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Abstract: Fibrous shape memory scaffolds composed of thermoplastic polyurethane based on a mix-
ture of polycaprolactone diols were fabricated. The effect of the fiber diameter and arrangement—
random (rPU) or aligned (aPU), on crystallinity, mechanical properties, and shape memory was
analyzed. The diameters of the fibers were controlled by changing the concentration of polyure-
thane (PU) solutions in the range of 5% to 16% and fibers alignment by utilization of different col-
lectors. The chemical structure was confirmed by Fourier Transformed Infrared spectroscopy
(FTIR), crystallinity was evaluated based on differential scanning calorimetry (DSC,) and mechani-
cal properties were measured by the tensile test. Additionally, shape memory programming was
performed using a dynamic mechanical analyzer (DMA), and shape recovery was evaluated in the
air and in the water environment. DSC results showed that the electrospinning process did not
change the crystallinity or melting temperature of synthesized thermoplastic polyurethanes. The
melting temperature of the crystalline switching segments was around 26-27 °C, and the crystalline
phase of hard segments was around 130 °C. Shape memory properties were analyzed in the contest
of the fiber diameter and alignment of the fibers, while changes in the fibers” diameters from 360
nm to 1760 nm did not result in significant changes in shape recovery coefficient (Rr) especially
evaluated in the air. The longitudinal fiber alignment enhanced mechanical and shape recovery to
up to 96% for aPU, with the highest fiber diameter when evaluated in water.

Keywords: shape memory; smart fibers; electrospinning; polyurethanes

1. Introduction

Shape-memory polymers (SMP) are a group of polymers possessing the ability to
change their shape between temporary and permanent in a definite manner [1]. The larg-
est group of SMP are polymers with thermal shape memory. The adaptive properties of
these polymers are displayed when exposed to temperature changes [2].

The temporary shape of SMP is usually achieved by applying sufficient mechanical
force to deform the permanent shape during the programming process [3]. The program-
ming process must be carried out using the appropriate conditions—heating above the
transition temperature (Ttans), which is correlated with the glass transition (Ts) or melting
temperature Tm of switching segments and fixing through crystallization or vitrification
by lowering the temperature below Teans [4]. When the applied stress is released, the pol-
ymeric structure maintains its temporary shape until a sufficient temperature is applied,
which results in the recovery of the permanent shape.

Among the class of polymeric materials that exhibit thermal shape memory effect, a
large group is polyurethanes (PU). The PUs with shape memory properties is of interest
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in versatile sectors of industry, such as medicine [5], actuators and sensors [6,7], and tex-
tiles [8], due to their specific segmental macromolecular structure that may be modified
in a broad range [9-11] and thus provide final polymers with various properties. Due to
the lack of mixing of the polar urethane rigid segments with the flexible polyester, poly-
ether or polycarbonate segments, which are less polar, a binary system consisting of hard
and soft domains is formed within the polyurethane network. Both types of domains pos-
sess different characteristic temperatures, and in such structures, the rigid domains are
responsible for retaining the original state, while the soft domains provide the ability to
fix the temporary shape [12].

Moreover, the possibility of utilization of various substrates for PUs synthesis ena-
bles transition temperature’s tailoring to the requirements of the specific applications
[13,14]. Additionally, the other structural characteristics recognized as critical for the
shape memory effect (SME), such as crystallinity, the number of hard domains, and the
extent of the specific physical interactions, such as hydrogen bonding, may be adjusted
during synthesis [15].

The formation of the nonwovens with aligned fibers within their structure has an
additional and significant effect on the mechanical properties and effectiveness of the
shape memory of the polyurethanes [9,16]. The changes in the macroscopic properties are
correlated with mats” morphology, such as fiber diameter [17,18], but also with some
changes in macromolecule orientation that may be different for bulk and nano-diameter
fibers. For example, some authors [19-21] reported that electrospinning parameters influ-
enced the crystallization process of PLA, PCL, and polyurethane-based on PLA-PCL co-
polymers, which is essential for the shape memory effect.

