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1. Introduction

As well known, electrospinning is mainly a nanofibrous surface 
production method producing fibers with a fineness generally 
ranging between 50 and 500 nm providing a wide range of 
application areas from high-performance filters to hydrophilic 
textiles or from fiber-reinforced composites to biomedical 
textiles, electromagnetic protection, photovoltaic appliances, 
and so on. Its simple mechanism, easy modification on process 
parameters, and use of wide array of polymers have been the 
main advantage that lead to intensive works in electrospinning 
especially during the past decades.

Recently, however, there is also an interest on the 
production of uniaxial fiber bundles or twisted nanofiber 
yarns by electrospinning as well, while the first attempts in 
fact go back to 1930s. Direct conversion of nanofibers into 
yarn form would allow the use of nanofibers in traditional 
textile structures such as weaving, knitting or embroidery 
opening new gates for a greater number of applications. 
The combination of textiles and nanofiber-based yarns may 
also lead to new opportunities in smart and electronic textile 
fields [1]. For example, super-strong carbon nanofibers 
can be produced by using high-quality PAN nanofibers [2] 
or yarns composed of metal oxide nanofibers that display 
semiconducting behavior can be fabricated [3]. On the other 
hand, a recently introduced nanofiber yarn, NanoFrontTM of 
Teijin, produced by sea–island method having an average 
fiber diameter of 700 nm, for example, also shows the 

potential of such products in our life. Therefore, this work 
reviews the available methods for nanofiber yarn production 
by electrospinning summarizing yarn and fiber properties so 
that future potential of the novel approaches can be explored 
further. It is worth noting here that the scope of this review 
is electrospun yarn production systems only; therefore, well-
known literature on electrospinning field in general, is not 
repeated here.

Recent reviews on electrospun yarn production [4, 5] show the 
continuous interest in this field. However, a more comprehensive 
work is needed, and therefore, this review explores and 
discusses every single available study in detail with a critical 
point of view including pioneering patent works for electrospun 
yarn production back in 1930s as well. This work also indicates 
main strength and weakness of each work and compares 
overall properties of yarns (fiber fineness, yarn fineness, yarn 
twist, mechanical properties, etc.) in a systematic way.

Regarding yarn production systems by electrospinning, we 
divide more than 20 different approaches that are available into 
two main categories: (i) systems for production of parallel bundle 
of fibers and (ii) systems for production of twisted continuous 
yarns (Fig. 1). In fact, it is clear that the works by Formhals 
pioneer not only in electrospinning field but also in electrospun 
yarn production as well as by seven different patents dating 
between 1934 and 1944. Four patents by Formhals belong to 
parallel fiber bundle production [6–9], while other three patents 
are for twisted yarn production by electrospinning [10–12].
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2. Production Of Parallel Nanofiber Bundles

In fact, parallel bundle of nanofibers cannot be considered 
as real yarns because there is no fiber twisting. Also, these 
approaches result in yarn-like fibrous short segments rather 
than providing a continuous yarn production. However, they 
might be considered as the first step in electrospun nanofiber 
yarn production, thus covered in this work.

The available approaches and methods are summarized in 
Table 1. The first method belongs to Formhals in 1938 [6]. 
In one of the conceptual designs by Formhals (Table 1a), it 
is reported that the length of artificial fibers can be controlled 
by means of the period of applied voltage, as applied voltage 
could be arranged intermittently in this system. If the applied 
voltage period is long, the length of fiber bundle would be 
longer. In his other designs, the system consists of polymer (11), 
power supply (19), non-conductive belt (21), electrodes (23), 
and positively loaded wire (25) (Table 1b). The same patent 
presents another approach (Table 1c) that uses a positively 
loaded trolley arm (87) and includes an extra grounding 
mechanism to change positive and negative loads. His next 
work in 1939 (Table 1d) is in fact a further improvement by 
adding a moveable prongs for fiber directing between collector 
and feeding system [8]. By using these prongs, the distance 
between nozzles and collector can be increased to gain more 
time for drying and better fiber orientation could be obtained. 
The next patent shows a system in which polymer is directed 
by air flow (Table 1e). A second design by the same patent 
presents nozzles that are in a circular arrangement while the 
polymers are directed towards the collector by an air jet [9].

Long after following the above mentioned pioneering works, 
we begin to see other attempts in this field. One of the first 
works belong to Pan et al. in 2006, producing parallel fiber 
bundles by a conjugate system leading fibers as fine as 346 
nm (Table 1f) [13]. Li et al. used similar approach in 2007; 
this time composite yarns of PLLA/n-TCP were produced by 
multiple conjugate system [14]. The yarn tensile strength is 

reported as 0.31 cN dtex−1, which is in fact quite weak. As the 
polymer concentration is increased to more than 5%, stronger 
and thicker fibers are reported (Table 1g).

Another different approach is wet spinning (Table 1h), in which 
the voltage is applied to the electrode underneath the jet and 
water bath and then fibers are drawn by a winding roller [1]. 
Teo et al. also produced nanofiber bundles without any twist 
[15] by using a similar approach, indicating an increase in the 
average yarn diameter as the polymer feed rate and polymer 
concentration increase (Table 1j).

