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Electrospinning of polymer melts: Phenomenological observations
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Abstract

Melt electrospinning is an alternative to solution electrospinning, however, melt electrospinning has typically resulted in fibers with diameters
of tens of microns. In this paper we demonstrate that polypropylene fibers can be reduced from 35� 8 mm in diameter, to 840� 190 nm with
a viscosity-reducing additive. Melt electrospun blends of poly(ethylene glycol)-block-poly(3-caprolactone) (PEG47-b-PCL95) and poly(3-capro-
lactone) (PCL) produced fibers with micron-scale diameters (2.0� 0.3 mm); this was lowered to 270� 100 nm by using the gap method of align-
ment for collection. The collected melt electrospun fibers often fused together where they touched, allowing the stabilization of relatively thick
non-woven felts. The melt electrospun collection also included coiled circles and looped patterns of fibers approximately 150e250 mm in di-
ameter. The polymer jet was visible between the collector and spinneret for particularly significant lengths, and underwent coiling and buckling
instabilities close to the collector. The focused deposition of melt electrospun fibers was maintained when multiple jets were observed, with the
collections from multiple jets separated by 3.8� 0.5 mm for a 5 cm collector gap. The frequent fusion points between melt electrospun fibers,
and a reduction in diameter for the gap method of alignment, indicated that the melt electrospun fibers are still slightly molten at collection.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrospinning is a nano- and micro-fiber manufacturing
technique that has attracted much recent interest, resulting in
hundreds of published articles and reviews [1,2]. It is well-
known that both polymer solutions and polymer melts can
be electrospun, however, the available literature for melt elec-
trospinning is comparatively limited [3e11]. Electrospinning
without solvents (via the melt) may be appealing for applica-
tions and configurations where solvent accumulation or toxic-
ity is a concern. Research on melt electrospinning has been
restricted so far, likely due to the large fibers reported in the

* Corresponding author. Deutsches Wollforschungsinstitut, Pauwelsstraße 8,

Aachen D 52074, Germany.

E-mail address: dalton@dwi.rwth-aachen.de (P.D. Dalton).

0032-3861/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2007.09.037
earlier literature [3e5] e up to 50 mm in diameter and typi-
cally above 10 mm [3e7,11]. With such large diameter fibers,
melt electrospinning provided little advantage over established
melt spinning techniques to produce micron-diameter fibers.
The benefits of electrospun nanofibers, namely a large surface
area to volume ratio (up to 103 times of that of a micro-fiber)
and mechanical properties (e.g. high bending capacity), require
much smaller diameters than those initially described in the
melt electrospinning literature. Industrially, advanced textiles
and filtration systems are applications where the efficacy of
electrospun fibers has been investigated.

However, recent melt electrospinning publications demon-
strate that continuous fibers of approximately one micron in
diameter are possible, and therefore provide the benefits of
nanometer diameter fibers often produced with solution elec-
trospinning [8,10,11]. Melt electrospinning requires cooling
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of the polymeric jet, while solution electrospinning relies on
evaporation of the solvent to produce fibers. It is therefore
important during solution electrospinning that the evaporated
solvent does not accumulate; otherwise, the fiber quality is
affected. At the research level, electrospinning experiments
performed in enclosed environments are limited e most con-
figurations are in well-ventilated areas [12e15]. In numerous
ways, solvent accumulation has dictated the manner in which
electrospinning has been researched.

Electrospinning also attracts particular interest in biomedical
applications, for the tissue engineering of cell constructs. The
sub-micron diameters of electrospun fibers are of similar mag-
nitude to the fibrils often found within extracellular matrix,
and initial electrospinning experiments for tissue engineering
demonstrate great promise [16e21]. However, since many
tissue-engineers wish to combine various cells and electrospun
material for clinical use, solvent toxicity is an ongoing concern
with solution electrospinning. Volatile (and often toxic) sol-
vents often used for preparing electrospun fibers therefore
require removal before contact with cells, or the living body.
Such solvent removal can be readily demonstrated where elec-
trospun mats are formed at initial step and then degassed.
However, for strategies where the simultaneous deposition of
cells and fibers (or fibers deposited directly onto/into the living
body) are desirable, the issue of residual solvent (and therefore
toxicity) remains. Electrospinning from the polymer melt may
allow new approaches to certain aspects of electrospinning,
particularly overcoming the technical restrictions governed
by solvent accumulation and toxicity.

