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Abstract: Nanofiber-based nonwoven mats produced in electrospinning setups are usually very
fragile, which often limits their applicability. Yarns have the potential to enable the incorporation of
nanofibers into other materials using well-established techniques such as sewing, knitting, weaving
and embroidering, thus broadening the application of nanofibers. Here, we review the development
of continuous yarn electrospinning processes. Amongst several possible approaches, funnel-based
collector systems have been widely adopted. Here, we summarize recent developments in the field
and highlight studies providing visions on how to expand that field of research in future studies of
continuous yarn electrospinning.
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1. Introduction

Electrospinning is an electrostatic-based technique used to produce ultrafine fibers
from the micrometer down to the nanometer scale [1]. It is a simple yet highly customizable
process which can be used in conjunction with many systems such as polymer melts [2],
polymer solutions [1], sol-gels [3], and even ceramics [4]. Due to the process versatil-
ity, electrospun fibers and mats have found potential applications in various fields such
as air filtration [5], tissue engineering and drug delivery [6,7], gas sensing [8], material
reinforcement [9], and catalysis [10].

Generally speaking, the direct products of the electrospinning process are either one-
dimensional as in the case of bundles and yarns, or two-dimensional as in the case of
nonwoven mats. Within these two forms, the fiber orientation can be random, aligned, or a
mixture of both. Between the two forms, nonwoven mats are arguably the far easier form to
produce due to the bending instability that almost inevitably occurs during the extension
of the electrostatically generated jets (Figure 1), which results in the random deposition of
solidified fibers on a surface. Thus, the manufacture of electrospun mats does not require
an elaborate setup.

Electrospun yarns on the other hand are more difficult to produce. Once the jet has
been generated from the liquid reservoir—typically the tip of a needle—the challenge is to
ensure the alignment of up to thousands of tiny, solidified fibers into a bundle before the
fibers touch and adhere to a surface, then twisting the bundle into a yarn in a controlled
manner. For the past two decades, various groups have come up with different techniques
for producing electrospun yarns of different composition and qualities. We will see that one
particular method and its variants have been used repeatedly by different groups. However,
as these works were dictated by their own specific research interests and applications, the
experiments were not conducted in such a way that the results are easily comparable.
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Figure 1. (a) Scheme of basic electrospinning setup with three major components: a needle contacted
by an electrode, a high voltage source, and a grounded collector plate. Applying a sufficiently high
voltage at the needle, after a droplet of polymer solution or melt has formed at its tip, results in a
jetting thereof. The path of the jet is straight near the needle; however, it quickly turns chaotic due
to bending instabilities but is nevertheless confined within a conical envelope visible using long
exposure photography [11]. During the flight, jets are stretched, yielding thin diameters, facilitating
the evaporation of the solvent and accelerating the formation of fibers. The fibers accumulate on
the collector in a random orientation, resulting in a nonwoven mat. Figure self-drawn. (b) SEM of
a typical cellulose acetate nonwoven mesh resulting from such a basic electrospinning setup. Scale
bar = 20 um.

There had so far been several reviews on the topic of yarn electrospinning [12-15],
though none of them specifically discussed the problem of direct comparison between
the various methods. If yarn electrospinning is to be a method that is widely adopted,
researchers should be able to decide which methods are the most suitable for their own
application based on certain parameters such as production speed, fiber fineness, yarn
fineness, and fiber mechanical properties. Additionally, one widely available polymer that
is easily electrospun should also be used as a standard polymer whose characterization
allows the comparison between various yarn electrospinning setups.

2. Continuous Yarn Electrospinning

The phenomenon known today as electrospinning has been known as early as the 19th
century. One account was given in 1887 by CV Boys, in which he described the behavior
of organic melts on an insulated dish subjected to high voltage. Upon reaching the edge
of the dish, the droplets of the melt could be observed flying away from the dish, leaving
a trail of fibers in their path. He further observed a rosy shade on a piece of paper when
sealing wax was used, attributing it to “innumerable fibres separately almost invisible”,
possibly the first account of an electrospun nonwoven mesh [16].

The first patent concerning fiber electrospinning, according to Tucker et al. [17], was
published in 1900 by Cooley [18]. Arguably, this was also the first patent on the continuous
electrospinning of fiber bundles, the schematics of which is seen in Figure 2. The patent
describes the delivery of the spinning solution by means of a glass capillary (B) into
the electric field generated by two electrodes (e and e’) charged to a high voltage by
using e.g., a Wimshurst machine (D), a common high voltage generator at that time.
Interestingly, the electrode does not need to directly contact the spinning solution. Instead,
the solution gets charged in mid-air upon entering the electric field and dispersed into
smaller streams that, upon evaporation of the solvent, solidify into fibers, which are
attracted to the opposite electrode. By intercepting the fibers using a glass rod (not shown
in the schematics) and bringing them onto a reel (F), the fibers can be continuously collected.
The electrospinning takes place in an enclosure (G) which can be evacuated using a pump
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(K). The evacuated atmosphere can then be treated to recycle the evaporated solvent. Apart
from the modernization of most of the components used by Cooley, the general principle
and arrangement of the electrospinning setup have remained unchanged since then.