One of the popular methods allowing for obtaining aligned fibers from polymeric
solutions or melts is electrospinning [22]. Electrospinning from polymeric, composite, or
blend solutions uses an electrostatic field to induce Coulomb forces within the solution.
Due to repulsive forces between solution molecules, stretched polymer jets are formed,
which move in accordance with the forces of an electrostatic field, resulting in a fibrous
structure formed on the collector [23]. Nevertheless, the process requires optimization in
terms of utilized solvents, the concentration of the polymer, high voltage, solution feed
rate, etc., to obtain structures with desired dimensions. In order to obtain an aligned struc-
ture of the electrospun mat, it is necessary to collect the fibers on a collector that ensures
the alignment of the fibers in one direction. For this rotating drum, the collector can be
used, which, when rotating with sufficiently high speed, allows for the fabrication of mats
with highly aligned structures [24-26].

In the presented study, we focused on the optimization of the electrospinning of ther-
moplastic polyurethane in order to obtain highly aligned and random structures and to
evaluate the impact of the fibers’ diameters and their arrangement within the structure on
the shape memory properties of the produced mats. To the best of the authors” knowledge,
this is the first time where simultaneously both fibers’ features are evaluated in terms of
their impact on the shape memory effect in polyurethanes.

2. Materials and Methods
2.1. Materials

Polyurethane (PU) utilized for fibers’ fabrication in this study has been synthesized
using two PCL oligomers with different molecular weights—R, R', and hexamethylene
diisocyanate (HDI) according to the synthesis scheme presented in Figure 1. Polyols, after
dehydration, were mixed with diisocyanate and chain extender under a nitrogen atmos-
phere at 60 °C. Next, synthesis was performed at 80 °C for 8 h after that polymer solution
was precipitated in methanol and dried under a vacuum at 60 °C for 24 h.
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Figure 1. Reaction scheme.

1,1,1,3,3,3,-hexafluoro-2-propnaol has been purchased from Fluorochem (Glossop,
UK). All reagents utilized for the synthesis of the PU were purchased from Sigma Aldrich
(Burlington, MA, USA) and Chempur (Piekary Slaskie, Poland).

2.2. Electrospinning of Polyurethane Mats with Random and Aligned Structure

Mats with a random arrangement of the fibers within the structures have been fabri-
cated using a nonmoving collector, which allows receiving jet to form according to the
action of the resulting electrostatic field. The process was carried out at a distance of 15
cm between the needle and the collector and at a solution feed rate of 1 mL/h. The spinning
voltage was adjusted to the respective solution concentrations and was 11 kV for 5% and
13 kV for 12% and 16%, respectively. The obtained nanofibers were subjected to drying
for 24 h in a vacuum dryer at 50 mbar and at 25 °C.

The alignment of the nonwovens was achieved by using a cylindrical collector mov-
ing at 3000 rpm. The electrospinning process was carried out at a distance of 13 cm with
a feed rate of 1 mL/h. The voltages were 21 vkV for 12% and 16% and 20 kV for 5%, re-
spectively. The obtained nanofibers were subjected to drying for 24 h in a vacuum dryer
at 50 mbar and at a temperature of 25 °C.

A volume of 1.0 mL of the solution was used for each electrospinning.

NANON-01 apparatus (MECC, Fukuoka, Japan) was used for conducting electro-
spinning.

