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ABSTRACT: Continuous polyacrylonitrile nanofiber yarns were fabricated by the homemade multiple conjugate electrospinning appa-

ratus, and the principle of yarn spinning was studied. The effects of the applied voltage, flow rate, spinning distance, and funnel

rotary speed on the diameter and mechanical properties of nanofiber yarn were analyzed. The diameter of the nanofibers decreased

with increasing applied voltage and the flow rate ratio of the positive and negative needles (FP/FN), whereas the diameter of nanofib-

ers increased with increasing overall flow rate and needle distance between the positive and negative. Subsequently, the diameter of

the yarns increased first and then decreased with increasing applied voltage, FP/FN, and needle distance. However, the diameters of

the yarns increased dramatically and then remained stable with increasing overall flow rate. The nanofibers were stably aggregated

and continuously bundled and then uniformly twisted into nanofiber yarns at an applied voltage of 20 kV, an overall flow rate of 6.4

mL/h, a needle distance of 18.5 cm, and an FP/FN value of 5:3. With increasing funnel rotary speed, the diameters of the nanofibers

and yarns decreased, whereas the twist angle of the nanofiber yarns gradually enlarged. Meanwhile, an increase in the twist angle

brought about an improvement in the yarn mechanical properties. Nanofiber yarns that prepared showed diameters between 70 and

216 lm. Nanofiber yarns with a twist angle of 65� showed a tensile strength of 50.71 MPa and an elongation of 43.56% at break,

respectively. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40137.
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INTRODUCTION

Electrospinning is an attractive, versatile, applicable, and high-

potential technique for fabricating continuous one-dimensional

nanofibers.1 Generally, electrospun nanofibers with a superfine

scale, large specific surface, and porosity have potential applica-

tions in protective clothing,2 biomaterials,3 tissue scaffolds,4

composites,5 and filter and sensor materials.6,7 However, most

electrospun fibers are produced in the form of randomly ori-

ented nonwoven fiber mats because of the bending instability of

the highly charged jet.8 The fiber mats show low mechanical

properties and are randomly oriented, so the difficulty of tailor-

ing their fibrous structure have restricted their applications.9,10

Hence, there has been considerable interest in the development

of continuous yarns made out of electrospinning nanofibers,

which provide an attractive way to incorporate polymeric nano-

fibers into traditional textiles with a broader market.11,12

Recently, some researchers have reported the preparation of

electrospinning nanofiber yarns. However, only a small number

of researchers have obtained continuous nanofiber yarns suc-

cessfully. Teo and coworkers13,14 proposed electrospun wet spin-

ning to prepare continuous nanofiber yarns; however, their

nanofibers exhibited bad orientation and arrangement in the

yarn, and for some polymers, the liquid media was hard to

choose. Dabirian and coworkers15,16 and Ali et al.17 produced

continuous yarns with two oppositely charged nozzles placed on

either side of a metal disc collector, and the nanofiber bundles

were aggregated and twisted by a rotating unearthed collector.

Yan et al.18 used a pair of rotating metal tubes to collect the

aligned electrospun nanofibers and then twist them into yarns;

meanwhile, a rotating plastic tube was inserted to wind the

yarns between the metal tubes. Because the residual charges of

deposit fibers in the metal tube repulse fibers that form, the

nanofibers were only to be deposited partly and were arranged

irregularly in the large-fiber production.

In this study, a modified multiple-needle electrospinning

method, referred to as multiple conjugate electrospinning, was
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applied to produce continuously twisted polyacrylonitrile (PAN)

nanofiber yarns with good fiber orientation.

EXPERIMENTAL

Multiple Conjugate Electrospinning

A schematic diagram of the multiple conjugate electrospinning

apparatus is shown in Figure 1. A couple of infusion tubes

equipped with four needles (i.d. 5 0.5 mm), which was con-

nected separately to the positive and negative polarities of the

high-voltage direct-current power supply, were arranged sym-

metrically on either side of the unearthed funnel. The take-up

system was set under the funnel.

