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Abstract - Shape memory polymers (SMP) can be used in numerous applications, for example in
medical engineering, control technology, or in the automotive industry. Various triggers can be
used to "remember" a programmed shape, such as temperature, pH value, humidity or light.

One example of SMP is polyvinyl alcohol (PVA), which is characterised by biocompatibility, high
hydrophilicity and non-toxicity as well as efficient shape memory behaviour. PVA reacts to the
stimulus of temperature.

In this work, the influence of incorporated nanoparticles on the shape memory effect of PVA will be
investigated. For this purpose, the glass transition temperature of PVA containing different iron
nanoparticles is determined and compared by means of Differential Scanning Calorimetry (DSC). In
addition to the impact of the integrated nanoparticles on the switching temperature, consideration
is also given to the quality of the resetting characteristics linked with the shape memory effect.
These studies employ thermomechanical analysis as a tool to gain insights into this phenomenon.
The inclusion of iron nanoparticles has been observed to result in a slight alteration of the
switching temperature, while significantly influencing the shape memory effect and reducing the
strain recovery rate by approximately 15%. The strain fixity rate simultaneously increases by
approximately 50%. However, the size and structure of the iron nanoparticles showed no
discernible impact on the observed phenomenon.

Keywords: Shape memory polymers, Nanoparticles, Switching temperature, Strain recovery rate,

Strain fixity rate, TMA measurement.

1. Introduction

Shape memory polymers are polymers that exhibit
the capacity to retain a programmed shape in
response to a specific stimulus. In consequence,
these polymers can perform a movement. A variety
of stimuli may be employed, including temperature,
pH, humidity and solvents, among others. [5,9] This
research aims to examine the shape memory effect
(SME) of polyvinyl alcohol (PVA) in connection with
iron nanoparticles focusing on the impact of the iron
nanoparticles on the switching temperature and the
shape memory effect depending on their dimensions
and shell structure.

In addition to its SME, PVA has good
biocompatibility features which, in combination with
its use as a 3D printing material for fused deposition
modelling, can lead to a suitable 4-D drug delivery
system. [8]

Regarding the molecular weight of PVA, the PVA
composites created by including nanomaterials also
induce alterations in the mechanical properties and
SME. [1,2] So the integration of silver nanoparticles
has already demonstrated a positive effect on the
SME of PVA. [3] Furthermore, the incorporation of
graphite nano-fillers into the PVA matrix resulted in
the fabrication of shape memory nanocomposites
with augmented performance characteristics. [4]
The objective of this study is to investigate the
influence of iron nanoparticles of varying sizes and
shells on the SME of PVA. Given the magnetic
properties of iron, it is hypothesised that this will
enable non-contact heating and thus the triggering of
the SME of PVA at a short distance. [10]

The shape memory effect is not contingent on a
singular material attribute of individual polymers;
rather, it is the consequence of a multifaceted
interplay of numerous variables. These encompass
the polymer structure, the polymer morphology, and
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the processing and programming technology
employed. [9]

In particular, the structures of SMPs, whose
stimulus is temperature, are composed of hard and
soft segments. The hard segments comprise chemical
(or physical) cross-linking points and crystalline
regions (or stiffness chains), which collectively
determine the permanent shape of the polymer
chain network. The soft segments of the SMP are
constituted by crystalline areas. The crystallinity of
the soft segments is dependent on temperature, as is
their morphology. Upon reaching the glass transition
temperature (Tg), the soft segments of these SMPs
can undergo deformation in length and orientation,
allowing the SMPs to be fixed in a temporary shape
following cooling below Tg. This process minimises
the elongation of the SMPs. In this case, the strain
energy is stored within the polymer chain network.
Upon reheating, the deformed polymer chains regain
their mobility, resulting in the release of the stored
energy. Consequently, the SMP reverts to its original
configuration, which is retained by the hard
segment.[4]

The shape memory effect can be quantified in
cyclic thermomechanical tests. A single cycle
comprises two distinct phases: the programming of
the test specimen and the restoration of its
permanent shape.

In the initial phase, the specimen is heated to a
temperature above its switching temperature and
stretched to a maximum strain. At constant
elongation, the specimen is then cooled below the
switching temperature to fix the temporary shape.
After heating to a temperature above the switching
temperature, the sample contracts and the
permanent shape is restored. The measuring cycle
then commences anew.

The strain recovery ratio Rr is a quantitative
measure of the material's ability to store its
permanent shape and indicates the extent to which a
real strain that occurred during programming is
reversed in the subsequent shape memory
transition.

