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Introduction
“Shape memory” is a term which denotes a material’s ability to 

return from a programmed, “frozen” temporary shape to the origi-
nal, permanent shape as a result of external physical stimuli (tempera-
ture, light, IR radiation, electric or magnetic field), or chemical fac-
tors (changes of pH, ionic strength of selective solvents or addition of 
chemical compounds) [1÷4].

The first materials in which the shape memory effect has been 
observed were metal alloys (shape memory alloys SMA), in particular an 
alloy of nickel and titanium (Nitinol) which has been applied in medical 
practice [5]. Research into the medical applications of such materials 
has been conducted for several years. Implants made of the alloy have 
been applied in bone surgery as self-locking materials to bond bones 
(in oral and maxilofacial surgery, spine surgery). However, there are 
numerous drawbacks associated with the use of such metal products, 
which are typical of such implants, such as: corrosion, frequent in-
duction of inflammations and difficult removal after complete bone 
adhesion [1, 2]. 

In numerous areas SMAs have been rapidly replaced by polymers 
due to the latter’s lower production costs, generally better shape sta-
bility, a wider range of shape change, a possibility of precise adjust-
ment of shape recovery temperature in a wide temperature range, a 
relatively high shape change rate and easy production of complicated 
shapes in routine processes of thermoplastic processing, such as extru-
sion moulding or injection moulding [1, 2, 6].

First reports on shape memory polymers appeared in the 1950’s, 
when Charlesby discovered that polyethylene cross-linked by ionis-
ing radiation restores the “remembered” shape when stimulated by 
a thermal stimulus [7]. So far, a number of types of various synthetic 
shape memory materials have been invented. Initially, due to lack of 
proper biocompatibility, medical applications of such polymers were 
restricted to devices which were not implanted into the human body 
[1, 2, 6]. 

 Biocompatibility of polymers applied in vivo
Synthetic materials, which are foreign matter in a human body, 

can be applied in vivo only if they meet the fundamental criterion 
of biocompatibility. This means that they have to remain non-toxic 
throughout the period of contact with tissues, that they cannot induce 
inflammation or allergy, have any negative effect on blood and tissue 
cells or be carcinogenic or mutagenic. When conducting research into 
biocompatible memory shape materials, one must bear in mind that it 
is impossible or extremely difficult in a full-scale process to completely 
get rid of certain compounds which are found in a finished product: 
non-reacted monomers, initiators, solvents, by-products, plastifiers. 
Traces of such low-molecule compounds are released from the implant 

polymer to the human body and have a toxic effect on it as well as 
induce inflammation at the implant site [3, 8]. Therefore, toxic com-
ponents should be avoided when designing the synthesis method and 
the composition of such materials. 

Williams [8], defines the notion of biocompatibility and stresses 
that the property should relate to the final implant whose interaction 
with the human body in performing a specific task should produce 
desired effects, with an acceptable response from the host [8]. It is 
therefore important that the new material, regarded as biocompatible 
at the initial stages, should not change its structure when being pro-
cessed and sterilised [2, 8, 9]. 

Biocompatibility is not only a result of the composition, but also of 
the dimensions and the shape of the biomaterial which induces cellular 
response in vivo. For instance, large fragments of materials may induce 
an inflammatory condition if their dimensions enable endocytosis by 
macrophages. It is not an easy task to design a biocompatible implant 
to be inserted in a live tissue and it requires selection of an appropriate 
method of processing and sterilisation, characteristics of the target tis-
sue and proper adaptation of the mechanical properties of the implant 
to it. It is also extremely important to make the right choice of the type 
of material from which the implant is to be made and to select the right 
shape so that its mechanical properties are appropriate for its role at 
the implant site [9].

 General characterisation of the shape memory effect
The shape memory effect, which combines the right morphology 

of a polymer and the right technological process, is associated with its 
final molecular structure. For a polymer to have this specific property, 
it has to have at least two molecular elements in its structure: netpoints 
and switching segments (Table 1).

Two categories of shape memory polymers are distinguished in 
terms of the nature of bonds which fix the original and temporary 
shape: thermoplastic and cross-linked.

