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Abstract

Shape memory polymers (SMP) are a class of smart materials which are able to memorize
a temporary shape and recall their original/permanent shape with the application of a stimulus. The
electrospinning process has been utilized to produce fibrous SMP membranes from polymer
solutions, but this process has the side effect of introducing toxic solvents into the materials
particularly for biomedical applications. The melt-electrospinning process is a fiber production
method that utilizes electrostatic forces in order to produce fibers with micro-diameters from a
polymer melt. As such, it does not require use of solvents. In this thesis, I describe how the melt-
electrospinning process was used to successfully produce fiber mats from polyurethane SMP
(SMPU), and investigate the effect of varying the applied voltage and gap distance on the

morphological, mechanical and shape memory properties of the non-woven mats.

To examine the effect of varying the applied voltage and gap distance on the properties of
the mats, four parameter cases were used to generate SMPU mats on an in-house built melt-
electrospinning apparatus. The applied voltage was varied from 15 kV to 20 kV, and the spinning

gap was varied from 5 cm to 10 cm in order to create the four cases.

The morphology and fiber diameter of the mats were examined by SEM. It was found that
all four cases produced smooth fibers. Over the investigated ranges, the variation of the spinning
parameters caused a change in the structural layout of the mats if the change in the electrical field
strength caused by the parameter variation was large enough. The diameter of the fibers ranged
from 28.4 + 6.8 um to 73.6 + 18.9 um. Diameter was found to appear to increase when spinning
distance was increased at both voltage levels, while diameter appeared to decreased when voltage

was varied at a 5 cm gap distance, with no apparent change at a 10 cm gap distance. These apparent

il



variations are attributed to the change in electrical field strength and thus the force on the polymer

melt from increasing the voltage or gap distance respectively.

The mechanical properties of SMPU mats at all four parameter cases were characterized.
The Young’s modulus and tensile strength ranged from 8.38 + 2.41 MPa to 14.2 + 4.0 MPa and
2.13 £ 0.23 MPA to 4.27 = 0.74 MPa respectively over the four investigated cases. No apparent
variation in the Young’s modulus was found over the range of parameters investigated. This was
attributed to the fiber diameters being above a critical diameter below which a change in diameter
would affect the Young’s modulus due to polymer chain alignment. For the yield strength, no
apparent change was found with varied voltage, but increasing the gap distance resulted in an
apparent decrease. This is attributed to the decrease in complexity of mat structure due to
decreased electrical field strength, resulting in straighter fibers, which result in the mat fully

yielding before a more complex fiber structure would.

Finally, the shape memory properties of the SMPU mats were determined by programming
the materials and recovering them in order to determine the recovery ratio and recovery rate of the
fibrous mats. The recovery ratio varied from 33.2 +2.2 % to 61.9 + 6.1% with parameter variation.
Variation of the applied voltage had no apparent impact on the recovery ratio, while increasing the
gap distance produced an apparent decrease at both voltages. This apparent decrease was attributed
to larger changes in the electrical field strength, which led to larger changes in the level of
polymeric chain alignment in the polymer fibers. The recovery rate was found to vary from
0.00410 £+ 0.00062 mm/s to 0.00723 + 0.00129 mm/s, with the only change being an apparent
decrease in the recovery rate when the gap distance was varied from 5 cm to 10 cm at 15 kV. This
limited impact was attributed to only this case having a large enough change in electrical field

strength / diameter in order to effect the polymer chain entanglement governing the recovery rate.

il



This work shows that melt-electrospinning is a viable technique for SMPU, and that variation of
spinning parameters results in variation of the morphological, mechanical and shape memory

properties of the generated materials.
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Chapter 1 Introduction

This work seeks to investigate melt-electrospinning of shape memory polymer
polyurethane. Chapter 1 presents an overview of shape memory polymers, the general
electrospinning process, including both solution and melt electrospinning, and the application of
the solution electrospinning process of shape memory polymers. As well, applications of both
shape memory polymers and electrospun materials are discussed. Chapter 2 presents the systems
and materials used in completing the research and data collection upon which this work is based,
including detailed descriptions of the melt-electrospinning system utilized in this work and the
polyurethane shape memory polymer used. The experimental design is also described in this
section. Chapter 3 presents the results of research completed for this thesis, including the
morphological analysis, mechanical analysis and shape memory analysis. The reasoning for the
results seen in each of these areas are discussed, and possible explanations are presented. Finally,
Chapter 4 summarizes the results and major takeaways from the work presented here, and suggests
a number of future avenues of potential research to continue growing the understanding of melt-

electrospun shape memory polymer.

Shape memory polymers (SMP) are fascinating subgroup of “smart materials” which have the
ability to “memorize” a programed shape (temporary shape) and upon external stimulus return to
an original, un-deformed shape [1]. A review of the work in shape memory polymers performed
by Liu, Qin and Mather [2] states that the first appearance of the shape memory effect with regards
to polymers in the literature is a patent from 1941 referencing a dental resin presenting thermal
shape memory [2], while Liang, Rogers and Malafeew note that specific shape memory polymers
were developed initially in the work of the Nippon Zeon Co. in 1984 [3]. Liu, Qin and Mather also
make note of the early use of the shape memory effect with regards to polymers in the development
of shrink tubing [2]. Research interest in SMP built up in the mid 1980’s particularly with Japanese
researchers and this interest grew in the early 1990’s with Japanese researches, specifically with a
series of papers published by Tobushi, Hayashi, and Kojima focusing on the properties of
polyurethane shape memory polymers [4]-[7]. Work performed by Echigo et al. focusing on the
use of shape memory polymers in biomedical applications were also published in the early 1990’s
[8]. Work on shape memory polymers continued in Japan throughout the 1990’s largely continuing

to focus on polyurethane based SMP (usually referred to as SMPU), with some limited mentions



of other SMP’s [9]-[ 18], with work also starting to be undertaken by researchers outside Japan
[3], [19]-[26]. In these early years, of interest in the work on shape memory polymers outside of
the Japan, the works of Andreas Lendlein are worth mentioning in the early 2000’s [27]. Lendlein’s
work with SMPs has focused on the use of SMP’s in biomedical applications [28]—[30] and the
production and characterization of these materials [27], [31], [32], as well as having produced a
number of reviews and book chapters on the subject [33], [34]. Following the early work in the
1990’s and early 2000’s the research interest in SMP has greatly increased. While a Scopus search
for the term “shape memory polymer” shows only 50 results from 1986 to 1999, this increases to
572 results between 2000 and 2009, and then to 2862 results between 2010 and 2020 as of April
2020 (Searched on Scopus.com). Based on this increasing trend of publication, it is clear that

research interest in SMP materials and their applications is continuing to grow.

While all SMP’s share the common ability to memorize a temporary shape and recover an
original shape [1], how this recovery is triggered varies depending on the different types of SMPs
and their triggering mechanisms. Examples of common activation triggers are heat [3], [8], [25],
[28], [29], [35]-[41], and exposure to moisture [42]. Other, more exotic activation methods such

as lasers [43], and PH change [44] have also been mentioned in the literature.

SMP materials exist in both the form of thermoset polymers [2], [45] and thermoplastic
polymers [2], [45]. In general, in the case of thermally activated SMP’s, Liu, Qin and Mather note
in their review of the subject that the shape memory effect in polymeric materials can be
categorized into four mechanisms [2], with thermoset materials having shape memory effect based
on either glassy segments controlling the fixed shape or semi-crystalline segments controlling the
fixed shape [2], and thermoplastic materials where the shape memory effect is controlled either by
soft segments which soften at a lower temperature than the hard segments making up the polymer
[2], or by way of crystallization of the soft segments below a prescribed melting temperature which
fixes a programmed shape [2]. Garces et al. note that in particular for thermoplastic polyurethane
shape memory polymer that the shape memory effect is due to the phase separated structure of the
polymer consisting of both crystalline segments, which serve as hard segments in the polymer, and
soft segments, whose lower thermal transition temperature allows for the shape memory effect to

take place [45]. This would make these polymers fall under the third category of shape memory



polymers as described by Liu, Qin and Mather, as noted above [2], where the soft segments are

programmable/stretchable above their glass transition temperature [2].

SMP’s have been utilized in a number of different research areas and applications found in
the current literature. Initially, examples of the application based research included biomedical
applications [8], [26] and the use of SMP for active disassembly [20], [24]. In the last decade, areas
of application research in shape memory polymers include sensing applications [46],
space/aerospace applications [47]-[56], self-healing materials [57]-[66], composite materials with
SMP as a constituent [67]—[73], biomedical applications [39], [74]-[82], the use of SMP materials
for actuation [46], [83]-[87], and the use of SMP in textile applications [88], [89], among others.

Among the possible forms in which SMP can be utilized, fibrous SMP is of major interest
for potential applications in biomedical sutures, smart textiles, and the like. One of the most
commonly utilized techniques used for the production of fibrous shape memory polymers is the
solution electrospinning process. Solution electrospinning is a fiber production process that utilizes
a high electrostatic field in order to draw a polymer solution from a spinneret towards a collector
[90], during which time the solution solvent evaporates, leaving polymer fiber at the collector [90].
The process is influenced by a number of factors, including the strength of the electric field, the
concentration of the polymer solution, the gap distance between the spinneret and the collector,
the diameter of the spinneret and the feed rate at which the polymer solution is ejected out of the

spinneret [91].

The current available literature presents a number of works which deal with the solution
spinning of shape memory polymers. These works show the investigation of a number of different
varieties of shape memory polymers being used to generate fibrous materials, including
polyurethane SMP’s [80], [92]-[103] Poly (Vinyl Acetate) [104], PLA [105] and PDLLA-co-TMC
[106], among others. The applications of these generated fibrous materials include the creation of
smart cell scaffolds of various types [80], [93], [96], [98], [102], [106]-[109] , the generation of
smart fabrics [99], as well as work with regards to generating composites with shape memory
characteristics using electrospun polymer [103], [108], [110]-[114]. As well as work with direct
applications, studies focused directly on the mechanical and shape memory characteristics of these

electrospun materials have also been performed [92], [94], [95], [100], [115]-[117].



While as discussed above, fibrous shape memory polymer materials have been produced
through the use of the solution spinning process, this process presents a major issue due to the
toxicity of some of the solvents used to produce the polymer solutions [90], common solvents used
during solution electrospinning of SMPs being DMF and Toluene. The solvents are not only
harmful during the electrospinning process, but also even the small residues of these solvents left

on the fibers after the process might pose a health risk particularly for biomedical applications.

In order to bypass this issue this work proposes the use of the melt-electrospinning
technique for the production of shape memory polymer fibers, which, to the best knowledge of the
author, has not previously been presented in the available literature. Melt-Electrospinning is a
relatively young field of enquiry which has grown out of the more robustly examined solution
electrospinning approach. It is very similar to the solution electrospinning process previously
described, with the only major difference being that the fluid being spun is a pure polymer rather
than a polymer in solution with a solvent [90]. Due to this similarity, the parameters governing the
process are largely the same, except for the solution concentration parameter being replaced with
the temperature of the molten polymer in terms of controlling the viscosity of the spinning medium
[118]. The earliest reports of this method in the scientific literature date to the early 1980’s, with
the publication of three papers by Larrondo and St. John Manley [119]-[121], as noted by
Hutmacher and Dalton [122]. They presented work showing the ability to produce polymer fibers
from melt by the application of electrostatic force, as was already established for liquids [119].
Following these initial publications, no publications on the subject occurred until 2001 according
to a review performed by Hutmacher and Dalton [122]. Following the re-emergence of the melt
electrospinning process in academic interest, work has been performed in a number of areas. A
major area of investigation has been into the effects of various spinning parameters and polymer
parameters on the generated fiber mats [118], [123]-[140]. While this base line study of the process
itself has been a focus in the literature, there has also been a focus on applications for the generated
material. In general, the applications of melt-electrospun fiber materials have been similar to those
of solution spun polymers, including biomedical scaffolding [131], [141]-[146], textile
applications [147], as well as filtration [122]. Recently, much of the work relating to melt
electrospinning has shifted into the investigation and development of melt electrospinning direct
writing methods for various applications [131], [142], [143], [148]-[151]. Due to the pervious use

of solution electrospinning to produce shape memory polymer non-wovens, and the general
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similarity between this process and the melt-electrospinning process, it is believed that the use of
melt-electrospinning for the production of shape memory polymer non-wovens is a possible

production method.

