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Abstract: In this study, a double nozzle electrospinning device consisting of a take-up/twister unit applied to develop core-
shell structured nanofibrous yarns with potential applications in the production of functional textile materials. The process
was performed by introducing a pre-electrospun core yarn into the electrical field between two oppositely charged nozzles,
where nanofibers cover it by a certain arrangement owning to the twisting procedure. Herein, the main goal was to investigate
how the core and shell structures influenced by process parameters, can contribute to the ultimate mechanical properties of
the electrospun core-shell yarn. Accordingly, the same solution of nylon 66/formic acid was used for electrospinning of both
core and shell nanofibers. The response surface methodology (RSM) was applied to study the effect of twisting rate, take-up
speed, and twist amount of core yarn (called pre-twist) on the morphological and tensile properties of electrospun core-shell
yarns. SEM images confirmed that the nanofibers were assembled surround the core with a certain angle to the axis to form a
twisted core-shell yarn. The take-up speed caused considerable effects on the yarn diameter by changing the number of fibers
formed in the triangle zone of the electrospinning process. The diameter of the core-shell yarns decreased significantly by
increasing the twist rate and take-up speed. Improvements in tensile stress were generally realized at low twist levels and
higher take-up speeds. The contribution of the core on the mechanical behavior of core-shell yarn was also considered in
detail. The electrospun core-shell yarns showed superior (~37 %) max stress when using a core yarn with low pre-twist

amounts.
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Introduction

Technical textiles for industrial purposes are a growing
sector which supports a broad scope of other industries.
Technical textile materials are most extensively used in
composites, filtration, sensors, protective clothing, and
biomedical fields, where the function is the primary criterion
[1,2]. In all these applications, precise performance
requirements must be met. Functional textiles, due to their
intrinsic features, can afford special needs for industrial
applications to provide today’s life expectancy. Several
approaches are presented to yield functional textiles. The
fiber coating onto textile structures, particularly fabrics,
filaments, and yarns, is a flexible method to provide diverse
functionalities [3-5]. A core-shell yarn is a kind of functional
textile structures composed of a detachable core embedded
in the center surrounded by fibers, which termed as the shell
[5-7]. Cotton-spandex yarn is a famous example of core-
shell yarn in the textile industry, which is consisted of a
spandex filament as core coated by cotton staple fibers [8-10].

Compared to conventional synthetic or natural fibers, the
production of ultrafine fibers with micro to nanoscale
diameters provides materials with specific features [11,12].
Aiming to benefit the outstanding characteristics of nanofibers,
the electrospinning method presents an efficient procedure
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for the coating of nanofibers onto the different substrates.
Several research works have been performed to provide
functional textiles by producing nanofiber coated materials
[8,12-15]. As recommended in the presented work, the
electrospinning also can be applied to produce continuous
core-shell structured yarns via twisting the electrospun fibers
on nanofibrous or conventionally pre-spun yarns. Dabirian
et al. [16] developed an electrospinning set-up equipped
with positive/negative charged nozzles and a metallic disk
collector to coat nanofibers onto the metal wire. Despite the
growing research works on this area, it is not yet clearly
realized how the core and shell structure contribute to the
mechanical properties of the core-shell yarn. Moreover,
further improvements in their geometrical structure and
physical-mechanical performance require more attempts for
effective fiber depositing, arranging, and assembling into a
yarn. The physical and mechanical properties of electrospun
twisted core-shell yarns may be affected from the individual
fiber features (e.g., morphology, diameter, crystallinity,
molecular orientation), yarn geometry (fiber deposition and
arrangement, the twist angle of the fibers, interaction and
friction between the fibers in the yarn structure), core yarn
structure, core to sheath proportion, etc. [8,17-19]. The
presented research work is mainly aimed to evaluate the core
yarn/shell nanofiber structuring effects on the ultimate
morphological and tensile properties of resultant electrospun
core-shell yarns.



Electrospun Twisted Core-Shell Yarn

In this study, we have modified a mechanism using an
electrospinning set-up applied in our previous works to
electrospin highly ordered nanofibrous twisted core-shell
yarn. The manufacturing process mainly consists of feeding
a pre-electrospun nanofibrous yarn to the modified
electrospinning unit, where nanofibers cover it by a suitable
arrangement. The twisting procedure during the electrospinning
enables the integrity between two different layers. Using the
presented mechanism, it is also possible to apply different
kinds of polymers for electrospinning, twisting and wrapping
on the surface of the pre-electrospun yarn, conventionally
spun yarn, as well as carbon-based or metallic wires. Due to
the versatile and straightforward characteristics of this
process, it is feasible to develop new types of composite
nanofibrous materials with certain microstructures, different
morphologies, and advanced functions for a variety of
applications. The art of altering the process parameters
enables us to innovate novel products with unique functions.
Manufacturing parameters were changed to study the effects
of the process variables of twist rate, take-up speed, and
twist level of the core (called pre-twist) yarn on the
morphological structure and tensile properties of the
resultant nanofibrous core-shell yarn. Using the response
surface methodology (RSM), an empirical relationship
between these process variables and response variables of
max stress, and Young’s modulus was obtained.

