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Abstract: The aim of this study was to produce a 3D mesh of defect free electrospun
cellulose acetate nanofibres and to use this to produce a prototype composite resin containing
nanofibre fillers. This might find use as an aesthetic orthodontic bracket material or
composite veneer for restorative dentistry. In this laboratory based study cellulose acetate
was dissolved in an acetone and dimethylacetamide solvent solution and electrospun. The
spinning parameters were optimised and lithium chloride added to the solution to produce a
salf supporting nanofibre mesh. This mesh was then silane coated and infiltrated with either
epoxy resin or an unfilled BissGMA resin. The flexural strength of the produced samples was
measured and compared to that of unfilled resin samples. Using this method cellulose acetate
nanofibres were successfully electrospun in the 286 nm range. However, resin infiltration of
this mesh resulted in samples with a flexura strength less than that of the unfilled control
samples. Air inclusion during preparation and incomplete wetting of the nanofibre mesh was
thought to cause this reduction in flexural strength. Further work is required to reduce the air
inclusions before the true effect of resin reinforcement with a 3D mesh of cellulose acetate
nanofibres can be determined.
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1. Introduction

In recent years there has been an ever increasing demand for more aesthetic orthodontic appliances.
Labial fixed appliances are still the most popular fixed appliance and the aesthetic brackets currently
available are of two main types, ceramic and polymeric. While both demonstrate good aesthetics at
placement, they each suffer from drawbacks during clinical use [1].

Ceramic brackets are made from either mono or polycrystalline aumina, which is relatively inert
and retains an aesthetic appearance throughout a two year course of fixed appliance therapy. However,
this material has a low fracture toughness and a high surface hardness. As aresult it is not uncommon
for ceramic orthodontic brackets to fracture in thin section, principally at the tie wings during service.
Conversely if they are opposed by natural teeth, the high surface hardness of the ceramic may result in
unwanted wear of the opposing tooth. Finally, the relatively high compressive strength, but low tensile
strength, can make removal at debond both difficult and sometimes unpredictable and may even result
in undesirable enamel fracture.

Polymeric brackets were originally made from unfilled polycarbonate [2] and have since been made
from materials such as polyoxymethylene and polyurethane. These materials have a low abrasion
resistance, may absorb water in the oral environment, demonstrate a relatively low stiffness and like
other viscoelastic materials, creep over time. This translates to a tendency to wear within a relatively
few months in service and a reduced ability to effectively transfer torqueing forces to the teeth.

Polymers used as restorative materials have undergone many devel opments since their introduction,
particularly with respect to filler material, particle size and content [3]. Various copolymers have aso
been added to ater the handling and mechanical properties of both the unpolymerised and final
polymerised material. Although filler particles and metal slot inserts have been added to polymeric
orthodontic brackets in an attempt to improve the mechanical properties, much less work has been
done on atering the filler content of such materialsthan in the field of restorative dentistry.

We have previously reported that it is possible to produce silica nanofibres using an electrospinning
technique, which can then provide fibre reinforcement of composite materials [4]. In the process of
electrospinning, a carrier polymer solution containing silica colloids is gected through a fine bore
needle when an electrical potential is applied between the needle tip and a collecting plate at some
distance from the tip. As the polymer is drawn across the electrical potential, very fine nanofibres of
silica/polymer are produced as the solvent in carrier solution evaporates during the process. Pure silica
nanofibres can be obtained upon the pyrolysis of polymer at high temperature.

An advantage of producing fibres with diameters at the nano scale is that at a diameter of less than the
wavelength of visible light, the fibre composite would become tranducent or transparent because of less
reflectance in the multi-phase composite. Although the presence of ‘invisible’ reinforcing fibres within a
dental composite material would be desirable, there is concern that such fibres may be something of a
health hazard if they should escape from the material during service. Particles with an aerodynamic
diameter of less than 5 um can reach the alveoli of the lungs [5] and non-resorbable low aerodynamic
diameter fibres such as those of asbestos, are known to be particularly hazardous. However, not al
electrospun fibres need to be made from non-resorbable materials. It is aso possible to electrospin fibres
from resorbable materials such as cellulose acetate [6]. These may be less hazardous due to their
resorbable nature and indeed they have already found uses within wound dressings[7].
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The aims of the current study were therefore to try to produce a novel 3D nanofibre cellulose
acetate mesh using the technique of electrospinning, to then embed such a 3D mesh within a polymer
and finally to determine the effect the 3D filler has on the mechanical properties of the polymer.