As mentioned previously, the majority of the process parameters which effect the melt
electrospinning process are shared with the solution electrospinning process. These common
parameters include voltage level [122], spinning gap distance [122], the rate at which the polymer
is introduced into the electrical field (i.e. feed-rate) [122], and spinneret nozzle diameter [122]. In
contrast to the solution electrospinning process, the melt electrospinning process is also effected
by the temperature of the molten polymer which is introduced in electric field, which effects the
viscosity of the molten polymer and acts as an important parameter for the process [118]. These
parameters effect the melt electrospinning system for a number of different reasons. Electrical field
strength is the main driving force of the overall process [125], and is effected by both the set
voltage level and the gap distance between the spinneret and the collector [133]. The force
generated by the induced electrical field causes the polymer melt to overcome its surface tension
at the end of the spinneret, forming the Taylor cone and jet which ultimately form the fiber that is
collected at the end of the melt electrospinning process [152]. Both the rate at which the polymer
is introduced into the electrical field and the spinneret nozzle diameter can be seen to relate to the
amount of polymer available to be drawn into fiber at any given time. As stated, the current
literature presents a number of studies which have investigated the effects of varying these
parameters on the generated polymer fibers [118], [123], [135]-[140], [124]-[126], [128]-[130],
[133], [134]. These studies have included investigation into the effect of the process parameters
on a number of different aspects of the generated fiber, with many works looking at the effects of
the parameters on fiber diameter [118], [124], [138]-[140], [125], [128], [129], [133]-[137], with
works also being found looking at the effects of varying the spin parameters on the morphology
of the fibers [125], [138], the mechanical properties [133], and amount of degradation caused to
the polymer during the spinning process [126]. It should be noted that in general, the process
parameters of the melt electrospinning system’s effects on the resulting fibers seem to be
indifferent to the type of polymer being electro spun in the trends that develop. The electrical field
strength is an example of this, with multiple studies utilizing multiple different polymer feed stocks
reporting the same effect of increased electrical field strength, namely the decrease in the diameter

of the produced polymer fibers [124], [125], [129], [133]-[135], [137]. As noted above, the
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electrical field strength is related to both the voltage level that is introduced into the setup via a
high voltage source, as well as the spinning gap distance, and that varying either of these
parameters will affect the field strength [133]. In particular, increasing the voltage level applied to
the system will result in a higher field strength [133], while the same trend can be caused by
working with a smaller spinning gap distance [133]. The literature does note some exceptions to
this general idea of the effect of the gap distance, with a number of publications noting that while
the fiber diameter initially decreased with decreasing gap distance, it was found to begin to increase
following a certain critical point [118], [134]. While they did not observe it in their work, Wang
and Huang note that they believe that past a critical point, decreasing the gap distance will cease
to have the inverse effect on the fiber diameter [133], which agrees with the reversing trend
presented above [118], [134]. Deng et al. attribute this effect to the lack of time for the fibers to
stretch during the spinning process due to the close proximity to the collection target [134], a
conclusion which is concurred with by Yan et. al. [118]. Wang and Huang found that the gap
distance also had an effect on the mechanical strength of the generated fiber, with an increased
strength coming with decreased gap distance [133], and they attributed this to the decreased fiber
diameter [133]. Finally with regards to the gap distance, Dasdemir et al. found that an increased
gap distance resulted in a less interconnected mat structure. In terms of the rate at which the
polymer was introduced into the electrical field, the literature shows that with increased rate of
polymer introduction, the diameter of the generated fibers increased in general [129], [139]. Dalton
et al. noted that more fibers did not fully cool and solidify before reaching the collection target
with increased rate of polymer introduction [139], and reported a clear increase in the diameter of
the collected fibers in the non-solidified state as the rate of polymer introduction was increased
[139], but a less direct increase was also seen with regards to the solidified fibers [139], while
Doustgani and Ahmadi simply noted an increase in the generated fiber diameter as the polymer
introduction rate was raised [129]. Doustgani and Ahmadi attribute this diameter increase simply
to the fact that more polymer is available in the system to generate fiber [129]. A similar trend is
seen with increasing the inner diameter of the spinneret [118], [134], with a slight exception being
noted by Deng et.al, where they found an increase in the diameter of the generated fiber following
a decrease of the spinneret diameter to a certain point [134]. They attribute this to the smaller
spinneret diameter resulting in higher pressure being required for Taylor cone formation, thus

resulting in higher rates of polymer flow [134]. With regards to the temperature/ laser power used



to generate the polymer melt, in general studies found an inverse relationship between the
temperature / laser power used to produce the melt and the diameter of the generated fiber [118],
[128], [129], [134], [138]. However, similarly to the phenomena described with regards to gap
distance, one publication using laser based melting apparatus found that once a certain laser power
was reached, the generated fibers began to have increased diameters [138], and a third laser based
system found a limit to the effectiveness of increasing the power [128]. Also one work found that
for their parameters, the change in spinning temperature did not affect the final diameter of the
generated fibers [139]. The temperature / laser power used to generate the fibers was also found to
effect the morphology of the generated fibers. Ogata et al. found that when their laser system was
set to higher power settings, PET fibers acquired a beaded morphology [140]. It should also be
noted that beyond the system process parameters, there are also a number of material specific
parameters which have been shown in the literature to effect aspects of fiber generation in melt
electrospinning. In particular, the molecular weight of the polymer [129], [135], as well as the
tacticity and crystallinity of the polymer being used [136], have been shown to effect the generated
fibers.

A number of different polymers have been spun into fibrous materials using the melt
electrospinning method, including polyurethane [118], [125], [128], [130], [145], [153], [154],
polypropylene [119], [123], [135], [155]-[158], polyethylene [119], [134], PCL [118], [124],
[159], [160], [126], [127], [129], [131], [132], [142], [143], [151] and PLA [118], [161]-[163]
among others, including blends of various polymers [124], [137],[139], [146], [162], [164]. While
the general setup used for melt electrospinning is very similar to the solution electrospinning setup
described above, one major difference exists. This major difference, as mentioned previously is
that the melt-electrospinning process replaces the dissolved polymer solution with a polymer melt
[90]. This change removes the issue of toxicity mentioned previously as a major limitation for the
application of solution electrospun materials [90]. A number of different methods are presented in
the literature to bring the polymer to the molten state, including the use of electrical resistance
heating methods including the use of polymer extruders [119], [125], [148], [153], [155], [156],
[165]-{168], [126], [127], [131], [133]-[136], [145] circulating heated fluids [124], [139], [143],
[144],[146],[151],[157], [169], the use of heated air [157], oven type systems [123], [147], [158],



[161]-{163], [170], [171] , and the use of laser systems [128], [137], [138], [140], [159], [172].
While the rest of the basic setup for melt electrospinning is relatively constant, a number of
different variations do exist. In terms of overall setup, the major possible variation is in either a
horizontal [147], [155], [157], [165], [171] or vertical orientation [119], [123], [153], [154]. A
final major difference which is found between different melt electrospinning setups is which of
the spinneret and collector is grounded and which is charged. While many setups follow the more
traditional solution electrospinning paradigm and ground the collection surface [118], [123],[139],
[140], [143], [146]-[148], [151], [156], [158], [159], [124], [161]-[164], [168], [170]-[172],
[127], [128], [131]-[133], [137], [138], Hutmacher and Dalton make note that when electrical
means are used to achieve the molten state, grounding the spinneret may be advantages to avoid
electrical interference [122]. This setup is seen in multiple studies where such a configuration is

used [126], [133], [165]-[167], [134]-[136], [144], [145], [153]-[155].

To date, no study which focused specifically on the melt-electrospinning of SMP grade
polyurethanes and the investigation of the effect of parameters on their shape memory properties
has been completed to the best knowledge of the author. This work seeks to investigate the effects
of the melt-electrospinning process and the variation of the melt electrospinning parameters on the
shape memory properties of MM 4520 shape memory polyurethane, as well as the effect on the
morphology and mechanical properties of the same material. This initial investigation will help to
show the feasibility of melt-electrospinning SMPU, and the initial characterization of the generated
materials will allow for future work to be performed in both applications and further
characterization. As well, this advance will open the door to easier and safer biomedical application
of non-woven SMPU mats, due to the lack of toxic solvents used in the process versus the current
solution electrospun materials [90]. In addition, as the field of melt-electrospinning is still
developing, this work will produce additional understanding of the effects of the variation of the
spinning parameters in general melt-electrospinning application, allowing for an increase in

understanding of the melt-electrospinning process as a whole.



Chapter 2 Materials and Methods

2.1 Materials

MM 4520 shape memory polymer produced by SMP Technologies Inc. (Tokyo, Japan)
was the material used in this investigation. The material was received in pellet form from the
manufacturer, and was converted into 1.75 mm filament using a Brabender® extruder produced by
Brabender® GmbH & Co. KG (Duisburg, Germany) in order to prepare it for use in the melt
electrospinning system. The MM 4520 polyurethane exhibits a glass transition temperature of 45°C

and a specific gravity of 1.25 according to material data provided by the supplier [173].

2.2 Equipment

The melt-electrospinning setup was custom built in-house for this study.

The system consists of five major parts, these being the heating and heating control system,
the electrical field generation system, the spinneret positioning system, the material extrusion
system, and the fiber collection system (Figure 1). These systems are described in more detail in

the following sections.



Extrusion System Electrical Field

Generating System

(Probe)

Fiber Collection System

Spinneret

Positioning System

(B)

Figure 1. Melt-Electrospinning Setup A) Spinning Equipment B) Control Equipment
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2.2.1 Heating and Heating Control System

The MM 4520 filament is heated into the necessary molten stage using a 3-D printing hot-

end and the heating control system, presented in Figure 2.

Thermocouple

RAMPS 1.4
Control Board

Arduino Mega

©

Figure 2. Heating and Heating Control System A) Hot-end Side View (Derived from 3-D printer hot-end) B)Hot-end Front View
(Derived from 3-D printer hot-end) C) RAMPS 1.4 control board pared with Arduino Mega

In order to control the temperature of the hot-end, a RAMPS 1.4 control board/ Arduino Mega

setup running open source Marlin firmware (Marlin 1.1.8) [174] modified for the specific

11



circumstances of this work was used. A thermocouple in the heating block of the hotend was
hooked into the RAMPS 1.4 board to allow for full PID control of the system. A system using a
similar open source 3-D printing hot-end setup in order to achieve successful melt-electrospinning

has been previously presented by Rivera and Hudson [175].

2.2.2 Electrical Field Generation System

The electrical field used to initiate the melt-electrospinning process was generated using
an ES-100 high voltage generator procured from Gamma High Voltage Research (Ormond Beach,
Fl. ,USA). This source is able to produce a voltage potential up to 100 kV [176] . The voltage
source is presented in Figure 3. In order to insulate the electronic systems used to achieve the

molten polymer state from the generated high voltage field, the voltage source was attached to the

rotating drum target rather than to the spinneret, as has been presented in previous literature [145],

[153], [175].

