-responsive crosslinks and the
photo responsive crosslinks can be reversibly cleaved by
irradiation with UV light of A <260 nm, leading to
recovery of the original shape. The unique characteristics
of the above mentioned SMP systems, enable the manip-
ulation of the shape recovery at ambient temperatures by
remote activation and elimination of temperature con-
straints for medical and other applications arising from
external heating.
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Fig. 2 Micromechanism of shape memory effect of polymers
Properties of SMPs

The important quantities to be determined for describing
shape memory properties of a material are the strain
recovery rate (R, and strain fixity rate (Rg). The strain
recovery rate qualifies the ability of the material to mem-
orize its permanent shape, whereas strain fixity rate
describes the ability of the switching segment to fix the
mechanical deformation. A description of a thermome-
chanical test with loading at high temperature is shown in
Fig. 3. A sample is deformed to a constant strain &, at a
constant strain rate. While maintaining the strain at &, the
samples were cooled to a low temperature and unloaded.
Upon removing the constraint under cooled condition, a
substantial recovery of strain ¢, occurs. The sample was
subsequently heated above T and kept at that temperature
allowing the recovery to take place. This completes a
thermomechanical cycle leaving a residual strain &,. The R,
and Ry for Nth cycle can be determined from the following
formula:

_ ém — &(N)
NS
Re(N) = EUS(N)

@ Springer

2. Cooling (T<T,)

1. Loading (T>T,)

S 7
E N=1 - -
§ - -/
i< P
70] N=2 ~
,/
7/
4 3. Unloading (T<T,)

! 4. Heating (T>T))

€ €

Strain, %

Fig. 3 Graphical description of a thermomechanical test

The shape memory effect in metals and ceramics originates
from a phase transformation phenomenon, which is asso-
ciated with a change in volume [9, 10]. Deformations of the
low temperature phase, occurring above a critical stress,
are recovered completely during the solid—solid transfor-
mation to the high temperature phase. Whereas, the driving
force for shape recovery in a polymer, is the elastic strain
generated during the deformation [28]. Deformation at high
temperature is much easier due to the lower rubbery
modulus of the polymer that makes the orientation of
polymer more feasible. However, the orientation will be
partly relaxed before the structure is frozen in during the
subsequent cooling cycle. On the other hand, deformation
at low temperature is more difficult due to the higher glassy
state modulus of the polymer but chain orientation will
remain at a higher degree as the relaxation process is slo-
wed down. A high glassy state modulus (E,) will provide
the material with a high shape fixity during simultaneous
cooling and unloading, whereas a high rubbery modulus
(E;) will provide high elastic recovery at high temperature.
Various viscoelastic and thermomechanical models have
been studied to correlate the viscoelastic/thermal properties
with the shape memory behavior [29-34].

Shape memory effect can be described briefly as the
following mathematical model [35]:

Shape fixity ratio Rf = 1 — E,/E,

Shape recovery ratio Ry = 1 — fir/[(1 — E;/E,)f3]
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where E, is the glassy modulus, E; is the rubbery modulus,
fir 1s the viscous flow strain and f, is the strain when ¢ >>
f;. A high elasticity ratio (E,/E,) allows for an easy shaping
at T > T, (shape memory temperature) and a great resis-
tance to the deformation at 7 < T,. The polymer material
has to be designed to meet the above criteria for shape
memory applications. Typical dynamic modulus versus
temperature plots of a thermosetting type ordinary polymer
and a crosslinked shape memory polymer, are shown in
Fig. 4.

Physically crosslinked SMPs
SMP with amorphous switching segment

Shape memory effect has been reported for various polymers
like poly(methyl methacrylate) [36], polynorbornene [37—
39], poly(methylene-1,3 cyclopentane) [40]. Since their
discovery by Mitsubishi Heavy Industries Ltd., in 1988,
extensive research on segmented polyurethane (PU) has
been carried out [41-46]. Recently, Baer et al. [47] studied
the effect of processing parameters on the thermomechanical
properties of commercially (Mitsubishi) available PU-based
materials. There was a significant variation in rubbery
modulus for the sample cooled at different rates during the
processing. Thus thermomechanical properties of these
materials can be adjusted for various medical applications.
The thermal and dynamic mechanical properties of Mitsu-
bishi PU materials are given in Table 1. The exact
compositions of these SMPs have not been published, but

Ordinary Polymer

SMP

4>T

Fig. 4 Typical dynamic modulus versus temperature plots of an
ordinary crosslinked polymer and SMP

they seem to consist of a complex combination of short
amorphous polyester and polyether soft segments, short diol
extender and aromatic urethane hard segments. The mate-
rials were synthesized by polymerizing alternatively hard
segment (diphenylmethane diisocyanate) and soft segment
(polyol) and various interactions among the segments leaded
to the domain formation; hard segment worked as pivoting
point for shape recovery and soft segment could mainly
absorb external stress applied to the polymer. Hu et al. [48]
investigated the effect of thermomechanical cyclic condi-
tions on shape memory properties of a PU-based SMP
(Mitsubishi-MS 4510). The recovery ratios increased with
increasing deformation speed and with decreasing maximum
strain. Hence, in order to achieve good-shape memory
properties, deformation of the samples should be fast. In
addition, it should be noted that too high a deformation
amplitude would render the shape memory effect unsatisfied.