Thermoplastic polymers are linear copolymers with rigid and fle-
xible elements in their structure. Interactions between switching seg-
ments are responsible for fixing the original and temporary shape. The 
rigid elements usually form typical crystalline phases as a result of phase 
separation, for which the melting point (Tm) is associated with the high-
est value of the transition temperature (Tperm). They play the role of 
netpoints and stabilise the original shape. Flexible (elastic) elements 
of the chain are usually amorphous, sometimes crystalline. Their glass 
transition temperature (Tg), or the melting point as the second highest 
transition point (Ttrans), stabilises the temporary shape and plays the 
role of switching segments. For most shape memory polymers applied 
in medicine, the shape memory effect is triggered by temperature. The 
original shape is conferred at the temperature which is close to Tm of 
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rigid segments, usually as a result of conventional technological pro-
cesses, such as extrusion moulding or injection moulding. The original 
shape is remembered after the material has been cooled down to the 
temperature below Tm, as a result of physical intermolecular intera-
ctions between rigid segments. In order to achieve the shape memory 
effect, the molecular network has to be temporarily maintained in the 
strained state under the conditions which correspond to the material’s 
potential application; subsequently it can be deformed and conferred 
a temporary shape at a temperature above the glass transition tem-
perature Tg or softening temperature Tm of the chain elastic phase. 
This requires the presence of strained chain segments which are under 
external stress, but secured against return to the original shape. This 
is achieved by introducing reversible netpoints to the polymer chain as 
switching segments. The process is accompanied by increased order 
of the elastic phase of the chain, i.e. decrease in entropy. Return from 
the temporary to permanent shape is achieved after heating the system 
above Tg or Tm for elastic segment, which is lower than Tm for rigid seg-
ments. In that case, the stimulus results in thermally induced cleavage 
of additional transverse bonds, whereby the system can return-by re-
laxation-to the original state with a higher entropy value. The principle 
of thermally induced shape memory effect is illustrated in Fig. 1. 

Rigid segment in cross-linked SMP are formed by creation of cross-
linking covalent bonds connecting elastic segments (bonds formed by 
radiation or by chemical cross-linking). If transverse bonds are formed 
by functional groups which can undergo reversible photoreactions, the 
technology of shape memory polymers could be expanded by making 
use of light as a stimulus. Other types of stimuli, such as electric cur-
rent or magnetic field, may be used for heating the material indirectly 
[1, 2, 4]. If such additional transverse bonds are based on physical 
interactions between molecules, it is possible to distinguish between 
temperatures of transition Ttrans, which may be either the temperature 
of glass transition Tg or melting point Tm [4]. In polymers for which 
Ttrans=Tm the original shape recovery rate is higher [1]. 

In mechanical tests with shape memory polymers, the following 
parameters are usually determined [1, 2, 4]:
-  straining rate Rf – it denotes the ability of a polymer to attain and 

maintain the state of mechanical strain εm, which causes the mate-

rial to assume a temporary shape εu;
-  shape recovery rate Rr – it denotes the polymer’s ability to return 

to the previous shape εp after being strained εm;
-  switching temperature Tswitch= Ttrans.

Biodegradable shape memory polymers
The 1990’s and the first years of the 21st century began an era of de-

gradable shape memory materials. Such versatile materials have been 
found to be especially useful in short-term low-invasive tissue surgery; 
their application allows for elimination of an additional surgery aimed 
at implant removal, which is the case with metal implants [1, 2, 10].  
A shape memory implant of a temporary shape could be placed in-
side the body, requiring only a minimum surgery (a shape with a 
minimum cross-section, with no need of a large operation field). 
After a pre-defined period (seconds, minutes) or responding to an 
external stimulus, it would assume (by expansion) the permanent 
shape, meeting the therapeutic requirements [1, 2, 4]. After a period 
needed to heal the lesion (from 1 to several months), the mate-
rial would be resorbed, which would prevent long-term cellular re-
sponse and other delayed undesired interactions between the body 
and the implant [11].

Biocompatible shape memory polymers can in most cases suc-
cessfully replace previously used implants made of metal alloys. They 
can be used to make surgical devices, such as: self-expanding stents, 
self-locking staples, surgical pins [3, 12].

The biodegradable SMP’s invented so far have in their polymer 
chains the basic elements made of aliphatic polyesters, such as: polygly-
colide (PGA), poly-ε-caprolactone (PCL), poly-L-lactide (PLLA). This is 
mainly because polyesters have been in use in medicine for many years: 
their biocompatibility and biodegradability is well documented [1].

It is an advantage of SMP’s with flexible segments, which contain 
poly-ε-caprolactone (PCL), that it is possible to achieve a Ttrans of a 
synthesised polymer close to the human body temperature (37-40°C) 
by selecting the appropriate molecular weight of the designed polymer, 
the component which forms the rigid segments, and the flexible phase 
to rigid phase ratio [1, 2, 13]. 