It is necessary to mention that a common idea in core-shell
composite yarns is to take advantages of two components in
the core and shell layers, and add fillers or encapsulate
nanoparticles, drug, bioactive agents, or other nanomaterials
for giving special properties, i.e., antibacterial, biological,
mechanical, conductivity, etc. However, in this work, the
same polymer solutions used for electrospinning of both
core and shell nanofibers. Because, in the current work, we
have performed a feasibility study on the production of
continuous twisted yarn with a core-shell structure via the
electrospinning method, and we have focused on the study
of important process parameters that influenced the
mechanical and morphological structure of the core-shell
yarns, which is rarely investigated. It is clear that that the
features of the core and shell components have considerable
effects on the final properties of the produced yarn. For this
reason, to escape the inherent characteristic effects of the
raw materials, a similar nylon 66/acid formic solution was
prepared for the electrospinning of both core yarn and sheath
nanofibers.

Experimental

Materials

Nylon 66 granules were supplied from Alyaf Co., Iran.
Formic acid (98 %) was purchased from CHEMLAB-
ANALYTICAL, Belgium.
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Preparation of Polymer Solution

To produce electrospinning solution, a weighted amount
of nylon 66 granules was dissolved in formic acid to reach
15 wt% concentration. The mixture was stirred at room
temperature for at least 4 h to obtain a homogeneous solution.
The viscosity and conductivity of the prepared solutions
were determined using a MCR 301 Physical Rheometer
(Anton Paar, USA), and an Orion 160 conductivity meter
(USA), respectively. The 15 wt% nylon 66 solution in formic
acid showed a viscosity of 0.2487 Pa‘s and conductivity of
4.19 mS-cm™.

Electrospinning

Using the presented mechanism, the electrospinning of
core-shell yarn was performed in two main steps, as follows:

(1) Electrospinning of the polymer solution via the
ordinary process to produce nanofibrous yarn, which used as
core yarn for the next step.

(2) Electrospinning of continuous twisted core-shell yarn
using the modified set-up.

A schematic illustration of the electrospinning set-up used
for producing nanofibrous core-shell yarns is presented in
Figure 1. As explained in our previous works [19-21], for
electrospinning of continuous twisted yarns, a double nozzle
apparatus was utilized. The nozzles equipped with needles
(22-gauge, ID=0.4 mm, OD=0.7 mm) placed against each
other at a distance of 30 cm. Two syringe pumps were
employed to feed the polymer solutions at a constant flow
rate of 0.3 m/ h™'. The needles were oppositely charged using
a DC high voltage power supply with an applied voltage of
13 kV. A conductive cylinder (6 cm diameterx30 cm length)
was grounded at a distance of 2 cm from the center of the
two needles. The electrospinning was started between the
grounded cylinder and a convergence point in needles’
center, and consequently, a triangle of fibers (called E-
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Figure 1. Schematic illustration of the electrospinning set-up used
for the production of core-shell yarns.



1258  Fibers and Polymers 2021, Vol.22, No.5

triangle) was formed in this zone. The bundle formed at
convergence point was twisted by rotating around its axis,
and simultaneously, the twisted yarn was pulled by a take-up
roller installed to the twister unit. The distance of the
needles’ center to the take-up/twister unit was set at 30 cm.
To produce a yarn with a core-shell structure, as shown in
Figure 1, a hole was created in the middle of the grounded
cylinder for feeding the core yarn. The fibers at the
convergence point were collected on the fed core, which was
then collected by the take-up roller. Simultaneously, the
electrospun fibers were twisted by rotating the yarn around
its axis and wrapped to around the core yarn. Using this set-
up, the yarn fabrication process was continuous, and the
electrospun nanofibers were arranged with an angle to the
yarn axis (named twist angle) within the yarn structure. To
evaluate the impact of take-up speed on the structural and
tensile properties of electrospun yarns, the linear take-up
speed was altered using a stepper motor. According to the
required yarn mechanical performance, it is possible to give
the desired level of the twist during this process. In this
study, the twist effect was evaluated for both the single and
core-shell yarns and, the twist rate was changed in two steps.
Firstly, to realize the contribution of core in the mechanical