Figure 2. The schematic drawing of Cooley’s electrospinning device. Enclosed in the electrospinning
chamber (G), the capillary (B) delivers the polymer solution into the electric field between two
opposite electrodes (e and e’), thereby generating a stream of jets which solidifies into fibers. The
fibers, on their flight towards the electrode e’, are intercepted by a glass rod (not shown in the
diagram) and thus are bundled together and brought to a reel (F) which winds the bundle. The pump
K evacuates the spinning chamber for a possible solvent recovery. D is a Wimshurst machine (or any
suitable machine) for generating high voltage. Reprinted with permission from Ref. [18]. Copyright
1900 United Kingdom Patent.

In 1934, a particularly prolific inventor named Anton Formhals published his first
patent [19] on electrospinning. During the following decade, he published at least another
21 patents [17] on the subject. His inventions consisted of various improvements on the
electrospinning method, especially those concerning the upscaling of the method, including
the use of multiple spinnerets and conveyor belts to collect and transport the fibers.

It was not until the early 1990s that “electrospinning” as a term was popularized by
several research groups such as that of Reneker [1]. The introduction of a single word to
denote the phenomenon of fiber formation through electrostatic jetting of fluids facilitated
the discussion of the subject. Combined with the advent of nanotechnology, the interest in
nanoscale materials, including electrospun fibers, increased rapidly. Since then, the number
of publications has grown exponentially. Over the past two decades, many researchers
have used different techniques to produce nanofiber mats and yarns.

Many research groups cited the difficulty in handling nanofibers as a motivation for
developing systems to produce electrospun bundles and yarns [20,21], which, due to the
distribution of load among the constituent fibers, increases the robustness of the fibers.
Initial efforts towards realizing such setups tended to be systems enabling fiber bundle
production. This was achieved through various means. Water-based collectors (Figure 3a),
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such as used by Smit et al. [22] and Teo et al. [23], rely on water’s fluidity to help realign
the fibers. As the collector surface is not stiff, the fibers can be pulled on one end without
the fibers experiencing too much tension that would break them due to their adhesion to
the collector surface, as is the case with a solid collector. As the fibers are pulled out of
water, surface tension pulls them together into a bundle. Other works, such as those from
Pan et al. [24] (Figure 3b), rely on opposite charges to align the fibers. One or several pairs
of nozzles charged with opposite voltages are pointed towards each other, such that the
jets that emanate from the nozzles are attracted to each other. This partially cancels out
the whipping motion caused by the bending instabilities and aligns and bundles the fibers
together. The bundles can then be easily captured using an insulated rod and brought to a
motorized winder for automatic collection.

True yarns, however, contain twists, which require an extra step or element to be
incorporated into the electrospinning system. This can be done in several ways. One
approach is to rotate the winder itself, meaning that, in addition to the winding action of
the winder, the winder is placed on a rotating platform, through which the twist in the yarn
is achieved as seen in the work of Maleki et al. [25] (Figure 3c).
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Figure 3. Various methods used to produce electrospun bundles and yarns since the 2000s. (a) Water-
based collector as used by Smit et al. [22] and Teo et al. [23]. Reprinted with permission from
Ref. [22]. Copyright 2005 Elsevier. (b) Opposite charged nozzles as used by Pan et al. Reprinted
with permission from Ref. [24]. Copyright 2006 Elsevier. (c) Winder on a rotating platform as used
by Maleki et al. [25]. Image self-drawn. (d) Spinning disc combined with a core thread as used by
Bazbouz et al. Reprinted with permission from Ref. [26]. Copyright 2011 Wiley.

Another approach, taken by Bazbouz et al. [26], used a rotating disk onto which the
fibers are jetted. A hole in the middle of the disk permits the passage of a core thread,
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which is unwound on one side of the disk and wound on the other side of the disk. By
the spinning of the disk, the electrospun fibers are continuously twisted around this core
thread, and the winding of the core thread ensures constant material removal. This results
in the continuous production of a core fiber sheathed in electrospun fibers (Figure 3d).

