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1. Introduction

Yarn can be classified either as staple yarns or continuous fila-
ment yarns.[1] Continuous filament yarns are made by extruding
a polymer solution or melt through a spinneret, which solidifies
into a solid fiber through solvent evaporation or cooling,

respectively.[2] The extrusion process is capa-
ble of forming continuous filament with
lengths of hundreds of meters, which can
be twisted to form continuous filament
yarns.[3] Staple yarns on the other hand
are made by twisting short fiber segments.[4]

The friction forces between the short fiber
segments allow staple yarns to resist forces
without unraveling.[5] Thus, staple yarn
can also be manufactured to lengths of hun-
dreds ofmeters, even though the component
fiber length is much shorter. The major dis-
tinguisher between staple and filament yarns
is the length of the fibers that make up the
yarn. Cotton and wool staple yarns are com-
posed of fibers with lengths falling between
25mm and 150mm.[6] Filament yarns on
the other hand are composed of fibers that
have an indefinite length up to hundreds
of meters. Yarns fabricated using the pro-
posed method are structurally similar to sta-
ple yarns, but the component fiber length
could be between 10 and 400mm,[7] so they
will be referred to as multifiber twisted yarns
(MFTYs) as their fiber component length
may exceed 150mm. A yarn’s structure is

held by a combination of the strength of its component fibers,
as well as the riction between said fibers. More often than not,
mechanical failure in yarns occurs due to slippage between its com-
ponent fibers. One way to assess the mechanical performance of a
yarn is to divide the specific strength of the yarn by the specific
strength of an individual component fiber. This is referred to as
the yarn-to-fiber strength ratio. For example, the yarn-to-fiber
strength ratio of cotton staple yarns ranges between 30 and 40%.[8]

Interest in nanofiber technologies and their applications has
been evident in previous years.[9] This is due to their high
surface-area-to-volume ratio, which provides a theoretical ratio-
nale for unique and/or enhanced mechanical strength, electrical
and thermal conductivity, optical properties, and sensing and
filtration capabilities as compared to their microscale counter-
parts.[10] Electrospinning is a popular method of nanofiber pro-
duction. This is due to its relative ease to setup, low cost, and its
ability to produce nanofibers from a wide range of polymers.[11]

The advantages of nanofibers as well as the ease of setup and low
cost of electrospinning have allowed for the use of electrospun
nanofibers in many applications, notably, tissue engineering, fil-
tration, and energy storage.[12–15] Electrospinning can also be
used to make nanofiber yarns using a self-bundling approach.[16]

Self-bundling nanoyarn production is typically done by electro-
spinning two or more oppositely charged jets. The oppositely
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Continuous high-strength polymer nanofiber yarns can be assembled into textiles
suitable for numerous applications that benefit from the high surface-area-to-
volume ratio of the component nanofibers. Electrospun nanofibers have been used
to make multifiber twisted yarns (MFTYs). Traditionally, electrospun nanoyarns are
made using self-bundling methods or cone spinning. However, these approaches
inhibit ordered fiber architecture or postprocessing of filaments prior to yarn
fabrication limiting yarn length, uniformity, and mechanical strength. A spinning
process utilizing automated parallel track collection is capable of manufacturing
MFTYs with microarchitecture control and integration of individual fiber post-
drawing prior to yarn assembly. The advantage of this process is the ability to
optimize electrospinning parameters, postprocessing parameters, and yarn spin-
ning parameters independently. Polycaprolactone (PCL) fibers are electrospun with
various parameters and made into long MFTYs that retain up to 50% of the
strength of individual component nanofibers. Mechanical testing shows relation-
ships between spinning parameters and yarn strength. The tenacity of PCL MFTYs
exceeds the tenacity of most reported self-bundled nanofiber yarns by an order of
magnitude ormore. Thus, the alternative nanoyarn fabricationmethod presented in
this work is able to produce yarns with highly tunable parameters with a significant
increase in mechanical strength compared to other electrospun nanoyarns.
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charged fibers self-bundle, in air, into yarns that are twisted and
rolled onto a take-up mandrel. This approach was then improved
by adding an electrically grounded and spinning cone.[16–18] The
cone serves as a location for fiber deposition and imparts ordered
fiber orientation. As mentioned earlier, one of the characteristics
of all self-bundling approaches is that both fiber electrospinning
and yarn spinning occur simultaneously. This means that post-
processing of fibers cannot be performed prior to spinning them
into the yarn. The self-bundling approach also limits the range of
linear density of the resulting yarn because a minimum solution
pump rate is required for electrospinning to occur, and fiber
must be cleared from the deposition area at a certain rate to avoid
disruption to the electrospinning process.[19] Additionally, the
random nature of electrospinning results in yarns with limited
control over fiber alignment. Alternating current (AC) electro-
spinning can be used to fabricate nanofiber yarns with little mod-
ification to the setup.[20,21] AC nanofiber yarn electrospinning is
also mediated through a self-bundling process and is subject to
the same limitations listed above. Despite intense interest,