Many various strategies have been demonstrated so far aimed 
at synthesis of biodegradable SMP [1, 4]. The typical shape memory 
degradable polymers for medical applications, which have been de-
scribed in the literature, are segmented polyurethanes obtained in 
two-stage synthesis [10]. The first stage involves synthesis of macrodi-
ol from cyclic diesters or lactones (oligolactide, oligocaprolactone, oli-
golactide-co-glycolide with terminal hydroxyl groups); subsequently, a 
prepolymer with terminal isocyanate groups is obtained in a reaction 
of macrodiol with diisocyanates. The second stage of the synthesis the 
prepolymer reacts with the chain elongation factor (scheme 1). 

The synthesis produces polyurethanes whose chains include both 
rigid and elastic segments. Depending on the chemical structure, length 
and deployment of those segments in a molecule, materials of various 
properties are obtained, with various Ttrans. Other bifunctional coupling 
compounds are used instead of diisocyanates, such as di-acid chlorides, 
phosgene (scheme 2) [1,10].

Fig. 1. Molecular mechanism of thermally induced shape memory 
effect

Table 1. 

Basic structural elements of shape memory polymers

Molecular structure of shape memory polymers

NETPOINTS SWITCHING SEGMENTS

determine the permanent shape responsible for fixing the temporary shape

Nature of bonds: 
-chemical (covalent bonds)  
-physical (intermolecular interactions)

Nature of reversible bonds: 
-chemical (covalent bods)  
-physical (intermolecular interactions)

They can also be formed as a result of temporary aggregation of side chains.
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One of the first shape memory degradable polymers was one syn-
thesised by Lendlein and co-workers, a polyurethane made up of PCL 
with terminal hydroxyl groups and oligo(p-dioxanone) (ODX) coupled 
with isocyanate. What is important with regard to the application of 
the material, its Ttrans is close to the temperature of a human body. An 
attempt at using the material in self-locking suture has been successful 
[13]. 

Lendlein and co-workers also examined memory shape materi-
als produced by photo-crosslinking. The general strategy of such a 
synthesis involves introducing functional groups into the skeleton of 
the degraded polyester chain, which can cross-link the material when 
treated with UV radiation (scheme 3).

The synthesis conducted by Lendlein’s research group [14] involved 
obtaining an oligodiol made up of polyesters of aliphatic hydroxyacids. 
The prepolymer is subsequently subjected to transesterification with 
acrylic esters. Poly-ε-caprolactone dimethacrylate transformed into 
an SMP network after photo-crosslinking. The process produced a 
material with very good shape memory properties, with no aromatic 
or urethane groups which, however, hydrodegrades very slowly and 
which is not thermoplastic, the property greatly hindering its further 
processing. Another such material was poly-(L-lactide-co-glycolide) 
dimethacrylate, which is brittle and with limited usability due to a rela-
tively high Ttrans (between 48 and 66°C). Changes of Tg in the polymer 

were effected by differentiating the chemical structure of the prepoly-
mer, obtained initially in a lactone ring opening copolymerisation in 
the presence of penthaerythritol. It was also made possible to regu-
late the hydrolytic degradation rate by changing the content of easily 
hydrolysed ester bonds. Such amorphous branched polymers, called 
multifunctional polymer lattice, are very interesting due to their trans-
parency, which makes them usable in ophthalmology [1, 14]. 

 Nagata and co-workers [15] also conducted research into bio-
degradable shape memory polymer lattice, obtained by photo-cross-
linking of PCL-based oligodiol with 4,4(adipodioxy)dicinammic acid 
(CAC) as a chain-elongation factor, and a multiblock biodegradable 
copolymer of poly-ε-caprolactone oligodiol and poly(ethylene glycol) 
(PEG) with CAC, synthesised by photo-crosslinking. Biodegradability 
and the shape memory effect was examined for both polymers. It was 
found that the shape memory is affected not only by the composition 
and microstructure of the co-polymer chain, but also by the photo-
crosslinking duration [1, 15, 16]. PCL/PEG co-polymers demonstrate 
numerous combinations of properties, such as hydrophility, perme-
ability, degradability. The biodegradation rate was found to increase 
proportionally to the PEG content in a co-polymer due to reduced 
extent of crosslinking [1]. 