2.3. Characterization of the Electrospun Mats
2.3.1. Morphology Evaluation

Analysis of the average fiber diameter for individual fibers and determination of the
degree of the alignment of the fibers in aligned structures was carried out on a Phenom
ProX scanning electron microscope (SEM, PhenomX, Eindhoven, The Netherlands) after
sputter coating with 7 nm layer of gold. The images were taken in backscattered electron
(BSE) mode at 10 kV. Analysis of the obtained fibers was carried out using Image]J soft-
ware. Evaluation of the degree of the fibers’ alignment was performed using the Direc-
tionality module. Five images, each with a magnification of 5000 after the binarization
process, were used for the alignment analysis. Evaluation of the fiber alignment was per-
formed using Fourier spectral decomposition.
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2.3.2. Molecular Structure

The chemical structure of PU and nanofibrous mats was carried out using Fourier
transform infrared spectrophotometer (Thermo Fisher Scientific model Nicolet 6700, Wal-
tham, MA, USA) in the attenuated total reflectance (ATR) mode. Each sample was scanned
64 times at a resolution of 4 cm™ over the frequency range of 4000—400 cm™'.

2.3.3. Thermal Analysis

Thermal analysis was performed using a TA Q2000 differential scanning calorimeter
of (DSC, TA Instruments, New Castle, DE, USA). The analysis allowed us to determine
the temperatures characteristic of the tested materials and to confirm the lack of influence
of the used solvent and the method of manufacturing the nonwovens on their transfor-
mation temperatures. DSC analysis was performed at the heat-cool-heat test with a heat-
ing rate of 10.00 °C/min and a cooling rate of 5.00 °C/min. Analysis was performed under
a nitrogen atmosphere and within a temperature range of —-80 °C —200 °C. Characteristic
glass transition temperature (Tg), crystalline phase melting temperature for soft PCL seg-
ments (Tms) and hard segments (Tmn), and the enthalpy of fusion AH J/g were evaluated
from the second cycle heating curve. The degree of crystallinity was calculated as
AHm/AHOm, where AHm is the enthalpy of melting of PCL and AHm is the enthalpy of
melting of fully crystalline PCL, which is 136 J/g [27].

2.3.4. Surface Hydrophilicity

The hydrophilic properties of the fabricated mats were tested on an OCA 20 goniom-
eter (DataPhysics, Filderstadt, Germany) using the sessile drop method. In order to ensure
adequate statistics, nine measurements were used for each sample. Analysis of the surface
allowed the determination of the water contact angle, directly translating into the mate-
rial’s adhesion properties.

2.3.5. Mechanical Properties Evaluation

The tensile stress test of the mats was carried out on a tabletop tensile machine IN-
STRON 5943 (size of tested samples 5 mm x 25 mm). Five specimens of each type were
tested to determine the average strength and elongation at break. The specimens were
subjected to tension at a rate of 5 mm/min. The results obtained from the tensile test were
used to characterize the strength of the material and to determine the effect of the align-
ment of the fibers within the structure on their tensile strength. In the case of the aligned
fibers, the strain was applied along and parallel to the fiber’s alignment.

2.3.6. Shape Memory Effect Analysis

Characterization of the shape memory effect of the obtained fibrous mats was carried
out on a DMA Q800 (TA Instruments) dynamic mechanical analyzer, and the last third
cycle recovery step was performed in water. First, samples in the shape of strips were
mounted in tensile clamps of the DMA analyzer and pre-heated to 40 °C, and then a strain
deformation of 100% was applied (em). The strain was then held constant while the sample
was cooled down to -2 °C at a rate of 5 °C/min and kept at this temperature for 15 min.
The strain was then released (¢x), and the sample was heated up to 40 °C while the length
recovery was monitored (¢&p). In the last third cycle, the sample after the cooling step was
released from the clamps and immersed in water at 40 °C. After 15 min, it was removed
from the water, and the final length after recovery was measured.