self-bundling and spinning cone approaches have shown limited
success in producing yarns with sufficient mechanical strength,
length, and uniformity for commercial production.

Postdrawing of individual electrospun nanofibers using the
parallel track manufacturing approach has been shown to
improve their mechanical strength with an increasing draw ratio
(DR).[22–24] For example, it has been demonstrated that the ulti-
mate tensile strength (UTS) of electrospun polycaprolactone
(PCL) nanofibers was increased by seven times when postdrawn
to a DR of four (DR4)[25] If strong aligned nanofibers can be spun
into ordered MFTY, then the fabrication of desirable nanofiber
textiles would be possible.

Previous electrospun nanoyarns have almost exclusively been
manufactured with self-bundling or spinning cone approaches.
This is due to the difficulty of handling nanofibers postspinning.
This article proposes a method of fabricating MFTY using a par-
allel track device to produce highly aligned nanofibers with dif-
ferent DRs. For yarn production, a roll-to-roll collection system
was implemented into the parallel track system (Figure 1A,B).

Figure 1. A) Electrospinning setup consisting of aligned discrete length fiber deposition across parallel tracks, which are postdrawn and transferred to a
collection roll. B) Schematic diagram of electrospinning device. C) Nanofiber collection roll. Discrete fiber segments with a length of 12 cm are deposited
on the collection roll via the parallel track system. D) Schematic diagram showing collected aligned PCL fibers overlapping on roll backing. E) Yarn
spinning device twisting and winding a fiber “roving” into a yarn. F) Schematic diagram of yarn spinning device. G) Resulting PCL multifiber twisted
yarn. One meter of yarn shown unwound from a 5meter spool. A 30 cm long ruler is held for scale.
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The purpose of this “roving” roll is to collect overlapping, aligned
nanofibers over continuous lengths (Figure 1C,D). The roll is
then fed into a yarn spinning device (Figure 1E,F) which pro-
cesses the aligned overlapping fibers into a yarn (Figure 1G). The
device consists of a twisting motor that twists the aligned fila-
ments into a yarn and a take-up motor that winds the yarn on
a bobbin. The device is capable of controlling the twists per inch
(TPI), and thus the twist angle of the resulting MFTY yarn.

This study aims to demonstrate the feasibility of producing
long multi-nanofiber twisted yarns with high strength ratios
and to study the effect of varying the fiber and yarn spinning
parameters on the mechanical properties of the yarns.