Table 1. Experimental ranges for process variables

Values of the levels

Variable -
Low High
Pre-twist amount of core yarn (TPM)" 1000 7000
Twist (TPM) 1000 7000
Take-up speed (m/min) 0.02 0.06

*To produce the core yarn, the linear take-up speed was adjusted at
a constant value of 0.04 m/min.
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behavior of core-shell yarn, the core was electrospun via the
ordinary electrospinning process with three different twist
amounts (called pre-twist) ranging from 1000 TPM (turns
per meter) to 7000 TPM. Further, these diverse pre-
electrospun yarns fed as core to produce core-shell yarn, and
during the modified electrospinning process, the rotational
speed of the twisting unit also changed in the range of 40 to
280 rpm to produce core-shell yarns with TPM of 1000 to
7000.

Experimental Design

In the current work, a central composite design (CCD)
was selected to analyze the influence of electrospinning
processing parameters on the tensile properties of nanofibrous
core-shell yarns using the response surface methodology
(RSM) (Design Expert 8.0.7.0, Stat-Ease). In the preliminary
tests, process conditions for the ordinary electrospinning of
single yarn was determined by varying the concentration,
flow rate, voltage, and distances. At the obtained effective
ranges, the electrospinning of the uniform and bead-free
fibers and yarn performed in a stable and continuous process,
and without yarn rupture. Further, a set of preliminary
experiments were carried out by changing the twist rate,
take-up speed, and feeding rate of the pre-spun core yarn to
determine the efficient experimental boundaries for continuous
production of core-shell yarn without breakage of core yarn.
The experimental ranges of process variables are presented
in Table 1.

Within the ranges given for the pre-twist amount of core
yarn, twist levels, and take-up speed, a series of 15 experiments
were performed, and the results were statistically analyzed
by the RSM. Max stress, and Young’s modulus of electrospun
core-shell yarns were considered as the response variables.

Table 2. RSM experimental design and measured results for max stress, Young’s modulus, and diameter of electrospun core-shell yarns

RUN Pre-twist amount of Twist level Take-up §peed Max stress Young’s modulus Average diameter
core yarn (TPM) (TPM) (m/min) (cN/tex) (cN/tex) of yarn (um)
1 4000 7000 0.04 5.97 233.03 86.23
2 7000 1000 0.06 6.29 302.21 133.67
3 4000 4000 0.04 6.58 210.75 88.07
4 7000 7000 0.02 5.87 167.72 172.42
5 4000 4000 0.04 6.58 210.75 86.24
6 4000 4000 0.04 6.58 206.46 87.07
7 7000 4000 0.04 4.20 180.53 126.38
8 1000 7000 0.06 423 162.96 119.93
9 1000 4000 0.04 6.61 250.67 128.51
10 1000 1000 0.02 5.45 265.88 138.53
11 4000 4000 0.04 6.92 217.96 86.88
12 4000 4000 0.04 6.52 208.95 87.34
13 4000 4000 0.02 5.15 165.17 211.43
14 4000 1000 0.04 8.05 258.55 96.73
15 4000 4000 0.06 6.46 248.82 86.20
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The experimental conditions and the mechanical properties
of electrospun core-shell yarns are shown in Table 2.

The statistical significance of the model determined based
on the p-value with a 95 % confidence level. The results
were investigated entirely through analysis of variance
(ANOVA). The regression correlation coefficient (R*) and
adjusted R (R2adj) were considered to estimate the quality of
the fit model with the observed response.

Characterization

The morphology of the electrospun yarns was studied by a
scanning electron microscope (SEM; VEGAWTESCAN-
LMU) at an accelerating voltage of 15 kV. Before analysis,
samples were coated with a thin layer of gold. Fiber and yarn
diameters were measured from SEM images using Digimizer
4.1.1.0 software. Mechanical properties of the electrospun
yarns were evaluated using a tensile tester (Kardotech Co.
2012 v3.0.1.7_i, Iran). The electrospun samples were
randomly cut into pieces with a length of 50 cm and
weighted to obtain the linear mass density (Tex) of the yarns.
The max stress and Young’s modulus were recorded in cN
per tex (cN/tex). At least 20 pieces of every yarn sample
were tested, and the average values were reported. In line
with the previous research works, the applied gauge length
and crosshead speed set to 100 mm and 50 mm min’,
respectively.

