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Abstract

Shape memory materials are the materials that can be deformed and fixed to a temporary shape
and recover their original shape on exposure to external stimulus. Shape memory properties have
been widely used for various applications such as actuators, adaptive mateirals and so on. This
study firstly imparts this special property to nanofibers in light of various advantages including
nanoporous structure, excellent recoverability and good biocompatibility. Then magnetite
nanoparticles are incorporated into this system to realize the magnetic actuation of shape
memory effect. In the first stage, poly (ɛ-caprolactone)-based polyurethane nanofibers were
successfully fabricated by means of electrospinning. Through cyclic tensile testing, it was shown
that in comparison with shape memory bulk films, the polyurethane shape memory nanofiber
nonwovens had better shape recovery ability ascribed to molecular orientation. In the second
stage, magnetite was successfully incorporated into polyurethane shape memory mats through
the sonic mixing and subsequently the electrospinning process. SEM images showed that the
fibers became more uniform and the diameter increased after magnetite incorporation.
Differential scanning calorimetry and dynamic mechanical analysis revealed that the magnetiteincorporated mats still featured the melting transition which was similar with the pure mats,
providing the magnetite-incorporated mats large possibilities to have shape memory effect.
Through cyclic tensile testing, the recovery ratio decreased slightly because incorporated
magnetite nanoparticles damaged the polyurethane matrix continuity. Moreover, electrospun
mats with 5 wt%, 7.5 wt%, and 10 wt% magnetite were able to be heated to above their
transition temperatures under a magnetic field with strength of 0.03T and frequency of 410 kHz.
Helix recovery directly demonstrated that shape memory effect of magnetite-incorporated
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electrospun mats could be triggered under a specific magnetic field. Magnetic-actuated
electrospun shape memory mats hold great potential for biomedical applications such as
scaffolds in tissue engineering and drug delivery matrix in drug releasing system.
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Chapter 1: Literature Review
1.1

Shape Memory Effect

Shape-memory effect is an effect to memorize a macroscopic (permanent) shape. The
materials with this effect are called shape memory materials. Shape memory materials
have the ability to be manipulated to a temporary shape under specific conditions of
temperature and stress, and then relax to the original shape upon application of external
stimulus such as temperature, electric field, magnetic field and so on. As shown in Figure
1-1, the whole process includes two steps. During programming process, the material is
fixed to the temporary shape. The process to actuate it back to the permanent shape is
known as the recovery process. The important quantities to be determined for describing
the shape-memory properties of the material are the recovery ratio Rr and the fixity ratio
Rf. The recovery ratio quantifies the ability of the material to memorize its permanent
shape during the recovery process and is a measure of how far the original shape can be
recovered. The fixity rate describes the ability to fix the mechanical deformation during
the programming process. It describes how exactly the temporary shape can be fixed after
specific conditions of temperature and stress [1].

1

Figure 1-1: Schematic representation of shape memory effect

1.2

Shape Memory Alloys (SMAs)

The most widely used shape-memory materials in past years are shape-memory alloys
(SMAs). SMAs were first observed in a AuCd alloy by Chang and Read in 1951.[2]
However, the interest towards commercial applications was little until the shape-memory
effect in the nickel-titanium alloy (NiTi, Nitinol alloys) was discovered by Buehler [3] in
1963. Currently, Nickel-titanium, copper-aluminum-nickel alloys and copper-zincaluminum-nickel are the three main kinds of SMAs.

The shape memory properties of SMAs are based on the crystal lattice change of a
specific martensite variant to the parent single crystal phase. SMAs generally have two
phases which are a high temperature-favored austenite phase and a low temperaturefavored martensite phase. Therefore, metallic alloys change from austenite to martensite
upon cooling and change from martensite to austenite when heating. During shape
2

recovery cycles, SMAs are firstly cooled down. Upon cooling, the phase transformation
from austenite to martensite originally caused by shear lattice distortion leads to
formation of several martensitic variants. Then the deformation stress is applied, giving
rise to the transformation of the variants of other martensite phase into a specific variant
of martensite phase. This results in the macroscopic shape change of the SMAs. Then
heating actuates it switched to the austenite phase, ending up with the recovery of the
original shape[1]. However, the recoverable deformation strain of SMAs is usually below
10%. Otherwise, the deformation will cause the slippage of the lattice, which is
unrecoverable. The limited recoverable strain has become one of the biggest
shortcomings of SMAs [2].

Shape Memory Alloys have been widely used for commercial applications. There are two
aspects of SMAs leading to various applications. One aspect is the pseudo-elastic
behavior when SMAs are used as frames including eye glass frames (bow bridges and
temples) and frames for brassieres. Their shapes can be adjusted to fit the specific face or
body, thus enhancing the wearing comfort.[4]
.
Another aspect of SMAs is recovery property which makes metallic alloys able to be
actuated to the original shape under thermal, electrical or environmental command. Due
to this special shape recovery effect, they are potential for a lot of applications such as
actuators[5], adaptive materials in space area for vibration and shape control[6]and
hybrid composites where SMAs are embedded to realize shape memory effect[4]. An
example is an interesting design of smart dress using two-way SMA wires. The dress was
3

made of fabric embedded with SMA wires. When the dress was heated by using a hair
dryer, it shrank up and shortened the dress. And the under sections recovered at a low
temperature without hot air blowing.[7] This has potential to be used in intelligent
clothing area.

1.3

Shape Memory Polymers (SMPs)

1.3.1 Advantages of Shape Memory Polymers

Despite the demonstrated merits, SMAs show some limitations for their application, such
as the limited recoverable strains of less than 8%, high cost, a relatively inflexible
transition temperature, and complex processing. Such limitations have provided
motivations for the development of alternative materials, especially shape-memory
polymers. The major advantages of shape memory polymers are given below:

1. Low density (e.g., the typical bulk density of a polyurethane SMP is 1.25 g/cm3
while that of a NiTi SMA is 6.4 g/cm3 ) and low cost raw materials.[8]

2. The relatively inexpensive fabrication of SMPs into complex shapes through
various traditional and advanced polymer processing technologies such as
extrusion, casting, injection molding or machining provides the possibility of
specific device geometries required for different applications. [9]
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3. They can reach large attainable strains. For certain polymers strains of up to 700%
have been reported compared to less than 10%, 1%, and 0.1% for SMAs, SM
ceramics, and glasses, respectively[10].

4. The actuation temperature can be tailored for specific applications by modifying
the chemical compositions. For example, in the Poly (hexylene adipate)-based
shape memory polyurethanes with various hard segment contents and soft
segment lengths, their transition temperature changed from 41.0 to 51.9 °C. [11]

5. SMPs can realize multi-shape recovery through multi-phase transitions. For
example, in PMMA/PEG semi-interpenetrating polymer networks containing
broadened glass transition and crystalline segments which provided multi-gradient
glass transition temperatures and an additional melting temperature as transition
temperatures, quintuple-step shape fixation and recovery were realized in a single
shape memory cycle.[12] Multi-shape recovery can also be achieved by only one
broad transition phase. The perfluorosulphonic acid ionomer which exhibited
dual-, triple-, and at least quadruple-shape memory effects is one example. [13]

6. Their biocompatibility and even biodegradability open a door for SMPs to be
applied in biomedical area such as minially invasive surgery. [9] [14][15]

5

1.3.2 Mechanism of Shape Memory Polymers

Since the shape memory effect of polymers is mostly triggered thermally, this study only
focuses on thermally-induced shape memory polymers. Generally, SMPs are materials
composed of two phases which are hard-segment-forming phase and soft-segmentforming phase. Figure 1-2 shows how the hard-segment-forming phase (shown in dark)
and the soft-segment-forming phase (shown in red and blue) work in the thermallyinduced SMPs. The hard-segment-forming phase can be the hard segments with
physically cross-linkers (Figure 1-2 a) or chemical cross-linkers (Figure 1-2 b). The
highest thermal transition is related to the hard-segment-forming phase. As long as this
thermal transition is not exceeded, these domains will stabilize the permanent shape. The
soft chain segments contain flexible components. The transition temperature is
determined by the glass transition temperature or melting point of the soft segments. As
shown in the first picture in Figure 1-2 a and b, above the transition temperature, soft
segments would get into the rubbery or partly-melting state, leading to polymer networks
exhibiting super-elasticity. At this point, the polymer chain segments are quite flexible,
maintaining a maximum entropy before macroscopic deformation occurs. Upon
application of deformation (such as extensition shown in Figure 1-2), the segments
become oriented with a loss of entropy. When the polymers are cooled down below the
transition temperature, the soft segments are partly limited because of the glassy or semicrystalline state, ending up with the stability of the deformation (shown in the second
picture in Figure 1-2 a and b). At the same time, the external stress has been stored. As
soon as the temperature is back to above the transition temperature, the external stress
6

can be released and the segments can form random coils again because this conformation
is entropy favored, resulting in recovery of the original shape ( shown in the third picture
in Figure 1-2 a and b).