Shape recovery ratio (Rr) and shape fixing ratio (Rf) were calculated using equations:

em (N)— gp(N) gy (N
= e X100, Ry = ;‘m—(w?xwo
where: em (N)—maximum strain, ,—strain after recovery, e« (N) is the sample’s strain
immediately following unloading.
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3. Results and Discussion

Performed research was carried out in three stages. The first involved optimizing the
electrospinning process of the nonwovens with an aligned and random arrangement of
the fibers from synthesized with shape memory properties. This stage was completed af-
ter obtaining mats with two types of structures, random from 5% (rPU5), 12% (rPU12),
and 16% (rPU16) concentrated solutions, respectively, and aligning orientated fibers from
5% (aPUS5), 12% (aPU12) and 16% (aPU16) concentrated solutions, respectively. In the next
step, characterization of the material and fabricated structures have been conducted. This
stage included thermal and structural analysis, examination of the wetting angle and the
diameters, and alignment of the fibers forming the mats. In the third stage, mechanical
tests and shape memory effect analysis were conducted.

Chemo-Physical Properties of the Obtained Electrospun Mats

SEM images showing the morphology of obtained electrospun fibers have been
shown in Figure 2. Preliminary analysis of the acquired images indicates that the align-
ment of the fibers was obtained through the use of a collecting drum with high rotation
speed. In addition, both nonwovens with undirected (random) (r) and aligned structures
(a) show an increase in the fiber diameters with increasing concentration of the polyure-
thane within the solution (Table 1). In the case of a mat with aligned fibers, much smaller
diameters and greater fiber uniformity are observed for each concentration.

" "l J2%n_ YAV

'Mih

‘S’@

, ..._».

1‘-‘- r/ll

Figure 2. The morphology of obtained fibrous mats with a random arrangement of the fibers: (A)
rPUS5, (B) rPU12, and (C) rPU16 and aligned fibers (D) aPUS5, (E) aPU12 and (F) aPU16.

It has been previously shown that for optimized parameters of electrospinning, in-
creased polymer concentration causes an increase in the diameters of the fibers [28]. This
is mainly attributed to the impact of the concentration on the viscosity and surface tension
of the electrospinning solution [29].
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Table 1. The average diameter of obtained fibers.

Concentration  Average Diameter for Random Average Diameter for Aligned
[%] Fibers [nm] Fibers [nm]
5 410 +90 360 + 70
12 1160 + 260 890 + 130
16 1760 + 540 1200 + 210

Selected SEM images after binarization were employed to assess the degree of align-
ment and are presented in Figure 3A-C. Analysis of the images, which were taken in a
manner intended to show the direction of the electrospinning, confirmed the presence of
the direction-characterizing alignment. Each type of fabricated fiber has a dominant di-
rection and a certain range over which alignment occurs. A histogram showing the distri-
bution of the fibers is shown in Figure 3D. Table 2 shows the parameters describing the
arrangement of the fibers in each type of mat. The angular range of the fiber’s alignment
is between 60°-120°, which means that fibers are arranged in a parallel direction with 30°
deflection to this direction, which indicates a high alignment of the structure [30,31]. This
makes it possible to assess the effect of the fiber alignment on the shape memory effect.

Table 2. The degree of the fibers’ alignment within the structures.

Fibers Dominant Direction [°] Contribution in Range of 60°-120° [%]
aPU5 89.21 £8.14 78+2
aPU12 87.54 +12.19 74+1
aPU16 86.72 £9.10 80+2

m5%
40 12%

16%

Frequency [%]

10

Uurmlnn|l|11|IIIIIIIIIII|H|||’ ‘ |

O W N OO & O O N O O VU N XV O O N O <

Orientation angle [°]