In this article we highlight the phenomenological observa-
tions of melt electrospinning with two different synthetic poly-
mers, and produce sub-micron to micron diameter continuous
fibers. We demonstrate a transformation from large-diameter
fibers e typical of previous melt electrospinning schemes e to
sub-micron diameter fibers with the use of viscosity-reducing
additives. One of the polymers, polypropylene, is difficult to
dissolve and has therefore been restricted in the solution elec-
trospinning literature. The low melting point block copoly-
mers used in this article have a recent history of biomedical
applications, and were previously melt electrospun directly
onto cells [8]. The phenomenological observations and de-
scriptions of the process, using a series of different collection
systems will contribute to the limited knowledge currently
available for melt electrospinning.

2. Experimental

2.1. Materials and copolymer synthesis

All materials and solvents, unless otherwise stated, were
purchased from Aldrich Chemicals (Milwaukee, USA). The
amphiphilic diblock copolymer PEG47-block-PCL95 was syn-
thesized by ring opening polymerization, using stannous (II)
2-ethyl hexanoate as a catalyst and mono-methoxy PEG
(2000 g/mol) as a macroinitiator and is described elsewhere
[22]. The number average block lengths were calculated using
1H NMR. The polymer blends were created by dissolution of
PCL (67 000 g/mol) and PEG47-b-PCL95 into a dichlorome-
thane solution, followed by full removal of the solvent. Com-
mercially available isotatic polypropylene (Novolen 1100 N,
melt flow index (MFI): 15 cm3/10 min [230 �C/2.16 kg]),
termed PP-15 for this study, was purchased from Bayer AG
(Germany), while the Moplen HP 561 S polypropylene
(MFI: 44 cm3/10 min [230 �C/2.16 kg]), termed PP-44, was
acquired from Basell Polyolefine GmbH (Germany). The
MFI denotes the volume of polymer that passes through cap-
illary tubing in a set amount of time, and the value is inversely
proportional to the viscosity of the polymer. PP-15 has a mo-
lecular weight of 210 000 g/mol and polydispersity of 3.5.
Similar data for PP-44 was not provided; however, this partic-
ular isotactic polymer has a narrow polydispersity and is recom-
mended for extrusion applications. Irgatec CR 76 has been
obtained from CIBA (Ciba Specialty Chemicals, Switzerland).
The 1.5% blend has been produced using a kneader type 30
EHT with rheometer (Plastograph�/Brabender� GmbH and
Co. KG) and kneading at 200 �C for 5 min.

2.2. Electrospinning

The electrospinning collection configurations are schemati-
cally drawn in Fig. 1. Unless otherwise indicated, a high
negative voltage of 20 kV (Bertran Series 205B, Hicksville,
NY) was applied to the spinneret and the fibers collected
onto grounded aluminum SEM stubs, covered with a sheet
of aluminum foil. The collection distance was 10 cm for the
low melting point PCL/PEG-b-PCL blends and 4 cm for the
high melting point polypropylene. The polymer was pumped
to the spinneret with a flow rate between 0.02 and 0.3 mL/h.
In the case of the polypropylene, the melt was pumped to

Fig. 1. Schematic of electrospinning collection configurations adopted in this

article. (A) A single aluminum SEM stub; (B) a single microscope slide; (C)

a single aluminum SEM stub, rotating at 2500 rpm, with the axis of rotation

parallel to the centre line; and (D) dual collector with a tapered distance

between collectors.
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the spinneret with a flow rate of 0.05 mL/h. To prevent poor
fiber collection associated with the initial polymer jet, an
aluminum foil cover was placed just over the collector, and
mechanically withdrawn after the initial 30 s of electrospin-
ning. For the experiments collecting onto SEM stubs, the col-
lection time was 60 s after removal of the conductive cover,
while dynamic deposition experiments involved collection of
electrospun fibers for only 5 s on a SEM stub rotating at
2500 rpm. Microscope slides were held by hand throughout
collection and a voltage of 10 kV used. Stainless steel tweezers
(11002-12, Fine Science Tools, Germany) were used as dual
collectors and were moved with a syringe pump at a rate of
1 cm/min across the centre line of the polymer jet at a distance
of 10 cm from the spinneret. The conditions for solution elec-
trospinning of PCL was performed as previously described [23].