Figure 1-2: Schematic representation of the molecular mechanism of the thermally induced shapememory effect for a) a physically cross-linked polymer with Ttrans b) a covalently cross-linked
polymer with Ttrans ( the flexible red part above Ttrans and the fixed blue part below Ttrans both
represent the soft segment and the dark part stands for the hard segment)[1] (from © Andreas
Lendlein & Steffen Kelch (2002). Shape-Memory Polymers. Angewandte Chemie International
Edition, 41, 2034-2057. Page 2040. Adapted with permission from John Wiley and Sons)

7

1.3.3

Types of Shape Memory Polymers

In terms of the forming types of the hard-segment-forming phase, SMPs can be classified
into chemically and physically cross-linked SMPs. The chemically cross-linked SMPs
consider chemical cross-linkers as hard-segment-forming phase while the hard phase for
physically cross-linked SMPs is hard segments with physical cross-linkers. In addition,
for each type, they can be divided into two types according to the transition temperature
which is either the glass transition temperature or the melting temperature of the soft
segments.

1.3.3.1

Physically Cross-Linked Shape Memory Polymers

Generally, most of the physically cross-linked shape memory polymers are linear block
copolymers which belong to thermoplastic polymers. This kind of material based on the
formation of a phase-segregated morphology contains two segments that are hard and soft
segments. The phase with the highest thermal transition is hard segment with physical
cross-linking, providing the mechanical strength of the material as well as the stability of
the permanent shape above the transition temperature. The phase with the lower thermal
transition is the soft segment, determining the molecular transition during the shape
memory process.

8

Compared with the thermo-set shape memory polymers, this class can be easily designed
to different shapes and forms for various specific applications. Moreover, the existence of
physical interactions decreases chain slippage during deformation and therefore increases
the extent of shape recovery.

The most common physically cross-linked shape memory polymer is thermoplastic
polyurethane (PU). Polyurethanes feature many unique properties including a wide range
of shape recovery temperatures (from −30 to 70 °C), high shape recoverability, good
processing ability and excellent biocompatibility[16][17][18]. Basically, polyurethanes
are usually synthesized according to the pre-polymer method as shown in Figure 1-3. In
this process, those difunctional, hydroxyl-terminated oligoesters or -ethers react with an
excess of a low molecular weight diisocyanate to obtain isocyanate-terminated prepolymers (Figure 1-3, 1st reaction step). Low molecular weight diols or diamines are then
added as chain extenders to further couple these pre-polymer, ending up with
thermoplastic polyurethanes or polyurethane-urea copolymers (Figure 1-3, 2nd reaction
step).

Because of the immiscibility between the hard segment and the soft segment,
polyurethanes undergo micro-phase separation. [19] The segment that contains urethane
and urea bonds linked through chain-extender molecules is considered as hard segments.
The strong intermolecular interactions of hydrogen bondings between the hard-hard
segments [20] act as physical cross-linkers, leading to the capability of hard segments to
stabilize the permanent shape above the transition temperature. In the meantime, the
9

hard-segment forming phase is embedded in an amorphous elastic matrix which is
composed of polyesters or polyethers. This amorphous phase is the soft segment which
provides transition temperature , resulting in the shape memory effect.

Figure 1-3: Schematic representation of pre-polymerization process of polyurethane [1](from ©
Andreas Lendlein & Steffen Kelch (2002). Shape-Memory Polymers. Angewandte Chemie
International Edition, 41, 2034-2057. Page 2043. Adapted with permission from John Wiley and Sons)

1.3.3.1.1

Linear Block Copolymers with Ttran=Tg

Linear block copolymer is the phase separated materials whose transition temperature is
the glass temperature. Tg-based polyurethane is one of the examples. The polyurethanes
synthesized from diphenylmethane diisocyanate (MDI), poly (ethy1ene adipate) (PEA) as
soft segments, 1,4-butanediol (BDO) as chain extender were reported to have shape
memory effect. [16] The transition temperature ranged from 10-50 °C which was affected
by the molecular weight of the soft segment and MDI/PEA/BDO mole ratio.
10

Besides hydrogen bonding in polyurethane system, other physical cross-linked techniques
can also be used to set the network such as crystalline domains. For example, in a blend
of poly(vinyl acetate) (PVAc) and poly(lactic acid) (PLA)[21], those crystalline domains
served as hard segments and the composition-dependent Tg of the amorphous region
functioned as the transition temperature. This kind of material could be processed and
reshaped when the temperature was above the melting point of these crystalline domains.

1.3.3.1.2

Linear Block Copolymers with Ttran=Tm

For some block copolymers, the soft domain will crystallize and the temporary shape is
fixed by crystallization of the soft domains. Therefore, in this case, the transition
temperature is attributed by the melting point of semi-cystalline soft segments.

The common example is Tm-based segmented polyurethane. Semi-crystalline polycaprolactone diols (PCL) [22] or Poly(1,4-butylene adipate) glycol (PBAG) [23] are often
chosen as soft segments. A lot of research has been focused on the improvement of
recovery property. For example, ionic group [24], cationic group [25] or long alkyl chains
[23] were incorporated into the polyurethane system to enhance micro-phase separation.
Another example is the introduction of a rosin-based chain extender into the hard
segment of the SMPUs to improve the phase separation and stability of the hard segment
domains at the same time [26].
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Besides Tm-based polyurethanes, there are still other linear, phase-separated block
copolymers with the transition temperature ascribed to melting of soft segments. A
thermoplastic copolymer with a hard-segment-forming phase based on PET and
switching-segment blocks of PEO[27] is an example. Depending on the molecular mass
of the PEO blocks, the transition temperature can be varied between 40 °C and 60 °C.

1.3.3.2

Chemically Cross-Linked Shape Memory Polymers

Basically, chemically cross-linked polymers are also thermoset polymers. They can be
divided into Tg-based thermoset shape memory polymers and Tm-based ones as follows
in terms of different types of soft segments. The strong chemical cross-linking provides
this kind of polymer especially the Tg-based one some attractive characteristics that
include excellent degree of shape recovery, intrinsically high modulus and great thermal
and chemical stability.[10] However, once the original shape is fixed, it is unable to be
changed because the chemical cross-linking is not reversible, which limits the
applications of thermoset polymers. In addition, chemically cross-linked polymers cannot
be dissolved in solvent very well.

1.3.3.2.1

Thermoset Networks with Ttran=Tg

The simplest type of shape-memory polymer is a chemically cross-linked glassy polymer.
The chemical cross-links support the original shape of the system as net-points while the
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soft chains changes between the glassy and rubbery state below and above the glass
transition temperature.

An example of this class is polystyrene copolymers which were a reaction product of
styrene, a vinyl compound, a multifunctional cross-linking agent and an initiator [28].
They were used as contact lens molds. Besides, polymers having Tg that was above room
temperature accompanied with ultra-high molecular weight which was at least higher
than 106 g/mol may also be included in this category because they featured a significant
number of entanglements per chain which functioned as cross-links [2]. Among this kind
of polymers, the most widely known one is high molecular weight poly(methyl
methacrylate) [29]. The glass transition temperature was around 105 °C. Such polymers
showed almost complete shape fixing and recovery which resulted from the sharp glasstransition temperature and high entanglement density that formed a three dimensional
network.