A particularly popular approach involves a rotating funnel to twist fiber bundles into
yarns and a winder to collect the yarns. In one of the simpler versions of this method
(Figure 4a), a single nozzle is used to convey the spinning solution. This nozzle is connected
to a high voltage supply and is pointed at an angle towards a rotating circular or annular
geometry, which in turn is pointed towards a winder. When the spinning solution is
pumped through the nozzle and high voltage is applied, fibers land across the opening of
the funnel, eventually forming a nonwoven mat covering the funnel opening. By bringing
the tip of an insulated rod close to the nonwoven mat, some of the freshly formed fibers
will land both on the tip and the mat, forming a connection. With sufficient material
bridging between the tip and the mat, the mat can now be deformed into a nonwoven
cone by pulling the rod away. The rotation of the funnel twists the cone into a yarn, which
steadily extends in length from the tip of the cone as the rod is pulled further from the
funnel. If the yarn is now brought towards a mandrel on a motorized winder, material
will be continuously removed from the cone, while the nozzle continuously deposits fibers
onto the cone. With the correct configuration, a mass transfer equilibrium takes place, the
cone retains its shape, and the process can be run continuously. This approach has proven
quite successful in continuously producing yarns, such that many groups have adopted or
modified it for their own works, as will be discussed in the following.

3. Variations of the Rotating Funnel Collector System for Yarn Electrospinning

Figure 4 shows the schematic drawing of the setup used in selected works, which is
based on the general principle of using a rotating funnel for the simultaneous deposition
and twisting the electrospun fibers into a yarn and a motorized winder that collects the yarn.
In its simplest form, the setup involves only four major components: A single nozzle for
material extrusion and jetting, a high voltage source, a grounded rotating funnel collector,
and a motorized winder, as used by Afifi et al. [27] in an early work from 2010 (Figure 4a).

A subsequent, two-nozzle variation is especially widespread and has been adopted
in various works [28-33]. The first nozzle is arranged opposite to the second, with both
nozzles most commonly being charged with opposite voltages (Figure 4b), although some
authors, e.g., Jin et al. [29] and Tong et. al. [32], used the same charge for both nozzles.
Electrospinning using a pair of nozzles with opposite charges is termed “conjugate elec-
trospinning” [34]. This setup comes with several advantages. Using two nozzles is a
straightforward way to double the material throughput, which increases yarn production
speed. Because the two electrostatically generated jets neutralize each other’s charges,
earthing the funnel is not necessary. Positioning the nozzles opposite to each other ensures
an even material distribution on the funnel and the subsequently formed nonwoven cone,
which is important in ensuring that the cone retains its shape by evenly replenishing mate-
rial at the same time as material is being continuously removed by the winding unit. To
further increase throughput, multiple pairs of nozzles can be arranged around the funnel,
as was demonstrated in the 2013 work of He et al. [35], in which two pairs of nozzles
were used and a subsequent work in 2014 by He et al. [36], where four pairs of nozzles
were used.

The geometry of the rotating object, which imparts the twist in the yarn, does not
strictly have to be a funnel. Wu et al. [30], for example, used a setup almost identical to
the one used by Li et al., exchanging the funnel with a spinning metal disc (Figure 4c).
Shuakat and Lin [37] went further and showed that, in essence, the geometry only needs to
be circular. Instead of a funnel, they used a ring and under it they positioned a contacted
rotating disc. The lower part of the disc was partially immersed in the polymer solution
bath and, as the disc turned, the solution was continuously transferred to the upper part of
the disc, where multiple Taylor cones formed and supplied the ring with freshly formed
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fibers, which were then twisted into a yarn by the rotation of the ring and subsequently
rolled by the winding unit above. This setup greatly increased the throughput of the yarn
electrospinning process.

Another interesting variation of the funnel-based setup is seen in the work of
Yang et al. [38], who used a single nozzle as Afifi et al. [27], but introduced a variation in
the winder. The motorized winder was mounted on a slider, which oscillated the winder
uniaxially. This distributed the yarn over the length of the winder mandrel. The winder
was placed close to the rotating funnel, such that the jets landed both on the funnel and
on the mandrel. This resulted in yarns interlaced with randomly ordered nonwoven mats
(Figure 4d).
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Figure 4. Variations of yarn electrospinning setups using a funnel. (a) The simplest variation of such
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setup is the one used by Afifi et al. Reprinted with permission from Ref. [27]. Copyright 2010 Wiley.
(b) Li et al. used two nozzles, doubling the throughput and stabilizing the nonwoven cone forming
on the rotating funnel. The oppositely charged nozzles made earthing the funnel no longer necessary.
Reprinted with permission from Ref. [28]. Copyright 2020 American Chemical Society. (c) Wu et al.
used a disc instead of the funnel in combination with a guiding metal rod. Reprinted with permission
from Ref. [30]. Copyright 2013 Elsevier. (d) Yang et al. used a winder placed on a slider to distribute
the yarn along the winder mandrel to produce a combination of yarns and randomly oriented fiber
mat. Reprinted with permission from Ref. [38]. Copyright 2014 Elsevier.

These strategies all resulted in the formation of yarns, whose qualities differ in terms
of alignment, yarn hairiness, and uniformity of diameter. In contrast to the previous works
reported in the 19th century and the early half of the 20th century, these recent works
included SEM images of the resulting yarns to demonstrate the quality of their process.
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As examples, we included in Figure 5 the SEM images corresponding to the experimental
setups shown in Figure 4.