~.-

Figure 3-ES-100 High Voltage Source
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2.2.3 Spinneret Positioning System

The spinneret positioning system allows for placement of the spinneret in the desired
position by adjusting the x-position (spinning distance) of the nozzle tip. A diagram of the

positioning with respect to the system can be found in Figure 4.

¢ Spinneret Carriage |

. Spinneret Carriage Rail |
e
N |

Path of Motion of Spinneret Carriage

Path of Motion of Spinneret Carriage Rail

Figure 4- Spinneret Positioning System



The x position is controlled by moving carriage along the rails on which it is bolted as seen in
Figure 4. In regards to the y axis positioning, due to the use of the translating carriage, the y axis
position varies throughout the spinning process, controlled by the system. The z position (out of

page), is fixed at all times throughout the melt electrospinning process.

2.2.4 Fiber Collection System

The fiber collection system consists of a charged rotating drum, an example of which can
be seen in Figure 1. The rotational speed of the drum can be adjusted in order to control the
randomness/alignment of the generated fibers. The drum is charged by attaching the high voltage
source probe to a carbon brush attached to the outer surface of the drum. In order generate large
randomly distributed non-woven mats of uniform thickness, while inducing an absolute minimum

level of alignment, the rotational velocity of the drum is set to its minimal setting of 12 rpm.

2.2.5 Extrusion System

A 3-D printing gear based extruder purchased from ORD solutions Inc. (Cambridge, Ont.,
Canada) is used in order to move the polymer filament through the hot-end and into the high
voltage field. The extruder can be seen presented in Figure 1. The gearing system seen on the

extruder 1s used to control the movement of the filament.

As with the hot-end, the speed of the extrusion is controlled using the RAMPS 1.4 control
board/Arduino Mega setup with Marlin firmware [174]. The extrusion speed is controlled in terms
of mm/min of filament moved through the extruder, and thus through the hotend and into the high
voltage field. In order to be able to lower the flow rate of polymer out of the system the stepper
motor driver was set for 1/16™ micro-stepping, reducing the extrusion speed by a factor of

approximately 8 from the speed input to the system.
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2.3 Experimental Design

In order to examine the effect of varying melt-electrospinning parameters on the
morphological, mechanical and shape memory properties of melt-electrospun shape memory
polymer mats, the applied voltage and gap distance were both varied individually while all other
parameters were held at constant levels, in order to allow any impact from the variation of these
parameters on the properties of the final produced mats to be seen. Table 1 presents the constant
parameters and the values at which they are set, and Table 2 presents the parameters which are

varied in the present study, and the levels at which they are set.

Table 1- Constant Parameters during Melt-Electrospinning Process

Spinneret Extrusion Spinning Drum Rotational Spinneret
Diameter Rate Temperature Velocity Carriage Velocity
(mm) (mm/min) °O) (RPM) (mm/s)
0.4 25 280 12 10

Table 2- Varied Parameters during Melt-Electrospinning Process

Level Voltage Gap Distance
(kV) (cm)
+ 20 10
- 15 5

With the parameters and levels described above, the final experimental design used in the

preparation of the four fibrous mats, designated as T1-4 can be seen in Table 3.
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Table 3- Experimental Design

Generated Mat
Varied Parameter T1 T2 T3 T4
Voltage (kV) 15 20 15 20
Gap Distance 5 5 10 10

(cm)

At an extrusion rate of 25 mm/min, not accounting for the diameter decrease at the nozzle,
an approximate flow rate of 3.6 ml/hr of polymer is achieved assuming a constant filament
diameter of 1.75 mm. It is noted that the flow rate that results from the extrusion setting on these
tests is higher than what is reported in much of the literature [122], [145], [154], however it is in a
similar order of magnitude to the extrusion rate seen in the work of Rivera and Hudson, who
presented a similar melt-electrospinning device [175]. In the case of their work, their polymer was
extruded at a rate of 10 mm/min [175]. As Rivera and Hudson also utilized a 0.4 mm nozzle as a
spinneret in their work [175], along with similar 1.75 mm diameter filament [175], this indicates
that the flowrates seen in the work presented here are not out of the range of expected values for a
melt-electrospinning system utilizing a 3-D printing hot-end and extruder. This rate was chosen
from a range of extrusion rates that was found to allow for continuous fiber generation with the
current setup. It is believed that the reason for the necessity of the higher extrusion rate is due to
the difference in the melt-electrospinning setup presented here. In systems where the molten
polymer is held in a syringe, a relatively large volume of melt is available to be drawn by the
electrostatic force, whereas in this extruder/hot-end system, only an extremely small amount of

polymer is in a molten state at any one instant to be drawn into the gap.

In order to analyse the results of adjusting the various melt-electrospinning parameters on
the mechanical, morphological and shape memory properties of the generated mats, the average
values of fiber diameter, Young’s modulus, yield strength, shape recovery ratio and shape recovery

rate were found for each of the investigated parameter combinations.
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2.4 Experimental Procedure

2.4.1 Mat Generation

2.4.1.1 Material Preparation

Prior to the beginning of sample generation, the MM 4520 filament was dried in a Lindburg
Blue M"™ vacuum oven (Thermo Scientific” (Waltham, Ma, USA) -shown in Figure 5) for three
days at 70°C.

LINDBERG BLUE M

Figure 5-LINDBERG BLUE M™ Vacuum Oven

The drying process was performed due to possible issues during the extrusion portion of the melt-

electrospinning process due to moisture absorbed by the MM4520 [45]. Once dried, the filament

17



is vacuum sealed and stored in a desiccator and used within a week. Only dried filaments were

used in the course of this work.

2.4.1.2 Equipment Preparation

Prior to the initiation of melt-electrospinning for each mat generation, the parameters were
set according to the experimental design presented in Table 3, and the aluminium foil target was
placed on the rotating drum as a substrate. Once the extrusion nozzle has reached the desired
temperature the system was allowed equilibrate in order to ensure stable temperature throughout

the spinning process.

2.4.1.3 Melt Electrospinning

Once the system was prepared, the drum was set to a rotational velocity of 12 rpm and the
spinneret translation cart was set to a translational velocity of 10 mm/s. The high voltage source
was then turned on and extrusion of the polymer was initiated. The system was allowed to run for
15 minutes, giving enough time for a mat to form. Following completion of the melt-spinning
cycle, the mat was removed from the drum. All further testing was either completed within one
week of initial sample generation, or the materials were dried at 70 °C in order to ensure moisture

free samples.

2.4.2 Morphological Analysis

The morphology of the generated polymer-fiber mats, including the appearance of the fiber
surfaces, fiber layout and fiber diameter was analyzed using scanning electron microscope (SEM)
images of the generated mats. The SEM images were taken using a ZEISS EVO M10 Scanning
Electron Microscope produced by ZEISS (Oberkochen, Germany).
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One sample was taken from the top and bottom of each of the four mats generated in the course

of this work. Figure 6 provides a visual representation of this sampling method.

TOP

SEM Sample Area

SEM Sample Area

BOTTOM

Figure 6- Diagram of SEM Sample Selection

A minimum of four images where taken in different sections of each of the samples, and four were

selected from each set for analysis.

The SEM images are analyzed using Image J software [177] in order to determine an
average diameter of the generated fibers, as well as other morphological features present in the
mats. 10 fibers were selected in each image and 5 diameter measurements were taken along the
length of each of the selected fibers. The average fiber diameter was determined by averaging the

400 fiber diameter measurements taken from each of the generated fibrous mats.

In addition to the images taken for fiber diameter characterization, close up images of the fiber
surfaces were also taken in order to examine the effect of the spinning parameters on the surface

morphology of the generated fibers.

19



2.4.3 Mechanical properties analysis

Mechanical analysis of the generated mats is performed using an Electroforce® 3200
produced by TA Instruments™ (New Castle, DE, USA). Samples of generated polymer fiber mats
are made with theoretical dimensions of 10 mm by 35 mm, with a gage length of 15 mm. The gage
length of 15 mm allowed for efficient use of the available extension range of the
Electroforce®3200. The gage length of 15 mm was previously reported by Hacker et al. when
testing melt-electrospun modified polyurethane mats [154]. The width of 10 mm has been reported
being used in tensile testing samples of electrospun fiber mates in the literature [92], and was
selected due to the ease of working with this sample size. The tests were carried out under a tensile
load at a strain rate of 10 mm/ min (inputted as 0.167 mm/s), which has also been seen in working
with electorpsun SMP in the work of Budun, Isgoren, Erdem and Yuksek, who performed tensile
tests on solution electrospun fiber mats of a similar polymer sourced from SMP Technologies Inc.
(Tokyo, Japan) [92], as well as the work of Hacker et al. with melt-electrospun modified
polyurethane mats [154]. All tensile tests were run using a 10 N load cell. Figure 7 presents a

representative sample prior to and following the conclusion of tensile testing.
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(A) (B)

Figure 7- Representative Mechanical Testing A) Prior to Test Initiation B) Following Test Completion

The load and extension data derived from the tensile tests is used to determine the Young’s
modulus and yield strength of the samples. Due to the extremely thin cross section of the melt-
electrospun samples, the mats were folded over upon themselves twice in order to achieve a thicker
specimen for testing purposes. As well, due to the thin cross section of the mats, it was not possible
to utilize a cross section in the calculation of the stress present in the samples. In order to account
for this, the method described below was used to determine the stress in the sample throughout the

tensile test.

In order to determine the stress experienced throughout the course of the tensile test, the
method presented by Ko and Wan in [178] is used, where the stress is determined by calculating
the specific stress, which is in terms of the areal density of the mats, and then determining the
stress by multiplying the specific stress by the density of the fibers which make up the mat [178].
For the use of this method, Ko and Wan defines the specific stress as in [178, Eq.(6.12)]
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Fo1 (1)

Where:
osp: Specific Stress (N/tex)
F: Force (N)
w: Sample Width (mm)

pa: Areal Density (g/m?)

From this, the stress can be determined using [178, Eq.(6.9)]

0 = Ogp * Pr (2)

Where:
o: stress (GPA)
osp: Specific stress (N/tex)
pr: Polymer density (g/cm”3)

The stress as defined in Equation (2) was then plotted against the strain developed in the sample

during the course of the test. The strain at each point was defined as presented in Equation (3)

_La—Ly 3)
L

&
9

Where:
&: Instantaneous strain in Sample (mm/mm)
Lq: Instantaneous Displaced Length (mm)

L,: Gage Length (mm)
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2.4.3.1 Calculation of Young’s Modulus

The Young’s modulus of the samples was determined as the slope during the elastic range
of the generated stress-strain curves. The Young’s modulus was determined by the standard
formulation presented in Equation (4)

_%=0 (4)
&y — &

Where:
E: Young’s Modulus (MPa)
o01,2: Stress (MPa)

€1,2: Strain (mm/mm)

2.4.3.2 Calculation of Yield Strength

The yield strength of the samples was determined using the 0.2% strain offset method. The
offset stress was determined using the offset strain and the Young’s modulus of the sample as
determined above. The yield strength was then determined as the point at which the offset line

crossed the stress-strain curve.

2.4.4 Shape memory ratio / recovery rate analysis

The shape memory ratio and the recovery rate of the generated polymer-fiber mats are
analyzed using a procedure consisting of two major steps, these being programming and recovery.
In the programming phase, a sample of electrospun material with dimensions of 44 mm by 10 mm,

and gage length of 24 mm was elongated using a Electroforce®3200 procured from TA
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Instruments™ (New Castle, DE, USA) fitted with a thermal chamber to a strain of 25 % (6 mm

extension) at a programming temperature of 50°C (Tg+5°C), at a rate of 0.01 mm/s.