Results and Discussion

As reported on our previous works, highly oriented
nanofibrous deposits in the form of twisted yarns could be
produced via a continuous electrospinning process. By
applying a double-nozzle electrospinning set-up polarized
with opposite charges, a triangle of electrospun fibers
connected to the grounded cylinder created (Figure 1, E-
triangle zone). The formed yarn at the vertex point of the
triangle was twisted by rotation of the twister plate and
simultaneously, pulled toward the take-up roller [19,21]. In
this work, by modifying this set-up, core-shell yarns were
prepared by feeding the pre-electrospun core yarn through
the hole embedded in the middle of the grounded cylinder.
The nanofibers at the convergence point were collected with
the core yarn and twisted to different levels, and then pulled
toward the take-up roller. To optimize the properties of yarns
for special applications, the influence of processing
parameters on the physical and mechanical performance of
such nanofibrous structures was studied. Usually, changing

Table 3. Analysis of variance results for the response parameters

Response p>F Lackoffit R’ Rzadj
Max stress 37.87 0.0005 0.1170 0.9855 0.9595
Young’s modulus 61.02 <0.0001 0.1672 0.9879 0.9717

F value
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the process variables would require many individual tests.
Statistical approaches such as RSM can be employed to use
a sequence of designed experiments and obtain an optimal
response by estimating the different variables and their
interactions simultaneously. Within the ranges are given for
twisting level, take-up speed, and pre-twist amount of core
yarn, a set of 15 experiments were performed, and the results
were statistically analyzed. The detailed information of
experimental design and measured results for the diameter,
max stress, and Young’s modulus of electrospun core-shell
yarns are reported on Table 2. The analysis of variance
results of the determined model for each response are
summarized in Table 3. Values of p>F less than 0.05
approves that the applied model was significant at the 95 %
confidence level. The lack-of-fit test states the variation of
the data from the fitted model. A significant lack of fit
(p<0.05) indicates that the model does not fit. As presented
in Table 3, for both responses, the lack-of-fit was not
statistically significant and the probability of lack of fit
values were higher than 0.05 that approved the adaptation of
the models. The values of R* and Rzad_i approached 1, which
also confirm that the proposed models for both responses fit
well to the experimental data. The detailed analysis of the
models via ANOVA results are reported in Tables S1 and S2.
The model equations in terms of coded factors obtained
from the analysis of the experimental data are presented in
Table S3.

Morphology

Using the presented electrospinning mechanism, the
number of nanofibers formed in the E-triangle zone, twist
rate, and take-up speed are practical factors to control the
fibers and yarn diameter and yarn count. Also, the
experimental considerations have been approved that the
geometry of the E-triangle varies by the twisting rate and
affects the tension on the fibers, and thus the structure and
physical-mechanical properties of the produced yarn
[19,22].

Figure 2 shows a series of SEM images captured from
single and core-shell yarns electrospun at different twist
rates. The morphological study demonstrated that uniform
yarns composed of smooth and bead-free fibers were formed.
It can be seen from the images with higher magnification,
most of the nanofibers are oriented and arranged along a
specified direction in an angle to the yarn axis. The visual
comparison of SEM images indicated that the twist angle
increased by twist rate (see Figures 2(a) and 2(b)).

From the SEM images, the diameter values of yarns and
fibers in the yarn structure were determined using Digimizer
software. The measured diameter for each yarn sample
electrospun according to the RSM designed conditions are
described in Table 2. Depending on the twist rate, and take-
up speed, the diameter of electrospun core-shell yarns varied
from 86 pm to 211 um (Table 2). The average values of
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Figure 2. Examples of SEM images of the electrospun yarns prepared at a constant take-up speed of 0.04 m/min and their corresponding
diameter distribution of nanofibers; () single yarn with twist amount of 1000 TPM, (b) single yarn with twist amount of 4000, and (c) core-
shell yarn with twist amount of 4000 TPM, having a core with pre-twist amount of 1000 TPM.

diameter measurements at a constant take-up speed of
0.04 m/min and different twist levels are summarized in
Table 4. The results indicated that the twist rate had a
significant influence on the average diameter of the
electrospun fibers and yarns. By increasing the twist rate, the

average diameter of the fibers in the yarn structure
decreased. During electrospinning process to produce core
yarn at a constant feed rate of 0.04 m/min, by increasing the
twist level from 1000 TPM to 7000 TPM, the average
diameter of yarns slightly decreased from 90 um to 79 pm
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Table 4. Average diameter of electrospun yarns and fibers in the yarn structure at a take-up speed of 0.04 m/min

Sample Twist level (TPM) Yarn count Average diameter£S.D.