1.3.3.2.2

Thermoset Networks with Ttran=Tm

The melting transition of semi-crystalline polymers can also be employed to trigger shape
recovery. And the temporary shape is fixed by crystallization instead of vitrification.
Compared with glassy materials, this kind is generally more compliant below the
transition temperature since the stiffness is sensitive to the degree of crystallinity. This
class of materials includes semi-crystalline polymers, liquid-crystal elastomers, and
hydrogels with crystalline microdomains [2].
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For example, chemically cross-linked polycyclooctene (PCO) was developed as a novel
polymeric shape memory system [30]. The original stress-free shape was recovered
within 1s on immersion in hot water above the melting point of the crystalline phase,
which demonstrated its fast shape recovery behavior. And the transition temperature
could be tailorable by means of changing the trans/cis ratio of vinylene groups. Besides,
recently, Jianlian Hu and co-workers[31] introduced one kind of shape memory
polyurethane, which was cross-linked by excess MDI or by glycerin, and found that this
chemically cross-linked SMPUs had better thermal and thermo-mechanical properties
than those prepared from linear polyurethanes due to strong chemical bonding.

However, as for Tm-based thermo-set SMPs, chemical cross-linking in a semi-crystalline
material impedes crystal formation, probably ending up with a reduction of crystallinity
and broader crystal-size distribution. So it might feature a lower melting point and a
broader transition temperature range.

1.3.4

Applications of Shape Memory Polymers

Because of various advantages of shape memory polymers, they have become more and
more popular and applied in different areas. Traditional applications include energy
storage [32], the active disassembly of modern mobile phones [33], deployable hinge [34]
and so on.
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What’s more, the recent applications are mainly focused on medical areas due to their
good biocompatibility along with their wide range of tunable stiffness, tailorable
transition temperatures, large shape deformation and easy processing. For example, it can
be applied as a self-expandable stent [35]. The stent is tubular which is inserted into a
natural passage/conduit in the body to prevent or counteract a disease-induced, localized
flow constriction. The stent was firstly fixed to a constricted one which had a smaller
diameter than the conduit below the transition temperature. It was then inserted into the
passage. When the temperature of this stent reached the body temperature which was
above the actuation temperature, it could recoil to fit the passage. The transition
temperature could be low enough so it would recoil faster at the body temperature.

Degradable shape-memory suture was tested in a rat.[36]. The wound was loosely sutured
with a standard surgical needle. When the temperature increased to 41°C, the shapememory effect was actuated and the fiber shrank, which assured the closure of the
wound.

Controlled drug release has also been on the list of the functionalities of shape memory
polymers. They hold great potential as drug delivery matrix during the drug releasing
process. Before inserted into body, this device was fixed into the temporary shape and
then cooled down. After heated to above the switching transition temperature, it
recovered to the primary shape when drug release happened. In addition, Wischke [37]
also found out that there was no influence of incorporating drugs on the polymers glass
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transition or the elastic properties in aqueous environment, which increased the
possibility for the future applications as self-anchoring implants with a local drug release.

1.4
1.4.1

Shape Memory Fibers (SMFs)
Advantages of Shape Memory Fibers

In order to apply shape memory polymers into different specific areas, they are supposed
to be processed into various forms such as membranes for self-deployable structures[8]
[38], foams for memory pillows, memory mattresses, insoles [39] or embolic treatment of
aneurysms [40] and gels for surface patterning techniques through swelling and shrinking
[41].

In the past ten years, more and more research has been focused on a new form of shape
memory polymers which are shape memory fibers in light of their several advantages
including better mechanical property and recoverability due to molecular orientation [42],
soft structure, excellent permeability [43] and good biocompatibility.

Dr. Hu successfully fabricated shape memory fibers in micro scale through wet spinning
and melt spinning [44][45]. Moreover, using the fibers through wet spinning, shape
memory fabrics were developed by knitting and weaving[46][47]. It was shown that the
shape memory fabric was not cytotoxic, hemolytic, sensitive, or irritant, which means
that it was more compatible with human bodies. [43] This kind of shape memory fabric
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extended the applications of shape memory properties into the textile area. For example,
the garments made of SMP fibers can be enlarged suitably to fit the wearer’s body
configuration because of the deformability and fixity of SMP fibers into temporary
shapes [39]. Additionally, a melt-spun shape memory poly(ethylene terephthalate)–
poly(ɛ-caprolactone) block copolymer was reported to be made into the automotive
seatbelt fabric which can effectively improve a passenger’s safety by absorbing the
kinetic energy due to damping effect [39].

In recent years, many research groups chose to study shape memory nanofibers or
ultrathin microfibers instead of regular shape memory microfibers. The preference of
shape memory nanofibers is based on special properties of nanofibers.

1) Their great surface area to volume ratio can bring better mechanical properties,
faster actuation [48] and a good handle [39].

2) Shape memory nanofibers are more biomimetic and biocompatible because a
material with nanoroughness more accurately resembles native tissue [49]. This
may make them more suitable for biomedical applications such as drug delivery
systems[50], wound dressing [51] and so on. Besides, the antibacterial property
can be realized in the polyurethane core-shell nanofibers through coaxial
electrospun of the core solution of polycaprolactone-based shape memory
polyurethane and shell solution of pyridine containing polyurethane. This special
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property is due to the amido-group-containing shell materials and the high surface
area of nanofibers. [52]

3) Furthermore, based on their unique structures, shape memory nanofibers can be
applied in some specific applications which other forms are unable to realize. For
example, nanofibrous structures meet the essential design criteria of an ideal
tissue engineered scaffold due to its capability of supporting cell attachment and
proliferation [53][54]. Moreover, these special structures, accompanied with
shape memory properties, can realize the cell morphology control. When the
scaffold is stretched and fixed to the temporary elongated shape, the fibers are
aligned by the strain. After actuation, it is back to the initial shape and random
fiber orientation. Since the behavior of attached and viable cells is directed by the
fiber alignment, stem cell morphology can be controlled through fixing and
recovery of shape memory scaffold. [55] Another special aspect of the structures
is their numerous nanosized pores which provide excellent water vapor
permeability [56] Due to the tunable pores of shape memory polyurethane
nanofiber membranes [57] and an increase of water vapor permeability as the
temperature rises [58], shape memory nanofibers hold great potential for
intelligent protective clothing materials[59] [60].
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1.4.2

Types of Polymers Used for Shape Memory Fibers

Shape memory fibers can be produced using the physically cross-linked shape memory
polymers because physically cross-linked SMPs can be easily dissolved in solvent in
comparison with thermo-set SMPs. Among the thermoplastic shape memory polymers,
the most common ones are shape memory polyurethanes due to various advantages
including a wide range of shape recovery temperatures, high shape recoverability and
good processing ability[16][17][18]. In terms of monomers, 4,4’-diphenylmethane
diisocyanate (MDI) is often chosen as diisocyanate in this system because it’s the least
toxic chemical among diisocyanates. 1,4-butanediol is utilized as the chain extender.
However, as for the polyester diol or polyether diol, there are different choices.
Therefore, based on soft segments, shape memory polyurethanes spun to be shape
memory fibers can be divided to Tm-based shape memory polyurethanes and Tg-based
shape memory polyurethanes.

In terms of Tm-based polyurethanes fibers, many research groups [44][57][60][61][62]
[63] utilized poly(ɛ-caprolactone) as soft segments to obtain Tm-based polyurethane
fibers through various spinning techniques including electrospinning, melting spinning
and wet spinning. Their preference is based on the advantages of Tm-based shape
memory polymers and the strengths of poly(ɛ-caprolactone) as soft segments, which
contains two aspects: 1) In terms of Tm-based shape memory polymers, they show a
narrow transition zone while Tg-based ones feature a broad transition temperature range
[64]. 2) As for poly(ɛ-caprolactone), it is a biodegradable polyester with a relatively low
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Tm around 60 °C, and medical devices containing poly(ε-caprolactone) have been safely
used in humans [65]. The PCL-based shape memory polyurethanes fabricated by
different groups all showed good shape memory property. Their fixity ratio and recovery
ratio were all above 80% and many of them were even above 90% [48][61][62][44][63].
In order to improve the shape recovery ratio and recovery force, Qinghao [66] prepared
Mutil-walled carbon nanotubes (MWCNTs)-incorporated shape memory polyurethane
fibers through in situ polymerization and melt spinning. The preferentially aligned
MWCNTs in the fiber axial direction could help storing and releasing the internal elastic
energy during stretching and relaxation. The incorporation of MWCNTs was also
realized through coaxial electrospinning of the polyurethane core solution and the
polyurethane-MWCNTs sheath solution to enhance mechanical property and shape
recovery sensitivity [67]. Besides PCL-based shape memory polyurethanes fibers, poly
(ethylene glycol) (PEG) was co-polymerized as soft segments to obtain Tm-based
polyurethane with good shape memory effect [45].