The programming temperature was determined based on the work of Garces et al. which
examined the shape memory properties of MM 4520 in cast form [45]. Following elongation, the
system was allowed to cool to a temperature of at least 31.5°C (T -15°C+£1.5 °C) in order to allow
for the new shape to be fixed. Finally, the thermal chamber was opened so that the sample could
be removed. Figure 8 presents representative images of the samples before and after the elongation

process.

(A) (B)

Figure 8-Melt Electrospun Sample A) Before Programming B) After Programming

During the recovery step, the programmed sample was placed into a Lindburg Blue M™
vacuum oven with a weight attached to the lower end of the sample to maintain straightness
throughout the test [45]. The weight used was measured at the beginning of recovery tests for each

of the generated mats (T1-T4), and a tabulation of the average measured mass of the weight used
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can be found in Table 4, and it is noted that the mass stayed essentially identical for each set of

recovery tests performed over multiple days.

Table 4-Recovery Alignment Mass

Generated Mat

T1 T2 T3 T4
Average Mass (g) 1.57 1.57 1.57 1.57
Standard Deviation of  5.61x10™* 2.61x10* 2.39x10™ 1.73x10*

Mass (g)

The oven was heated to the recovery temperature of 70 °C as stated above, 25 °C above the Tg of
MM 4520. The camera system was used to record images at a rate of 4 fps in order to record the
sample as it recovers to its original un-deformed state. The images collected during this process
are analyzed in order to determine the shape memory properties of the material, specifically the

recovery ratio and recovery rate. Figure 9 presents representative images of samples before and

after recovery.
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(A) (B)

Figure 9- Representative Shape Recovery A) At Beginning of Recovery B) Following Recovery Plateau

Following the collection of images, the length of the sample during the course of the
recovery phase was measured at 50 frame intervals (12.5 s). These lengths were then used to
determine the strain in the sample at each point, and these strains where then used to determine the

recovery ratio (Ry).

The method used to calculate the recovery ratio of the melt-electrsopun mats was based on the
work of Garces et al. , specifically in terms of the recovery ratio equation presented in [45, Eq.(6)]

, as seen below:

R = (5)
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Where:
R:: Recovery Ratio
& Strain remaining after recovery (mm/mm)
gp: Strain following sample programming (mm/mm)

Due to the possibility of error in the placement of the lower weight used to maintain straightness
during the recovery process [45], €p in the denominator of Equation (5) was determined as the
strain when the initially measured gage length underwent the prescribed 6 mm extension. The
value of g, in the numerator of Equation (5) was determined as the strain based on the overall

measured length of the programmed sample at the beginning of the recovery process.

The recovery rate was determined based on Equation (6) below:

Ly — Ly (6)

Where:
Vr: Recovery Rate (mm/s)
Lp: Programmed Length (mm)
L:: Post-Recovery Length (mm)

T:: Time to Reach Maximum Recovery (s)

It is noted that the formulation of the recovery rate (Vr) presented in Equation (6) does not account
for variation in the rate of recovery throughout the recovery process, and this analysis is used as a
baseline to examine the speed of the recovery process, and does not necessarily represent the

recovery rate at any one point during the process.
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Chapter 3 Results and Discussion

3.1 Morphological Properties of Melt-Electrospun MM 4520

The fibrous mats generated through the melt-electrospinning processes are made up of
individual constituent fibers. The morphology and diameter of these constituent fibers control the
properties of the bulk mats, including the shape memory and mechanical properties. The variation
of the two investigated melt-electrospinning parameters, namely spinning gap distance and applied
voltage have their direct effect on the morphology and diameter of the fibers in the mats, and from
there effect the other characteristics of interest. Therefore, the effect of varying the spinning
parameters on the generated fiber morphologies and diameters are first discussed here, before

moving to the other characteristics of the generated MM 4520 melt-electrospun mats.

3.1.1 Effect of Varying Melt-Electrospinning Parameters on Mat/Fiber Morphology

Figure 10 presents representative images of the melt-electrospun fibrous mats generated at
each of the chosen parameter settings. In general with respect to the fibers making up these mats,
it can be seen visually from Figure 10 that all parameter settings investigated in this work produced
smooth fibers, with no beaded morphology seen to be present. Looking at the variation of the
spinning parameters, it can be seen visually that the variation has an effect on the structure of the
fiber layout. In Figure 10, it can be seen, qualitively, that increasing the applied voltage when the
gap distance is held constant (Figure 10(A) vs (B) and Figure 10(C) vs (D)) appears to have a small
effect on the structure of the mats in comparison to that of increasing the spinning gap distance

when the applied voltage was held constant (Figure 10(A) vs (C) and Figure 10 (B) vs (D))
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Figure 10- Fibers Generated at A) 5cm 15kV B) 5cm 20 kV, C) 10 cm 15 kV D) 10 cm 20 kV

In particular, in the constant spinning gap distance case, it can be seen that at 5 cm, as the voltage
is increased(Figure 10(A) vs (B)), the randomness of the orientation of the fibers do increase, but
both voltage levels still present a interwoven and partially coiled mat structure. In contrast, the
mats generated at the 10 cm spinning gap distance (Figure 10 (C)-(D)) present very straight fibers,
with little coiling or winding of the fibers present relative to those generated at 5 cm (Figure 10
(A)-(B)). When looked at in terms of the variation in the spinning gap distance a larger change in
the structure is seen, with the variation at both 15 kV (Figure 10 (A) vs (C)) and 20 kV (Figure 10
(B) vs (D)) presenting shifts in structure from the more coiled and randomly curved fibers seen at
5 cm, to the straighter fibers seen at 10 cm. It is believed that this change is due to the larger change

in the electrostatic force applied on the system when the gap distance was varied versus when the
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applied voltage was varied. When the applied voltage was varied at constant gap distances of 5 cm
and 10 cm, changes in the electrical field strength of 1 kV/cm and 0.5 kV/ cm where seen
respectively. In contrast, when the spinning gap distance was increased from 5 cm to 10 cm at
constant applied voltage levels of 15 kV and 20 kV, changes in the electrical field strength of 1.5
kV/em and 2 kV/cm where found respectively. From these changes, it can be seen that larger
magnitude changes in the electrical field strength occur when the spinning gap distance is increased
versus when the applied voltage is varied, and this then results in the larger, more dramatic changes
in the structure of the fiber mats when the spinning gap distance is varied at constant applied

voltage levels.

In terms of the morphology of the fibers themselves, the variation of the spinning
parameters chosen for this study do not appear to have any large effect on the surface of the
generated fibers. Figure 11 presents representative close up images of the fibers generated at each

of the parameter settings.
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Figure 11- Close Up of Fibers Generated at A) 15 kV 5 cm Gap Distance B) 20 kV 5 cm Gap Distance C) 15 kV 10 cm Gap
Distance D) 20 kV 10 cm Gap Distance

It can be seen from Figure 11 that at all spinning parameters solid cylindrical fibers were formed.
While there does not appear outwardly to be any hard point connections between the generated
fibers, it has been noted by Karchin et al. that it is difficult to state this with certainty based on
SEM images [145], and that if these point bonds did not exist, the mats would have no integrity
under any kind of external loading [145]. Therefore, while none is apparent on the SEM images,
it is likely that point bonds do exist between at least some of the fibers. There do appear to be some
imperfections on the surface of the fibers generated at the 5 cm spinning gap distance, as can be
seen in Figure 11(A)-(B). These imperfections can likely be attributed to how the material cooled.
The fibers generated at the 10 cm gap distance, which can be seen in Figure 11(C)-(D), appear to

have some foreign debris on the fibers, and this is not believed to be related to the spinning process.
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3.1.2 Effect of Varying Melt-Electrospinning Parameters on Fiber Diameter

3.1.2.1 Range of Generated Diameters

Through the variation of the spinning gap distance and the applied voltage, a range of fiber
diameters were observed. Table 5 presents the average fiber diameters with respect to the

parameters at which they were generated.

Table 5-Average Fiber Diameter's at Investigated Settings

Applied Voltage (kV)
15 20
Spinning Gap
Distance (cm) Fiber Diameter (um)
5 48.0+£6.2 28.4+6.8
10 73.6+ 189 56.5+16.0

As can be seen from Table 5, the generated fibers have average diameters ranging from a minimum
of 28.4 £ 6.8 pm to a maximum of 73.6 + 18.9 um. The minimum value was produced with an
electrical field strength of 4 kV/cm, while the maximum was produced with an electrical field
strength of 1.5 kV/cm. The limited literature available on the melt-electrospinning of polyurethane
[118], [125], [128], [145], [153], [154] presents a range of diameters from a minimum of 1.70 pm
[128] to a maximum reported value of 40.35 pm [118]. While it is immediately noticeable that the
lower end of the range of fiber diameters found in this study falls comfortably within the previously
reported range, the upper end of the range, even when taken at the lower end of the range for the
upper value of 73.6 = 18.9 um, this being 54.7 um, falls outside of the range reported in the
literature. The parameters utilized by Yan et al. in order to achieve the fiber diameter of 40.35 pm
[118] appear to be similar to those used here to produce the fibers with average diameters of 73.6
+ 18.9 um. Yan et al. utilized a applied voltage level of 15 kV, with a spinning gap distance of 10
cm [118], which is the same setting for these two parameters used in this work to achieve the

largest fibers. They also utilized a melt temperature of 255 °C [118], which is lower than the 280
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°C used in this work. In terms of nozzle diameter, it is not overtly clear in their work at which
nozzle diameter the polyurethane fibers were generated. A likely cause for the larger fibers found
at these vary similar parameters is described by Brown, Dalton, and Hutmatcher in their 2016
review of melt-electrospinning [152]. Brown, Dalton and Hutmatcher noted that when the
spinneret was attached to ground and the collector is attached to the voltage source, less electrical
charge density is available to draw the polymer across the spinning gap than if the same voltage
was applied directly to the spinneret [152]. This charged collector, grounded spinneret setup is
utilized in this work. With this in mind, the larger fiber diameters seen in this work compared to
that reported in works such as Yan et al.’s where the spinneret is charged make sense in this case
[118] . It should also be noted that while the majority of the values for average fiber diameter
found in this study fall within the range seen in the previously published literature on the melt-
electrospinning of polyurethane, all of these values lay on the upper end of the previously reported
range. By looking at the electrical field strengths in previously published papers, we see a range
from 0.57 kV/cm to 8.33 kV/em [118], [125], [128], [145], [154]. Under this range we see that all
but the largest diameter of 40.35 pum as reported by Yan et al. [118] are lower than all of the
diameter found in this study. As discussed above, one reason for this is likely the phenomena
related to grounding the spinneret discussed by Brown, Dalton and Hutmatcher [152]. Another
possibility is related to the flow rate of polymer melt into the system. Of the previous works on
melt-electrospinning of polyurethane, only Hacker et al. report a flow rate for their work, this being
0.1 ml/h [154]. Compared to this, the flow rate used in the present study is approximately 3.61
ml/hr. Hutmatcher and Dalton note that as flow rate increases or decrease, the same trend is seen
in the fiber diameter [122]. Based on this, if the flow rate being used in this study is larger than
then in the other works, as it is in the case of the work by Hacker et al. [154], then this is likely a
contributing factor to the larger fiber diameters found in this work, along with the setup of the

melt-electrospinning system.