2. Experimental Section

2.1. Filament and Yarn Spinning

PCL fibers were electrospun using the device shown in Figure 1A
and previously described.[7] The approach consists of an electro-
spinning system positioned over a device with two parallel tracks
that collect, transport, and postdraw the fibers that align across
the top gap between the tracks. The collection tracks transfer the
fibers onto a roving roll capable of moving at different speeds.
Collected fibers are then spun into a yarn using the device
shown in Figure 1C. The yarn spinning device consists of a twist-
ing motor and a take-up motor, equipped with bobbins of differ-
ent diameters. Video S1, Supporting Information, shows the
electrospinning and yarn spinning processes. All DR 1 and
DR 2.5 fibers were spun using the following spinning solution,
18% wt/v PCL (MW= 115 kDa, Sigma–Aldrich) dissolved in
a 3:1 volume ratio of dichloromethane:dimethylformamide
(Sigma–Aldrich). DR4 nanofibers (NDR 4) were spun using the
following spinning solution, 16% wt/v PCL (MW= 115 kDa)
dissolved in a 3:1 volume ratio of dichloromethane:dimethylfor-
mamide. The following parameters remained constant for all test
groups: electrospinning voltage of 9 kV, needle height at 10 cm,
humidity at 60%, track speed of 1.3 mm s�1, a solution pump
rate of 1 mL h�1, and fiber length of 12 cm. Three main testing
groups were fabricated to assess how the differences in fiber
count (FC), yarn TPI, and fiber DR affected yarn morphological
and mechanical properties. FC was varied by changing the speed
of the roving roll’s motor. TPI was varied by changing the uptake
speed and bobbin diameter (This can alternatively be changed by
changing the twist-to-uptake speed ratio). DR was varied by
changing the length of the gap between the tracks at the point
closest to the electrospinning nozzle (D1), and the length of
the gap between the tracks closest to the collection roll (D2). For
DR= 1, D1=D2= 12 cm; DR= 2.5, D1= 4.8 cm, D2= 12 cm;
and DR= 4, D1= 3 cm, D2= 12 cm. The individual effects of
each of the three test groups were isolated by fixing all other
manufacturing variables. The parameters used to fabricate each
sample are summarized in Table 1. Fibers were deposited onto a
roll of wax paper used as the “roving roll” and were dried at room
temperature for 2 days to remove residual solvents prior to yarn
spinning. Control fiber filaments, used to test single fiber
mechanical properties, were spun as described above and post-
drawn to DR= 1, DR= 2.5, or DR= 4.

To visualize filament segments within a yarn, dyed filaments
were electrospun and incorporated into yarns. Two separate

solutions were made using the following dyes: DiI (1,1 0-diocta-
decyl-3,3,3 0,3 0-tetramethylindocarbocyanine) and DiO (3,3´-
dioctadecyloxacarbocyanine) (Sigma–Aldrich). Electrospinning
parameters remained the same with the exception of adding
1% wt/v of dye per solution. A dyed yarn was made by collecting
DiI dyed PCL fibers for 10min on a roving roll moving at
0.6mm s�1. The roving roll was temporarily stopped to switch to
a DiO solution, which was then electrospun onto the same roving
roll moving at the same speed for another 10min.

2.2. Mechanical Testing

Tensile testing was performed on yarn segments with gauge
lengths (GL) of 10mm or 130mm using a Shimadzu EZ-SX
universal tester, Shimadzu 1 kN capstan yarn grips, and a 100 N
load cell (Figure 3B,C). Testing was performed according to the
ASTM 2256-21 standard with a strain rate of 25%mm/min of the
specimen’s GL. Fiber testing was performed under the same
strain rate using Shimadzu 500 N flat grips and a 100 N load cell.
Low-density arrays of aligned fiber were adhered to 5� 2 cm
plastic frames and then mounted on testing grips shown in
Figure 3A. The frame was then cut, and the fibers were tensile
tested until failure. The cross-sectional area of the multifiber
samples was calculated by counting the total number of fibers
per sample and multiplying by the cross section of a single fiber
calculated from the fiber diameter. Fiber diameter was measured
using scanning electron microscopy (SEM).

2.3. Microscopy and Image Processing

Dyed yarns were imaged using confocal laser scanning micros-
copy (Nikon ECLIPSE Ti) and undyed yarns were imaged using
SEM (FEI Apreo 2). Samples were prepared using a Denton

Table 1. Summary of yarn test groups parameters.

Test groups

FC TPI DR

Roving roll speed:
0.2 mm s�1 (high density)

Roving roll speed:
0.6 mm s

Roving roll speed:
0.6 mm s

TPI: 10 TPI: 20 TPI: 10

DR: 1
(n= 5)

DR: 1
(n= 5)

DR: 1
(n= 5)

Roving roll speed:
0.6 mm s�1 (medium density)

Roving roll speed:
0.6 mm s

Roving roll speed:
0.6 mm s

TPI: 10 TPI: 40 TPI: 10

DR: 1
(n= 5)

DR: 1
(n= 5)

DR: 2.5
(n= 5)

Roving roll speed:
1 mm s�1 (low density)

Roving roll speed:
0.6 mm s

Roving roll speed:
0.6 mm s

TPI: 10 TPI: 80 TPI: 10

DR: 1
(n= 5)

DR: 1
(n= 5)

DR: 4
(n= 5)

* nanofibers spun
from 16% solution
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Vacuum Desk II sputter coater and sputter coated with gold for
30 s. The resulting images were processed using ImageJ.