The total strain recovery ratio (Rrwt) is defined as
the strain recovery following N cycles relative to the
initial shape of the specimen.

The following formula for Rrtt was used to
calculate the total strain recovery rate after two
cycles (N=2):

Em _Ep(N)

Rr,tot(N) =
&
" (1)

In the context of this study, the term "en" is used

to denote the strain above the switching
temperature, which is employed for the purpose of
programming the new shape. In contrast, the term
"gp" is used to denote the permanent strain, which is
applied after the memorisation of the permanent
shape.
In addition to the strain recovery rate Rr.ot, the strain
fixity rate Rf is also employed for evaluation
purposes in this study. The strain fixity rate Rf
characterises the capacity of the switching segment
to sustain the mechanical deformation that was
applied during programming. Consequently, it
indicates the precision with which the sample can be
fixed in this position after deformation to em. The
resulting transient shape invariably deviates from
the shape achieved by deformation.

Em
(2)

The term "eu" is used to describe the elongation
observed in a stress-free state after the
programming process. [6]

2. Materials and Methods

The PVA (KURARAY POVAL™, type 4-98) was
acquired from Kuraray Europe GmbH.

The two nanoparticles were kindly provided by
SEON (University Hospital Erlangen, Section of
Experimental Oncology and Nanomedicine (SEON).
The structure of the nanoparticles differs in terms of
size and the composition of their shells as well.

SEONPex js composed of dextran-coated iron
oxide nanoparticles dispersed in water, with an iron
concentration of 25.82 * 0.15 mg/mL and a mean
hydrodynamic size of 29 nm. The lauric acid-loaded
ferrofluid, also dispersed in water, has an iron
content of 4.57 mg/mL and a mean hydrodynamic
size of 191 nm.

Films were produced for the analytical tests on
polyvinyl alcohol (PVA). A solution with a
concentration of 10 %wt. was prepared using
demineralised water and stirred at a temperature of
70 °C for a period of one hour. Subsequently, the
solution was levelled and dried in a drying oven at
50 °C for one hour, resulting in a film thickness of
40 pm. The film with nanoparticles was produced in
the same manner, with the exception that only 10 %
of the demineralised water was replaced with the
nanoparticle solution when the initial solution was
prepared. An overview of the films tested is provided
in Table 1.
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Table 1: Description of the samples
Concentration Concentration
nanoparticle PVA [wt%]
solution [wt%]

Sample

Pure

PVA - 100

PVA-
film

PVA-

film

with
SEQNDex
PVA-film
with
lauric
acid-
loaded
ferrofluid

10 10

10 10

The glass transition temperatures of the films
were determined by differential scanning
calorimetry (DSC). This is a common method to
characterize the glass transition temperature and
thus the switching temperature of the SMP. [11] The
measurements were carried out using the DSC3+
from Mettler Toledo. The temperature range was set
to 25 °C to 220 °C, with a heating rate of 10 K/min.
Each measurement comprised two heating runs and
one cooling run with a cooling rate of -10 K/min. The
second heating run was employed for evaluation
purposes, with the aim of excluding effects from the
previous history of the material. This approach
ensures that only the modified material properties
resulting from the interaction of the nanoparticles
with the soft segment of the PVA are determined.

To investigate the SME, the strain recovery rate
Rrtot and the strain fixity rate Rf of PVA with and
without the nanoparticles were measured. This was
achieved by employing a corresponding method
utilising thermomechanical analysis (TMA). As
demonstrated in prior studies, TMA is a viable
method for determining the aforementioned
characteristic values. [7] All thermomechanical
analyses were carried out using the TMA2+ device,
manufactured by Mettler Toledo. The resulting TMA
samples, along with their respective installations
within the TMA device, are illustrated in Figure 1.
The method is illustrated in the force-temperature
diagram (see diagram 1), with each sample
undergoing the cycle twice starting at step 1.
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Figure 1: Force-temperature-diagram

As shown in the diagram of figure 1, the sample is
heated to 110°C and then a force of 1 N is applied.
The resulting change in length is documented. The
sample is then cooled to 25°C under the load of 1 N
before being released. The sample is then reheated
to 110 °C without force while the change in length is
being measured. This cycle is then repeated a second
time. Figure 2 shows the samples and the sample
position inside the testing equipment.

Figure 2: TMA sample on the left, sample inserted in
the TMA device on the right.

3. Results and Discussion
3.1 Influence on the Switching Temperature

Figure 3 illustrates the DSC curves for the
analysed samples within the essential temperature
range of 30 to 120 °C.
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Figure 3: DSC curves in the temperature range of 30 -
120 °C
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All samples exhibited a distinct step in the baseline
of the measurement curve. This step showed a slight
displacement at low temperatures from pure PVA to
the PVA film containing the nanoparticles. The Tg
was determined in accordance with the DIN
[SO11357 standard. An overview of the measured Tg
values is presented in Table 2.