2. Results and Discussion
2.1. Production of Defect Free Cellulose Acetate Nanofibres

In order to produce defect free fibres, acetone and DMAc were used as polymer solutions, initially
at aratio of 2:1. The polymer concentration and spinning conditions were then altered to optimise the
fibre morphology. At cellulose acetate concentrations of 14.5% and 17% and using a range of spinning
parameters (Table 1), light microscopy revealed extensive beading of the fibres.

Table 1. Solutions and spinning parameters tested to investigate the production of defect free fibres.

Solution Solution Voltage Distance of the needletip Flow rate

Number (kV) to collecting plate (cm) (UL /min)
14.5% Cellul

1 S%Celluloseacetate ), o 17 o 10, 15, 20 5, 10, 16

2:1 Acetone: DMAC

17% cellulose acetate
2 2:1 Acetone: DMAC 10,15, 17 15, 30 16

0,
3 20% cellul ose acetate 15 17.5, 30 10, 15, 25

2:1 acetone: DMAcC

21.5% cellulose acetate
4 21 acetone: DMAC 10, 15, 20 30 0.2,05,1,5,10

20% cellul ose acetate
° 3:1 acetone: DMAC 15 30 5,10

17% cellulose acetate
6 3:1 acetone: DMAC 15 30 5,10

The presence of excess solvent on the microscope slide following electrospinning suggested that a
further increase in polymer concentration might not only reduce the presence of beading, but also aid
complete evaporation of the solvent. At a cellulose acetate concentration of 20% and with the spinning
parameters of 15 kV at a distance of 17.5 cm and a flow rate of 15 pL/min, continuous defect free
fibres were produced (Figure 1). Splashes of solvent were still visible on the collecting plate, therefore
both the operating voltage and collecting distance were increased to encourage increased whipping of
the fibresin order to drive off the excess solvent.

The flow rate was also adjusted in order to determine the minimum flow rate that could be used.
The optimum conditions were determined to be 15 kV at a spinning distance of 30 cm with a flow rate
of 10 pL/min. This produced regular, defect free fibres in the 400 to 700 nm range (Figure 2) as
determined by measuring 20 fibre diameters under SEM.
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Figure 1. SEM image showing regular defect free fibres produced using 20% cellulose
acetate solution with spinning parameters of 15 kV at a distance of 17.5 cm and aflow rate
of 15 pL/min.

WD HV mag |spot| det | pressure — 10 pm ———
11.1 mm|20.00 kV|4 161 x| 4.0 |ETD|1.17e-4 Torr Navigation Montage

Figure 2. SEM image of regular defect free cellulose acetate nanofibres in the 480 nm
range produced using 21.5% cellulose acetate solution, with the spinning parameters of
10 kV, 30 cm needle tip to collecting plate distance and a5 pL/min flow rate.

WD HV mag |spot| det ‘ pressure —5pym ——

10.6 mm|15.00 kV|7 345 x| 2.5 |ETD|1.17e-4 Torr Navigation Montage
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However, afurther increase in polymer concentration to 21.5% again produced defect free fibres. In
this case not only were defect free fibres produced, but it showed a trend towards a small reduction in
fibre size with reduced operating voltage and flow rates (Table 2).

Table 2. The effect of manipulation of spinning parameters on fibre diameter using
Solution 4 (21.5% cellulose acetate, 2:1 acetone: DMAC).