The T, of thermoplastic PU materials could be con-
trolled in a wide range from —30 to 100" C by using
different kinds of urethane ingredients (diisocyanate, pol-
yol, and chain extenders) and by adjusting their molar
ratios [49-62]. In order to have effective shape memory
property, the glassy hard segments should maintain the
shape through inter- or intra-polymeric chain attractions,
such as hydrogen bonding or dipole—dipole interaction,
together with the physical crosslinking, but soft segments
could freely absorb external stress by unfolding and
extending their molecular chains. If the stress exceeds and
breaks the interactions among hard segments, shape
memory will be lost and original shape cannot be restored.
Therefore, precise control of composition and structure of
hard and soft segments is very important to satisfy the
conditions required for various applications. In the seg-
mented PUs the hard segment (HS) acts as the physical
crosslink and hard segment concentration should be suffi-
ciently high (>20 wt%) in order to generate a shape-
memory effect [53]. Optimum shape memory properties
were achieved at 3540 wt% of HS concentration (Fig. 5).
For a fixed molar composition, the HS content increases
with decreasing molecular weight of polyol [55] as shown
in Fig. 6, for a poly(tetramethylene glycol) (PTMG)/
4,4'-diphenylmethane diisocyanate (MDI)/1,4-butane diol
(1,4-BD) system.

The compositions and properties of different types of
PUs reported in recent literature are summarized in
Table 2. Wang and Yuen [58] synthesized a series of
thermoplastic PUs using aromatic chain extenders such as
4,4-bis(4-hydroxyhexoxy)-isopropylene  or  naphthoxy
diethanol, in addition to 1,4-BD and reported an
improvement in shape memory properties as a result of
introduction aromatic structure into the main chain. Yang
et al. [59] compared the mechanical, dynamic mechanical
and shape memory properties of PU block copolymers with
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Table 1 Thermal and viscoelastic properties of DIiAPLEX® (Mitsubishi) SMPs [47]

Trade Type T, °C T, °C Tan 6" peak temperature °C Eg Pa EP Pa

MMS5510 Thermoplastic 55 51 54.9 8.1E8 1.6E6

MM4520 Thermoplastic 45 36 459 6.6E8 1.3E6

MMS5520 Thermoplastic 55 46 57.3 7.7E8 1.4E6

MM6520 Thermoplastic 65 65 66.6 8.9E8 2.1E6

MM7520 Thermoplastic 75 74 74.6 7.7E8 1.8E6

MP3510 Thermoset 35 31 46.1 5.2E8 1.6E6

MP4510 Thermoset 45 42 54.1 7.0E8 1.7E6

MP5510 Thermoset 55 52 65.2 8.1E8 1.9E6
* Determined by differential-scanning calorimetry

® Determined by dynamic-mechanical analysis
100 — — 100 of better interaction among hard segments due to the planar
—— Recovery shape of PDIL.

—A~— Retention Water vapor permeability and mechanical properties of

T T @ PU-based SMP coatings were investigated [60] and the

°\; % studies show that water vapor permeability was mainly

2 90 Lo § influenced by the concentration of coating solution and the

§ § mechanical property was influenced by the PU hard seg-

g e ment content. Yang et al. [61] carried out a systematic
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Fig. 5 Shape recovery and shape retention data [53] of PU-based
SMPs plotted against HS concentration
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Fig. 6 HS content data [55] plotted against molecular weight of
polyol at different polyol/MDI/1,4-BD ratios

planar shape HS (1,6-diphenyl! diisocyanate-PDI) and bent
shape HS (MDI). The PDI-based PU shows superior
property compared to MDI-based PU (Table 2) as a result

@ Springer

bonding between N-H and C = O groups is weakened by
the absorbed water which resulted in considerable deteri-
oration of shape memory properties. Attempts have been
made to convert the PU-based-SMPs into conventional
melt spun [63] and electrospun [64] shape-memory fibers.
The drawn fiber shows better shape memory properties
compared to spun fibers due to the formation of oriented
hard segment regions, which are strongly bonded with
H-bonds [63]. The electrospun fiber of PU-based SMP with
50 wt% hard segment [53] shows more than 80% shape
recovery [64].

Blending of PU with other polymers like poly(vinyl
chloride) (PVC) [65], phenoxy [66], as a means to meet the
demands of improved mechanical properties and adjust-
ment of T, has been investigated. The can be adjusted by
changing the blend compositions. However, open litera-
tures about shape memory effect of polymer blends are
limited [65-67]. The probable reason for lack of interest is
the versatile PU chemistry. This offers a wide scope for
tailor-making the properties of such materials, as discussed
in previous sections thus there is no need for alternating
strategies, such as blending.