Table 2: Measured glass transition temperatures Tg

Sample Tg [°C]
Pure PVA 68,8 °C
PVA-film 67,1°C
PVA-film with SEQNDex 65,6 °C
PVA-film with lauric acid- o

loaded ferrofluid 65,8°C

The production of a PVA film from a 10 wt%
solution resulted in a reduction of the Tg by
approximately 1.5 K, with a final value of 67.1 °C.
The addition of the nanoparticles caused a further
shift of the Tg by 1.5 K, which led to a reduction of
3K in the Tg of pure PVA. A comparison of the two
nanoparticles revealed no significant difference,
despite the nanoparticles differing in both diameter
and shell structure.

The glass transition temperature of PVA with
nanoparticles shifts to slightly lower temperatures,
which has a negligible effect on the bonds of the soft
segment, thus on the polymer structure. To make a
more precise statement regarding the nature of the
influence, further comprehensive investigations are
being required. The impact of the nanoparticle
content is also a subject of interest, given its abillity
to influence the heating rate during contactless
heating via magnetism. This is a critical aspect for
the SME of PVA and the development of potential
drug delivery systems.

3.2 Influence on the Strain Recovery Rate
R;oc and the Strain Fixity Rate Ry

Figure 4 illustrates the TMA measurement for the
PVA film (PVA film with SEONPEX and PVA film with
lauric acid-loaded ferrofluid). It is notable that the
sample displays a greater elongation under the same
force application. The integration of the
nanoparticles causes an increase of the elongation
from approximately 20% to approximately 60% and
75%, respectively.
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Figure 4: TMA measurement for PVA-film, PVA-film
with SEONPEX and PVA-film with lauric acid-loaded
ferrofluid

The pure PVA film has a very good strain recovery
rate in the two cycles measured. Here, 100% is
achieved and the PVA film returns to its original
shape. The films with iron nanoparticles show a
different behaviour reducing the elongation recovery
by 13 % and 16 % respectively (see Table 3).

Table 3: Strain recovery rate

Sample Rrot(N=2) [%]
PVA-film 100
PVA-film with SEQNDPex 87

PVA-film with lauric acid-

loaded ferrofluid 84

It is of interest to note that the specific type of iron
nanoparticles does not have a significant impact on
the strain recovery rate. The discrepancy in
elongation recovery between the two films with
nanoparticles is considerably less pronounced in
comparison to the pure PVA film.

The integration of the nanoparticles into the PVA
also resulted in an increase in the strain fixity rate Rt
of approximately 50% after two cycles.
Furthermore, there was no significant difference in
the influence on the strain fixity rate between the
two used nanoparticle types (see Table 4).

Table 4: Strain fixity rate

Sample Ri(N=2) [%]

PVA-film 23

PVA-film with
SEOQNDex

PVA-film with lauric
acid-loaded ferrofluid

71

77
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A detailed examination of the two characteristic
values Ryt and Rr reveals that the nanoparticles
exert a discernible impact on both the hard and soft
segments of the PVA. While there is a notable decline
of the strain recovery rate, the strain fixity rate
presents a strikingly deviant trend. The extent to
which these two characteristic values can be
controlled by an increase in the iron particle
concentration remains to be assessed through
further investigations.

4. Conclusions

The effect of adding iron nanoparticles on the
switching temperature of PVA films, determined by
measuring the Tg, is negligible. The Tg only shifts to
lower temperatures by up to 3 K, irrespective of the
type of nanoparticles included.

As shown by the strain recovery rate, the iron
nanoparticles have a significant influence on the
ability of the SMP-PVA to maintain its permanent
shape. The situation is different for the strain fixity
rate. Here the nanoparticles involve a significant
improvement meaning that the SMP-PVA can retain
its new shape better. The underlying mechanism
needs further investigation. However, the
nanoparticles clearly modulate the chemical and
physical cross-linking points and crystalline regions.

The knowledge gained may be helpful for
applications in the medical field, for example,
particularly in the context of drug delivery. As the
switching temperature has changed only slightly, the
property regarding the
temperature remains unchanged. A positive aspect is
the change of the strain fixity rate, whose increase
means that special requirements on the drug
delivery shape can be better represented form. The
water solubility of PVA should also be highlighted.
Here, two trigger points can be combined during
drug delivery - shape change due to the SME and
detachment due to water.

desired  switching
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