PAN (weight-average molecular weight 5 70,000, Hangzhou Bay

Acrylic Fiber Co., Ltd., China) was dissolved in N,N-dimethyl-

formamide (Chemical Reagents Co., Ltd., China) to prepare the

uniform solution with a concentration of 15 wt %. The PAN

solution was transported to the needles simultaneously with

uniform rates through infusion tubes by a fluid supply appara-

tus. Nanofibers electrospun from the oppositely charged needles

deposited on the rotary funnel to form a nanofiber web that

covered the funnel end. By the drawing of an insulating rod,

the nanofiber web was pulled into fiber bundles. Then, the fiber

bundles was twisted by a rotary funnel and wound continually

to the yarn winder (diameter 5 25 mm). A voltage of 14–24 kV

was applied to the needles with a distance from the tip of the

needle to the side of the funnel mouth of 7 cm. The distance

between the positive and negative needles was 18 cm. To pre-

vent rejection between the fibers, the distance between two adja-

cent needles with the same electrode could not be less than 5.5

cm. The overall flow rate of the spinning solution was varied

from 5.2 to 7.6 mL/h. The take-up speed of the yarn winder

was 2.0 m/min. The revolution per minutes of funnel was

adjusted in the range 0–400 rpm.

Characterization

The nanofiber yarns collected were coated with gold film to

observe the yarn morphologies. The instrument was a JEOL

JSM-5600LV electron microscopic with an accelerating voltage

of 15 kV. The average fiber and yarn diameters and twist angles

were calculated on the basis of scanning electron microscopy

(SEM) images. The tensile properties were measured with an

INSTRON 5582 tester at room temperature (20�) under room

humidity 65%. The gauge length was set to be 15 cm, and the

crosshead speed was 10 mm/min.

RESULTS AND DISCUSSION

Principle and Process of Nanofiber Yarn Spinning

Figure 2(a) shows the electric field simulation of multiple con-

jugate electrospinning, in which two pairs of needles were posi-

tively and negatively charged, respectively, and the funnel was

not earthed. After a high voltage was applied, the electric field

came into being between the positive and negative needles;

however, the metal funnel located in the middle of two groups

of needles changed the original distribution of electric field.

Electrostatic induction made both edges of the funnel have

charges that were opposite to those of the nearby charged nee-

dles; thereby, there were induction fields between either edge of

the funnel and their nearby charged needles. The charged jets

ejected from two pairs of oppositely charged needles were

attracted toward the side of the inductive funnel with opposite

charges, and then, the jets were neutralized and formed a hol-

low nanofiber web with its edges connecting to the funnel end,

as shown in Figure 2(b). After being drawn by an insulating rod

placed near the central area of the funnel, the hollow nanofiber

Figure 1. Schematic diagram of the multiple conjugate electrospinning

apparatus. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 2. (a) Electric field simulation of multiple conjugate electrospin-

ning, (b) digital camera image of nanofiber yarn spinning with the multi-

ple conjugate electrospinning apparatus, (c) digital camera image of

electrospun PAN nanofiber yarn, and (d) SEM image of a PAN nanofiber

yarn. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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web formed a fibrous cone, with its apex attaching to the rod.

Further drawing of the cone apex induced the formation of an

oriented fiber bundle, which was twisted by a rotating funnel

and wound onto the winder as continuous yarns. The appear-

ance of the electrospun nanofiber yarn is shown in Figure 2(c).

Figure 2(d) shows the SEM image of a twisted nanofiber yarn.

In this case, once the fibrous cone was created, the subsequent

electrospun nanofibers could actually deposit between the

fibrous cone and the funnel. The use of oppositely charged

nanofibers facilitated the formation of a stable nanofiber cone

because of electrostatic attractions.

Effect of the Applied Voltage and Flow Rate on the Nanofiber

and Yarn Diameters

The electric field provided the driving force for this multiple-

conjugate electrospinning system. The intensity of the electric

field affected not only the yarn electrospinning process but also

the fiber and yarn diameters. When the applied voltage was

lower than 16 kV, no yarn was formed, and only a small

amount of nanofibers deposited on the funnel, apparently

because of the insufficient numbers of nanofibers produced.