Operating Distance  Flow Rate Mean Fibre Minimum Fibre Maximum Fibre

Voltage (kV) (cm) (UL/min)  Diameter (nm) Diameter (nm) Diameter (nm)
20 30 10 895 485 2077
20 30 5 1000 465 2239
10 30 10 537 228 884
10 30 5 483 205 746

Although the viscosity of the electrospinning solution was not measured in this study, it has been
previously shown that increasing the polymer concentration results in an increase in the viscosity [8].
Viscosity is a significant factor affecting the ability to produce electrospun fibres and is specific to
different polymers, is affected by temperature [6] and is directly related to electrospun fibre diameter.
In general as the viscosity increases so does fibre diameter [9] and therefore in order to produce defect
free fibres of small diameter, a balance has to be struck between polymer concentration and viscosity.

It has also previously been shown that cellulose acetate fibre size distributions are strongly related
to the molecular weight of the cellulose acetate. The lower the molecular weight the larger the fibre
size distribution and the greater the number of bead defects [10]. Conversely, increasing the molecular
weight leads to the production of fibres of a more consistent diameter and with fewer defects such as
beading. Compared to previous studies the cellulose acetate used in this investigation had a relatively
low molecular weight. This may explain why increasing the optimal polymer concentration to 21.5%
in order to eliminate beading was higher than the 14.5% polymer concentration previously suggested
by Liu and Hseih (2002) [6]. Using a similar molecular weight cellulose acetate polymer and with the
same solvent solution, Liu and Tang (2007) [8] produced defect free electrospun nanofibres of a
similar fibre diameter. They also described the presence of significant beading of the fibres at polymer
concentrations below 20%.

The optimum flow rate in this experiment varied according to the solution parameters, but the
optimum flow rate for the production of a flat membrane of fibres was determined to be 5 pL/min. In
general the diameter of the spun fibres was noted to reduce with decreasing flow rates.

2.2. The Effect of Spinning Parameters

As with the flow rate a small reduction in fibre diameter was noted with reduced operating voltage.
A minimum operating voltage is required to overcome the surface tension of the polymer solution and
to permit the formation of a Taylor cone. Increasing the operating voltage beyond this point has the
effect of accelerating the passage of the electrospun fibres towards the collecting plate and reducing
the whipping of the fibres. The whipping phase, once the fibre has been gjected from the Taylor cone,
is an important step in the reduction of the fibre diameter as the jet is stretched to many times its
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original length due to bending instability caused by the electrical charge carried in the fibres. A reduction
in the whipping process will therefore cause an increase in the produced fibre diameter [11]. The
optimum operating voltage for production of aflat nanofibre membrane was determined to be 10 kV.

Increasing the distance between the needle tip and the collecting plate from 17.5 cm to 30 cm
appeared to aid evaporation of the solvent from the fibres. However this increase in distance appeared
to have little effect on the diameter of the produced fibres This finding is in agreement with previous
work carried out on silk nanofibres, which also found that increasing the spinning distance had no
effect on the diameter of the fibres produced [12].

In this present experiment the smallest diameter defect free fibres that were produced had a mean
diameter of 483 nm, which is similar to that reported by a previous study [8] and which will still be
visible to the naked eye. Smaller 90 nm diameter, invisible fibres have been produced, but these were
beaded and not defect free [13]. There have been no reports of the production of small diameter
invisible defect free fibres of cellulose acetate nanofibres in the 100 nm range.