3.1.2.2 Effect of the Variation of Applied Voltage on Fiber Diameter

The graphical representation of the change in the average fiber diameter of the generated

specimens when the applied voltage was varied from 15 kV to 20 kV at constant spinning gap
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distances of 5 cm and 10 cm can be found in Figure 12 and Figure 13 respectively. Table 6 presents
the maximum and minimum possible changes in the average fiber diameter at the two constant gap

distances due to the change in the applied voltage based on standard deviations.
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Figure 12- Change in Average Fiber Diameter with Varying Voltage at 5 cm Gap Distance
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Figure 13- Change in Average Fiber Diameter with Varying Voltage at 10 cm Gap Distance
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Table 6- Maximum and Minimum Change in Fiber Diameter at Constant Gap Distance and Varying Applied Voltage

Constant Gap Maximum Diameter Minimum Diameter
Distance (cm) Change (um) Change (um)

5 32.6 6.68

10 52.0 -17.9

It is immediately apparent that while the change in voltage at a 5 cm spinning gap caused an
apparent decrease in the average fiber diameter ranging from 32.6 um to 6.68 um, while no
conclusion can be made when the gap distance was set to 10 cm due to the large standard

deviations, as can be seen in Figure 13, making it possible that no variation occurs here.

The obvious cause of this discrepancy between the 5 cm gap distance and 10 cm gap
distance is the variation in the change of electrical field strength due to the variation of voltage in
the two cases. A higher electrical field strength in the melt-electrospinning system results in a
higher electrostatic force on the polymer melt being extruded into the spinning gap, and this larger
force results in the generated fibers being stretched more before hitting the target, resulting in
smaller diameter fibers [125], [179]. At the 5 cm spinning gap distance, varying the voltage from
15 kV to 20 kV results in a change in the electrical field strength from 3 kV/cm to 4 kV/cm, a net
increase of 1 kV/cm, whereas at the 10 cm gap distance, the electrical field strength increased from
1.5 kV/cm to 2kV/cm, a net increase of 0.5 kV/cm. Therefore, the change in the electrical field
strength at the 5 cm spinning gap distance is twice the magnitude of the change that occurs at the
10 cm gap distance. As well, it is possible that the lower magnitude of the electrical field strengths
at the 10 cm gap distance reduced the force acting on the polymeric jet to such a degree that even
a larger change at this level would not impact the fiber diameter. These observations may account
for the apparent larger decrease in fiber diameter at the 5 cm spinning distance when the voltage
was increased from 15 kV to 20 kV, as a larger increase in the force applied to the polymer jet
occurred at this setting. Of the literature found on the melt-electrospinning of polyurethane, only
three works were found that investigate the change in the fiber diameter with respect to the applied
voltage [125], [128], [153]. Of these papers, only the work of Dasdemier, Topalbekiroglu and

Demir directly reported a similar trend to that seen in this work, namely the reduction of the
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generated fiber diamter when the voltage level was increased [125]. While Li et al. report no direct
trend when voltage is increased [128], at the edge cases of the range of voltage levels that they
investigated, namely 8 kV and 24 kV, a change in the fiber diamter can be seen in their plotted
results [128]. It should be noted that in the third study which investigated the effects of varying
voltage on melt-electrospun polyurthane, namely the work of Mitchell and Sanders [153], they
report an increase in the diameter of the generated fibers as they increased the voltage applied to
the system [153]. Based on the graph they provide this appears as an initial decrease followed by
an increase in the fiber diamter [153]. Mitchell and Sanders note that this response is different
from what is presented in other reports, and seem to indicate that this is due to them using a gravity
fed system rather than forcing their polymer at a consant rate into the field [153]. As the work
performed for this study follows the more common method of forcing the polymer melt into the
spinning gap at a constant rate, the apparent decrease in fiber diamter with increasing voltage
strength at a constant spinning gap distance seen in this work when both the electrical field
magntitue and change was high enough appears to agree with the other presentations of melt-

electrospun polyuthane presented.

3.1.2.3 Effect of the Variation of Spinning Gap Distance on Fiber Diameter

Figure 14 and Figure 15 present the change in the fiber diameter when the applied voltage
level was held constant at 15 kV and 20 kV respectively as the spinning gap distance was varied
from 5 cm to 10 cm. Table 7 presents the maximum and minimum changes in the fiber diameter
found at each of the constant voltage level when standard deviation of the measured values was

taken into account.
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Table 7-Maximum and Minimum Change in Fiber Diameter at Constant Voltage and Varying Gap Distance

Constant Voltage Maximum Diameter Minimum Diameter
kV) Change (um) Change (um)
15 50.7 0.455
20 50.9 5.40

In contrast to the effect which was seen with regards to varying the applied voltage at constant
spinning gap distances, the change in gap distance at constant applied voltage levels resulted in
apparent increases in the fiber diameter at constant voltages of both 15 kV and 20 kV as the gap
distance was varied from 5 cm to 10 cm. In respect to the 15 kV constant applied voltage, the
apparent change in fiber diameter from the 5 cm spinning gap distance to the 10 cm spinning gap
distance ranged from a maximum of 50.7 pm to a minimum possible change of 0.455 um when
looking at the standard deviations of the average values. At 20 kV, this apparent change varied
from a maximum of 50.9 um to a minimum of 5.40 um. As in the case when the voltage was varied
at constant spinning gap distance, the main effect causing the fiber diameter to appear to increase
as the spinning gap distance increased is believed to be the reduction in the electrical field strength
as the spinning gap distance is increased [179]. Specifically, at the 15 kV setting, the electrical
field strength decreases from 3 kV/cm to 1.5 kV/cm, while at the 20 kV setting, the electrical field
strength decreases from 4 kV/cm to 2 kV/cm. Therefore, at 15 kV, the electrical field strength was
reduced by 1.5 kV/cm, and at 20 kV, it was reduced by 2 kV/cm. It should be noted with respect
to changing the spinning gap distance that the smaller resultant change in electrical field strength
when the spinning gap distance was varied at 15 kV is greater than the larger change seen when
varying the applied voltage at constant spinning gap distance. Therefore, for the parameter levels
chosen for this study, changing the spinning gap distance causes a larger change in the strength of
the electrical field, and therefore has caused apparent changes in the fiber diameter. As stated
above, the literature on melt-electrospun polyurethane is limited. In the case of varying the
spinning gap distance under constant applied voltage, only two of the studies found present any
results [125], [153]. Dasdemir, Topalbekiroglu, and Demir present a change in the fiber diamter
over their full scale of spinning gap distances of 6 cm to 10 cm at 40kV of 4.01 pm +1.14 pm to
8.21 um + 2.34 um [125]. The electrical field strength here changes from approximently 6.67
kV/em to 4 kV/cm, a change of 2.67 kV/cm [125]. This presents a similar trend to that seen in the
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work presented here, with the fiber diamter increasing as the electrical field strength decreases
[125]. The work of Mitchell and Sanders consists of a vastly different setup then the standard melt-
electrospinning setup, where their electrodes are independent of their collection surface [153]. Due
to this it is harder to make a direct comparison to the work present in our study. It should be noted
that while in the preseted work, a steady apparent increase was seen in the fiber diameter with
increasing gap distance, this may not be representative of the actual trend due to the limited nature
of the two level test employed. Zhang et al. note in their review of the subject that a trend of an
intital decrease in the fiber diamter followed by an increase in fiber diamter has been reported by
Qin et al. [179], [180]. While in the current work we see only the apparent increase in the fiber
diamter, in the future it would be advantageous to expand the range and number of gap distances
investigated in order to see if a more complex trend is present. Also a larger study with statistical

analysis will be of great value.
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3.2 Mechanical Properties of Melt-Electrospun MM 4520

The mechanical properties of the melt-electrospun MM 4520 fiber mats were determined
based on the generated stress strain curves. Representative curves for each set of spinning

parameters can be found in Figure 16.
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Figure 16- Representative Stress-Strain Curves for MM 4520 Fiber Mats Generated at A) 15 kV 5cm Gap Distance B) 20 kV 5
cm Gap Distance C) 15 kV 10 cm Gap Distance D) 20 kV 10 cm Gap Distance
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Based on the curves presented in Figure 16, it can be seen that the generated mats all followed a

generally standard stress strain curve of a ductile material.

3.2.1 Range of Young’s Modulus values with Varying Melt-Electrospinning Parameters

Due to the variation of the spinning parameters, and through this the variation of the
diameter of the generated fibers and morphology of the fibers and generated mats, a range of

average Young’s modulus values were found. These average values can be found in Table 8.

Table 8- Average Young's Modulus at Varying Spinning Parameters

Applied Voltage (kV)
15 20
Spinning Gap
Distance (cm) Average Young's Modulus (MPA)
5 142 +4.0 13.5+2.50
10 8.38 +2.41 8.61 £3.85

From the data presented in Table 8, it can be seen that the average Young’s modulus varies from
8.38 MPA +2.41 MPA at a spinning gap distance of 10 cm and applied voltage of 15 kV, to 14.2
MPA =+ 4.0 MPA at a spinning gap distance of 10 cm and a applied voltage of 15 kV. Reports in
the literature for the Young’s modulus of melt-electrospun polyurethane are very limited. From
these reports a range of values from 1.8 MPA + 0.0 MPA [145] to 1.98 MPA + 0.47 MPA [128§]
is seen. It is noted immediately that the values presented in the literature are lower than the values
found in in this work with respect to the Young’s modulus of melt-electrospun polyurethane. It
has been noted in previous work on both melt-electrospinning and solution electrospinning that
the mechanical properties of the generated mats are dependent on the morphology of the mats
[145], [181]. In the previous report of the mechanical properties of melt electrospun polyurethane,
Karchin et al. reported a very dense fiber mat [145], and the work of Li et al. also presents a mat
which appears to be denser than those generated in this work [128]. As well Greenfeld, Sui and

Wagner have noted that the Young’s modulus of solution electrospun material increases with
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decreasing fiber diameter due to higher alignment in the polymer chains caused by the larger forces
necessary to reach the lower diameters [ 182]. They also note that this increase is seen after a critical
diameter is reached, which is dependent on many of the solution spinning parameters [182]. This
would likely account for the variation seen in the literature between solution electrospinning and
melt electrospinning , where for example Li et al. reported a Young’s modulus of 1.98 = 0.47 MPa
with fiber diameters varying from 1.70 pum — 2.53 pm in a melt electrospinning setup [128], while
Budun et al., reported a much higher Young’s modulus of 14.7 + 3.2 MPA with a fiber diameter
for the corresponding mat of 381+ 165 nm [92]. It is noted here that in this work these kinds of
changes in the fiber diameter are not seen, and it is thus not likely that the elongation is having a
significant effect on the mechanical properties, though it may on other properties of the mats,
which will be discussed later in this work. Other possible reasons for the variation in the results
found in this work to that of other melt electrospun polyurethanes are as follows. Firstly, due to
the mats being folded in order to conduct the tensile tests, it is possible that this tripling of the
width of the mat, along with the folds present have resulted in an increase in the Young’s modulus
due to causing changes in the morphology. Due to the dependence on the morphology of the mats,
it is difficult to directly compare the mechanical properties of the mats generated here to those
found in the literature. While the reasons given above may account for the increased value, due to
the fact that this method was used for all tensile tests completed in the course of this work, it is
believed that the comparison between these mats made to examine the impact of the variation of
melt-electrospinning parameters on the Young’s modulus still give a valid understanding of the

effect.

3.2.2 Range of Yield Strength Values with Varying Melt-Electrospinning Parameters

In the same manner as discussed for the Young’s modulus, the measured yield strength
varied between samples generated under varying spinning conditions. This data can be found in

Table 9.
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Table 9-Average Yield Strength at Varying Spinning Parameters

Applied Voltage (kV)
15 20
Spinning Gap
Distance (cm) Average Yield Strength (MPA)
5 427+0.74 4.01 +£0.67
10 2.13+0.23 2.26+0.72

The range of yield strength values were found to vary from 2.13 £+ 0.23 MPA at a spinning gap
distance of 10 cm and an applied voltage of 15 kV to 4.27 + 0.74 MPA at a spinning gap distance
of 5 cm and an applied voltage of 15 kV. The only previous report of the yield strength of melt-
electrospun polyurethane that could be found was that of Li et al. [128]. They report a stretch yield
stress 0f 0.9 = 0.37 MPa [128]. It is noted that the yield strengths found in the work presented here
are higher than those reported by Li et al. [128]. As well, it is believed that this slighter higher
magnitude is likely due to similar morphological reasons as discussed in the case of the Young’s

modulus above.