2.4. Data Analysis and Calculations

Data processing and visualization were performed using
NumPy, Pandas, and Matplotlib python libraries, as well as
Shimadzu’s TRAPEZIUM X. Analysis of variance (ANOVA)
and student’s t-test analysis were performed using the SciPy
library. Linear density was calculated by dividing the measured
mass of the yarn by its measured length. Tenacity was calculated
by dividing the maximum measured force by the calculated lin-
ear density. UTS was calculated by multiplying tenacity by the
volumetric density of PCL. FC per cross section was estimated
by dividing the yarn linear density over the fiber linear density.
Fiber linear density was estimated by using the measured fiber
diameter and assuming the density of PCL fibers to be the bulk
density of PCL= 1.145 g cm�3.

3. Results

3.1. Morphology

3.1.1. Individual Fibers

Individual fibers with DR= 1 had an average diameter of
1800 nm, while fibers with a DR= 2.5 had an average diameter
of 1400 nm. Both sets of fibers were spun using 18% wt/v PCL
solution. In order to produce fibers with an average diameter

<1 μm, a 16% wt/v PCL spinning solution was used to produce
a nanofiber with a DR of 4. Fibers and yarns produced using the
16%wt/v PCL solution will be referred to as NDR 4. NDR 4 fibers
had an average diameter of 830 nm. SEM images (Figure 2D)
showed a uniform diameter throughout the fiber length and
the fiber surface appeared smooth for all samples.

3.1.2. Multifiber Twisted Yarns

Figure 2A–C shows SEM images of PCL MFTYs fabricated with
various manufacturing parameters. Low FC yarns had a diameter
of 0.28mm, while medium and high FC yarns had diameters of
0.3mm and 0.65mm respectively. Yarns with varied TPI were all
manufactured with medium FC and DR 1. Yarns with a TPI of 20
had a diameter of 0.175mm compared to 0.075mm for 40 TPI
yarns and 0.21mm for 80 TPI yarns. Finally, both DR 2.5 and
NDR 4 yarns had an average diameter of 0.24mm. MFTYs twist
angle was measured using SEM with an observed range of
15°–80°. An increase in twist angle was observed as a result of
increasing the TPI, while FC and DR had little effect on the
twist angle. Visually, lower FC yarns had a rough and uneven
outer surface compared to higher FC yarns which looked
smoother. Twists were difficult to spot for lower twist yarns
but are easier to identify and measure as the twist increased.
Finally, there is very little hairiness in the yarns compared to
conventional cotton and wool staple yarns.[26]

MFTYs linear density was correlated to the estimated FC per
cross section. Yarns with linear density ranging from 54 to 900
deniers were estimated to have a FC ranging from 2047 to 89 367
fibers in the yarn cross section, respectively.

Figure 2. A–C) SEM images of PCL MFTYs, with varied manufacturing parameters: A) TPI, B) FC per cross section, and C) DR. D) Individual fibers of
different DRs. E) An MFTYmade with the two different types of dyed component fibers with images of differently colored yarn segments corresponding to
locations along the length of the yarn. F) Representative image of fibers on the collection roll. All yarns in (A) have a medium FC and DR1, all yarns in (B)
have a TPI of 10 and DR 1, and the yarns in (C) have a medium FC and TPI of 10.
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Including a dye in the electrospinning solution allows for the
visualization of fibers so that the fibers spun from two different
solutions can be distinguished. Figure 2E visualizes different
regions of a yarn under CLSM. The left end of the yarn has a
green fluorescence because its fibers were dyed with DiO. The
right end of the yarn has red fluorescence indicating the presence
of DiI. When switching the dyed PCL solution during spinning,
there is an area where both DiO and DiI dyed fibers overlap. This
is shown in the middle section of the fiber where green and red
fibers are present, and the two different fiber types are twisted
together. The purpose of combining two differently dyed yarn
segments is to demonstrate the ability to fabricate yarns with
varying processing parameters at different segments. The middle
section also demonstrates the ability to fabricate a yarn contain-
ing two different types of fibers. In this case, the parameter was a
dye. A future goal is to fabricate yarns with segments of varying
properties such as type of polymer, FC, twist, or DR.