SMPs with crystalline switching segment

Shape memory polymers with amorphous soft phase
(especially segmented polyurethanes—discussed in



J Mater Sci (2008) 43:254-269 259
Table 2 Compositions and properties of physically crosslinked segmented PUs (amorphous soft phase)

Polyol Mw, g/mole Isocyanate Extender HS wt% T, °C R.(1) % R«(1) % References
PTMG 650 MDI 1,4-BD 31-86 -13to 38 95 - [54]
PTMG 2000 MDI 1,4-BD 12-50 - 90% - [55]
PTMG MDI 1,4-BD 20-50 -15to0 2 95 91 [53]
PTMG MDI 1,4-BD 30-35 0to-15 85 - [59]
PTMG PDI 1,4-BD 20-25 -1 to -17 96 - [59]
PTMG 1000,2000 MDI 1,4 BD + BES + BPE/ND 52-73 83-107 >90 - [58]
BHBP TDI + HDI 1,3-BD 21-41 10-35 [56]
PTMG 1800 MDI 1,4-BD 30 -10 >80 90 [60]
PTMG 1000,2000 MDI 1,4-BD 35 -10 to 30 >80 >80 [57]

Note: R(1) and R,(1) indicate optimum values of shape fixity and shape recovery respectively after first recovery

previous sections) have the advantages that they are able to
store in principle more elastic energy. However, the
adjustment 7, to a certain temperature for a specific
application, is not straight-forward and usually requires a
judicious selection of a combination of soft segments [49—
62]. Another alternative is to use a soft segment that
crystallizes below T,. Such SMPs show a narrow transition
zone, unlike the SMPs, with amorphous reversible seg-
ments, which often show broad-transition temperature
range.

Various SMP compositions, with crystalline reversible
segments, and their shape memory properties are presented
in Table 3. The shape memory properties evaluated under
different conditions are difficult to compare, hence, the
optimum values have been reported. Polycaprolactone
(PCL) has been extensively used for synthesis of PU with
crystalline soft phase. PCL is first converted to PCL diol
(reaction scheme shown in Fig. 7) and the diol is used to
synthesize the PU-based SMPs [68, 69]. The PCL segment
undergoes microphase separation and forms the soft-
switching segment. The recovery temperature, 7, (the

temperature at which fast recovery takes place) can vary
from 40 to 60° C depending on the soft phase/hard phase
composition and molecular weight of PCL. The relation
between the shape memory effect and molecular structure
has been investigated and it was concluded that high
crystallinity of the soft-segment-region at room tempera-
ture was a necessary prerequisite for segmented PUs to
demonstrate shape-memory behavior [70, 71]. However,
the crystallization of PCL segments is hindered by incor-
porating them into the multiblock copolymers. No
crystallization was observed when PCL-diol has a number
average molecular weight less than 2000 g/mole and the
optimum molecular weight in terms shape memory prop-
erties was found to be 5000-6000 g/mole [35, 71] (Fig. 8).

In cyclic thermomechanical measurements, it was found
that the initial slope increases with increase in number of
cycle (during initial few cycles) unlike that observed in PU
with amorphous switching phase. The behavior can be
attributed to the relaxation of the material in the stretched
state which results in an increasing orientation and crys-
tallization of the chains. The studies on water vapor

Table 3 Structure and properties of physically crosslinked SMPs with crystalline soft phase

Hard segment SS % SS T, °C R{(1)/R{(4) % R.(1)/R(4) % References
MDI/1,4-BD PCL 70 44-55 82/95 82/73 [70]
MDI/1,4-BD PCL/PVC blend (6/4) 38-62 18-48 92 60 [71]
HDI/4,4’-dihydroxybiphenyl PCL 30-80 38-58 90 85 [74]
MDI/BEBP or BHBP PCL 57-70 41-50 80/85 80/75 [75]
MDI/DMPA PCL 70 45 95/95 66/45 [76, 77]
MDI/NMDA or BIN PCL 75 10-20 98 90 [79]
Aramid PCL 78-91 14-54 78 99 [80]
MDI/1,4-BD + ODO PBAG 75 40-45 ~ 100 ~100 [78]
TDI/1,4-BD Trans-polyisoprene 70 65 99 85 [83, 84]
PET PEO 72 58 >90 - [85-87]

Note: R(1) and R.(1) indicate optimum values of shape fixity and shape recovery, respectively, after first cycle

R(4) and R,(4) indicate optimum values of shape fixity and shape recovery, respectively, after fourth cycle
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Fig. 7 Reaction scheme for synthesis of PCL-diol
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Fig. 8 Shape-recovery and shape-retention data [35] of PU-based
SMPs ploted against molecular weight wt of PCL

permeability of crystalline SMPs [72, 73] indicate different
behavior compared to amorphous soft phase containing
PUs (discussed in earlier sections). A phenomenon of
temperature sensitive water vapor permeability at soft
segment crystalline melting point was observed. When the
experimental temperature reached the soft segment crys-
talline melting temperature, an abrupt change in water
vapor permeability of PU coated fabrics was observed. The
significant change of water vapor permeability of PU
coated fabrics, is due to the phase change of PU, which
causes density changes inside the membranes due to micro-
Brownian motion of soft segment, therefore, enhanced the
water vapor permeability through the coated fabrics. The
water vapor permeability of the coated fabrics, was also
dependent on the primary structure of PU and increase with
the introduction of hydrophilic groups.