Core yarn Core-shell yarn (tex) Yarn (um) Fibers in the yarn structure (nm)

1000 - 1.71+£0.22 89.94+4.26 114.44+19.06

Single yarn 4000 - 1.28+0.14 82.06+4.13 101.46+21.54

7000 - 1.60+0.19 78.64+2.11 84.85+13.78

1000 4000 3.06+0.43 128.51+2.03 92.39+16.53

1000 2.93+0.27 96.73+3.55 110.85+21.33

Core-Shell yarn 4000 4000 3.06+0.21 88.07+5.40 97.67+18.44

7000 3.16+0.37 86.23+2.53 78.84+13.66

7000 4000 3.78+0.66 126.38+3.58 86.05+16.58

(~12 %). This decrease may be due to the more tension
applied to the fibers during the twisting procedure and the
denser structure of the yarn at the higher twist rates
[19,22,23]. Likewise, compared to the samples produced
with a twist amount of 1000 TPM (114 nm), the fiber
diameter in the yarn structure reduced 25 % compared to the
twist of 7000 TPM (85 nm) (Table 4). A similar decrease in
the average diameter of fibers and yarn at higher twist rates
was observed in the electrospun yarns with the core-shell
structure. For example, as presented in Table 4, at constant
take-up speed of 0.04 m/min and 4000 TPM pre-twist
amount of core yarn, the increasing of twist rate caused a
decrease of about 12 % in yarn diameter. Also, the average
diameter of nanofibers in the yarn body with a twist amount
of 1000 TPM was 111 nm, and when the twist rate increased,
the values reached 79 nm at a twist level of 7000 TPM and
showed about 29 % decrease.

In the presented process, it is found that the take-up speed
was also an important process parameter affecting the
morphological structure of the produced yarns. Figure 3
shows the effect of take-up speed on the diameter of the
electrospun core-shell yarns. SEM images of the core (pre-
twist of 4000 TPM)-shell yarns prepared at a constant twist
level of 4000 TPM also are exhibited in Figure 3. The
images clearly show that the take-up speed caused considerable
effects on the yarn diameter by changing the number of
fibers formed in the E-triangle zone. Yarns collected at a
take-up speed of 0.06 m/min had a diameter of 88.07+
5.40 um. At lower take-up speed, the accumulated fibers in
the E-triangle zone and then in the yarn structure increased.
Thereby, the diameter of the core-shell yarns showed a
significant increase of 139 % at a take-up speed of 0.02 m/
min. Following that, the influence of take-up speed on the
linear mass density (tex) of yarns was also studied. The data
analysis revealed that at a constant value of twist rate, the
linear mass density of yarns significantly changed with take-
up speed. By increasing the take-up speed, due to the less
fibers deposited in E-triangle zone, the weight mass per
length of yarn decreased. For this reason, the linear density
of the core-shell yarns showed a decrease around 45 % from

250 —
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Figure 3. Effect of take-up speed on the diameter of electrospun
core (pre-twist of 4000 TPM)-shell yarns, at a constant twist level
of 4000 TPM.

4.72 tex at a take-up speed of 0.02 m/min to 2.62 tex at a
higher take-up speed of 0.06 m/min.

Tensile Properties

Characterization of the mechanical properties of nanofibrous
core-shell yarns is the main issue that plays an important role
in perceiving the potential of them in the end-use application.
Fiber arrangement in the yarn structure influences the
interaction between the fibers and consequently alters the
mechanical behavior of the yarns. Moreover, stretching and
drawing applied during the electrospinning and twisting
process may lead to higher molecular chain orientation and
further arrangement of them [19,24,25]. Accordingly,
mechanical features of samples produced with the modified
electrospinning method were investigated to determine the
effects of the process variables of twist rate, take-up speed,
and pre-twist level of the core yarn on the mechanical
performance of the electrospun core-shell yarns.

The ANOVA results revealed that the p-values for
independent process variables of twist rate, take-up speed,
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Table 5. Tensile properties of single electrospun yarns prepared at
different twist levels

Yarn twist Max stress Young’s modulus
(TPM) (cN/tex) (cN/tex)
1000 6.46+0.66 324.14+33.23
4000 8.53+1.75 397.95+35.74
7000 7.18+1.06 356.55+32.62

and pre-twist amount of core yarn, were smaller than 0.05
(p<0.05, the corresponding confidence level is 95 %) and
thus had significant effects on the max stress, and Young’s
modulus of electrospun core-shell yarns (see Table 3 and
Tables S1 and S2). Among that, the twist was an important
factor which had different effects on the mechanical
behavior of yarns (see Table S4). The twisting procedure
may improve the mechanical properties by enhancing lateral
interactions and frictional forces between fibers within the
yarn structure and hindering fiber slippage. Besides, twist
condenses the yarn and improves its structure uniformity.
Diversely, at higher twist rates, due to increasing the angle of
fiber deposition to the yarn axis, a decline in tensile strength
may be observed [22,25-27].