3.2. Mechanics

Figure 3E–G presents the average tenacity of PCL MFTY
fabricated with different manufacturing parameters. One
manufacturing parameter was varied in each of the graphs: FC,

TPI, and filament DRs. The parameter of interest was varied
while the remaining parameters were kept constant (The only
exception is NDR4 yarns which were fabricated using fibers spun
from a 16% wt/v PCL solution). All manufacturing parameters
influenced the yarn’s tenacity and, subsequently, other mechani-
cal properties. An increase in filament count resulted in an
increase in tenacity. High filament count yarns had the tenacity
of 125e3 Nm kg�1 compared to 106e3 and 64e3 Nm kg�1 for
medium and low filament count yarns. Increasing the DR of
the fibers making up the yarns also resulted in an increase in
yarn tenacity with yarns fabricated from DR= 2.5 fibers having
a higher tenacity than yarns fabricated using DR= 1 fibers.
However, NDR4 yarns had a lower tenacity than yarns with a
DR of 2.5. Varying the TPI demonstrated a different trend with
an increase in tenacity being observed as TPI was increased from
10 to 20. Average tenacity decreased for yarns spun at 40 and
80 TPI compared to yarns spun at 20 TPI. However, both 40
and 80 TPI yarns had a higher average tenacity than yarns spun
at 10 TPI. The same trends were observed for the UTS as both
tenacity and UTS are closely related quantities.

An increase in the elastic modulus was observed as FC
increased ranging between 282 and 323MPa. A nonlinear rela-
tionship was observed when varying TPI. Elastic modulus

Figure 3. A–C) Experimental setup for tensile testing A) PCL fibers and B,C) their twisted yarns with two different GL. D–G) Average specific strength
(tenacity) in Nm kg�1 of individual PCL fibers and PCL yarns. D) Tenacity of individual PCL fibers at varying DRs. E) Tenacity of PCL yarns with varying DR
and GL made with medium FC and 10 TPI. F) Tenacity of PCL yarns with varying TPI made with a medium FC and spun at DR 1. G) Tenacity of PCL yarns
with varying FCmade with 10 TPI and spun at DR 1. Unless specified all yarns had a testing GL of 10mm. The large GL (130mm) is greater than the length
of a single fiber (12 cm).
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increased to a maximum value of 323MPa at TPI= 20. However,
increasing TPI beyond 20 caused a decrease in the elastic mod-
ulus. The maximum elastic modulus value of 495MPa was
observed at DR 2.5

Statistical significance was analyzed using ANOVA and stu-
dent’s t-tests with the following results: ANOVA between the FC
groups showed no statistical significance. T-tests also showed no
significance between groups in group-to-group comparisons.
ANOVA also showed no statistical difference between the TPI
groups. However, t-tests showed statistical significance when
comparing TPI of 10 and 20 (p= 0.0351), TPI 10 and 80
(p= 0.0102), and TPI 20 and 40 (p= 0.043). ANOVA was not
performed on DR groups as only two groups were compared.
T-test showed a significant difference between DR 1 yarns and
DR 2.5 yarns (p= 0.0013). NDR4 fibers were not part of any
statistical comparisons as they were made from a different spin-
ning solution.

To summarize, increasing the FC, which is proportional to the
linear density, resulted in an increase in tenacity, UTS, as well as
the elastic modulus. The same increase was observed when
increasing the DR of component fibers. Increasing the yarn twist
from 10 to 20 TPI resulted in an increase of the aforementioned
mechanical properties followed by a decrease in those properties
for TPIs of 40 and 80. The values of the all the mechnical pro-
erties are summarized in Table 2. These results are consistent
with the reported literature. Many reported studies demonstrated
increased mechanical strength in yarn as the linear density is
increased.[27–29] Additionally, many reported studies demon-
strated that the overtwisting yarns could decrease their mechani-
cal strength.[30–34]