2.3. Production of 3D Nanofibres.

Although nanofibres were produced in this experiment, initially they had only been in the form of a
flat membrane and yet the aim of this study was to produce a 3D fibre mesh for resin reinforcement.
Previous work on the production of nanofibre reinforced composites has involved resin infiltration of flat
non woven mats of nanofibres, resulting in the production of laminate composites. However, three
common causes of failure of laminate composites have been identified, namely micro-cracking, fibre
breakage and delamination [14]. If a 3D nanofibre reinforcement were instead used it might at least
eliminate the most common of these causes of failure, delamination. Once again a number of different
methods may be used to produce a 3D mesh of fibres, including substitution of the metal grounded
collection plate with liquid nitrogen, or a non-conducting surface, as well as the use of a heated
collection plate. All three techniques have limitations. Spinning onto the surface of liquid nitrogen results
in freezing of the fibres along with any remaining solvent, which is then difficult to eliminate. Collection
onto a non conducting plate means that the electrostatic charge generated during the spinning process
remains within the fibres, leading to fibre repulsion and the generation of the 3D mesh. However,
grounding of the fibres in order to manipulate them prior to resin infiltration may then result in collapse
of the 3D structure. The use of a heated collection plate can lead to an increase in the ambient
temperature in the electrospinning chamber, which in turn will have an adverse effect on the spinning
process as excessive solvent evaporation at the needle tip can result in solidification of the Taylor cone.
Thiswould then require compensatory cooling of the needle tip and syringe using a water jacket.

A simpler solution is to ensure complete evaporation of the solvent solution before the fibres reach
the collection plate, by the use of an ionic salt. The addition of an ionic salt to the polymer solution
resultsin a higher charge density on the surface of the jet during spinning, resulting in a greater electric
charge being carried by the electrospinning jet. This results in a greater elongation force, caused by
increased whipping and electrostatic repulsion as the fibres pass from the needle tip to the collecting
plate. This whipping in turn leads to an increase in the evaporation of solvent. Another benefit of the
increased whipping is the production of smaller diameter fibres [15]. However, using 0.5% lithium
chloride in a 21.5% cellulose acetate solution, a 2:1 solvent solution of acetone: DMAc, along with the
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optimum conditions previously determined (namely 10 kV at a distance of 30 cm and flow rate of
5 pL/min), no fibres were produced. A lower 1 pL/min flow rate was insufficient to support any
spinning while 2 puL/min and 3 pL/min flow rates produced fibres which appeared to interfere with the
spinning process, leading to solidification at the Taylor cone. To counteract this, the polymer
concentration was first reduced to 20% and then subsequently to 17.5%. Initially the 17.5% cellulose
acetate solution appeared to produce 3D fibres, but closer inspection reveaed that the solution was
solidifying at the needle tip and then being drawn to the collecting plate, creating droplets on long
fibres. This was due to excessive solvent evaporation and therefore the solvent ratio was altered to
increase the proportion of DMAC, reducing the overall volatility of the polymer solution. A changein
the solvent solution ratio to 3:2 acetone: DMACc also failed to prevent excessive solvent evaporation
with both 20% and 17.5% cellulose acetate solutions. A solution containing 17.5% cellulose acetate, 1%
lithium chloride, and acetone: DMAc in a 1:1 ratio produced 3D fibres following further manipulation
of the spinning parameters. 3D fibres were produced using the following parameters of operating
voltage, needle tip to collecting plate distance, and flow rate:

* 30kV, 15cmand 10 pL/min
 25kV, 15cmand 10 pL/min
e 25kV,15cmand5 pL/min
 30kV,15cmand 1 pL/min

The final set of parameters permitted the smoothest spinning at the needle tip and an immediate
build up of 3D fibres, suggesting that complete evaporation of the solvent solution had occurred as the
jet passed from the needle tip to the collecting plate. An image of the collected fibres under the SEM
may be seen in Figure 3. The increased charge density of the solution caused a reduction of the mean
fibre diameter of the nanofibres from 483 nm to 286 nm, based on the measurement of 20 fibres.

Figure 3. SEM image of 3D fibre network produced with a solution of 17.5% cellulose
acetate, 1% lithium chloride and 1:1 DMAcCc: acetone solvent solution. The spinning
parameters were 30 kV, 15 cm and 1 pL/min. Notice how the fibres are branched. Areas of
precipitation of lithium chloride may be seen on some of the fibres.

pot| det | pressure 3pm
10.2 mm|10.00 kV| 19 330 3.0 |ETD | 1.49e-6 Torr Navigation Montage
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Even with the optimal concentrations, kV and flow rates, after a period of 30 min the collected
fibres started to back up towards the needle tip (Figure 4), which eventually prevented complete
evaporation of the solvent due to a decrease in the potential space for whipping of the fibres. To
counteract this and to maximise the rate of fibre collection, the distance to the collection plate was
increased to 30 cm and a second syringe and needle was connected in a tandem circuit. The flow rate
was also increased to 2 puL/min in order to maintain the spinning process over time.