Tg-based shape memory polyurethanes fibers were also fabricated by some research
groups because they are able to store more elastic energy and therefore have relatively
better shape recovery properties. [64] It was reported that they could be prepared through
wet spinning using poly (buthylene adipate) diols or poly (ethylene adipate) glycol as soft
segments[42][68][69]. As well, through electrospinning, Tg-based polyurethane
nanowebs with polyether-type soft segments composed of polypropylene glycol and
polyethylene glycol showed a great shape memory effect (shape recovery ratio of at least
99% and shape fixity ratio of at least 94%) with controllable pore structures [70].
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Obviously, polyurethanes are not the only polymers that can be made into shape memory
fibers. For example, Fenghua[71] fabricated shape memory nanofibers through dissolving
poly(ethyleneoxide) (PEO) in 5.0 wt% Nafion solution by electrospinning technique.
Degradable multiblock copolymer consisting of crystallizable poly(ω-pentadecalactone)
hard segments (PPDL) and PCL switching segments was electrospun into shape memory
nonwoven fabric which exhibited good shape memory properties with strain recovery
rates of 89–95% and strain fixity rates of 82–83% after the 2nd cycle. [72]

1.4.3

Fabrication of Shape Memory Fibers

In order to impart the shape memory effect of polymers to fibers, spinning processes are
employed to get shape memory fibers. Electrospinning is often used to produce shape
memory ultrafine fibers in nanoscale while the wet spinning and the melt spinning are
utilized to obtain regular shape memory fibers in micro scale. Which kind of fiber is
needed depends on the requirement of fiber scale for specific applications.

1.4.3.1

Electrospinning

Electrospinning is a process that produces continuous nanofibers or ultrathin microfibers
through an external electric field imposed on a polymer solution [59].
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Most of the experimental work is carried out with the apparatus shown in Figure 1-4.
Before spinning starts, the syringe containing polymer solutions connected to a stainless
steel capillary tube (spinneret) is fixed. A high-voltage supply is connected to the
capillary tube. The polymer fluid suspended from the capillary tube is held by its surface
tension. Then high voltage is switched on. An electric field subjected to the spinneret
induces a charge on the surface of the liquid. Mutual charge repulsion gives rise to a
repulsive electrostatic force opposite to the surface tension. With increasing the intensity
of electric field, the hemispherical surface of the fluid at the tip of the tube forms a
conical shape known as the Taylor cone. And the intensity of this electric field is still
increased until a critical value is reached when the repulsive electrostatic force
overcomes the surface tension and a charged jet of fluid is ejected from the tip of the
Taylor cone. The polymer solution jet then undergoes a whipping process when the
solvent is evaporated, turning itself into fiber. Then the fibers reach the ground collector
covered by the aluminum foil and lay themselves randomly on the foil. [54][73]

Figure 1-4: Schematic diagram of the electrospinning unit
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1.4.3.2

Wet Spinning

Wet spinning is the oldest and the most complex process to produce fibers [59]. As
shown in figure 1-5, this process is used for polymers that need to be dissolved in a
solvent to be spun. The dope solution is poured into the stainless steel dope tank. A pump
is then used to force the solution into a spinneret. The solution is extruded through
spinneret capillary holes submerged horizontally in a coagulating bath where the solvent
is diffused out. Multi-filaments are then formed by coagulation. After passing through the
coagulation bath, the filaments are taken and then passed through a water bath to remove
the residual DMF. They are then dried in hot air and winded into the original fibers.
[68][69] [74]

Figure 1-5: Schematic diagram of the wet spinning equipment

23

1.4.3.3

Melt Spinning

Melt spinning is used for thermoplastic polymers that can be melted without heavy
degradation. As shown in Figure 1-6, the polymer pellets are melted in an extruder. The
melten polymers then flow into a spin pack by pump. After being extruded from the
spinneret, the polymers solidify by cooling and form into multi-filaments. Then, the
filaments are further solidified and winded to the fibers [75][76].

Figure 1-6: Schematic diagram of the melt spinning equipment

Melt spinning has several advantages such as no harmful solvent, no need for coagulation
bath, and is economical [76]. And Qinghao Meng and co-workers [62] found melt-spun
SMFs had higher tenacity, breaking elongation and shape memory effect compared with
those of wet-spun SMFs. Because it had higher phase separation, resulting in both better
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soft segment and hard segment crystallization. However, the shape memory
polyurethanes for the melt spinning should have high thermal stability and relatively high
molecular weight to obtain good mechanical properties.

1.5

Various Actuation Methods of Shape Memory Effect

The majority of SMPs are thermally-induced shape memory polymers whose shape
memory effect is actuated by heat. Besides direct heating, several heating schemes use
external energy sources to selectively heat the SMPs. Therefore, there are various
actuation methods to stimulate shape memory effect.

1.5.1

Direct Heating

Direct heating is a good method to trigger the shape memory effect of devices mostly in
our daily life such as the active disassembly of mobile phones and so on. In the
biomedical area, when the transition temperature is close to the body temperature, body
heat can be considered as a direct heating method to accomplish the actuation [9]. In
some cases, even if the transition temperature is above the body temperature, the body
heat can also be used for triggering the shape recovery as long as the complete recovery
is not required. For example, a shape memory electrode with the transition temperature of
70 °C was actuated by body heat and self-inserted into the nervous system after initial
surgical implantation of the device. While the complete recovery was not obtained, the
heat from the body lead to appropriate slow actuation of the probe back to its original
conformation, which was better for insertion [77].
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However, as for the biomedical devices, the transition temperature being a little bit higher
than the body temperature may be desired because they would bring more mechanical
rigidity at body temperature as well as explicit control of the actuation [9]. Therefore,
body heat is not enough for complete recovery. But direct heating on the body would
damage tissues. This provides motivations for finding other methods to generate heat.
Moreover, there are some other special situations where direct heating is inconvenient
such as space engineering. Therefore, alternative actuation methods to produce heat are
necessary.

1.5.2

Electrical Actuation

These electrical sensitive SMPs can be obtained by incorporating electrical conductive
ingredients, such as conductive wires and carbontubes, into thermal active SMPs [78].
When a current passes through the conductive ingredient network within SMPs, the
induced Joule heating may raise the internal temperature to above the transition
temperature to trigger shape recovery. Dr. Cagri Ayranci realized electrical actuation of
thermoset epoxy system by incorporating reinforcing carbon fibers[79]. The reinforcing
carbon fibers increased shape recovery forces largely at the same time [80]. Qinghao
Meng and his coworkers [81] incorporated multi-walled carbon nanotubes into shape
memory fibers, obtaining electro-active shape memory fibers with 75% shape recovery
ratio. Sravendra Rana[82] fabricated core-sheath polyurethane nanofibers coated with
conducting polymers polypyrrole and poly (3-hexylthiophene). It was demonstrated that
the conducting core-sheath structured webs were effective in generating sufficient
electrical heating necessary for featuring the shape memory effect.
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However, the necessity of a direct contact to the material by electrodes and the lack of
biocompatibility strongly restrict the use of these systems in biological environments. [83]

1.5.3

Photothermal Actuation

Light can also trigger shape recovery by generating heat. For example, Ward Small
[84]obtained shape memory polymers doped with indocyanine green dye used as a laseractivated microactuator for thrombus removal. This SMP microactuator in its temporary
straight rod form was first inserted through a catheter distal to the vascular occlusion. By
absorption of laser light, the temperature increased and this microactuator then
transformed into its original corkscrew shape, enhancing capturing the thrombus. Once
deployed, the microactuator was retracted, along with the captured thrombus being
removed from the body. The blood flow was then restored. [85] Besides laser heating, the
internal temperature can also be raised on exposure to infrared sources. After
incorporating carbon nanotubes, the shape memory effect of the thermoplastic elastomer
Morthane was triggered by the absorption of non-radiative decay of infrared photons of
carbon nanotubes. At the same time, a higher recovery stress was yielded by
incorporation of carbon nanotubes. [86]