4. Discussion

Current electrospun nanoyarn fabrication technology is confined
to self-bundling or cone-spun yarns where little control is exerted
over manufacturing parameters.[16] Another method deposits
electrospun nanofibers into a vortexed water bath, which then
twists fibers into a yarn.[35] An alternative nanoyarn fabrication
method is described here, where electrospinning and yarn fabri-
cation occur separately. Successful fabrication of MFTY was
demonstrated using the proposed spinning device with a great

degree of parameter control as shown in Figure 2A–C. SEM
images show a demonstrable change of filament twist as the
TPI control settings are changed (uptake motor speed and twist
speed). TPI values were chosen to cover the same range of yarn
twists common in the textile industry standards of low twist (10
TPI), medium twist (20 TPI), high twist (40 TPI), and very high
twist (80 TPI).[36]

Expectedly, changing the manufacturing parameters resulted
in a change in the mechanical properties of the MFTY. Two
major factors play a role in the observed change in mechanical
properties. First is the strength of the fibers making up the
MFTY. This is dependent on the polymer backbone, crystallinity,
and molecular alignment.[37] Increasing the DR of the polymer
fiber increases the macromolecular alignment and tensile
strength of the fiber. Figure 3D shows that individual PCL fibers
with a DR of 2.5 are stronger than their DR 1 counterparts and
fibers with a DR of 4 are the strongest fibers. This observation
was also demonstrated in previous studies.[25] The previous fac-
tor is tied to the component fiber strength. However, yarn failure
does not necessarily mean tensile failure of the component
fibers. This leads us to the second factor that affects yarn
mechanics, which is fiber-to-fiber friction. The yarn’s structure
is held together by the friction forces between the filaments.
Friction can be increased by increasing the TPI as it allows
for more filaments to interact with each other.[38] This is an exam-
ple of static friction where a minimum force is needed for slip-
page to occur. These two factors were controlled using the three
manufacturing parameters of filament count, DR, and TPI.

Increasing the DR results in better polymer chain alignment,
which results in stronger fibers and, consequently, stronger
yarns. This can be seen in Figure 3D–E. Increasing the DR
and FC both resulted in an increase in the mechanical strength
of yarns with a DR of 2.5 compared to yarns with a DR of 1.
NDR4 yarns on the other hand were weaker than DR 2.5 yarns.
At first glance, this is an unexpected result since NDR4 fibers
are significantly stronger than DR 2.5 fibers. However, yarn
mechanical failure does not mean fiber failure but is most likely
due to slippage. Studies exploring the effect of fiber diameter
on fiber surface properties have shown a decrease in surface
roughness as the fiber diameter decreases.[39] A smoother sur-
face results in lower fiber-to-fiber friction which leads to earlier
slippage. This is a likely explanation for the drop in strength;

Table 2. Summary of mechanical properties of PCL yarns manufactured with different parameters. The FC category was spun at DR= 1 and TPI= 10. The
TPI category was spun at DR= 1 and medium FC. The DR category was spun at TPI= 10 and medium FC (The asterisk is used to indicate that the DR4
group yarns were spun using a less concentrated spinning solution).

Estimated [FC] per yarn cross section Linear density
[den]

Specific strength/tenacity
[gf den�1, Nm kg�1]

UTS
[MPa]

Elastic modulus
[MPa]

Yarn-to-fiber
strength ratio [%]

FC (TPI= 10)
(DR= 1)

Low 2,047 54, σ= 54 0.73 (64 220) 73 282 32

Medium 3411 90, σ= 25.2 1.21 (106 487) 122 303 53

High 34 115 900, σ= 25 1.42 (125 403) 144 323 62

TPI (FC=Medium)
(DR= 1)

20 10 234 270, σ= 63 2.07 (182 375) 209 323 90

40 13 646 360, σ= 106 1.42 (124 169) 142 206 61

80 9,211 245, σ= 21.5 1.76 (155 117) 177 161 77

DR (TPI= 10)
(FC=Medium)

2.5 17 013 270, σ= 63 2.44 (215 281) 246 495 51

4 *(16% solution) 89 367 396, σ= 135 2.00 (150 237) 200 234 23
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however, further investigation is needed to verify this finding.
The effect of the decrease in surface roughness would have to
outweigh the effect of the increased total surface area of
NDR4 nanoyarns to result in the overall drop in strength.