Figure 4. Image of the collection of 3D fibres using solution 13 and a double needle setup.
Notice how the 3D fibres are backing up towards the needle tip.

When observed under SEM a precipitation of salt was observed on a number of the nanofibres.
Therefore the concentration of lithium chloride was reduced from 1% to 0.5%. This appeared to reduce
the precipitation without having any discernable effect on fibre diameter or morphology.

Of note was the fact that the spinning process appeared to be sensitive to the ambient temperature and
humidity. On anumber of occasions, using the previously described optimum conditions, electrospinning
failed to produce a 3D membrane if the ambient temperature dropped below 20 °C. This produced
significant problems in consistent fibre production as the temperature could not be easily controlled.

2.4. Filler Loading

The percent filler content by weight of the epoxy and the BisGMA samples are illustrated in
Table 3. It can be seen that the filler loadings of both the epoxy and Concise samples produced in this
experiment were far below typical valuesfor dental composites.

The loadings ranged from 1.35% to 8.3% by weight, atypical dental composite may comprise up to
75% filler loading by weight. Nanometre sized fillers are widely believed to have the potentia to
substantially improve the mechanical properties of composites at very low filler loadings. This is
because their large interfacial area enables the applied load to be transferred to the resin filler
interface [16]. Typica filler loading values for nanofibre reinforced composites range from
3 to 15% [17]. A Biss-GMA resin reinforced with 5% by weight nylon nanofibres has been shown to
improve flexural strength by 36% [9], therefore the filler loadings used in this investigation were well



Coatings 2012, 2 128

within the range expected to improve the physical properties. However, incomplete wetting and air
inclusion resulted in a reduction in the flexural strength. Strong interfacial bonding of the nanofibre
fillers to the resin phase of the matrix has been shown to be important in the reinforcement of
composites [18].

Table 3. Filler loading by weight for the filled specimens.

Filler Loading (%) by weight

Polymer Obs Mean SD Min Max

Filled epoxy 5 4.08 2.56 151 8.30

Filled epoxy and silane 5 2.66 1.83 1.35 5.33
Filled BissGMA and silane 5 3.23 1.78 1.39 6.15

Examination of the fractured surfaces of both the epoxy and Concise filled samples (Figure 5)
showed limited resin filler interaction, therefore there was little potential for load transfer from the
nanofibres to the resin matrix. Infiltration of the epoxy resin was carried out under vacuum in an
attempt to reduce the inclusion of air in the final samples. Nevertheless, macroscopically the samples
exhibited opaque areas where it was initially unclear whether it was due to air inclusion, or clumping
of the nanofibres. The Concise samples could not be prepared under vacuum due to the rapid
polymerisation and although less viscous than the epoxy resin, complete filling of the mould and fibre
wetting was again not possible. The use of a low viscosity, light cured resin cured in a vacuum oven
might produce significantly fewer air inclusions within the final composite, an approach which has
been shown to be effective in the production of laminate nanofibre reinforced composites [19].

Figure 5. SEM image of the fractured surface of 3D nanofibres filled epoxy resin clearly
showing how some fibres have not been infiltrated by the resin.

WD / mag épot det | pressure | ——50 ym
14.2 mm|20.00 kV| 757 x| 4.0 |[ETD|1.17e-4 Torr Navigation Montage
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2.5. Three Point Bend Test

The results of the 3 point bend testing are illustrated in Table 4 along with the boxplots and means
and 95% confidence interval plots (Figures 6-9). It can be seen that the mean flexural strengths for the
unfilled epoxy and unfilled BissGMA are 94.40 and 96.95 MPa respectively. The inclusion of the 3D
fibre mesh reduced the mean flexural strength to 66.75 MPa for the silane coated fibres in epoxy and
31.54 MPafor BissGMA. For the non-silanated fibres in epoxy the mean flexural strength was reduced
to 61.53 MPa.