1.5.4

Magnetic Actuation

The heat can also be generated in a magnetic way due to the hysteresis loss. When
ferromagnetic nanoparticles are exposed to an external magnetic field, they become
magnetized. However, the relationship between field strength H and magnetization M is
27

not linear in such materials. As shown in Figure 1-7, starting from the point when this
material is demagnetized (H=M=0), as the field strength increases, M follows the initial
magnetization curve. This curve increases rapidly at first and then approaches
an asymptote called magnetic saturation. If the magnetic field is now reduced
monotonically, M follows a different curve. At zero field strength, the material is still
magnetized with an amount called remanent magnetization MR. And the field strength to
decrease magnetization to zero is called coercivity Hc. Therefore, when the field strength
bounced within a range, their magnetization undergoes a closed loop: the hysteresis loop.
The area within the loop measures the magnetic energy delivered in the form of heat to
the material with the magnetic particles. The energy conversion to heat is caused by the
coupling of the atomic magnetic moments to the crystal lattice.[87] [88] [89]

Figure 1-7: The curve of the magnetic hysteresis loop
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Currently, research has demonstrated magnetic actuation of shape memory effect in
thermoset polymers [90][91] as well as thermoplastic polymers [92]. In terms of
ferromagnetic nanoparticles, magnetite nanoparticles are the most common ones because
they are non-toxic and biodegradable. [83][93] In order to strengthen materials at the
same time, Tao Gong and his coworkers applied multi-walled carbon nanotubes
(MWNTs) coated with Fe3O4 nanoparticles as the incorporated fillers [94]. Yan Cai
crosslinked polyurethane composites filled with Fe3O4 nanoparticles with multi-walled
carbon nanotubes (MWCNTs) [95]. To move this area forward, triple shape was achieved
by non-contact actuation in an alternative magnetic field [96]

In comparison with the electrical and photothermal actuation, magnetic actuation is
preferred especially for biomedical applications because of the following reasons.

1) Remote actuation which allows for the possibility of actuating implantable
devices later by an external magnetic field, opening the door for an entirely new
class of SMP devices later under a magnetic field such as drug delivery matrix in
drug releasing system and scaffolds in tissue engineering.
2) Eliminating fiber optics or wires and the connection of these items to a device
simplify design and reduce the possibility of failure.
3) More complex device shapes can be achieved because consistent heating is
expected for any type of device geometry. As for traditional laser and electroresistive heating methods, device geometry is limitd by the requirement of correct
light refraction/absorption and thermal conduction. [97]
4) Magnetic nanoparticles can be non-toxic and biodegradable [94].
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Chapter 2: Objective

Even though there is some research about shape memory fibers as well as multiple
actuation methods of shape memory effect, there are few work focused on indirect
heating of shape memory nanofibers. Therefore, based on previous work, the major
objective of this study is to realize magnetic actuation of shape memory nanofibers. In
order to reach this goal, the work is divided into two stages which are: a) preparation and
characterization of the general shape memory nanofiber nonwovens and b) fabrication
and characterization of magnetite-incorporated electrospun shape memory nonwovens.
a) To fabricate and characterize the general shape memory nanofiber nonwovens
Before magnetic actuation, pure shape memory nanofibers need to be studied. In this part,
nanofiber nonwovens are to be fabricated followed by the study of morphology, thermal
properties, thermo-mechanical properties and shape memory properties of shape memory
nonwovens. Furthermore, all the properties of nanofibers would be compared with those
of regular shape memory films to demonstrate the strengths of nanofibers.

b) To study the feasibility of magnetic actuation of shape memory nonwovens
This second is to reach the main goal of the work. Firstly, magnetite is to be incorporated
into nanofiber nonwovens. Then the work would be focused on the effect of magnetite of
different concentrations on morphology, thermal properties, thermo-mechanical
properties and shape memory properties of nanofibers. More importantly, the feasibility
of magnetic actuation of magnetite-incorporated shape memory nonwovens is to be
explored.
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Chapter 3: Materials and Methods
This chapter describes preparation of shape memory polymer films and fabrication of
shape memory nanofiber nonwovens and magnetite-incorporated shape memory
nanofiber nonwovens. Characterization techniques are also included in this chapter.

3.1

Materials

The shape memory polymers used in this work were poly(ɛ-caprolatone)-based
polyurethanes (Merquinsa Pearlstick ® 45-40/19, 4.431×104 g/mol). The general structure
of segmented polyurethanes is shown in Figure 1-3 and the chemical structure of poly(ɛcaprolactone) diol which composed the soft segments is shown below in Figure
Dimethylformamide (DMF) were purchased from Fisher Scientific. Magnetite
nanoparticles with average diameter of 30 nm were purchased from Nanostructured &
Amorphous Materials Inc. The surfactant Triton® X-100 were purchased from SigmaAldrich.

Figure 3-1: The chemical structure of poly(ɛ-caprolactone) diol

3.2
3.2.1

Preparation Process
Preparation of Shape Memory Polymer Films

The PU/DMF solution with concentration of 10 wt% was obtained after dissolving PU in
DMF at room temperature. After spraying PTFE lubricante on the glass petri dish, the
31

solution was then poured into the petri dish. The bulk film was obtained after DMF had
completely evaporated from the solution on the hot plate at 80 °C in the fume hood.

3.2.2
3.2.2.1

Fabrication of Shape Memory Nanofiber Mats
Solution Preparation

PU was dissolved in DMF at room temperature into 18 wt% solutions.
3.2.2.2

Electrospinning

Nanofiber nonwovens were fabricated using nanofiber electrospinning unit (Kato Tech
Co. Ltd, Japan) The 10 ml syringe was set connected to a syringe pump. The voltage
supplier was connected to the tip. The target for collecting fibers was covered by nonstick aluminum foil. The feed rate was controlled by the syringe pump and ranged from
0.05-0.1 mm/min. The voltage was from 12-16 kV. This was carried out at room
temperature.

3.2.3
3.2.3.1

Fabrication of Magnetite-Incorporated Shape Memory Mats
Solution Preparation

PU was dissolved in DMF at room temperature into the PU/DMF solution with
concentration of 22 wt%. Magnetite, the surfactant Ttrion X-100 and DMF were mixed
together and sonicated in sonicator for half an hour. PU/DMF solution was then added
into the final solution with concentration of 18 wt%. The whole solution was then
sonicated for one more hour. Several solutions with different magnetite percentage of 2.5
wt%, 5wt%, 7.5wt%, and 10 wt% were obtained.
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3.2.3.2

Co-Electrospinning

The electospinning process was similar with the one for fabrication of pure shape
memory nanofiber nonwovens. The feed rate was controlled from 0.06-0.08 mm/min and
the voltage was 11-15 kV. In the following chapter, nanofiber mats with magnetite
concentrations of 2.5 wt%, 5 wt%, 7.5 wt%, and 10 wt% were called in the following
chapters as mag-2.5, mag-5, mag-7.5, and mag 10, respectively.
3.3
3.3.1

Characterization Technique
Scanning Electron Microscope (SEM)

A scanning electron microscope (Hitachi S-3000N, Japan) was used to investigate the
morphology of nanofibers and measure the diameter of nanofibers. The voltage was 10
kV and the working distance was around 15 mm. Images with different magnifications of
1K, 5K and 10K were obtained.

3.3.2

Transmission Electron Microscope (TEM)

The magnetite nanoparticles incorporated in the shape memory nowovens were observed
through TEM (FEI, the Czech Republic). Single nanofibers were obtained on the foldable
grid (the sample holder for TEM) during the electrospinning process when the grid was
placed close to the collector. Then the holder was set inside the TEM equipment and
images were obtained.
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3.3.3

Thermogravimetric Analysis (TGA)

The magnetite nanoparticle content was determined using Perkin Elmer STA 6000
simultaneous thermal analyzer (USA) by complete combustion in nitrogen atmosphere
from room temperature up to 600 °C in 10 °C/min.

3.3.4

X-Ray Diffraction Measurement (XRD)

The investigation of the crystalline status of the samples was done by using an x-ray
diffractometer (Rigaku Multiflex 2kW, Japan). It was conducted at a voltage of 40kV and
a current of 20mA with copper k-alpha radiation. Spectra were obtained from 3°to 90°
with a scanning rate of 1°per minute.

3.3.5

Differential Scanning Calorimetry (DSC)

The thermal property of nanofibers was determined using DSC (TA Instruments Q1000,
USA ) During this process, the sample was heated up from -80 °C to 60 °C in 5 °C/min
and then cooled down to -80 °C in 2 °C/min. And then it was heated up to 200 °C. The
second heating curve was taken as DSC heating curve shown in the results part.