Figure 5. SEM images of electrospun yarns from the works of (a) Afifi et al. showing fibers lacking
uniformity in alignment. Several fibers were aligned parallel to the yarn axis. Reprinted with
permission from Ref. [27]. Copyright 2010 Wiley. (b) Li et al. produced yarns with highly aligned
fibers. Reprinted with permission from Ref. [28]. Copyright 2020 American Chemical Society.
(c) Wu et al. spun yarns with no apparent twist. Reprinted with permission from Ref. [30]. Copyright
2013 Elsevier. (d) Yang et al. produced a mixture of yarns and randomly aligned fiber mats. Reprinted
with permission from Ref. [38]. Copyright 2014 Elsevier. Scale bars = 100 um.

Figure 5a shows the result of the work of Afifi et al. [27]. Here, the twist can be seen in
the fibers in the core of the yarn, but some fibers on the outside laid straight along the yarn
length. The yarn diameter therefore was ill-defined along the yarn length. Many individual
fibers could be seen protruding out of the yarn. In contrast, Li et al. [28] produced yarns
with highly aligned fibers and apparent twist. The yarn depicted in the SEM image also
had a uniform diameter, and fibers could be seen protruding out of the yarn (Figure 5b).
Only some occasional fibers could be seen winding around the yarn in a disordered manner.
Wu et al. [30] produced a yarn of intermediate quality. The yarn diameter appeared uniform
along the yarn length. However, the twist was not apparent, and individual fibers were
loosely packed in the main yarn body. Yang et al. [38] had a slightly different goal, thus the
perfect containment of individual fibers within a single yarn was not as important. Instead,
the construct was a mixture of yarns with randomly arranged fibers laid on top of them
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(Figure 5d). Overall, funnel-based yarn electrospinning proved successful in continuously
producing yarns.

4. Electrospun Biogenic Polymer Yarns

Biogenic polymers are polymers produced or derived from compounds of living organ-
isms. Apart from the independence from traditional sources of polymers, i.e., petroleum,
biogenic polymers present an interesting class of materials because of their properties,
such as biodegradability in most cases, making them attractive in terms of environmental
sustainability [39]. Many biogenic polymers are also biocompatible and thus suitable for
medical applications [40]. Polypeptide or polysaccharide-based polymers occur either
naturally such as cellulose, alginate, and collagen or are produced recombinantly such as
recombinant collagen [41], elastin-like polymers [42], and spider silk proteins [43].

Biogenic fibers are widely used in many applications, cellulose and wool, for example,
in human clothing for millennia. Regeneration of biogenic polymers liberates them from
being constrained to the form imparted to them by biological systems. Thus, we can have
biogenic polymers such as spider silk, which naturally occurs for the most part as fibers, in
forms never occurring in nature such as films, hydrogels, and foams [44]. In this context,
the production of electrospun biogenic polymer nanofibers has been investigated. [45-49]
However, despite their wealth of potential in future applications, as well as their demon-
strated electrospinnability, there seems to be a lack of data in continuous electrospinning
of yarns based on biogenic polymers. Most work in literature so far focused on synthetic
polymers. We, therefore, utilized continuous yarn electrospinning on biogenic polymers
and characterized the properties of the resulting yarns.

Here, we electrospun yarns made of cellulose acetate and the recombinant spider silk
protein eADF4(C16) by using a conjugate electrospinning setup adapted from the one used
by Li et al. [28]. Minor adjustments of the setup included the vertical arrangement of the
funnel and the placement of the winding unit above the funnel (Figure 6a). Each needle
(of size 21 G) was clamped to an electrode wire with crocodile clamps. The needles were
pointed towards the funnel at an angle of about 30° from the horizontal plane, and were
positioned, each on one side of the funnel, between 3 and 5 cm horizontally and between 2
and 4 cm vertically away from the middle of the funnel. The funnel (5 cm in diameter in the
opening, 3 cm in diameter in the lower part, and 5 cm high) was connected by a polymer
shaft to a motor, which rotated at 200 rpm. The voltage used was between +4 and +7 kV on
one needle and between —4 and —7 kV on the other. The flow rate used for feeding the
solution into each needle was 10.5 pL/min. At the start of the process, the motor connected
to the funnel as well as the syringe pump were turned on. As soon as a droplet formed
at each needle, the high voltage was turned on. Fiber bundles formed at the space above
the funnel, part of which were also adhering to the funnel. These were fished up using a
polymer rod and were led onto the motorized winding unit placed vertically above the
funnel. The motorized winding unit was then turned on and set to rotate at 6 rpm (roll
diameter = 10 mm). For morphological characterization, the collected yarns were then
sputter coated with platinum (1.2 nm thick) and analyzed using SEM at magnifications of
250x-15,000x at a voltage of 2 kV and working distance of about 8 mm. For tensile testing,
the yarns were twisted manually to improve the adhesion between the individual fibers.
The yarns were then fixed onto frames with a gauge length of 10 mm and pulled at a rate
of 1 mm min~!, measuring the load and displacement as a function of time. These were
then plotted onto a stress—strain diagram, with the stress being calculated by dividing the
load by the diameter of the yarn, determined using light microscope images.
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Figure 6. (a) Electrospinning setup based on Li et al.’s work with a slightly different arrangement:
the funnel was vertical and the winding unit was positioned above the funnel. Two needles charged
with opposite voltages were used, generating fibers that were twisted using the motorized rotating
funnel, from which a yarn was drawn and collected using a motorized winding, allowing continuous
electrospinning of biopolymer yarns. (b—d) SEM images of yarns with apparent twists electrospun out
of recombinant spider silk eADF4(C16) (b), PAN (c), and cellulose acetate (d) solutions, respectively.
Scale bars = 100 um.