2.3. Heating configurations

The temperatures investigated for melt electrospinning
were 90 �C for PEG47-b-PCL95/PCL, 270 �C for the polypro-
pylene with a MFI of 44 cm3/10 min (PP-44), and 320 �C for
polypropylene with a MFI of 15 cm3/10 min (PP-15). Two dis-
tinctly different heating configurations were utilized, based
upon temperature stability, operator safety, and technical sim-
plicity. The lower temperature heating system adopted the
advantages of a highly stable circulatory system to maintain
temperature (�0.2 �C) and is schematically shown in Fig. 2.
A 1 mL syringe (Injekt, B-Braun) was filled with the polymer
powder and heated to the appropriate temperature. Air bubbles
were removed by pushing the polymer melt back and forward
within the syringe. A flat-tipped stainless 20 G steel spinneret
was then attached, and the syringe inserted into the circulator
and equilibrated for approximately 20 min at the appropriate
temperature. The higher temperature electrospinning system
(shown in Fig. 2) contained an electronic controlled heat
gun and a second thermometer at the place of the syringe to
control the temperature of the melt. The warm air current
provided an easy-to-handle and simple heat source, which
allowed safe work at high temperatures. Glass syringes with a
flat-tipped stainless 20 G steel spinnerets were filled with solid
polymer powder and preheated in an electric oven (WTB
Binder 115L). Air bubbles were removed as described for
the low melting polymers. The syringe was set in the electro-
spinning system and heated for 25 min, which allowed the
system to reach an equilibrium temperature. Electrospinning
was performed immediately after removal of the heat gun, in
order to minimize the cooling of the syringe and spinneret.
Temperatures at the spinneret were determined with a K-type
thermocouple.

2.4. Viscosity measurements

A controlled stress rheometer (Rheometric Scientific DSR,
USA) measured the viscosity of the polymer melts, at various
temperatures and shear rates. The temperatures were reached
with an electrically heated cone and plate (4�/25 mm; with
a gap of 0.111 mm). The zero-shear viscosity was calculated
using creep analysis of the molten polymer. A heat gun aimed
at the coneeplate configuration was used in addition to the
rheometer heating element to attain 320 �C.

2.5. Scanning electron microscopy (SEM) and light
microscopy

The electrospun material on the aluminum SEM stubs were
gold-coated and imaged with a Cambridge S360 (Leica,
Germany) microscope, or with a Quanta 200 (FEI, United
Kingdom). The low-diameter fibers from dual collectors
were sampled by passing a copper grid for a transmission elec-
tron microscope (TEM) through the suspended fiber collec-
tion. The TEM grid was mounted on a SEM stub coated
with platinum/gold and imaged in high vacuum mode on the
Quanta 200 SEM. An electron beam of 15 kV and a working
distance of 7e15 mm were used to image the electrospun
material. Fiber diameters were measured using SEM (n¼ 30)
and standard deviations used, while representative images of
the electrospun fibers are presented. The periodic distance of
the perpendicular surface structures on fibers of PP-15 was
also measured with SEM (n¼ 10). The microscope slides
containing fibers from multiple jets were either imaged on a
stereomicroscope (Leica MZ16F, United Kingdom), altering
the light to contrast the fibers, or on an inverted light
microscope (Zeiss Axio Imager A1, United Kingdom).

3. Results and discussion

The polymers and blends used in this study are summarized
in Table 1. The two parameters that significantly affected the
Fig. 2. Schematic of the different heating configurations used for melt electrospinning for (A) low melting point polymers and (B) high melting point polymers.