3.3.6

Dynamic Mechanical Analysis (DMA)

The thermo-mechanical properties were investigated through DMA equipment (TA
Instruments Q800, USA) operated in the tensile mode. The heating rate was 1 °C/min, the
frequency was 2 Hz, and the oscillation amplitude was 5.0 µm. The samples (208 mm)
were tested over the temperature range from 10 to 70 °C. The gauge length between the
clamps was 10 mm.
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3.3.7

Cyclic Tensile Testing

The shape-memory effect was quantified by cyclic investigations, which were performed
by means of a tensile tester (Kato Tech Co. Ltd, Japan) equipped with a thermo-chamber,
which is shown in Figure 3-1. Figure 3-2 shows the entire process of cyclic tensile testing
and Figure 3-3 is the 3D represention of cyclic tensile testing (one cycle). The number
showing the steps in both figures correspond to each other. Firstly, the test piece was
heated up to 50 °C and was stretched to the strain ɛm (50% in my experiment). The
sample was then cooled down under this constant strain ɛm to room temperature for 5
min. Then it was unloaded and the temporary strain ɛu was fixed. The sample was then
heated up to 50 °C again in a controlled way. During this heating, it tried to recover to the
original shape and ended up with the strain ɛp. And then next cyclic began. There were
three cycles in total in my experiments.

Figure 3-2: Experimental setup of tensile testing of samples around 50 °C
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Figure 3-3: Schematic representation of cyclic tensile testing

Figure 3-4: 3D representation of cyclic tensile testing

The important quantities which are strain recovery rate Rr and the strain fixity rate Rf can
be calculated according to equations (1), (2), and (3) [1]from cyclic tensile testing.
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The strain recovery rate Rr quantifies the ability of the material to memorize its primary
shape. Therefore, it is the ratio of the recovered strain that occurs with the shape memory
effect in the Nth cycle ɛm-ɛp(N) to the stretched strain that occurs upon programming ɛmɛp(N-1).

Rr(N) = [ɛm-ɛp(N)]/[ ɛm-ɛp(N-1)]

(1)

ɛp(N) and ɛp(N-1) represent the strain of the sample in two successively passed cycles
after shape recovery. The total strain recovery rate Rr is defined as the strain recovery
after N passed cycles based on the original shape of the sample.

Rr,tot(N) = [ɛm-ɛp(N)]/ɛm

(2)

The strain fixity rate Rf describes the ability of the soft segment to fix the mechanical
deformation during the programming process. Therefore, the strain fixity rate R f is given
by the ratio of the strain in the stress-free state after cooling and unloading in the Nth
cycle ɛu(N) and the programmed strain ɛm.

Rf(N) = ɛu(N)/ɛm

(3)
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3.3.8

Magnetic Heating Testing

Magnetic heating was employed to observe the temperature increasing in nanofiber mats
with magnetite of different concentrations under magnetic field with high frequency and
strength within two minutes. The machine used was SINAC from EFD Induction in
Germany. Firstly, the sample (1010 mm) was placed within the coil. Then the field (H =
0.03T f = 410 kHz) was switched on. And the temperature was measured by means of a
fiberoptic measurement system (FOTEMP, Germany) connected to the sample.

3.3.9

Helix Recovery under Magnetic Field

The visual demonstration of shape memory effect under magnetic field was done through
helix recovery process. The nanofiber mat with 5 wt% magnetite (3010 mm) was heated
up to 50 °C. Then this rectangular mat was deformed to be helix. It was then cooled down
to room temperature and the helix was fixed for 10 min. And the helix was put within the
coil and connected to the fiberoptic measurement system (FOTEMP, Germany). The field
(H = 0.03T f = 410 kHz) generated by SINAC from EFD Induction in Germany was then
switched on to heat the sample up. In order to avoid the temperature being up to so high,
the maximal temperature was limited to 52 °C. The whole recovery process was
recorded.
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Chapter 4: Characterization of Shape Memory Nanofiber Mats
This chapter is dedicated to polyurethane shape memory nanofiber mats. The
morphology, thermo-mechanical properties and shape memory properties of nanofiber
mats are discussed. Additionally, comparisons between nanofiber mats and films with
various properties are also discussed.

4.1

Morphology of Shape Memory Nanofibers

Figure 4-1 b shows the SEM images of polyurethane nanofiber nonwovens fabricated
using 18 % PU/DMF solution through electrospinning with 14.8 kV applied voltage and
0.076 mm/min. It was observed that no beads or agglomerations appeared on the
nanofibers. It was also found that concentration was the main factor that influenced
spinnability and morphology of nanofibers. The suitable range for the polyurethane in my
work was 14-22%. There were beads on nanofibers (shown in Figure 4-1 a) when the
concentration was too low while the high concentration led to high viscosity, which
resulted in bigger diameters and increasing handling difficulties. As shown in Figure 4-1
d, the nanofibers were not so uniform and most of the diameters were 500-1000 nm with
the average diameter being 720 nm.
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a

b

c

d

Figure 4-1: SEM images of Nanofiber Nonwovens from PU/DMF solutions with concentrations of a)
10% b) 18% c) 24%. d) the diameter distribution of nanofibers from 18% PU/DMF solution

4.2
4.2.1

Thermo-Mechanical Properties
Differential Scanning Calorimetry (DSC)

The endothermic melting peaks of soft segments respectively in nanofiber mats and films
in the reheating (second heating) scan are shown in Figure 4-2. The peak of the nanofiber
mat ascribed to the melting transition of soft segments was at 42.85 °C which was
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slightly higher than that of film (41.96 °C). The melting enthalpy of the nanofiber mat
was 30.31 J/g while the enthalpy data of film was 28.67 J/g as shown in table 4-1.
According to the reference[62], the higher soft-segment melting transition temperature
suggests that the soft segments of nanofiber mats were of higher crystallinity. The larger
melting enthalpy of the soft-segment phase suggests that more ordered polymer
packaging was obtained in nanofiber mats. Since the crystallinity of the soft segment is
responsible for the fixity of deformation [98], the fixity ratio of nanofiber mat might be
higher. But because the difference was small, the obvious difference of fixity ratio
between them was not expected.

An increase of heat capacity at around -40 °C is seen in both DSC curves. This was
attributed to the glass transition of the soft segments [63][99]. Therefore, the semicrystalline structure of soft segments was demonstrated by the DSC curves, satisfying the
structural requirements of fibers having shape memory effect, as mentioned in chapter 1.
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Figure 4-2: DSC curves of shape memory nanofiber mats and films

Table 4-1: DSC results of shape memory nanofiber mats and films

Nanofiber

Tm (°C shown

ΔH

in DSC curve)

(J/g)

42.8

30.31

41.9

28.67

Mats
Films
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4.2.2

Dynamic Mechanical Analysis (DMA)

Figure 4-3 presents the storage modulus of nanofiber mats and films during heating. It
can be seen that the storage modulus had a large decreasing feature in both curves due to
the melting transition of soft segments. Before the transition, the modulus was mostly
attributed to physical cross-linking in hard segments and the crystalline portion of soft
segments [100]. The modulus of films at this moment was approximately double that of
the nanofiber mats because the strain during DMA tests was quite small and the nanofiber
mats had a very low initial modulus compared to films due to the porous structure [60].
After the transition, the storage modulus became very low since the modulus was almost
completely attributed by hard segments and the amorphous phase of soft segments.
Therefore, besides DSC, DMA is also a method to demonstrate the melting transition of
soft segments. The melting point measured from DMA curves is shown in table 4-2. As
we can see, the melting point from DMA curves was similar with the DSC results. The
dramatic decrease of the storage modulus caused by the melting transition of soft
segments also provided the possibility for both nanofiber mats and films to have a shape
memory effect.
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Figure 4-3: DMA curves of shape memory nanofiber mats and films

Table 4-2: DMA results of shape memory nanofiber mats and films

Tm ( °C measured

Storage Modulus at

Storage Modulus

from DMA curves)

the beginning (MPa)

after transition
(MPa)

Nanofiber

45.4

94.8

1.34

44.3

196.7

1.13

Mats
Films
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4.3

Demonstration of Shape Memory Effect

In order to quantify the shape memory property, cyclic tensile tests were conducted.
From the stress-strain curves shown in Figure 4-4, the shape recovery ratio and shape
fixity ratio were calculated. As shown in table 4-3, the recovery ratio of nanofiber mats
was higher than the one of films. This was because the molecular orientation resulted
from the electrospinning process led to an increase in the amount of hard-segment phase
along with stability enhancement of the physically cross-linked networks [42]. The shape
recovery is mainly related to the stability of hard segment domains [60]. Thus, molecular
orientation led to an increase of the shape recovery ratio. In terms of shape fixity ratio,
films had slightly higher fixity ratio than electrospun mats. It might be because of the
porous structure of electrospun mats.