3.2.1 Mechanical Properties Variation with Varying Melt-Electrospinning Parameters

3.2.1.1 Effect of Varied Voltage on Young’s Modulus and Yield Strength

Figure 17 to Figure 20 present the change in the average Young’s modulus and average
yield strength at a constant spinning gap distance of 5 cm (Figure 17 and Figure 18) or 10 cm

(Figure 19 and Figure 20) as the applied voltage is varied from 15 kV to 20 kV.
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Table 10 present the maximum and minimum changes seen in the Young’s modulus and yield
strength as the applied voltage was varied over constant gap distance when the standard deviation

was accounted for.

Table 10-Maximum and Minimum Change in Young's Modulus and Yield Strength at Constant Spinning Gap Distance

Constant Gap ~ Maximum Change =~ Minimum Change = Maximum Change Minimum Change
Distance (cm) (Young's Modulus)  (Young's Modulus)  (Yield Strength) (Yield Strength)

(MPA) (MPA) (MPA) (MPA)
5 7.25 -5.76 1.67 -1.16
10 6.49 -6.03 1.08 -0.820

The minimum changes seen in Table 10, along with the data presented in Figure 17 through Figure
20 show that no conclusion can made respecting the effect of varying the applied voltage on the
Young’s modulus or yield strength, and no apparent change is seen in either due to the large
standard deviations. Comparing this to the change seen in terms of fiber diameter over the same
parameter ranges, it can be seen that when the voltage was varied at a 5 cm spinning gap distance,
an apparent change was seen in the reduced diameter but not in the Young’s modulus or yield
strength, and that when the voltage was varied at 10 cm, no apparent change was seen in either the
diameter or again in the Young’s modulus or yield strength. Therefore it seems, in this case that at
the 5 cm gap distance, the fiber diameter does not appear to effect the yield strength or Young’s

modulus.

3.2.1.2 Effect of Varied Spinning Gap Distance on Young’s Modulus and Yield Strength

Figure 21 to Figure 24 present the change in the measured Young’s modulus and yield
strength as the spinning gap distance is varied at a constant applied voltage. Figure 21 and Figure
22 present the change in Young’s modulus and yield strength respectively as the spinning gap
distance was varied from 5 cm to 10 cm at a constant voltage of 15 kV, while Figure 23 and Figure
24 present the change in Young’s modulus and yield strength respectively as the spinning gap

distance is varied from 5 cm to 10 cm at a constant applied voltage of 20 kV.
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Figure 24- Change in Average Yield strength over Varied Gap Distance at 20 kV

Table 11 presents the maximum and minimum changes found for Young’s modulus and yield

strength at constant applied voltages when standard deviation is accounted for.

48



Table 11- Maximum and Minimum Change in Young's Modulus and Yield Strength at Constant applied Voltage

Constant ~ Maximum Change  Minimum Change = Maximum Change Minimum Change
Voltage  (Young's Modulus) (Young's Modulus)  (Yield Strength) (Yield Strength)

(kV) (MPA) (MPA) (MPA) (MPA)
15 12.3 -0.575 3.10 1.17
20 11.2 -1.49 3.14 0.362

From Table 11 it can be seen that while no definitive conclusions can be drawn on effect on the
Young’s modulus with varying spinning gap distance due to the large standard deviations resulting
in no apparent change being seen, there is an apparent change in the yield strength as the spinning
gap distance was varied from 5 cm to 10 cm at both applied voltage levels, with minimum
decreases in yield strength of 1.17 MPa and 0.362 MPa at 15 kV and 20 kV respectively rounded
to three significant digits when accounting for standard deviation. In tying the changes directly
back to the main spinning parameter that is being manipulated in these tests, that being the
electrical field strength, the basic reasoning for the apparent larger changes when varying the gap
distance at these levels at constant voltage over varying the voltage at constant gap distance is
likely the larger change in electrical field strength seen when the gap distance is varied, which then
will affect the morphology of the generated mats, and thus the mechanical properties presented

here, and the reasoning for this effect will be discussed in the following section.

3.2.1.3 Effect of Fiber Diameter/Mat Morphology on Young’s Modulus and Yield Strength

In general, the first observation to be made from the presented results is that no conclusion
can be reached on the effect on the Young’s modulus or the yield strength due to the change in
fiber diameter over the presented ranges due to the large standard deviations. In terms of the
Young’s modulus, even in cases where the diameter has an apparent variation due to the variation
of spinning parameters, no corresponding change in the Young’s modulus could be seen. In terms
of the yield strength, the data is not as clear cut, as for some variations in the fiber diameter, an
apparent change in the yield strength was seen. However this was not seen in all cases where an
apparent change in the fiber diameter occurred, as is the case when the voltage was varied from 15

kV to 20 kV at a 5 cm spinning gap distance. Due to this non-uniformity in effect, it is believed
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that the change in diameter is not the direct cause for the change in the yield strength in cases
where both changes occur. This apparent non-reliance on fiber diameter would thus seem to
indicate that the critical diameter, and correspondingly the level of polymeric chain alignment
needed to effect the Young’s modulus and yield strength as presented by Greenfeld, Sui and
Wagner is not being reached [182]. While, based on this data the diameter does not appear to be
directly effecting these mechanical properties, other morphological properties may be having a

significant effect.

When looking at the representative fiber morphology presented in Figure 10, a possible
explanation for the effect that varying the spinning parameters on the mechanical properties on the
generated mats can be seen, this being the orientation of the fibers in the produced mats. As
presented in the previous section, when the voltage was varied at a constant spinning gap distance,
no conclusion could be made on its effect on either the Young’s modulus or the yield strength. In
terms of the orientation of the fibers that make up the mats, while there may be a increase in the
complexity of the orientation of the fibers, with an increase in coiling and winding when the
voltage is varied from 15 kV to 20 kV at 5 cm, the large change in orientation occurs when the gap
distance is varied at constant voltage as discussed previously. Comparing the trend in the Young’s
modulus and yield strength to the trend in the orientation of the fiber mats, a number of preliminary
conclusions can be drawn. First, it appears based on the collected data, that the magnitude of the
Young’s modulus may not be tied to the orientation of the fibers mats. Specifically, it can be seen
that while there is change in the fiber orientation of the mats, especially when the gap distance is
varied, no change in the Young’s modulus could be stated to occur. In contrast, when larger change
in orientation is seen with the varying gap distance, a corresponding apparent change in the yield
strength of the mat is seen, which may indicate a connection between the yield strength and the
orientation of the fiber mat when a large enough change in the fiber orientation occurs. A possible
explanation for this apparent connection between the yield strength and this change in the
morphology of the generated mats is the rate at which individual fibers will come under direct
loading during the course of the tensile tests. In a mat made up of more randomly distributed and
orientated fibers, it would take a larger extension before a large portion of the fibers are carrying
direct load, as they will need to be unraveled during the extension. In the case of a mat with
straighter, less coiled fibers, as seen in both cases when spinning occurred at the 10 cm spinning

gap distance, the individual fibers are more likely to be carrying the load from the beginning of
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extension, and thus reach the constituent polymer’s yield strength a lower level of extension than
for the more chaotically orientated melt-electorspun mats. This morphological based
understanding of what is occurring under the parameter variation presented here could also be seen
to explain why the Young’s modulus is not seen to have any apparent variations, while the yield
strength does with the larger morphological change. In terms of the Young’s modulus, there will
always be some fibers under direct tensile load, either through the un-coiling of fibers or due to
the straighter fibers, thus leading to the more consistent Young’s modulus. In contrast, with respect
to the yield strength, for the more coiled structure of the mats generated at the 5 cm spinning gap
distance as one fiber begins to yield another will be coming under tension, maintaining the load
bearing ability of the material and thus increasing the yield strength compared the straighter mat
morphology seen in the samples generated at the 10 cm spinning gap distance, where final yield
of the material would occur at a lower extension due to a smaller number of fibers becoming

available to carry the load as the initially loaded fibers yield.

3.3 Shape Memory Properties of Melt-Electrospun MM 4520

Recovery tests were performed using the described procedures in order to determine both
the recovery ratio and recovery rate of the generated mats. Representative recovery curves for mats

generated at each of the four parameter combinations can be found in Figure 25 - Figure 28.
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Figure 25- Representative Strain Recovery Curve for MM 4520 Fiber Mat Generated At 15 kV and 5 cm Gap Distance
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Figure 26- Representative Strain Recovery Curve for MM 4520 Fiber Mat Generated at 20 kV and 5 cm Gap Distance
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Figure 28- Representative Strain Recovery Curve for MM 4520 Fiber Mats Generated at 20 kV and 10 cm Gap Distance
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The average results for the recovery ratio and the recovery rate found at each of the spinning

parameters can be found in Table 12 and Table 13 respectively.

Table 12- Average Recovery Ratio at Investigated Parameter Settings

Applied Voltage (kV)
15 20
Spinning Gap
Distance (cm)  Average Recovery Ratio (%)
5 61.9+6.1 55.8+5.2
10 33.2+22 34.1+13.0

Table 13- Average Recovery Rates at Investigated Parameter Settings

Applied Voltage (kV)
15 20
Spinning Gap
Distance (cm) Average Recovery Rate (mm/s)
5 0.00723 +£0.00129 0.00550 £ 0.00051
10 0.00410 = 0.00062 0.00475 £+ 0.00072

From Table 12, it can be seen that the measured recovery ratio ranges from 33.2 + 2.2 % when
spun at 15 kV with a 10 cm spinning gap distance to a maximum of 61.9 + 6.1 % when spun at 15
kV and a 5 cm spinning gap distance. While no previous work has been found on the melt-
electrospinning of shape memory polymers, the literature on the recovery found for solution
electrospun shape memory polymer polyurethane show a range from 70 % [95] to as high as 130
+ 4 % [92]. While it should be noted that comparing to the solution electrospun cases is not a one
to one comparison with the melt-electrospun mats presented here, it can be used as a rough
comparison. It is immediately noted that the maximum average recovery ratio seen in this work
only reaches to the minimum value that was seen in the literature. With respect to the solution
electrsopun polyurethane shape memory polymers, Budun et al. indicate that as the fiber diameters

they achieved increased, the recovery ratio did the same [92]. On the other hand, work has been
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presented showing that decreased fiber diameter in electrospinning situations results in more
orientated polymer chains [99], [182], [183], and from this higher recovery ratios [99], and its
impact on the presented work will be discussed in greater detail when the variation seen in the
presented data is considered. This effect would seem to explain the difference between the lower
recovery ratios found in this work and the higher ratios presented in the literature as discussed
above, as the smallest diameter of the fibers found in this work were 28.4 £ 6.8 um, while the
largest fiber seen presented in the literature appear in the sub 3 micron range [92], [97], [98]. This
represents almost a factor of ten difference between the fiber diameters presented here versus the
those presented for solution spun materials, and would thus explain the difference from the values
reported in the literature as described above. As well, it should be noted that as mentioned by
Garces et al., the use of the small weight to keep the samples straight during the recovery process
may have limited the extent of the recovery [45], which would also add to the reduction between

the work presented here and the literature.