However, when the applied voltage was above 24 kV, nanofibers

were easily flowed into the air and were difficult to deposit

onto the funnel. Figure 3 shows the manner of nanofiber and

yarn diameters variation for various applied voltages. A higher

applied voltage led to a decrease in the nanofiber diameters,

whereas the diameters of the yarns increased first and then

decreased as a result of the applied voltage enhancement. In the

range of the applied electric voltage, increasing the intensity of

electric field enhanced the drafting force and resulted in a

decrease in the nanofiber diameters. When the applied voltage

was lower, only a part of the solution was evolved into the Tay-

lor cone and stretched into nanofibers. The dropping of the

other of the solution led to a decrease in the total amount of

nanofibers bundled. Therefore, the average diameter of the

nanofiber yarns was smaller. When the voltage increased up to

20 kV, the nanofiber yarn diameters exhibited a maximal value.

The reduction of the yarn diameters when the voltage exceeded

20 kV could be explained by the reduction in nanofiber deposi-

tion on the funnel under such a high voltage, which could have

been derived from the unbalanced charges between the nanofib-

ers generated from the two pairs of needles and associated

charge accumulation on the funnel.

It has been established that the ratio of the flow rates between

the positively and negatively charged needles (FP/FN) is an

important parameter influencing the yarn spinning process. The

dependences of the ratio of the flow rates between the positively

and negatively charged needles (FP/FN) on the nanofiber and

yarn diameters are shown in Figure 4. When the overall flow

Figure 3. (a) Diameter distribution of nanofibers in yarns obtained at dif-

ferent applied voltages and (b) dependence of the nanofiber and yarn

diameters on the applied voltage. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 4. (a) Diameter distribution of the nanofibers in the yarns

obtained with different FP/FN ratios and (b) dependence of the nanofiber

and yarn diameters on the FP/FN ratio. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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rate remained the same, the nanofibers had thinner diameters

with a uniform distribution when the flow rate of positive nee-

dles was higher than that of the negative needles; otherwise, the

yarn contained more thick fibers with beads. With a decrease in

FP/FN, the nanofiber diameters increased. As shown in the elec-

tric field simulated result [Figure 2(a)], the electric field inten-

sity of the positively charged electrospinning process was

obviously stronger than that of the negatively charged electro-

spinning process.19 Therefore, the positively charged needles

with a higher flow rate was more conducive to the drawing of

more nanofibers with uniform fineness. Otherwise, a lot of

solution dropped from the needles rather than being drawn

into nanofibers as the negatively charged needles had a higher

flow rate. In addition, the stretched nanofibers with large aver-

age diameters could be attributed to the lower electric field

intensity. Hence, the average diameter of the yarns decreased

with decreasing FP/FN because of the decreasing of the total

number of nanofibers twisted in the yarn. The nanofiber yarns

showed a smaller average diameter when FP/FN was 3/1 because

the excessive solution dropped from the needles rather than

being drawn into nanofibers. Hence, nanofiber yarn spinning

remained stable with a higher flow rate from the positively

charged needles. Nanofiber production was supplied sufficiently,

and the fiber web was formed best when FP/FN was 5/3.

Figure 5 shows the influence of the overall flow rate (F1 1 F2)

on the nanofiber and yarn diameters. When FP/FN was 5/3, the

nanofiber diameters increased with increasing overall flow rate.

However, the yarn diameters increased first and then remained

stable when the overall flow rate exceeded 6.4 mL/h. When the

electric field intensity remained constant and the electric force

was high enough to stretch the jets, an increase in the overall flow

rate resulted in an increase in the average nanofiber diameter.

Meanwhile, the nanofiber yarn diameter also increased. However,

the excessive solution dropped from needles rather than forming

nanofibers when the overall flow rate exceeded 6.4 mL/h. In addi-

tion, disordered nanofibers were found in these yarns.