Concerning morphology, the yarns showed remarkably uniform diameters along their
lengths even with manual twisting. The yarns tended to be hairy with individual fibers
easily disentangled from the main yarn body when in contact with adhesive surfaces,
which can be either an advantage or a disadvantage depending on the application. For
example, in composites, a hairy yarn embedded in a matrix may prove advantageous due
to the increased surface interaction between reinforcement and matrix, compared to smooth
yarns [20]. Examples of an eADF4(C16), cellulose acetate, and PAN (as a control) yarn are
shown in Figure 6b—d.

Concerning physical properties, the yarns were able to be handled by hand, and it
did not require excessive care to prevent the yarns from rupturing. It was possible, for
example, to tie a knot using the yarns. Some inconvenience did arise in handling the
yarns as they were very light, and the weight of a stretch of yarn was not enough to cause
them to dangle vertically due to gravity as a typical thread would; instead, an unfixed end
would float about in the air. The yarns also tended to be highly attracted to surfaces, such
that it was very difficult to place short lengths of yarn in a Petri dish and let them go, as
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they would continue to be attracted to the objects used to handle them (such as a pair of
tweezers). Typical stress—strain curves of the yarns are shown in Figure 7a—c. Yarns of
each polymer showed their own distinct behavior. The PAN yarns showed a steep elastic
region, followed by an extended plastic region and a sudden drop in stress when the fibers
in the yarn appeared to break unison. The eADF4(C16) yarns showed a brittle behavior
with a very short plastic deformation regime. Upon rupture, the stress dropped abruptly,
although not until zero, but until a low value. Possibly, several surviving fibers that still
held together the two ends of the partially-torn yarn accounted for the residual tensile
stress, which eventually diminished completely as they either slipped or tore. The cellulose
acetate yarns showed most clearly the gradual disentanglement of the individual fibers in
the yarn through the very gradual fall in tension after a maximum had been reached. The
tensile strength and elongation at break of the yarns are summarized in Table 1.
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Figure 7. Typical stress—strain curve of (a) eADF4(C16), (b) PAN, and (c) cellulose acetate yarns.

5. Production Speed and Nanofiber Yarn Properties

Production speed is one of the most important factors dictating whether a process can
be feasibly implemented at an industrial scale. The throughput limitation is a long-known
issue that hinders the implementation of electrospinning for most applications at large
scale. In a basic electrospinning setup, the polymer solution or melt is fed through a
nozzle. The flow of material is limited by the Taylor cone, whose diameter is much smaller
than that of the droplet that forms at the nozzle tip. While this tiny diameter enables the
formation of tiny fibers, which sets electrospinning apart from other conventional fiber
processing methods, it also turns out to be the limiting factor which makes electrospinning
a very low throughput process. Therefore, we have seen various strategies [50] developed
to overcome this problem, ranging from the use of multiple needles [51] to abandoning
needles altogether and using solution-wetted objects of various geometries [52] to increase
the number of Taylor cones forming at the same time.

Here, production speed is the rate of yarn collection, which, in the case of funnel-based
continuous yarn electrospinning, is determined by the linear speed of the yarn winder.
Earlier works, such as those from Afifi et al. [27] and Dabirian et al. [53], are characterized
by low production speeds, using a single needle and achieving production speeds in the cm
min~! range. Many later works using a two-needle approach achieved higher production
speeds in the m min~! range such as those from Ali et al. [31], Li et al. [28], and Wu
et al. [30]. While increasing the number of needles enables a higher flow rate at the needles,
this does not guarantee a higher yarn production speed, which is determined directly by
the winder speed. On the other hand, increasing the winder speed increases the risk of
tearing the nonwoven cone, which would halt the production, as connection between yarn
and funnel would need to be re-established manually. It appears that optimization plays
a large role in dictating the production speed, which explains the large variation in the
collection speed between works using the two-needle setup.