On the other hand, the production of longer nanofiber yarn, more 
than a meter, is also reported by using a set up of a needle and a 
flat electrode connected to a high-voltage AC system, although 
there are no data available for fiber and yarn properties except 
fineness [16]. It is indicated that spinning behavior under an 
AC field is significantly different when compared to DC field 
because a visible yarn is seen emerging downstream from the 
needle instead of the mesh-like morphology observed when 
DC is used (Table 1k).

In another approach given by Mondal et al., electrospun 
nanofiber yarn was allowed to self-assemble within the spinning 
path; this process is referred as “e-spinning” and product as 
“e-spun yarn” [17]. The assembly of the split nanojets was 
initiated by an insulated rod placed between the top and counter 
electrode. This work also shows an increase in fiber fineness as 
PAN polymer concentration increases, as expected (Table 1m).

In this part, a series of works was reported by Lee et al. using 
multiple collectors in which the collectors were placed in 
different positions or different collector types were used [18]. In 
one design, for example, a metal planar collector (104a) was 
negatively charged and the second planar collector (104b) was 
neutral while the injector (103) was positively charged (Table 
1n). They also used two planar collectors and a nonconductive 
component so that polymer was collected onto two collectors 
(Table 1o), with fiber fineness of 1.4–2.5 µm. 

Figure 1. Classification of electrospun nanofiber yarn production methods in general
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Table 1. Different approaches for the production of parallel fiber bundles by electrospinning

Main principle Yarn 
images

Available technical properties of yarns
Ref.Fiber 

fineness
Yarn 

fineness
Production 

speed Others

1a No data 
available - - - - [6]

1b No data 
available - - - - [7]

1c No data 
available - - - - [7]

1d No data 
available - - - - [8]
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Main principle Yarn 
images

Available technical properties of yarns
Ref.Fiber 

fineness
Yarn 

fineness
Production 

speed Others

1e No data 
available - - - - [9]

1f

670 nm 
(PVP)

346 nm 
(PVA)

-

14.9 m s−1 
(PVP)

3–4.2 m s−1 
(PVA)

- [13]

1g
1–3 µm 150–350 

µm -

Yarn tensile 
strength: 0.31 

cN dtex−1 [14]

1h

646 nm 
(PVA)

1,000 nm 
(PVD)

294 nm 
(PVDF)
285 nm 
(PAN)

10.1 denier 180 m h−1

Number of 
fibers in the 

cross section 
of yarn: 3,720

[1]
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Main principle Yarn 
images

Available technical properties of yarns
Ref.Fiber 

fineness
Yarn 

fineness
Production 

speed Others

1j 740–1,300 
nm - 63 m min−1 - [15]

1k 100 nm 10 µm - - [16]

1m 105–561 nm 
(PAN) - - - [17]

1n

1.4 µm
(PA and 
polimid 

copolymers)
- -

Polymer 
feeding speed: 

0.3 ml min−1
[18]

1o

2.5 µm
(PA and 
polimid 

copolymers)
-

Polymer 
feeding speed: 

0.3 ml min−1
[18]
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Main principle Yarn 
images

Available technical properties of yarns
Ref.Fiber 

fineness
Yarn 

fineness
Production 

speed Others

1p

186 nm 
(nylon)

480 nm 
(70% PU; 
30% PVC)

75 denier

75 denier
-

Yarn tensile 
strength: 4.5 

g denier−1 
(nylon)

3.4 g denier−1 
(70% PU; 30% 

PVC)
Breaking 

elongation: 
42% (nylon)

45% (70% PU; 
30% PVC)

[19]

1r

700 nm 
to 1.5 µm 

(PAN)
500 nm 

(PMIA/IL)

- 0.2–0.9 m s−1 
(PAN)

Yarn tensile 
strength: 45 

MPa
Following the 
posttreatment: 
146 MPa (DR: 

100%)
235 MPa (DR: 

200%)
372 MPa (DR: 

300%)

[20,21]

1s 410–440 nm 
(PAN) - -

Yarn tensile 
strength:

53-112.4 MPa
Breaking 

elongation:
60-75.9%

[23]

1t  348–408 nm 
(PAN)

- -
Yarn tensile 

strength:
90–130 MPa

[24]

process and then winding fibers onto a grounded rotating 
collector [20]. A difficulty in yarn production by PHBV polymer 
was reported because of low conductivity (0.6 µS cm−1); 
however, this difficulty was overcome by using organic salt. 
The yarn production speed was also increased to 0.9 m s−1 
by using organic salt with PAN polymer, while the average 
diameter of single fiber was decreased because of the 

A disc-shaped conductive multilayer collector was also used 
[19]. By using nylon polymer, quite fine fiber, for example, 186 
nm in diameter, was reported, while yarn tenacities by different 
polymer types were also investigated (Table 1p).

In another work, a grounded needle tip was used to induce a 
self-bundling of nanofibers at the beginning of electrospinning 
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There is no data for yarn twist level or structure, either.