Table 4. Data summary of flexural strength (MPa) for the epoxy resin and BisGMA
unfilled and filled samples.

Flexural Strength (MPa)

95% Confidence

Obs Mean SD Min M ax
Intervals of Mean
Unfilled epoxy 10 94.40 14.91 71.21 120.26 83.73 t0 105.06
Filled epoxy 5 61.53 31.91 26.86 100.71 21.91t0101.14
Filled epoxy and silane 5 66.75 13.65 44,21 78.09 49.81 to 83.70
Unfilled BisGMA 5 96.95 8.07 89.60 106.55 86.93 t0 106.97
Filled BissGMA and silane 5 31.54 5.60 25.89 38.33 25.59t0 38.50

Figure 6. Boxplot of observed strengths (MPa) of epoxy resin in each of three states,
unfilled, filled and with silane coated filler.
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Figure 7. Means and 95% confidence intervals of the mean for epoxy resin in each of three
states, unfilled, filled and with silane coated filler.
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Figure 8. Boxplot of observed strengths (MPa) for Concise, unfilled and with silane coated filler.
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Figure 9. Means and 95% confidence intervals of the mean for Concise, unfilled and with
silane coated filler.
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The aim using asilane was to see if it would improve any potential bond between the 3D nanofibres
and the resin. A recent investigation in which co-axia polymethyl methacrylate/polyacrylonitrile core
nanofibres were infiltrated with BissGMA resin prior to being embedded in bulk BissGMA,
demonstrated a significant increase in flexural strength as aresult of the infiltration [20]. Unfortunately
the same effect was not observed in our experiment where the flexural strength of the unfilled epoxy
control samples was higher than the flexural strength of both silane coated and uncoated nanofibre
reinforced epoxy samples.

Although the addition of silane coupling agent to the fibres appeared to reduce the range of
observed flexural strengths, it did not significantly improve the mechanical properties of the
composite. The reason for this may have been due to improved wetting of the fibres, or direct chemical
bonding of the nanofibres to the resin component, or a combination of these two factors. However, the
process of silane coating itself may have caused some slumping of the fibres and loss of the 3D
structure. In addition the silane coupling agent used in this experiment contained a small amount of
acetone as a solvent, which may potentially affect 3D nanofibres.

Similarly with the Concise samples flexural strength was also significantly reduced when compared to
the unfilled controls. Indeed the effect was much more pronounced than the differences observed
between the filled and unfilled epoxy resin. This suggests that the difficulties in preparation of samples
due to the setting characterigtics of the Concise compromised the strength to a greater degree than the
epoxy resin. The common use of vacuum ovens and light cured Bis-GMA resins in other studies [19,20]
appears to minimise the problems associated with incorporation of air into the samples during
preparation. This approach would be recommended for any further investigation of this type.
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The fracture surfaces of both the epoxy and Concise samples revealed aggregations of nanofibre
fillers that were not in contact with the resin phase of the composite. This, combined with the
previously described inclusion of air within the samples, undoubtedly contributed to the reduced
flexural strengths observed. Evidence of slumping of the nanofibres towards the bottom of the samples
suggested that during resin infiltration the 3D structure had been compromised, either as aresult of the
manipulation of the nanofibres during placement into the mould, during silane coating, or at the resin
infiltration phase (Figure 10).

Figure 10. SEM image of sample 3D nanofibres filled Concise showing clear aggregation
of the nanofibre filler at the base of the sample. This suggested that the 3D integrity of the
nanofibre mesh had not been preserved in the process of resin infiltration.