The major issues related to the developments of such PU-
based SMPs are to achieve maximum crystallization and
stable-hard segment domains. Various strategies like incor-
poration of mesogenic segment [74, 75], ionic groups [76,
77], and long alkyl chain [78] have been adopted to enforce
microphase separation (Table 3). Mesogenic segments
were incorporated in the PU by partially replacing 1,4-BD
in PU formulation by 4,4’-bis(2-hydroxyethoxy)biphenyl
(BEBP) or 4,4'-bis(2-hydroxyhexoxy)biphenyl (BHPP). The
improvement in solubility and shape fixity (Table 3) were
observed as a result of incorporation of mesogenic groups.
Influence of ionic groups on the crystallization behavior of
segmented PU using PCL-diol of various molecular weights

@ Springer

(4,000, 20,200, 58,500, and 71,600 g/mole) was also inves-
tigated [77]. Ionomers were synthesized by using dimethylol
propionic acid (DMPA) in addition to 1,4 BD. Crystalliza-
tion studies indicate that crystallization rate increases as a
result of incorporation of ionic groups in case of PU made
from PCL-4000, whereas in case of samples having higher
molecular weight of PCL the crystallization rate increases.
The inomers show higher tensile strength, modulus and
fatigue resistance compared to the corresponding non iono-
mers due to the columbic forces among the ionic centers
within the polymer backbone.

Zhu et al. [79] synthesized PCL-based PU cationomer
by partially replacing 1, 4 BD by an extender with
ammonium ions in the backbone or as pendent group. They
used  N-methyldiethamine (NMDA) or  N,N-bis(2-
hydroxyethyl)isonicotinamide (BIN) as an extender and the
corresponding cationomers were synthesized by neutral-
ization of NMDA or BIN with stoichimetric amount of
acetic acid. Introduction of cationic groups (6-8 wt%)
resulted in improved crystalisability in both the cases,
however, significant improvement in shape memory prop-
erties was observed in case NMDA-based PU. This
indicates that the content and category of cationic groups
have deep influences on the shape memory properties of
PU.

The effect of incorporation of low-molecular weight
lubricants, such as 1-octadecanol (ODO) and liquid par-
affin on the microphase separation and antiplasticiza tion
of PU, were investigated [77, 80, 81]. ODO molecules are
capped at the end of poly(1,4 butylene adipate) glycol
(PBAG)-based PU, via a urethane reaction between iso-
cyanate capped PU prepolymers and hydroxyl groups of
ODO. The long alkyl chains of ODO are dispersed at the
interface of two phases in a PU system because of
immiscibility. This facilitates the microphase separation
and resulted in an improvement of shape memory prop-
erties [77]. Shape fixity and shape recovery close to
100%, were achieved by incorporating only 0.6 wt%
ODO into the PU structure. Similar effect was achieved
by using liquid paraffin, however, the effect was found to
be less prominent in case physical blending with liquid
paraffin.

Rabani et al. [82] synthesized PU (SMP) with aramid
hard segment by reacting a diamine (instead of isocyanate)
with PCL-diol. The unique feature of this class of PU is
that they provided effective physical crosslinks even at a
low-hard segment content (less than 15 wt%). Shape
memory effects have also been reported for SMPs with
other crystalline phases. Typical examples are trans-poly-
isoprene-based PU [83,84] and polyethylene oxide (PEO)/
poly(ethylene terepthalate) (PET) [85-87] as presented in
Table 3. The melting point of PEO varies from 45 to
65° C, depending on the molecular weight. However, the
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melting point of PEO of same molecular weight (in the
block copolymer) decreases with increasing PET content
due to the steric-hindrance for the crystallization process
typically observed in block copolymers.

Chemically crosslinked SMP

The limitation of physically crosslinked polymer in terms
of the shape memory applications is that they are prone for
creep and for some irreversible deformation during
“memory programming.” Polymer network-based SMP
can be synthesized by either adding multifunctional
crosslinker during the polymerization or by subsequent
crosslinking of a linear or a branched polymer [88-91]. The
polymer or blends namely polyethylene [88], polyethylene/
poly(vinyl alcohol) and polyethylene/polyamide blends
[89], and poly(vinyl chloride) [91], exhibit shape memory
property, when they are suitably crosslinked. The shape
memory effect has also been investigated for y-radiation
crosslinked PCL [92]. The crosslinked PCL has a higher
tensile modulus and heat resistance and shows an elastic
state. So it can be stretched and deformed at about 60 °C
and after cooling to room temperature, the deformation can
be maintained effectively. When heated again the strain
can recover back to the original shape. In order to improve
the radiation-crosslinking efficiency, the blends of PCL and
polyfunctional acrylate monomers have also been investi-
gated [93].

Recently, shape memory effects have been reported for
copolymer of corn oil, styrene and divinylbenzene [94, 95],
filler-modified epoxy [32] and epoxidized natural rubber
crosslinked with 3-amino-1,2,4-triazole [96]. Rousseau and
Mather [97] reported a smectic liquid crystalline (LC)
elastomer based shape memory polymer. The structure of
LC moieties used is shown in Fig. 9 Above the isotrop-
ization temperature, the relaxed state of elastomer (whose
shape was acquired during crosslinking) can be easily
deformed to tensile strain of about 300%. Subsequent fix-
ing of this secondary shape is possible by cooling to the
smectic LC phase. This LC elastomer features a sharp
transition close to the body temperature, a low modulus
comparable to muscle and optical clarity.