6826 P.D. Dalton et al. / Polymer 48 (2007) 6823e6833
Table 1

Selected properties and conditions for melt electrospun polymers

Polymer Electrospinning

temperature (�C)

Melting

point (�C)

Zero-shear

viscosity (Pa s)

Fiber diameter

(mm)

PP-44 320 163e167 23 8.6� 1.0

PP-15 270 164e166 75 35.6� 1.7

PP-15þ 1.5% Irgatec 270 163e165 33 0.84� 0.19

PEG47-block-PCL95þ 30% PCL 90 55e58 49 2.0� 0.3

PEG47-block-PCL95þ 30% PCL (dual collector) 90 55e58 49 0.27� 0.10

Viscosity data were measured at the electrospinning temperature.
quality and dimensions of melt electrospun fibers were the
viscosity of the polymer melt and the flow rate to the spinneret
[8,9]. The viscosity often used for solution electrospinning
(0.1e6 Pa s) [24e26] is a magnitude lower than that for these
experiments (30e75 Pa s). Conversely, the flow rates for solu-
tion electrospinning in literature are a magnitude greater than
Fig. 3. SEM images of PP-44 fibers that were melt electrospun at 320 �C, with a pump rate of 0.05 mL/h and a collection distance of 4 cm.

Fig. 4. SEM images of PP-15 fibers without (A and B) and with (C and D) viscosity-reducing additive, melt electrospun at 270 �C, with a pump rate of 0.05 mL/h

and a collection distance of 4 cm.
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those for melt electrospinning. The low flow rates required for
melt electrospinning (0.02e0.05 mL/h) are the disadvantage
for industrial applications, but are required since greater
charges exist in polymeric liquids with lower flow rates [27].
The highest quality fibers were electrospun from polymer
melts with viscosities between 30 and 55 Pa s. The addition
of the Irgatec to PP-15 reduced the viscosity from 75 to
33 Pa s.

The four different collection systems used are shown in
Fig. 1. A single collector (Fig. 1A) was used for both polypro-
pylene and poly(ethylene glycol)-block-poly(3-caprolactone)/
poly(3-caprolactone) (PEG47-b-PCL95/PCL) blends. Melt
electrospun PEG47-b-PCL95/PCL blends were additionally
collected onto a microscope slide (Fig. 1B), a single collector,
with the axis of rotation parallel to the centre line (Fig. 1C) or
onto dual collectors (Fig. 1D).

Two different heating configurations were used for electro-
spinning the different melting-point polymers, based upon
temperature stability, operator safety, and technical simplicity
(Fig. 2). For low temperatures (60 �Ce90 �C), a circulatory
system provided a very constant temperature (�0.2 �C) to
the syringe and spinneret, while at higher temperatures
Fig. 5. SEM images of PEG47-b-PCL95/PCL electrospun fibers melt electrospun at 90 �C, with a pump rate of 0.05 mL/h and a collection distance of 10 cm.

Fig. 6. Examples of commonly observed coiled deposition phenomena for melt electrospun fibers. Circular coils are deposited and can form for (A) PP-15 with

Irgatec; or (B) PEG47-b-PCL95/PCL. Helical fibers with very short curvature are also periodically seen for (C) PP-15. A different, and very common deposition

phenomena, is the looped coils that are elongated as shown for (D) PEG47-b-PCL95/PCL blends. Such circular and looped coil depositions are not abnormality, but

are consistently observed for melt electrospun samples.
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a flow of heated air melted the polypropylene. A heat gun was
technically straightforward, avoided safety issues involving
very high temperature circulation systems, and prevented
accidental surface contamination of biomaterials with high
temperature circulating fluids [28]. A potential issue of over-
heating and undesirable degradation of the low melting point
PEG47-b-PCL95/PCL blends [8] is minimized by the circulat-
ing heated system.

Fig. 7. Photograph of the Taylor cone and polymer jet for melt electrospinning.