WD HV mag |spot| det | pressure
11.3 mm|20.00 kV|33 x| 4.0 |[ETD|1.17e-4 Torr

3. Experimental Section

Throughout the investigation a standard technique for polymer solution preparation was used. This
ensured that any differences in the produced fibres could be attributed to any planned changes in the
polymer solution or spinning parameters, rather than due to inconsistencies in solution production. The
initial parameters used were based on work by Liu and Hseih (2002) [6] to provide a starting point
from which to tailor the fibres to the demands of composite reinforcement. Solvent solutions of
acetone and N,N-dimethylacetamide (DMAC) were created in ratios of 2:1 and 3:1 and to each of these
was added cellul ose acetate powder to produce cellulose acetate concentrations ranging from 14.5% to
21.5 wt.%. In each case the cellulose acetate powder was added incrementally to the solvent solution
over a 30 min period, whilst being gently stirred using a magnetic stirrer at 100 rpm and at room
temperature. Once all the polymer powder had been added, the solution was mixed for a further
2 h to ensure the polymer was completely dissolved.
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3.1. Preparation of Electrospun Nanofibres

The apparatus used for electrospinning is illustrated in Figures 11 and 12. A 25 gauge needle
(Precision Glide needles, Becton Dickinson & Company, NJ, USA) with the bevel removed was used
in order to permit the formation of a uniform Taylor cone. The height of the needle and syringe pump
(PHD 2000 Infusion, Harvard Apparatus, Edenbridge, UK) were adjusted to negate the effect of
gravity on the solution.

Figure 11. Diagram of the electrospinning set-up.

= KE— Syringe
& needle

High Voltage

1

— Ground collector

Figure 12. The electrospinning setup showing the syringe, needle and syringe pump.

77.%

Within this experiment the flow rates under investigation ranged from 0.2 to 25 yL/min. In each
case the syringe pump was permitted to run for 30 min prior to electrospinning in order to stabilise the
flow rate. The positive terminal of the power supply was connected to the needle, whilst a glass slab
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wrapped in earthed aluminium foil formed the collection plate. The needle tip to collection plate
distance was also investigated and ranged from 10 to 30 cm and the high voltage from 10 to 30 kV.
Once the apparatus was set up, the solution under test was electrospun for 60 min following which the
electrospun cellulose acetate nanofibres were collected and examined under light and scanning
€l ectron microscopy.

After each run the spinning and solution parameters (including the polymer concentration and
solvent ratios) were altered incrementally in order to assess the effect on the electrospun fibres. The
details of all the prepared solutions and spinning parameters are illustrated in Table 1.

Using the aforementioned solution and electrospinning parameters it was possible to produce a flat,
virtually 2D mesh of cellulose acetate nanofibres on the collecting plate. The most consistent defect
free fibres were produced using 21.5% cellulose acetate in a solution of 2:1 acetone: DMAC, at aflow
rate of 5 uL/min, aneedle tip to collecting plate distance of 30 cm and an operating voltage of 10 kV.

In order to seeif the diameter of the fibres could be reduced and formed into a 3D mesh the solution
parameters were retested, but this time following the addition of an ionic salt, lithium chloride, to alter
the conductivity of solution for electrospinning (Table 5).

Table 5. Solutions and spinning parameters used to investigate the production of 3D nanofibres.

Solution Solution Voltage Distanceto Collecting Flow Rate
Number (kV) Plate (cm) (UL /min)
21.5% cellul ose acetate
7 1% lithium chloride 10, 15 30 123,510,115

2:1 acetone: DMAC
20% cellulose acetate

8 1% lithium chloride 125,15 30 0.2,05,2
2:1 acetone: DMAcC
17.5% cellulose acetate

9 1% lithium chloride 12.5 30 02,1
2:1 acetone: DMAC
20% cellulose acetate

10 1% lithium chloride 15 30 0.05,0.1
3:2 acetone: DMAC
17.5% cellulose acetate

11 1% lithium chloride 15, 20 30, 15 0.1,05
3:2 acetone: DMAC
17.5% cellul ose acetate 10. 15

12 1% lithium chloride 25’ 30’ 15, 30 0.05,0.1,1,2,5,10
1:1 acetone: DMAc '
15% cellulose acetate