Figure 3. Morphology of the aligned fibrous structures obtained after binarization for SEM of (A)
aPUs, (B) aPU12, and (C) aPU16; (D) histogram of average arrangement of aligned fibers.
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The chemical structure of the thermoplastic polyurethane composed of a mixture of
PCL diols and aliphatic diisocyanate was analyzed by FTIR, and the spectra of obtained
PU and electrospun mats are presented in Figure 4. FTIR analysis confirmed the presence
of the urethane bonds characteristic for PU at 3320 cm, and 1725 cm™! wavenumbers as-
signed to NH and C=0 groups, respectively. Additionally, a peak at 1537 cm™ character-
istic for the second amide bond of urethane was observed. Moreover, the position of the
peak associated with C=O groups and the additional arm at 1683 cm™ confirmed that some
number of carbonyl groups are associated with hydrogen bonds [32]. The hydrogen bonds
may be formed within hard segments or between hard and soft segments of PU macro-
molecules. The presence of hydrogen bonds indicates the existence of micro-phase sepa-
ration within the polymer segments, which may influence the mechanical and physical
properties of PU [33]. These types of physical bonds, especially within the hard segments,
were recognized and described in the literature as physical bonds that enhance mechani-
cal and physical properties. Moreover, they are additional setpoints that improve shape
memory properties [2,32]. Peaks characteristic for PCL segments were observed in the
FTIR spectrum at the range of 1200 cm™ to 1094 cm™ and are associated with C-O-C of
PCL diol, and bands at 2864-2837 cm™ are characteristic for CHz].

FTIR spectra of electrospun mats presented in Figure 4B,C showed that the NH-associ-
ated band and carbonyl band are shifted towards higher wavenumbers, which indicates dis-
sociation of some hydrogen bonds after electrospinning compared to pristine polyurethane.

In the case of thermally induced and semicrystalline shape memory polymers, the
transition temperature (Twans) from temporary to original/permanent shape is correlated
with the melting temperature (Tms) of the crystalline phase of switching PCL segments.
The effect of electrospinning parameters on polymer structure, specifically on polymer
crystallinity and the Tms of the PCL crystalline phase, was analyzed based on the second
heating cycle thermograms (Figure 5). The DSC analysis results are summarized in Table 3.
The DSC thermograms showed glass transition with Ty of —49 °C for pristine PU before
processing and in the range of -50.7+-52. °C for electrospun mats (Table 3). T for electro-
spun mats slightly decreased in comparison to pristine PU, which suggests that micro-
phase separation between soft and hard segments of the PU macromolecules was higher
in electrospun fibers made of PU than in bulk PU [34]. Additional reasons for the slight
decrease in T; for various electrospun polymers could be associated with increasing seg-
mental mobility due to lower chain entanglements [21].



8 of 15

Polymers 2022, 14, 5468

096
$901-._ S66
$60T ™~
0911
£89T
STLT
LE8
987 —

URGIOSqY

Wavenumber, cm-1

9TrIST
SO'LE6T

1IL'eTee

LL'EIST
SO'LE6T

SLTTES

$5'¢901
£T6601

S8'IEL
SS'08L

6TEIST
LS'9L6T

£TETEE

T e

R

‘Wavenumbers, cm-1

8'TEL

]
2
2
1
§
g
5 157901 ” 1S'F901 <
09'zo11 09°zo11 4
. i g
wc,nmln roll 95'8€71 8T'S911 ]
8
¥
61'F9F1 61'P9P1 g
S6'LEST S6'LEST o
]
5'r891 96's891 i
STTEL g
]
4
12
=
it
5
2
4
7T'S98T 9T'F98T 9T'F98T m
86'8£67 PS'LEGT 0S'8€6T
3
1
s
LTTTEE 8L1TEE LT'Teee m
4
3
&
i
3
5 "
2 & ) m

A w U

eQIOSqQY

‘Wavenaumbers, cm-1
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Figure 5. DSC 2nd heating curves for PU mats.
Table 3. Summary of the characteristic temperatures DSC results of tested materials.
Temperature Tg [°C] Tms [°C] Tmn [°C] AHms [J/g] X, % AHmn [J/g]
Pristine polyurethane -49.0 30.8 130.8 11.7 8,6 11.1
rPUS -50.7 27.5 130.9 8.9 6.5 11.1
Random rPU12 -52.7 26.8 126.9 10.8 7.9 12.3
rPU16 -51.4 274 128.9 10.9 8.0 10.5
aPU5 -52.4 284 127.1 10.9 8.0 11.0
Aligned aPU12 -51.8 28.8 127.1 9.7 7.1 12.1
aPU1l6 -51.5 274 135.4 10.6 7.8 11.9