Formhals also described core-spun yarn production by 
electrospinning [11] (Table 2b). On the other hand, a rotating 
collector was used to collect fibers by his next patent in 1943 
[12]. Here, following a high electrical field produced between 
two electrodes, a transmutation of the liquid evolved from 
nozzles into fibers takes place in this field and is attracted by the 
counter electrode (Table 2c). Then, fibers in the proximity of the 
counter electrode get into a state of equilibrium or suspension, 
and in this neutral zone, the fibers consolidate into a fiber band 
and it is drawn out of the electrical field. Finally, yarn twist was 
applied by a rotating collector similar to a funnel or rotor (17). 
There was no data for technical parameters such as production 
speed, yarn fineness, yarn twist, or fiber fineness; however, one 
would not expect these in those years, as it mainly presented 
conceptual idea pioneering today’s many attempts in this field. 
This concept also seems to be the inspiration for some works 
even today, for example, the systems developed by Xie [22] or 
Ali et al. [25].

3.2 Twisted Electrospun Nanofiber Yarn Production 
Methods by Rotation of Winding Units

One of the first attempts in this part belongs to Dabirian 
et al. in 2007. In their design, a positively charged injector 
and a negatively charged planar collector were used, and a 
negatively charged bar was added to manipulate electric field 
while take-up unit is placed onto a revolving platform to apply 
twist (Table 3a) [26].

Another approach here is a conjugate system (Table 3b) [27]. 
This kind of yarn was reported for many potential applications, 
such as preparation of carbon nanofiber yarns or supports of 
cell culture. A similar approach was also given by Hajiani et al., 
but it includes a neutral cylinder (Table 3c) [28]. They indicated 
that twist angle of nanofibers increased while yarn diameter 
decreased by increasing twist rate. Results also showed that 
stress–strain values of yarn could be improved considerably by 
increasing twist rate attributing this to the influence of spinning 
triangle. On the same system, PLLA yarns were also produced 
to investigate the effect of different solvents, indicating that 
solvent type affected fiber fineness (Table 3c) [29]. The effect 
of processing parameters on morphology, diameter, and 
mechanical properties of PLLA yarns was also analyzed by 
the same research group, revealing that yarn diameter mainly 
depended on take-up rate. Experimental data on strength and 
modulus of the yarns also indicated that polymer concentration, 
voltage, and a combination of these parameters have been the 
most significant factors affecting the mechanical properties 
[30]. TiO2 nanofiber yarn was also produced by the same 
researchers for potential applications such as photo catalysis 
and sensors in electronics [31].

In another approach, the fibrous strips are produced first and then 
these are converted into yarn by plying [32]. In this approach, 
both spinneret and the auxiliary electrode were connected to 
the cathode of high power supply, while the anode was inserted 
into the bottom of the bath (Table 3d). Upon application of high 
voltage, PA6 fibers were obtained on the bath surface and 

increased charge density in jets and thus imposing stronger 
elongation force (Table 1r). The same research group used 
the same self-bundling electrospinning technique combined 
with posttreatments such as drawing and annealing similar to 
conventional production. Following an enhanced alignment, a 
higher degree of crystallinity and higher molecular orientation 
after posttreatments as well as an improvement in mechanical 
performance was obtained by approaching the strength value 
of corresponding conventional fibers [21]. Here, different 
polymers were also used, while the yarns produced with PAN 
polymer looked fluffy similar to the work of Xie [22].

Dabirian et al. used a different approach, namely, 
electrocentrifugal, and compared it with electrospinning. They 
concluded that it was a powerful technique in low viscosity 
polymer use and more suitable for the production of aligned 
nanofibers compared to electrospinning because bending 
instability of jets could be reduced via centrifugal force through 
the effect of surrounding air contacts (Table 1s) [23]. A revolving 
disc collector was also used for such a production in which the 
edge of the disc was copper while inner part was plastic so 
that fibers could be collected on the edge part only [24]. The 
electrospun nanofibers were peeled off from the copper foil in 
a kind of sliver form after immerging in distilled water and then 
mounted on a drying rack to keep them in tension and dried at 
95°C for 5 h. (Table 1t). The collector speed was reported as 
600 rpm for optimum fiber orientation, and the tensile strengths 
were also analyzed.

The different approaches  regarding parallel bundle of fiber 
production by electrospinning that are summarized earlier 
can be considered mainly as the initial works that can lead 
to twisted electrospun nanoyarn production. Therefore, they 
are considered as valuable attempts for successful twisted 
electrospun yarn production.

3. PRODUCTION OF TWISTED NANOFIBER 
YARNS BY ELECTROSPINNING

As mentioned earlier, the main challenging issue in electrospun 
yarn production has been the continuous production of twisted 
yarn spinning. Once such a universally acceptable successful 
system is developed first, the next step will be the control of 
yarn parameters during spinning. Naturally, the available 
works have been mainly dealing with the first step for a start: a 
successful continuous nanofiber yarn spinning with acceptable 
yarn properties. We classified the different approaches used 
for such an aim into four different groups and are summarized 
in the following text.