The molten pendant drop has one single Taylor cone that is relatively elon-

gated, while the jet is particularly long, and is visible for almost the entire

distance to the collector. The resulting fibers are solid and 2.0� 0.3 mm in

diameter.
3.1. Electrospun fiber morphology

Melt electrospinning of unmodified polypropylene (both
the PP-44 and PP-15) onto a single collector provided good
quality electrospun fibers (Figs. 3 and 4a and b); albeit with
a relatively high fiber diameter e this is consistent with earlier
observations for melt electrospun material [3e5]. The PP-44
fibers had diameters of 8.6� 1.0 mm, and appeared not to fuse
with other fibers. Cooling of the polymer jet prior to collec-
tion was therefore sufficient, even though the spinneret/
collector distance (collection distance) is relatively short (ap-
proximately 4 cm). The PP-15 electrospun fibers were 35.6�
1.7 mm in diameter but had a very different surface structure
from the PP-44 fibers. While melt electrospun PP-44 fibers
were smooth and uniform (Fig. 3), PP-15 fibers had a surface
structure perpendicular to the direction of the fiber (Fig. 4A
and B). Given the large diameter of the fibers, the surface struc-
ture is probably a result of extrusion instabilities, or shrinkage
due to cooling, with the periodicity of these surface structures
on the electrospun fibers being 920� 70 nm. The inclusion of
viscosity-reducing additive to the PP-15 actively reduces the
polymer chain length and therefore viscosity [29,30]. This
additive, which is used for melt blowing applications, has
a dramatic impact on the diameter of the PP-15 fiber and re-
duced the diameter from 35.6� 1.7 mm to 840� 190 nm;
however, fusion between the collected fibers was significant
(Fig. 4C and D). The surface of these smaller fibers was
Fig. 8. Deposition phenomena of melt electrospun PEG47-b-PCL95/PCL blends. Regional ‘‘patches’’ of electrospun fibers are collected, and the collection is

magnified in images BeD. Coiled loops of fibers join some of these regions (B), while the centre of the patches reveals high quality fibers (C) that exhibit

some fusion of the fibers (circled in D). These patches were up to one millimeter in height.
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smooth, and contrasted with the perpendicularly oriented
morphology on the surface of pure PP-15.

The authors’ initial experience with melt electrospinning
PEG-b-PCL diblock copolymers included the fabrication of
very poor quality fibers when using the electrospinning para-
meters (i.e. flow rate, viscosity) commonly adopted for solu-
tion electrospinning [9,24e26]. By blending the PEG-b-PCL
diblock copolymers with a higher molecular weight homopoly-
mer, PCL, we had eliminated poor quality molten fibers from
the collected melt electrospun material (Fig. 5). The slight
fusion of some high quality fibers within the electrospun
mats demonstrate that the electrospun fibers may not fully
solidify prior to collection. This is seen in Fig. 5, where the
path of the fiber was noticeably altered at the points where
the fibers touch, due to contraction of the fiber as it continued
to cool on the collector e straight fibers resulted between
these fusion points. The diameter of the fibers from PEG47-
b-PCL95/PCL blends was 2.0� 0.3 mm.

Similar to certain solution electrospun systems [31],
circular and looped coils were commonly observed with all
melt electrospun polymers. These different types of coiled
electrospun fibers are shown and described in Fig. 6. The
circular and looped fibers in Fig. 6A,B and D, respectively,
were particularly common, whilst helical fibers (Fig. 6C)
occured only intermittently. Such helical fibers, with small
curvature, may form with particularly cooled parts of the
polymer jets that have a high surface tension. The tightly
coiled deposition (circular and looping) of the electrospun
fibers is an interesting phenomenon also seen with solution
electrospinning [31].

3.2. Polymer jet formation

When a sufficient voltage is applied, the pendant drop of
polymer melt is initially distended and stretched towards the
collector. The quality of the electrospun material for the first
30 s is extremely poor, and creates visibly large collected fibers,
or ‘‘impurities’’. This portion of the collected material is there-
fore discarded, and a ‘‘sacrificial collector’’ is used for the first
30 s of collection. Fig. 7 shows a typical photograph of the cone
and jet from a polymer melt that result in solid fibers. The
visible portion of the jet typically extends for 60e80% of the
collection distance, and can be over 10 cm in length when the
distance is 15 cm. The Taylor cone was stable for periods up
to 10 h, with no visible fluctuations, when flow rates of approxi-
mately 0.02e0.05 mL/h were used.