From Table 13, it can be seen that maximum average recovery rate found in this work was
0.00723 £ 0.00129 mm/s when the shape memory polymer mats were generated at an applied
voltage of 15 kV and a spinning gap distance of 5 cm, while the minimum recovery rate was found
to be 0.00410 + 0.00062 mm/s when the mat was generated at an applied voltage of 15 kV and a
spinning gap distance of 10 cm. A report by Leonés et al. working with PLA and PLA-OLA
solution electrospun polymers presents recovery times, which when matched to their programming
stretch of 5 mm appear to present total recovery rates in the same thousandths of a mm/s range
[184]. In contrast, working with PCL-PDMS solution electrospun fibers, Kai et al. note that in one
set of testing a sample stretched by 15 mm returned to its original shape after 3 s [93], which would
correlate to a total recovery rate as defined in this work of approximately 0.12 mm/s [93]. While
as seen, a range of possible recovery rates are present in the literature, those found in this work

appear to fall within this range.
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3.3.1 Shape Memory Properties Variation with Varying Mel-Electrospinning Parameters

3.3.1.1 Effect of Varied Applied Voltage on Shape Memory Properties

As with the previous properties of the electrospun mats, the effect of varying the applied
voltage with gap distance held constant was investigated, and the change seen due to this variation
in the applied voltage can be seen in Figure 29 and Figure 31 with regards to the recovery ratio,

and Figure 30 and Figure 32 with regards to the recovery rate.

Table 14 presents the maximum and minimum change found for both the recovery ratio and the

recovery rate when standard deviation was considered.
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Figure 29- Change in Average Recovery Ratio over Varied Voltage at 5 cm Gap Distance

56



0.009
0.008
0.007
0.006
0.005
0.004
0.003

ge Recovery Rate V,, mm/s

(9]
& 0.002
0.001

Aver

i

Applied Voltage, V (kV)

Figure 30- Change in Average Recovery Rate over Varied Voltage at 5 cm Gap Distance

w w B b U
o U1 O U1 O

25

=N
v O

Average Recovery Ratio, R, (%)
=
o

nn

Applied Voltage, V (kV)

Figure 31- Change in Average Recovery Ratio over Varied Voltage at 10 cm Gap Distance

57



0.006
0.005
0.004 ]'
0.003
0.002

0.001

Average Recovery Rate, V, (mm/s)

15 20
Applied Voltage, V (kV)

Figure 32- Change in Average Recovery Rate over Varied Voltage at 10 cm Gap Distance

Table 14- Maximum and Minimum Recovery Ratio and Recovery Rate at constant Gap Distance and Variable Applied voltage

Constant Gap Maximum Recovery ~Minimum Recovery = Maximum Recovery ~Minimum Recovery

Distance Ratio Change Ratio Change Rate Change Rate Change
(cm) (%) (%) (mm/s) (mm/s)
5 17.4 -5.20 0.00352 -0.0000721
10 16.0 -14.3 0.00198 -0.000685

From Figure 29 - Figure 32, along with the maximum and minimum values found in Table 14, it
can be seen that when applied voltage is varied over a constant gap distance at the parameter levels
chosen for this work, no conclusions could be drawn with respect to change is seen in either the
recovery ratio or the total recovery rate at either a spinning gap distance of 5 cm or 10 cm due to
the overlap of the large standard deviations resulting in no apparent change occurring. This is
comparable to the situation seen with respect to the mechanical properties due to the same
variation. As discussed previously, the direct cause linked to the melt-electrospinning system of
this lack of apparent effect could be due to the relatively small changes seen in the magnitude of
the electrical field strength as the applied voltage is varied from 15 kV to 20 kV, and thus a smaller

relative change in the electrical force which is acting on the polymeric jet.
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3.3.1.2 Effect of Varied Spinning Gap Distance on Shape Memory Properties

In contrast to the effect of varying the applied voltage at constant gap distance as discussed
previously, an apparent effect is seen when varying the spinning gap distance at constant voltage.
These effects can be seen visually in Figure 33 and Figure 35 with regards to the recovery ratio at
15 kV and 20 kV respectively, and Figure 34 and Figure 36 with regards to the total recovery rate
at 15 kV and 20 kV respectively. Table 15 present the maximum and minimum changes seen in
the recovery ratio and total recovery rate due to the variation in the gap distance at both 15 kV and

20 kV applied voltage levels when the standard deviation was taken into account.
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Table 15- Maximum and Minimum Recovery Ratio and Recovery Rate with Constant Applied Voltage and Variable Gap Distance

Constant Maximum Recovery ~Minimum Recovery Maximum Recovery Minimum Recovery

Voltage Ratio Change Ratio Change Rate Change Rate Change
(kV) (%) (%) (mm/s) (mm/s)
15 36.8 20.4 0.00503 0.00122
20 39.9 3.51 0.00198 -0.000466

As noted, in contrast to the lack of readily apparent change in either of the shape memory
parameters when the applied voltage was varied at a constant spinning gap distance, apparent
change was seen when the spinning gap distance was varied at constant applied voltage. In
particular, when a constant voltage of 15 kV was applied, varying the spinning gap distance from
5 cm to 10 cm resulted in an apparent reduction in both the recovery ratio and the recovery rate.
When the voltage was held constant at 20 kV, an apparent reduction was found in the recovery
ratio, but no such reduction was apparent in the recovery rate. Again, the direct root cause for a
change being found here and not in the case when the applied voltage was varied at constant
spinning gap distance is attributed to the larger change in the magnitude of the electrical field
strength when the spinning gap distance was varied at constant applied voltage vs. when the

voltage was varied at constant spinning gap distance.
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3.3.2 Effect of Fiber Diameter/Mat Morphology on Shape Memory Properties

3.3.2.1 Effect of Fiber Diameter/Mat Morphology on Recovery Ratio

As was the case with the mechanical properties of the generated mats, an apparent
reduction in the recovery ratio is seen to occur when the gap distance is varied at constant applied
voltage, resulting in an apparent increase in the diameter of the fibers which make up the mats,
while no change can be concluded to occur when the applied voltage was varied at constant gap
distance, and as discussed above, this is believed to be due to the lower change in the electrostatic
forces applied on the polymer jet when the voltage is varied at constant spinning gap distance than

when the spinning gap distance is varied at constant voltage.

The first major difference between the generated mats is in the fiber diameters seen in the
generated mats. As discussed previously, for the solution spun shape memory polymer mats, the
literature reports mostly sub micrometer fiber diameters in solution electrospun polyurethane
shape memory polymers [92],[93], [98], [103], with the largest reports found being in the sub 3
micron range [92], [93], [97]. In contrast, the smallest fibers found in this work where found to be
28.4+ 6.8 um and ranged to as large as 73.6 £ 18.9 um. As noted previously, the work of Budun
et al. noted an increase in the recovery ratio with increased diameter, but this was also accompanied
by a more amorphous structure in their fibers [92]. While our fibers generated here are larger than
the largest reported in Budun et al.’s work, they do not share the amorphous structure [92], which
may indicate that the amorphous structure had more of an impact on the shape recovery properties
than the fiber diameter in Budun et al.’s case [92]. It is believed that the cause of the apparent
reduction in the recovery ratio when the gap distance was increased at constant applied voltage
can be attributed to the apparent increase in the fiber diameter of the generated fibers, which
likewise indicates that less stretching occurred in the polymeric jet during the spinning process.
As noted previously, the effect of the electrospinning process to cause an elongation and
orientation of the polymeric chains has been noted in the present literature [99], [182], [183], and
this orientation has been noted to increase the recovery effect in melt-spun and drawn shape
memory polymer [185] and in solution electrospun shape memory polymers [99]. The results seen

here from the variation of the spinning parameters appear to align with these previous observations.
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In particular, the apparent increase in the diameter when the spinning gap distance was increased
from 5 cm to 10 cm indicates a lower amount of elongation of the polymer jet during the spinning
proccess, and according to Greenfeld, Sui and Wagner, this would be indicative of less orientation
in the molecular structure of the generated fibers [182]. Thus, this would then correlate to a
reduction in the recovery ratio [99], [185], which can be seen to appear to occur based on the
average values presented in Figure 33 and Figure 35. It is noted that this same effect cannot be
concluded to be occurring when the voltage was varied at a constant gap distance of 5 cm, even
though an apparent decrease in the diameter of the produced fibers was seen, as presented in Figure
12. It is believed that in this case that the increase in the elongation of polymer chains which came
with the apparent decrease in the fiber diameter seen was likely not of a large enough magnitude
in order to see significant change in the recovery ratio, whereas the larger reduction in this
elongation/ apparent increase in diameter seen in the case of the varying spinning gap distance
does produce enough of a magnitude change in order to see this effect. This is similar to the results
seen with respect to the Young’s modulus and yield strength, where it was believed that the
elongation in the fibers was not of a high enough magnitude in order for the polymer chain

alignment to have a significant effect on either of the mechanical properties.

3.3.2.2 Effect of Fiber Diameter/Mat Morphology on the Recovery Rate

In terms of the overall rate of recovery of the mats, as is the case with the recovery ratio, it
is believed that the changes seen in the recovery rate with varying of the spinning parameters is
due to the change in the elongation and orientation of the molecular makeup of the polymer due to
the variation in the forces being placed on the polymer jet as the spinning parameters are varied,
which can be seen physically through the apparent change in the fiber diameter. Nissenbaum,
Greenfeld and Wagner reported a lower relaxation time constant in the case of solution electrospun
shape memory polymer versus the shape memory polymer in bulk form [183], and they attributed
this to less entanglements in the polymer chains of the electrospun material due to the elongation
occurring during the spinning process [183]. It is possible that this phenomena is what is occurring
to cause the apparent change in the recovery rate seen when the spinning gap distance was varied

from 5 cm to 10 cm at 15 kV, as the decrease in the elongation which correlates with the apparent
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increase in fiber diameter found due to this parameter change would, according to Nissenbaum,
Greenfeld and Wagner, result in smaller reduction in entanglements and thus a longer recovery
time [183]. If we consider the rate to be directly affected by the reduction in entanglements that
comes with extension of the polymer chains [183], then at face value it would be expected to see
an apparent change in the rate whenever we see an apparent change in the fiber diameter, as it can
be correlated directly to the amount of stretching and elongation experienced by the polymer chains
during the melt-electrospinning process. However two cases exist where we see an apparent
change in the fiber diameter, but no corresponding change in the recovery rate can be stated to be
occurring, these being when the voltage was varied at a 5 cm constant gap distance, and when the
voltage was held constant at 20 kV and the gap distance was varied from 5 cm to 10 cm. In order
to obtain a deeper understanding of the reasoning for this apparent discrepancy from what would
be expected in general, a closer look into the change in the average fiber diameter in the other
cases of apparent change in the fiber diameter without a corresponding apparent change in the

recovery rate is needed, with this being contrasted with the particular case seen above.

