





Fig. 2 Publication history of SMPs from 1970 to 2006.

according to a literature search conducted in December 2006
(Fig. 2), including the representative materials that were
frequently cited and will be discussed later, such as poly-
norbornene, poly(trans-isoprene), styrene—butadiene copoly-
mers, and some polyurethane elastomefs>'>28 Fig. 2 also

2. Developments of shape-memory polymers

2.1. Covalently cross-linked glassy thermoset networks as SMPs
(class 1)

The simplest type of shape-memory polymer is a cross-linked
glassy polymer featuring a sharpTg at the temperature of
interest and rubbery elasticity aboveT 4 derived from covalent
cross-links. This class of materials has attractive characteristics
that include excellent degree of shape recovery afforded by
rubbery elasticity due to the nature of permanent (or near
permanent) cross-linking, tunable work capacity during
recovery garnered by a rubbery modulus that can be adjusted
through the extent of covalent cross-linking, and an absence of
molecular slippage between chains due to strong chemical
cross-linking. However, since the primary shape is covalently
fixed, once processed (casting or molding) these materials are
difficult to reshape thereafter. An example of this class is a
chemically cross-linked vinylidene random copolymer consist-
ing of two vinylidene monomers (one being methyl methacryl-
ate and the other butyl methacrylate) whose homopolymers
show two very different T4 values of 110uC and 20WC, respec-
tively.>® The random copolymer itself gives a single, sharp 4
that is tunable between the tworl 4 values of the homopolymers
by varying the composition. The work capacity, dictated by
the rubbery modulus, is precisely adjustable to accommodate
each particular application by varying the extent of cross-
linking, in this case achieved by copolymerization with a tetra-
ethylene glycol dimethacrylate. This thermoset shows complete
shape fixing and fast, complete shape recovery in hot water at

reveals that research in this area accelerated in the 1990s and the stress-free stage (Fig. 4). In addition, this polymer has the

has kept growing since then, especially the total publication
numbers. It bears mentioning that publications coming from
Japan showed a peak in the early 1990s and the numbers have
been declining since then.

Earlier works in shape-memory polymers were mainly in
industrial fields and the main focus was preparation of these
new materials for various end-applications. Not much funda-
mental inquiry was involved and few thermomechanical
properties were tuned. Recently, these materials have aroused
interests in academia for more tailored applications. Several
groups have been actively working on shape-memory polymers
with tailored properties for specific requirements. The main
research groups include those of A. Lendlein (biopoly-
mers)>29-5R. C. Larock (natural sources)>*=°K. A. Gall
(composites and simulation)!®*®Y. Osada (hydrogels)***8
T. S. Wilson (medical devices}**°F. Kremer®* and Banahalli
R. Ratna (liquid-crystal elastomers)®? and our own group
(various) }2+53-%8among many others. In our group, we have
been studying shape-memory polymers with quite different
thermomechanical responses and tailored properties for
medical and other applications. This review is based on the
work done primarily in our group, but also major works from
other researchers. According to our experiences and literature
research, the reported SMPs can be divided into four categories
differentiated by their differences in fixing mechanism and
origin of “permanent” shape elasticity (Fig. 3)°® This review
focuses on the recent progress of shape-memory polymers with
discussion based on the four categories defined in Fig. 3, with
each graph of this figure being described at that point.

advantage of being castable and optically transparent.

Prof. Larock’s group worked on copolymerization and
chemical cross-linking of renewable natural oils, having a high
degree of unsaturation, with styrene and divinylbenzene to
obtain random copolymer networks. These networks show
tunable glass transitions and rubbery properties upon varying
the monomer ratio 3*~38 In this work, broad glass-transition
spans were observed for all of the copolymers and this, in turn,
apparently slowed the shape-recovery speed, though no shape-
recovery speed data was shown. Complete shape fixing and
shape recovery were observed at high temperatures. However,
due to the broad glass-transition span and the coexistence of
rigid, glassy fragments and soft, elastic rubbery segments,
incomplete shape recovery occurs at these transition ranges.
While attractive in their unique composition, an unfavorably
broad T4 might limit the materials as SMPs.

Besides thechemicallycross-linked polymers, polymers with
T4 . room temperature and with ultra-high molecular weight,

. 10° g mol??, may also be included in this category due
to their lack of flow above T4 and good shape fixing by
vitrification. Such polymers feature a significant number of
entanglements per chain .(25) and these entanglements
function as physical cross-links on the time scale of typical
deformations (1 s, t, 10 s). Such physical cross-linking
forms a three dimensional network that gives excellent elasti-
city above the glass transition, but makes thermal processing
difficult; instead solvent-based processing may be required.
These characteristics make the polymers essentially behave
like the thermoset shape-memory polymers just discussed. The
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Fig. 4 Strain recovery of a cross-linked, castable shape-memory
polymer (class I) upon rapid exposure to a water bath aff = 80 uC.
Adapted from reference 59 with permission of Society of Plastics
Engineers, copyright 2002.