Fig. 9 Chemical structure of
LC moiety of an LC-based SMP

Crosslinked polyurethanes

Crosslinked polyurethanes were made by using excess
diisocyanate or by using a crosslinker like glycerin,
trimethylol propane [98—100]. In case of PU with crystal-
line soft segments, the crosslinking (introduced in the
structure), decreases the crystallization of the soft segment
and upgrades the mechanical properties of the resulting
crosslinked structure (Table 4). Buckley et al. [101]
reported a novel thermosetting PU using 1,1,1-trimethylol
propane as a crosslinker. Improvement in creep, increase in
recovery temperature and recovery window, were observed
due to introduction of the crosslinking. Xu et al. [102]
synthesized hybrid PU, crosslinked with Si—O-Si linkages,
formed through hydrolysis and condensation of ethoxy
silane groups. The Si—O-Si linkages, not only act as the
netpoints but also act as inorganic fillers for reinforcement.
Thermosetting PU with both shape memory and hydrogel
properties were also investigated [103, 104]. They can be
made by making graft copolymers, of PU and other
hydrophilic polymers, for example polyacrylamides, poly-
acrylates or by introducing hydrophilic groups into the
crosslinked PU backbone [103, 104].

PEO-based crosslinked SMP

The reports on PEO-based crosslinked SMPs are summa-
rized in Table 5. Effect of crosslinking on the properties of
PEO-PET block copolymers (discussed in earlier sections),
have been investigated [105, 106] (Table 5). Maleic
anhydride, glycerin or dimethyl 5-isopthalates, have been
used as the crosslinkers. It was reported that addition of
1.5 wt% maleic anhydride, resulted in an increase in shape
recovery from 35% to 65% and tensile strength from 3 to
9 MPa [105]. The crosslinked polymers have also been
used to make high impact composites [107].

A successful development of SMP covers the follow-
ings: to set an optimum recovery rate, possibility to
manipulate the recovery temperature upon the target
applications (recovery temperature must lie below that of
the system temperature) and ensure adequate thermome-
chanical properties. Most of the SMP reported, so far are

O O

Il Il
HZC=HC-(H20)3*O@C*O 0-C O—(CHg)g~CH=CH,

o

o)
1l 1l
HZC=HC-(H20)3*O@C*O 0-C O—(CHy)g-CH=CH,
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Table 4 Effect of crosslinking on mechanical and shape memory properties of crosslinked PUs [98, 99]

Hard phase Soft phase Crosslinker E' GPa o MPa T °C Soft phase R (5) % R. (5) %
MDIL1,4-BD, DMPA PCL Mn ~4000 Nil 18 50.3 80 75
MDIL1,4-BD, DMPA PCL Mn ~4000 Glycerin 6 wt% 40 46.9 90 88

Note: R(5) and R.(5) indicate optimum values of shape fixity and shape recovery, respectively, after fifth cycle

E’ and o are storage modulus and tensile strength respectively, at room temperature

Table 5 PEO-based chemically crosslinked SMPs

Hard phase Crosslinker T, °C R: (5)% R.(5)% References
PET Glycerol/dimethyl 5-sulfoisopthalate 11-30 90-95 60-70 [105, 107]
PET Maleic anhydride 8-18 91-93 60 [106]
AA/MMA copolymer N,N'-methylene-bis-acrylamide 90 - 99 [108]
MMA/N-vinyl-2 Pyrrolidone Ethyleneglycol Dimethacrylate 90 - 99 [109]
PMMA Ethyleneglycol Dimethacrylate 45,100 - 99 [110]

Note: R(5) and R.(5) indicate optimum values of shape fixity and shape recovery, respectively, after the fifth cycle

based on multiblock copolymers, where switching
segments are covalently linked to the shape fixing
segments. Blending and interpenetrating polymer network
(IPN) forming strategies are often used to diversify the
applications of polymer materials [108, 109]. Recently,
polymer blends/IPNs based SMP and shape memory effect
in ordered aggregates [110-112] (due to surfactant-charged
gel interactions) have been investigated. It was reported
that IPN-structured PEO (M,, = 2000 g/mole)/poly(methyl
methacrylate) (PMMA) systems show shape memory
properties with two transition temperatures: one of them is
due to the melting of PEO and the other is linked with the
glass transition of the IPN [110].

Biodegradable SMP

Since Lendlein and Langer [111] reported a PCL-based
biodegradable polymer and demonstrated its potential in
medical applications, biodegradable SMPs became under
spot of considerable research interest. The biodegradable
SMPs, reported so far are based on polyglycolide (PGA),
poly(L-lactide) (PLLA) and PCL, which are well known
biodegradable polymers mostly used in medical field [112,
113]. The advantage of biodegradable SMPs with PCL soft
phase is that the recovery temperature can be adjusted to
37-40° C (close to human body temperature) by judicious
selection of molecular weight of PCL, hard phase com-
ponent and soft phase/hard phase compositions. The
synthetic strategy for PCL-based SMP involves converting
PCL to the corresponding diol as presented in Fig. 7. The
diols can be reacted with an acrylic monomer to prepare
PCL dimethacrylate which on photocuring gives an SMP

@ Springer

network [114, 115] or the diols can be reacted with an
isocyanate to make a polyurethane [116]. Various
approaches are depicted in Fig. 10. Nagata et al. [117, 118]
synthesized multiblock copolymer derived from PCL, 4,4-
(adipoyl dioxy)dicinnamic acid and poly(ethylene glycol)
(PEG), and studied their biodegradability and shape
memory properties. PCL/PEG copolymers can exhibit
outstanding combination of properties like hydrophilicity,
permeability and degradability [119, 120]. It was reported
that biodegradability increases with increase in PEG con-
tent due to the generation of less tight network as observed
from the swelling study.