Nevertheless, literature shows a progression of increasing production speed by in-
creasing the throughput in a series of works from He et al., who started with two pairs
of needles [35], followed by another work using four pairs of needles, then yet another
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using two pairs of larger nozzles with an inner diameter of 16 mm [54], which extruded
polymer solution and air bubbles coaxially, such that multiple Taylor cones could form
on the bubble surface. Thus, the production speed progressed from 2 to 4 to 5 m min~!.
The move away from a needle-based electrospinning can also be observed in the work of
Shuakat and Lin [37], where they used a combination of a needle and a disc, achieving a
production speed of 4 m min~!, the second highest among the works that we surveyed.
Curiously, the highest production speed of 5 m min~! found in literature was achieved both
by Ali et al. using a needle-based approach, and by He et al. using a needleless approach.
However, based on the large diameter distribution of the generated fibers from the work of
Ali et al. [31], it can be concluded that a needleless approach is more suitable in achieving a
narrower fiber diameter distribution, which lies well below 1 um.

In addition to the production speed, dimensions of fibers as well as the tensile proper-
ties vary greatly between various groups working with the same technique on the same
material. Taking PAN as an example, and comparing values reported in MPa, tensile
strength values of 8.60 + 3.03 MPa were achieved in our experiments. In contrast, the
highest reported values, which ranged between 100-180 MPa, came from the study of
Yan et al., who used a single needle with a collection speed of 8.6 cm min~!, which is
among the lowest collection speeds reported. The compiled data reveal a high variability
in yarn properties even between works that utilized similar techniques, highlighting the
importance of optimizing a setup to achieve the best results.

Until quite recently, most yarns have been made out of microfibers. While these have
been useful for many different applications, it has been quite unknown how yarns of certain
materials would behave, if their constituent fibers are made of nano- instead of microfibers.
Recent works are beginning to probe the properties and behavior of nanofiber yarns in
traditional textile scenarios such as wicking property [29] and behavior in a weave [28,55].
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Table 1. List of materials electrospun into yarns, along with fiber and yarn fineness, yarn tensile properties, nozzle type and production speed of continuous yarn
electrospinning. Our data and data from the four exemplary works discussed in the previous sections are listed above the double lines, while additional data from the
literature are listed below. TS: tensile strength, ¢: elongation at break, N/A: not available, PAN: polyacrylonitrile, P(AN-co-MA): poly(acrylonitrile-co-methylacrylate),
PCL: polycaprolactone, PLA: polylactic acid, PLLA: poly l-lactic acid, PSA: polysulfone amide, PVDF-HFP: poly(vinylidene fluoride-hexafluoropropylene), P(VDF-
TrFE): poly(vinylidene fluoride-co-trifluoroethylene). * Calculated from given RPM and estimated winding unit diameter. ** Not mentioned explicitly, estimated

from a graph. ***: Assumed from needle color. &: diameter, J;: inner diameter.

Material Fiiiezb:;ss Fi:::;ss Y;;Ep];?tlisei;e Nozzle Type Production Speed Reference
eADF4(C16) 503 + 276 nm 226 + 65 pm Ts:gl:.zliioéfz },Z[Pa
cellulose acetate 849 + 453 nm 249 + 105 um TS:S'ZZiﬁZl j)fp a two(;fé?les 18.8 cm min~! This work
PAN 1000 4 243 nm 210 + 53 um Tsézgéﬁ(.)6i3 42?71\;[0%
PLA 6.0+ 19 um (alfjrgge) Ts: 0’03:71g1 g)znierfl Sing(lze4rée)edle 6.3 cm min~ Afifi et al. (2010) [27]
PLLA 558 + 158 nm 69 + 19 um Ti i‘;l;/[/l)a t("éoogei‘if)s 1m min~! Li et al. (2020) [28]
PAN 475-625 nm 52-105 pum TS:Z?;%;_%;SS:A two needles 2 m min~! Wu et al. (2013) [30]
Silk fibroin/ PLA/PCL 868.94 + 227.63 nm 30.56 + 6.32 um TS:iSZﬁiZZ};ﬁ Pa single needle 62.82 cm min ! Yang et al. (2014) [38]
PAN ‘g‘l]; 1;‘5 160.43-170.14 um TS; :52'2933 41(\)?3 single needle 23 cm min~! Dabirian et al. (2007) [53]
BRI e g DWm i
PAN (jjsr;‘g‘e) %jgffa g“g‘ Ti: ; f;;g:a t(véoof;ef;irlﬁ)s 9.65 cm min~1 Dabirian et al. (2011) [57]
PAN N/A N/A T5: 100-180 MPa single needle 8.6 cm min~! * Yan et al. (2011) [58]

e: 32.5-40%
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Table 1. Cont.