3.3. Deposition phenomena of electrospun fibers

The visible portion of the jet from solution electrospinning
typically, but not always, extends for approximately 1 cm from
the spinneret before undergoing the instabilities that result in
Fig. 9. Photographs of multiple jets from melt electrospun PEG47-block-PCL95/PCL blends, collected on a microscope slide showing the collections of (A) two and

(B) three jets from a single spinneret. The microscope slide was moved by hand, and fiber deposition paths of different jets are mirrored. The collected material is

different from each jet, with high quality fibers (C) collected simultaneously with larger, molten fibers (D). A photograph where the collected material from the two

jets crosspaths with each other is shown in (E).
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diameter reduction and good quality fiber collection [32,33].
The visible portion of the initial jet for a polymer melt extends
much further; estimated to be 10 cm with a collection distance
of 15 cm, and results in solid, electrospun fibers as shown in
Figs. 5,6 and 8. The molten polymer jet therefore travels the
majority of the collection distance before coiling and buckling
instabilities occur, and the region of fiber deposition is notably
focused. This ‘‘late coiling’’ phenomenon has also been re-
cently reported with other melt electrospinning systems [10].
Elongated jets are also reported with electrostatically drawn
glycerol, which has a low conductivity compared to commonly
used solvents [34].

Fig. 8 shows the deposition of melt electrospun PEG47-b-
PCL95/PCL blends onto a single collector. ‘‘Patches’’ of
electrospun fibers contrast with the widely deposited fibers
commonly collected during solution electrospinning [12e
20,24e26]. While the patches of electrospun fibers indicated
a focused deposition, the depositing fiber ‘‘wandered’’ across
the collector e this was visually seen during collection. In
Fig. 8B, a distinctive (circular) coiled loop connects the
patches of collected electrospun fibers. Such distinct white
‘‘patches’’ of electrospun fibers formed in rapid succession
in one area of the collector, before being collected in another
region (Fig. 8A). The centre of the patches had high quality
electrospun fibers, with depths of up to 1 mm (Fig. 8C). The
radius of the coils for PEG47-b-PCL95/PCL blends is approxi-
mately 75e125 mm. Looped coil deposits were also common
(Fig. 6D) structures. The fibers also fused where they touched
(Fig. 8D), as previously seen with melt electrospun PEG47-b-
PCL95/PCL blends (Figs. 5 and 6B). As shown in Fig. 7, the
initial visible portion of the jet travels the majority of the
collection distance; therefore the reduction of the fiber di-
ameter must occur relatively close to the previously deposited
fibers. As the fiber patches attained heights of up to 1 mm
the fusion of the electrospun fibers could assist in achieving
such relatively thick patches.

While multiple jetting on single, grounded metallic collec-
tors was not observed, it was common for multiple jetting
Fig. 10. Deposition of PEG47-b-PCL95/PCL electrospun fibers on a collector rotating at 2500 rpm (schematically drawn in Fig. 2C). A ring of electrospun fibers

forms due to the focused nature of the deposition (A). The electrospun fibers are coiled (B and C) and the periodicity of the coiling is stretched by the angular

rotation (C). There is also some fusion of the electrospun fibers (D).
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Fig. 11. Images of suspended electrospun fibers on stainless steel tweezers for (A) melt electrospun PEG47-b-PCL95/PCL and (B) solution electrospun PCL. The

fibers bridge the two metallic parts of the collector, and are covered well with solution electrospun fibers (B). Melt electrospun PEG47-b-PCL95/PCL fibers are poor

in bridging larger gaps, yet have particularly low diameters of 270� 100 nm. The scale bar for inset image is 500 nm.
to occur when microscope slides were used as collectors
(Fig. 1B). Simultaneously, multiple fiber jets collect on the
glass slide, observed as white, or colored, patches. Moving
the microscope slide under centerline demonstrated that the
different jet collections mirror the paths of each other, for
both double- and triple-jets (Fig. 9A and B). The distance be-
tween the collected fibers of two jets was 3.8� 0.5 mm for
a 50 mm spinneret/collector distance. The fiber quality from
the multiple jets, however, was not identical. While one of
the collected jets typically had high quality fibers with a small
diameter and narrow fiber distribution (Fig. 9C; 2.0� 0.3 mm),
the second and third jets were of larger diameter and of poorer
quality (Fig. 9E; 4.4� 2.2 mm). Only one polymer jet was vis-
ible during the collection of multiple jets, suggesting splitting
of the jet between the spinneret and collector.