Since tenacity describes the strength-to-weight ratio of a
material, we expect tenacity to remain constant as FC increases.
However, an increase was observed with increased FC. Further
investigation into this correlation is needed, but we hypothesize
that an increase in FC results in more fiber-to-fiber interactions
that increase the strength-to-weight ratio.

Increasing the TPI in yarn allows for more individual
filaments to interact with each other, which increases the total
friction as more slippages need to occur for the yarn to fail.
Figure 3F shows an increase in yarn strength when increasing
the TPI from 10 to 20. However, yarn strength decreases for
yarns with a TPI of 40 and 80. What is the mechanism behind
this observation? TPI increases fiber-fiber friction as the yarns
with 20 TPI demonstrated a higher mechanical strength than
their 10 TPI counterpart. For TPIs> 20, we suspect that the fric-
tion force increases as well. However, overtwisting of the yarn
may result in the filaments weakening. Thus, we suspect that
fiber breakage or deformation has a greater contribution to
yarn failure than filament slippage for yarns of TPI> 20. Other
published papers studying yarn twists arrived at the same
conclusion as well.[32,33]

Failure due to slippage means that yarns are typically weaker
than their individual filaments under tensile load. For example, a
single cotton fiber could have a tenacity of 3 gf den�1 while its
twisted yarn made from the same fibers could have a tenacity
of 1 gf den�1. As a result, it is useful to look at the strength
ratio of yarn-versus-fiber as it could be a good indicator of the
usability of certain materials as a yarn. At medium filament
count and a TPI of 10, both DR groups (DR 1 and DR 2.5 and
medium FC) had a yarn-to-filament strength ratio of ≈50%.
Importantly, this characteristic was conserved when the tensile
testing GL was 130mm, which is slightly larger than the length
of the component fibers. NDR4 yarns had an ≈22% yarn-to-fiber
strength ratio. The reason behind this is that NDR4 fibers are
significantly stronger than both DR1 and DR2.5 fibers. Achieving
a higher yarn-to-filament strength ratio will require much stron-
ger friction forces between the component fibers.

One of the goals of this project is to fabricate electrospun
yarns with mechanical properties of high quality as compared
against the current state of the art in both the electrospun
yarn manufacturing space, and the conventional staple
yarn manufacturing space. High-tenacity MFTYs were success-
fully produced with a maximum tenacity of 2.44 gf den�1.
Conventional staple yarns can be made in a variety of ways using
many materials. Some of the materials used in conventional yarn
manufacturing are natural ones like cotton, wool, flax, and silk as
well as synthetic ones such as polyester, polypropylene (PP), and
nylon.[40–43] It is also worth noting that comparison will be
limited to single-ply yarns as all the PCL MFTYs produced in
this study were single-ply. 61/1 ring-spun cotton yarn has been
reported to have a tenacity of 1.56 gf den�1.[44] This is similar to
the tenacity of all the MFTYs produced in this study. However,
cotton yarn production method and processing parameters also
affect its tenacity.[45] Reported cotton yarn tenacities have a range
of 0.31–5.98 gf den�1.[46] Studies testing cotton have also shown

that the tenacity of cotton yarn ranges between 31 and 37% of the
tenacity of its filaments.[29] PCL MFTYs had a tenacity ratio of
50% for both DR1 and DR2.5 fiber yarns, which demonstrates
an increase in yarn-to-filament strength ratio compared to cotton
yarns. Another popular conventional textile material is wool,
which has a reported tenacity of 0.98–1.67 gf den�1,[46] which
puts wool yarns on a comparable strength of PCL MFTYs. For
yarn-to-fiber tenacity ratio, PCL MFTYs also outperformed wool,
which has a tenacity ratio of 25–33%[47] compared to the PCL
MFTY’s 50%. It is also interesting to compare PCL MFTYs’
mechanical performance to synthetic continuous filament yarns
such as PP, which would be expected to be much stronger. It has
been reported that melt-spun PP yarns of DR 7.3 had a tenacity of
7.2 gf den�1 compared to DR 3.73 which had a tenacity of
2.93 gf den�1.[28] It is worth noting that PCL MFTYs of DR 2.5
were only 16.4% weaker compared to the PP yarns of DR 3.73,
despite the reported bulk tenacity of PCL being around
0.3 gf den�1[48] compared to 0.5 gf den�1 for PP.[49] These com-
parisons demonstrate that long polymer MFTY can be manufac-
tured with mechanical strength comparable to conventional
natural staple yarns and synthetic continuous yarns.