Material Filr?eblferss Fi;{::;ss YSiEpZiT:;;e Nozzle Type Production Speed Reference
PAN 480-1500 nm 30-450 um Tsfggloﬁfa “Z;lrée)eiies 5m min~! Ali et al. (2012) [31]
PAN 400-650 nm ** 50-200 pm TS; 5451'21\40/1)3 four needles 40 cm min 1 He et al. (2013) [35]
. o (o]
PAN 425-700 nm 82.5-105 um TS; _5257; 61(\;[Pa e(lg_‘gréeﬁf;f)s 2 m min~1 He etal. (2014) [36]
: . (J i U.
. -1
PAN 186-398 nm 200-386 1im T5: O'i?%;goftex fo“r(%‘?k’lzlil‘i)ZZles 5-m min—! He et al. (2014) [54]
. . o 1
PAN N/A N/A N/A two needles N/A Ravandi et al. (2015) [55]
. -1
PAN 450-600 nm ** 45-190 pm ** Ts: 13;’%%;“‘”‘ two needles 2 m min~! Wu et al. (2016) [59]
TS: 3.80-4.25 MPa
PAN 1200-1650 nm 8317 71%
:2.81— t dl .
P(VDE-TrFE) 790-970 nm N/A TES 122'31651_01‘;8 iglja W"(aneé) es N/A Levitt et al. (2017) [60]
TS: 1.56-2.03 MPa
PCL 810-1320 nm e: 212.74-306.50%
) single needle
PVDF-HFP 541 nm-1.6 pm 52-206 pm TSé.1§§.2911:;[Pa and disc (& 50-80 mm, 4 m min—! Shuakat & Lin (2015) [37]
’ e thickness 1-6 mm)
. —1 %%
PSA 355-559 nm 90-212 um Ts'j’% Cllg r‘frenx** Eg-oon;engj N/A Jin et al. (2019) [29]
P(AN-co-MA) 1170 + 120 nm 130 + 12 um 15:72 + 3 MPa two needles 82 cm min ! Liao at al. (2019) [61]

e:N/A
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6. Standardized Reporting

The four referenced works on continuous yarn electrospinning using the funnel-based
setup are exemplary works, and schematics or actual photograph of the experimental
setup and SEM images of the yarns produced provide insights into the technologies.
Along with the tensile properties of the nanofiber yarns and the production speed of the
process, this set of information gave a first impression on the quality of the process. In
addition to the data from these four works as well as novel data obtained by us, several
other works on continuous yarn electrospinning are listed in Table 1. All of the works
contain the schematics of the electrospinning setup and SEM pictures of the produced
yarns, while some even provide photographs of the electrospinning process in action.
However, some of the references provide more information regarding the process and
yarn properties compared to others. This is understandable, as not every experiment was
conducted under the same circumstances and with the same aim. Certain works are by
definition process optimization work and, therefore, focus extensively on optimizing the
process, with some of them using various polymers to demonstrate the versatility of their
process. Other works are probably much more focused on the application of the yarns in
subsequent experiments, thus acquiring the yarns is the goal. Therefore, the setup could be
provisional, and the detailed description and characterization of the process parameters are
of secondary importance. Nevertheless, we would encourage future researchers to survey
previous works and include a similar set of data in their work to facilitate comparison,
especially if this does not detract from achieving their own research goals.

We also observed discrepancies in the units used for one of the most important
parameters, namely tensile strength. Elongation at break can be given either in percentage of
the original length or as absolute elongation, which can be easily converted into percentage
given the gauge length. Tensile strength, however, is reported in MPa, cN dtex !, or g
denier!. While cN dtex ! and g denier—! can be converted into each other, MPa cannot be
converted directly to cN dtex ! or g denier ! and vice versa because MPa is a unit of stress
and is calculated using the yarn’s cross-sectional area, while cNdtex! and g denier!
are a unit of force and are calculated using the yarn’s linear density. This discrepancy
renders direct comparison difficult. cN dtex ! and g denier ! are units commonly used in
the textile industry and have the advantage of not having to consider the possibly large
variations in yarn diameter along the length of the yarn [62]. Due to the limited lengths of
yarns produced in this current work, which did not permit the reliable determination of
the yarn linear densities, we reported the tensile properties of our yarns in MPa. However,
we would recommend that future works report the tensile properties in cN dtex ! and g
denier !, so that the literature on electrospun nanofiber yarns can gain more relevance in
the textile industry.

Schematics of the experimental setup, along with a detailed explanation thereof, SEM
images of fibers, fiber fineness in diameter, yarn fineness in diameter, yarn linear density,
and process speed, would be an appropriate basis for a uniform yarn characterization.