DSC thermograms displayed the presence of two endothermic transitions for all sam-
ples that are correlated with the melting of the crystalline phase of soft and hard segments
of PU macromolecules. The crystalline phase assigned to the PCL soft/switching segments
exhibited a melting temperature (Tms) in the range of 27-30 °C and slightly decreased
after electrospinning when compared to pristine polyurethane (Table 3). The values of
Tms for random and aligned fibers are very similar, although insignificantly higher Tms
was observed for an aligned mat. Similarly, there was no clear (increasing or decreasing)
trend for Tms of electrospun mats correlated with increasing concentration of PU. The
crystallinity of the PCL soft segments was evaluated based on measured values of AH J/g,
and the highest value of 8.6% was found for solid PU, and the slight decrease was ob-
served for the electrospun mats with the lowest value of 6.5% for rPU5. The obtained re-
sults are in good agreement with previously reported data that showed decreasing crys-
tallinity and Tm value of electrospun mats in comparison to solid polymers [19,20].

For electrospun fibers, two opposite factors influence the crystallization process.
While fast evaporation of solvent may limit molecular mobility and thus the ability of
macromolecules for crystallization, the fiber alignment may enhance crystallization
[35,36]. The lower Tm value of electrospun mats in comparison to pristine PU film indi-
cates the formation of smaller crystallites with more defects, probably due to faster
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evaporation of the solvent and restricted chain mobility [19-21]. However, for aPU mats,
where there were more macromolecules oriented in one direction (Table 2), crystallization
was easier and more crystals with the perfect structure were formed when compared to
random mats. Therefore, slightly higher Tms and crystallinity (x%) were observed for aPU
mats. The shape of the melting peak of soft/switching segments is quite broad and com-
parable for all samples, which indicates the heterogeneous morphology of the soft seg-
ments’ crystallites (Figure 5). It is a consequence of mixing PCL diols of various molecular
weights that forms various lengths of PCL segments with different mobility and crystalli-
zation rates. Very broad endothermic peaks with Tmn value in the range of 126-135 °C are
correlated with melting of crystalline phase or dissociation of some short order domains
within hard segments of PU. Very broad peak indicates on high imperfection of crystal-
lites and some extent of phase mixing within PU structure [37]. The values of enthalpy of
fusion are slightly higher for hard segments in comparison to soft segments (Table 3),
which may indicate a higher interaction within the hard segments of PU. It is justified as
hard segments are shorter with higher concentration of reactive functional groups. The
presence of crystalline phase with melting temperature above Tians may enhance shape
memory effect. Summarizing DSC results it could be concluded that electrospinning pro-
cess using solution concentration in the range of 5-16 (wt.%) and voltage in the range of
11-20 kV did not change significantly Tm or crystallinity of used polyurethane.

The contact angle measurements (Table 4.) revealed the hydrophobic nature of the fi-
bers regarding their arrangement. The water contact angle (WCA) evaluated for random
fibrous mates was in the range of 114-133° for random fibers and 106-126° for aligned. It
has been observed that the arrangement of the fibers has a strong influence on the hydro-
philicity of the fibers [38]. However, for hydrophobic materials such as polyurethanes used
in this study, although a decrease within the contact angle is significant, it does not cause a
change of the character of the surface of the fibrous mat from hydrophobic to hydrophilic.

Table 4. The hydrophilicity of the tested samples.