More detailed information about the effect of core
structure on the mechanical properties of core-shell yarn can
be achieved by comparing the features of the core-shell yarn
and the pre-electrospun single yarn that used as the core in
the further process. The mechanical characteristics of single
electrospun yarns are presented in Table 5. Twisting the
electrospun fibers up to a level of 4000 TPM, caused an
increase up to 32 % in max stress and up to 23 % in Young’s
modulus. The higher stress can be described by the enhanced
cohesion and frictional forces between fibers upon twisting.
However, by further increase of the twist up to 7000 TPM, a

M core yarn
m core (pre-twist 1000)-shell yarn
m core (pre-twist 4000)-shell yarn

12 core (pre-twist 7000)-shell yarn
10 ~
3
> 81
2
g °
£ l
©
= 2
0 -
1000 4000 7000
Twist (TPM)

Figure 4. Effect of twist amount on the max stress of electrospun
yarns at the take-up speed of 0.04 m/min.
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small decrease observed for both the max stress and Young’s
modulus (Table 5).

Statistical results (Tables S1 and S2) showed that the
effect of core yarn pre-twist was significantly meaningful on
the mechanical properties of the core-shell yarn. Figures 4
and 5 demonstrate the max stress and Young’s modulus of
the core-shell yarns collected at constant take-up speed of
0.04 m/min, with three different core yarns. Tensile test
results revealed that the max stress of core-shell yarns
decreased as core yarn pre-twist increased. For example, at a
constant twist level of 4000 TPM, electrospun core-shell
yarns showed superior max stress of 6.61 cN/tex and
6.58 cN/tex when using a core yarn with low pre-twist
amounts of 1000 TPM and 4000 TPM, respectively. While
around the 37 % decrease in core-shell yarn max stress was
evident in the presence of core yarn with a pre-twist amount
of 7000 TPM (4.2 cN/tex) (Figure 4). During the process to
electrospin core-shell yarn, the secondary twist that enters to
the core yarn with a low pre-twist amount may increase the
entanglement and cohesion between fibers in both core and
shell layers of the yarn. Besides, the secondary twisting
allows the distribution of tension between the fibers of two
layers. Also, this twist compresses as-spun fibers (core
fibers) to form a yarn in a monolith structure and improves
bundle uniformity. For these reasons, electrospun core-shell
yarns showed superior (~37 %) max stress when using a
core yarn with low pre-twist amounts. During the process for
producing core-shell yarn, the sheath fibers may slip along
the core yarn when applying core yarn with the high pre-
twist amount. In addition, as reported in Table 5, yarn with
the pre-twist amount of 7000 TPM showed a lower value of
max stress (6.18 cN/tex) and this property might then be
transferred to the core-shell yarn. This can be another reason
for low strength of the core-shell yarn having a core yarn

W core yarn
W core (pre-twist 1000)-shell yarn

W core (pre-twist 4000)-shell yarn

500 - core (pre-twist 7000)-shell yarn
§ -
= 400 ~
= 4
»
= 300 +
3 I
o i
3 N ;
£ 200 I I
»
2 |
5100 -
> 4
o0 4
1000 4000 7000
Twist (TPM)

Figure 5. Effect of twist amount on the Young’s modulus of
electrospun yarns at the take-up speed of 0.04 m/min.
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with the highest pre-twist amount of 7000 TPM. Consequently,
the core-shell yarn with the highest max stress could be
achieved on the twist level of 1000 TPM and made of a core
yarn with the pre-twist amount of 4000 TPM.

Likewise, regarding Young’s modulus, a decreasing trend
was observed versus the pre-twisting rate of the core yarn.
At the constant twist amount of the 4000 TPM and take-up
speed of 0.04 m/min, the increasing of core yarn pre-twist
from 1000 TPM to 7000 TPM resulted in a significant
decrease (250.67+£39.20 cN/tex; -28 %) in Young’s modulus
of the core-shell yarns.

Tensile properties of electrospun core-shell yarns for the
set of the selected twist levels (1000 TPM, 4000 TPM, and
7000 TPM), and take-up speeds (0.02 m/min, 0.04 m/min,
and 0.06 m/min) were considered. The interactive effects of
twist level and take-up speed found to have the most
significant contribution to explain the mechanical behavior
of electrospun core-shell yarns (Table S4). Figure 6(a, b)
shows the effects of the twist level and take-up speed on the
max stress of the electrospun core-shell yarns when using a
core yarn with the constant pre-twist amount of 4000 TPM.