3.1. Pioneering Works by Formhals

The pioneering works for such an aim also belongs to a serious 
of patent works by Formhals as the first one was dated as 
1934 [10] presenting a positively charged serrated wheel (f) 
in a polymer vessel while the metal disc (g) works as collector. 
Following washing (h and l), drying (m), and drawing process, 
yarn twisting was described as passing through an “O” point, 
although that was not shown in available drawings (Table 2a). 
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3.3 Twisted Electrospun Nanofiber Yarn Production 
Methods by Using Rotating Collectors

In this part, the available systems can be classified into 
three different groups, as shown in Fig. 1, depending on the 
form of rotating collector being a disc or a ring or a hollow 
hemispherical-shaped rotor or funnel.

a) Systems with Disc Collector

The first work in this group used two discs: one for twisting 
and the other for winding (Table 4a) [33]. The same research 
group also produced core-spun yarns aiming for industrial and 
medical applications (Table 4b) [34]. Similar approach was also 
reported by Lee et al. by a series of designs (Table 4c–4f) [18]. 
However only fiber images were provided.

A rotating disc and conjugate nozzles have also been used [35]. 
The most significant part here was including a heating zone so 
that yarn was passed through this zone before winding, as heating 
the PAN fibers under tension was reported to increase initial 
modulus and stress (Table 4g). A similar approach was also used 
by Wu et al. [36,37]. They used two injectors, a neutral metal disc 
(NMD), a neutral hollow metal rod, and a winding unit to produce 
continuous twisted yarns of PAN (Table 4h). The effect of the main 
parameters on yarn and fiber properties were studied extensively 
here, reporting that at higher voltages, the fibers were scattered 
around, indicating that the fiber formation at low polymer feed 
rate was very few but polymer droplets reach toward the collector 
spoiling the conical fiber formation zone at higher rate. Also, 
both fibers and yarns become coarser as polymer feed rate was 
increased. They also investigated the effect of distance between 
injectors and reported that as the distance increases, fiber and 
yarn become coarser. The rotation speed of NMD was also 
studied, indicating that fiber orientation becomes inferior at higher 
speed relating this to airflow perturbation at high NMD speed. On 
the other hand, they reported that it has no significant effect on 
fiber fineness but yarns became finer.

A different method dealt with the production of a fiber sheet 
first around a rotating disc and then twisting these by using 
a motorized spindle up to a twist level of 1300 t m−1 (Table 
4j) [38]. Following this, carbonization process was applied. 
However, there was no real yarn twisting or spinning process 
here, as the production was discontinuous. Also there was no 
further data provided for produced yarns.

A grounded revolving wheel was also used to obtain a better 
orientation and stronger yarn, as a unidirectional tow of 
electrospun nanofibers were linked together and then twisted 
using an electric spinner (Table 4k), obviously not being a real 
yarn spinning system [39].

b) Systems with Ring Collector

This is relatively a new approach that is reported more recently 
in 2015 [40]. Two injectors and a ring collector have been used 
in this system, probably inspired by conventional ring spinning 
(Table 5). The yarns having up to 4,000 tpm nominal twist level 
depending on the speed of the ring collector were produced.

yarn-like structures were obtained by collecting these and a 
heating process was applied. The second part of the system 
had a guide roller and filament arrangement set-up to produce 
the so-called filament yarn. As a final step, a vacuum steaming 
process was applied to fix the yarn twist. However, provided 
yarn image does not have a uniform structure having plying 
marks on yarn surface. Also, it is difficult to mention about real 
filament or nanofiber yarn spinning here because the process 
has been discontinuous.

Table 2. The pioneering works by Formhals for twisted electrospun 
yarn production

Main principle Ref.

2a [10]

2b [11]

2c [12]
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c) Systems with Hollow Hemi-spherical Shaped Rotor or 
Funnel Type Collector

This type of nanofiber yarn production method has been highly 
favored by different researchers working in this field, probably 
because of the inspiration by the earlier work of Formhals [12]. 
Some of the first examples use a hollow semispherical-shaped 
collector in a way similar to a rotor in conventional open-end 
rotor yarn spinning [3, 41,42] (Table 6a–6c). By Lotus [3], the 
hollow metal hemisphere was rotated between 100 and 1,000 
rpm to apply twist to the ejected fibers. Another research 
group produced PLA nanofiber yarns by a similar approach 
that investigated the tensile properties of these yarns as well 
(Table 6b) [41]. On the other hand, there are systems in which 
both hollow hemisphere formed collector and yarn take-up unit 
have been rotating (Table 6c) and very flexible fabric by PAN 
nanofiber yarns with a cover factor of 0.44 was produced [42].

Mainly being similar but using a funnel-shaped collector was 
also reported to produce PAN nanofiber yarns (Table 6d) [43]. 
The funnel-shaped collector consisted of two parts: the funnel 
and a vacuum pump as the air suction through the funnel is the 
main difference. In this work, the effect of distance between 
spinneret and collector as well as the effect of LiCl addition 
to the PAN polymer was studied, emphasizing the synergetic 
effect of both air flow and LiCl addition. However, there were 
no data available for yarn or fiber properties. Furthermore, 
there was no information on winding system either; therefore, 
probably, short length of yarn production has been the case 
here.	