Other researchers [16] have also obtained a shape memory poly-
mer of a similar structure, consisting of poly(ε-caprolactone) (PCL) 
with the coumarine group attached to it. The photosensitive material 
was subjected to quick reversible photo-crosslinking by being irradiat-
ed with 280/254 nm waves. What is important, the system did not re-
quire a photoinitiator, which is a highly toxic compound. Cross-linked 
UV films demonstrated a good shape memory effect; they returned to 
their original shape immediately and they demonstrated elastic prop-
erties above the Tm of PCL segments. It was found in in vitro degrada-
tion studies that – as expected – the presence of side coumarin groups 
and the polymer cross-linking significantly slows down the degradation 
reaction.

An interesting PCL-based polymer has been described by L. Xue 
and co-workers [17]. Thanks to using an oligotriol produced by an 
enzymatic ε-caprolactone ring-opening polymerisation with glycerol, 
they obtained tri-arm polyurethanes with Ttrans 36-39°C.

A PCL-based SMP has been examined by a team led by Zhu [18], 
who obtained radiation-induced cross-linked polymer blends of PLC 
and polymethyl vinyl siloxanone (PMVS) with the shape recovery rate 
higher than 95% and Ttrans 48-56°C. The amount of crystalline fraction 
in polymer depends on the radiation dose and the polymer cross-link-
ing extent [18,19].

It turned out that the greatest disadvantage of PCL-based SMP’s 
is their lack of good mechanical properties after returning to the per-
manent shape, required for medical applications (very low modulus of 
rigidity, too slow biodegradation of such materials) [1].

 Wang and co-workers [20] synthesised SMP from a polyactide 
oligomer with terminal hydroxyl groups and determined its mechani-
cal properties and the shape memory effect. They noticed that PLA-
diol-based polyurethanes demonstrated a better shape memory effect 
with small strain and a shorter shape recovery time following a ther-
mal stimulus, than those obtained from oligocaprolactone. Unfortu-
nately, the temperature of glass transition Tg of polilactidyl segments  
(ca. 60°C) is much higher than the temperature of denaturation of 
human proteins, which makes the polymers unusable in biomedicine. 
Controlling the content of caprolactone units in statistical copolymers 
with lactide results in achieving desired level of Tg, and a change of 
proportion of lactidyl units changes the degradation rate to a different 
value than that recorded for PLC-based polyurethanes [1].

A team led by Min [21] examined biodegradable polylactyde-
co-poly(glycolid-co-caprolactone), a copolymer synthesised from 
prepolymers: diol obtained from lactic acid (PLLA) and poly(glycolid-
co-caprolactone)diol (PGC) in the presence of diisocyanate. The 

Scheme 1. Synthesis of thermoplastics block urethanes

Scheme 2. Synthesis of thermoplastics linear copolymers

Scheme 3. Synthesis of photocrosslinked shape memory polymers

or

or
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changing the lengths of segments and proportion of co-monomers in 
macrodiols. The SMP’s produced in the process had Rf and Rr of over 
90% and Ttrans ca. 45°C and degraded rapidly (loss of mechanical prop-
erties within 1-2 months) .

Research was also conducted of a biodegradable polymer, poly 
(3-hydroxybutyrate)-co-(3-hydroxyvalerate), obtained by biotechno-
logical methods with the use of microbes; however, a high value of Ttrans 
(over 45°C) of the material obtained so far is a restricting factor for its 
application in medicine [1, 21]. 

 It has turned out that many PCLU (polyurethanes composed 
mainly of poly(ε-caprolactone)) polymers do not have sufficient me-
chanical strength required for most applications. Such materials include 
segmented polyurethanes which contain an elastic polyactide (PLA)-
based segment and a rigid one which consists of 1,6 hexamethylene 
diisocyanate and 1,4 butandiol (HDI-BDO). The temperature of glass 
transition of the polymer may be regulated within the range from 33 
to 53°C, by changing Mn of the PLA oligomer and the rigid/elastic phase 
ratio. This enables adapting Ttrans to the range of human body tem-
peratures. As compared to PCLU, the materials demonstrate a better 
shape memory effect in small strains and are quicker to response to a 
thermal stimulus [22].

A risk of toxic effect of shape memory polymers should be mi-
nimised by selecting such monomers whose homo- and copolymers 
are known materials with confirmed biocompatibility [2]. Otherwise 
it may be difficult to achieve appropriate biocompatibility of the syn-
thesised materials.