13 0.5% lithium chloride 30 30 1
1:1 acetone: DMAC
17.5% cellul ose acetate

14 0.5% lithium chloride 30 30 1
1:1 acetone: DMAC
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Table 5. Cont.
Solution . Voltage Distanceto Collecting Flow Rate
Solution .
Number (kV) Plate (cm) (UL /min)
17.5% cellul ose acetate
15 0.5% lithium chloride 30 30 1
Acetone
17.5% cellulose acetate
16 0.5% lithium chloride 30 30 1

3:1 acetone: DMAC
17.5% cellulose acetate

17 0.5% lithium chloride 30 30 1
3:2 acetone: DMAC
17.5% cellulose acetate

18 0.5% lithium chloride 30 30 1
2:3 acetone: DMAcC
17.5% cellulose acetate

19 0.5% lithium chloride 30 30 1
1:3 acetone: DMAC
17.5% cellulose acetate

20 0.5% lithium chloride 30 30 1
DMAc

In each case the resultant fibres were examined using scanning electron microscopy. The combination
of parameters producing the best 3D cellulose acetate network was 17.5% cellulose acetate, 1% lithium
chloride and 1:1 DMAC: acetone solvent solution (Table 5, Solution number 12) with the electrospinning
parameters of 30 kV, a 15 cm tip to collecting plate distance and aflow rate of 1 uL/min.

3.2. Production of Filled Composite Specimens for 3 Point Bend Testing

In order to produce a mould from which composite specimens could be produced for 3 point bend
testing, 2 mm thick Perspex sheet was cut into 25 mm x 10 mm x 2 mm rectangular blocks. Silicone
impression material, mixed according to the manufacturer's recommendations, was then poured
over these Perspex blocks and the material allowed to set for 2 h. The Perspex blocks were then
freed from their moulds and any unsupported silicone at the edge of the mould removed using a
disposable scalpel.

The moulds were then weighed using an analytical balance and 3D cellulose acetate nanofibres
gently packed into them using tweezers. The moulds and contained nanofibres were then reweighed in
order to determine the weight of the added 3D fibre mesh. In total 15 moulds were filled with 3D fibre
mesh in thisway.

Using five of the filled moulds, epoxy resin, again weighed using an analytical balance and mixed
in accordance with the manufacturer’s instructions, was poured into the moulds under vacuum. The
resin was allowed to set for 10 h before being reweighed to determine the filler content. A further five
samples were made in the same way, but this time the 3D fibre mesh was precoated with silane using a
fine brush followed by air drying for 2 h and five also and silane coated fibres but in this case the
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polymer was Bis-GMA. Due to the rapid setting of the Bis-GMA there was insufficient time to do this
under vacuum and instead a vibrating plate was used to try to minimise air inclusions.

Finally ten unfilled epoxy resin samples and five unfilled BisGMA samples were made to act as
the controls.

3.3. Three Point Bend Testing

Three point bend testing was performed with the samples tested to failure in a custom made testing
jig, comprising 2 metal supports 15 mm apart, in a Lloyd testing machine (LR 5K, Lloyd instruments,
UK). The crosshead speed was set a 10 mm/min. Samples were then examined following testing
under SEM.

4. Conclusions

The following conclusions were reached as result of this experiment:

1. Defect free nanofibres were successfully electrospun as a flat membrane with fibre diameters in
the 483 nm range using a cellul ose acetate polymer and acetone and DMA ¢ solvent solution.

2. The addition of 0.5% lithium chloride to the polymer solution, and alteration of the spinning
parameters produced a 3D self supporting nanofibre mesh. The increased charge density of the
electrospun jet resulted in areduction of the mean fibre diameter from 483 nm to 286 nm.

3. Infiltration of the 3D nanofibre mesh with both epoxy resin and Concise resin failed to improve
the flexural strength of the prototype composite as expected. Although the cause of this was
unclear, it was suspected to be as aresult of air inclusion and incomplete wetting of the fibres by
the resin component.
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