Self-bundling electrospun nanoyarns have been made using a
wide variety of polymers such as polylactic acid (PLA), polyacry-
lonitrile (PAN), poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP), PCL, and many more.[50] However, due to fiber
fabrication and yarn spinning occurring simultaneously, fiber
postprocessing, prior to yarn spinning, is rare and challenging.
Tenacities of electrospun nanoyarns are reported in Table 3.[50]

All the yarns reported in Table 3 were made using the self-
bundling or cone spinning methods. No fiber postdrawing
was performed prior to yarn spinning. However, PAN self-
bundled yarns were melt-drawn postspinning by various DRs.
Mechanics of pure AC electrospun yarns were not reported in
the literature.[20,21]

For all reported polymers, higher twist and FC resulted in
higher tenacity. Except for PAN, all the yarns reported in Table 3
were outperformed by at least one or more of the PCL MFTYs.
Moreover, the tenacities of most yarns in these studies were at
the lower end of their respective reported ranges. For example,
six out of the seven reported tenacities of self-bundling and cone-
spun PCL were less than or equal to 0.05 gf den�1,[34,51] while 25
out of the 32 reported tenacities of self-bundling and cone-spun
PAN were less than or equal to 1.0 gf den�1.[34,52–59]

Next, we analyze how manufacturing parameters affected the
elasticity of MFTYs. Previous work on cotton and wool yarn
showed no clear trend between FC and the elastic modulus of
the yarn.[60] Twist also had no effect on elasticity for cotton yarns,
as well as wool and wool–polyester (PE) blends.[47,61] When it
comes to synthetic polymer yarns, previous work shows minimal
changes in the elastic modulus as FC increases for PE yarns.[62]

Table 3. Reported tenacities of self-bundling and cone-spun electrospun
nanoyarns of various polymers compared to parallel track manufactured
PCL MFTYs.

Polymer PLA[63] PCL[34,51] PVDF-HFP[64] PAN[34,52–59] PCL MFTYs

Tenacity
[gf den�1]

0.017–0.11 0.015–0.41 0.0267–0.097 0.04–3.55 0.73–2.44
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However other studies have shown a decrease in the elastic mod-
ulus for high twist yarns.[32,33] For PCLMFTYs, statistically insig-
nificant differences were observed in the average elastic modulus
when FC was varied. For PCL MFTYs, twist resulted in no sig-
nificant change in the elastic modulus when comparing yarns
with TPI= 10 and yarns with TPI= 20. However, a significant
decrease in elastic modulus is observed when TPI increases
beyond 20.

A future goal is to produce uniform nanoyarns of commer-
cially desirable length and to produce nanoyarns with segments
of varying properties along the length of the yarn. Since this
manufacturing approach is polymer-agnostic, nanoyarns can
be made of other polymers such as PAN, PLA, and PVDF.
This will allow the use of MFTY’s in many application spaces
such as medical sutures, sensors, and performance or smart tex-
tiles. One of the major limitations of the methodology presented
in this study is the low production output. However, we expect
that this collector-based technology will be compatible with
numerous approaches to increase electrospinning throughput
that are described in the literature, such as multineedle, needle-
less, and gas-assisted electrospinning.

5. Conclusion

A novel yarn fabrication process was utilized to produce PCL
MFTY with good control over manufacturing parameters.
Production of long yarns (>1m), without significant reductions
in strength, indicates the potential to scale up the process to pro-
duce commercial-scale continuous yarns at lengths of hundreds
of meters. Varying manufacturing parameters affected the
strength of the yarns’ component fibers as well as fiber-to-fiber
interactions which in turn affected the tenacity of the yarn.
Increasing fiber draw and count increased the tenacity of the
resulting yarn, while overtwisting resulted in a decrease in
tenacity.
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