Figure 4-4: Cyclic tensile stress-strain curves of shape memory nanofiber mats
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Here is the illustration of the shape memory effect accompanied with a phase change
effect during cyclic tensile testing. When the sample was heated from room temperature
to 50 °C (which was above the soft phase melting transition temperature Ttrans) the PCL
phase melted and became a random state. However, the fiber did not break as hard
segments which were physically cross-linked, partly restricted the free movement of the
soft segment phase. Upon application of external tension, the sample was stretched and
the modulus was attributed to the physical cross-links and the amorphous part of soft
segments. When the temperature was cooled to below Ttrans, soft segments crystallized,
which led to limited movements of the amorphous component in soft segments. As a
result, internal stress was stored in the material and the associated deformation was fixed
temporarily. When reheated to above Ttrans, the PCL phase melted again and the
amorphous phase turned back to random coils due to the entropy flavored. Therefore, the
fiber returned to its original length with release of stored-up internal stress.

Table 4-3: Recovery ratio and fixity ratio of shape memory nanofiber mats and films

Nanofiber Mats

Recovery

Films

1st

2nd

3rd

1st

2nd

3rd

86±2

87±5

91±4

78±3

78±7

82±3

90±5

88±4

88±2

91±3

94±4

92±1

Ratio (%)
Fixity Ratio
(%)
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4.4

Conclusions

In this chapter, the polyurethane shape memory nanofiber mats produced through
electrospinning were characterized. The average diameter was determined to be around
720 nm by means of scanning electron microscopy. Differential scanning calorimetry
provided us with a slightly higher melting point and a larger melting enthalpy of
nanofiber mat compared with film, and demonstrated the crystalline and amorphous
phase in the soft phase. Through dynamic mechanical analysis, the storage modulus
dramatically decreased, due to the melting point of the soft segments. Cyclic tensile
testing revealed that nanofiber mats had better shape recovery ability ascribed to
molecular orientation but with a slightly lower fixity ratio.
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Chapter 5: Characterization and Magnetic Actuation of MagnetiteIncorporated Shape Memory Nanofiber Mats
This Chapter is focused on magnetite-incorporated shape memory nanofiber mats. The
effects of magnetite on morphology, thermo-mechanical properties and shape memory
properties of nanofibers are discussed. Furthermore, magnetic actuation of the shape
memory effect is demonstrated.

5.1
5.1.1

Verification of the Existence of Magnetite
X-Ray Diffraction Measurement (XRD)

In order to prove the existence of magnetite, XRD was employed in this work, ending up
with XRD curves shown in Figure 5-1. It can be observed that in all the curves there were
two prominent peaks at angles of 21.36° and 23.65°, and a broad peak around 20°.
According to the reference [101], the two prominent peaks were from crystallization of
PCL (which was the soft segment in the mats) and the broad peak suggested the presence
of an amorphous structure in soft phase. However, compared to the curve of pure mats,
there were more peaks at 35.8° and 43.5° shown in magnetite-incorporated nanofiber
mats. According to the magnetite XRD data file obtained from the XRD software, those
peaks were attributed to the crystallization of magnetite nanoparticles, which
demonstrated that magnetite was successfully incorporated into nanfiber mats.
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Figure 5-1: XRD curves of electrospun mats with magnetite of different concentrations
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5.1.2

Thermogravimetric Analysis (TGA)

In order to know the concentration of magnetite in nanofiber mats, the samples were
tested through TGA. The results are shown in table 5-1. The exact concentrations were all
lower than the concentrations of magnetite incorporated into the mats because there was
unavoidably a weight loss due to a small amount of magnetite remaining in the syringe
during the electrospinning process. With concentration increasing, the difference between
the concentration incorporated and the exact concentration in mats was bigger.

Table 5-1: Concentrations of magnetite in different nanofiber mats

Concentration

5.2
5.2.1

Mag 2.5

Mag 5

Mag 7.5

Mag 10

2.46

4.41

6.37

8.38

Morphology of Magnetite-Incorporated Shape Memory Nanofibers
Scanning Electron Microscopy (SEM)

Figure 5-2 shows the SEM images of shape memory nanofibers with different
concentrations of magnetite. It can be observed that magnetite-incorporated fibers were
more uniform compared to the pure nanofibers. This might be because the
electromagnetic induction generated by magnetite nanopaticles under electrical field
enhanced the fiber orientation. Additionally, magnetite incorporation might limit the
curving and winding of nanofibers, resulting in higher uniformity. Table 5-2 concluded
the calculated average diameters of each nanofiber. The incorporation of magnetite
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increased the diameter of nanofibers largely due to the higher viscosity and magnetite
themselves inside.
a

b

c

d

Figure 5-2: SEM images of electrospun mats with a) 2.5 wt% b) 5 wt% c) 7.5 wt% d) 10 wt%
magnetite

Table 5-2: Diameters of nanofibers with magnetite of different concentrations

Diameter (nm)

Mat

Mag 2.5

Mag 5

Mag 7.5

Mag 10

720

993

1034

1048

1138
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5.2.2

Transmission Electron Microscopy (TEM)

The TEM image of the pure nanofiber are compared with one of magnetite-incorporated
nanofiber as shown in Figure 5-3. It can be seen that magnetite was actually incorporated
on the surface and inside the nanofibers.

Figure 5-3: TEM images of the pure nanofiber (left) and magnetite-incorporated nanofiber (right)

5.3
5.3.1

Thermo-Mechanical Property
Differential Scanning Calorimetry (DSC)

Figure 5-4 shows the endothermic melting peaks of the soft segments in nanofiber mats
with magnetite of different concentrations in the reheating (second heating) scan. Their
melting point and enthalpy data are shown in table 5-3. It can be seen that the melting
point and enthalpy data of magnetite-incorporated nanofiber mats were slightly lower
than those of the pure nanofiber mats. This was due to the disturbance effect of the fillers
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[100]. However, since the differences among them were very small, the effect of
magnetite on the melting transition could be ignored.

Figure 5-4: DSC curves of electrospun mats with magnetite of different concentrations

Table 5-3: DSC results of mats with magnetite of different concentrations

Tm (°C shown in

ΔH (J/g)

DSC curves)

Nanofiber Mat

42.8

30.31

Mag 2.5

41.3

28.46

Mag 5

41.3

28.83

Mag 7.5

42.1

28.45

Mag 10

41.7

27.96
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5.3.2

Dynamic Mechanical Analysis (DMA)

Figure 5-5 presents the storage modulus of nanofiber mats with different concentrations
of magnetite during heating. It can be found that all of the curves were almost overlapped
and the storage modulus decreased due to the melting transition of soft segments. Before
transition, the modulus of all the mats was around 95 MPa. The modulus at this point was
mostly attributed to physical cross-linking degrees in hard segments and the crystalline
nature of soft segments [100] After transition, the storage modulus almost completely
attributed to the hard segment and the amorphous phase of soft segment was very low.
All of them were around 1 MPa. The melting points of different mats measured from
DMA curves are shown in table 5-4, which were similar with the DSC data. Figure 5-5
and table 5-4 revealed that there was minimal change of the melting transition and themomechanical properties of mats after magnetite incorporation. The dramatic decreasing of
storage modulus proved that there were large chances of magnetite-incorporated
nonwovens to have the shape memory effect.
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Figure 5-5: DMA curves of electrospun mats with magnetite of different concentrations

Table 5-4: DMA results of mats with magnetite of different concentrations

Tm (°C measured

Storage Modulus at the

Storage Modulus after

from DMA curves)

beginning (MPa)

transition (MPa)