Use of funnel-shaped collector has been perhaps one of the 
most promising approaches because there have been other 
attempts as well (Table 6e, 6f) [25, 22]. Using the same 
principle, the influence of twist level on the tensile properties 
of nanofiber yarns was studied by Ali et al., indicating a peak 
level at 3,500 tpm and exhibiting a similar trend to conventional 
ring spun yarns [25]. However, yarn twist level was based on 
a calculation by using the relationship valid for conventional 
yarn production (Equation 1). It was also reported that the yarn 
and fiber fineness decreased while twist angle increased as 
the funnel speed and winding rate increased. Similarly, fiber 
and yarn fineness decreased as polymer concentration and 
polymer flow rate increased. The yarn production speed was 
between 0.33 and 5.0 m min−1. Different from this, Xie included 
a back disc electrode to control the fiber deposition [22]. In this 
so-called disc-aided electrospinning setup, the syringe needle 
was plugged into the disc hole with about 0.5 cm needle orifice 
off the disc surface. The high voltage was directly connected to 
the disc electrode, and the back disc electrode was in physical 
contact with the needle. At the same spinning distance, the 
deposition area for the disc-aided electrospinning was only one 
quarter of that conventional electrospinning, leading to higher 
areal fiber density at smaller deposition area.
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As a further step to the works pointed earlier, four symmetrical 
nozzles were also used to feed polymer to a funnel-shaped 

rotating collector [44–46]. Rotation of the funnel collector was 
adjusted in the range of 0–180 rpm, and the take-up speed of 
yarn winder was 40 cm min−1 while 18 kV was given as optimum 
level. Similar to the work of Ali et al. [25], fibers became finer 
while yarns became coarser as the applied voltage increased. 
As winding rate increased, however, yarn twist level increased 
but yarns became finer. Strength and elongation of yarns 
increased from 1.81 (twistless) to 55.70 MPa (375 tpm) and 
from 24.47% (twistless) to 41.31% (375 tpm), respectively 
(Table 6g) [44, 45], that is, yarns became stronger as the 
twist level increased. Although basic principle was similar, 
multinozzle bubble electrospinning apparatus including an air 
chamber was also introduced by same group to produce PAN 
nanofiber yarns (Table 6h) [46]. The stable nanofibers were 
obtained at 34 kV, 1200 ml min−1 airflow, and 32 ml h−1 polymer 
feed rate for a uniform yarn production. They also reported that 
yarn twist increased depending on collector speed. Yarn tensile 
strength and elongation at break values also increased with 
yarn surface twist angle.

An interesting work was reported by Yang et al. [47] using a 
system similar to the one by Lotus et al. [3]. A novel scaffold 
with improved mechanical strength was fabricated composing 
both aligned nanoyarns and random nanofibers (Table 6k).

Similar to these works described earlier [22, 25, 44–46], Levitt 
et al. used funnel-shaped rotating collector as well to produce 
twisted nanofiber yarns but by using three different polymers, 
namely, PVDF-TrFe (65/35%), PAN (15%), and PCL (10%), at 
funnel speeds of 500, 700, 900, and 1,100 rpm (Table 6m) [48]. 
As funnel speed was increased, the nanofiber yarns became 
finer when PAN and PCL were used, but, interestingly, they 
became coarser with PVDF-TrFe. As expected, yarn twist angle 
was increased as funnel speed was increased for each polymer 
type. PCL and PVDF-TrFe yarns had a significantly higher strain 
to failure than PAN yarns. Maximum tensile strength of PCL and 
PVDF-TrFe nanoyarns was observed at funnel speed of 900 rpm, 
while this was at 700 rpm for PAN yarns. Another interesting part 
of this work has been the analysis of nanofiber yarn porosity, as, 
apparently, it is greatly affected by polymer type rather than yarn 
twist angle. A rotating conical-shaped funnel collector was also 
used for the production of PAN-based twisted nanofiber yarns at 
continuous length. The average fiber diameters were reported as 
500 nm, as yarn diameters range between 72 and 100 µm [49]. 
Use of conical funnel collector was also reported by Jin et al. 
more recently (Table 6n) [50], mainly investigating the effect of 
collector speed and polymer concentration as well as analyzing 
thermal resistance and wicking properties for polysulfone amide 
(PSA) electrospun yarns.

3.4. Other Methods

One example in this part presents a method similar to the 
texturizing process in conventional yarn production (Table 7a) 
[51]. In another work, hybrid yarns for artificial tendon/ligament 
scaffolds were produced by coating electrospun nanofibers 
on polyamide (PA) monofilaments first and then a number of 
nanofiber-coated monofilaments were twisted into yarns (Table 
7b) [52].
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Table 4. Twisted electrospun nanofiber yarn production methods that use rotating disc collectors

Main principle Yarn images
Available technical properties of the yarns

Ref.Fiber 
fineness

Yarn 
fineness

Production 
speed Others

4a

 

-

5–10 µm
nylon 6 and 
MW CNTs 

(1%)
8.0 m min−1 - [33]

4b

 

 
- - 1.5 m s−1

Optimum 
disc speed: 

500–750 rpm
[34]