(a) Max stress (cN/tex)

Max Stress (cN/tex)
998

428
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Figure 6. Contour plot (a) and interaction plot (b) for max stress of
electrospun core-shell yarns versus independent process variables
of twist level and take-up speed when using core yarn with the
pre-twist amount of 4000 TPM.
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It is obvious in Figure 6, the max stress showed different
behavior on the settings of both twist level and take-up
speed. The trend lines reveal that lower twist level and high
take-up speed are the optimum conditions to gain maximum
stress values. Within the twist range up to 5000 TPM, the
samples collected at a take-up speed of 0.06 m/min, exhibited
higher max stress (Figure 6(a)). Due to a greater drawing of
the fibers and increasing tension at higher take-up speeds,
molecular chains likely arrange longitudinally to the yarn
axis, resulting in the yarn with higher stress values.
However, at high twist amounts of 7000 TPM and the take-
up speed of 0.06 m/min, a decrease in max stress was
observed. These findings confirmed in Figure 6(b). At the
take-up speed of 0.02 m/min, the max stress of core-shell
yarns enhanced by increasing the twisting rate. This increase
was more evident at the twist levels higher than 5000 TPM.
At low take-up speed, the accumulated fibers in the E-
triangle increase, and sheath fibers with more layers would
be formed, leading to better cohesion. These layers, because
of their spiral shape caused by twisting, generate radial
pressure on the core yarn and thereby restrict slippage.
Moreover, at low take-up speed, there is more time for fibers
to adhere and form sheath layers and place them into the
yarn structure upon the twisting. Thus, this is expected that
by increasing the twist rate at a constant take-up speed of
0.02 m/min, the max stress of the core-shell yarns increases.

Similar to the max stress, the changes in Young’s modulus
of electrospun core-shell yarns also considerably depend on
the settings of the twist level and take-up speed. Figure 7
shows the variation of Young’s modulus versus twist and
take-up speed when employing a core yarn with the pre-
twist amount of 4000 TPM. It is clear that the maximum
values of Young’s modulus achieved at higher take-up
speeds and lower twist levels. But, in contrast to the max
stress data shown in Figure 6, the lowest Young’s modulus
values of the core-shell yarns did not appear in the contour

Young's modulus (cN/tex)

Young's modulus (cN/tex)

149

Take-up speed (m/min)

1000 2000 3000 4000 5000 6000

Twist level (TPM)

Figure 7. Contour plot for Young’s modulus of electrospun core-
shell yarns versus independent process variables of twist level and
take-up speed when using core yarn with the pre-twist amount of
4000 TPM.
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Figure 8. SEM images of the end failure of electrospun core-shell yarns at different processing conditions; (a) twist amount of 4000 TPM,
and core yarn with the pre-twist amount of 4000 TPM, (b) twist amount of 7000 TPM, and core yarn with the pre-twist amount of 1000
TPM, and (c) twist amount of 1000 TPM, and core yarn with the pre-twist amount of 7000 TPM. In all samples, linear take-up speed was set
to 0.06 m/min.

lines of the highest twist levels at the higher take-up speeds. prepared at different conditions are presented in Figure 8.
The failure of electrospun core-shell yarns was studied The samples for SEM test are prepared from two steps of
using scanning electron microscopy, and the example partial (shell failure) and total (both core and shell failure)

images of the rupture point of electrospun core-shell yarns rupture during tensile testing. The presented images confirm
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the core-shell structure of the electrospun yarns. The images
also clearly show buckling, plastic deformation, and the
formation of multiple necks.

Conclusion

The electrospinning technique was employed to manufacture
continuous core-shell structured yarns via twisting the
nanofibers on a pre-electrospun yarn. The process variables
of twist, take-up speed, and pre-twist amount of core yarn
were considered to evaluate the contribution of core and shell
structure on the tensile properties of the core-shell yarn. The
response surface methodology (RSM) was used to investigate
process parameters systematically. The morphological
study from the SEM images demonstrated that depending on
the twist rate, and take-up speed, uniform yarns with
diameters between 86 and 211 pm composed of smooth and
bead-free fibers were formed. By increasing the twist rate,
the mean diameter of the fibers in the yarn structure
decreased due to higher tension on the fibers during the
twisting procedure. Subsequently, the diameter of the
corresponding yarns also reduced. The take-up speed caused
a significant decrease in the yarn diameter by decreasing the
number of the fibers accumulated in the E-triangle zone.
Tensile test results revealed that the max stress and Young’s
modulus of core-shell yarns decreased as core yarn pre-twist
increased. At the constant twist of 4000 TPM and 0.04 m/
min take-up speed, the increasing of core yarn pre-twist
from 1000 to 7000 TPM resulted in a significant decrease of
around 37 % and 28 % in max stress and Young’s modulus
of the core-shell yarns, respectively. The interactive effects
of twist and take-up speed found to have the most
considerable contribution to the mechanical behavior of
electrospun core-shell yarns. Lower twist level and high
take-up speed were the optimal conditions to gain maximum
strength and Young’s modulus values. The presented
mechanism is a facile and flexible process to develop new
types of composite nanofibrous materials with specified
structures, distinct morphologies, and novel functions for a
variety of applications.