Nanofiber Mat

45.4

94.8

1.34

Mag 2.5

43.3

95.4

1.54

Mag 5

44.4

94.5

0.75

Mag 7.5

44.2

96.8

0.82

Mag 10

43.5

96.9

1.04
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5.4

Shape Memory Property

In order to investigate the effect of magnetite on the shape memory property, cyclic
tensile testing was conducted. Figure 5-6 shows the cyclic stress-strain curves for each
sample. Table 5-4 shows the recovery ratio and fixity ratio calculated from the results. It
can be concluded that the recovery ratio of pure mat was higher than any magnetiteincorporated mats because magnetite inside fibers without the shape memory effect
would disturb the polyurethane matix continuity [81]. However, the recovery ratio was
usually above 70% after three cycles. In terms of fixity ratio, they were all close and
above 85%, due to similarity of crystallinity of soft segments in all the mats.
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a

b

c

d

Figure 5-6: Cyclic tensile stress-strain curves of different mats with a) 2.5 wt% b) 5 wt% c) 7.5 wt%
d) 10 wt% magnetite
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Table 5-5: Recovery ratio and fixity ratio of mats with magnetite of different concentrations

Mat

Mag 2.5

Mag 5

Mag 7.5

Mag 10

Recovery

1st

86±2

79±1

77±5

75±1

75±3

Ratio （

2nd

87±5

76±5

74±2

73±1

71±4

%）

3rd

91±4

73±3

74±6

72±2

69±5

Fixity

1st

90±5

91±2

89±2

90±3

88±8

Ratio

2nd

93±4

90±4

88±2

89±1

88±2

(%)

3rd

94±2

91±5

86±8

85±3

85±1

5.5
5.5.1

Magnetic Actuation
Magnetic Heating Testing

As mention in Chapter 2, the temperature of magnetite-incorporated shape memory
materials can be increased due to hysteresis loss. The temperatures of different mats over
time under magnetic field (strength of 0.03T and frequency of 410 kHz ) within two
minutes are shown in Figure 5-7. It is shown that the pure mat could not be heated up and
all mats with magnetite were able to be heated in different scales. In the first section of
heating, this was a linear behavior where the temperature increased quickly and later on
became slow due to heat dissemination from the sample to surrounding materials.

58

Figure 5-7: Temperature-time graphs of electrospun mats with magnetite of different concentrations

Figure 5-8 shows the relationship between increased temperatures in two minutes and
magnetite concentrations, which was almost linear[102]. Here is the explanation. With
higher concentration, more ferromagnetic nanoparticles took effect under magnetic field.
Therefore, mats with magnetic of higher concentrations were able to absorb more
hysteresis loss per a unit mass, resulting in higher heating rate [94]. As for mag 5, mag
7.5, mag 10, they were all able to reach the transition temperature, providing large
possibilities for realization of the shape memory effect under a magnetic field.
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Figure 5-8: Increased temperatures of electrospun shape memory mats with magnetite of different
concentrations within two minutes under a magnetic field

5.5.2

Visual Demonstration of Shape Memory Effect under Magnetic Field

In order to directly demonstration magnetic actuation of shape memory effect, the
rectangular mat with 5 wt% magnetite was fixed to be helix. It was then put in the middle
of a coil which generated magnetic field. Under a magnetic field with strength of 0.03T at
frequency of 410 kHz, it was expected to recover to be rectangular again. Figure 5-9
shows the entire recovery process of this helix mat and Figure 5-10 shows the enlarged
mats in the middle of that coil during this process. Figure 5-11 records the temperature of
this mat over time. As the maximal temperature was limited to 52 °C, the heating rate
was lower than the heating curve shown in Figure 5-7. The mat initiated recovery at 70s
when the temperature reached 37 °C and kept on changing until 120 s. The temperature
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was around 45 °C at 120s. This process demonstrates that the shape memory effect of
magnetite-incorporated nanofiber mats can be actuated under magnetic field. However,
the recovery was not very complete. There are two reasons to explain this observation.
First, the recovery ratio itself calculated from cyclic tensile testing was 70-80%, which
was not particularly high. On the other hand, the unrecovered parts were actually the two
ends of this sample which needed longest time to recover. When the temperature was
above the transition temperature, after other parts had been recovered these two parts
were unable to recover well before the mat became very soft and sticky.

0S

70 S

100 S

120 S

Figure 5-9: Helix recovery process of electrospun shape memory mats with 5 wt% magnetite
(including coils and the mat)

0S

70 S

100 S

120 S

Figure 5-10: Helix recovery process of electrospun shape memory mats with 5 wt% magnetite
(enlarged photos)
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Figure 5-11: Temperature-time graph during the helix recovery process

5.6

Conclusions

In this chapter, magnetite was successfully incorporated into polyurethane shape memory
nonwovens through sonic mixing and electrospinning, as verified by x-ray diffraction.
The nanofibers became more uniform and the diameter increased slightly after magnetite
incorporation as shown in SEM images. Furthermore, magnetite nanoparticles were
observed on the surface and inside of fibers by means of transmission electron
microscope. Moreover, differential scanning calorimetry and dynamic mechanical
analysis revealed that there was minimal change of the melting transition of the soft
phase and the thermo-mechanical properties of mats after magnetite incorporation when
the concentration was below 10%. Through cyclic tensile testing, it can be concluded that
recovery ratio decreased slightly due to the disturbance of magnetite on polyurethane
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matrix continuity, but it was still above 70%. Magnetic heating tests proved that
nanofiber mats with 5 wt%, 7.5 wt%, and 10 wt% magnetite could be heated to above the
transition temperature under a magnetic field with strength of 0.03T at frequency of 410
kHz. The helix nanofiber mat with 5 wt% magnetite under the same magnetic field used
in magnetic heating tests recovered to the primary rectangular shape, directly
demonstrating the magnetic actuation of magnetite-incorporated electrospun shape
memory mats.
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Chapter 6: Conclusions and Future Work

6.1

Conclusions

The magnetic actuation of magnetite-incorporated shape memory nanofiber nonwovens
was successfully achieved with minimal disturbance effect of magnetite on various
properties when the concentration was below 10 wt%.

In the first stage, the polyurethane shape memory nanofiber nonwovens were fabricated
and characterized. In comparison with shape memory bulk films, nanofiber mats had
better recoverability attributed to molecular orientation. In the second stage, magnetite
was successfully incorporated into polyurethane shape memory nonwovens through an
electrospinnig process. Scanning electron microscopy showed that fibers became more
uniform and the diameter increased slightly after magnetite incorporation. Differential
scanning calorimetry and dynamic mechanical analysis revealed that the magnetiteincorporated mat still featured the melting transition which was similar with the pure
mats, providing them the large possibilities to have shape memory effect. Through cyclic
tensile testing, recovery ratio decreased slightly due to disturbance of magnetite on
polyurethane matrix continuity. Furthermore, nanofiber mats with concentration of 5
wt%, 7.5 wt% and 10 wt% were able to be heated up to above transition temperature
under a magnetic field with strength of 0.03T and frequency of 410 kHz. Finally, the
helix nanofiber mat with 5 wt% magnetite under the same magnetic field used in
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magnetic heating tests recovered to the primary rectangular shape, directly demonstrating
the magnetic actuation of magnetite-incorporated electrospun shape memory mats.

Magnetic-actuated electrospun shape memory mats hold great potential for biomedical
applications such as scaffolds in tissue engineering and drug delivery matrix in drug
releasing system.

6.2

Challenges and Future Work

This study has set foundations for the work that can be done in the future, as suggested in
the following.
1) The current work utilizes the electrospun nonwoven mats to realize shape recovery.
Based on this, different fibrous structures can be fabricated such as woven fabric,
knitted faric and so on. In order to apply them to specific applications, various shapes
based on different fabrious structures can be designed.
2) One of the biggest problems is the difficulty in maintaining the fibrous structure in
the cyclic shape memory process. As a part of this system is melting, nanofiber mats
become very soft and sticky above the transition temperature. After some cycles, the
fibrous structure would be destroyed. Therefore, how to avoid the fusion of fibrous
structure and how to extend the shape memory cycle life needs to be addressed.
3) This study is only focused on dual-shape which contains one temporary shape. Thus,
in the future, pursuing multiple shapes instead of dual shape might be a promising
direction.
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4) The reversible shape memory effect can be realized to take over the one-way shape
memory effect in the future.
5) Different kinds of shape memory polymers can be explored to be used in shape
memory nanofiber area.
6) Considering the big potential of biomedical applications, the work related to
biomedical applications must be taken into account. One possibility would be
adjustment of the transition temperature to be close to the body temperature.
Changing the composition percentage of soft segments and hard segments might be a
good option to realize the adjustment. If these devices need to be actuated by indirect
heating (not just by body heat), heat transfer from the SMP to the adjacent fluid and
tissue might need to be addressed.
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