Detailed schematics of the experimental setup and its explanation will help others
to reproduce the experimental setup, as is the case with this current work, whose setup
was adopted from the one used by Li et al. [28] with slight modification. A morphological
analysis, especially using SEM, gives an overall information on fiber appearance and
smoothness. Certain processes, such as the water-based bundling as used by Smit et al. [22]
and Teo et al. [23] result in bundles with fiber loops that may be undesirable. Smoothness
may play an important role in certain applications. Smoother fibers contain less surface
area and, conversely, rougher fibers contain more surface area. This plays a significant
role in certain applications such as drug release [63] and in tissue engineering, where
the cells” attachment and adhesion depends on surface roughness [64]. Fiber fineness
and diameter helps to decide whether the fibers are suitable for certain applications. For
example, in tissue engineering, cell adherence and proliferation vary significantly with
fiber diameter [65]. Yarn linear density may be a consideration for researchers looking
to use as little material as possible but at the same time creating longest possible yarns.
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Information of process speed is especially important in deciding whether it is possible to
use a certain process in large-scale production.

Additionally, a commercially available polymer should always accompany the devel-
opment of a new yarn electrospinning process so that the characteristics of the yarns can be
used to compare the processes directly. Out of 18 works surveyed regarding continuous
yarn electrospinning, 13 used PAN (if we also include the work of Liao et al. [61], which
used a PAN copolymer). From the 13 works that used PAN, only Ravandi et al. [55] cited
briefly the relevance of choosing PAN for continuous yarn electrospinning, stating its poten-
tial as precursor for high performance carbon fibers. This echoes the opinion of Fennessey
and Farris in their 2004 work [20], which discussed in the introduction of their paper the
relevance of their choice of PAN for electrospinning aligned nanofibers. In the cases where
there was no mention of the motivation for choosing PAN, it seems reasonable to assume
that the ease of electrospinning of PAN makes it a convenient choice to demonstrate the
capability of a novel electrospinning method. PAN is a widely available polymer with
various applications in textiles, water purification, air filtration, and forming precursors
of carbon fibers [66], and, especially in the context of electrospinning, its behavior has
been extensively characterized [67,68]. It is readily electrospun in a concentration range of
10-15 wt% and voltage range of 10-13 kV, producing smooth fibers without beads and a
diameter within the range of 165400 nm [67]. This makes it highly suitable to serve as a
standard polymer.

If this set of abovementioned information is provided, while using PAN as a standard
polymer, comparing the potential of various yarn electrospinning processes can be greatly
facilitated. This helps future researchers or process planners in deciding whether a certain
experimental setup would suit their purpose, or even be worth further optimization.
This would assist in the development of continuous yarn electrospinning and hopefully
accelerate the integration of nanofiber yarns into established textile processing.

7. Conclusions

Continuous yarn electrospinning is still in its infancy, with most work being proof of
concept and process optimization studies using model polymers such as PAN. As processes,
such as the funnel-based continuous yarn electrospinning, become more understood and
reliable, research will shift towards the use of the processes in conjunction with novel
materials with exciting potential applications. The field of medicine and tissue engineering
appears to be especially promising. The works of Li et al. [28] and Wu et al. [69] demon-
strated the robustness of nanofiber yarns enabling the processing of said yarns into woven
material suited for cell scaffolds. Richard et al. [70] used sutures made of electrospun
PLLA yarns loaded with drugs, which showed sustained drug release and superior wound
healing compared to controls. Work such as that from Dai et al. [71] managed to overcome
limitations of inherent material properties such as brittleness of ceramics by bringing the
material into a form usually unattainable without the help of yarn electrospinning. Others
such as Sheng et al. [72] have recognized the potential of conjugate electrospinning com-
bined with the funnel-based collection in creating multifunctional materials. These works,
coming from just the past two years, are only beginning to scratch the surface of what may
be possible with continuous yarn electrospinning.

In this review, yarn electrospinning is shown to trace its history back to the 1900s.
Apart from modernization of the components involved in the setup, its main principles
are still applied to this day. Following the advent of nanotechnology in the 1990s and
early 2000s, interest in electrospinning has seen a resurgence, particularly because of its
ability to produce nanoscale fibers. In trying to find applications for variously produced
nanofibers, the common problem of handling weak nonwoven meshes kept emerging,
leading researchers to find techniques to produce electrospun yarns. Among various
methods to continuously produce electrospun yarns, the funnel-winding unit variant
proved highly successful, spawning multiple variants of its own. Several of these have
been discussed in this review, along with the properties of the resulting yarns. The methods
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delivered yarns of different qualities and at different rates, the comparison of which is
enabled by the inclusion of information such as tensile properties and production speed
in the publications. It was also observed that a shift towards needleless electrospinning
seemed to result in higher throughput, indicating that future works aiming at increasing
throughput should focus thereon. We would like to recommend that future publications
include data on yarn morphology (SEM images), tensile properties in units corresponding
to textile industry conventions, and production speed, as well as using the standard
polymer PAN to allow direct comparison between different processes. This would hopefully
facilitate the development of yarn electrospinning so that electrospun yarns can be used in
combination with conventional textile processing techniques in the future.
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