2.2. Covalently cross-linked semi-crystalline networks as shape-
memory polymers (class II)

Aside from the glass transition as a critical temperature, the
melting transition of semi-crystalline networks can also be
employed to trigger shape recovery, typically giving a sharper
recovery event. Here, the secondary shapes are fixed by
crystallization instead of being fixed by vitrification. Similar to
the first class, the permanent shapes are established by
chemical cross-linking and cannot be reshaped after proces-
sing. Compared with glassy materials, this class of materials is
generally more compliant below the critical temperature, with

a stiffness that is sensitive to the degree of crystallinity, and
thus indirectly to the extent of cross-linking. Shape-recovery
speeds are also faster for this first-order transition with
an often sharper transition zone. This class of materials
includes bulk polymers, such as semi-crystalline rubbers and

Table 3 Summary of the semi-crystalline shape-memory thermosets
with shape recovery triggered using their melting temperatures

Transition

Materials temperaturelC Special features Reference

Poly-caprolactone  54-58 Room temperature 84,85

gamma radiation
cross-linking

EVA + nitrile rubber 85 86

PE y 120 E-beam cross-linking 26,87,88
Poly-cyclooctene 45 Fast shape recovery 78,1
PCO-CPE blend 58 Selective cross-linking9

of rubber

PCL-BA copolymer 45 UV polymerization 29
Poly(ODVE)-co-BA 42 Sharp transition 90
EVA + CSM y 80 Flame retardant 91
Poly-caprolactone  54-58 No chain scission 92

liquid-crystal elastomers (LCEs), and hydrogels with phase
separated crystalline microdomains. Table 3 provides a
summary of materials and associated characteristics for this
SMP class.

Semi-crystalline rubbers have been favored as shape-
memory materials as a result of their superelastic rheological
characteristics, fast shape recovery, and flexible modulus at the
fixed stage. One classic material of this family of SMPs is
chemically cross-linkedtrans-polyisoprene (TIP)? which is a
semi-crystalline polymer having a melting point T,,,) of 67 uC
and a degree of crystallinity around 40%, giving a stiffness of
about 100 MPa at room temperature. TIP was chemically
cross-linked by peroxides at 14%C for 30 minutes to form a
three dimensional network, thus establishing the permanent
(primary) shape and creating the superelastic property
required for shape recovery above its melting temperature.
Thermal instability inhibits the end-application of this material
due to the high density of unsaturated double bonds.

In our group, we have successfully developed a chemically
cross-linked, semi-crystallinetrans-polyoctenamer (polycyclo-
octene, PCO) with atrans content of 80%, aTg4 of 2 70C, a
T, of 58 uC, and much better thermal stability, for shape-
memory applications® When cooling a strained sample to
below T, crystalline domains begin to form and ultimately
percolate the sample, at that point establishing strain fixing.
When heated aboveT ,, for instance, T = 80 uC, the crystals

Table 2 Summary of shape-memory thermosets with the shape recovery triggered by their glass-transition temperatures

Materials Transition temperaturefC Special features Reference
P(MMA- co-VP)-PEG semi-IPNs 65 Semi-IPN 66
Copolyester 48-66 Biodegradable 31
P(AA-co-MMA)-PEG 60 Broad transition 67

Corn oil copolymer 0-90 Biomaterial 39
PMMA-PBMA copolymers 20-110 Optically transparent 59,68,69
Epoxy 50-80 Filled reinforced 40,41,65,70
Fish oil copolymers 30-109 Biodegradable 36
PET-PEG copolymer Up to 80 — 71

P(MA- co-MMA)-PEG 50-90 — 72
Soybean oil copolymers with styrene and DVB 30-110 Biomaterial 37,73
Styrene copolymer — Optically transparent 74
Thermosetting PU Up to 56 Water swollen 75
Thermosetting PU 0-150 Ester type 76
Dehydrochlorinated cross-linked PVC 80 — 7
Polynorbornene 40 SharpTg 61,62

High M, PMMA 105 Deformable below T 2,64
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hydrogel from a chemically cross-linked copolymer of acrylic
acid (AA, hydrophilic section) that swells in water, and stearyl
acrylate (SA, hydrophobic and crystallizable) that acts as the
fixing phase when crystallized atT , T,, even when the
material is highly water-swollen?*“® The stiffness of this gel
will change dramatically from 10 to 0.1 MPa over a narrow
10uC temperature span and can be tuned by varying the cross-
link density. Interestingly, the transition temperature itself
can be altered by varying the monomer compositions. Other
ordered aggregates, including 12-acryloyldodecanoic acid
(ADA) and 16-acryloylhexadecanoic acid (AHA), were also
incorporated for the same purpose'®12°