Lendlein et al. [114] investigated PCL-based dimeth-
acrylates of different molecular weight. Mechanical and
shape memory properties of PCL diacrylate samples are
summarized in Table 6. Ping etal. [116] reported

HO—PCL—OH

RCH=CH OCN—R' —NCO
COOH +
HO—(CHz)2—OH

(6]
R CH=CH-0-PCL-O—C— CH=CHR J( F’GL-DI-<EG-DI)x-1L
y

Photocuring

SMP network

Fig. 10 Description of synthetic strategies for biodegradable PCL-
based SMP
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Table 6 Shape memory properties of biodegradable crosslinked PCL
diacrylates [114]

PCL Mol. wt g/mole E* Mpa & a R.(2) % R{2) %
1500 1.84 50 933 93.9
2000 2.20 50 96.3 93.9
3500 3.01 50 93.8 92.5
4500 2.30 50 98.6 86.3
6500 1.25 50 98.7 93.2
7000 1.91 150 98.1 95.0
10000 0.70 200 94.5 95.5

4 At 70 °C; Ri(2) and R,(2) indicate optimum values of shape fixity
and shape recovery, respectively, after the second cycle

PCL-based polyurethane (PCLU) as shown in Fig. 10.
Unlike the conventional way of stretching at or above T,
they stretched the sample at 10-15° C lower than T}, and
allowed to recover at lower temperature. They argued that
if specimen is deformed at T,, or at a temperature higher
than T, it should be quickly quenched to the room tem-
perature to retain the deformed shape and to prevent the
inner stress from releasing; otherwise the subsequent
recovery will not be complete. When the deformation
temperature is too low the shape recovery starts at lower
temperature and takes place over a wide temperature range.
The lowest recovery temperature (LRT) mostly depends on
the molecular weight rather than the percentage hard
segment as shown in Table 7.

The major limitations of PCL-based biodegradable
SMPs are that the products after shape recovery are not
strong enough for some practical applications and low
biodegradation rate. Wang et al. [121] prepared PLA-based
SMP in a similar approach (diol route) and evaluated the
mechanical and shape memory properties. It was reported
that PLA-based PU display better shape-memory behavior
under a small deformation and more rapid response to the
thermal stimuli. However, the T, of PLA is about 60 °C
(much higher than body temperature) and hence, PLA-
based SMP is not suitable for biomedical applications as
they cannot recover near the body temperature. In order to
address the above mentioned issues, random copolymers of

Table 7 Thermal Properties of biodegradable PCL-based PU [116]

PCL mol. wt g/mole Hard segment % Tm °C LRT °C
2000 24.4 43 235
2500 20.5 45 27.1
3000 17.7 48.5 30.0
3500 31.2 50.4 33
5000 55.6 37.9 48
8000 60.5 454 51
10000 61.5 48.2 56

PLA and PCL have been investigated [122]. The copoly-
mer offers recovery temperature adjustment through PCL
component and degradation rate adjustment through PLA
component. Min et al. [123] reported shape memory
polymers with PLA hard phase and poly(glycolide-co-
caprolactone) (PGC) soft phase. Recently, a completely
amorphous copolyester urethane network with shape
memory property and biodegradability was reported [124].
Amorphous polymers offers the adequate transparency
required for applications like ocular tissue [125, 126]. Kim
et al. [127] reported shape memory effect of poly[3-hy-
droxybutyrate)-co-(3-hydroxy valerate)], which is a
biodegradable polymer produced by the microorganisms.
Thus biodegradable SMPs with good mechanical properties
can be developed where the recovery temperature can be
adjusted upon request for biomedical or other applications.

SMP composites

The SMPs in general exhibit lower strength and stiffness,
which limits their use for many advanced applications. The
low stiffness of SMPs produces only a small recovery force
in the temperature change process. Thus incorporation of
reinforcing fillers have been investigated in order to
improve the mechanical properties and to diversify the
applications of SMPs [128, 129]. Liang et al. [130]
investigated glass and Kevlar fiber reinforced SMP com-
posites and observed increased stiffness and decreased
recoverable strain as a result of incorporation of the rein-
forcements. Gall et al. [131] reported increase in elastic
modulus by approximately a factor of 3, due to the incor-
poration of 40 wt% SiC. Ohki et al. [132] demonstrated the
relationship between fiber weight fraction and recover-
ability for chopped strand glass fiber reinforced SMP
composites, prepared by injection molding. The increase in
failure stress of 140% and decrease in recovery rate of
62%, were reported as a result of addition of 50 wt% of
glass fiber. Similar observation was reported for SMP
composites by using carbon fiber reinforcement [133].
Conducting SMP composites have been reported by
blending carbon black or a conducting polymer with the
SMP [134, 135]. Recently, vapor grown carbon nanofibres
reinforced SMP composites have been studied [136].
Incorporation of 3.3 wt% nanofibres resulted in 200%
increase in recovery stress of the SMP composites. The
nanocomposites retain high strain recoverability (more
than 90%) after several cycles of training and going to be a
subject of major focus in near future. Koerner et al. [137]
investigated polyurethanes reinforced with carbon nano-
tubes (CNTs) or carbon black of similar size and reported
that the nanocomposites display an increased shape fixity.
The CNT-reinforced materials show almost 100% shape
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recovery compared to the material (reinforced with carbon
black), which exhibit only a limited shape recovery of
around 30%. The difference in behavior of the two mate-
rials, is attributed to the interactions between the anistropic
CNT and the crystallizing PU switching segments [20].
The nanocomposites offer electrically induced actuation,
which can be controlled remotely, via Joule heating when
current is passed through the conductive percolative net-
work of the nanotubes within the composite system.