 4c
 

5.1 µm - -

Polymer 
feeding 

speed: 0.3 ml 
min−1

[18]

4d
 

4.5 µm - -

Polymer 
feeding 

speed: 0.3 ml 
min−1

[18]
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Main principle Yarn images
Available technical properties of the yarns

Ref.Fiber 
fineness

Yarn 
fineness

Production 
speed Others

4e
 

0.8 µm - -

Polymer 
feeding 

speed: 0.3 ml 
min−1

[18]

4f
 

0.4 µm - -

Polymer 
feeding 

speed: 0.3 ml 
min−1

[18]

4g - - 5.79 m h−1

Yarn twist: 
207 tpm

Yarn tensile 
strength: 

61.30–116.56 
MPa

Breaking 
elongation: 
22.5-54.2%

[35]

4h 480–650 
nm (PAN) 40–150 µm -

Yarn tensile 
strength: 

5.5–13.35 cN 
tex−1

[36,37]
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Main principle Yarn images
Available technical properties of the yarns

Ref.Fiber 
fineness

Yarn 
fineness

Production 
speed Others

4j - - - Yarn twist: up 
to 1300 tpm [38]

4k 0.38–0.43 
µm - -

Yarn tensile 
strength: 
91 MPa- 
5.9 GPa

[39]

Table 5. Twisted electrospun nanofiber yarn production methods that use ring collector

Main principle Yarn 
images

Available technical properties of the yarns
Ref.Fiber

fineness
Yarn 

fineness
Production 

speed Others

592 nm
(PVDF-
HFP)

30–150 
µm - - [40]

twisted yarns can be wound onto a winding tube that is made 
of low dielectric material. In this work, they also attempted 
to define nanofiber modulus in nanofiber yarns by using 
theoretical relationship for conventional staple yarns given by 
Equation (2):
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where Efiber is the fiber modulus, Eyarn is the yarn modulus, α 
is the yarn surface twist angle, and k is a constant related to 
fiber length, coefficient of friction of fiber, fiber radius, and fiber 
migration period within the yarn [57].

On the other hand, a needle, two conical-tipped grounded 
copper rods, and a grounded knife-edge bar have been used 
to produce quite compact and regular staple nanoyarn (Table 
7h) [58]. Here, nanoyarn was fabricated between copper rods 
as a bundle of fibers first and then twist was applied to this 
bundle by rotating copper rods in opposite directions. In this 

Interestingly, yarn twisting was also applied by air jet using a 
multinozzle system [1]. Here, a band or nonwoven surface was 
produced first and then these bands were twisted by an air jet to 
obtain a twisted yarn (Table 7c). Electrospinning of fibers onto a 
water bath with a vortex and drawing fibers through this vortex 
by applying some twist and then wound up into a yarn form might 
also be included in this part (Table 7d and 7e) [1, 53, 54]. Similarly, 
the water bath was also used to collect fiber bundles using two 
injectors that have opposite charges, and fiber jets are collected 
onto a static water bath [55]. The produced yarn has been 
named as “nano open-end yarn” just like open-end yarn spinning 
in conventional textile yarn production (Table 7f). However, there 
was no further information about twisting mechanism, although 
authors referred to the twisted yarn production here.

There have been rather different approaches as well such as 
production of 1 m length of aligned electrospun nanofiber yarn 
by using two metallic twisting tubes that rotates at opposite 
directions positioned at a certain distance (Table 7g) [56]. Then 

AUTEX Research Journal, Vol. 18, No 2, June 2018, DOI: 10.1515/aut-2018-0004 © AUTEX 

http://www.autexrj.com/ 100



Table 6. Twisted electrospun nanofiber yarn production methods that use rotating hollow hemispherical-shaped rotor or funnel type collectors

Main principle Yarn images
Available technical properties of the yarns

Ref.
Fiber fineness Yarn 

fineness
Production 

speed Others

6a

98.6 nm (NiO)
276 ± 20.4 nm 

(CuO)
362 ± 35 nm 

(SnO2)
63.2 ± 6.6 nm 

(ZnO)

30–40 µm -

Collector 
speed: 

100–1,000 
rpm

[3]

6b 6.0 ± 1.9 µm
(poly(L-lactide))

30–450 
µm 63 mm min−1

Yarn tensile 
strength: 
0.017 g 
denier−1

Breaking 
elongation: 

110%

[41]

6c - 19 tex 
(PAN) - Yarn twist: 

2,900 tpm [42]

6d - - -

Yarn tensile 
strength: 17 

MPa
Breaking 

elongation: 
104%

[43]

6e 480 nm to 1.5 µm
(PVDF–HFP)

30-450 
µm 

0.33–5.0 m 
min−1

Yarn tensile 
strength:

40–60 MPa
[25]
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Main principle Yarn images
Available technical properties of the yarns

Ref.
Fiber fineness Yarn 

fineness
Production 

speed Others

6f 562.5 ± 13.4 nm 
(PAN)

247 ± 55 
µm

0.32–1.33 m 
min−1 - [22]

6g 400–700 nm 
(PAN)

70–216 
µm 2.0 m min−1

Yarn tensile 
strength: 
55.7 MPa
Breaking 

elongation: 
41.3%

[44,45]