Sample Contact Angle [°] Shape of the Water Droplet
PU5 114 +4 n

PU12 13245 ‘n

rPU16 133+3 _n_
aPU5 106 +7 d

aPU12 126+2 A

aPU15 122+4 A'

The mechanical properties evaluation for random and aligned fibers has been shown
in Figure 6. Mechanical strength for random fibers was 2.27 + 0.96 MPa for rPU5, 2.55 *+
0.66 MPa for rPU12 and 4.66 + 1.03 MPa for rPU16, while the tensile strain was 141.68 +
23.54% for rPU5, 220.81 + 69.00% for rPU12 and 233.00 + 39.33% for rPU16. The aligned
orientated fibers were tested in two directions, parallel and longitudinal, to the direction
of the fibers. The tensile strength in longitudinal direction was 4.21 + 0.52 MPa for aPUS5,
498 + 1.64 MPa for aPU12 and 13.15 + 3.01 MPa for aPU16, while tensile strain was 56.87
+11.01% for aPUS5, 100.09 + 10.65 MPa for aPU12 and 126.61 + 16.73 MPa for aPU16. More-
over, tensile strength in parallel direction was measured at 0.26 + 0.09 MPa for aPU5, 0.27
+0.29 MPa for aPU12, and 0.66 + 0.36 MPa for aPU16, while strain was 191.59 + 75.31% for
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aPU5, 213.38 + 35.16% for aPU12 and 213.07 + 21.81% for aPU16. The tensile stress in-
creased with the diameter of the fibers. Moreover, as was expected, obtained mechanical
stress values for the aligned fibers tested in a longitudinal direction were higher compared
to random fibers made from the same solutions. It was previously reported that the diam-
eter and the alignment of the fibers increase the mechanical strength of the polymeric fi-
brous structures [24]. The decrease in the mechanical properties when performing the ten-

sile tests parallel to the direction of the fibers might be attributed to the delamination of
the fibrous structure.
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Figure 6. Comparison of (A) tensile strength and (B) strain at break values for investigated mats.

The cyclic thermomechanical process presented in Figure 7 was applied to investi-
gate the shape-memory effect of the electrospun mats. The values of R and Rf coefficients
calculated based on DMA analysis are presented in Tables 5 and 6, respectively. After the
first cycle of deformation and recovery in the air environment, Rr values for mats with a
random arrangement of fibers were in the range from 57% for rPU16 to 60% for rPUS,
respectively. Contrary, for aligned mats, the lowest value of the Rr coefficient, measured
after the first shape recovery cycle in the air, was found for aPU5 mats and slightly increased
for aPU12 and aPU16, respectively. Additionally, no significant change was observed after
the second cycle of the shape recovery process. However, after the 3rd cycle of shape pro-
gramming and recovery process performed in the water environment at 40 °C significant
increase in Rr value was observed for both random and aligned mats for all solution concen-
trations (Table 5). These findings indicate that developed mats may be considered for med-
ical applications where the water environment and temperature transition to the original
shape around 40 °C are conditions similar to those tested within this manuscript.

Table 5. Values of recovery rate (R:).

. Cycle III

Sample Arrangement of Fibers CycleI Cycle II (in Water)
rPU5 Random 60.0+5.9 59.0 + 6.46 73.8 +4.36
aPU>5 Longitudinal direction * 58.5+2.12 57.4+1.62 84.8 +3.21
rPU12 Random 58.7 +0.91 58.5+0.99 75.6 £3.10
aPU12 Longitudinal direction * 60.1 +1.48 59.4+1.36 86.9 + 0.64
rPU16 Random 57.3+2.59 56.4 +3.21 74.3 £3.66

aPU16 Longitudinal direction * 60.0 +3.59 58.9 +5.96 95.67 +1.36

*—targeted programming in the longitudinal direction to the fiber alignment.
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Table 6. Values of shape fixity.

Sample Arrangement of Fibers Cycle I Cycle II Cycle III
rPU5 Random 93.10+2.05 94.15+0.39 91.0
aPU>5 Longitudinal direction*  95.18+0.99 94.76+0.61  93.52+1.69
rPU12 Random 9549+0.35 93.66+2.04 87.26+3.64
aPU12 Longitudinal direction * 95.12+0.36 9415+040 95.72+1.24
rPU16 Random 92.69+2.03 93.30+1.91 87.0 £ 3.41
aPU16 Longitudinal direction * 93.75+1.10 92.97+324  96.95+1.57

* targeted programming in the longitudinal direction to the fiber alignment.
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Figure 7. The flow of the programming process registered on DMA for rPU16 mat.