In addition to shape-memory gels fixed and triggered
by constant volume order—disorder transitions, Hu has
elaborated on another class of “shape-memory gels” consisting
of modulated gel macro-assemblie}'® Portions of such
assemblies witness a volume phase-transition wherein the gel
changes its volume (albeit slowly) by three orders of magnitude
in response to external stimulation, such as temperature,
solvent, pH, electrical current, or light. The underlying
mechanism is the hydrogel’s lower critical solution tempera-
ture (LCST) phase behavior. In one demonstration:*°Hu et al.
constructed a bi-gel strip by first synthesizing arN-isopropyl-
acrylamide (NIPA) gel slab that will swell in water below the
LCST and collapse drastically at 39uC with an enormous
volume change (up to 3 order of magnitude). Next, another
polyacrylamide (PAAM) gel slab was synthesized, with one
side of the slab in contact with the previously prepared NIPA
gel slab and allowing some of the AAM monomers to diffuse
into the NIPA surface before polymerization to chemically
weld them together. When the temperature is raised to 3€C,
the NIPA layer of the bi-gel strip will deswell and shrink, while
the PAAM maintains its dimensions, so that the bi-gel strip
will curve towards the NIPA side and change its shape. When
cooled below the transition temperature, the NIPA gel slab
will swell and expand, and the bi-gel strip will recover. The
shape changes are reversible, similar to two-way shape-
memory alloys, but have a much larger deformation.

2.5.2 Reversible shape-memory elastomers. As interest
increases in smart materials for applications such as reversible
actuators, especially for artificial muscles, a requirement of
highly reversible strains up to 30%, substantial stress of
350 kPa, and fast actuation up to 5-10 Hz emerge¥:'#
Indeed, a wide range of materials has been investigated
for potential two-way shape-memory properties to varying
degrees of success, including the modulated gel technique
discussed above, electroactive polymetéd?-1#* conducting
polymers1#*14¢  and liquid-crystalline elastomers
(LCEs).51:52:141.149.150 Ampong these candidates, LCEs have
shown the best potential based on their fast actuation speed
and mechanical properties that can be tuned and optimized to
mimic skeletal muscle.

The mechanism of the two-way shape-memory effect
intrinsic in LCEs stems from their anisotropic polymer-chain
conformation.*®* The constituent polymer chains are prolate in
the direction of the liquid-crystalline director for temperatures
in the liquid-crystalline state, while in the isotropic phase the
polymer chains are spherical, existing as Gaussian coffS.

Traversing the clearing transition from the liquid-crystalline
phase to the isotropic rubber phase, the polymer chains can
spontaneously contract from a prolate to a spherical con-
figuration. The reverse is true upon cooling. In the case of
monodomain LCEs, this microscopic deformation can
accumulate into a macroscopic one in the direction of the
liquid-crystalline director.

Compared with two-way shape-memory alloys, LCEs are
capable of much larger recoverable strains, up to 300%. In
2001, by the hydrosilation reaction between poly(methyl-
hydrogensiloxane), vinyl functionalized liquid-crystalline
mesogen, and cross-linker, a class of monodomain nematic
LCEs were prepared by Finkelmann’s group->> Under a small
preload stress of 6 kPa, a recoverable strain as high as 300%
was observed through the nematic—isotropic transitionTy;)-
Furthermore, more than 90% of the total strain sharply
recovered in a narrow temperature range of 0.95 Tieq, 1,
where T,.oq is defined as T/Ty,. Indeed, in such a sharp
transition, the rate of recovery/deformation is determined
more by thermal conductivity than other factors. In the case of
thin samples, the response rate of this kind of nematic LCEs
can match that of natural muscles.

In addition to the thermally triggered two-way shape-
memory materials, LCEs stimulated by photo-illumina-
tion*>**%* and electrical fieldS* were also investigated. For
those triggered by photo-illumination, the photo-isomerizable
azo group was incorporated into the liquid-crystalline meso-
gens. Upon UV irradiation, the azo group isomerized from the
trans to the cis configuration and sharply bent the mesogens,
hampering the nematic ordering. Correspondingly, the mate-
rial underwent a photo-induced nematic—isotropic transition,
accompanied with a large shape change. For example,
Finkelmann et al.*>® showed that, under UV irradiation at
365 nm, a contraction of 24% strain was generated in a time of
about one hour.

A photo-triggered LCE with much faster reaction time was
fabricated by doping azo dye molecules into the LCE matrix
without covalent attachment*®* Upon irradiation, the sample
bent to more than 6Q in only 80 ms. Nevertheless, the
mechanism of this kind of actuation has not yet been
elucidated. It is possibly due to heating upon absorption,
reduction in the orientation order by the isomerization of the
dye molecules, or both.

2.6. Quantitative analysis of the shape-memory ability by a fill
factor

Though some researchers have tried to quantify the shape
fixing and shape recovery for their systems, most of the
quantifications are limited to the percentage of shape fixing
and extent of shape recovery, although some have endeavored
to assess the speed of shape recovery. However, no standard
method has been published on the overall performance of
shape-memory polymers for comparison of one system to the
next. Here, we introduce a shape-memory cycle analysis
method to characterize and compare the shape-fixing and
shape-recovery ability in a standard way>® A schematic shape
memory cycle is shown in Fig. 6, which is a projection from
a three dimensional, length—temperature—force plot of Fig. 1.
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