6h - 200–386 
µm (PAN)

2.189–3.227 
g h−1

Yarn tensile 
strength: 
0.592 cN 

dtex−1

Breaking 
elongation: 

65.7%

[46]

6k 749.67 ± 148.11 
nm

30.56 ± 
6.32 µm 8.3 m s−1

Scaffold 
strength: 
433.56 ± 

48.06 MPa

[47]
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Main principle Yarn images
Available technical properties of the yarns

Ref.
Fiber fineness Yarn 

fineness
Production 

speed Others

6m

0.97 µm (PVDF-
TrFe)

1.20 µm (PAN)
0.81 µm (PCL)

- -

Yarn tensile 
strength:
4.25 MPa 

(PAN)
2.03 MPa 

(PCL)
10.16 MPa 

(PVDF-
TrFe)

[48]

6n 200–800 nm 90–230 
µm 10 r min−1

Yarn tensile 
strength: 
10–30 cN 

dtex−1
[50]

work, hybrid nanoyarns from PVA and PAN polymers were 
spun. However, the length of yarn was limited in this work.

A method of splitting and twisting has been another approach 
to transform the nonwoven nanofibers into yarns as proposed 
by Nakashima et al. [59], gently cutting into a ribbon-shaped 
electrospun PVDF fibrous membrane using a knife and then 
twisting it by a spindle. However, similar to some of the methods 
mentioned earlier, there is no real yarn spinning process here 
and it is a discontinuous process (Table 7j).

A similar approach was also used by Tsai [60]. In this work, 
oriented fibers were collected on a rotating disc with four 
aluminum bars. In order to collect the fibers and twist them 
into a yarn, a special twisting device was designed and staple 
nanoyarns were produced (Table 7k). However, the system is 
able to produce a limited length of yarn, such as between 10 
and 30 cm.

Different from these, core-yarn production by electrospinning is 
gaining interest; however, the first attempt belongs to Formhals 
[11], as already mentioned. More recently, both nanofiber yarn 
production and core-yarn production have been presented by 
Su et al. [61] using a 20-tex thick filament covered by nanofibers 
(Table 7m). However, the yarn tenacity was quite low (0.26 cN 
dtex−1) if no core filament was used when compared to that 
for core-spun yarns, which is 3.25 cN dtex−1. Such a concept 
of collecting fibers as strips onto a revolving collector first 
and then applying twist to these strips has also been used by 
Chawla et al. [38], as mentioned in the earlier parts.

More recently, an interesting work was also reported using 
an AC power supply to produce a fiber group named as 
“nanofibrous plume” emanating from the virtual collector [62]. 

The apparatus works without an electrically active collector, 
and authors indicate that AC process possesses some kind 
of self-organized counter electrode. In this design, the ends 
of the nanofibrous plume was attached to a circular brush 
that, in turn, was attached to rotary tool capable of producing 
a rotation speed between 5,000 and 20,000 rpm and short 
lengths of nanofibrous yarns at a predetermined twist density 
were produced. However, there are no further data for yarn 
properties, and further work is needed to analyze the full 
potential of such an approach for a real twisted electrospun 
yarn production at continuous length (Table 7n).

Bosworth [63] reports a system collecting fibers as a fibrous 
ribbon on the edge of a mandrel rotating at 600 rpm. 
Electrospun yarns were fabricated by removing and cutting the 
fibrous ribbon into 50 mm lengths and then briefly submerging 
in distilled water. The strips were then manually twisted, 
leading to a yarn that has a diameter of approximately 200 µm 
(Table 7p). Same researchers also reported the use of these 
electrospun yarns for reconstructing damaged tendons [64].

4. Conclusions

Development of a yarn spinning system by electrospinning 
is a challenging task and there is still no system accepted 
universally. This work shows that there are more than 20 
different approaches or methods available. We categorized 
these into two main groups as (i) systems for production of 
parallel bundle of fibers and (ii) systems for production of twisted 
yarns at continuous length. However, some of the available 
attempts mainly present basic conceptual ideas; therefore, it is 
difficult to talk about real nanofiber yarn production or nanofiber 
yarn structures [6-12], while some works present only images 
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Table 7. Other methods used for twisted electrospun nanofiber yarn production

Main principle Yarn images
Available technical properties of the yarns

Ref.Fiber 
fineness Yarn fineness Production 

speed Others

 7a -

50–100 nm
(SWNTs/
PLA and 
SWNTs/

PAN)

- - - [51]

7b - 50 μm - - [52]

7c - -
75 denier (Poly 
e-caprolactam)

120 denier (PU)

75 denier (PA 6)

64.2 m min−1

30 m min−1

50 m min−1 

Yarn tensile 
strength:

1.3 g denier−1

1.4 g denier−1

3 g denier−1

[1]

7d - - - 80 m min−1 
(PVDF)

Yarn twist 
angle: 19.76˚ [1]

7e

 

- 12.39–91.11 µm 1.4–7 m min−1

Yarn twist: 
627–1108 

tpm

Yarn tensile 
strength 
(twisted): 

13.90 MPa

Non-twisted 
yarn strength: 