To prevent surface charge build-up in a specific region of
the collector, we melt electrospun fibers onto a collector rotat-
ing around the axis of the jet for 5 s. In this way the place of
collection constantly changed. Fig. 10 shows a ring of electro-
spun fibers with a width of 500 mm with a collection distance
of 15 cm. The coiled fiber deposition is stretched by the rota-
tion (2500 rpm) of the collector (Fig. 10B and C). Fig. 10D
shows that the collected fibers are again fused together where
they are deposited. The deposition is relatively focused e
while a similar magnitude of focused deposition can be
achieved with solution electrospinning; the collection distance
required is only 0.5 mm [35]. Focused deposition may also be
achieved with solution electrospinning over similar distances
to this study, using concentric rings with intermediate potential
applied [36]. In this instance, we achieved similar focused
deposition areas as Deitzel et al. [36], without the need for
concentric rings.

Dual collectors with solution electrospinning results in
oriented fibers, and has been termed the ‘‘gap method of align-
ment’’ and results in a suspended collection [23,37]. Using
moving stainless steel tweezers as the collector (Fig. 1D);
the suspended melt electrospun collections could be observed
over a range of gaps. It was only when the collector gap nar-
rowed to 1 mm, near the fused portion of the tweezers, that
oriented fibers occurred (Fig. 11A), while extremely poor sus-
pended collections resulted at larger gaps. No melt electrospun
fiber suspensions formed when the collector gap was greater
than 10 mm. This distance is a magnitude lower than solution
electrospun PCL, where collector gaps of up to 10 cm result in
suspended, oriented, electrospun fibers [23]. Indeed, the entire
tweezers were engulfed with solution electrospun PCL fibers
(Fig. 11B). Melt electrospinning was therefore poor at gener-
ating oriented fiber suspensions between collectors over
significant gaps, probably due to the focused nature of deposi-
tion, and elongated jet. The melt electrospun PEG47-b-PCL95/
PCL fibers produced with such dual collectors (Fig. 11A) had
very small diameters of 270� 100 nm.

Such a significant fiber diameter reduction, by using
a dual collection system is an interesting observation that
warrants further discussion. Solution electrospun fibers do
not have decreased diameters when dual collectors are
used [23]. Further investigations into the dual collectors
showed that the fibers on each of the two collectors are of
larger diameter (c.a. 2 mm), and it is only the suspended
fibers with reduced diameters. As previously observed, the
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melt electrospun PEG47-b-PCL95/PCL fibers were not fully
cooled at the time of collection, as seen with the fusion be-
tween collected fibers. In combination with the coiling and
buckling associated with electrospinning [31], it is proposed
that the fibers are mechanically drawn across the collector gap
by the coiling action of deposition. Such mechanical drawing
of fibers during collection is a phenomenon that melt electro-
spinning can use to generate even smaller diameter electrospun
fibers.

4. Conclusion

Micron and sub-micron melt electrospun fibers were col-
lected with two different synthetic polymers, while oriented
melt electrospun fibers were 270� 100 nm diameter, which is
currently the lowest diameter reported for melt electrospun
fibers. As shown with polypropylene, the fiber diameter can
be adjusted with viscosity-reducing additives and more than
a magnitude reduction in diameter is possible. In addition, the
focused fiber deposition allows specific placing and predictable
patterning of the electrospun fiber. As cooling is the mechanism
for fiber jet solidification (as compared to solvent evaporation),
extending the melt electrospinning to multiple spinnerets may
compensate for the low flow rates required for high quality
fibers. The phenomenological observations exhibited by melt
electrospinning warrant further investigations into the model-
ing and mechanisms of the process.
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