The obtained results did not indicate a clear correlation between fiber diameters and
shape memory properties. Similarly, various conclusions are reported in the literature re-
garding the effect of electrospun fiber diameter on shape memory properties. For exam-
ple, Sauter et al. [17] reported that smaller fiber diameters in the nanoscale below 100 nm
enhance shape memory properties due to a higher percent of molecular orientation along
with fiber elongation direction and higher stress generated in fibers with lower diameter.
However, the same authors declared that this mechanism is clearly seen only for fibers on
a small nanometer scale. Taking into account that all fibers in our mats were in submicron
and micron scale, the effect of fiber diameter on shape recovery could not be clearly seen.
Similar observations were presented by Banikazemi et al. [39]. An opposite correlation
between fiber diameter and shape, recovery was reported by Xi et al. for acrylate-based
electrospun mats [18].

In order to explain an increase in Rrvalue after the third cycle, various factors need
to be concerned. First of all, it is often observed that Rr increase with an increasing number
of thermomechanical cycles due to a higher amount of stored energy within the polymer
matrix. Additionally, the plasticizing effect of water should be considered. In the presence
of water, macromolecules are more labile, and therefore even with the same level of inter-
nal energy stored in setpoints of hard segments, relaxation and recovery become faster.
Therefore, at the same time and temperature, a much higher shape recovery was recorded.
The shape recovery process is driven by the entropic energy or internal stress that was
stored in frozen deformed chains. After heating, macromolecules gain more mobility,
which releases the entropic energy and chains back into its highest entropic energy asso-
ciated with the permanent shape [40]. In the case of aPU mats, more particular fibers were
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subjected to elongation applied along the same axis, which resulted in higher internal
stress accumulated in the macromolecules. Therefore, the shape recovery process is faster
and more efficient. In the case of random fibers, when the sample was deformed, some
fibers that were transversely oriented to the elongation direction were not deformed in
the same manner as longitudinal fibers, and thus less internal stress was accumulated in
the sample. This resulted in a lower shape recovery rate.

Table 6 shows the shape fixity of rPU and aPU electrospun mats. The shape fixity of
electrospun mats is higher than 90% in the three cycles for aPU. Some decrease in Rt was
observed for rPU samples after the third cycle. It could be connected with some chain
entanglement and restricted crystallization with a higher number of thermos-program-
ming cycles. However, taking into account that all samples have similar crystallinity, a
similar Rrwas expected. Overall, these results demonstrate that the electrospun mats, es-
pecially with aligned fibers, have good shape-fixed performance.

4. Conclusions

Electrospun mats with versatile diameters of the fibers with the random and aligned
arrangement of the fibers within the structures were fabricated from shape memory PU
comprising a mixture of PCL polyols as soft segments. The diameters were controlled by
changes in a solution concentration of PU within the range of 5-16 wt.%. The thermal
analysis DSC showed that the crystalline structure of soft and hard segments and melting
temperature were not significantly affected by the electrospinning process. These results
indicate that a carefully optimized electrospinning process does not change the previously
designed structure of the polyurethane. Fiber diameter in the range of 410 to 1760 nm and
from 360 to 1200 nm for random and aligned mats, respectively, did not influence crystal-
linity or shape memory evaluated in the air conditions. The more substantial effect of the
fiber alignment on shape recovery was observed for samples tested in water. Shape recov-
ery for aligned fibers performed in the water was in the range of 84-96%, while for ran-
dom mats tested in the same conditions were 10 to 20% lower depending on fiber diame-
ter. These findings show that fiber alignment and thermo-mechanical programming may
enhance the shape memory performance of electrospun mats.
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