SMP nanocomposites, in which shape memory effect
can be triggered by magnetic field, have also been reported
using a suitable magnetic nanofiller like Fe;O4 with a shell
of oligo(e-caprolactone) [138] or Ni—Zn ferrite particles
[139]. In these magnetic composites, the sample tempera-
ture is increased by the inductive heating of the
nanoparticles in an alternating magnetic field (f = 258 kHz,
H =7-30 kAm™"). The electromagnetic energy from the
external high frequency field is transformed to heat due to
the relaxation process. The effect was demonstrated for a
PU-based SMP with an amorphous switching segment
{aliphatic PU from methylene-bis (p-cyclohexyl isocya-
nate), 1,4-BD and polytetrahydrofuran}, as well as for a
multiblock copolymer based SMP with PCL-based
crystalline segment.

Applications of SMPs

Potential applications for SMP exist in almost every area of
daily life: from self repairing auto bodies to kitchen uten-
sils, from switches to sensor, from intelligent packing to
tools [66]. They can be used for heat shrinkable tube [140],
auto repairing and self healing [141]. Other potential
applications are drug delivery [142], biosensors, biomedi-
cal devices [143-146], microsystem components [147—
151], and smart textile [152]. Since polymer can be made
biodegradable they can be used as short term implants
where removal by surgery can be avoided. Some important
applications are discussed below in detailed.

Shape memory polymers have tremendous applications
in biology and medicine [153, 154] especially for bio-
medical devices, which might permit new medical
procedure. For example current approaches for implanting
medical devices often require complex surgery followed by
device implantation. However, with the development of
minimally invasive surgery, it is possible to place small
devices small device inside the body using a laparoscope.
These types of surgical advances may create new oppor-
tunities to enable a bulky device to be implanted into the
human body in a convenient way. Due to the ability of
SMP to memorize a permanent shape that can be sub-
stantially different from an initial temporary phase, a bulky
device could potentially be introduced into the body in a
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Temporary shape

Permanent shape

Fig. 11 Representation of recovery of a string like material to a
tubular device

temporary shape like a string that could go through a small
laparoscopic hole and then expanded on demand into a
permanent shape at body temperature as shown schemati-
cally in Fig. 11.

Lendlein and Langer [154] reported a thermoplastic-
elastomer-based SMP, which can be used as a smart suture.
A challenge in endoscopic surgery is the tying of a knot
with instruments and sutures, to close an incision or open
lumen. It is especially difficult to manipulate the suture so
that the wound lips are pressed together under the right
stress. When the knot is fixed with a force that is too strong,
necrosis of surrounding tissue can occur. If the force is too
week, scar tissue, which has poorer mechanical properties
forms and may lead to the formation of hernias. A possible
solution is to design a smart surgical suture, whose tem-
porary shape would be obtained by elongating the fiber
with a controlled stress. The suture could be applied
loosely in its temporary shape, when the temperature was
raised above T , the suture would shrink and tighten the
knot, applying optimum force.

The SMPs have been proposed for stent application
[155, 156] because of their high strain recovery without the
adverse strain hardening effects encountered in metal stent
expansion, facilitating delivery of larger devices through
smaller delivery vehicles. Additional advantages of poly-
mer-based stents include improved compliance matching,
biodegradation capability, use of steriolithography for
patient specific devices, and molecular surface engineering
[157, 158]. Another area, in that polymer may prove useful,
is the realm of pediatric stenting, in which metal stents can
not be sufficiently expanded throughout the growth of
patients [159, 160]. Recent work on design and perfor-
mance evaluation of SMPs for cardiovascular stenting
application shows a considerable promise [161]. The stent
can be preprogrammed to activate at body temperature,
resulting in natural deployment without a need for auxiliary
devices (Fig. 12) [161].
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The SMP has been proposed as a candidate for aneu-
rysm coils [162]. An intracranial aneurysm can be a serious
condition that could go undetected until the aneurysm
ruptures, causing hemorrhaging within the subarachnoid
space surrounding the brain. The typical treatment for large
aneurysms is by remobilization using platinum -coils.
However, in about 15% of the cases treated by platinum
coils, the aneurysm eventually re-opens as a result of the
bio-inertness of platinum. One solution to this, is to
develop suitable materials with increased bio-activity like
SMPs to use as coil implants. Another example of a bio-
medical application is a microactuator made from
thermosetting PU, which was used to remove blood vessel
clots [22]. A microactuator, with a permanent shape of a
cone-shape coil, can be elongated to a straight wire and
fixed before surgery and delivered to a occlusion through a
catheter. On triggering the shape recovery using an optical
heating method, the original coil shape is recovered and the
blood flow is restored [22, 163]. SMPs can be used to
develop the devices (for orthodontic applications), which
simplify the ligation and other time-intensive orthodontic
procedures [164, 165]. SMPs have also been viewed for
application [166, 167] as biodegradable intragastic
implants that inflate after an approximate predetermined
time and provide the patient with a feeling of satiety after
only a small amount of food has been eaten. Thus a major
health problem, obesity, caused by the overeating (espe-
cially in advanced country) can be addressed.