Effect of the Needle Space between the Positive and Negative

on the Nanofiber and Yarn Diameters

The needle space between the positive and negative was found to

influence the intensity of the electric field and then influenced

the nanofiber and yarn diameters. Figure 6 shows the dependence

of the nanofiber and yarn diameters on the needle space between

the positive and negative. When the applied voltage remained

constant, reducing the needle space between the positive and

negative led to an increase in the electric field strength. There-

fore, with increasing needle space between the positive and nega-

tive, the nanofiber diameters increased, and the yarn diameters

increased initially and exhibited a maximal value at a space of

18.5 cm. Under a stronger electric field, the rejection among jets

Figure 5. (a) Diameter distribution of nanofibers in the yarns obtained with

different overall solution flows (FP1FN) and (b) dependence of the nano-

fiber and yarn diameters on the overall solution flow. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. (a) Diameter distribution of the nanofibers in yarns obtained

with different spinning distances and (b) dependence of the nanofiber and

yarn diameters on the spinning distance. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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with the same charges decreased the total number of nanofibers

bundled, and the adhesion among the incomplete volatile fibers

limited the slipping of fibers and thus resulted in the instability

of the hollow-fiber web. Moreover, the fibers were easily congluti-

nated on the funnel and attracted the negative electrode; conse-

quently, they were hard to draw into a uniform continuous yarn

under the needle space between the positive and negative that

was less than 18.5 cm. When the nozzle space between the posi-

tive and negative was greater than 18.5 cm, with a further

increase in the space, the yarn diameter decreased because of the

decreased fiber deposition rate under a weak electric field. Fur-

thermore, the space between homopolar needles could not be

less than 5.5 cm to prevent the rejection among fibers. The nano-

fiber yarn could be stably electrospun when the needle space

between the positive and negative was set at 18.5 cm and the

space between the homopolar needles was 5.5 cm.

Twisted Nanofiber Yarns and Their Mechanical Properties

The SEM images were used to investigate the effect of the funnel

rotation on the nanofiber morphology and yarn structure. The

SEM images of the nanofiber yarns obtained at funnel rotary

speeds of 0, 200, 300, and 400 are shown in Figure 7(a–d). Con-

tinuous paralleled nanofiber bundles were obtained when the

funnel remained still, and the twist angle of the nanofiber yarns

increased with increasing funnel rotary speed. A uniform twist

distribution was observed on the surfaces of the yarns with dif-

ferent twist levels. The nanofiber yarn obtained at a funnel

rotary speed of 400 showed a larger twist angle of 65�.

With increasing twist angle, both the tensile strength and elon-

gation at break increased. As shown in Figure 8, the untwisted

nanofiber bundles only showed a tensile strength of 2.12 MPa

Figure 7. SEM images of the PAN nanofiber yarns with different twist angles (as). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. (a) Dependence of the tensile strength and elongation at break

of the nanofiber yarns on the twist angles and (b) stress–strain curves for

PAN nanofiber yarns with different twist angles. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and an elongation of 26.34% at break; however, nanofiber yarns

with a twist angle of 65� showed a larger tensile strength of

50.71 MPa and an elongation of 43.56% at break because of the

larger cohesive force between the nanofibers.

CONCLUSIONS

A homemade multiple conjugate electrospinning apparatus was

used to prepare continuously twisted PAN nanofiber yarns.

Electrospun nanofibers could be aggregated stably, bundled con-

tinuously, and then uniformly twisted into nanofiber yarns

based on the electrostatic attraction between the nanofibers

with opposite charges. Electrospun nanofiber yarns were pre-

pared continuously and stably at an applied voltage of 20 kV,

an overall flow rate of 6.4 mL/h, and an FP/FN value of 5:3. The

twist angle of nanofiber yarns increased with increasing funnel

rotary speed and take-up rate. The nanofiber yarns exhibited a

tensile strength of 50.71 MPa and an elongation of 43.56% at

break at a twist angle of 65�. With this method, the production

of nanofiber yarns was improved when the pairs of needles

were increased further. This method was also applied to prepare

nanofiber yarns with multiple components.
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