In order to establish possible variations that occur in the other cases where apparent
diameter change was seen, but no change in the recovery rate could be concluded, both the average
change in the fiber diameter and the magnitude of the found fiber diameters is examined. First
looking at the one case where the apparent change in the recovery rate was found (15 kV, with 5
cm-10 cm gap shift), an average diameter change of 25.6 um is seen (fiber diameters varying from
48.0 £ 6.2 pm to 73.6 £ 18.9 um). In the other two cases of apparent diameter change, at 5 cm
constant gap distance with varied voltage, and a 20 kV constant voltage with varied gap distance,
we see a change in the average fiber diameter of 19.6 pum (fiber diameters varying from 48.0 + 6.2
pm to 28.4 + 6.8 um) and 28.1 um (fibers diameters varying from 28.4 + 6.8 um to 56.5 + 16.0
um) respectively. These magnitudes of change are all quite close to one another, and in this case
it would thus not appear that the magnitude of the diameter change is of itself having a major
impact on the unexpected effect on the recovery rate. In contrast, more variation is seen when the
actual average magnitudes of the fiber diameter are examined at each of these spinning parameter
settings. At the 15 kV varied gap distance level, the lower recovery rate is found at an average
fiber diameter of 73.6 + 18.9 um, while the higher level is found at an average fiber diameter of
48.0 = 6.2 um. In terms of the apparent diameter change at the 5 cm constant gap distance with

varied voltage, the low recovery rate was found at an average fiber diameter of 28.4 + 6.8 um,
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and the high recovery rate was found at an average fiber diameter of 48.0 = 6.2 um. Finally, in the
20 kV constant voltage with varied gap distance case, the high recovery rate was seen at an average
fiber diameter of 28.4 + 6.8 um, and the low recovery rate was found at an average fiber diameter
of 56.5 + 16.0 um. It is noted that in the two cases with only apparent changes in the fiber diameter,
no pattern is seen with respect to the recovery rate. The obvious difference between the two cases
where apparent change in the diameter was found without a corresponding apparent change in the
recovery rate, and the case where both are seen is in the upper magnitude of the fiber diameter. In
the two cases where only a significant change in the fiber diameter is seen the maximum average
fiber diameter are at a similar level (48.0 = 6.2 um and 56.5 £ 16.0 um), while the case where there
was an apparent change in the recovery rate and the fiber diameter had an upper fiber diameter
higher than either of these, at 73.6 = 18.9 um. It is likely that, with the correlation between the
stretch in the polymer chains and the fiber diameter, that some critical value of diameter, as
discussed by Greenfeld, Sui and Wagner with relation to Young’s modulus in electrospun mats
[182], is present with regards to the marked reduction in the recovery rate due to higher levels of
chain entanglement [183]. It is believed that this is the most likely cause for this apparent

discrepancy here, but further experimentation would be necessary to confirm this conclusion.
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Chapter 4 Conclusion and Future Works

In the course of this work, non-woven shape memory polyurethane mats composed of MM
4520 thermoplastic polyurethane where generated utilizing the melt-electrospinning process. In
the course of the study, the effect of the variation of the spinning gap distance and the applied
voltage on the properties of the final non-woven mats were investigated. The spinning gap distance
was investigated at a low and high level of 5 cm and 10 cm respectively, and the applied voltage

was investigated at a low and high level of 15 kV and 20 kV respectively.

The morphology of both the non-woven mats themselves and the individual fibers which
make up the mats were investigated at all four parameter combinations through the use of scanning
electron microscopy. It was found that in all cases, the fibers produced where generally smooth
uniform fibers with no beading present in any of the samples. In regards to the surface of the
generated fibers, some imperfections where seen on fibers generate at the 5 cm spinning gap
distance, and these were attributed to the cooling process. When examining the effect of varying
the spinning parameter on the morphological structure of the mats, it was seen that when the
applied voltage was varied from 15 kV to 20 kV while the spinning gap distance was held constant,
the structure of the mats underwent an increase in the intertwined and coiled nature of the fiber
structure at the 5 cm level, but a large change was not seen at thel0 cm level. When the applied
voltage was held constant and the spinning gap distance was varied from 5 cm to 10 cm, a marked
decrease in winding and coiling was seen in the fibers at both the 15 kV and 20 kV levels. It is
believed that the more pronounced structural changes seen when the spinning gap distance was
increased versus when the applied voltage was increased can be ascribed to the larger change in
the electrical field strength seen when the spinning gap distance was varied versus when the

applied voltage was varied.

Along with the morphology the average fiber diameter of the mats generated at each of the
4 parameter combinations were investigated. A maximum average fiber diameter of 73.6 = 18.9
um was found when the applied voltage was set to 15 kV and the spinning gap distance was set to

10 cm, while a minimum average fiber diameter of 28.4 + 6.8 um was found when the applied
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voltage was set to 20 kV and the spinning gap distance was set to 5 cm. In terms of trends in the
fiber diameter with varying spinning parameters, it was found that, for the range of parameters
selected, increasing the applied voltage while the spinning gap distance was held constant resulted
in an apparent decrease in the average fiber diameter at a 5 cm spinning gap distance, but no change
at a 10 cm spinning gap distance could be concluded to be occurring. When the spinning gap
distance was varied from 5 cm to 10 cm, an apparent increase in the fiber diameter was found at
constant voltages of both 15 kV and 20 kV. In general, it is believed that the change in the fiber
diameter at the investigate parameter combinations is due to the change in the electrical field
strength of the melt-electrospinning system. When the voltage was increased at the 5 cm spinning
gap distance, a corresponding apparent decrease in the fiber diameter occurred due to the larger
electrostatic force placed on the polymer jet by the larger electrical field strength. In the case of
the 10 cm spinning gap distance, the change seen in the electrical field strength was not of a large
enough magnitude in order to achieve an a decrease in the average fiber diameter. Likewise, when
the spinning gap distance was increased at constant voltage levels, the magnitude of the decrease
in the electrical field strength was large enough in both cases to induce an apparent increase in the

fiber diameter.

The mechanical properties, specifically the Young’s modulus and yield strength were
investigated by traditional tensile testing. A maximum average Young’s modulus of 14.2 + 4.0
MPa was found when the mats were spun at a 5 cm spinning gap distance and a 15 kV applied
voltage, while the minimum average Young’s modulus of 8.38 + 2.41 MPa was found when the
mats where spun at a 10 cm spinning gap distance and a 15 kV applied voltage. In terms of the
effect of the variation of the two selected spinning parameters, it was found that conclusions on
the effect on the Young’s modulus occurred over any of the investigated parameter ranges could
not be reached. This lack of apparent effect of the spinning parameters on the value of the Young’s
modulus was believed to be due to the diameter range of the fibers which made up the non-woven
mats (28.4 £ 6.8 um to 73.6 = 18.9 um) being above a critical value where an effect on the Young’s
modulus would occur due to polymer chain alignment and stretching due to the melt-
electrospinning process. As well, it was believed that the morphological structure of the mats
which was found to change with the variation of the spinning parameters did not affect the Young’s
modulus of the mats as a number of fibers would always be under direct tensile loading throughout

the elastic region. In terms of the yield strength, a maximum average value of 4.27 + 0.74 MPa,
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which resulted from a spinning gap distance of 5 cm and an applied voltage of 15 kV was found,
while the minimum average yield strength was found to be 2.13 + 0.23 MPA, achieved when the
spinning process occurred at a spinning gap distance of 10 cm and an applied voltage of 15 kV.
When the applied voltage was varied with the spinning gap distance held constant at the two
selected levels, no conclusion on the effect on the yield strength could be made. In contrast, when
the spinning gap distance was varied from 5 cm to 10 cm with the voltage level held constant, an
apparent change in the yield strength was seen at both the 15 kV and 20 kV level, with an apparent
decrease in the yield strength being seen in both cases. As was the case with the Young’s modulus,
the microstructure of the polymer was not believed to be having a major effect on yield strength.
It was believed that the decrease when the gap distance was increased from 5 cm to 10 cm was due
to the change in the macro structure of the mats from a more twisted and overlapping fiber structure
to a structure made of straighter, less intertwined fibers. The decrease was believed to be due to
the fact that as the material was loaded, in the more random structure at 5 cm, new fiber were able
to unwind and being taking the load as other fibers yielded, while the straighter structure provided
less opportunity for new fibers to come under load, causing the bulk mat to completely yield

earlier, and thus resulting in a lower yield strength.

Finally, the shape memory properties of the melt-electrospun shape memory polymer mats
where investigated at the various spinning parameters. In particular, the recovery ratio and the
recovery rate of the non-woven mats where examined at each of the four parameter combinations.
In the case of the recovery ratio, a maximum average value of 61.9 + 6.1 % was found when the
mat was generated at a spinning gap distance of 5 cm and an applied voltage of 15 kV, while the
minimum average recovery ratio was found to be 33.2 + 2.2 %, which was achieved when the
spinning gap distance was set to 10 cm, and the applied voltage was set to 15 kV. When the effect
of the variation of the spinning parameters on the recovery ratio was examined, it was found that
with the variation of the applied voltage from 15 kV to 20 kV at constant spinning gap distances
of 5 cm and 10 cm no conclusion on the effect on the recovery ratio could be made, but when the
spinning gap distance was varied from 5 cm to 10 cm at constant applied voltages of 15 kV and
20 kV an apparent decrease in the recovery ratio was found in both cases. The cause of the apparent
change in the recovery ratio was attributed to the change in the magnitude of the electrical field
strength which was caused by the variation of the spinning parameters. When the spinning gap

distance was varied, a larger change in the electrical field strength occurred than when the applied
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voltage was varied. This resulted in the variation of the spinning gap distance causing an apparent
change in the recovery ratio, while variation of the applied voltage level did not. The structural
reason for this change is believed to be due to the change in the alignment and stretching of the
polymer chains with increasing or decreasing electrical field strength. The variation of the applied
voltage did not cause a large enough variation of the magnitude in the level of chain alignment and
stretching in order to cause any change, while the variation in the spinning gap distance did,
specifically a decrease in the magnitude of alignment. In the case of the recovery rate, a maximum
average recovery rate of 0.00723 = 0.00129 mm/s was found to occurred when the mats were
generated at a spinning gap distance of 5 cm and an applied voltage of 15 kV, while the minimum
average recovery rate was found to be 0.00410 = 0.00062 mm/s, which was achieved from a mat
generated at a spinning gap distance of 10 cm and a spinning gap distance of 15 kV. It contrast to
the recovery ratio, when the effect of varying the spinning parameters on the recovery rate was
examined, it was found that only varying the spinning gap distance from 5 cm to 10 cm at the 15
kV applied voltage level caused an apparent decrease in the total recovery rate. It is again believed
that the change seen was due to the change in the magnitude of the electrical field strength, which
correlated to a change in the degree of polymeric chain alignment, and specifically the level of
entanglement of the polymer chains. The limited effect was believed to be due to the fact that the
magnitude of the polymer chain entanglement, which was correlated with the fiber diameter did
not reach a critical level where it had an effect in the cases other than the variation of the spinning

gap distance at the 15 kV level.

It is believed that the work presented here has given a good first step in the characterization
of the behavior of melt-electrospun shape memory polymer non-woven materials. Future work to
complete this full characterization of randomly distributed non-woven mats would include an
investigation of the fixity ratio (Ry) in order to develop an understanding of the materials ability to
maintain the programed shape prior to the recovery process being initiated. As well, a more
detailed parameter study involving a larger number of investigated melt-electrospinning
parameters and a higher number of levels at each parameter should be pursued in order to obtain a
more detailed understanding of the entire process as well as if the variation of the parameters result
in higher order effects. This study should also include a statistical analysis of the variation caused
by the study of the various spinning parameters. This will allow better insight into the apparent

trends seen in this work with regards to the investigated properties.
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In addition to this continued work on randomly distributed materials, it is suggested by the
author that inquiry into the mechanical and shape memory behaviour of aligned melt-electrospun
shape memory polymer fibers be conducted. This future inquiry should include both the general
mechanical and shape memory characterization for the fully aligned shape memory polymer fiber
mats, along with an investigation into how the alignment of the fibers is effected by the variation
of the rotational velocity of the collection drum, and how these varying degrees of alignment effect

the noted properties of the non-woven mats.

Finally, future work should also include investigation into the practical applications of
these non-woven materials, in the randomly distributed and aligned variations. Possible areas of
inquiry may include biomedical applications, textiles, and filtration. Development of real world
uses for these materials will allow for the preliminary work found in this study to reach a fuller

completion in practical application outside of the laboratory environment.
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