Shape memory polymers have potential to provide
nanometer scale actuation. Nanometer scale imprints in
SMP could be created with embossing and subsequently
allowed to recover to provide actuation [168, 169]. Several
applications of recoverable nanometer scale indents in

Fig. 12 Recovery of a
crosslinked SMP stent delivered
via catheter into ID glass tube
containing water at 37 °C
[Reprinted with permission
from Ref. 161 © 2007, Elsevier
publishing company]

t=20sec

Table 8 Effect of anneal temperature on peak-to-peak height [Data
calculated from Graph, 170]

Loading force, uN  Temperature, °C  Peak to peak height®, nm

70 25 27
70 60 12
70 65 11
70 70 04

# Peak-to-peak height is defined as the height difference between the
deepest and highest feature in the indent. The deeper indentation
made with higher-loading force recover faster than the shallower
indents

shape memory polymers are possible namely covered
nanoimprints on medical device could be used for small
volume drug delivery. Alternatively, small scale imprints
can be formed in the arrays to create an active nanostruc-
tured surface with an adjustable adhesion characteristic.
Finally, active nanoprints could be used to position nano-
particles or nanowire. Nelson et al. [170] have created
nanoscale imprints in an epoxy based SMP using an atomic
force microscopy (AFM) tip and studied the indentation
recovery as a function of time and temperature. The results
are summarized in Table 8. It was found that at higher
temperature (70° C) the indents are barely visible.
Recently, a concept of cold-hibernated elastic memory
utilizing SMPs in open cellular structures was proposed for
space-bound structural application [171]. The concept of
cold-hibernated elastic memory can be extended to a
variety of new applications like microfoldable vehicles,
shape determination and microtags [172]. Recent studies
on shape memory polymer-based conductive composites
using conducting polymer and carbon nanotube show

t=10sec

t=60sec t=100sec
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Fig. 13 Electroactive shape
recovery behavior PU/
polypyrrole system [Reprinted
with permission from Ref 136 ©
2005 Wiley-VCH Verlag GmbH
& Co KgaA]

0 sec 10 sec

20 sec 25 sec

considerable promise for their application as electroactive
and remote sensing actuators [135, 136]. An electroactive
shape recovery of PU/polypyrrole composites is shown in
Fig. 13.

Summary and future outlook

In this article, the works reported in the literature on shape
memory polymers have been reviewed highlighting the
related issues and recent development. SMP can be
designed by taking a polymer material (having both hard
and soft or switching segment), in which the polymer
chains are able to fix a given deformation by cooling below
a certain transition temperature. Upon reheating to above
T, the oriented chains in the network-restore the random
coil conformation resulting in a macroscopic recovery to
the original shape. Both thermoplastic (physical crosslink)
and thermosetting (chemical crosslink) types of SMPs
having crystalline or amorphous switching segments were
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discussed, majority of which are based on polyurethane
systems. Physically crosslinked SMPs offer better pro-
cessability and recyclability, on the other hand crosslinked
SMPs offer better mechanical properties and better recov-
erability and reproducibility in terms of shape memory
effect due to their inherent lower creep compared to ther-
moplastics. The SMPs, with crystalline switching segment,
offer ease of fine tuning the recovery temperature, on the
other hand SMPs, with amorphous switching segment,
offer better transparency, which is very important for many
applications. Biodegradable SMPs have been successfully
synthesized and demonstrated for biomedical applications.
Suitable biodegradable SMP can be designed with an
optimum biodegradability and with adjusted recovery
temperatures (for biomedical or any other applications) by
judiciously selecting/developing the copolymer composi-
tions based soft phase and hard phase.

In order to increase the versatility of SMPs, blending
and interpenetrating network-based polymers have been
investigated, which show considerable promise and going
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to be explored extensively in the future leading to the
development of the newer and newer SMPs. SMPs are
mostly thermoresponsive, however, attempts have been
made to make the SMP systems, which can be induced by
other means like light, magnetic field or electric current
(which can be remotely controlled), by introducing
respective switching segment in the molecular structure or
by incorporating a suitable active filler. Such SMP struc-
tured systems, will find applications like remote sensing
actuation and will open up many new fields of applications.
SMPs are going to be the future materials for deployable
structure for aircraft and spacecraft applications. The
deployable thin film structure in a satellite, is to be folded
using the hinges (made up of shape memory material) to
save storage space and required to be opened to their full
span, once deployed into the space by shape recovery of
the hinges. The recovery process should be steady and well
controlled as a fast recovery may vibrate the satellite in
space. Design of suitable SMP for such strategic applica-
tion can considerably decrease the weight of the space
vehicle and reduce the cost.
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