Electronic Supplementary Material (ESM) The online
version of this article (doi: 10.1007/s12221-021-0572-2)
contains supplementary material, which is available to
authorized users.

References

1. B. J. McCarthy in “Handbook of Technical Textiles”, 2nd
ed. (A. R. Horrocksand S. C. Anand Eds.), pp.1-20,
Woodhead Publishing, 2016.

2. 1. Gehrke, V. Tenner, V. Lutz, D. Schmelzeisen, T. Gries,

I1.

12.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

217.

Fibers and Polymers 2021, Vol.22,No.5 1265

“Smart Textiles Production: Overview of Materials, Sensor
and Production Technologies for Industrial Smart Textiles”,
MDPI, 2019.

. N. Korkmaz Memis, G. Kayabasi, and D. Yilmaz, J. Ind.

Text., 48, 1462 (2018).

. Z.Pei, Y. Zhang, and G. Chen, Text. Res. J., 89, 113 (2017).
. W. Li, C. Xu, X. Ren, Y. Xue, J. Zhao, Q. Li, and X.

Zhang, Compos. Commun., 19, 127 (2020).

. Z.Peiand J. He, Text. Res. J., 89, 4383 (2019).
. N. Yildirim, E. Sarioglu, and H. G. Tiirksoy, J. Nat. Fibers.,

doi: 10.1080/15440478.2019.1623748 (2019).

. M. B. Bazbouz and G. K. Stylios, J. Appl. Polym. Sci., 124,

195 (2012).

. E. C. Doran and C. Sahin, Text. Res. J., 90, 1558 (2019).
. A. A. Almetwally, H. M. F. Idrees, and A. A. Hebeish, J.

Text. Inst., 105, 1221 (2014).

S. Asghari Mooneghi, A. A. Gharehaghaji, H. Hosseini-
Toudeshky, and G. Torkaman, J. Appl. Polym. Sci., 136,
47206 (2019).

K. Qi, H. Wang, X. You, X. Tao, M. Li, Y. Zhou, Y. Zhang,
J. He, W. Shao, and S. Cui, J. Colloid Interface Sci., 561,
93 (2020).

Y. Zhou, H. Wang, J. He, K. Qi, and B. Ding, Mater. Lett.,
239, 1 (2019).

C. R. Frank and J. Samuel, J. Appl. Polym. Sci., 133,
43747 (2016).

J. He, Y. Zhou, L. Wang, R. Liu, K. Qi, and S. Cui, Fiber.
Polym., 15,2061 (2014).

. F. Dabirian, S. A. H. Ravandi, J. P. Hinestroza, and R. A.

Abuzade, Polym. Eng. Sci., 52, 1724 (2012).

H. Maleki, A. A. Gharehaghaji, L. Moroni, and P. J.
Dijkstra, Biofabrication., 5, 035014 (2013).

H. Maleki, A. A. Gharehaghaji, G. Criscenti, L. Moroni,
and P. J. Dijkstra, J. Appl. Polym. Sci., 132, 41388 (2015).
H. Maleki, A. A. Gharehaghaji, and P. J. Dijkstra, J. Mech.
Behav. Biomed. Mater., 71,231 (2017).

R. Semnani Rahbar, H. Maleki, and B. Kalantari, J. Exp.
Nanosci., 11, 1402 (2016).

H. Maleki, A. A. Gharehaghaji, T. Toliyat, and P. J.
Dijkstra, Biofabrication., 8, 35019 (2016).

F. Hajiani, A. Jeddi, and A. A. Gharehaghaji, Fiber: Polym.,
13, 244 (2012).

A. S. Levitt, C. E. Knittel, R. Vallett, M. Koerner, G. Dion,
and C. L. Schauer, J. Appl. Polym. Sci., 134, 1 (2017).

H. Maleki and H. Barani, Polym. Eng. Sci., 58, 1091 (2018).
A. Fakhrali, S. V. Ebadi, A. A. Gharehaghaji, M. Latifi,
and A. Moghassem, E-Polymers, 16, 125 (2016).

J. H. Lee, Y. Gim, S. Bae, C. Oh, H. S. Ko, S. Baik, T. S.
Oh, and J. B. Yoo, J. Appl. Polym. Sci., 134, 45528 (2017).
H. W. Yang, H. J. Kim, C. Y. Zhu, and Y. Huh, 7ext. Res.
J., 79,453 (2009).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