It was found that certain polyurethane polymer materials may be 
highly thrombogenic. Lack of biocompatibility was also observed af-
ter olefin elements, e.g. a polyethylene chain, were introduced to the 
polymer structure. Using implants covered with polyurethane foam 
resulted in toluenediamine (TDA) detection in patients’ urine. TDA 
is a substance whose carcinogenicity has been confirmed in animal 
tests. Moreover, many known shape memory polyurethane polymers 
contain aromatic structures which, as might be expected, are not fully 
biocompatible and may be carcinogenic [3]. Degradation of segment 
polyurethanes is frequently very slow, which makes it complicated to 
use such materials in production of short-term implants [1]. 

Another method of obtaining shape memory materials which en-
sure rather full biocompatibility and bioresorbability is ring-opening 
polymerisation or co-polymerisation of lactides (glycolide, lactide), lac-
tones (ε-caprolactone) and cyclic carbonates (trimethylenecarbonate) 
[23]. The process of copolymersation must be conducted in such a way 
as to produce a block, segment-structured chain polymer, similar to 
segment polyesterurethanes [10]. 

Owing to their compatibility with human tissues (clinically con-
firmed), biosorption and non-toxic degradation products, the materials 
have been used for years to produce medical products such as sutures, 
implants, and in drug release systems, as microspheres, nanospheres, 
polymer matrixes, microcapsules and drug-polymer conjugates. The 
degradation products of those polymers are non-toxic [24÷27]. 

Poly(L-lactide) (PLLA) is a material with confirmed shape memory 
properties. However, the permanent shape recovery rate is low and 
the Ttrans is too high for it to be used in the human body, which has been 
mentioned earlier. 

Copolymerisation is a method which may lower its glass transi-
tion temperature and, consequently, its Ttrans. Nowadays biodegrad-
able, completely resorbable shape memory polyester materials are 
obtained by copolymerisation of trimethelenecarbonate (TMC), lac-
tide, glycolide in the presence of initiators – low-toxic compounds of 
zirconium or zinc (diagram 4). 

Terpolymers obtained from those monomers are bioresorbable 
copolyesters which demonstrate shape memory properties at tempe-
ratures close to that of the human body. Copolymerisation at the right 

conditions and with the right initiators produces a multiblock, segment 
chain polymer. The chain microstructure in such aliphatic co-polyesters 
depends on the intensity of intermolecular transesterification, which 
may be regulated by the temperature of the polymerisation process 
and by selecting the right initiator. A process with the right initiator 
and the synthesis method (one-step or two-step block polymerisation, 
terpolymerisation of lactide, glycolide monomers and TMC oligomer) 
yields polymers with various chain structures (completely amorphous 
or largely crystalline) [10, 28÷33].

The shape memory effect can also be achieved in such copolymers 
as poly(L-lactide-co-glycolide) (PLGA), poly(lactide-co-p-dioxanone) 
(PLDON) and poly(lactide-co-ε-caprolactone) (PCLA) obtained by 
ring-opening copolymerisation in the presence of tin octanate as an 
initiator, with the proper number of lactidyl units in the copolymer 
chain. 

Of the examined polymers, PLGA demonstrated the highest 
strength and the highest Rr and Rf values [34]. PCLA copolymers, 
obtained by ring-opening copolymerisation at various percentage of 
monomers, have been examined by Lu and co-workers [35]. The ma-
terials demonstrated the Ttrans values within the range close to that 
typical of the human body. They noticed that increasing e-caprolac-
tone content is accompanied by linear increase in the material’s tensile 
strength.

There are increasing numbers of reports in the literature on new 
SMP materials with potential for biomedical applications, such as: 
poly(glycol-glycerol-sebacate) PGGS terpolymer, whose temperature 
of the permanent shape recovery (Ttrans= 37.5°C) is close to the human 
body temperature and Rr = 99.5% [36], or blends of polylactide (PLA) 
and biodegradable polyamide elastomers (PAE) [37]. 

Unfortunately, data on full biocompatibility or safe sterilisation 
methods for an increasing group of SMP materials proposed for bio-
medical applications are still incomplete. The willingness to use a shape 
memory material in contemporary medicine entails the necessary bio-
compatibility tests with specific cell lines, similar to those which will 
surround an implant in a short-term or lon- term in vivo application 
[37]. Not many reports have been published so far of in vitro studies 
of shape memory polymers and their effect on cell cultures and in vivo 
studies with animals [38,39]. It is also necessary to perform an analysis 
and evaluation of biocompatibility of new polymers following sterilisa-
tion as the process may bring about changes of physical and chemical 
properties of the polymer [39].
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Scheme 4. The ROP copolymerization of cyclic monomers
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