≈3.06 MPa

[53, 
54]
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Main principle Yarn images
Available technical properties of the yarns

Ref.Fiber 
fineness Yarn fineness Production 

speed Others

 7f - 32–56 µm (PAN) 150 m h−1

Polymer 
feeding 
speed:

0.1 ml h−1

[55]

 7g

- 10–12 µm
(PAN) -

Fiber Young 
modulus:
9.18 GPa 
(based on 

calculation)

[56]

7h

250–350 nm
(PVA and 

hybrid 
yarns)

22–32 µm -

Yarn breaking 
force: 2–10 gf

Breaking 
elongation: 
200–420%

[58]

7j 100–917 nm 
(PVDF) - -

Yarn tensile 
strength:

22–55 MPa

Breaking 
elongation: 

109.8–
125.7%

[59]
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Main principle Yarn images
Available technical properties of the yarns

Ref.Fiber 
fineness Yarn fineness Production 

speed Others

 7k

800 nm (CA/
PMMA)

1,500 nm 
(PAN/

PMMA)

2,000 nm
(PVDF/
PEO)

260 µm

240 µm

200 µm 

-

Yarn tensile 
strength:

27.4–59.4 
MPa

Breaking 
elongation: 

49.1–458.1%

[60]

 7m 263–283 nm

39.9–70.5 tex 
(nanofibrous 

yarn)

39.6–71.3 tex 
(PAN composite 

yarn)

Core yarn: 20 tex 

1.5 ml h−1

Yarn tensile 
strength:

0.13–0.26 
cN dtex−1 

(nanofibrous 
yarn)

3–3.2 cN 
dtex−1 (PAN 
composite 

yarn)

Breaking 
elongation: 
≈20% (PAN 
composite 

yarn)

[61]

 7n ˂1 µm - - - [62]

7p

0.33 ± 0.18 
µm (PCL + 
acetone)

0.44 ± 0.11 
µm (PCL + 

HFIP)

0.56 ± 0.13 
µm (PCL/
PLGA +
HFIP)

0.80 ± 0.30 
µm (PLGA + 

HFIP)

- -

Yarn tensile 
strength: 

4.12 ± 2.00 
MPa (PCL + 

acetone)

41.54 ± 13.61 
MPa (PCL + 

HFIP)

5.40 ± 0.82 
MPa (PCL/

PLGA +
HFIP)

9.48 ± 0.82 
MPa (PLGA + 

HFIP)

[63]
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belong to fiber webs or oriented fiber arrays [18, 19, 23]. On the 
other hand, some studies, although they are valuable attempts 
for further works, do not present a real yarn spinning system 
because they mainly produce nanofiber web strips at a certain 
length first, followed by twisting or plying of these strips at a 
next step, therefore, being a discontinuous process rather than 
a real spinning system [1, 32, 38, 39, 59, 60, 61, 63]. There 
are also attempts that can produce real twisted nanofiber yarns 
continuously; however, there is usually no information about 
the stability of the spinning system or yarn length that can be 
spun without any break. These results show that currently 
available systems mainly produce short lengths of yarns with 
a few exceptions such as the works by Xie, Ali et al., and 
Shuakat and Lin for successful nanofiber yarn production in 
bobbin form [22, 25, 40]. Regarding the systems to produce 
twisted spun yarns, the control of twist level during production 
is another important task. However, this was usually neglected 
because the main aim was the development of a successful 
spinning system. Some other studies provide nominal twist 
level based on the calculation in conventional textile spinning 
or yarn surface twist angle [22, 25, 40]. Furthermore, some of 
the systems, such as Aslı et al. [55], Li et al. [43], Levitt et al. 
[48], provide very limited data about yarn twisting mechanism, 
winding system, or winding speed.

Regarding nanofiber yarn properties, a wide range of polymers 
are used according to the desired application area or for the 
sake of easy processing in electrospinning. The available works 
show that there is a high variation in yarn fineness, which ranges 
from 5 µm [33] to 120 denier [1], while some of the reported 
yarns being rather coarse such as 19 tex [42] or even 70.5 tex 
[61]. On the other hand, fiber fineness changes between 100 
and 1,500 nm [16, 25]. Low values for yarn tenacity have been 
another significant issue that needs to be improved [1, 14, 41, 
46, 61]. Yarn production speed is also important in spinning. 
According to the available data, it significantly depends on the 
system,for example it is given as 0.32 m/min [22], 5 m/min [41] 
or can be as high as 80 m/min [1].

This review shows that nanofiber yarn production by a real twisting 
mechanism for a continuous yarn production at a desired speed 
has been a real interest and there is still no exact control over 
nanofiber yarn parameters such as yarn fineness, fiber fineness, 
or real yarn twist, although some promising approaches are 
available. The systems developed by Xie [22], Ali et al. [25], and 
Shuakat and Lin [40] might be good examples at this point. Low 
production speed and spinning instability seem to be the other 
main issues to tackle in this field. Consequently, still much work 
is needed for a successful and fully controllable electrospun 
nanofiber yarn spinning system accepted universally following 
the first attempts for electrospun yarn production back in 1930s.
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